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Abstract

This study investigates the corrosion inhibition properties of two novel compounds: 2-
(2, 4, 5-trimethoxy benzylidene) hydrazine carbothioamide (TMBHCA) and o-
aminophosphonate (FHN) for XC38 and ASTM A283 Grade C carbon steel respectively in 1M
HCI solution. Using a comprehensive experimental approach, including gravimetric analysis,
potentiodynamic polarisation and electrochemical impedance spectroscopy (EIS), the corrosion
behaviour of the steel at different inhibitor concentrations and immersion time was
systematically examined. Scanning electron microscopy (SEM) and quantum chemical
calculations were also used to better understand the inhibition mechanisms. The results reveal
that TMBHCA offers significant corrosion protection, achieving maximum inhibition
efficiency (IE) of 97.8% at 200 ppm. It acts as a mixed-type inhibitor, with potentiodynamic
polarization and Nyquist diagrams indicating an increase in charge transfer resistance and a
reduction in double-layer capacitance as inhibitor concentration increases. SEM images
corroborate these results. Over a 28-day immersion period, the inhibition efficiency of
TMBHCA increased from 75.2% after one day to 95.87% after 21 days, suggesting a
progressive adsorption of TMBHCA molecules onto the steel surface over time. FHN, on the
other hand, showed good inhibition efficiency, reaching 95.47% at 200 ppm. Adsorption of
TMBHCA and FHN to the metal surface follows Langmuir's adsorption isotherm model. The
theoretical study carried out for both compounds confirmed the efficiency and good adsorption

of the inhibitors.

Keywords: corrosion, carbon steel, schiftbase, DFT, a-amino phosphonate, EIS.



Résumé

Cette étude examine les propriétés d'inhibition de la corrosion de deux nouveaux
composés : le 2-(2, 4,5-triméthoxy benzylidéne) hydrazine carbothioamide (TMBHCA) et 1'a-
aminophosphonate (FHN) pour respectivement 1'acier au carbone XC38 et ASTM A283 Grade
C dans une solution de HC1 1M. En utilisant une approche expérimentale compléte, comprenant
l'analyse gravimétrique, la polarisation potentiodynamique et la spectroscopie d'impédance
électrochimique (EIS), le comportement de corrosion de l'acier a différentes concentrations
d'inhibiteurs et la durée d’immersion a été systématiquement examiné. La microscopie
¢lectronique a balayage (MEB) et les calculs de chimie quantique ont également été utilisés
pour mieux comprendre les mécanismes d'inhibition. Les résultats révelent que le TMBHCA
offre une protection significative contre la corrosion, atteignant une efficacité d'inhibition
maximale (IE) de 97,8 % a 200 ppm. Il agit comme un inhibiteur de type mixte, la polarisation
potentiodynamique et les diagrammes de Nyquist indiquant une augmentation de la résistance
au transfert de charge et une réduction de la capacité de la double couche a mesure que la
concentration de l'inhibiteur augmente. Les images MEB corroborent ces résultats. Sur une
période d'immersion de 28 jours, I'efficacité d'inhibition du TMBHCA est passée de 75,2 %
apres un jour a 95,87 % apres 21 jours, ce qui suggere une adsorption progressive des molécules
de TMBHCA sur la surface de l'acier au fil du temps. Le FHN, quant a lui, a montré une bonne
efficacité d'inhibition, atteignant 95,47 % a 200 ppm. L'adsorption de TMBHCA et FHN sur la
surface metallique suit le modéle d'isotherme d'adsorption de Langmuir.L’étude théorique

effectuée pour les deux composées a confirmé 1’efficacité et la bonne adsorption des inhibiteurs.

Mots clés : corrosion, acier au carbone, base de schiff, DFT, a-aminophosphonate, EIS.
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General Introduction

The problem of corrosion has taken on considerable importance nowadays, given the
constant use of metals and alloys in modern life. Steel is widely used as a construction material
in industrial plant and equipment as well as in many everyday applications because of its low
cost and interesting mechanical properties [1,2]. Several factors facilitate and promote the
corrosion of steel, however, it is easily attacked and solubilised in acid solutions [3] like
hydrochloric acid, which is one of the most widely used agents in the industrial sector (for

pickling, descaling and etching of metals, petrochemical processes and industrial cleaning [4,5].

Among the various methods for avoiding or preventing the destruction or degradation
of metal surfaces, corrosion inhibitors are one of the most economical methods of reducing the
rate of corrosion, protecting metal structures and preserving industrial installations. This

method follows the stand up because of its low cost and practical method [6-8].

Most of well-known acid corrosion inhibitors are organic compounds containing
nitrogen, sulfur or oxygen atoms [9-14]. Those organic inhibitors molecules apply their
inhibition action via the adsorption of the inhibitor molecules onto the metal/solution interface
[15-18]. The adsorption process is affected by the chemical structures of the inhibitors, the
nature and charged surface of the metal and the distribution of charge over the whole inhibitor

molecule.

However, despite their remarkable effectiveness, they have the disadvantage of being
toxic and harmful to the environment [19]. 32-660-208-1(download) In view of the new
environmental constraints, today's challenge is to develop corrosion inhibitors that are eco-
compatible and biodegradable. It is for this reason in particular that research is focusing mainly
on non-toxic organic molecules, with Schiff bases and phosphonates compounds being a

notable example.

Schiff bases, with a broad functional range, have applications in catalysis, corrosion
inhibition, analytical chemistry, medicine, and photochromics [20—23] Their efficacy as
corrosion inhibitors for diverse metals and alloys, particularly in challenging environments, has
been firmly established [24,25]. Schiff bases display notable corrosion inhibition
characteristics, featuring a C—N group, an electron cloud present on the aromatic ring, and
heteroatoms such as nitrogen, oxygen, and sulfur with -electronegative properties
[26,27—29]Their growing popularity is attributed to being cost-effective, easy to synthesize,
and environmentally friendly [30,31].
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Organophosphorus compounds and their phosphonate derivatives are among the best
inhibitors used to combat corrosion best inhibitors used to combat corrosion [32-34] and protect

industrial units. [35, 36].

Among phosphor-based compounds a-aminophosphonate represents a category of
significant substances with a range of interesting and relevant properties for various
applications [37]. A literature survey reveals that various a-aminophosphonate substances have
indeed been investigated for their ability to inhibit corrosion, and their corrosion resistance is
directly correlated to the material's composition [37]. The reactivity of a molecule is determined
by the number of phosphonic groups it contains and the types of substitutions made to the P, O,
and N-based groups (— NH — C — PO (OR).) connected to metal surfaces in a variety of ways,
including monodentate, bidentate, and tridentate binding [38-40]. Therefore, it is reasonable to
assume that these groups which are phosphorus-based compounds can efficiently bond with the

metal.

It is within this framework that the main objective of this work falls, which is to study
the evaluation of the inhibitory efficacy of two organic molecules against the corrosion of a
carbon steel with two different grades. The first molecule used is a schiff base called 2-(2,4, 5-
trimethoxy benzylidene) hydrazine carbothioamide (TMBHCA) against the corrosion of XC38
carbon steel in 1M hydrochloric acid (1M HCI), the second is a phosphonate called diethyl (4-
acetamidophenyl) (4-nitrophenyl amino) methylphosphonate (FHN) against the corrosion of
ASTM A283 Grade C carbon steel in 1M hydrochloric acid (1M HCI). This assessment was
carried out using gravimetric techniques based on mass loss and electrochemical techniques
such as open circuit potential monitoring (OCP), Tafel extrapolation and electrochemical
impedance spectroscopy (EIS). In order to establish the relationship between the molecular
properties of the inhibitors and their corresponding inhibition efficiencies, a theoretical study
was also used, such as density functional theory (DFT) and molecular dynamics (MD)

simulation.

The work we have done is set out in a thesis which is divided into two parts.
The first part is divided into two chapters, the first of which is a review of the literature to
illustrate the corrosion process in steels. The second chapter focuses on a bibliographical study
of inhibitors and previous research into the use of schiff bases and phosphonate derivatives in
acid media for a variety of metals. This has enabled us to gather very enriching information on

their structure and properties.
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The second part also contains two chapters The third chapter deals with the materials;
electrolytic solutions and all the equipment used in this study. It also describes the
electrochemical methods used to study the effectiveness of the inhibitors and characterise the

electrochemical behaviour of the materials, as well as the surface analysis techniques.

The final chapter is devoted to a detailed study of the effect of inhibition of the inhibitors
used on the corrosion of carbon steel in 1M HCI. This study uses gravimetric measurements at
different concentrations and temperatures, not forgetting the immersion time. The inhibition
mechanism cannot be monitored without an electrochemical study. Finally, adsorption is
demonstrated by applying several isotherm models. A study of the surface condition of the steel
before and after inhibition confirmed the inhibition process. Finally, we explained the principle

of density functional theory (DFT).

We end our manuscript with a general conclusion.
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Chapter 1 General information on corrosion and carbon steels

I.1. Introduction

Carbon steels are generally subject to corrosion when in contact with an aggressive
environment. Corrosion processes in these environments depend on a large number of factors
that link the characteristics of the alloy and the environment. However, in this chapter we
present a bibliographical summary on carbon steel, followed by general observations on the
basic principles of corrosion of this material, which are normally valid for all metals.

1.2. General information on corrosion of carbon steel

1.2.1. History of steels

Since the Iron Age, blast furnaces have been used to produce lumps of iron and steel,
which then had to be worked by hand by blacksmiths. Reaumur is often regarded as the founder
of modern scientific steelmaking. He carried out a large number of experiments to improve the
manufacture of steel and published the results of his observations in 1712. Steel came into being
as a result of developments in metallurgy, around 1786, That year, three French scientists,
Berthollet, Gaspard Monge and Vandermonde, characterised three types of products obtained
from blast furnace casting: iron, cast iron and steel. Steel was then obtained from iron, itself
produced by refining cast iron from the blast furnace. Steel was harder than iron and less brittle
than cast iron. The 19th century saw the introduction of direct manufacturing methods for
converting cast iron, with the Bessemer converters in 1856 (Henry Bessemer), the Thomas-
Gilchrist process in 1877 (Sidney Gilchrist Thomas and Percy Carlyle Gilchrist for
phosphorescing cast iron and Siemens-Martin. These discoveries, which enabled the mass
production of ‘quality’ steel (for the time), took part in the industrial revolution. Finally, in the
second half of the 19th century, Dmitry Chernov discovered the polymorphic transformations
of steel and established the binary iron/carbon diagram, transforming metallurgy from a craft
into a science.

1.2.2. Carbon steel definition

Steel can be defined as a material composed essentially of iron with a carbon content of
less than 2% [1].It may also contain other elements, but of all these alloying elements, carbon
has the most pronounced effect on the properties of steel. The properties of steels vary in large
proportions with the carbon content and with the content of the alloying elements Ni, Cr, Mn,

etc. Generally speaking, steels have excellent properties. Steels are designed to resist
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to mechanical stress, chemical attack or a combination of both [2,3]. Steels are widely used in
industry, mainly in the energy sector, such as drilling platforms and the transport of oil and

natural gas [4]. Depending on their composition, steels are usually of different grades.
1.2.3. The different classes of steel

Steel can be classified according to:

v The composition, such as low-alloy carbon or stainless steels ...;

v" Manufacturing methods, such as the Thomas oven, basic oxygen process, or electric
oven methods;

v" The finishing method, such as hot rolling or cold rolling, the product shape, such as bar,

flat, sheet, strip, pipe, or structural shape;

The microstructure, such as ferrite, perlitic, martensitic...;

The required level of strength, as indicated in ASTM standards;

Heat treatment, such as annealing, and thermomechanical treatment;

D N N NN

Of'the classification systems mentioned above, chemical composition is the most widely
used internationally and will be highlighted as follows;
v' The more carbon, the harder the steel. Steel was therefore initially classified into

categories.
1.2.3.1. Ordinary steels or carbon steels

Steel is an alloy of iron and carbon with a carbon content of less than 2% by mass. This
limit comes from the solubility limit of carbon, at high temperature, in the face-centred cubic
(FCC) phase of iron, known as austenite. Alloying elements are generally added to a Fe-C alloy
to improve the mechanical properties and properties of the steels [4]. Ordinary steels are the
least expensive. Smelting purifies them less from impurities, so they contain more sulphur and
phosphorus. In addition, they are cast in large ingots, allowing for significant segregation, and
it is not uncommon for them to contain many non-metallic inclusions. Ordinary steels are used
for small parts. They are used to manufacture hot-rolled merchant bars (beams, bars, joists,
angles, as well as sheet metal, tubes and forgings designed to work under relatively low loads).
They are widely used in the construction of welded, riveted and bolted buildings and
engineering structures (beams, trusses, crane frameworks, vessel and appliance bodies, steam
boiler frameworks, dredgers, etc.). As well as in the manufacture of minor machine components

(axles, shafts, pinions, caterpillar fingers, bushes,
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bolts, nuts, etc.) not subject to heat treatment or which have already undergone it. Many parts
(piston pins, tappets, sprockets, worms, etc.) made from these steels with a defined chemical
composition, which are subject to wear and do not require high core strength, are subjected to
case-hardening or cyanidation [5].

As carbon is the cheapest and most effective element for hardening iron, it is added to iron
in proportions ranging from 0.04 m% to 4 m% to make steels with low, medium or high carbon

content.

I. 2.3.2.High-carbon steels (0.6% to 1.4% C)

They are characterised by high hardness, high strength and low ductility. Because they
are wear-resistant, they are used in the manufacture of cutting tools, saw blades and dies.
These steels are often combined with additives such as chromium, vanadium and tungsten to

obtain carbide compounds to improve their hardness.

1.2.3.3. Medium carbon steels (0.25% to 0.6% C)

The carbon concentration of these steels varies from 0.25% to 0.60%. Their mechanical
properties are improved by austenitising, quenching and tempering. They are most often used
in the tempered condition, in which case they have a tempered martensite microstructure.

Medium-carbon steels have low hardenability and heat treatment is only effective if the
cross-section is very thin and the cooling rate is very high.

The addition of chromium (Cr), nickel (Ni) or molybdenum (Mn) facilitates the
application of heat treatments to these alloys and offers a wide range of ductility resistance

combinations [6].

1.2.3.4. Low carbon steels (% C <0.25 %)

These steels are produced in large quantities at low cost and are characterised by high
ductility and toughness, but low strength. They are generally strengthened by work-hardening
(improving strength and hardness by plastic deformation). Their tensile strength is between 415

and 550 MPA and their elongation at break can reach 25%. They can also be easily

machined and welded. They can be found in a variety of applications (construction elements

such as beams, sections, angles, car bodies, cans ...) [7].
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This type of steel contains up to 0.30% C. The most important category of this class of

steel is flat rolled products (sheet or strip), usually in the cold rolled and annealed condition.

The carbon content of these steels, which are highly deformable, is very low, less than 0.10%

C, up to 0.4% Mn. Typical uses of this class is in automotive body panels, tin plate, and metal

products.

For rolled structural plate and section steel, the carbon content can be increased to around

0.30%, with a higher manganese content of up to 1.5%. These materials can be used for

stampings, forgings, seamless tubes and boiler plate [§8].

Mechanical properties depend on both carbon content and heat treatment, so steels and cast

irons have a very wide range of applications (Table I.1).

Table I.1 : The different metallic compositions of steels and their uses [5].

Nuance Percentage of carbon

©

Breaking load in hbar (p)
annealed state

Applications

Extra soft C<0.15

33<P<42

Sheet metal for bodywork,
strip metal, hardware,
forging parts

Soft 0.15<C<0.20

37<P<46

Metal frameworks, sections,
standard mechanical
engineering, bolts, ordinary
wires

0.20<C<0.30
Soft half

48<P<55

Machine parts for
mechanical applications,
moulded parts or frames,

forged parts

Half hard 0.30<C<0.40

55<P<65

Small tools, agricultural
machinery components,
transmission components

0.40<C<0.60
Hard

65<P<75

Small tools, agricultural
machinery components,
transmission components

Extra hard 0.60<C

75<P

Machining and cutting tools,
cables, springs

1.2.3.5. Stainless steels

Stainless steels are widely used in areas where protection against corrosion is important. These

steels are used in a number of fields: orthopaedics, instrumentation, food

processing installations and steel construction. They resist attacks from aggressive

environments by protecting themselves with a passive film that gives them the quality of

stainless steel [9].
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1.2.4. Steel properties

Elasticity: Carbon steel can deform under load and return to its original shape once the
load is removed, which is essential for applications such as springs.

Resistance: Carbon steel has a high strength, making it ideal for applications requiring
a high load capacity.

Hardness: The hardness of steel increases with the carbon content, making it suitable
for the manufacture of tools and equipment.

Rust: Carbon steel rusts easily.

Cost: Carbon steel is inexpensive

1.2.5. Advantages of carbon steel

Carbon steel has several advantages over traditional steel

<

AN NNV U N NN

Solid and highly durable.

Superior resistance.

Anti-corrosion properties.

Resistant to high and low temperatures.

Available in a wide variety of types.

Durable and reasonably inexpensive over its lifetime.

Environmentally friendly and recyclable.

Low maintenance and easy to clean.

It can be applied to a particular finish if an attractive aesthetic appearance is desired and

does not tarnish easily.

1.2.6. Disadvantages of carbon steel

S X X

There are some disadvantages to using carbon steel

More prone to rust and corrosion than other types of steel

Difficult to bend and mould into various shapes

At initial outlay it is high cost

Can be difficult to work with, especially without the most advanced machinery and
methods.

This can often lead to costly waste and rework.
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1.2.7. History of corrosion and electrochemistry

The interpretation that corrosion is an electrochemical phenomenon was established by the
Frenchman THENARD in 1819.

Then FARADAY's research between demonstrated the essential relationship between
chemical action and the generation of electric currents.

It comes from the Latin ‘corrosum’ supinal form of the Latin corrodére meaning to wear
out or eat away entirely; with the usual loss of letters due to the evolution of languages, it has
been modified.

The close relationship between electrochemistry and corrosion, in other words the notion
of the galvanic couple, goes back to the very origins of electrochemistry and electrokinetic with
Volta's invention of the battery. From then on, until the invention of the dynamo (Gramme,
1870), the only source of electric current at the origin of all the discoveries of the laws of
electricity and electromagnetism remained the battery formed between a metal that corrodes
(zinc, for example) and a cathodically protected metal (copper, for example). It is not surprising,
therefore, that our knowledge of corrosion processes and anti-corrosion procedures has kept
pace with the experimental and theoretical advances in electrochemical science. It is not
surprising, therefore, that our knowledge of corrosion processes and anti-corrosion procedures
has kept pace with the experimental and theoretical advances in electrochemical science.

1.2.8. Corrosion definition

In its simplest definition, the potential difference between metal surface and its
environmental causes a natural and electrochemical process which is the phenomenon of
corrosion [10].

According to Fontana’s description, corrosion is a spontaneous phenomenon by which a
metal material returns to its stable thermodynamic state (metal oxides or metal sulfides) (Most
corrosion processes are electrochemical (i.e., oxidation-reduction reactions) in nature, and they
are greatly affected by operating conditions [10-12].

However Corrosion is therefore an electrochemical process (Figure I-1), oxidation of the
metal refers to the anodic reaction, while the reduction of an oxidising species such as oxygen
constitutes the cathodic reaction. On a metal surface, anodic and cathodic reactions occur
simultaneously at different points on the surface.

Most materials are susceptible to deterioration under certain conditions, for example,
plastics swell under the effect of certain solvents, wood rots, granite erodes, metals and metal
alloys oxidise and go into solution by dissolving atoms. We can therefore see that the term

‘corrosion’ is much more general than that of ‘rust’, which is reserved exclusively for the
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corrosion of iron and low-alloy steels, a form of corrosion that mainly results in the formation
of ferric oxide [13].

From a thermodynamic point of view, corrosion is expressed by a decrease in free energy,
which means that it occurs spontaneously. We can distinguish several types of corrosion:

chemical, electrochemical, biochemical corrosion and corrosion linked to mechanical factors.

Rust Deposit Air

Fe,0:xH,0 \ Water
_ A . / Droplet

«‘; —

,+2H,0 + 4e > 40H

0, +4H" +4e > 2H,0 e

Iron

Figure I.1 : Schematic illustration of a corrosion process [14]

1.2.9. Electrochemical nature of the corrosion

The electrochemical nature of corrosion is essentially linked to the atomic and electrical
structure of matter. We know that matter is made up of elementary particles carrying electrical
charges, ions and electrons, and electrically neutral particles, atoms and molecules. The solid

metallic phase thus comprises (Figure 1.2)
M"" metal ions arranged in a rigid compact stack: this is the crystal lattice;

Conduction electrons €7, free to move anywhere in the volume of the metal. These free electrons
behave like a gas bathing the immobile ions of the crystal lattice. It is these free electrons that

give the metal phase its usual properties, first and foremost its very high electrical conductivity;

The aqueous phase is a liquid, i.e. a compact fluid stack comprising: neutral molecules,

water and various undissociated compounds;

Positive ions (cations) or negative ions (anions); it is the mobility of these ions that gives

water its electrical conductivity [15].
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Although the forms of corrosion listed below are diverse, the basic mechanisms of

corrosion of a metallic material in an aqueous medium have the same origin, which is

electrochemical.

These mechanisms result from a series of reactions that take place at the metal-solution

interface and involve electrons and chemical species. These electrochemical reactions can be

General information on corrosion and carbon steels

described in the following simplified way:

e Anodic dissolution reaction of the metal (M):

M — M%+ ze

e Cathodic reduction reaction of an electrolyte species (O)

O+ze — R

The species likely to be reduced must be present in sufficiently large quantities in the

environment.

Metal

N+

T
L

rel1g)--
)

2

1 Anodic reaction
—_—

S

*Catodic reaction
-—_—

——— Solution

Figure 1.2 : Electrochemical reactions at the metal-solution interface [15].

The electrochemical corrosion reaction simultaneously combines one or more oxidation

reactions and one or more reduction reactions, i.e. a battery reaction. All batteries have:

e An electrolyte: an ionically conductive aqueous medium;

e An anode: metal where the oxidation reaction takes place (loss of electrons).
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e A cathode: the site of a reduction reaction (electron gain) of a species presents in the
electrolyte. An external electrical circuit: an electrical wire connecting the anode and
cathode. There is double conduction: electronic and ionic, there is a transfer of electrons
from the anode to the cathode at the origin of an electric current which, by definition,
flows in the opposite direction, and there is no charge accumulation thanks to the

simulation of semi-reactions [16].

1.2.10. The metal-solution interface concept

When a metal M of valency n is immersed in an electrolyte, the metal acts as an
electronic conductor while the electrolyte acts as an ionic conductor. A space composed of
positive and negative charges is then established at the interface, known as the ‘electrochemical
double layer’. This model, illustrated by Stern, is shown in (Figure 1.3).

The negative charges are concentrated on the surface of the metal, while the charged

space is wider on the electrolyte side. On the other hand, far from the interface, the electro-

neutrality of the solution is respected and all the positive and negative charges are randomly
distributed with an overall zero charge, which is not necessarily the case at the interface [17].
An equilibrium is then established between the metal layer and the electrolytic layer,
characterised by a potential difference. The corrosion potential Ecorr corresponds to the
potential assumed by a given metal or metal alloy in relation to a given electrolyte. It depends

on the experimental conditions

| - |
O (+) ()
@02 °0 © °
@@®®@ ) ()
B2 2
©®®®® (- S
(+) (-
@G)@@@ (-)
CONC) ()
Diffusion Layer |

Figure 1.3 : Diagram of the double layer created around the metal immersed in an electrolyte [17].
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1.2.11.The oxidising agents of corrosion

The oxidising agents responsible for steel corrosion are mainly chemical substances that
promote the oxidation of iron (Fe) or steel alloys, leading to the formation of corrosion products
such as iron oxide (Fe:03), iron hydroxide (Fe(OH):), and other compounds. Oxidising agents
are generally present in the environment and can be gases, ions or molecules that, by reacting
with the metal, promote the transfer of electrons (oxidation) and the dissolution of iron. The

main oxidising agents involved in steel corrosion are as follows:

1.2.11.1.The oxygen (O2)

Oxygen is one of the most common oxidising agents in the atmosphere or in aqueous
media. It reacts with metal in the presence of water or moisture to form iron oxides. This

reaction is particularly important in the atmospheric corrosion of steels.

1.2.11.2. Oxidising ions (such as permanganate and chlorate ions)

Certain oxidising ions, particularly in highly acidic or basic environments, can

accelerate the corrosion of steels. Among the most common are:

1.2.11.2.1. Permanganate ion (MnOxy’)

They can be reduced in the presence of a metal, which promotes the oxidation of iron.

1.2.11.2.2. Chlorate (C10*) and perchlorate (C10%) ions

These ions are powerful and can generate strong oxidation on the metal.These ions are

often present in industrial environments or in cleaning agents, and can act as powerful oxidants.

1.2.11.3. Halide ions (Cl, Br, I)

Chloride (CI'), bromide (Br-) and iodide (I') ions are particularly aggressive for steels.
Although they are not themselves oxidising agents in the strict sense, they promote corrosion
by breaking down the passivation of the metal surface, making the metal more susceptible to

attack by oxygen and other oxidants. For example:
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1.2.11.4. Sulphur dioxide (SO2) and nitrogen oxides (NOx)

In polluted atmospheres, particularly in industrial or urban environments, gases such as
sulphur dioxide (SOz) and nitrogen oxides (NO and NO,) can act as oxidising agents. These
gases react with moisture in the air to form acids (sulphuric acid, nitric acid) that attack the

surface of the steel, accelerating corrosion and causing degradation of the metal surface.

1.2.11.5. Hydrogen peroxide (H202)

H20:2 is a powerful oxidant that can play an important role in the corrosion of steels,
particularly in aqueous environments. It can cause oxidation of iron and accelerate corrosion
processes, particularly in aqueous solutions containing low concentrations of hydrogen

peroxide.

1.2.11.6. Hydrogen (H2)

Although hydrogen is normally considered to be a reducing agent, under certain
conditions, such as in the presence of acids or other chemical agents, hydrogen can play a role
in hydrogen corrosion. It can penetrate metals and cause internal cracking or metal degradation,
particularly under stress corrosion conditions. This phenomenon is particularly problematic for
steels exposed to high hydrogen pressures or in acidic environments where hydrogen is

produced.

1.2.12. Corrosion of carbon steel in acidic media

One of the most important mineral acids utilized widely in many industrial applications
including well acidizing, water treatment, chemical cleaning, and acid pickling is hydrochloric
acid (HCI). From the corrosion and material of construction stand point, HCI poses greater
threat to most of engineering materials when compared to other acids [18]. Carbon steel is one
of the most common and least expensive materials used in almost all industrial processes.
However, the use of this metal in aggressive media  causes the corrosion which is an inevitable

problem in almost all industries can be considered as one of the calamities of our time.

