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Abstract

For a long period, there have been significant losses at high costs due to the corrosion and
damage it causes in most industrial processes, especially in the oil and gas industries.
Consequently, erosion represents a serious threat to humans and animals, as it has a catastrophic
impact on the environment, which calls for permanent and final solutions to it, and therefore
there is a lot of literature related to the issue of corrosion. Hence the importance of natural or
synthetic organic corrosion inhibitors, as they are usually inexpensive and harmless because
they biodegrade, as proven by previous studies. Organic molecules that contain a number of
heterogeneous atoms and double and triple bonds in their molecular structures have a great
ability to resist corrosion of metals in various corrosive solutions. Much research has been
reported annually by many researchers related to corrosion inhibitors and their preparation or
extraction as well as the mechanism of classification and inhibition. The current study represents
the types of corrosion, types of inhibitors, mechanisms of action, measuring the corrosion
inhibitor efficiency and a brief presentation of research articles that use manufactured or
extracted coumarins as corrosion inhibitors, and a comparison between them in terms of
inhibition effectiveness has also been made.
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1. Introduction

Corrosion is metal dissolution caused by interaction with acidic corrosive environments [1]
by direct chemical reactions resulting from the formation of noble compounds [2]. As
described by the International Union of Pure and Applied Chemistry, corrosion is the
irreversible reaction of an interlayer (polymer, metal, concrete, wood, or ceramic) with the
environment leading to ingestion or dissolution of the environmental component material [3].
Corrosion is an environmental hazard with economic, preservation and safety consequences
In many areas such as manufacturing, chemicals, automobiles, mechatronics, metallurgy, and
medical applications [4]. Different forms of material degradation have been addressed in
different environments [5]. There is also a need to create new approaches and methods to
counter these hazardous phenomena from the known factors, such as coatings, defensive
bushings, cathodic/anodic protection, and sealants. However, the results of studies conducted
on anti-corrosion textile applications in the above engineering fields showed the use of
corrosion inhibitors to be the most gentle and easy way to prevent the degradation of metals
and alloys in corrosive media [6, 7]. The corrosion inhibition efficiency of untested organic
corrosion inhibitors has been linked to the availability of nitrogen, oxygen, phosphorous and
sulfur atoms in organic compounds [8] that have both protective effects and corrosion
inhibiting potential. The high-ranking corrosion inhibitors were cited to be green oxygen
corrosion inhibitors that display their inhibitory effect via hydrolysis or chemical absorption
at the mineral solution interface by removing surface water molecules to form a dense barrier
film [9, 10]. The