1.2.13. The diagram of Pourbaix for iron

The corrosion behaviour of iron is particularly important (Figure (1.4)) shows the
potential-PH diagram. It includes two oxides, Fe;Os hydrate and Fe;Os4 (magnetite). The

concentration of dissolved species is 10°mol/l. In (Figure (1.4)) it can be seen that iron can
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react with protons in acidic and neutral media, accompanied by the release of hydrogen. In an
alkaline medium, on the other hand, it resists corrosion because the oxides formed do not
dissolve easily by reaction with hydroxyl ions. This behaviour is consistent with practical
observations: in acidic and neutral environments, unprotected steel corrodes easily, whereas in

alkaline environments, such as concrete, it resists well [19].

1.5 T T g T — T g T

1.0 4

After carbonation

Fe,O4

Potential (volts, SHE)
o
o

—1.0

Immune zone for Fe

—-15 : : : : : : : , :
O 3 6 9 12 15
pH value

Figure 1.4 : Simplified Pourbaix diagram of the iron/water system at 25°C and latm (for

[Fe?]= [Fe**]= 10-6 mol/L) [19].

This behaviour is in line with practical observations: in acidic and neutral environments,
unprotected steel corrodes easily, while in alkaline environments, such as concrete, it resists

well [19].

e Passivation: zone of protection of the metal by the formation of oxides or hydroxides
on its surface (Fe2O3, Fe304).

e Corrosion: area of attack on the metal with the formation of ions (Fe**, Fe*"). A
distinction is made between corrosion in an acidic medium and corrosion in a basic
medium;

¢ Immunity: iron (Fe) thermodynamic stability zone.

1.2.14. Corrosion mechanism of Carbon Steel in HCI Solution Systems
Metal corrosion is a localized electrochemical reduction—oxidation reaction occurring

on its surface, in which electrons are released due to metal dissolution and transferred to a
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different location on the surface to reduce hydrogen ions. This process results in the slow
degradation and eventual failure of the metal. Prior to the discussion of various corrosion
inhibition evaluation methods, it is necessary to understand the underlying principles of
corrosion in carbon steel/HCI solution systems (Figure 1.5). Like many other metals, the iron
corrosion process can also be broken down into two main half electrochemical reactions [20—
22], where one is the anodic reaction (oxidative dissolution of iron). The overall
chemicalreaction of iron immersed in HCI solutions is summarized as shown in Equation 1.1,
while the anodic reactions of iron immersed in aqueous solutions and aqueous solutions
containing Cl ions are summarized as shown in (Equations 1.2-1.7) [23,24].

(a) HCI solutions (overall chemical reaction)

Fesotia) + 2H"—Fe? " + Ha(eas) Eql.1
(b) Aqueous solutions (oxidative dissolution)

Fet+H,0 <> [FeOHJags +H™ + € Eql.2
[FeOHJags<>FeOH] "+ ¢ (rate determining step) Eql.3
[FeOH]" + H"«<>Fe?" + H,0 Eql.4
(c) Aqueous solutions containing CI” ions (oxidative dissolution)

Fe + H,O + Cl'<> [FeCIOH] s + H + ¢ Eql.5
[FeCIOH] ags«>[FeClOH Jags + € (rate determining step) Eql.6
[FeCIOH] + H* «>Fe*" + Cl"+ H,O Eql.7

It can be seen that iron exposed to the above solutions tends to dissolve and lose positive Fe
ions to the electrolyte, which simultaneously produces free electrons that can travel through the
metal. [FeOHJads and [FeCIOH ]ags are the adsorbed intermediates, each of which is involved in
the rate determining step of Fe dissolution according to mechanisms (ii) and (iii). It must be
pointed out that the presence of CI ions does not exclude dissolution through the [FeOH]ads
intermediate in chloride free acid media, as the two mechanisms can proceed simultaneously
[25]. Gad Allah et al. [26] pointed out that iron dissolution in HCI solutions depends on H' ions
more than CI ions. According to Oakes and West [27], iron dissolution in HCI solutions over
the pH range 0.0 to 0.6 (as 1.0 M HCl solution) depends principally upon chloride ion activity,
while at more negative pH values and at high chloride ion activity, the corrosion rate is more
dependent upon pH.

On the other hand, for an acidic solution, the electric potential is caused by the
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accumulation of excess electrons generated in the anode, which can be neutralized at the
cathodic site by the reduction of H' to form hydrogen gas. This process can be presented as

follows (Equations [.8-1.10) [25].

Fe +H' < (FeH)* EqL8
(FeH)" + & <> (FeH)ads EqlL.9
(FeH)agst H + € «<>Fe + Ha Eql.10

Oxygen CI- H,0 Rust
i 0 n Electrolyte
Passive zone H

Cathode

Figure L.5 : Corrosion mechanism of steels in the presence of chloride [27].

1.2.15. Corrosion process (characterisation according to the mode of action of the
medium)

The corrosion processes that regulate the material degradation could be categorized as
follows:
1.2.15.1. Electrochemical corrosion of metals

Electrons from the surface metal atoms are formed and then transferred to electron
acceptors (oxygen, acids, etc.) in the presence of metal ions and then the metal valence electrons

are transferred to electrochemically active ions/molecules [28](Figure 1.6).

Electrolyte medium

Anodic Current Cathodic Current

Current

Oxidation reaction of Reduction reaction of
the metal the oxidizing species
Qi
. —~ - e f-
N~ ¢
Anodic Zone Cathodic Zone

Metal

Figure 1.6 : Electrochemical corrosion
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1.2.15.2. Chemical corrosion

In this case, the presence of an external environment causes a gradual destruction of
metals, e.g., the oxidation/dissolution of metals via acids, electron transfer is not necessary. It
can be caused by atmospheric agents (oxygen, humidity, carbon dioxide, sulphur dioxide and
other industrial products). It generally consists of transforming metals into oxides by forming
surface layers.

When the reagent is gaseous or the corrosion occurs at high temperature, it is called dry

corrosion or high-temperature corrosion [30, 31] (Figure 1.7).

Air

Water

0, \ / Droplet
%/.. Fe’* \ Rust Deposit

Iron L

Anode : Oxydation Cathode : Reduction

Fe > Fe?* + 2¢ O, + 4H* + 4e > 2H,0

Figure 1.7 : Example of chemical corrosion [32].

1.2.15.3. Biological corrosion

Biological organisms can be extremely important in initiating a metal attack that leads
to the corrosion of metal. This attack can be categorized into two major attacks namely
microbial-influenced corrosion and Macro fouling effects [33].

Biological corrosion is influenced by the activities of living organisms, including
microorganisms (e.g., bacteria) and microorganisms (e.g., algae, fungi, barnacles) Other
terms used for this type include, microbial, microbiologically influenced corrosion (MIC) or
microbially induced corrosion (MIC) [34]. Thriving in diverse pH, temperature, and pressure
conditions, this type of corrosion manifests in various environments. The involvement of living
organisms in metabolic reactions directly impacts anodic and cathodic reactions, disrupts
protective films, and creates corrosive conditions or deposits, making biological corrosion
distinct due to the role of organisms in facilitating or accelerating specific corrosion types [35].
Bacterial corrosion covers ‘all corrosion phenomena in which bacteria, acting directly or
through substances derived from their metabolism, eitheraccelerate an already established

process or create favourable conditions for its establishment [36,37] (see Figure 1.8).
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Figure 1.8 : Biological corrosion [38]

1.2.15.4. Corrosion due to mechanical factors
Corrosion sometimes occurs when the material is subjected to external or internal

mechanical stress [39], such as: friction, erosion, abrasion, vibration, etc.

1.2.16. Forms of corrosion (characterisation according to the appearance of the metal)
There are several types of corrosion, including [40]
1.2.16.1. Uniform or general corrosion
It is a common form of corrosion and is characterized by chemical or electrochemical
reactions which proceed uniformly over the entire exposed surface. E.g., rusting of iron or iron-
based alloys. It is easy to measure and design against this type of corrosion damage. It is
relatively easy to control by using protective coatings, inhibitors, and cathodic protection

(Figure. 1.9).

Figure 1.9 : Schematic representation of General corrosion

26



Chapter 1 General information on corrosion and carbon steels

1.2.16.2 Localized corrosion

1.2.16.2.1. Galvanic corrosion
This type of corrosion occurs when two dissimilar metals are in contact with each other

and an electrolyte, such as saltwater, is present. One metal becomes anodic and corrodes, while
the other becomes cathodic and is protected from corrosion (Figure 1.10)

According to electrochemistry, galvanic corrosion arises on discrete portions of a
metallic surface due to the presence of an anodic portion and a cathodic portion [41]. Galvanic
corrosion occurs in two dissimilar metals, when one metal, in the presence of a suitable
electrolyte, preferentially corrodes over another metal with which it has electrical contact. In
this process, the metal acting as the cathode, the less reactive, is protected, while the metal

serving as the anode, more reactive, undergoes corrosion [42, 43].

Figure 1.10 : Schematic representation of Galvanic corrosion [44]

1.2.16.2.2. Crevice corrosion
In addition to pitting corrosion, crevice corrosion is another localized corrosion that

occurs within narrow gaps or openings formed by metal-metal or nonmetal-metal
conjunctions. This type of corrosion can occur if there is a local difference in concentration of
oxygen, lap joints, gaskets, or when small amounts of liquids are collected and become stagnant
in crevices under a bolt or around rivet heads. It is interesting to note that any

metallic arterials can be susceptible to crevice corrosion. However, metals with the ability to
form an oxide film, such in the case of aluminium and stainless steels, are prone to crevice

corrosion—particularly in saline media (e.g., seawater). Figure .11
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Figure 1.11 : Schematic representation of crevice corrosion
1.2.16.2.3. Pitting corrosion

This is localized corrosion attack due to neutralization salts presence on metal surface
causing some parts to corrode quickly (acting as anode) but some are free from corrosion

(acting as cathode). There by causing deep holes

Stainless steel

Figure 1.12 : Schematic representation of pitting corrosion
1.2.16.2.4. Intergranular corrosion

Intergranular corrosion (Figure 1.13) is a localized attack along the grain boundaries or
immediately adjacent to grain boundaries, while the bulk of the grains remains largely
unaffected. This form of corrosion is usually associated with a chemical segregation effect or a
specific phase precipitated on the grain boundaries such precipitation can produce zones of

reduced corrosion resistance in the immediate vicinity
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Figure 1.13 : Schematic representation of intergranular corrosion [45]
1.2.16.2.5. Stress corrosion cracking

Stress corrosion cracking is a type of corrosion triggered by applied stress on a
material, initially present in an inert environment, leading to the development of cracks in a
corrosive environment. This form of corrosion can be accelerated by either residual internal

stresses within the metal or externally applied stress [46].

Fe;0s, Fes04 Fe;03, Fe;04
(Corrosion products) (Corrosion products)

Tensile force €=—— —> Tensile force

Advancing crack tip

Figure 1.14 : Stress corrosion cracking

1.2.16.2.6. Corrosion erosion (abrasion/cavitation)

It is due to the combined action of an electrochemical reaction and a mechanical removal
of material. It often occurs on metals exposed to the rapid flow of a fluid. Erosion corrosion
affects all metals and alloys, particularly passivable metals (stainless steel, aluminium, etc.) and
low-hardness metals (copper). The best way to combat this type of attack is to make the flow

easier by changing the profile of the tubes.
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Figure 1.15 : corrosion erosion
1.2.16.2.7. Selective corrosion

Selective corrosion (Figure 1.16) is a type of corrosion that attacks a single element of
an alloy and dissolves that element from the alloy structure. As a result, the structure of the

alloy is aged.

Figure 1.16 : Selective corrosion

1.2.17. Factors affecting corrosion

Various factors contributing to metallic corrosion. It explores elements such as metal
purity, characteristics of the surface film, properties of corrosive products, temperature, air
humidity, and pH levels. Understanding these factors is crucial for a comprehensive
examination of the corrosion process in metals. The rate of corrosion mainly depends on two

factors:
» Nature of corroding environment

> Nature of metal
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1.2.17.1. Nature of corroding environment

e pH Value of Solution

The corrosion rate of most metals is affected by pH [47]. However the pH is the most
important factor to determine the rate of corrosion. Generally, when the corrosion is greater the
pH is lower. This indicates that acidic media having pH less than 7 are more corrosive than
alkaline or neutral media. For noble metals such as gold and platinum, the corrosion rate is
notably low and exhibits minimal dependence on the solution’s pH Noble metals, while
generally resistant to corrosion, are often not used for common purposes due to their high cost
[48, 49].

In a neutral and alkali environment, only some metals are dissolved (Al, Pb, Zn). For
the other metals such as aluminum, zinc and lead, there is a significant increase in the corrosion
rate in both acidic and alkaline mediums compared to neutral solutions. This is explained by
the solubility of the oxides of these metals in both acid and alkaline environments [48].

e Temperature

The rate of corrosion tends to increase with rising temperature. The rate of corrosion is
expected to be almost double for every 100 rises in temperature, provided other biological
conditions are kept constant) [50]. Temperature also has a secondary effect through its
influence on the solubility of air (Oz), which is the most common oxidizing substance
influencing corrosion [51].

e Humidity of air

Relative humidity significantly influences the rate of corrosion, rising sharply above a
specific point known as the critical humidity. Beyond this threshold, the corrosion rate
experiences a notable increase. The heightened corrosion with increased humidity is attributed
to the oxide film's tendency to absorb moisture, leading to additional electrochemical corrosion.
Moreover, atmospheric moisture provides the necessary water for the electrolyte, essential for

the formation of an electrochemical cell [52].
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1.2.17.2. Nature of metal

e Position in galvanic series

The corrosion rates typically rise with the increased addition of impurities [52]. This is so
because impurities create small electrochemical cells where the anodic part undergoes

corrosion. For instance, zinc with impurities such as iron (Fe) or lead (Pb) corrodes faster.

In an aerated atmosphere, metals develop a thin surface film of metal oxide. The ratio
of volumes of metal oxide to the metal determines the effect of surface film. A higher specific

volume ratio corresponds to a lower oxidation rate [52].
e Nature of corrosive product

The corrosion comparatively proceeds at a faster rate if the product formed, is soluble
in the corrosive medium. Also, if the corrosive product is volatile, it evaporates as soon as it is
formed, thereby metal surface is exposed for further attack. In this way, corrosion further

exceeds [52].

1.2.18. Costs of Corrosion

Corrosion is costly and can lead to major damage. The three key causes for concern with
corrosion are economics, safety, and environmental damage. In this context, failure of operating
equipment or structures, such as bridges, caused by corrosion can lead to disastrous results (i.e.,

human injury or even death).

1.2.18.1. Economic Cost

The economic cost of corrosion includes direct and indirect losses, which can be
subdivided into four main categories, namely capital (e.g., replacement of equipment), control
(e.g., corrosion control, repair, and maintenance), design (e.g., corrosion allowance and
materials of construction), and associated (e.g., insurance and technical support) costs. Table I-
2 shows the estimated costs of corrosion in some countries around the world. It is well known
that corrosion costs have significant consequences on the national economies of countries,
which can reach about 2—4%of gross national product, according to an investigation by the
National Association of Corrosion Engineers. To minimize such economic losses and combat
corrosion, it is necessary for management to implement effective control measures; in this case,

about 25% of corrosion costs are avoidable.
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Table 1.2 : Corrosion Costs in Algeria (2021-2024)[53]

Year Corrosion Cost (3.4% of GDP)
2021 6.4
2022 6.6
2023 6.8
2024 8.7

1.2.18.2. Human Safety

Along with economic losses, corrosion can also affect human safety, so industry
personnel particularly need to pay attention to this phenomenon. Failure of steam pipes in
nuclear power plants, bridge collapses, gas pipeline bursts, and airline accidents can all cause
death. Further more, corrosion of iron-based hulls in ships poses a threat to the crew. For many
years, lead-based pipes were extensively employed in water transportation until it was found
that because of corrosion, lead can enter into water, causing lead poisoning in humans. Fatal
accidents related to corrosion are more likely to arise in industrial plants in which corrosive
compounds are applied (e.g., cyclohexene in Flixborough in 1974 and hydrogen cyanide in
Bhopal in 1984).
1.2.18.3. Impact on the Environment

Corrosion can further contaminate and affect the ecosystem, destroying irreplaceable
fauna or flora. Failures of oil pipelines, tanks, or gas pipelines caused by corrosion can cause
severe pollution in the water and air. In addition, the corrosion of equipment employed to limit
air pollution can reduce their effectiveness. Such unwanted situations cause volatile
contaminants from manufacturing processes to pass into the air. However, corrosion can also
damage the environment via extensive use of limited resources of metallic materials, as well as
the associated industrial processing [54]. Corrosion sometimes occurs when the material is
subjected to external or internal mechanical stress [54], such as: friction, erosion, abrasion,
vibration, etc.
1.2.19. Conclusion

Corrosion of carbon steel and its alloys is a serious problem for industry since it can be at

the root of a number of problems affecting the economy of countries (wastage of raw materials,
replacement of materials and equipment, personal safety and the environment. Numerous
studies have been carried out to gain a better understanding of the corrosion mechanisms of

carbon steels.
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I1.1 Introduction

The use of inhibitors is one of the best techniques for protecting materials when they are
in contact with highly aggressive media such as hydrochloric acid, and non-toxic organic
molecules have become a source of environmentally friendly inhibitors that guarantee high
material efficiency. In this chapter, we present a bibliographical summary of the molecules used
as corrosion inhibitors for carbon steel in hydrochloric acid environments, which are schiff
bases and phosphonates. We also present a bibliographical review of the main works relating

to their application as corrosion inhibitors.

I1.2. Prevention of Corrosion by inhibitors
I1.2.1. Historical aspect

The best way to combat corrosion processes is prevention. Among the various methods
to avoid or prevent destruction or degradation of metal surface, the corrosion inhibitor is one of
the best know methods of corrosion protection and one of the most useful on the industry. This
method is following stand up due to low cost and practice method [1-4].

Historically, inhibitors had great acceptance in the industries due to excellent anti-
corrosive proprieties. However, many showed up as a secondary effect, damage the
environment. Thus, the scientific community began searching for friendly environmentally
inhibitors, like the organic inhibitors.

There are many industrial systems and commercial applications that inhibitors are
applicable, such as cooling systems, refinery units, pipelines, chemicals, oil and gas production
units, boilers and water processing, paints, pigments, lubricants, etc [5].

There are evidences of the use of inhibitor since the early XIX century; already used to
protect metals in processes such as acid picking, protection against aggressive water, acidified
oil wells and cooling systems. Since years 1950’s and 1960’s, there was a significant advance
in the development of technology for corrosion inhibitor as the application of electrochemistry
to evaluate corrosion inhibitors. [6]

Now a days, due to changes occurred on the market of corrosion inhibitors, some
industrial corrosion inhibitors are being unused. Due to high toxicity of chromate, phosphate
and arsenic compounds, related to various environmental and health problems, strict
international laws were imposed. Reducing the use of these and therefore increasing the need
for the development of other inhibitor to supply the lack in this area. Should, however, present

a similar anticorrosive property similar than a chromate inhibitor [7].
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I1.2.2. Inhibitor’s definition
Chemical compounds Added in small quantities to reduce the wear rate. The presence
of these compounds delays the corrosion process and keeps its rate to a minimum. There are

two types of corrosion inhibitors: natural and synthetic [8].

According to the protocols outlined in ASTM G15-2008, a corrosion inhibitor is a
chemical substance or combination of substances that, when present in the proper concentration
and forms in the environment, prevents or reduces corrosion. In ISO 8044-2020, corrosion
inhibitor is a chemical substance that, when present in the corrosion system at a suitable
concentration, decreases the corrosion rate without significantly changing the concentration of

any corrosive agent [9].

11.2.3. Properties of corrosion inhibitors
Generally, the corrosion inhibitors used in industry should meet the requirements as

follows:

v' It must provide protection that guarantees the operation of field pipelines, down
hole equipment and other facilities in the presence of existing corrosion-
hazardous factors;

v" The use of corrosion inhibitors should not have a negative effect on the
technological processes of production, field preparation, transportation,
processing and storage of hydrocarbons and gas;

v" Corrosion inhibitors must be thermally stable at operating temperatures;

v The best corrosion inhibitors are those that very well soluble in water, while
leaving a layer of corrosion inhibitor on the metal surface;

v Low dosage level of the inhibitor to provide anti-corrosion protection;

v" Low tendency of the inhibitor to form an emulsion with formation water or to
foam,;

v’ The ability to inhibit several types of corrosion [10], such as general corrosion
[11], localized corrosion [12], crevice corrosion [13], bacteria corrosion [14],
etc.

v The ability to remain corrosion inhibition effectiveness in different climate

zones, especially deep-sea environment [15], the polar environment [16], etc.
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I1.2.4. Some of parameters influencing the performance of corrosion inhibitors

v Chemical composition of functional groups;
v' The existence of pi-bonds;

v’ The electronic characteristics of the molecule; and Non-bonding p-orbitals [17]

I1.2.5. Classes of inhibitors
There are several possibilities for classifying inhibitors, which differ from each other in

various ways [18].

e The formulation of the products or chemical nature (organic inhibitor, inorganic

inhibitor);
e The inhibited electrochemical reaction (cathodic inhibitor, anodic or mixed inhibitor);
e Reaction mechanism involved (adsorption and/or film formation) ;
e Their field of application (acidic medium, neutral medium, gas-phase...):

Nevertheless, this classification is not entirely adequate, as the same inhibitor can present at the

same time characteristics specific to each classification group.

I1.2.5.1. Classification of inhibitors depending of their chemical functionality (the nature

of the inhibitor)

11.2.5.1.1. Inorganic Inhibitors

Mineral molecules are most often used in a medium close to neutrality, or even in an alkaline
medium, and more rarely in an acidic medium. The products dissociate in solution and it is their
dissociation products that ensure the inhibition phenomena (anions or cations). The main
inhibiting anions are oxo-anions of type XO4" such as chromates, molybdates, phosphates,
silicates. The cations are essentially Ca** and Zn** and those which form insoluble salts with
certain anions such as hydroxyl OH . They improve the corrosion resistance of the metal either
by limiting the diffusion of aggressive species towards the substrate by prior adsorption of the
molecules (Chromate), or by forming a film on the surface and appear as effective inhibitors:
(Molybdate and tungstate) and Phosphate, silicate and borate the number of molecules currently

in use is becoming increasingly limited, as most effective products harm the environment.
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However, new organic complexes of chromium III and other cations (Zn>"k*, Ca*> Mg?" Mn*",

Sr?*, AI*" Zr?*, Fe?"..) effective against corrosion and non-toxic have been developed [19].

I1.2.5.1.2. Organic inhibitors

Are generally used in acidic environments. They comprise a non-polar, hydrophobic
part consisting of one or more hydrocarbon chains and a polar, hydrophilic part consisting of
one or more functional groups: amine (-NH), hydroxyl (-OH), mercapto (-SH), carboxyl (-
COOH) and their derivatives enabling them to bind to the surface of the metal. Their use is
currently preferred, despite inorganic inhibitors, mainly for reasons of ecotoxicity. According
to Bommersbach, they have at least one heteroatom serving as an active centre for their fixation
on the metal such as nitrogen (amines, amides, imidazolines, triazoles...), oxygen (acetylenic
alcohols, carboxylates, oxadiazoles...), sulphur (derived from thiourea, mercaptans, sulfoxides,
thiazoles...) or phosphorus (phosphonates) inhibitors that contain sulphur are more effective
than those that contain nitrogen, because sulphur is a better electron donor than nitrogen. The
main characteristic of these inhibitors is their high efficiency, even at low concentrations. The
inhibitory effect often increases with the molecular weight of the inhibitor. The inhibitory action
of these organic compounds, which is generally independent of the anodic and cathodic
corrosion processes, is related to the formation (by adsorption) of a more or less continuous
barrier, but of finite thickness, which prevents access of the solution to the metal. Unsaturated
organic compounds are carriers of electrons capable of creating bonds with the metal atoms;
therefore, the inhibiting efficiency of these unsaturated compounds (double or triple bond) is
very important. Organic inhibitors are generally made up of by-products of the petroleum
industry [9]. One of the limitations in the use of these products may be the rise in temperature,

as organic molecules are often unstable at high temperatures [20].

I1.2.5.2. Classification according to the electrochemical mechanism of action.
In the classification by mechanism of electrochemical action, a distinction can be made

between anodic, cathodic or mixed inhibitors (Figurell.1).
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Figure II.1: Evans diagrams showing the displacement of the corrosion potential due to the

presence of a corrosion inhibitor [21].

The corrosion inhibitor forms a barrier layer on the metal surface, which modifies the

electrochemical reactions (Figure II. 2).

H W H' Fel
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H* : H*
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Anode zone Anode zone
L 4 L 3
J L4 S \/'
Metal  re Cathode zone Cathode zone
(A) (B)

Figure I1.2: Formation of barrier layers in an acid environment interfering with
electrochemical reactions A) Blocking of cathodic sites and B) Blocking of anodic sites [22]

11.2.5.2.1. Anodic Inhibitors

Anodic inhibitors typically function by producing a protective oxide layer on the metal's
surface, which results in a significant anodic shift of the corrosion potential. This shift brings
out the metallic surface into the passivation region (Figure I1.3). These are also sometimes
called as passivators. Chromatic, nitrates, tungstate, and molybdates are a few examples of

anodic inhibitors, etc.

44



Chapter 11 Literature review on inhibitors

A
J
\'I
J

Blocking the
anodic reaction

200

(M~ ne’) 2 (M?)+ne)

Anode area U
- 00
'Y >~ =< Inhibitor
- . : 2H +2e 2 H, - \@—%
— Cathode area

Figure I1.3: Representation of the anodic inhibition process (a) without inhibitor, (b) with

inhibitor [23].
11.2.5.2.2. Cathodic Inhibitors

Cathodic inhibitors (Figure 11.4) work by either reducing the cathodic reaction itself or
selectively precipitating on cathodic areas to limit the movement of species which undergo
reduction towards the surface. Some substance can reduce the rates of the cathodic reactions,
which are called cathodicpoisons. However, the susceptibility of a metal to hydrogen induced
cracking can be increased by cathodic poisons since hydrogen can also be absorbed by the metal
during aqueous corrosion. Oxygen scavengers can also decrease the corrosion rates by reacting
with dissolved oxygen. Examples of oxygen scavengers are sulphite and bisulfite ions that can

combine with oxygen to form sulfate

Inhibitor

J
XF\ \
A
v
AN

(M~*.ne’) 2 (M)+ ne)

Anode area

(XX
POC

Blocking the
cathodic reaction

()
/
)
)

2H +2¢ 2> H,
Cathode area

i

Figure I1.4: Representation of the cathodic inhibition process (a) without inhibitor, (b) with
inhibitor [23].
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I1.2.5.2.3. Mixed Inhibitors

Mixed inhibitors act by reducing both type of reactions i.e oxidation and reduction
(Figure I1.5). These inhibitors adsorbed on the surface, forming a film that causes the formation
of precipitates on the surface of metal or alloy blocking both anodic and cathodic areas
indirectly. Hard water that has high composition of calcium and magnesium is less corrosive
than soft water because there is a tendency of the salts to precipitate on the surface of the metal
forming a protective film as compared to soft water. The most common examples of this
category of inhibitors are phosphates and silicates. For example, sodium silicate is used in many
domestic water softeners to prevent the rusting. Sodium silicate also protects steel, copper and
brass in aerated hot water systems. However, protection is not always accurate, and depends
mainly on ph. Oxygen is required by phosphates for effective inhibition of corrosion. The
capability of protection is good for chromates and nitrites but these are toxic. Although Silicates
and phosphates do not afford good efficiency, but they are very useful in situations where non-

toxic additives are needed [24,25].
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Red 3¢» ox™ + e Red > ox™ +ne

Cathodlc
sites
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Figure IL.5: Effect of adding the mixed inhibitor [22].
I1.2.5.3. Classifications according to interfacial action mechanisms

In the classification linked to the reaction mechanism involved according to their mode
of action, different types of inhibitors can be distinguished: Adsorbent or "interface" inhibitors
are generally organic inhibitors: They prevent the action of the aggressive medium by forming
one- or two-dimensional films of molecules by adsorption on the surface of the metal. Their
fixation is mainly done by the active
function of the inhibitor; however, the polar parts can also be adsorbed. Some inhibitors cause
spontaneous passivation of the metal, which reduces the corrosion rate. In some cases,

passivation can be promoted by buffer agents, which increase the pH near the metal surface
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[26],while other so-called "interphase" inhibitors are specific to neutral or alkaline media and
cause the formation of surface films by precipitation of mineral salts or poorly soluble organic
complexes, as these films reduce the accessibility of oxygen to the surface, In addition, they
partially block anodic dissolution [26],e.g. polyphosphates (NaPO3)n and organophosphates
belong to this category.

Adsorption is a universal surface phenomenon because any surface is made up of atoms that
do not have all their chemical bonds satisfied, in fact between the metal surface and the adsorbed
species there are two types of bonds: electrostatic bond and chemical bond, thus two distinct
types of adsorptions: physisorption and chemisorption, all the possible modes of adsorption are
represented in (Figure 11.6).
11.2.5.3.1. Physisorption (physical adsorption)

Physical adsorption retains the identity of the adsorbed molecules and involves weak bonds.

Three types of bonds can be distinguished here:

Vander Waals bonds (are always present with very little energy and will lead to weak

binding of the particle),

Multilayer
adsorption

Vertical simple
adsorption
Chelation

Horizontal simple
adsorption

ST/ T /77 ST ST/
Metal

Figure I1.6: Schematic representation of the adsorption modes of inhibitory organic

molecules on a metal surface.

e Polar bonds (dependent on surface charges and inhibitor).

Hydrogen bonds (between a hydrogen bond donor and an acceptor, only N, O, P with free
doublets [27].In terms of electrostatic interaction, an organic molecule can have the same

adsorption behaviour with two metals of different nature, the charge of the metal is defined by
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the position of the corrosion potential of this metal in relation to its zero charge potential (EO),
this behaviour has been verified by Antropov [28]. When the corrosion potential of this metal
has a value lower than Eo, the adsorption of cations is favoured; whereas anions are adsorbed
when the corrosion potential of the metal is in the region of positive potential with respect to
EO. Furthermore, physisorption is a relatively fast process characterized by its "quasi-
reversibility", and by no change in the chemical bonds between atoms, and several layers of

adsorbed atoms cannot superimpose. It is generally observed at low temperatures.
11.2.5.3.2. 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 [28]. 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 inhibiting molecules may

offer coupled physical and chemical adsorption with enhanced inhibiting effects [29].
I1.2.6. Using organic molecules in the corrosion inhibition process

The most frequently used inhibitors in acidic environments are organic molecules. In
particular, aromatic molecules and macromolecules with linear or branched chains [30, 31].
Utilizing organic substances as inhibitors is one of the best techniques for preventing metals
corrosion. Organic corrosion inhibitors are preferred due to its environmental friendly. The
efficiency of an organic inhibitor depends on the size of the organic molecule, aromaticity, type,
and number of bonding atoms or groups in the molecule (either m or ¢), nature and surface
charge, the distribution of charge in the molecule and type of aggressive media. The presence
of polar functional groups with S, O, or N atoms in the molecule, heterocyclic compounds and
pi electrons present in the molecule also increases the efficiency of these, organic corrosion

inhibitors. The adsorption of the molecule on the metal surface depends on the polar function
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of the molecule. The organic compound that contains oxygen, nitrogen and/or sulfur blocked

the active corrosion sites by adsorbing on the metallic surface.

% There are various categories of organic inhibitors [32].

I1.2.6.1. Nitrite inhibitors
These inhibitors are often found in boilers and cooling water systems, where their

active ingredient is nitrite ions.

11.2.6.2. Phosphoric acid inhibitors
This kind of inhibitor effectively stops corrosion in systems with high temperatures

and high pressures because it includes derivatives of phosphoric acid

I1.2.6.3. Carboxylic acid inhibitors
Benzoic acid, acetic acid and salicylic acid are examples of chemicals that are often

utilized as carboxylic acid inhibitors in industrial settings.

11.2.6.4. Sulphuric acid inhibitors
Sulphuric acid inhibitors, which are mixtures of sulphuric acid and its derivatives, are

used in many industrial applications

I1.2.6.5. Thio phosphoric acid inhibitors

High-temperature systems can effectively be kept corrosion-free by using
thiophosphoric acid inhibitors, which are composed of thiophos phoric acid and its derivatives
11.2.6.6. Ethylenediamine inhibitors

This class of inhibitor is employed in numerous industrial applications and has

ethylenediamine as its active component.

I1. 2.6.7. Amine’s inhibitors
Amine inhibitors are frequently employed in oilfield and water treatment applications,

where their active component is an amine molecule.

I1. 2.6.8. Phenol inhibitors
Phenol inhibitors are utilized in many industrial applications and use phenol or its

derivatives as the active component.
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I1.2.7. Active Functional Groups in Organic Corrosion Inhibitors

Active functional groups play a crucial role in the effectiveness of organic corrosion
inhibitors [33]
I1.2.7.1. Nitrogen-containing functional groups

These functional groups contain nitrogen atoms, which can form chelating agents with
metal ions. The most common nitrogen-containing functional groups used in corrosion
inhibitors include amines, imides, and guanidines.
II. 2.7.2. Oxygen-containing functional groups

These functional groups contain oxygen atoms, which can form a protective film on the
metal surface, inhibiting further corrosion. Some of the most common oxygen-containing
functional groups used in corrosion inhibitors include carboxylic acids, esters, and ethers.
11.2.7.3. Sulfur-containing functional groups

Sulfur-containing functional groups can form a protective film on the metal surface,
preventing further corrosion. Some of the most commonly used sulfur-containing functional

groups in corrosion inhibitors include sulfonic acids and thiols.

11.2.7.4. Phosphorus-containing functional groups
Phosphorus-containing functional groups can form a protective film on the metal
surface, inhibiting further corrosion. Some of the most commonly used phosphorus-containing

functional groups in corrosion inhibitors include phosphonic acids and phosphates.

I1.2.7.5. Halogen-containing functional groups
Halogen-containing functional groups, such as halogens (chlorine, fluorine, and

bromine), can form a protective film on the metal surface, inhibiting further corrosion.

11.2.8. Inhibition mechanism of Carbon Steel in HCI solution

In HCI solutions, added organic compounds can form a thin layer on the metal surface
and significantly reduce the corrosion rate, which is regarded as a substitution reaction that
occurs between inhibitor molecules and water molecules at the metal/solution interface,

which can be described as below Equation 1 ;

Org(sol) + xH20O(ads) , Org(ads) + xH2O(sol) Eq.IL.1

Where Orgsony and Orgads) are inhibitor molecules dissolved in solution and inhibitor molecules

adsorbed on the metal surface, respectively, and H2O(so1) and H2O(ags) are water molecules and
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adsorbed water molecules on the metal surface, respectively. x, the size ratio, represents the
number of water molecules displaced by one molecule of organic inhibitor [34,35]. It is
noteworthy that the size ratio depends on the geometry of the organic inhibitor. In general, an
organic inhibitor with planar geometry provides higher surface coverage and thereby behaves

better as a corrosion inhibitor [36—39].

In the presence of corrosion inhibitors, the adsorbed intermediates accounting for the mitigation

of Fe anodic dissolution can be presented as follows (Equations (11.2)—(IL.8)

[40-42]:

Fe +H20 <> FeH20ags Eq1l.2
FeH20a4s + INH < FeOH +H" + INH EqlL3
FeH20a4s + INH — Fe-INHags + H2O Eqll.4
FeOH —-FeOHags + ¢ (rate determining step) Eq1L.5
Fe -INHads »Fe-INH 45t € EqI1.6
FeOHads +Fe-INH 3ds¢<> Fe-INHags + FeOH" EqIL7
FeOH"+ H' < Fe?* + H,O EqIL8

According to the above reaction process, the dissolution of Fe in acid solution depends
mainly on the adsorbed intermediate species, where in the reduction in the amount of
FeOH aas produced (Equationll.2) due to replacement of H>O with inhibitor molecules
(Equation (Equation I1.3) (the formation of intermediate Fe—INHaqs) retards the rate determining
step (Equation (II.4)) and consequently retard the dissolution of Fe. However, it needs to be
emphasized that, in most cases (in acidic media), adsorption of these inhibitor molecules tends
to be initiated by using physisorption and then propagated by using a chemisorption’s
mechanism, i.e., a physio-chemisorption mechanism [43,44]. Their mechanism is briefly

described as follows.
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> Physisorption mechanism

Excessive oxidation of Fe elements in the HCI solution makes the carbon steel surface
positively charged, which attracts negatively charged chloride ions, causing the surface to be
negatively charged and forming a so-called inner Helmholtz plane (IHP) (as shown in (Equation
I1.9), while the attractive forces between the positively charged inhibitor molecules INH-H"
(because heteroatoms become protonated in aggressive acidic media) and the carbon steel
surface increased as a result of a bridge created by the adsorption of chlorides (CI ) which
formed the outer Helmholtz plane (OHP) [40]. It has been reported that such physical
interactions between the inhibitor and the iron surface would behave loosely with increasing

temperature [45].
Fe (HzO) ads +2C1_(—) FeClZ(H20) ads Eq 119

> Chemisorption mechanism

Further oxidation of surface iron atoms results in the production of electrons that are
consumed by INH-H+, so the adsorbed cationic inhibitor molecules return their neutral form
(as shown in Equation I1.9), while heteroatoms with lone pairs of electrons can transfer their
lone pair of electrons into the d-orbitals of the surface iron atoms, which results in
chemisorption. Such chemical interactions between the inhibitor and the surface are stronger

than the physical interactions between them [40].

FeCl(H20)agsHINH" <> FeClo(H20Yaas(INH) aqs EqIL10

The abovementioned electron transfer causes electron accumulation in the d-orbitals of
iron atoms, which in turn can cause a reverse transfer of electrons from the d-orbitals of
surface iron atoms to the unoccupied anti-bonding molecular orbitals of inhibitor molecules due
to interelectronic repulsion, i.e., retro-donation mechanism. The greater donation of electrons
can lead to greater retro donation, and both of them can strengthen each other through synergism

[46-48].

I1.2.9. Using Schiff bases as inhibitors corrosion of carbon steel

11.2.9.1. Historical of Schiff bases
Imines were first prepared by their inventor Hugo Schiff (1834-1915), who was the first
chemist to synthesise this type of compound in 1864 [49, 50]. At the age of 30, Schiff
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discovered the reaction of aromatic aldehydes with primary amines to give imine derivatives.
The C=N imine bond has the unique property of being strong, as expected for the covalent
double bond [51]. No longer interested in his bases, Schiff decided to discover new and
unknown areas of organic and inorganic chemistry during the period 1864-1866. Since then,

various methods for synthesising imines have been described [52].

The classic synthesis reported by Schiff involves the condensation of a carbonyl
compound with an amine under azeotropic distillation [53]. Molecular sieves are then used to
completely eliminate the water formed in the system [54]. In the 1990s, a water removal method
was developed using dehydrating solvents such as tetramethyl orthosilicate or trimethyl
orthoformate [55, 56].

In 2004, Chakraborti et al [57] demonstrated that the effectiveness of these methods
depends on the use of highly electrophilic carbonyl compounds and highly nucleophilic amines.
As an alternative, they proposed the use of substances that function as Brensted-Lowry or Lewis
acids to activate the carbonyl group of aldehydes, catalyse nucleophilic attack by amines and
dehydrate the system, eliminating water as a final step [57] Examples of Bronsted Lowry or
Lewis acids used for Schiff base synthesis include ZnCl,, TiCls, PPTS, Ti(OR)4, H2SOs4,
NaHCOs;, Mg (Cl0s)2, CH3COOH, Er(OTf)s3, P20s/Al2Os, HCI [57-69].

Over the last 12 years, a number of innovations and new techniques have been reported,
including the use of microwave irradiation/solvent-free, solid-state synthesis, [bmim]
BF4/tamis molecular, infrared irradiation/solvent-free, NaHSO4.SiO2/microwave/solvent-free,
solvent-free/CaO/microwave and ultrasound/silica irradiation [70-78]. Among these
innovations, microwave irradiation has been widely used because of its operational simplicity
[62]. The use of microwave irradiation began with independent studies by Rousell and Majetich
[79, 80].

Microwave irradiation is less environmentally problematic than other methods, as it eliminates
the excessive use of aromatic solvents and the Dean-Stark apparatus for the azeotropic removal
of water. Another feature of this technique is that reactions achieve high efficiency in a shorter

time [53].
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II. 2.9.2. Schiff bases definition

Schiff bases are produced by reacting carbonyl (aldehydes or ketones) with primary
amines [81] under specific conditions, the general structure is RiRoC=NR (R # H) therefore the

main function is imine or azomethine (—C=N-) group.

Following the recommendation of IUPAC, Schiff bases are defined as chemical
compounds (imines) bearing a hydrocarbyl group on the nitrogen atom R,C = NR' (R’ # H)

(Figure I1.7). They are considered by many to be synonymous with azomethines [82].

Schiff bases were discovered and named after the German chemist Hugo Joseph Schiff

who first reported their synthesis in1864 [83,84] one of the founders of modern chemistry

Rz
N~

T

R1

Figure I1.17 : General structure of Schiff bases [85]

Schiff bases have significantly influenced the advancement of coordination chemistry,
playing a pivotal role in the development of inorganic and bioinorganic chemistry, as well as
optical materials. Their widespread use extends across various branches of chemistry, including
inorganic, organic, and analytical fields, making them a significant component of commonly

employed organic molecules.

In coordination chemistry, Schiff bases are common ligands that are classified based on
the number of donor atoms, including uni-, di-, tri-, and tetra-dentate ligands, and are derived

from aromatic aldehydes and alkyl diamines [86].

Schiff bases play a crucial role in coordination chemistry, forming coordination
complexes with metal ions and contributing to the construction of metal-organic frameworks
(MOFs). These applications have far-reaching implications in catalysis, sensing, and materials

science [87, 88].

Schiff bases play a crucial role in coordination chemistry, forming coordination

complexes with metal ions and contributing to the construction of metal-organic frameworks
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(MOFs). These applications have far-reaching implications in catalysis, sensing, and materials

science [87, 88].
I1. 2.9.3. Synthesis of Schiff bases

The Schiff base is formed by the condensation reaction of an aldehyde or ketone with
the primary amine, whether aliphatic or aromatic, as shown in the following diagram (Figure

11-8).

O R

R—NH, 4+ R—C—R ———» C=N—R + H0

R

Figure I1.18 : Formation of Schiff base by condensation reaction (R, may be an alkyl

or an aryl group)

Schiff bases that contain aryl substituents are substantially more stable and more readily
synthesized, while those which contain alkyl substituents are relatively unstable. Schiff bases
of aliphatic aldehydes are relatively unstable and readily polymerizable [89, 90]. While those

of aromatic aldehydes having effective conjugation are more stable [91-93].

The formation of a Schiff base from an aldehydes or ketones is a reversible reaction and

generally takes place under acid or base catalysis, or upon heating (Figure I1.9)

(@ OH
R——‘(‘L—R - R——NH, R—C—R
NHR
Aldehyde Primary Carbinolamine
or ketone amine

I

NR

Figure I1.9: Reversible reaction of a Schiff base formed from an aldehyde or ketone.
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In general, the reversibility of this reaction often requires the removal of water from the reaction
medium using an alcohol in order to shift the equilibrium to the right or towards the formation

of the Schiff base. This can be achieved using a set-up commonly known as a Dean-stark.

Aldehydes generally react faster than ketones in these condensation reactions, since the
resulting Schiff base of the aldehyde has fewer steric hindrances than that of a ketone. In
addition, the electron density on the carbon atom of the carbonyl group is lower in the case of
the ketone than in the case of the aldehyde, so that the efficiency of the nucleophilic attack of

the amine is regulated as such [94].

Schiff bases are generally solids that precipitate as they form in the reaction medium,

making it easier to separate them, which can be done by filtration.
11.2.9.4. Mechanism of Schiff base formation

In fact, the general consensus of the Schiff base formation mechanism, as illustrated in
diagram I, consists of a nucleophilic addition of a primary amine to the carbonyl function of an
aldehyde or ketone, followed by a proton transfer between the nitrogen and oxygen leading to

a carbinolamine.

Protonation of the oxygen atom then transforms the hydroxyl (-OH) into a good leaving
group (H20), which can be eliminated by tilting the free electron doublet of the nitrogen (Figure
11.10) [95].

Linear or cyclic Schiff bases acquire various properties in terms of their stabilities,

basicities, coordination modes and fields of application.
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Figure I1.10: Mechanism of formation Schiff base

11.2.9.5. Classification of Schiff bases
Schiff bases are called auxiliary ligands because they modulate the structure and
reactivity of the transition metal ion in the center of the complex, while they do not undergo

irreversible transformations themselves, unlike reactive ligands [96, 97].

At the base of many coordination sites, the ligands, Schiff bases, can be classified

according to several structures

11.2.9.5.1. Monodentate Schiff base

O
V4
\

CH3

Figure I1.11: Monodentate Schiff base

11.2.9.5.2. Bidentate Schiff base

This type of Schiff base can exist in several forms:
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a) Type NN donors
Tz Tz
NG N N
Lo
Figure I1.119 : Bidentate Schiff base NN donors.
b) Type NO donors

OH

NF

74

C

\

H

Figure I1.13: Bidentate Schiff base NO donors.

11.2.9.5.3. Tridentate Schiff base

The use of tridentate ligands in coordination chemistry provides an easy means of

stabilising transition metals and donor elements that benefit from the chelate effect [98].

a) Type ONO donors

=

9]

OH

OH

Figure I1.14: Tridentate Schiff base (ONO donors).

58



Chapter 11 Literature review on inhibitors

b) Non-donor type

H
] H
_\\(‘/ H
S~ /
C
on H H/ NH,

Figure I1.15 : Tridentate Schiff base (Non-donor)

II. 2.9.5.4. Tetradentate Schiff base.

Tetradentate Schiff bases are the most studied for obtaining complexes because they
have a great ability to chelate metal ions, and the complexes formed are stabilised by their

relative structures [99].

a) NNOO donor type

Figure I1.16 : Tetradentate Schiff base (NNOO donors)

b) NNNO donor type
T .
D
= ”
i H
L !
\‘“}‘ ~ ff/f EM“‘{_ H;

Figure I1.17 : Tetradentate Schiff base (NNNO donors)
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II. 2.9.5.5. Pentadentate Schiff base

H H
C C
=
\\\.\' .\'/
OH
OH HO

Figure I1.18 : Pentadentate Schiff base ligand with N2Os donor atoms

a) N20Os donor Type

b) N3O2s donor Type

" H

v

Figure I1.19 : Hexadentate Schiff base

~ \\\:\\C'/

~ ,__// ~N NH ]
OH HO

11.2.9.6. Properties of Schiff bases
11.2.9.6.1. Antioxidant activities

Schiff bases are antioxidants are chemical substances that protect the living body from
damage caused by harmful molecules called free radicals. These are produced by body cells in
response to free radicals [100, 101]. Antioxidants are widely used as catalysts in antibiotics
such as anti-inflammatory, antifungal, antibacterial, antivirus and in industries as anticorrosion

[102].

The complexing properties of Schiff bases are intimately linked to their structures, their
stability and whether they are basic or acidic. Numerous works and publications have illustrated
the complexing power of Schiff bases towards all kinds of metal cations, both in solution and

in the solid state.
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11.2.10. Application of Schiff bases

Schiff bases have a number of applications:

11.2.10.1. In catalyse and asymmetric synthesis
Schiff bases play a pivotal role in catalysis and asymmetric synthesis, lever aging their

versatile structures to influence the stereochemistry of reactions [104-106].

11.2.10.2. In medicinal chemistry Schiff
Bases have gained significant importance in medicinal chemistry, serving as versatile

compounds with applications as drug intermediates and bioactive molecules [107-110]. The
unique structural features of Schiff bases, combined with their diverse pharmacological

activities, make them valuable candidates for drug development.

11.2.10.3. In coordination chemistry and metal-organic frameworks
Bases play a crucial role in coordination chemistry, forming coordination complexes

with metal ions and contributing to the construction of metal-organic frameworks (MOFs).
These applications have far-reaching implications in catalysis, sensing, and materials science

[111,112].

II. 2.10.4. In dye-sensitized solar cells and photovoltaics
Schiff bases play a significant role in the development of dye-sensitized solar cells) and

photovoltaic devices, contributing to the advancement of sustainable and efficient energy

conversion technologies [113].
II. 2.10.5. In corrosion inhibition

Schiff bases are considered as effective corrosion inhibitors because of the presence of

C=N-group, an electron cloud on the aromatic ring, and the electronegative nitrogen, oxygen

and sulphur atoms that may be attached to the molecule. Increasing popularity of Schiff bases
in the field of corrosion inhibition science based on the ease of synthesis from relatively
inexpensive starting-materials and their eco-friendly or low toxic properties [114, 115]. So,
Schiff bases have corrosion-inhibitive properties, protecting metals from corrosion. They form

a protective layer on metal surfaces, preventing the degradation of materials [116-118].

Schiff bases, characterized by their versatile molecular structures, have the capability to

chelate with metal ions present on the surface of metals. This chelation process leads to the
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formation of protective films, effectively preventing corrosive agents from interacting with the

metal substrate

The diversity in Schiff base structures allows for tailoring their chemical properties,
enabling researchers to design compounds with specific corrosion-inhibiting characteristics.
This versatility is advantageous for addressing the varying corrosion challenges posed by

different metal substrates and environmental conditions.

The application of Schiff bases aligns with the principles of green chemistry as
researchers explore environmentally friendly synthesis routes and sustainable practices for
corrosion inhibition. This makes Schiff bases not only effective but also compatible with

contemporary demands for eco-friendly solutions.

I1.2.11. Compatibility of Schiff bases with different metals and environments

Schiff bases have demonstrated immense potential as corrosion inhibitors, offering a
versatile and effective solution across various industries. Their unique chemical properties and
reactivity make them applicable to diverse metal substrates and corrosive environments [119-
122]. Table II.1 assesses the compatibility of Schiff bases with various metal substrates and
environmental conditions. Schiff bases exhibit high inhibition efficiency on iron, but
performance varies on aluminium and copper. The effectiveness is influenced by structural
modifications and the specific corrosive environment, providing insights for tailored

applications.

Table I1.1: Compatibility of Schiff bases with different metals and environments.

Metal Substrate Corrosion Inhibition Environmental Key Observations
Efficiency of Schiff Bases Conditions
Iron High Neutral pH, Effective protective film
atmospheric exposure formation
Aluminum Moderate Alkaline conditions, Structural modifications
marine environment influence performance

Copper Low Acidic conditions, high  Challenges in achieving

humidity consistent inhibition
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11.2.12. Using phosphonates as inhibitors corrosion of carbon steel

11.2.12.1. Brief historical on phosphonates
In 1865 Nicolai Menchutkin presented his work on the synthesis of bisphosphonates by

a reaction between phosphorous acid and chloroacetyl [123].

A few years later, in 1897, Von Baeyer and Hofmann continued along the same same
approach with the synthesis of EHDP (ethane-1-hydroxy-1,1-diphosphonic acid)[124], and
August Michaelis and Becker also reacted an alkaline salt of a phosphonate with a halogenide

to give a phosphonate [125].

Following this, August Michaelis and Kaehne prepared phosphonates by a reaction
between a trivalent phosphorus ester and an alkyl halogenide. A reaction between a trivalent
phosphorus ester and an alkyl halide [18]. The latter has been extensively explored and
developed by Alexander Erminingeldovich Arbuzov [19]. Inspired by the important properties
of phosphonates, Vasily Abramov andArkaday Pudovik, who converted trialkylphosphites and
dialkylphosphites into a-hydroxyphosphonates by nucleophilic attacks [126,127]

In 1950, Martin Izrailevich Kabachnik and Ellis Fields independently showed that the
reaction of an amine, of carbonyl compound and a dialkyl phosphite leads to the formation of

the a-aminophosphonate derivatives. This reaction now bears the names of its creators and is

therefore known as the Kabachnik-Fields reaction [128,129].

In 1959, Horiguchi and Kandatsu identified and isolated the first phosphonate
compound in living systems, namely 2-aminoethylphosphonic acid, which was obtained
through acid hydrolysis of an extract from microorganisms, particularly the lipid amino acids
of protozoa found in the sheep rumen [128]. Six years after this discovery, Hirotoshi Shimizu
et al. isolated and identified the same amino phosphonic derivative from a bovine brain extract

[129].

Similarly, in 1980, Miceli et al discovered that 95% of the phosphorus in the eggs of the
freshwater snail (Helisoma) is in the form of phosphonates, mainly in the form of 2-

Aminoethylphosphonic acid [130].
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To date, only around twenty natural phosphonates have been isolated and identified,

These molecules have been extracted from microorganisms and terrestrial and aquatic animals

[131].

II. 2.12.2. Phosphonates definition

Phosphonates are organophosphorus compounds characterized by a stable carbon-to-
phosphorus (C—P) bond, which usually resists biochemical, thermal, and photochemical
decomposition. The first phosphonate (Figure 11.20), being an analog of B-alanine and taurine,
was isolated in 1959 from ciliated protozoa in the rumen of sheep [132]. That was the cause
why its discoverers—M. Horiguchi and M. Kandatsu, named it ciliatine. This amino acid was
then considered as a possible marker of the content of protozoa in sheep rumen, which appeared
further to be misleading. For many years, natural compounds containing the C—P bond had
been considered as curiosity being only scarcely studied. This is not the case in science currently
because of their involvement in the global phosphorus cycle and in oceanic methane production.
Some aspects of their occurrence, environmental role, biochemistry, and biological functions
have been reviewed [133-136]. This chapter will concentrate on discussion of chemical
diversity of the naturally occurring phosphonates and on the indication of open problems, which

have not yet been solved.

=0

1 —F__3
RO2 / R
R O

Figure I1.20: Basic structure of phosphonates
I1. 2.12.3. Phosphonate synthesis

Several synthetic processes for obtaining this type of compound have been described in

the literature, including the following examples.

II. 2.12.3.1. Arbuzov reaction
Of the numerous methods available for the synthesis of phosphonates, the Michaelis-
Arbuzov reaction is probably the most commonly used. Originally discovered by Michaelis et

al in 1898 [137] and described in more detail by Arbuzov a few years later [ 138]. Among other
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things, this reaction provides relatively simple access to phosphonates by heat-reacting a

trialkylphosphite with an alkyl halogenide in the absence of a solvent (Figure I1.21).

R'- X OR
P{GR}_‘;T RI_]:'} O R - X
RO

Figure I1.20 : Arbuzov Reaction

II. 2.12.3.2. Michaelis—Becker reaction
Phosphonates can also be synthesised by the Michaelis-Becker reaction, first described
in 1897 [139]. It is necessary to generate the anion of a dialkylphosphite, which is then reacted

with a halogen derivative. Sodium hydride is used at low temperature (Figure 11.21).

O NaH  THF

ROLHP +R-X ———=  (RO),H,P—R
0°C

Figure I1.22 : Becker reaction.
11.2.12.3.3. Pudovic and Abramov reaction

The Pudovik and Abramov reactions represent the most important modes of
phosphorylation of organic compounds by the creation of a tetra-coordinated derivative with a

P-C bond [140].

The Abramov reaction consists of the addition of a di- or trialkylphosphite to the

carbonyl group to obtain a-hydroxyphosphonates [141] (Figure 11.23.a).

In the Pudovik reaction, a-aminophosphonates are obtained by the addition of a di- or

trialkylphosphite to the C=N- bond of imines [142] (Figure II. 23, b).

Both reactions involve breaking the P-H bond in a preliminary step induced by the

presence of a base in the medium.
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Figure I1.23 : The Abramov and Pudovik reaction

I1.2.12.4. Classification of phosphonates

Phosphonates are generally subdivided into six major classes

11.2.12.4.1. The a-aminophosphonates
The a-aminophosphonate compounds form a specific family of phosphonates, they are

involved in many important biological processes, the presence of the nitrogen atom in o-
aminophosphonates raises their chelating power towards metals and the stability of the
complexes formed [144].Among this category of aminophosphonates, a-amino phosphonic
acids are the most important because of their structures, which are similar to those of amino

acids, in which the carboxylic group - COOH is replaced by the phosphonic acid - P(O)(OH).

(Figure 11.24)

Figure24: Structure of a-aminophosphonates
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11.2.12.4.2. The a-hydroxy phosphonates
They constitute a class of organophosphorus compounds known for their bioactive
properties. a-Hydroxy phosphonates can be easily functionalized due to their free hydroxyl

group at the a-position, leading to new families of compounds of synthetic and biological

interest (Figurell.25) [145]

OH

Figure I1.25: Structure of a-hydroxy phosphonates

11.2.12.4.3. Bisphosphonates
Bisphosphonates (BPs) are structural analogues of inorganic pyrophosphates in which
an oxygen atom has been replaced by a carbon atom (Figure II. 26) and were first synthesised

by the Russian chemist Nikolai Alexandrovitch Menschutkin in 1865.

The BPs have a strong capacity to complex metals and have the property of binding to
metal ions such as Ca?", Mg**, Zn*" or Fe** by coordinating an oxygen atom of each phosphonate
group with the cation. It is only in the last forty years that BPs have been used as drugs and in

particular in the treatment of pathologies associated with bone metabolism [146].

OR R' OR

O—P—C—DP=—0

-

OR R- OR

Figure I1.26: Bisphosphonate structure

11.2.12.4.4. Nucleoside phosphonates
Phosphonate nucleosides are structural analogues of natural nucleosides and nucleic

acids, where the (O-PO(OR),) group is replaced by the phosphonate group (CH2-PO(OR)»)
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(Figure 27). These can act as competitive inhibitors of viral and cellular DNA or RNA
polymerases or, alternatively, can be incorporated into growing DNA or RNA strands, causing

chain termination. [147,148].

(

RO JJ\
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Figure I1.27: Nucleoside phosphonate structure

II. 2.12.4.5. Alkylphosphonates and arylphosphonates
Alkyl phosphonates and aryl phosphonates are organophosphorus derivatives in which
the phosphonate group is bonded to an alkyl or aryl radical (Figure28).

Figure 11.248: Structure of alkyl and aryl phosphonates

11.2.12.4.6. The polyphosphonates
This category of organophosphorus macromolecules is characterised by the repetition
of one or more types of monomer units carrying one or more phosphonic groups (Figure

11.29)[149].

0

[l [ I
R-O—P {)—R'{—cn—Jf—cJ—R' P-O—R

H_-!I R2 HRE

Figure I1.25 : Polyphosphonate structure
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I1.2.12.5. Phosphonate properties

The —CH»-POs group confers unique physical and chemical properties on the

phosphonate’s molecules. Because of these properties, phosphonates are:

v’ Are effective chelating agents that bind strongly to di- and trivalent metal ions, and the
stability of metal complexes increases with the growing number of phosphonate groups
[150];

They are highly soluble in water. They are not volatile;

These products are highly stable under rigorous chemical conditions [152];

Are less toxic for the environment;

Are highly biologically active compounds [153];

Resistant to corrosion or oxidation;

They have particle-dispersing power;

They are highly biologically active compounds;

AN NN N U N NN

Less toxic to the environment.

11.2.12.6. Phosphonate applications
Over the last decade, phosphonates have been the subject of increased research in

various fields.
11.2.12.6.1. In biology and medicine pharmacology

The presence of a phosphonate unit is an important factor in biological interference. It
should be noted that antibacterial, antiviral, neuroactive and cell growth inhibition properties
have been observed and demonstrated in various phosphonate derivatives [153-155].
Phosphonates, particularly a-aminophosphonates, are widely used in biology and medicine. As
a result, phosphonates have a wide range of applications, from herbicides, insecticides and
fungicides to more useful products for humans, such as anticancer agents and antioxidants,
pharmaceutical compositions consisting of N-(phosphonomethyl) glycine derivatives used to
inhibit the growth of cancers and other tumours by administration of an effective quantity either

orally, rectally or parenterally [156].

I1. 2.12.6.2. In water treatment and environment protection
Phosphonates are used in water treatment as chelating and precipitating agents for

metals, especially heavy and toxic metals, making them very easy to remove [157].
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II. 2.12.6.3. In detergents
Phosphonates are frequently used because they prevent the precipitation of calcium

salts, stabilise bleaching agents and prevent the build-up of limescale [158].

II. 2.12.6.4. In the catalyst industry
Phosphonates are generally used in the preparation of heterogeneous catalysts, in the
preparation of isotactic polypropylene, and complexes of phosphonates they are used as

catalysts in the hydrogenation of olefins [159].

I1.2.12.6.5. In agriculture

Today, aminophosphonates are used on a daily basis in a number of sectors, for example,
Buminafos is used as a plant growth regulator. The most widely used herbicide in the world,
glyphosate -N (phosphonomethyl) glycine is also an aminophosphonic acid [160]. The diester
salts of H-phosphonic acid have the properties of plant preservatives against pathogenesis

caused by fungicides [161].
11.2.12.6.6. The petroleum industry

Drilling, extraction, refining, transport and storage facilities in paper and textile

manufacturing

11.2.12.6.7. In corrosion

Phosphonates are widely used as corrosion inhibitors for metals and alloys
because of their low toxicity, high stability and adsorption to the metal surface. Although
phosphonates have been in constant use for a number of years, they are compounds that are still

being developed.

Phosphonates play an important role as corrosion inhibitors in water cooling
systems [162]. In addition, their ability to complex certain metals makes them excellent ligands,
these complexes are used as stabilisers in oxidation processes associated with the pulp, paper
and textile industries [163]. Phosphonates are also used as flame retardants in plastics including
polystyrene, acrylonitrile and methyl methacrylate [164]. Pyridine compounds bearing an ortho
or para phosphonic substituent are commonly used as corrosion inhibitors [165]. They
effectively protect metal surfaces against moisture, water, inorganic and organic acids, CO2 and

H,S [166].
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11.2.12.7. Compatibility of phosphonates with different metals and environments.

Phosphonates are highly adaptable corrosion inhibitors, suitable for use with a broad
spectrum of metals such as iron, aluminum, copper, stainless steel, zinc, titanium. Their
effectiveness stems from their capacity to form protective complexes and films on metal
surfaces, offering reliable protection in acidic, alkaline, and saline environments. Table I1.2
provides an evaluation of the compatibility of phosphonates with different metal substrates

under various environmental conditions [167].

Table I1.2: Compatibility of phosphonates with different metals and environments.

Material Compatibility with Protection Environment
Phosphonates Mechanism
Steels Highly compatible. Formation of a Acidic (pH 4-6)
passivating layer - Chlorides (marine
that protects against environments)
oxidation and - Mild alkaline (surface
localized corrosion treatment baths)
(pitting, crevice - Industrial
corrosion environments
(processing plants).
Copper and Copper Well compatible Formation of stable - Fresh or saline water
Alloys complexes with (marine environments)-
copper, reducing Mild acids (chemical
metal dissolution cleaning)- Weak
and corrosion alkaline solutions
product formation.
Aluminum and Highly effective in Formation of a - Saline
Aluminum Alloys preventing protective oxide  environment(seawater)-
corrosion, film (Al2Os) that Moderate acids (e.g.,

especially in marine
or chloride-rich
environments

reduces pitting
corrosion and
galvanic corrosion.

sulfuric acid, phosphoric
acid)- Mild alkaline
(basic solutions).

11.2.12.8. Overview of Literature on Inhibitors Related to This Work
11.2.12.8.1. The 2-(2,4,5-trimethoxybenzylidene) hydrazine carbothioamide

The compound 2-(2,4,5-trimethoxybenzylidene) hydrazine carbothioamide belongs to
the family of hydrazine carbothioamides, which constitute an important class of organic
compounds widely studied for their numerous applications, notably as corrosion inhibitors in

various aggressive environments. Their chemical structure, characterized by the presence of a
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hydrazine group linked to a carbothioamide function, gives these molecules a significant
affinity for metal surfaces, promoting their adsorption and the formation of effective protective

films against corrosive degradation.

11.2.12.8.1.1. Performance of Methoxy, Hydroxy, and Nitro Derivatives of Hydrazine

carbothioamides

Methoxy derivatives of hydrazine carbothioamides are the most effective corrosion
inhibitors due to their ability to enhance chemisorption and form a stable protective film, often
exhibiting efficiencies above 90%. Hydroxy derivatives provide good inhibition mainly through
hydrogen bonding, but their efficiency is somewhat lower, generally ranging between 80% and
90%. Finally, nitro derivatives, because of their electron-withdrawing nature, weaken the

interaction with the metal and show poorer performance, often below 80%.[168].

11.2.12.8.2. The diethyl (4-acetamidophenyl) (4-nitrophenyl) amino methylphosphonate
Diethyl (4-acetamidophenyl)(4-nitrophenyl)aminomethylphosphonate

belongs to the family of organic phosphonates, a subcategory of organophosphorus
compounds. These compounds contain a phosphonyl group (—P=0) bonded to alkyl or aromatic
groups. This type of compound is used in applications such as corrosion inhibition and as

antimicrobial agents.

11.2.12.8.2.1. Performance of derivatives of aminomethylphosphonate

Derivatives of diethyl (4-acetamidophenyl)(4-nitrophenyl) aminomethylphosphonate
can be structurally modified to improve their corrosion inhibition properties. The phosphonyl
group provides effective protection in highly acidic media by forming stable layers on metal
surfaces. The acetamido group enhances the solubility of the compound, making it effective in
mildly acidic or neutral environments. Finally, the aminomethyl group performs particularly
well in acidic conditions by reducing anodic corrosion through strong adsorption and interaction

with H* ions [169].
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11.2.12.9. Previous studies of some schiff bases and phosphonate bases as corrosion
inhibitors

Among the most successful works, we will briefly describe some recent ones, dealing in
particular with the protection of steel against corrosion in an acid environment by organic
compounds.

11.2.12.9.1. Inhibition by schiff bases

A. Yurt and co-workers [170] studied the inhibitory efficacy of Schiff bases substituted
with 2- ((1E)-2-aza-2-pyrimidin-2-ylvinyl) thiophene. , 2- ((1Z)-1-aza-2- (2-pyridyl)vinyl)
pyrimidine, 2-((1E)-2-aza-2-(1,3-thiazol-2-yl)vinyl) thiophene,and 2-((1Z)-1-aza-2-(2-
hienyl)vinyl) benzothiazole against corrosion of steel in 0.1 M HCI by potentiodynamic
polarisation and electrochemical impedance spectroscopy. The polarisation curves indicate that
the Schiff bases studied act as anodic inhibitors, and that the variation in inhibitory effectiveness
depends on the type and nature of the substituent. Adsorption to the steel surface follows the

Langmuir isotherm.

The effect of (3-phenylallylidene) amino-5-(pyridin-4-yl) -4H-1,2,4-triazole-3-thiol ),
3-mercapto-5(pyridin-4-yl) -4H-1,2,4-triazole-4-yl) imino) methyl) phenyl) and (4 nitro
benzylidene) amino) -5-(pyridin-4-yl) -4H-1, 2,4-triazole-3-thiol on corrosion inhibition of
steel in IM HCI was studied by K. R. Ansari et al. R. Ansari et al. The results showed that these

Schiff bases have excellent corrosion inhibitory efficacy [171].

The effect of inhibiting a new Schiff base compound N-(thiophen-3-ylmethylidene)-4-
({4-[(E)-(thiophene-2-ylmethylidene)amin-o]phényle} méthyl)aniline on the corrosion of
XC52 steel in IM HCI1 and 1M H2SO4 over a temperature range of 25 to 55°C using weight
loss, study on the corrosion of XC52 steel in 1M HCI and 1M H>SOuln a temperature range of
25 to 55°C using weight loss, they showed that the inhibitory effectiveness increases with
increasing concentration and decreases with temperature, and that adsorption on the metal

surface follows the Langmuir isotherm in the two corrosive media studied [172]

In 2010, Aysel Yurt and colleagues tested the effect of three Schiff bases derived from
phenoxypropanes on the corrosion of mild steel in HCI. Electrochemical measurements show
that skill inhibition increases with increasing inhibition concentration. This implies that the
inhibiting action of the inhibitors was mainly due to adsorption on the steel surface. The

adsorbed molecules mechanically filter the coated part of the metal surface from the action of
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corrosion. In addition, the calculated chemical quantum parameters indicate that Schiff bases
are adsorbed onto the steel surface by a chemical mechanism [173]. Relatively few studies on

Schiff base metal compounds as corrosion inhibitors appear in the literature.

S.A. Soliman and colleagues [174] studied the anticorrosive effect of 4-hydroxy-3-(3-
phenyl-allylideneamino)-benzene sulphonic acid2-[2-(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy}-
ethoxy)-ethoxy]-ethyl ether on steel in 1M HCI medium at 30, 40 and 50°C using mass loss
measurements and potentiodynamic polarisation curves.The results indicate that this Schiff
base inhibits the corrosion process and that the inhibition efficiency increases with the
concentration and temperature of the environment. The results obtained indicate that this
compound is a mixed inhibitor and its adsorption onto the metal surface follows the Langmuir

isotherm. Chemical adsorption is responsible for the observed inhibition behaviour.

The  high  inhibitory  efficacy @ of  (Z)-4-chloro-N-((2-chloroquinolin-3-
yl)methylene)aniline against corrosion of steel at different concentrations of 1N hydrochloric
acid in the temperature range 298-318 K was determined by B.M.Mistry and collaborators
[175]. They found that the inhibitor was 99% effective thanks to the presence of the quinoline
and imine groups in the synthesised molecule.The potentiodynamic polarisation study indicates
that this inhibitor is of the mixed type, and its adsorption on the steel surface follows the

Langmuir isotherm.

The effect of inhibiting the compound 6-phenylpyridazin-3(2H) one (PPO) on the
corrosion of C38 steel in HCl at different temperatures using gravimetry. A study of
electrochemical impedance spectroscopy, polarisation curves, was carried out by R. Salghi et
al [176]. They showed that inhibitory efficacy increased with increasing concentration.
Polarisation studies showed that this compound is a mixed-type inhibitor and that adsorption
on the metal surface follows the Langmuir isotherm. The icorr values increased with increasing
temperature after addition of the PPO and the inhibition efficiency values were almost constant,

indicating the good inhibitory properties of the compound tested at higher temperatures.

D. Daoud et al. studied the effect of inhibition of a new Schiff base compound: N-
(thiophen-3-ylmethylidene) 4-({4-[(E)-(thiophen-2-ylmethylidene) amin-o] phenyl} methyl)
aniline on the corrosion of X52 steel in IM HCI and 1M H2S0O4 over a temperature range of
25 to 55°C. They showed that the inhibitory efficacy increases with increasing concentration

and decreases with temperature. They used the DFT/B3LYP/6-31G (d, p) approach and found
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a strong correlation between the inhibitory efficacy of the molecule studied and the quantum

chemical parameters of this molecule [177].

The 2-(2-methoxybenzylidene) hydrazine carbothioamide achieved a much higher
efficiency (~96.5%) on mild steel in 1 M HCI, still following the Langmuir isotherm, displaying
mixed inhibition behavior. Substituted methoxy and hydroxy derivatives such as H-HEH and
H>MEH also demonstrated very high efficiency (>90%) in marine saline environments (NaCl
3.5%) on N8O steel, with Langmuir adsorption, and their performance was confirmed by
advanced techniques including PDP, EIS, XPS, and Monte Carlo simulations [178].

The compound (2Z)-2-(2-hydroxy-3-methoxybenzylidene)hydrazinecarbothioamide
(HCT) exhibited a maximum inhibition efficiency of approximately 56.8% on a 6061
aluminum—15 vol.% SiC composite in 0.5 M HCI. The adsorption process was found to follow
the Langmuir isotherm model, and the inhibitor acted via a mixed-type inhibition mechanism.
These findings were supported by electrochemical techniques such as potentiodynamic

polarization (PDP) and electrochemical impedance spectroscopy (EIS), [179].

Boughoues et al. (2020) demonstrated that four amine derivatives effectively inhibit the
corrosion of mild steel in 1 M HCI, with efficiencies reaching up to 92.56%. The inhibition
follows a mixed mechanism and Langmuir adsorption, confirmed by electrochemical,

microscopic, and theoretical analyses [180].
I1. 2.12.9.2. Inhibition by Phosphonates

Ramesh et al. [181] studied the effect of a new generation of substituted triazoles (3-
vanilideneamino-1,2,4-triazole phosphonate, 3-anisalideneamino-1,2,4-triazole phosphonate)
on copper corrosion in neutral media using electrochemical methods. They found that in the
presence of these two triazoles, copper dissolution was negligible due to the formation of a

protective film.

H. Amar et al. [182] studied the inhibitory action on iron corrosion of two molecules,
piperidin-1-yl-phosphonic acid (APP) and (4-phosphono-piperazin-1-yl) phosphonic acid
(APPP), in combination with zinc ions to protect ARMCO iron frameworks against corrosion
in a salty medium (NaCl 3%). They found that the efficacy increased when a second active

center was added to the para position of the APP molecule to obtain the APPP molecule.
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AMAR et al. [183, 184] studied the inhibitory action on iron corrosion of piperidin-1-
yl-phosphonic acid (APP) and (4-phosphono-piperazin-1-yl) phosphonic acid (APPP) in 3%
NaCl, and showed that these inhibitors shifted the corrosion potential towards more negative
values, acting primarily as cathodic inhibitors, and protected the iron by adsorption onto the

active sites

Najoua Labjar et al. [185] investigated the corrosion-inhibiting properties of
aminotrismethylenephosphonic acid (ATMP) as a corrosion inhibitor for carbon steel in 1 M
HCl1 solution, employing electrochemical techniques such as polarization curves and

electrochemical impedance spectroscopy (EIS) to assess its effectiveness.

The corrosion inhibition efficiency of hexamethylenediamine tetramethylphosphonic
acid (HMDTMP) was studied by R. Laamari et al. [186]. The study employed electrochemical
techniques, including polarization curves and electrochemical impedance spectroscopy (EIS),
to evaluate the inhibitor's effectiveness in preventing corrosion. The results showed that
HMDTMP acts as an effective corrosion inhibitor, significantly reducing the corrosion rate of

the material.

M. Prabakaran et al. [187] investigated the corrosion of mild steel in aqueous media
using a synergistic mixture containing imino dimethylphosphonic acid (IDMPA) and Zn?**. The
study employed electrochemical techniques such as polarization curves and electrochemical
impedance spectroscopy (EIS) to assess the corrosion inhibition efficiency of the mixture. Their
results demonstrated that the combination of IDMPA and Zn** exhibited a strong synergistic

effect in controlling mild steel corrosion, significantly reducing the corrosion rate.

Dimethyl-(4-methoxyphenyl) (phenylamino)methyl phosphonate (DMMP) and
dimethylphenyl(phenylamino)methyl phosphonate (DPMP) were synthesized by Mahendra
Yadav et al. [188]. The corrosion-inhibiting properties of these compounds on N8O steel in 15%
HCI were investigated using electrochemical techniques, including polarization curves and
electrochemical impedance spectroscopy (EIS). The results showed that both DMMP and
DPMP exhibited effective corrosion inhibition, with a noticeable improvement in the protection

of N80 steel in the acidic medium.

In 2015, S. Saker et al. [189] studied the inhibitory activity of methylenebis(2-hydroxy-
5,1,3-phenylene) bismethylene tetraphosphonic acid against the corrosion of carbon steel in a

3% NaCl solution. The study employed electrochemical techniques such as polarization curves
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and electrochemical impedance spectroscopy (EIS) to evaluate the corrosion inhibition
performance. The results obtained showed that the molecule studied is an effective corrosion

inhibitor.

S. Merah et al studied a new class of polymeric corrosion inhibitors - the inhibiting
action of synthesized polyethyleneimine methylene phosphonic acid (PEIMA). The corrosion
of C38 carbon steel in IM HCI medium at 30°C was examined using the mass loss measurement
method, Scanning electron microscopy (SEM): the results of this study reveal that PEIMPA
acts as a mixed-type inhibitor, and the SEM images obtained confirm the formation of a

protective film of (PEIMPA) on the carbon steel surface [190].

In 2017, Chafai et al. synthesized a new mixed acid/ester a-aminophosphonic molecule
from an aromatic hydrazine: 4-(2-{[ethoxy(hydroxy)phosphonyl] (3-nitrophenyl) methyl}
hydrazinyl) benzoic acid. Moreover, the authors evaluated the corrosion-inhibiting activity of
the synthesized molecule towards XC48 carbon steel in 0.5 M H.SOs using gravimetric,
electrochemical, and atomic force microscopy (AFM) methods. The results showed that the

molecule exhibited significant corrosion-inhibiting activity [191]

N. Chafai et al. [192] studied the corrosion inhibition of XC48 steel in 0.5 M sulfuric
acid using 4-(2-{[ethoxy(hydroxy)phosphonyl] (3-nitrophenyl) methyl} hydrazinyl) benzoic
acid (AEHPNMHB). The corrosion inhibition efficiency was evaluated using gravimetric
methods, electrochemical techniques (polarization curves and electrochemical impedance
spectroscopy), and atomic force microscopy (AFM). The results indicated that AEHPNMHB

was an effective inhibitor for corrosion control of XC48 steel in the acidic medium.

In 2018, S. Neeraj Kumar Gupta et al. [193] investigated the inhibitory effect of three
a-aminophosphonate acids: diethyl (4-chlorophenyl) (phenyl)methyl phosphonate (APCI-1),
diethyl ((4-chlorophenyl) (4-methoxyphenyl) methyl) phosphonate (APCI-2), and diethyl (1-
((4-chlorophenyl) amino)-3-phenylallyl) phosphonate (APCI-3) in a 1 M hydrochloric acid
solution, comparing experimental and theoretical results.

K. Benbougerra et al. have synthesized a new molecule, a-aminophosphonates (a-
ADP). Its corrosion-inhibiting capacity was studied on XC48 carbon steel in 0.5 M H.SO4 using
electrochemical impedance spectroscopy and atomic force microscopy (AFM). The results
obtained indicate that these molecules are effective mixed inhibitors that follow the Langmuir

isotherm [194].
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L. Ouksel et al. [195] studied the corrosion-inhibiting efficacy of Diester [hydroxy
(phenyl)methyl] phosphonate ester (DHPMP) and [hydroxy (phenyl)methyl] phosphonate
(HPMPA) on XC48 steel in 1 M HCl medium. The results show that DHPMP and HPMPA

reduce corrosion of XC48 steel in the acidic medium.

R. Kerkour et al. [196] recently demonstrated the effect of dihydroxy benzyl phosphonic
acid on corrosion inhibition of N304 stainless steel in 0.5 M sulfuric acid, using electrochemical

impedance spectroscopy (EIS) and polarization tests.

Li and Zhang (2023), [197], investigated phosphonate derivatives as corrosion inhibitors
in HCl solutions. The compounds showed high efficiency in acidic environments due to strong
adsorption on metal surfaces, forming protective barriers. The results highlight their potential

for industrial applications.

I1. 3. Conclusion

Corrosion inhibition of carbon steels by corrosion inhibitors such as schiff bases and
phosphonates is an effective solution for corrosion protection in various environments. Most
synthetic compounds have good inhibiting properties, but most of them are toxic and harmful
to the environment. Today, research is focusing on new organic molecules that are

environmentally friendly.
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II1.1. Introduction

The complexity of corrosion phenomena requires the use of a large number of
experimental methods to determine the speed of corrosion and the nature of the mechanisms
involved in attacking the metal.

This chapter gives a brief description of all the experimental techniques used in this
study.

A description of the synthesis of the inhibitors used, the material, the electrolyte, and
the set-ups used, will first of all enable us to establish an experimental approach to ensure good
reproducibility of results.

In our work, we evaluated the inhibitory effectiveness of two types of organic
molecules, the first one is a schiff bases known as  2-(2,4,5-trimethoxy benzylidene) hydrazine
carbothioamide (TMBHCA), the second is an a-aminophosphonate derivative known as diethyl
(4-acetamidophenyl) (4-nitrophenylamino) methylphosphonate, on the corrosion of carbon
steel in a hydrochloric acid environment. There are four main methods to investigate the

corrosion phenomenon and inhibitor efficiency in a corrosive medium.

v" Weight loss analyses.

v’ Electrochemical techniques
v" Characterisation methods.
v

Computational methods.

I11.2. Operating conditions and measuring equipment
I11.2.1. Experimental measurement

I11.2.1.1. Material used
In this investigation, the material of interest is carbon steel where we used two types of

carbon steel which are XC38 carbon steel and ASTM A283 grade C carbon steel, the

characteristics of each material are shown below;

» Carbon steel XC38, is characterized by the specified nominal elemental composition
of the material includes carbon (C: 0.38%), silicon (Si: 0.27%), manganese (Mn:
0.66%), nickel (Ni: 0.02%), chromium (Cr: 0.21%), molybdenum (Mo: 0.02%), with

the remaining balance consisting of iron (Fe).

» The chemical composition of the ASTM A283 grade C is carbon (C: 0. 8%), silicon
(Si: 0.04%), Phosphorus (P; 0.06%) Copper Cu; 0.2%), Sulfur (S,0.05%)
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Samples extracted from these metals are employed in both the gravimetric analysis and SEM
examinations. These specimens are fashioned into rod shapes with 2 x 0.5 x 0.2cm? dimensions.

However, for the electrochemical assessments, cylindrical specimen leaving a usable
surface area of (0.27cm?) is bonded to a conductive wire and embedded in a chemically inert
thermosetting resin. The coating is placed in a plastic mould and left in ambient air for 24 hours

to allow the resin to solidify.

Sample Insulating sleeve Electrical contact

) )

L\

Active area Thermosetting resin

Figure I1L.1 : Schema of a working electrode

I11.2.1.2. Inhibitors investigated
In this research work, two types of inhibitors were investigated.

The first inhibitor under examination is a Schiff base known as 2-(2,4,5-trimethoxy
benzylidene) hydrazine carbothioamide (TMBHCA), and its structural representation is
illustrated in Figure III.2. It was obtained by the addition of solution of 2,4,5-
trimethoxybenzaldehyde (0.01 mol) in 20 mL of ethanol to an equimolar solution of
thiosemicarbazide (0.01 mol) in 20 mL of ethanol containing a few drops of acetic acid. The
reaction mixture is heated under reflux for 3 h. After cooling to room temperature, the resulting
precipitate is filtered, washed with cold ethanol, and air-dried. The crude product can be

purified by recrystallization from ethanol. The yield is generally high 90%
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OCH,

H
S NH,
- T

H,CO

OCH;

Figure I11.26 : Molecular Structure of TMBHCA; Molar mass = 269.319g-mol,
Formula:C11H15N303S.

The second one is an a-aminophosphonatederivative known as diethyl (4-
acetamidophenyl) (4-nitrophenyl amino) methylphosphonate (FHN), its structural
representation is illustrated in ( Figure III.3). Itwas synthesized by mixing 4-acetamide
benzaldehyde (1 mmol), 4-nitroaniline (1 mmol), and diethylphosphite (1.2 mmol), followed
by the addition of diphenylphosphinic acid (10 mol%) as a catalyst. The reaction was carried
out at 40°C for 30 minutes in ethanol. After monitoring the reaction via TLC, the catalyst was
removed by filtration, and the mixture was extracted with dichloromethane. The organic phase
was evaporated, and the crude product was purified by recrystallization in diethyl ether,

yielding an excellent 88% yield.

Figure I11.3: Molecular Structure of; Molar mass = 397.36 g-mol™!, Formula=. C17H24N306P

II1.2.1.3. Acid selected as aggressive media
The corrosive medium employed in this study was 1M hydrochloric acid (HCI),

prepared by diluting analytical-grade concentrated HCI (37% w/w) with distilled water.
The inhibitor TMBHCA was dissolved in the acid solution to prepare working solutions

of different concentrations (from 25 to 200ppm)
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The inhibitor, FHN, was also dissolved in the acid solution to prepare working solutions

with varying inhibitor concentrations of 20, 40, 60, 80, 100, and 200 ppm.

All solutions were freshly prepared prior to each experiment to ensure consistency.
IIL.3. Gravimetric measurement
I11.3.1. Operating conditions

Before each test it is necessary to polish the samples. A thermostatic water bath was
used to set the temperature of cylindrical XC38 carbon steel and of ASTM A grade C, samples
are immersed in acid solutions (1M HCI) at defined concentrations of the inhibitors. The
samples were removed, washed with distilled water and dried after a defined time. The steel
samples were then weighed using an uni Bloc analytical balance. Shimadzu AUW220D with
an accuracy of 107 g before and after immersion in a corrosive solution. The experiments were
carried out in triplicate, taking the average mass loss.
I11.4. Electrochemical measurements
111.4.1. Mounting and instrumentation

Electrochemical measurements use a  ‘three-electrode’ circuit and a
potentiostat/galvanostat Figure I11.4: In this work all electrochemical measurements are carried
out using electrochemical systems comprising a potentiostat-galvanostat of the type GAMRY
600+ driven by software «cGAMRY» and an SP 300 potentiostat-galvanostat controlled by ‘EC-

Lab’ software.

Potentiostat

it

WE CE

Figure I11.4 : Three-electrode electrochemical set-up

The cell used for the electrochemical tests is cylindrical, made of glass and has a

capacity of 200 ml. The cell is topped by a lid that can be used to adapt:
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e asaturated calomel reference electrode (ECS);

e aworking-electrode or auxiliary electrode, generally made of an inert metal such
as platinum ;

e a working electrode made of XC38 carbon steel.

To obtain reliable and reproducible results, the exposed surface area (0.27cm?) of the
working-electrode is meticulously polished via sandpaper of diverse grits (600, 800,1000, 1200,
1500 et 2000), cleansed with double distilled water, and degreased with acetone.

I11.4.2. Operating conditions

Before each measurement, the working electrode (WE) is immersed in the corrosive
solution (1M HCI) for one hour. Impedance measurements were carried out at open circuit
potential over a frequency range of 50 kHz to 10 MHz and with a signal amplitude perturbation
of 10 mV. Potentiodynamic polarisation curves were produced at a sweep rate of 1 mV S over
a potential range of 200 to +200 mV. This low velocity value enabled us to carry out tests under
quasi-stationary conditions, where the data were interpreted after processing using Ec-lab®

software.
IIL.5. Methods for assessing corrosion inhibiting effectiveness

Accelerated corrosion laboratory tests are at the cutting edge of technology when it
comes to assessing the performance of materials, as they represent standardised, reproducible
conditions and allow assessment after a short test period (hours, days, weeks).

I11.5.1. Direct method

I1.5.1.1. Gravimetric method
This method is that is easy to use and does not require extensive equipment (Figure

I11.4), but it does not provide any insight into the mechanisms involved in corrosion. Its
principle is based on the measurement of the loss of mass Am undergone by a sample of surface
S, during the time t of immersion in a corrosive solution maintained at constant temperature.

The corrosion rate (Vcorr) is given by the following relationship:

Am __ Mmy—m;

Weorr = St st Eq 1I.1

Here, the symbols m; and m> signify the masses of the carbon steel sample prior to and
following immersion in each corrosive solution, while § (cm?) represents the sample surface
area. The parameter t denotes the exposure time in hours in the studied medium. The inhibition

effectiveness, expressed as /E (%), is computated using the following expression
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IE(%) = 250 4 100 EqIIL2

Its principle is based on the measurement of the weight loss Am undergone by a sample
of given surface immersed in the corrosive medium for a well-defined period of time and
maintained at a constant temperature in a water bath. After removing the sample from the
solution, a visual assessment of the corrosion morphology is made, followed by rinsing with
distilled water, degreasing with acetone, placing in an ultrasound bath to remove impurities and

finally drying. The samples are weighed after and before each test.

Sample

Corrosive medium

Figure IIL5: Experimental device for measuring lost mass.

+ Advantages & disadvantages
The equipment used for this method is simple (precision analytical balance at 0.1mg),

easy to use and does not require several assumptions. The corrosion rate measured is an average
rate; the adhesion of corrosion products requires stripping, which can cause the metal to attack;
reproducibility is not always appreciable (its use imposes the conditions of a general dissolution
in the absence of the formation of a thick layer during corrosion or its inhibition); does not

allow an approach to the mechanisms involved in corrosion.
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II1.5.2. Indirect methods

111.5.2.1. Electrochemical corrosion methods

Accelerated corrosion laboratory tests are at the cutting edge of technology when it
comes to assessing the performance of materials, as they represent standardised, reproducible
conditions and allow assessment after a short test period (hours, days, weeks). Electrochemical
methods can be classified into two distinct groups: stationary methods and non-stationary or
transient methods.

II1.5.2.1.1. The open circuit (OCP)

Also known as the spontaneous potential, drop-out potential, resting potential or free
potential, and also called the Open Circuit Potential (OCP) [1]. This is the most immediately
measurable electrochemical quantity. This simple technique provides preliminary information
on the nature of the processes occurring at the metal/electrolyte interface: corrosion,
passivation, etc [2,3]. After a sufficiently long time for a stationary regime to be established,
the metal electrode assumes a potential with respect to the solution called corrosion potential
(Ecorr). All values of (Ecorr) are referenced in this study to a saturated Hg/Hg>Cl>/KCI calomel
electrode (ECS). This measurement also provides information on the minimum immersion time
required to establish a stationary state, which is essential for plotting electrochemical
impedance diagrams [4]. The value of the free potential is the corrosion potential, but it does
not provide any information about the electrochemical kinetics or the corrosion rate.

I11.5.2.1.1.1. Variation in corrosion potential as a function of time
When the corrosion potential of a metal is measured, it is generally observed that it does

not immediately reach a stationary value. In fact, when the metal is immersed in the solution,
It contains no metal ions, so a stationary potential takes a considerable time to reach. On the
other hand, the metal-solution interface can be modified by the formation of an insoluble
corrosion product or a gas such as hydrogen. and for this reason, the potential-time curves can

take on different appearances (Figure I11.6)
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Sample potential (c)

(b)

Time

Figure I11.27 : Monitoring the scheme's potential [5].

a) The potential is constant; the interface does not change over time;

b) The potential only decreases, the material becomes less and less noble, through continuous

attack of the metal;

¢)The potential grows, the material becomes passive, it becomes ennobled;

d)Passivation may be preceded by a stage of marked corrosion;

¢) The metal-medium interface, which is stable for a certain time, can change abruptly [6].
This measurement also makes it possible to determine the immersion time required

establishing a steady state, which is essential for potentiodynamic or electrochemical

impedance measurements [7]. The value of the free potential or the corrosion potential does not

provide any information on electrochemical kinetics and does not give access to the corrosion

rate.

I11.5.2.1.2. Method stationary: Polarisation curves

Polarisation curves at the metal-solution interface are a fundamental characteristic of
electrochemical kinetics, but only accounts for the slowest stage in the overall process (transport
of matter, adsorption of species onto the electrode....) at the electrochemical interface. To
determine the polarisation curves, different potentials are applied between the working
electrode and a reference electrode, by means of a scanning protocol imposing the increment.
The stationary current that builds up after a certain time in the electrical circuit between the

working electrode and the counter-electrode is measured.

Given that the overall speed is determined by that of the slowest stage. The polarisation curves

can therefore be used to measure the corrosion rate. It can be used to accurately determine other
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electrochemical parameters of a metal in contact with an electrolyte. These include corrosion
current (Icorr), corrosion potential (Ecorr), Tafel slopes and polarisation resistance (Rp). It
provides rapid measurements and is relatively simple to use. Plotting intensity-potential curves
is tricky because the stationary state is, in most cases, quite slow to establish itself, especially
in the anode range. These plots are carried out point by point, maintaining either a fixed voltage
(potentiostatic plot) or a fixed current (galvanostatic plot), so as to obtain a quasi-stationary
current or voltage respectively. However, the potentiodynamic mode with a very low sweep
speed also enables quasi-stationary conditions to be obtained [8, 9].
> Determining the corrosion rate from the polarisation curves depends solely on
the kinetic type governing the electrochemical corrosion process (charge transfer,
material transfer or mixed). Three types of polarisation curves are observed as a function
of reaction kinetics Pure activation kinetics (charge transfer)
In a situation where the reactions taking place at the electrode are limited by charge
transfer, The Butler-Volmer equation [10] gives (a relationship between the overvoltage n,
defined as the difference between the potential applied to the system E and its equilibrium value

Eredox, and the current density I:

e Pure activation or charge transfer kinetics
e Pure diffusion or matter transport kinetics.

e Mixed kinetics (activation + diffusion).

(1-o0)nF F
I = Iy(exp (% * rl) — (exp (— %n)) EqlllL.3

Where:

e n: number of electrons involved;

I: Overall current corresponding to the overvoltage (A.cm-?) ;

Io: Exchange current corresponding to equilibrium (A.cm-?) ;

n : E - Eeq (applied potential - redox equilibrium potential in (V)) ;

a: Electronic transfer coefficient (0 <a< 1) ;

R : Perfect gas constant (8,314 J.mol! K);

T : Temperature (K); F: Faraday constant (96500 C.mol-1).

We can introduce into equation (II.4) the anodic Ba and cathodic Bc Tafel coefficients defined

as follows:
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RT —RT
o = —amF et B.= s Eqlll.4
This gives us:
= a) R
I'=Io(exp BC) exp ( ﬁa) EqIILS5

When the overvoltage (1) applied is sufficiently high, the anodic reaction or the cathodic
reaction becomes negligible compared with each other.

Equation (IIL.6) then becomes, for the anode domain:

_ a
I =I,exp ( Ba) EqIIL6
The logarithm gives:
Inl = Inl, + ﬁi EqlIL7

If we switch to base ten logarithms, we get:

_ 1
log|I| = log|I,| + 7303 B, EqlIL8

Similarly, for the cathode domain, the relationship between the logarithm of the current

density and the overvoltage is defined by:

_ n
log|I| = log|l,| + 7303 B, EqIIL.9

The Tafel equations (II1.8) and (I11.9) describe the anodic and cathodic limits of the
Butler-Volmer equation. The inverse of the slope of these lines is used to determine the anodic
Ba and cathodic PBc Tafel coefficients. The intersection of the anodic and cathodic Tafel lines is

used to determine the corrosion current density Icorr(Figure I11.7).
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A
log,,j| Tafel slope (Cathodic) Tafel slope (Anodic)
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Figure I11.7: Determination of electrochemical parameters from Tafel lines

The plot confirms the indications given by the evolution of the corrosion potential and clarifies
them by distinguishing the influence of the inhibitor on each of the elementary reactions, anodic

and cathodic, at the electrode.

> Polarisation resistance

Measuring the polarisation resistance involves sweeping a few millivolts AV around the
natural corrosion potential and determining the corresponding currentl. The slope of the straight
line is used to calculate the polarisation resistance Rp (inverse of the slope). In the vicinity of
the corrosion potential (x10mV around Ecorr).

Calculations have shown that, for an applied potential 100mV higher than Eeq, we only
make an error of 2% by considering either the cathodic process to be favoured or the anodic

process [11].

I =1, exp (%) = k.exp (é) EqllII. 10

If we take the logarithm of this expression;

Lnl = LnK + = EqIIL11
Bc
Where E = —f, * LnK + B, * Lnl EqlIl.12

We obtain Tafel's well-known relationship
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E =a+ B, *LnlEq 11.13

Where; a is a constant and B¢ Tafel coefficient.
This relationship shows the linearity between the potential and the logarithm of the

current (I). By applying equation (II.13) to the corrosion potential, we obtain

Ecorr = a+ Be* Inl oy Eqlll.14

The difference E - Ecorr = AE gives:

I

AE = Bcln (—) EqlIl.15

ICOTT

For the cathodic

—< = exp (2—’5) EqlIL16
corr Cc
For the anodic direction:
—% = exp (2—E) EqIIL.17
corr a
Let'sput! = I, — I,
AE AE
I =1.,(exp (E) — exp (E) EqIIL.18

For very small values of E, an expansion to the first order of the exponential terms
gives:

Al = % % AE * Lgpr EqIIL19
AE Be+Ba 1 K

L —Rp = = EqIIL.20
Al P Bc*Ba * Icorr Ieorr q

Expression (II1.20) and the relationship established by Stern and Geary [12]. Figure I11.13
illustrates the graphical method of calculating the ratio (AE/AI).
In the special case, if the cathodic reaction is under pure diffusional control, B. tends towards

infinity and equation (II1.20) becomes:

Rp = £ EqlIL.21

ICOTT

Similarly, for the anodic relation ship
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R, = e EqIIL.22
Icorr

=
£ J
= -
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=
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Figure IIL.8 : Graphical determination of polarization resistance.

I11.5.2.1.2.1. Diffusion kinetics (or matter transfer)

The polarisation curves show a diffusion plateau to which corresponds a limiting
current (Figure II1.8). The corrosion rate is equal to the diffusion limit current density. In this
case, the corrosion rate is affected by the agitation of the solution or by the rotation of the

electrode [13].

I11.5.2.1.2.2. Mixed control
Figure I11.9 shows an electrochemical corrosion process equal to the diffusion limit
current density IL. In this case, the intersection of the individual curves no longer occurs at

the rising part of the cathodic curve.

Because of the influence of diffusion, Tafel's line cannot be seen directly in the
cathodic domain. In these conditions, we have to carry out a diffusion correction in order to
reveal the linear part corresponding to the Tafel line, which we extrapolate to the corrosion
potential to obtain Icorr. This correction is made by applying the well-known formula [14,
15].

7 = I_* + E EqIH.23

113



Chapterlll Equipment and methodology

With:
e I: Measured current corresponding to the mixed process;
e [*: Current corrected for diffusion;

e [i: Diffusion limit current.

Log1

Redl 2 Ox1 + ne-

Icorr=IL

Re

Ecor E

Figure I11.9: Schematic representation of pure diffusional control in terms of individual curves (Iconr=

IL) [11].

Logl

Icorr< I

Redl/~> Ox1 + ne-
I

Red2 € Ox2 +ne-

Figure II1.10 : Schematic representation of mixed control (charge transfer—diffusion) in terms

of individual curves (Icorr<1IL) [11].
+ Advantages and disadvantages

Polarisation curves are fast and much more sensitive than non-electrochemical methods,

providing an instantaneous assessment of the corrosion rate. However, they are
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inadequate for characterising complex mechanisms involving several reaction stages with

different kinetics. The use of transient techniques therefore becomes essential.

I11.5.2.1.3. Transitional methods: Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a non-stationary technique based on the
differentiation of the reactive phenomena by their relaxation time. The electrochemical system
is submitted to a sinusoidal voltage perturbation of low amplitude and variable frequency. At
each frequency the various processes evolve with different rates, enabling to distinguish them.
A weak amplitude sinusoidal perturbation is generally superimposed to the corrosion potential

or open circuit potential [5]

AU = |AU|sin wtwith w = 2n Eqlll.24
Where f is the frequency (Hz) of the applied signal

This perturbation induces a sinusoidal current AI superimposed to the stationary

current I and having a phase shift with respect to the potential:

Al = |Al| sin(wt — @) EqlIL.25
These values can be represented in the complex plane:

AU = AU, + 14Uy, EqllIL.26

Al = Al + idl,, EqllL.27

The complex impedance is defined as:

Z="2=Z+Zim EqIIL28

The impedance can also be represented by a modulus and a phase angle shift ¢

1Z] = /Zrze +Z2, EqII1.29

tan g = EqII1.30

re
The impedance data can be represented in two ways:
= Nyquist spectrum: -Zim as a function of Zre

= Bode spectrum: log |Z]and phase angle ¢ as a function of log
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II1.5.2.1.3.1. Traditional data representation

There are usually two ways of representing electrochemical impedance diagrams. They
can be plotted in Cartesian coordinates in the Nyquist complex plane by placing the values Zge
() on the abscissa and -Zim () on the ordinate. For this representation, orthonormal reference
points must be used, otherwise the diagrams will be distorted and interpretation may be
distorted. The Bode representation is the other classic representation for visualising diagrams.
In this case, the modulus of impedance |Z| (represented in logarithmic scale) and the phase shift
as a function of frequency, which is also represented on a logarithmic scale. These two different
views of the same result are not in competition, they are complementary, each shows a particular
aspect of the impedance diagram. The Nyquist representation shows the various ‘loops and
straight lines’ in the diagram, but often masks the results at high frequencies. This
representation can be used to determine parameters such as electrolyte resistance (Re), charge
transfer resistance (Rct) and double layer capacitance (Cdl). The Bode representation offer
Conversely, the identification of certain characteristic phenomena taking place at the working
electrode/electrolyte interface will be facilitated by the Nyquist representations a complete view
of the frequency domain, although it is less useful for identifying certain characteristic
phenomena.

The Nyquist representation (Figure III. 11) consists of plotting the imaginary part of the
impedance -Zim(®) against the real part of the impedance Zre(®) for the various frequencies.

La représentation de Bode (Figure I11.12) comprend deux graphiques ou sont portés le
module |Z| et la phase ¢ de I'impédance en fonction du logarithme de la fréquence. These two
methods of representing impedance give different visualisations of the results but are
complementary. The Bode representation is preferred when information observed at high
frequency is masked by the Nyquist representation. Conversely, the identification of certain
characteristic phenomena taking place at the working electrode/electrolyte interface will be
facilitated by the Nyquist representation. From the impedance diagrams produced at the
corrosion potential Ecorr, we can access Rct, Cdl and therefore the inhibition rate under the
operating conditions used. Charge transfer resistances (Rct) are calculated from the impedance
difference at high and low frequencies on the real axis, as suggested by Tsuru and Haruyama
[17].

The electrolyte resistance Re is the limit of the high-frequency impedance. The

capacitance of the double layer Cdl is determined from the relationship:
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Ca = 2uf,R.,)™?! EqlIL.31
fc : being the frequency corresponding to the vertex of the semicircle.

The corrosion inhibiting efficacy is calculated from the load transfer resistance

according to the following relationship:

IE (%) = “etin=Ret©) , 1 EqlIL.32

Ret(inh)

Rei0) and Reyinny are respectively the values of the charge transfer resistances without

and with addition of the inhibitor

-Z Im

o

7

1Z]

lmZ

R Rc+Rt  ZRe

Figure III.11: Nyquist plot corresponding to an electrode/solution interface.

¥ (degrec)
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Figure II1.12: Bode diagram corresponding to an electrode/solution interface
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I11.5.2.1.3.1.1. Using equivalent electrical diagrams

The various processes taking place at the electrode/electrolyte interface can be modelled
by constructing an equivalent electrical circuit. Each of the components used, connected in
series or parallel, represents a particular physical phenomenon. These models are then used to
adjust the experimental diagrams in order to extract the parameters needed to understand the

system under study.

Interpretation of diagrams using equivalent electrical circuits must comply with two

essential conditions:

= All the elements of the circuit must have a precise physical meaning, associated with
the physical properties of the system;
= The spectrum simulated from the equivalent electrical circuit must be as faithful as

possible to the experimental spectrum.

I11.5.2.1.3.1.2. Relationship between electrochemical mechanism and electrical model.
The equivalent electrical circuits described here are based on the simplest electrode

reactions. Many others have been proposed to account for more complex situations, involving

for example the adsorption of electro-active species, charge transfer in several stages and/or

coupled reactions [18].

I11.5.2.1.3.1.2.1. Faradaic reaction (pure charge transfer)

The double layer capacitance Cai, and the charge transfer resistance Rtc are introduced
in parallel to account for the fact that the total current through the interface is the sum of the
separate contributions from the faradaic process and the double layer charge. As the overall
current also passes through the uncompensated resistance of the electrolyte solution, the Rs
term is introduced in series in the circuit (Figure I11.13). The charge transfer resistance Rtc is
defined as the intersection of the loop with the real axis at low frequency. The solution
resistance Rs is the impedance limit at high frequency. The capacitance of the double layer Cdl

is determined from relationship (33):

1

= EqIIL33

Cdl

Where f: is the frequency corresponding to the vertex of the semicircle [19].
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Figure II1.13: a) Simplified representation of an electrochemical interface for a charge

transfer reaction and b) corresponding impedance diagram.

I11.5.2.1.3.1.2.2. Diffusion

The diffusion of species in an electrolyte solution is a slow phenomenon, and can therefore
be measured at low frequency. For a sinusoidal perturbation of the potential, the phenomenon
of diffusion results in a complex impedance Zw, known as the Warburg impedance, which
represents a kind of resistance to mass transfer and whose expression as a function of angular
frequency is:

Z, = (1= a2nfc2 EqII1.34

Where o 1s the Warburg coefficient. This relationship implies that at each frequency, the real
and imaginary parts of the Warburg impedance are equal. In the complex plane, the Warburg

impedance is represented by a straight line at 45° to the axes (Figure I11.14) [20].
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Figure II1.14: Simplified representation of an electrochemical interface for a reaction with

charge transfer and diffusion and corresponding impedance diagram.

I11.5.2.1.3.1.2.3. Adsorption at the electrode

Reagents, reaction products and corrosion inhibitors can be attracted to the electrode or
form chemical complexes on it. From an electrical point of view, the possibilities of recovery
are described by capacitances. Adsorption phenomena are responsible for the existence of a
second semi-circle at low frequencies (Figure II1.15). The charge transfer resistance is given by

the diameter of the semicircle observed at high frequencies [21].

-Z lm

Rs Rp ZRe

Figure II1.15: Influence of adsorption effects on the impedance diagram.

I11.5.2.1.4. Electrochemical impedance spectroscopy applied to corrosion inhibitor studies
In the context of studies on corrosion inhibitors, impedance spectroscopy is used to
determine the mode of action of the product [22]. This may be simple adsorption onto the

substrate, or the formation of a three-dimensional film at the interface.

120



Chapterlll Equipment and methodology

I11.5.2.1.4.1. Simple adsorption
In the case of inhibitor adsorption, the impedance spectrum is represented in the Nyquist

plane by a more or less flattened capacitive loop, which may be out of phase with the real axis.

I11.5.2.1.4.2. Formation of a three-dimensional film
In the case of the formation of a three-dimensional film, the impedance diagram is more

complex. For a sufficiently thick film (a few um), the impedance spectrum in the Nyquist plane
is formed by two capacitive loops more or less decoupled in frequency.

The electrochemical impedance technique provides a more complete analysis of the
inhibitor's mechanism of action than stationary methods, since it separates the different

mechanisms involved in the inhibition process.

In fact, the properties of the film and the charge transfer mechanism can be identified,

in particular as a function of the various parameters imposed on the system [22].

+ Advantages and disadvantages
Electrochemical impedance has become a research and development tool. It requires

electrical measurements that can be recorded automatically. Electrochemical impedance
analyses are based on predictive and experimental equivalent circuits. The major drawback of
electrochemical impedance lies in the interpretation of the results, because it is sometimes
difficult to find the equivalent electrical circuit that best corresponds to the electrode/solution
[23] interface.

I11.6. Adsorption isotherms
A number of mathematical relationships describing adsorption isotherms which

represent the dependence of the surface coverage function () on the inhibitor concentration
have been shown to align with numerous experimental data. These isotherms may be empirical
or theoretical. The simplest theoretical model is the Langmuir isotherm, expressed by the

following equation [24]

0

Where Kuas is the equilibrium constant of the adsorption process, and C is the inhibitor

concentration in the bulk solution. This expression can be derived from the following

relationship:
g =1— ZRinr EqII1.36
Ro

where Rinnand Ro, depict to what extent the corrosion is depending on the inhibitor
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whether being present or absent.

Variation’s laws pertaining to the adsorbed quantity acting as the inhibitor concentration

are represented by the following standard isotherm:

I11.6.1. Langmuir isotherm

Langmuir's model assumes that there is a fixed number of sites on the surface. Each of
these sites can adsorb only one particle. In addition, since interactions between adsorbed
particles are neglected, the adsorption energy is constant [25]. The rate of adsorption is
proportional to the concentration of Cin inhibitor and the fraction of unoccupied adsorption

sites (1-0), where 0 represents the fraction of sites occupied by the inhibitor.

Vaas = Kaas(1 = 8) * Cinpy EqllI.37

Conversely, the rate of desorption is proportional to the fraction of sites occupied by adsorbed
particles:

Vies = Kges0 EqIIL.38

At equilibrium, the two speeds are equal.

This gives us the following Langmuir isotherm equation

0 — Kads
(1-6) Kdes

Cinh = bCinh EqIH39

When a metal is in contact with an electrolyte, charge separation also occurs. The
charge distribution at the interface depends on a number of factors: electronic properties of the
solid, adsorption of water molecules or hydrated cations and chemisorption of anions. The
interface zone containing a separation of charges is called an electrical double layer, or simply
a double layer. Depending on the potential applied, the metal's charge may be positive or

negative in relation to the electrolyte.

I11.6.2. Temkin isotherm

In Temkin's model, the adsorption free energy of the adsorbate is a linear function of
the recovery rate 0 and the chemical rate constants are a function of 6. There is attraction or

repulsion between species adsorbed to the surface. The equation for the Temkin isotherm is:
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exp(—2a0) = bCinn EqlII.40

The parameter 0 represents the surface coverage degree, indicating the fraction of the surface
covered by adsorbed species. The constant a is the interaction parameter, which accounts for
the interactions between adsorbed molecules on the surface. The term b is the adsorption
parameter, reflecting the affinity or strength of adsorption of the inhibitor. Finally, Cinch

denotes the concentration of the inhibitor in the solution.
I11.6.3. Frumkin isotherm

After rearrangement, the Frumkin isotherm is represented by the following expression:

In [ ] = InKads + 2a6 Eqlll.41

c(6-1)
The parameter ‘a’ has the following dimensions: J/mol per mol/ cm?, it expresses the

way in which increased coverage modifies the adsorption energy of the species. If it is positive,

the interactions between two species on the surface are attractive, if a is negative, the

interactions are repulsive, if a— 0, the Frumkin isotherm approaches the Langmuir isotherm.

IIL.7. Surface characterisation techniques

I11.7.1. Scanning electron microscopy (SEM)

Scanning electron microscopy is a non-destructive characterisation technique that
provides information on the morphology of the sample to be analysed, its crystallisation mode,
sometimes estimates of the sizes of the crystallites that form the sample and access to the
thickness of the sample from a side view [26].

The scanning electron microscope is a basic instrument for studying surfaces. This status
is justified by its gain, which is much greater than that of the optical microscope, both in terms
of depth of field and lateral resolution.

The principle of the SEM is to scan the surface of the sample line by line with a beam of
electrons and then transmit the detector signal to a cathode-ray screen whose scanning is exactly
synchronised with the incident electron beam [26].

A primary electron passing close to an atom gives up some of its kinetic energy to the atom
in the sample, causing it to ionise by ejecting a so-called ‘secondary’ electron. A primary
electron can also interact with an atom by collision, so it will be scattered or ‘backscattered’
with a depth that is generally greater than that of secondary electrons, so they will contribute
much more to the creation of contrast, unlike secondary electrons which are intended for

imaging [27].
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Figure II1.16: Operating diagram of the scanning electron microscope [28].

The backscattered and secondary electrons emitted by the sample are selectively collected
by detectors that transmit a signal to a cathode-ray screen.

The operating principle of a conventional SEM is based on the electron-matter
interaction that results from the bombardment of the sample by an electron beam. This is
generally produced by an electron gun at a high voltage (a few tens of kV). The scanning
electron microscope used in this work is a GEOL 7001F type coupled to an energy-dispersive
X-ray (EDX). It consists of a secondary vacuum chamber where electrons are emitted by a
tungsten filament heated to around 2000°C in an electron gun. In this gun, electrons are
accelerated by a voltage of the order of 0.5 to 30 eV. The electron beam is then focused onto
the sample surface using lenses.

I1L.8. Structural analysis methods
I11.8.1. Proton nuclear magnetic resonance (‘H NMR)

Proton Nuclear Magnetic Resonance (\H NMR) is a powerful analytical technique
primarily used to identify the molecular structure of organic compounds. It works by analyzing
the magnetic properties of hydrogen nuclei (protons) in a sample when subjected to a strong

external magnetic field. The protons in different environments within a molecule resonate at
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different frequencies, which can be detected and translated into an NMR spectrum. This
spectrum provides detailed information about the chemical environment of protons in a
molecule, helping to deduce the structure, purity, and composition of the sample. 'H NMR can
be used to investigate the interaction between a metal surface and its environment, particularly
when looking at the behavior of organic molecules, corrosion inhibitors, or corrosion products

in solution. In corrosion [29].

I11.8.2. Phosphorus-31 31P NMR spectroscopy

Phosphorus-31 spectral analysis (or 31P NMR spectroscopy, for Nuclear Magnetic
Resonance) is a technique used to study the chemical environments of phosphorus-31 (31P)
nuclei in a molecule, providing detailed information about the structure, dynamics and
interactions of phosphorus-containing compounds. In corrosion, 31P NMR spectroscopy is
used to study passivation films, analyse corrosion products and monitor the evolution of

corrosion [30].
I11.8.3. Infrared absorption spectroscopy (IR)

Infrared spectroscopy is an absorption spectroscopy linked to the vibration of molecular
vibrational energy. The absorption of infrared radiation causes atoms to vibrate by altering their
interatomic distances or normal bond angles, creating an electromagnetic field of the same
frequency [32]. Infrared is a spectrum visible to the human eye between light and microwaves,
but only the central IR region with wavelengths ranging from 2.5 pm to 20 um is usually
explored for structural determinations. Radiation is characterised by its wave number
frequency: 1 = 1/A, so the range of greatest interest to chemists is between 4000 and 400 cm™.
The IR absorption spectra presented in this work were recorded using a Perkin Elmer 600

spectrophotometer.

II1.9. Theoretical study
I11.9.1. Quantum chemical calculations

The reactivity of a chemical species is very much characterized as far as Frontier
orbitals; the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbitals (LUMO) [33,34]. As indicated by Frontier sub-atomicorbital (FMO) hypothesis of
chemical reactivity, the formation of a transition state is because of interaction between HOMO

and LUMO of responding species. The smaller the energy gap (AE) amongst HOMO and
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LUMO, stronger will be the interaction between two responding species [35], [36]. The
quantum chemical parameters, for example, the energy of highest occupied molecular orbital
(EHOMO), the energy of lowest unoccupied molecular orbital (ELUMO), and the energy gap
(AE) were figured utilizing following equations (II.15) [37].

AE = ELUMO — EHOMO Eqlll.43

As EHOMO is frequently connected with electron donating capacity of the molecule,
high values of EHOMO are probably going to demonstrate an inclination of molecule to donate
electrons to fitting acceptor molecules with low energy and empty molecular orbital.
Similarly, the low values of energy gap AE will render great inhibition efficiencies since the
energy to remove an electron from last occupied orbital will be minimized. It has been reported
that good inhibitors indicate higher value of EHOMO and lower value of AE. Therefore, DFT
made it possible to corrosion scientist to accurately predict the corrosion inhibition capabilities
of organic compounds based on electronic/molecular properties and reactivity indices. Previous
researchers have also used the DFT study to study the interaction of inhibitor molecules with
metal surface [38—41].

The DFT-B3LYB method was employed to optimize the CMFE compound and carry
out the Quantum chemical calculations; with the basis set TZVP while using the Turbomole
program package [42]. On the other hand, Materials Studio (MS) for further DFT computations
at the level of generalized gradient approximation (GGABP) and the basis for double numeric
polarization (DNP) are to be carried out [43]. Calculations were conducted in a liquid phase as
a conductor-like screening model for real-solutions (COSMO-RS) [43]. Fukuifunctions,
combined with dual description calculation, were calculated using the Dmol3 module to
investigate nucleophilicity and electrophilicity [43].

Equations of hardness 1 and electronegativity y (chemical potential p) have been given
based on the ground state energies of ionization (I) and the electron affinity (A) values for

CMF and PGFP extract [43].

X=-p=20 E qlIL44
n=-—" EqllL45
I = —Eyomo EqII1.46
A = —Eymo EqIIL47
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Softness (o), known as the multiplicative inverse of the hardness, is commonly

recognized as a parameter closely related to the polarizability.

c=— EqII1.48

=

The chemical proton affinity (PA) is proportional to the chemical potential value, which
means calculating the chemical potential is considered a test for proton affinity. The
electrophilicity index (w) of ions, atoms, and molecules is calculated from the electronegativity
and hardness values [40]

XZ
w=—

== EqIIL.49

The fraction of electrons transferred (AN) is calculated in corrosion studies by the next

formula [43].

AN = [p - Xinh]/[z(rlFe + Ninn) EqIIL.50

®, yinh, ninh and nFe are the work function, electronegativity of inhibitor, the hardness
of inhibitor, and hardness of (Fe) metal, respectively. nFe value is taken equal to 0 (I=A for

bulk metals). The work function for Fe (110) surface is 4.82 eV [43].
I11.9.2. Molecular Dynamics (MD) simulations

The Material Studio’ Forcite module was used to carry out MD [43]. The iron structure
was imported from the software database. It was then cleaved along (110) plane, and a slab of
15 A length was obtained. The MD model consists of two layers: a top layer for the solvent;
and a frozen bottom layer of Fe (110). The solvent layer was constructed using one inhibitor
molecule, chloride (10) ions with their counter ions, hydronium (10), and water molecules
(100). Both layers were placed in a simulation box (15.20x 18.169 x 43.43 A3). The system
was first optimized using the SMART minimizer algorithm until the energies and temperature
reached a steady-state under periodic boundary conditions and the COMPASS force field.
Electrostatic interactions were calculated using the Ewald summation technique with an Ewald
precision of 1.0 x 10-4 kcal mol-1 and a buffer width of 0.5 A. The atom-based summation
approach was used to calculate the Van der Waals interactions, a cut-off of 15.5 A and the
buffer width of 0.5 A. The simulation model was submitted to MD after the optimization step,
performed using the Andersen thermostat method under the canonical NTV set (constant N, T,

and V) at T = 298K [43]. The simulation was performed with a time step of 1fs and a full time
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of 2ns. On MD's trajectory after simulation, the radial distribution function, also known as the
pair correlation function, was determined to study the interaction between the inhibitory

molecule and iron surface

I11.10. Conclusion

In this chapter, we have presented the synthesis methods for our two inhibitors, as well
as the various corrosion inhibition evaluation techniques (chemical and electrochemical) used
to determine the inhibiting effectiveness of the organic molecules used on the corrosion of
carbon steel in hydrochloric acid solution (1M HCI). These techniques are complemented by
an analysis that identifies the surface condition of the steel used. These techniques are
complemented by an analysis that identifies the surface condition of the steel used, and we have
presented the methods used to quantify the effect of these compounds as corrosion inhibitors.
Finally, we also explained the principle of density functional theory (DFT). The experimental
techniques and theoretical study (DFT) used in this study ensure good reproducibility of the

results.
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Chapter 1V

Results
and
discussion



Part one

Comprehensive investigation of the adsorption, corrosion
inhibitory properties, and quantum calculations for 2-(2, 4,5-
trimethoxybenzylidene) hydrazine carbothioamide in
mitigating corrosion of XC38 carbon steel under HCI
environment



IV.1. Introduction

This chapter is devoted to the experimental study of the inhibition of two organic
compounds, the first one is a Schiff' base known as 2-(2,4,5-trimethoxy benzylidene) hydrazine
carbothioamide (TMBHCA), the second inhibitor isa-Aminophosphonate with a molecular
formula; diethyl (4-acetamidophenyl) (4-nitrophenyl amino) methyl phosphonate (FHN)
against corrosion of XC38 carbon steel and ASTM A283 Grade C carbon steel in 1M
hydrochloric acid (HCl). The inhibitory effect of these compounds will be evaluated using
various techniques: gravimetric (weight loss measurements), potentiodynamic polarisation
curves, electrochemical impedance spectroscopy (EIS). We have also calculated AGbased on
adsorption isotherms. To complement these basic methods and to visualise the protective film,
we used a scanning electron microscope (SEM), and the experimental results were confirmed

using density functional theory (DFT) calculations.

IV.1.1. Impact of inhibitor concentrations
IV.1.1.1. Gravimetric study

This method is primarily the most straightforward and commonly employed for
estimating the mass loss in the metal resulting from corrosion following exposure to acid. This
study investigated the influence of incorporating an inhibitor at concentrations varying from
25ppm to 200ppm on the corrosion of carbon steel in a 1M HCI solution, employing weight-

loss measurements at 298K as represented in figure IV.1.

0.10 4 —o— Blank
—o— 25 ppm
—o— 50 ppm
0.0849 _ o 100 ppm
NE —a— 200 ppm
o 0.06 -
=2
= 0.04 -
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Figure I'V.1: XC38 steel weight loss in 1M HCl solutions at different TMBHCA

concentrations with respect to immersion time (at T =298K).
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The inhibition efficiency (Ew %) was determined using the following formula Eq (IV.1):

E, (%) = Zeerr=eorr o 10 EqIV.1

Here, Weorrand W' cor represent the rates of corrosion for the metal in HCI solutions with

the presence and without the inhibitor, respectively.

Table IV.1 displays the corrosion characteristics, including corrosion rate (Weo:) and corrosion
inhibition efficiency Ew (%), obtained through weight loss measurements for XC38 carbon steel
specimens immersed in a 1M HCI solution. The study explores the impact of several
concentrations (25-200ppm) of the TMBHCA inhibitor at an ambient temperature of 298K.
The results indicate a noticeable decrease in Am as the concentration of TMBHCA inhibitor
increases, leading to a corresponding rise in inhibition efficiency, reaching 98.1% at 200ppm.
This phenomenon suggests the deposition of TMBHCA molecules on the XC38 carbon steel
surface under aggressive solution (1M HCI). The inhibitor creates a protecting layer on the
metal surface, shielding it from the corrosive acidic solution. The presence of electron-donating
substituent further enhances the inhibitor's efficiency. These findings suggest that the inhibitor
film reduces the thickness of the double layer, demonstrating its efficacy as a robust protective

agent for the metal surface [1,2].

Table I'V.1: Corrosion rate and inhibition effectiveness of carbon steel at various time

intervals in 1M HCI solution at different TMBHCA concentrations (298K).

Concentration(ppm) Am(g)x10-3 Weorr (g.cm2.h1)°x1076 E (%)
Blank 44.3 15.9 -

25 7.2 2.47 84.46

50 5.7 1.87 88.23

100 5.4 1.59 90.00

200 0.9 0.3 98.10

IV.1.1.2. Electrochemical investigations

IV.1.1.2.1. Open circuit potential (OCP) measurements

The Open Circuit Potential (OCP) curves serve as valuable indicators of the efficacy of

TMBHCA in inhibiting corrosion on XC38 steel. In FigureVI.2 The OCP curve of XC38 in
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HCl medium are shown under various concentrations at 298K, both with and without the
presence of TMBHCA inhibitor. The carbon steel specimens underwent a 60minutes
stabilization period before measuring the OCP to attain a stable value. The unfettered steel
sample displayed a notably more negative OCP after 30 minutes, indicating the possible

formation of soluble corrosive products in the absence of TMCBHA [3].
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Figure I'V.2: XC38 steel open circuit potential with and without TMCBHA at different

concentrations

Under different TMCBHA concentrations, the curves show a consistent pattern, with the OCP
shifting toward more positive values. This shift indicates the adsorption of TMCBHA inhibitor
molecules on the steel surface, effectively isolating the active area from the corrosive
solution.[4]. Initially, the OCP value experiences a modest increase towards more noble values,
eventually reaching a plateau. Subsequently, as the inhibitor concentration attains 200 ppm in
the aggressive medium, a positive shift towards more noble values is observed in the OCP
curves. This variability signifies the coverage of the metal surface with TMCBHA inhibitor

molecules, leading to a reduction in the corrosion rate.

1V.1.1.2.2. Polarization examination

Figure IV.3. shows the polarization curves attained following the submersion of XC38
carbon steel in acidic solutions (1M HCI), with the presence and the absence of TMBHCA.
Preliminary scrutiny of these curves reveals that the introduction of TMBHCA exerts a

negligible effect on both the anodic and cathodic segments [5-7]. The extrapolation of Tafel

138



polarization lines allows for the determination of various electrochemical parameters, including
corrosion potential (Ecor), corrosion current density (ico), anodic Tafel slope (ba), cathodic
Tafel slope (bc), and polarization resistance (R,). The inhibition effectiveness is computed using

Eq (IV.2) from Tafel plots, and the resulting parameters are succinctly presented in Table I'V.2

-0 i
Eicorr(%) = (lcm;)#ﬂ)- Eq(1V.2)

lcorr

Here, icor-and i'cor-are the corrosion current densities of mild steel in the blank (1M HCI)
and in the presence of an inhibitor,

respecti100 vely.

Figure IV.3 provides a clear visual representation of the shift of both anodic and
cathodic curves towards lower current densities upon the addition of the inhibitor, signifying
the deceleration of carbon steel anodic dissolution. This observation implies that the inhibitor
effectively retards both the anodic reaction of metal dissolution and the cathodic hydrogen

evolution.

Electrochemical reactions at the metal's surface lead to metal dissolution, with the
anodic and cathodic sites playing crucial roles. Inhibitors modulate the charge transfer
mechanism at these sites to hinder metallic dissolution. In this instance, the functional groups
present in TMBHCA comprise heteroatoms that facilitate the adsorption of inhibitor molecules
onto the steel surface, establishing robust coordination interactions with the mild steel surface.
Adsorption may take place through physisorption, chemisorption, or a combination of both.
The reduction in the corrosion rate signifies the successful adsorption of inhibitor molecules on

the metal surface, providing protection against corrosion [8-11].

1V.1.1.2.2. Polarization examination

Figure IV.3. shows the polarization curves attained following the submersion of XC38
carbon steel in acidic solutions (1M HCI), with the presence and the absence of TMBHCA.
Preliminary scrutiny of these curves reveals that the introduction of TMBHCA exerts a
negligible effect on both the anodic and cathodic segments [5-7]. The extrapolation of Tafel
polarization lines allows for the determination of various electrochemical parameters, including
corrosion potential (Ecor), corrosion current density (ico), anodic Tafel slope (ba), cathodic
Tafel slope (bc), and polarization resistance (R,). The inhibition effectiveness is computed using

Eq (IV.2) from Tafel plots, and the resulting parameters are succinctly presented in Table IV.2
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(i(c)orr_icorr)
Eicorr(%) = =5—".100 Eq(IV.2)

lcorr

Here, icorrand i'.or are the corrosion current densities of mild steel in the blank (1M

HCI) and in the presence of an inhibitor, respectively.

Figure IV.3 provides a clear visual representation of the shift of both anodic and
cathodic curves towards lower current densities upon the addition of the inhibitor, signifying
the deceleration of carbon steel anodic dissolution. This observation implies that the inhibitor
effectively retards both the anodic reaction of metal dissolution and the cathodic hydrogen

evolution.

Electrochemical reactions at the metal's surface lead to metal dissolution, with the
anodic and cathodic sites playing crucial roles. Inhibitors modulate the charge transfer
mechanism at these sites to hinder metallic dissolution. In this instance, the functional groups
present in TMBHCA comprise heteroatoms that facilitate the adsorption of inhibitor molecules
onto the steel surface, establishing robust coordination interactions with the mild steel surface.
Adsorption may take place through physisorption, chemisorption, or a combination of both.
The reduction in the corrosion rate signifies the successful adsorption of inhibitor molecules on

the metal surface, providing protection against corrosion [8-11]
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Figure IV.3: Potentiodynamic polarization curves of XC38 in 1.0M HCI solution in the

absence and presence of (TMBHCA) at different concentrations.

TableVI1.2.Error! Reference source not found. illustrates that even a minimal quantity of the 1

nhibitor markedly diminishes ico. The icor 0of the blank solution decreases from 305.3 to
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23.72pA.cm™? for 200ppm of TMBHCA. Additionally, there is a noticeable increase in
polarization resistance (R,), rising from 80.7 to 1296Q.cm? without and with the inhibitor at
200ppm, respectively. In this work, the major shift exhibited by TMBHCA was inferior to
+85mV; therefore, it can be deduced that TMBHCA functions as a mixed-type inhibitor [12,
13-15]. These findings suggest that inhibitor molecules engage with the metal surface,
obstructing active sites and enhancing protection against corrosion. Regarding efficiency
values, it is evident that the inhibition efficiency of TMBHCA improves with increasing
inhibitor concentration, reaching up to 93.77 % at a concentration of 200ppm (optimum
inhibitor concentration). This improvement results from the enhancement of TMBHCA

molecules on the XC38 surface, effectively protecting it in the acidic solution.

Table IV.2: Polarization characteristics of XC38 carbon steel corrosion in 1M HCI with

varying concentrations of TMBCHA.

Parameters Ecorr(mV) icorr (MA.cm2) Rp Pa(mV/dec) Pe(mV/dec) Ecorr(%) Erp(%)
(Q.cm?)

Blank -411.42 305.30 80.7 91.9 159.50 - -
25ppm -409.31 142.82 246.0 72.2 152.3 53.23 67.19
SO0ppm -408.12 81.77 1081.0 89.2 231.9 73.21 92.53
100ppm -406.32 25.12 1202.0 73.3 866.9 91.77 93.28
200ppm -408.12 23.72 1296 89.2 231.9 92.23 93.77

IV.1.1.2.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) stands as a well-established and potent
technique for corrosion studies, providing insights into surface properties, mechanistic
information, and electrode kinetics [ 16-18]. Error! Reference source not found. I'V.4 illustrates t
he impedance diagrams obtained for XC38 carbon steel in 1M HCI, both in the presence and
absence of the TMCBHA. The impedance parameters, including R; (solution resistance),
Re(charge transfer resistance), and CPE (constant phase element), stand for the interface's
double-layer capacitance (Cu), as derived from Nyquist plots and presented in Error! Reference s

ource not found.
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Figure I'V.4: EIS Spectra: a) Nyquist plan,b) Bode plots of carbon steel in 1M HCI solution

in the absence and presence of TMBHCA at different concentrations after 1h of immersion.

The Nyquist plot describes the imaginary part (Zi) in relation to the impedance real part
(Zr) for each frequency. The charge transfer resistance increases with the rising TMBHCA
inhibitor concentration in the acid solution. For inhibited samples, the Nyquist diagrams display
a single semicircle, the diameter of which increases with the growing inhibitor concentration,
indicating enhanced resistance to metal corrosion and reduced corrosion rates [19-21]. This
suggests the involvement of active components undergoing adsorption and covering a

significant surface area of the carbon steel.

The rise in inhibitor concentration enhances the charge transfer resistance (Ry), rising
from 114Q.cm? without an inhibitor to 11,739Q.cm? with a 200 ppm inhibitor. Adding a
chemical (inhibitor) induces sensitivity in the metal-electrolyte interface, defined by a double
electric layer. The variations in the double-layer capacitance measurements earlier and
afterward introducing a corrosion inhibitor may help in monitoring the inhibitory adsorption
[22]. The reduction in double-layer capacitance (CPE) values in the presence of the TMBCHA
inhibitor (from 1.76E*uF.cm~ to 2.35EuF.cm2) is associated with the Helmholtz model,
suggesting a substitution of H.O molecules on the steel surface by inhibitor molecules. This
decline signifies TMBCHA adsorption on the XC38 metal surface, creating a protecting layer
with a reduction in the dissolution reaction degree. The correlation between these findings and

data from weight loss and polarization experiments suggests a potential link to a reduced local
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dielectric constant and an increased electrical double-layer thickness [21]. Consequently, this
inhibitor demonstrates effective protection for the metal. The inhibition efficiency (IE %),
calculated using Eq. IV3, is 90.33% at 200ppm, indicating a significant limitation of XC38
carbon steel corrosion by HCI owing to the addition of TMBHCA.
(%) = Zefe 109 EqIV.3
t

Re

WhereR ;and R/,signify the charge transfer resistances with and without of the

inhibitor, respectively.

Table IV.3: Electrochemical impedance spectroscopy characteristics for the carbon steel corrosion in

1M HCI at different TMCBAH concentrations.

C(ppm) Rs (Q.cm?) Rct (Q.cm?)  CPE (pF.cm?) Cdl E (%)
(pF-cm™)

Blank 0.76 114 1.76E% 399 -
25 1.96 327.8 4.78E 116 65.22
50 35 366 9.61E 239 68.85
100 1.37 897 4.62E 12.3 87.3
200 04 1179 2.35E% 6.87 90.33

(icorr) In this study. This decrease is ascribed to the adsorption of these compounds on the metal
surface, resulting in the creation of an acidic solution film.

IV.1.1.3. Adsorption isotherm

The interaction between the inhibitor and the active sites on the metal surface can be
characterized using various adsorption isotherms, including those put forth by Freundlich,
Temkin, Flory-Huggins, Frumkin, and Langmuir [25-28]. These isotherms aim to illustrate the
inhibitor-metal surface interaction and derive values for the degree of surface covering (6). The
observed results indicate that mild steel can significantly retard the corrosion rate in HCI
mediumby creating a corrosion-inhibitor coating on its surface. To facilitate the adhesion of
corrosion inhibitor molecules to mild steel surfaces, water molecules must first be displaced.

[33, 87], as expressed in EqIV.4

Inh(solution) + m H>O (adsorption)HInh(adsorption) + Hzo(solution) EqIV4
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Here, Inhgsotution) and H2O (solution) represent the inhibitor and water molecules in the
solution, respectively, and Inhdsorption) Signifies the inhibitor and H>O molecules adsorbed to

surfaces, with m defining the number of H>O molecules displaced by the inhibitor molecules.

This study employed diverse isotherms to fit experimental data, aiming to elucidate the
interaction between TMBCHA molecules and the carbon steel surface in acidic solutions.
Among the isotherms considered, the Langmuir isotherm exhibited the most favorable fit. The
calculation of surface coverage () at various concentrations of TMBCHA in 1M HCl acid was
conducted to illustrate the adsorption process. Figure IV.5 depicts Cinn/0 in relation to Cian for
varying concentrations of TMBCHA. Notably, the linear correlation coefficients (R?) approach
unity, and the slopes closely approximate unity. This observation strongly shows that the
TMBCHA adsorption at different TMBCHA concentrations adheres closely to the Langmuir
adsorption isotherm. In this context, 6 is intricately linked to the inhibitor concentration

according to the relationship outlined in Eq IV.5:

C 1
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Figure I'V.5: Langmuir isotherm model plots for XC38 carbon steel in 1M HCI with different
TMBCHA concentrations.

The equilibrium constant for the adsorption process is represented by the symbol Kads, where C
denotes the inhibitor concentration, and 0 (calculated as Ew.%/100) represents the fraction of

the metal surface covered by the inhibitor. Determining the adsorption-free energy,
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AG, 4, is a crucial approach for understanding the nature of adsorption, and its computation

involves the following expression:

AG,_4s = —RTIn(55.5 X K,45) EqlIV.6

The negative values obtained for AG,, indicate the spontaneity of the adsorption
process and the stability of the adsorbed layer on the XC38 carbon steel surface. Typically,
AG, 4 values up to -20 kJ mol ' correspond to electrostatic interactions between charged metals
(physisorption). In contrast, values around -40 kJmol'or higher suggest chemisorptions,
involving the sharing or transfer of unshared electron pairs or p-electrons of organic molecules
(TMBCHA) to form a coordinate-type bond with the metal surface. The calculated AG,, for
the inhibitor is -37.78 kJmol!, indicating its adsorption on the XC38 metal surface through a

combination of both chemical and physical processes.
IV.1.2. Impact of immersion time

The impact of immersion time on the stability of adsorption for TMBCHA corrosion
inhibitor was thoroughly investigated using polarization Tafel and EIS analyses (figure IV.6,,
IV.7). The immersion tests, conducted at 25°C for 28days, aimed to elucidate the inhibitors'
efficacy under acid-cleaning operation conditions Figure IV.6. The results elucidate a
noteworthy trend: as the immersion time progresses from lday to 21days, the inhibition
effectiveness (IE %) of TMBCHA steadily rises, reaching an impressive 95.87% at 200ppm.
The improvement in inhibition efficiency can be ascribed to the heightened adsorption of
inhibitor molecules on the surface, ensuring a more extensive coverage of the mild steel surface
and, consequently, more effective protection against corrosion in aqueous environments.
Despite an extended immersion time of 28days, the /E remains consistently above 95% for both
inhibitors, underscoring their reliable performance in acid cleaning and descaling processes.
Nevertheless, a marginal decrease in inhibition efficiency from 95% to 89.1% is observed when
extending the immersion period from 2ldays to 28days, which could indicate inhibitor

molecule desorption dynamics [12,31,32].
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Figure IV.6: Immersion time effect on the Tafel curves of the interface XC38 steel/ HCI 1M
with 200ppm of TMBCHA

According to the findings presented in Table IV.4 the polarization resistance (R,) in the
TMBCHA-inhibited solution exhibits a consistent increase over the immersion time. This
observed pattern suggests a continuous improvement in the corrosion resistance of the system
with prolonged immersion, reinforcing the corrosion inhibition efficacy of TMBCHA
molecules. Notably, no deterioration in polarization resistance is recorded within the
initial21days, suggesting the establishment of an enduring and effective protective surface
layer. This phenomenon is credited to the establishment of a strong barrier against corrosion.
Moreover, the prolonged immersion time enables the gradual development of TMBCHA
adsorption monolayer on the XC38 carbon steel surface, leading to a more uniform and compact
protective coating.

According to the findings presented in Table IV.4 the polarization resistance (R,) in the
TMBCHA-inhibited solution exhibits a consistent increase over the immersion time. This
observed pattern suggests a continuous improvement in the corrosion resistance of the system
with prolonged immersion, reinforcing the corrosion inhibition efficacy of TMBCHA
molecules. Notably, no deterioration in polarization resistance is recorded within the initial
21days, suggesting the establishment of an enduring and effective protective surface layer. This
phenomenon is credited to the establishment of a strong barrier against corrosion. Moreover,
the prolonged immersion time enables the gradual development of TMBCHA adsorption
monolayer on the XC38 carbon steel surface, leading to a more uniform and compact protective

coating.
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Table IV.4: Characteristics obtained from Tafel analysis for XC38 carbon steel in 1M HCI

solution with 200ppm of TMBCHA at various immersion durations.

Blank lday 3days  7days 14days 21days 28days
Ecor(mV) -411.42  -47794  -474770 -459.18  -477.087 -453.53  -455.84
icorr(MA.cm™?) 30530  106.27 58.84  91.611 30.805 10.277 8.32
R, (Ohm.cm?) 80.60 325.0 525.00 657.00 1936.00 1706.0 1145.0
EI (%) - 75.20 84.64  87.732 92.961 95.275 89.91

Figure IV.8 :(a) and (b) depict the Nyquist and Bode plots, respectively, for carbo, steel
subjected to varying immersion durations in the presence of TMBCHA. The influence of
immersion time is clearly manifested in the size and shape of the impedance spectra, signifying

its impact on the TMBCHA” corrosion inhibition effectiveness.
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Figure IV.7: (a) Nyquist and (b) Bode plots for XC38 carbon steel in 1M HCI

R.: shows a notable increase from 308.8 to 885.7Q.cm? over the first 21days and subsequently
decreases. These outcomes propose that the TMBCHA adsorption on the surface of electrode
is completed within the initial 21days, highlighting the nature of the adsorptive layer created
by the TMBCHA inhibitor. As the immersion period extends, this film becomes more compact
and uniform. However, beyond 21days, the decrease in R.; values and, accordingly, the decline
in inhibition effectiveness is ascribed to the desorption of TMBCHA from the XC38 surface.
The residual TMBCHA molecules play a role in restoring any deterioration in the inhibitive

film that may arise due to the presence of chlorides in the solution.
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IV.1.3. Surface microscopic observation

The investigation of material surfaces and the changes they undergo is essential in
understanding their properties and modifications. SEM analysis stands as a widely utilized
technique for scrutinizing surface characteristics. In the present study, SEM was employed to
discover alterations in the surface properties of XC38, with and without TMBCHA corrosion
inhibitor. FigureVL.8 displays the SEM images obtained during the investigation. Figure
IV.9presents SEM images of the XC38 surface after immersion for 24h in 1M HCI solution,
both without and with 200ppm of TMBCHA. In Figure IV.8 (a), the SEM image reveals the
polished XC38 carbon steel surface, which appears smooth, flat, and clean. This image serves
as a reference for the initial state of the surface. In Figure I'V.8(b), the metal surface immersed
in HCI appears highly damaged, exhibiting numerous pits and cracks indicative of extensive
XC38 steel dissolution. However, in FigurelV.8 (c¢), the steel surface shows significant
improvement with the accumulation of 200 ppm of TMBCHA to the corrosive medium. A
protective inhibitive coating is visible, covering the XC38 carbon steel surface. This film acts
to reduce metal dissolution, providing substantial corrosion prevention [33-35]. The SEM
images are consistent with the findings derived from the previously discussed electrochemical
measurements, providing additional support for the efficacy of the organic film in inhibiting

corrosion.

Figure IV.8: SEM images of polished XC38 carbon steel (a), XC38 carbon steel in IM HCl
(blank), and (c) XC38 carbon steel with 200ppm inhibitor after exposing for 24h.
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IV.I.4. Quantum chemical computations

IV.1.4.1.Global chemical reactivity

Historically, the quest for novel corrosion inhibitors relied on modifying the structures of
conventional inhibitors or empirical investigations [33-39]. However, there has been a recent
shift toward employing quantum chemical methods, particularly DFT computation, to delve
into the electronic and molecular properties of inhibitors [40,41]. DFT calculations, known for
their accuracy, robustness, and utility, provide a valuable avenue for comprehending inhibitor
properties, delineating their behavior, and facilitating the design and analysis of innovative
inhibitors [18,42-44]. In this study, DFT-based calculations are employed to investigate the
relationship between the corrosion behavior and the structural characteristics of TMBHCA.
Figure IV.9: illustrates the optimized structures of TMBHCA 1in its neutral state, alongside the
corresponding protonated Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) electron density distributions. These visualizations
offer valuable understandings into the electronic characteristics and reactivity of TMBHCA.
The analysis of Frontier Molecular Orbitals (FMOs) is pivotal in elucidating interactions
between molecules and other species. Specifically, the energies of the Enomo and Erumo
provide insights into the strong inclination of inhibitor compounds to either donate or accept

electrons from the metal surface. Summarized inTable IV.5, the obtained results enable the

calculation of reactivity indices.
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Figure IV.9: Optimized structures obtained via quantum chemical computations, HOMO,

LUMO orbitals and MEP of neutral and protonated TMBHCA molecules.

The energy gap, denoted by 4Eq, acts as an indicative parameter of the reactivity of inhibitor
molecules to adsorption on metal surfaces. A smaller 4Eq,, signifies higher reactivity and
enhanced efficiency of inhibitor adsorption, resulting in increased inhibition efficiency [45,46].
Moreover, the x of the TMBHCA inhibitor molecule reflects its propensity to release electrons

to accepting species. A higher y value indicates a stronger electron-holding ability, while a
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lower value suggests a greater likelihood of electron donation. Additionally, the ) and ¢ values
serve as valuable indicators of chemical reactivity and inhibition ability [47, 48]. A lower 1
value and higher ¢ value correspond to higher reactivity and increased inhibition ability,
respectively. The molecular o describes the electrophilic power of the molecule structure, with

a higher o value signifying a superior capacity of the molecule to accept electrons [49-52].

Table IV.5: Calculated reactivity indices using DFT functional for various parameters.

Parameter Neutral Protonated
Er(eV) -1215.967 -1216.405
Enomo (V) -5.455 -6.464
ErLumo (eV) -1.534 -2.824
Energy gap (4Egap, €V) 3.921 3.640
Chemical potential (¢, eV) =— -3.495 -4.644

X

Ionization potential (I, eV) = 5.455 6.464
(—Enomo)

Electron Affinity (A, eV) = 1.534 2.824
(—=ErLumo)

Hardness (n, eV)=0.5 * 1.961 1.820
(I-A)

Softness (o, eV) = 1/n 0.255 0.275
Electronegativity (x, eV)=(1+ 3.495 4.644
A)/2

Global Electrophilicity (w, eV) 1.557 2.962

(U *p) IM*2)

Comprehending the protonation state of TMBHCA inhibitor molecules holds paramount
importance, as it profoundly influences their reactivity and efficacy in corrosion inhibition. In
aqueous solutions, the prevailing protonated state of inhibitors is attributed to the presence of
hydrogen ions (H*). The protonation process enhances the interaction of TMBHCA inhibitor
compounds within the metal surface, thereby augmenting their corrosion inhibitory capabilities.

A comprehensive examination of both protonated and non-protonated states of TMBHCA
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molecules provides a nuanced understanding of their reactivity and effectivenessin diverse
environmental conditions [50]. Understanding this information is crucial for advancing the
development of corrosion inhibitors that demonstrate enhanced efficiency and effectiveness

across a spectrum of industrial applications.

Additionally, scientific investigations consistently emphasize that the adsorption of
inhibitors onto metallic surfaces can be attributed to donor-acceptor interactions. This is notably
evident in the interaction between the x electrons of heterocyclic compounds and the
unoccupied d orbitals of metal surface atoms. These interactions play a crucial role in the
development of a protective layer on the metal surface, thereby enhancing corrosion inhibition.
Simultaneously, the spatial distribution of electrons, controlled by the HOMO, dictates
electrophilic attacks, which tend to occur at atomic sites with a high density of HOMO orbitals.
Figure IV.10 offers insightful visualizations of this phenomenon, with the blue and orange
areas representing FMOs of opposite phases. The blue color signifies the positive phase, while
the orange color denotes the negative phase. Notably, the distributions of the LUMO and

HOMO orbitals are similar in both neutral and protonated states.

Furthermore, the HOMO orbital distribution spans the conjugate part of the molecule and all
heteroatoms (O, N, and S), indicating a widespread distribution of n-electrons throughout the
entire molecule. This distinction underscores the primary adsorption sites of these substances.
The presence of additional adsorption sites has the potential to influence the formation of a flat
surface on iron metal, thereby affecting the adsorption behavior and corrosion inhibition
properties of TMBHCA molecules.

Furthermore, Molecular Electrostatic Potential (MEP) provides a visual representation of
the electrostatic distribution within a molecule, aiding in the identification of binding sites and
interactions with neighboring molecules. In Figure I'V.10 the MEP profile is presented through
a color-coded map. Regions with maximum negative potential, promoting electrophilic attack,
are visualized in red. Conversely, areas with significant positive potential, favoring nucleophilic
attack, are shown in blue, while the zero-potential region is indicated by green. The intensity,
shape, and extent of positive, negative, and neutral electrostatic potentials are effectively
conveyed through distinct color gradients, where the potential increases in the order red <
orange < yellow < green < blue. As a results, from the MEP map presented in Figure IV.10 it
is evident that the high electronic density suitable for electrophilic attack (yellow region) is
proximate to the sulfur atom, whereas the green region corresponds to carbon and hydrogen.
Notably, the protonated form of TMBHCA exhibits the highest potential, signifying a greater
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inclination for electrophilic and nucleophilic attack. The red areas signify negative charges
conducive to nucleophilic attack, indicating a high potential for covalent bond formation with
iron d orbitals. In the protonated form, the blue regions suggest electron-receiving capabilities
of the metal. These findings offer valuable insights into the molecular structure and

characteristics of TMBHCA, emphasizing its effective inhibitory capacity against corrosion.

IV.1.4.2. Local chemical reactivity

To identify the active sites responsible for nucleophilic and electrophilic interactions
within TMBHCA in both its neutral and protonated forms, we conducted calculations involving
Fukui indices. Fukui index is one of the largest used reactivity parameters to explain chemical
reactivity of an electrophilic and nucleophilic attack site in a molecule. The two types of Fukui
functions f"and 1" are used to characterize the electrophilic and nucleophilic power of atom. The
most reactive site of the molecule is probably the one with the highest value of the Fukui

function. The Atom condensed form of Fukui functions was

proposed by Yang and Mortier [53]. The forms of three Fukui functions' types are defined as

follows:
fk+=[qk(N+1)—Qk(N)] Nucleophilicattack
fk—=[qk(N)—qk(N—1)] Electrophilicattack
£0 [qx (N + 1) — g (N — 1)] Free-radical attack
0 =

2

Here, fi, gk (N), qx (N +1) and gx (N —1) are, respectively, the Fukui function
corresponding to site k, the popular electronics of the k atom in the neutral molecule, in the

anionic molecule and in the cationic molecule.

The local electrophilicity w} can be calculated from the global electrophilicity index

(w) and the electrophilic Fukui index (f ) according to the following equation:

wp = of* EqIV.7

The results of Fukui and local electrophilicity indices are summarized in Table IV.6
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Table IV.6: Local reactivity parameters of studied molecule

Atome f f* o’ o *

N15 0.0103 0.0109 0.0098 0.0092 y&@ f

C16 0.0790 0.6226 @ 0.5586 0.0709 q =0.8922
N17 0.0091 0.0115 0.0103  0.0082

S18 0.8922 0.3533 0.3170 0.8004

H33

0.0084 0.0002 0.0002 0.0076 : a ‘J
2 \;

9
f"=0.6226

The values of / "and w "indicatethatthe carbon atom (C16) has the highest values, thus, 1t 1s the
most susceptible to attack by a nucleophilic reagent. On the other hand, thehighest values of f~
and - are those of the sulfur atom (S16), suggesting thatthis atom is susceptible to electrophilic
attack. WeThe values of /' "and w "indicatethatthe carbon atom (C16) has the highest values,
thus, it is the most susceptible to attack by a nucleophilic reagent. On the other handthehighest
values of f - and w- are those of the sulfur atom (S16), suggesting thatthis atom is susceptible
to electrophilic attack. We also remark that the two nitrogens (N15) and (N17) have acceptable

values of /7, f, " and ™ so they can contribute to electrophilic or nucleophilic attack.
IV.1.4.3. Non-covalent interaction study

The NCI concept stands as an advanced computational approach extensively performed for
unraveling intermolecular interactions and depicting weak forces in molecular structures. This
theory utilizes visualization indicators based on density and relevant metrics, color-coded to
reflect strength according to RDG values at low densities. The NCI method involves evaluating
electron density (p) and multiplying it by the sign of the second-highest eigenvalue (4,) of the
Hessian matrix of the electron density at each point on the isosurface. This product, represented
as (1) X p, indicates whether intermolecular forces are attractive or repulsive. A negative
sign of the product (4,) X pdenotes primarily attractive interactions, often associated with
hydrogen bond formation. Conversely, a positive sign indicates the presence of steric repulsion
or non-bonding interactions [54,55]. Figure V.10, displays the NCI-RDG plots derived from
the density analysis of the investigated TMBHCA compound. The plots unveil various
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intermolecular interactions in both the neutral and protonated states of the TMBHCA molecule.
HB, VDW, and steric repulsive interactions are visualized in blue, green, and red, respectively.
The RDG isovalue within the range of -0.035 to 0.020 a.u. and the sign of (1,) X psignify the
strength and nature of these interactions. Electron clouds within these regions exhibit stability
through interactions with appropriate acceptors. The scatter diagram, depicted in red, illustrates
that the interaction among the TMBHCA and the targeted metal surfaces effectively minimizes
steric-repellent interactions. This interaction is facilitated by N and S heteroatoms, as well as
methoxy or aromatic groups within the corrosion inhibitory substance's chemical structure [56].
These properties foster the creation of an effective adsorption coating layer, reinforcing
interactions with the metal surface. This observation aligns with earlier discussions centered on
the findings of FMO, MEP, and Fukui analyses, collectively emphasizing the reactivity and
bonding characteristics of TMBHCA molecules. This enhanced understanding of the inhibitory
mechanism enriches our comprehension of how this molecule effectively safeguards metal

surfaces from corrosion.
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Figure IV.10: RDG scatter plots (left) and NCI plots (right) isosurface (s = 0.5
a.u.) ofa) neutral and b) protonated TMBHCA.

IV.1.5. Proposed inhibitory mechanism

Exploring the inhibition mechanism at the interface of XC38 carbon steel and HCI has
been pivotal in deciphering the intricate processes that underlie corrosion inhibition. This
investigative approach, guided by a blend of experimental analyses and computational insights,
has performed valuable understandings into the underlying corrosion inhibition mechanisms of
TMBHCA molecule [57, 58] .The elucidation of the inhibition mechanism in HCl is attainable
through an understanding of the adsorption mode. The adsorption process is altered by the
charge on the metal surface, the nature of interaction with the metal surface, and the molecular
structure of the inhibitor molecules. [57,58,59] Leveraging both experimental and theoretical

findings from this study, we reveal the likely adsorption mechanism of TMBCHA. Initially,
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TMBHCA undergoes protonation in the presence of HCI, and the liberated Cl™ anion adheres
to the XC38 metal surface, consequently amplifying the nucleophilicity of other heteroatoms
(N=C, NH, and S=) Figure IV.11(a). In this scenario, the positive charge on the metal surface
enhances the adsorption ofCl™ ions. Through physical absorption, the protonated TMBCHA
molecules affix to the chloride-ion adsorbed steel surface. Subsequently, TMBCHA molecules
can chemically adsorb onto the mild steel surface by forming coordination bonds between the
lone pair electrons on adsorption centers such as S, N, O, and the n-electrons of the aromatic
ring, and the vacant orbitals of Fe atoms. Additionally, chloride ions adhere at the
electrode/solution interface due to their lower hydration level, thereby enhancing the adsorption
of positively charged protonated inhibitors through an excess of negative charges along the
electrode/solution interface. Consequently, the positively charged molecules preferentially
engage in electrostatic interactions with the negatively charged metal surface, facilitating the
physical adsorption of protonated inhibitors Figure I'V.11(b). offers a schematic representation
of diverse adsorption modes at the metal-acid interface. In addition to physical adsorption,
neutral inhibitors [60-63] have the capacity to chemically adsorb onto the XC38 carbon steel
surface. This process involves direct electron sharing, based on donor-acceptor interactions
between the z-electrons of the heterocyclic ring and the unoccupied d-orbitals of surface iron
atoms. Typically, iron tends to coordinate with the inhibitor heteroatoms, resulting in the
creation of an adsorptive film. Whether through physical or chemical adsorption, or a
combination of both, the establishment of an adsorptive film on corroding steels leads to a
reduction in the corrosion rate. With an increase in inhibitor concentration, the adsorptive film

extends to cover larger surface areas, thereby contributing to amplified inhibition efficiency.
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Figure I'V.11: (a) TMBHCA molecule protonation in the presence of HCI and (b) proposed
inhibition mechanism for the XC38 surface employing TMBHCA.
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Part two

Assessment of the Corrosion Inhibition Performance of a
Novel a-Aminophosphonate on Carbon Steel ASTM A 283
grade C in Acidic Media: Experimental and computational

insights
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IV.2. Characterization of inhibitor

IV.2.1. Proton nuclear magnetic resonance (1IH NMR) spectrum

The 1H NMR spectrum Figure IV.12 indicates a structure with ethyl, methyl, and
aromatic groups, with numerous chemical shifts caused by coupling effects with functional
groups such as nitro and acetamide groups. The main signals in the aromatic domain are
characterised by multiple couplings, suggesting that the aromatic ring is substituted in a
complex manner with groups that induce varied chemical shifts. The multiplets, triplets, and
doublets observed for the aromatic protons suggest a varied chemical environment with
coupling interactions between neighbouring protons. The lower chemical shifts (close to 1-2
ppm) are associated with methyl and ethyl groups, and the higher shifts (around 6-8 ppm) with
protons on the aromatic rings and the effects of de-effective groups such as nitro and acetamides
[64-66].The signals at 6 8.03 and 7.54 ppm (doublets, 2H each) correspond to the aromatic
protons of the ring bearing the nitro group, while the signal at ¢ 6.59 ppm (doublet, 2H) is
attributed to the protons of the ring bearing the acetamide group. A singlet at & 7.39 ppm
indicates the presence of an amide proton (NH), and a triplet at & 5.74 ppm is associated with a
secondary amine proton (NH) linking the two aromatic rings. The proton on the carbon bonded
to phosphorus appears as a doublet of doublets at 6 4.80 ppm, characterized by a large coupling
constant with phosphorus (J = 23.8 Hz). The diethyl groups of the phosphonate appear as
multiplets between & 4.25 and 3.64 ppm for the CH: groups, and two distinct triplets at 6 1.33
and 1.16 ppm for the CHs groups, indicating a non-equivalent environment. Finally, the
acetamide group is identified by a singlet at & 2.19 ppm corresponding to the CHs group adjacent
to the carbonyl [67].

'H NMR (300 MHz, CDCI3) & 8.03 (d, J = 9.1 Hz, 2H, H-Ar), 7.54 (d, J = 8.3 Hz, 2H, H-Ar),
7.42 (d,J = 2.0 Hz, 2H, H-Ar), 7.39 (s, 1H, NH), 6.59 (d, J = 9.2 Hz, 2H, H-Ar), 5.74 (t, ] = 8.4
Hz, 1H, NH), 4.80 (dd, J = 23.8, 7.7 Hz, 1H, H*CP), 4.25 — 4.07 (m, 2H, O-CH2-CH3), 4.04 —
3.89 (m, 1H, O-CH2-CH3), 3.79 — 3.64 (m, 1H, O-CH2-CH3), 2.19 (s, 3H, H3C-C=0), 1.33
(t,J=7.1 Hz, 3H, O-CH2-CH3), 1.16 (t, ] = 7.1 Hz, 3H, O-CH2-CH3)
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Figure I'V.28 :H RMN spectrumofdiethyl (4-acetamidophenyl) (4-nitrophenyl amino)
methylphosphonate

IV.2.2. Nuclear Magnetic Resonance of Phosphorus-31spectrum

The signal observed in Figure IV.13 at § 21.04 ppm is a singlet, which means that the
phosphorus nucleus is isolated, it does not show coupling with neighbouring nuclei, such as
hydrogens or other phosphorus nuclei. The fact that the signal is a singlet and is located around
21 ppm gives several pieces of information about the environment of the phosphorus nucleus.
The chemical shift of 21.04 ppm is relatively small, suggesting that the phosphonate group (-
P(O)(OEt).) is in a relatively unbalanced chemical environment. This is often observed when
the phosphorus is bound to weakly affecting electron groups, such as the ethoxy group (-OEt)
and not a highly electronegative group. Phosphorus is linked to a methylphosphonate group in
which it is directly linked to a carbon atom bearing a methyl group, and it is also linked to two
ethoxy groups (-OEt). Phosphorus is therefore in a relatively unpolarised environment. The
signal at & 21.04 ppm does not show a multiplet structure, meaning that there is no observable
coupling with neighbouring hydrogens. This is consistent with a chemical environment where
phosphorus is bound to groups such as -OEt and -OCHs, which do not generate any noticeable
coupling with the phosphorus core. The singlet also suggests that the phosphorus ring is
equidistant from other groups and that interactions with neighbouring rings are weak or absent

signal at d 21. 04 ppm in the 31P
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spectrum is attributed to a phosphorus core in a phosphonate environment, with minimal
coupling (singlet). This is consistent with the chemical environment of the phosphonate group
in the described compound, where the phosphorus is bound to two ethoxy groups and one

methyl group, as well as other functional moieties such as acetamido and nitrophenyl [68].
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Figure I'V.13 : 31P spectrum ofdiethyl (4-acetamidophenyl) (4-nitrophenyl amino)
methylphosphonate

IV.2.3. Infrared Spectroscopy IR spectrum

We note in the spectrum Figure IV.14 a band at around (3255.37- 3257.91), which
proves the presence of the N-H function (amide and secondary amine), the multiple weak bands
(3127.38-3074.43) present the hydrogen of the C-H aromatic rings, a strong band around (1662.
70cm™') signifies the existence of the (C =0O) group, which is probably a carbonyl of the
acetamide, a band at around (1292.83) signifies the (P =O) function of the phosphonate, the
vibration at (1045.75) is a (P-O-C) band, which is a phosphonic estera strong band at around
(1504.96cm™) is typical of the NO, group. The IR spectrum suggests that the compound is an
aromatic phosphonic ester or phosphonamide containing the functional groups mentioned
below. Therefore, the compound is likely an acetamido-nitro-aromatic phosphonic ester, which
corresponds to the chemical structure of diethyl (4-acetamidophenyl) (4-nitrophenylamino)

methylphosphonate.[69].

IR;v(cm-1): v(N-H) (3255.37, 3257.91), v(C—H) aromatic (3127.38, 3074.43), v(C =0)
(1662.70), v(P =0) (1292.83), v(P-C-0) (1112.88), v(C—C) aromatic (981.37), v(C-P) (751.85).
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Figure I'V.14: IR spectra of diethyl (4-acetamidophenyl) (4-nitrophenyl amino)

methylphosphonate compound.

IV.3. Impact of inhibitor concentrations
IV.3.1. Gravimetric study

ASTM A283 Grade C steel specimens were immersed vertically in 1M HCI solutions
for 72 hours, both in the absence and presence of various concentrations of the FHN inhibitor.
The corrosion parameters, including mass loss (Am), corrosion rate (Cr), and inhibition
efficiency (nwi), were evaluated under different inhibitor concentrations. The results are
summarized in Table IV.7, which highlights a substantial reduction in corrosion rate with
increasing FHN concentration, accompanied by a progressive improvement in inhibition
efficiency. Without the inhibitor, the corrosion rate was significantly high, reflecting the
aggressive nature of the acidic medium. However, the addition of FHN dramatically reduced
the corrosion rate, with the highest inhibition efficiency of 95.47% achieved at 200 ppm. This
observed reduction in corrosion rate and increase in inhibition efficiency can be attributed to
the adsorption of FHN molecules onto the steel surface. The inhibitor forms a protective layer
that blocks the active sites of the metal, minimizing its exposure to the corrosive environment.
Such adsorption behavior suggests a strong interaction between the FHN molecules and the

metal surface, likely involving both physical and chemical adsorption mechanisms.[70].
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Table IV.7 Corrosion parameters of ASTM A283 Grade C Steel in 1M HCI solution with and

without FHN inhibitor at various concentrations after 72 H of immersion.

Concentration (Am) (2) Cr10™ 0 (mw) (%)
(ppm) (gem?h™)
0 (Blank) 0.7255 18.45493 - -
20 0.111 3.011068 0.8368  83.68
40 0.0992 2.52279 08633  86.33
60 0.0499 1.353624 0.9266  92.66
80 0.0435 1.180013 0936 936
100 0.0432 1.115242 09395  93.95
200 0.0327 0.834853 0.9547 9547
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Figure IV.15: Variation of Corrosion Rate and Inhibition efficiency of ASTM A283 Grade C

Steel in 1M HCI solution as a function of FHN concentration after 72 H of immersion.

The findings of this study align with the established understanding in the literature, where

effective organic inhibitors are known to enhance protection by forming stable, adsorbed

films on metal surfaces. The ability of FHN to achieve such high inhibition efficiency

demonstrates its potential as an eco-friendly and cost-effective inhibitor for protecting carbon
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steel in harsh acidic environments. These results highlight the promising application of FHN in

industrial settings where corrosion control is critical, particularly in petrochemical processes.
IV.3.2. Electrochemical investigations

IV.3. 2.1. Open circuit potential measurements
The variation of the free potential or the open circuit potential (OCP) during a corrosion

test is the first indication of the degradation extent during the immersion in an aggressive media
.The change of free potential of OCP for ASTM A283 Grade C Steel in 1M HCI solution,
without and with FHN inhibitor at various concentrations are depicted in Figure I'V.16 .in the
blank solution (black curve in Figure the initial OCP was -0.490mV (vs Ag/AgCl). This value
became substantially constant after 0.3 h of immersion. On addinginhibitors, OCP values
become more positive [71, 72]. this suggests that the kinetic of the anodic reaction of carbon
steel in IMHCI solution was affected more strongly in the presence of the FHN inhibitor on the
surface of the carbon steel working electrode .This behavior is due to the inhibitor decreases

active site on the carbon steel surface through the adsorption of the inhibitor on active sites.
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Figure IV.16 ;ASTM A283 Grade C steel open circuit potential with and without FHN at

different concentrations.
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1V.3.2.2 Polarization examination

Potentiodynamic polarization measurements have been established out in order to
obtain useful information concerning the kinetics of the anodic and cathodic reactions. Tafel
polarization curves for ASTM A283 GradeC Steel in IM HCl  without and with different
concentrations (20, 40, 60, 80,100.200 ppm) of FHN inhibitor are shown in Figure IV.17
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Figure I'V.17: Potentiodynamic polarization curves of ASTM A283 Grade C steelin 1.0M

HCI solution in the absence and presence of FHN at different concentrations.

The various electrochemical parameters such as Ecorr, icorr and IEp (%) obtained by
extrapolation of the Tafel lines were given in Table I'V.8. Following the curves we can see
clearly that both anodic and cathodic currents were reduced by addition different concentrations
of inhibitor extract. From TableIV.8 it can be deducted that, the presence of FHN inhibitor in
the acidic solution results in a small interval of corrosion potential coming more negative in
comparison to that in its absence, and the values of corrosion potential nearly remain constant
with the addition of different concentrations of inhibitor. According to literature [73, 74], when
corrosion potential is higher than £85 mV with respect to the corrosion potential of the blank,
the inhibitor can be considered distinctively as either cathodic or anodic current. However, the
maximum displacement in this study is less than +85 mV, so these results indicate that FHN

inhibitor acts as a mixed-type inhibithor. It is very clear from TableIV8that icorr and Cr values
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in the presence of the inhibitor extract remarkably smaller than these of the blank solution.
Where icorr values of 4,0413.10A/cm?A/cm?and when EI% attains its maximum 93,08% at
200 ppm of inhibitor, this indicates that it may be that molecules of the FHN effectively are
adsorbed on surface of the working electrode, also the values of both bc and ba decrease upon
addition of inhibitor, which may mean that the molecules of the inhibitor are adsorbed by
blocking the active sites (at both anodic and cathodic) and improving the metal’s corrosion

resistance at both anodic and cathodic sites [75,76].

Table IV.8: Characteristics obtained from Tafel analysis for ASTM A283 Grade C steel in

IM HCI solution with 200ppm of FHN at various immersion durations

Parameters Icorr*103 Ecoor(V) Ba(mV) Be(mV) Rp(Q cm?) E(%)
(A/cm?)
BlanK 58,407 -0,45223 141,46 -112,14 43,395 /
20 ppm 9,2164 -0,4589 106,94 -68,885 152,82 84,2203845
40 ppm 8,3485 -0,45842 106,38 -72,746 190,02 85,7063366
60 ppm 8,1613 -0,46347 81 -92,877 213,22 86,0268461
80 ppm 6,2766 -0,47674 118,36 -71,507 238,93 89,2536853
100 ppm 5,0341 -0,476 123,66 -60,769 24243 91,3809988
200 ppm 4,0413 -0,45527 95,917 -111,74 432,12 93,0807951

1V.3.2.3. Electrochemical impedance spectroscopy (EIS)

In order to confirm the results extracted from polarization curve and to acquire more
information about corrosion mechanisms, EIS measurements were carried out at corrosion
potential. The obtained results after immersion in aggressive solution (1M HCIl) with and
without FHN at different concentrations are presented in FigurelV.18. It is apparent from this
plots a depressed semi-circle, having one capacitive loop which reveals that the corrosion
process is mainly charge transfer controlled [77]. These diagrams have similar form for all
tested concentrations, indicating that almost no change in the corrosion mechanism. It is found
that the obtained Nyquist plots are not yield perfect semicircles due to the frequency dispersion,
as well as electrode surface hetero-geneity resulting from surface roughness, impurities,
adsorption of inhibitors and formation of porous layers [78]. In addition, size of diameter
expands with increasing of FHN concentrations suggesting that this molecule acts as efficient

corrosion inhibitor for Carbon-steel.
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Figure I'V.18: EIS spectra: a) Nyquist plan, b) Bode plots of ASTM A283 Grade C steel

in1M HCI solution in the absence and presence of FHN at different concentrations after 1h of

immersion.

The impedance data indexed in the Table IV.9 designate that the addition of the extract expands

the value of Rct and reduces the value of electrochemical double layer capacitance (Cai). The

increase in Rct value is attributed to the formation of the protective film on the metal/solution

interface [79, 80]. The decrease in Cq4i indicates increasing in the thickness of the electric double

layer [81].

The Rp value increased significantly with the inhibitor concentration, this increase was simply

explained with highly efficient barrier film on the surface. This Rp value could be utilized for

calculation of percent inhibition efficiency with equation.IV.8 it was found to be maximum

(92,5%) at a concentration of 200 ppm at 298 K of the inhibitor.

_p0
IE(%) = @ x 100

p

EqlV.8

Where R% and R, are respectively  the polarization resistance values without and with FHN

inhibitor.
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In Figure IV.18, showing the Bode plots, themagnitude of the impedance modulus (Z) as well
as the phase angle (-¢) are observed to increase with the addition of FHNinhibitor. This
comportment suggests that FHN inhibitor molecules are absorbed on the working electrode

surface [82].

TablelV.9: Electrochemical impedance spectroscopy characterisrics for the ASTM A283
Grade C steel corrosion in 1M HCI at different FHN concentrations.

C(ppm) Rs (Q.cm?)  R¢(Q.cm?)  CPE (uF.cm?) E (%)

Blank 1,242 114 3,74E-03 /

20 ppm 2,842 203,5 2,26E-05 83,140049148
40 ppm 3,151 283,7 3,23E-05 87,90623898
60 ppm 2,178 310 3,69E-04 88,93225806
80 ppm 2,569 377 9,42E-05 90,89920424
100 ppm 2312 437,2 2,53E-04 92,15233303
200ppm 2,212 459,1 4,01E-05 92,52668264

IV.3.3. Adsorption isotherm models

The Langmuir model (Figure IV.19) which assumes monolayer adsorption on a
homogeneous surface with no lateral interactions between adsorbed molecules, provided the
best fit to the experimental data, with an excellent correlation coefficient of R =0.99986. This

indicates that the adsorption of FHN onto the steel surface follows Langmuir-type behaviour.

To further investigate the nature of the adsorption process, the equilibrium adsorption constant
(Kads) obtained from the Langmuir model was used to calculate the standard free energy of

adsorption (AG®a4s) using the following equation:
AGYy= — RT In (Kads 55.5) EqIV.9

where R is the universal gas constant, T is the absolute temperature in Kelvin, and 55.5 is the

molar concentration of water in the solution (mol-L™).

169



ChapterlV

The calculated value of AG®ads for FHN is —28.75 kJ-mol ™. This negative value indicates that
the adsorption process is spontaneous and thermodynamically favourable. Moreover, the
magnitude of AG®4s suggests that the adsorption of FHN is predominantly physisorption, as
values around —20 kJ-mol™ are characteristic of electrostatic interactions between charged

inhibitor molecules and the metal surface.

The adsorption study thus shows that FHN forms a stable monolayer on the steel surface in an
acidic medium (1M HCI), providing effective corrosion inhibition. The Langmuir model proved
to be the most suitable for describing this behaviour, confirming the strong interaction between

the inhibitor and the metal substrate.
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Figure IV.19: Langmuir isotherm model for ASTM A graded ¢ in 1M HCI with different

FHN concentrations.

IV.3.4. Quantum chemical computations

IV.3.4.1.DFT analysis

As presented in Figure I'V.20 under acidic condition, the nitro, amide and phosphonate
groups of FHN molecule (Inh)were considered as probable and preferred sites for protonation
so we symbolize them as follows: Inh-NOH", Inh+NCOH" and Inh+POH".

The optimized structures were collected in Figure IV.21; the non-protonated (Inh) form
of the FHN includes the phosphorus atom (likely bonded to three oxygens and one carbon) that

forms part of the central tetrahedral geometry. Additionally, the amine group is intact and not
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protonated. In Inh-NOH" form, this structure shows protonation at the hydroxylamine group,
leading to a positive charge, which may influence: electron density distribution, hydrogen
bonding interactions, and geometry around nitrogen and oxygen. In the case of Inh-NCOH",
protonation occurs possibly at the nitrogen or the hydroxyl of a formamide or carboxamide-like
functionality. This could indicate protonation at a carbonyl oxygen or adjacent nitrogen,
stabilizing through resonance or hydrogen bonding. The structure still maintains the core a-
aminophosphonate but with altered bond angles around the protonated site. In the case of Inh-
POH?, Protonation occurs at the phosphonate group, specifically the hydroxyl oxygen attached
to phosphorus. This form shows how protonation affects the P=O and P-OH bond lengths and
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Figure I'V.20: Protonation of FHN molecule under acidic condition.
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Inh-NCOH* Inh-POH*

Figure I'V.21 : Optimized structures of the neutral and three protonated forms of FHN

molecule in water

1V.3.4.2. Frontier molecular orbitals and DOS spectra

In TableIV.10, the calculated parameters of HOMO and LUMO energy levels can
control the stability and reactivity variance between the studied protonated forms. Also, the
energy gap is the main index referring to the reactivity behavior of these forms. The findings
estimated that Inh-NOH™ form (AE = 2.323 eV) is the most reactive, softest molecule, and could
interact more easily with biomolecular targets. This concludes that protonation at NOH
significantly reduces the energy gap.Inh'POH* and Inh-NCOH" (AEgp = 3.9 eV) are mostly
similar to neutral Inh in reactivity, only slightly higher. These protonation states don't
significantly alter reactivity. The Surface Area and Volume values suggest that Inh-NOH" has
slightly higher volume (447.41 A®) than the neutral, while Inh-NCOH* has the smallest volume.
The differences suggest that protonation does not drastically alter molecular size, but likely

affects electronic distribution.

TableIV.11 presents quantum reactivity descriptors for a neutral inhibitor (Inh) and
three of its protonated forms. These descriptors are derived from frontier molecular orbital
theory and provide insight into the chemical reactivity, stability, and electron donation potential
of each species. The electron affinity (A) refers to the energy released when an electron is
added, where a higher A leads to a greater tendency to accept electrons.Inh-NOH" is the most
species considered as an electron acceptor with reference to the electronegativity value (y =
5.063 eV), while Inh species is the least one to accept electronic charge (4.153 eV).The
ionization potential (I) gives the energy required to remove an electron, where a higher I

provides less tendency to donate electrons. Additionally, softness (c) and hardness (1) indicate
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how the molecule is reactive and polarizable. The higher value of ¢ indicates more reactive
species with a polarizable surface, as in Inh-NOH'(c = 0.861 eV™!),which is the most reactive
species. This confirmed the smaller calculated AEgay The electron-donating Power (AN)
estimates the number of electrons transferred to a metal surface. Higher AN gives better electron
donor (inhibitor strength).It can be concluded that the inhibition efficiency order is with Inh-
NOH* > Inh-NCOH" > Inh-POH* >Inh. Inh-NOH" is the most chemically reactive and effective
inhibitor, based on its high electron donation ability (AN), softness, and

electronegativity. However, neutral Inh is the least reactive form.

Table IV. 10 FMOs energy values with volume and surface area of the optimized structures
of the neutral and three protonated forms

Inhibitors Area Volume ELumo Enomo AEgap
(A (A%) (eV) (eV) (eV)

Inh 422.48 446.81 -2.251 -6.055 3.804
Inh-NOH* 421.92 447.41 -3.902 -6.225 2.323
Inh-NCOH" 424 .32 445.49 -2.292 -6.192 3.900
Inh-POH" 423.27 445.82 -2.509 -6.416 3.907

TableIV.11. The calculated quantum reactivity parameters of the studied neutral and
protonated forms.

Inhibitors AEV) I@V) xeV)  oEV)  qeV) AN (e)
Inh 2.251 6.055 4.153 0.526 1.902 0.748
Inh-NOH* 3.902 6.225 5.063 0.861 1.161 0.834
Inh-NCOH* 2.292 6.192 4242 0.513 1.950 0.707
Inh-POH* 2.509 6.416 4.462 0.512 1.953 0.650

Figure IV.22 represents the density of states (DOS) spectra of FHN's unprotonated and
prorogated forms. The spectra in the occupied region are condensed and distributed over a wide
range of energy levels, supporting the stability of the molecules in the ground state. The virtual
area measures the energy levels that contribute to the excited state. In the neutral form, Inh,
AEgap value is the reference point; the gap should be wider than in the protonated species, giving

stable, less reactive forms than protonated forms. While in Inh-NOH*, AEgap is reduced,
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increasing reactivity; more susceptible to electron exchange due to a smaller HOMO-LUMO
gap. Other forms mostly take the behavior of the unprotonated form, however, the orbital
contribution in Inh-HOMO level cover all the atomic scale of the molecule, leading to extra
stability, but in an excited state, the electronic transition behavior take the same contribution on

the NOz-included part.

HOMO DOS plots LUMO

nh-NOH*

£ %0 Lm0 o

< tzene  -ara <

Inh-NCOH~

Figure IV.22 : DOS and HOMO-LUMO IN WATER
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1V3.4.3. Fukui indices and dual descriptor analysis

The Local reactivity descriptors (Fukui indices and dual descriptor) in this study were
performed to specify the electrophilic and nucleophilic sites as shown in Figure IV.23. {
indicates nucleophilic attack sites (where the molecule donates electrons), while f~ indicates
electrophilic attack sites (where the molecule accepts electrons). From the FigurelV.25, color
mappings are used, where purple spots indicate the electrophilic sites present in the studied
forms, while green spots refer to nucleophilic sites present. The dual descriptor (Af = f*— )
assigns the favorable electrophilic or nucleophilic attack. Af > 0 (positive regions) favors
nucleophilic attack, named as electron-donating centers. Af < 0 (negative regions) favor
electrophilic attack, referring to electron-accepting centers nucleophilic and electrophilic Fukui
indices values are summarized in table S1 (supplementaryinformation). The dual descriptor
values are displayed in FigurelV.24, where the NO; group (atoms 13-15) favors nucleophilic
attack. This finding was noticed in the other protonated forms, unless greater dual descriptor
value in Inh-POH'. This may be attributed to the proton on the POs group decreasing
delocalization of the electrons over the molecule, leading to charge localization on the
NOzgroup.Inh form shows nucleophilic regions around heteroatoms like nitrogen and oxygen
(e.g., OH or NH groups). Electrophilic regions may be around hydrogen-bonding hydrogen
atoms or conjugated carbon centers. The protonation step in Inh-NOH*, Inh-NCOH", and Inh-
POH* forms alter electron distribution, making previously neutral sites more prone to attack.
For instance, NOH" may enhance electrophilic character near the N-O group. POH" may show
enhanced nucleophilic character near the phosphoryl oxygen. Additionally, Inh-NOH"
exhibited favorable electrophilic attack via N6 (nitrogen attached to aromatic ring). However.
Inh-POH" shows electrophilic attack with N, O atoms (numbers 24 and 25) and C16 of the
aromatic ring, as in the case of Inh-NOH".To summarize this, the local reactivity descriptors,
including Fukui indices and the dual descriptor, reveal that the protonated forms of the inhibitor
(Inh-NOH", Inh-NCOH", and Inh-POH") exhibit enhanced site-specific reactivity. The Fukui f*
and f~ functions highlight the key nucleophilic and electrophilic regions, respectively, while the
dual descriptor enables clear visualization of electronic density shifts due to protonation. These
regions, predominantly around the heteroatoms, serve as potential binding sites for metal

interaction, crucial for understanding the corrosion inhibition mechanism
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Inhibitors Electrophilic sites (f°) Nucleophilic sites (f*)

Inh

Inh-NOH"*

Inh-NCOH*

Inh-POH"*

Figure IV.23 : Isosurfaces of the nucleophilic and electrophilic Fukui indices obtained by

means of finite differences approximation with an isosurface = 0.03 a.u.
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Figure IV.24 Plot of the dual descriptor for the neutral and three protonated forms of FHN

molecule.
1V.3.4.4. Hirshfeld population and Cosmo-RS analyses

Hirshfeld population was studied to analyze the electron density distribution in a
molecule and understand how electron density is shared among atoms. It assigns atomic charges
by comparing the electron density of a molecule with that of a promolecule (a hypothetical
superposition of non-interacting atoms), which is used to study intermolecular interactions and
bonding characteristics. The Hirshfeld charge gives insight into how electrons are distributed
across atoms in a molecule as in Figurel V.25 It’s especially useful for identifying electron-rich
vs. electron-poor regions, predicting reactivity, especially nucleophilic/electrophilic sites, and
comparing effects of protonation on electron density. In the case of Inh form, the Hirshfeld map
shows a more even distribution of charges. Negative charge concentration was expected near
oxygen atoms (C=0OandNOxgroups with values -0.33 and -0254, respectively), and significantly
decreased on nitrogen atoms. Positive regions normally occur on hydrogen atoms. In the map
of Inh-NOH", the Hirschfeld charge on oxygen of the NO, group (-0.162 and -0.077) decreases
based on the group protonation, while the charge on oxygen of C=0 slightly decreases (-0.322)
compared with the unprotonated form. The same for other protonated forms, where the charge
differs from the unprotonated species in the position of a proton within the specific group.
Charges on oxygen of the NO2 group for Inh-NCOH" and Inh-POH", significantly similar to
those in the Inh form. A difference in the Hirshfeld map was observed around NCOH" and
POH' protonated groups.COSMO-RS (Conductor-like Screening Model for Real Solvents) can
predict
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thermodynamic properties of liquids and solutions based on quantum chemical input from DFT

calculations with the COSMO solvation model.

Inh Inh-NOH*

Inh-POH*

Inh-NCOH*
Figure I'V.25: Hirshfeld charge distribution of the neutral and three protonated forms of FHN
molecule in water solvent.
Figure IV.26 shows the electrostatic potential on the molecular surface, where colors usually
indicate, red refers to electron-rich (H-bond acceptors with negativec), blue refers to electron-
poor (H-bond donors with positive 6), and greenish/neutral regions represent non-polar regions,
with low polarity and low reactivity. By comparing the neutral and protonated forms, neutral
FHN likely shows a balanced distribution of red and blue, indicating moderate polarity. The
protonated forms exhibited an increase in blue areas, reflecting added positive charge (likely
on nitrogen or oxygen atoms).Sigma-profile (c-profile) is a histogram plotting the probability
distribution of surface segments against ¢ values. In this analysis, the x-axis is ¢ (surface charge
density), ranging from negative to positive. The y-axis represents the relative amount of surface
area with that specific o value. Neutral FHN usually has a symmetric or moderately polar

profile, with moderate areas under both positive and negative

o. While comparing these results, it was found that the H-bond acceptor areas mostly a

significant positive ¢ values, illustrating the ability to accept more protons. Inh-NCOH" and
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Inh-POH" exhibited similar behavior in the closing of ¢ values, unlike Inh-NOH™. This can be

attributed to the favorable protonation NO2 group that has a strong impact on the stability of
the molecule.
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Figure IV.26: 3D sigma-surface and sigma-profile of the neutral and three protonated forms

of FHN molecule in water solvent predicted by COSMO-RS analysis.

11.4. Conclusion

The electrochemical study carried out and the analysis of the results led us to conclude

that the two compounds (TMBHCA and FHN) have an inhibiting effect on the corrosion of
carbon steel. The results of analyses using microscopic scanning showed the presence of

compound on the surfaces, which was also confirmed by the use of Monte Carlo simulations.
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General
conclusion



The main goal of this study was to investigate the inhibitory effect of two synthesized
molecules. The first, a Schiff base 2-(2,4,5-trimethoxybenzylidene) hydrazine carbothioamide
(TMCBHA), was tested against the corrosion of XC38 carbon steel in 1M HCI. The second
molecule, ana-aminophosphonate derivative of diethyl (4-acetamidophenyl) (4-nitrophenyl
amino) methylphosphonate (FHN), was tested against the corrosion of ASTM A283 Grade C
carbon steel. Various techniques, including weight loss measurements, potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS), and both chemical and
electrochemical tests, were employed to evaluate the performance of the inhibitors as a function
of parameters such as inhibitor concentration (for both inhibitors) and immersion time (for
TMCBHA). Scanning electron microscopy (SEM) was used to analyze the steel surface before
and after inhibition. Additionally, to gain a deeper understanding of the adsorption mechanism
of both molecules on the steel surfaces, the electron cloud behavior at the substrate/solution

interface was investigated using density functional theory (DFT).

» The conclusions drawn for the (TMCBHA) are as follows

e The gravimetric scan indicated that the (TMCBHA) have well inhibited 98% carbon
steel corrosion, in 1M HCl solution. Depended on the weight loss examination the IE(%)
grows on adding inhibitor concentrations.

e Potentiodynamic polarization measurements denoted a reduce in corrosion currents on
adding the inhibitors. The inhibitors affected both the anodic as well as the cathodic
processes and the values of corrosion potential suggested that TMCBHA was mixed-
type inhibitor in nature. The values of Tafel polarization indicate that the inhibition
efficiency extended93%.

e EIS measurements show that charge transfer resistance (R¢) increases and double layer
capacitance (Cqai) decreases in the presence of inhibitors, which suggested the adsorption
of the inhibitor molecules on the surface of carbon steel. All these results submit that
molecules of the inhibitor are interacting with the metal surface, provoking the blockage
of the active sites and consequently heading to the development of the protection of the
metal opposed to corrosion.

e SEM photographs confirmed the formation of a shielding layer of the inhibitor
(TMCBHA) molecules on carbon steel surface.

e In order to see the effectiveness of investigated inhibitors in acid cleaning operations
conditions, the immersion test was carried up to 28days. Evaluation results showed that

on increasing the immersion time from 1day to 21days, the inhibition efficiency (IE%)
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of TMBCHA are increased (to 75.20 for 95.87%)at 200 ppm. The increase in inhibition
efficiencies may be due to the more adsorption of inhibitors molecules on the surface.
In other words, the mild steel surface is more completely covered by the inhibitors
molecules, which more effectively protects the metal from the water corrosion on attack
The immersion test conducted over 28 days under acid cleaning conditions showcased
the effectiveness of the considered inhibitor. The evaluation revealed a substantial rise
in inhibition effectiveness from 75.20% to 95.87% at 200 ppm as the immersion period
extended from 1 day to 21 days. This enhancement is ascribed to the heightened
adsorption of TMCBHA molecules on the XC38 surface, ensuring more comprehensive
coverage and effective protection against corrosion.

The quantum chemical studies provided more detailed input on the mode of donor-
acceptor interaction and the MC simulation further confirmed that the TMBCHA
adsorbed on the MS surface by horizontal orientation of active species in TMBCHA by
replacing the pre-adsorbed water molecules and develops extra corrosion resistance.

In conclusion, the exhaustive blend of experimental and theoretical analyses collectively
emphasizes the considerable promise of TMCBHA as a potent corrosion inhibitor,
offering valuable insights for its prospective application in industrial settings

The results obtained for the inhibitor (FHN) lead to the conclusion that

Experimental results from gravimetric analysis, indicate, the addition of FHN ini
IMHCI dramatically reduced the corrosion rate, with the highest inhibition efficiency
0f 95.47% achieved at 200 ppm.

Potentiodynamic polarization, and EIS revealed that FHN effectively reduced corrosion
rates, achieving a maximum inhibition efficiency of 95.47% at 200 ppm.

The adsorption studies confirmed that FHN follows the Langmuir isotherm model,
indicating monolayer adsorption on the steel surface. The calculated free energy of
adsorption (AG, = —28.75 kJ mol’) demonstrated the spontaneous and stable nature of
the adsorption process, predominantly driven by physisorption.

Density functional theory (DFT) provided further insights into the molecular properties
of FHN, such as its low energy gap, high electronegativity, and reactive functional
groups, which promote its adsorption onto the steel surface. Fukui index analysis
pinpointed the specific active sites responsible for nucleophilic and electrophilic

interactions, validating the inhibitor's adsorption mechanism.
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The combination of experimental and theoretical results highlights the potential of FHN as an
environmentally friendly and cost-effective inhibitor for industrial applications requiring

corrosion protection in acidic environments.
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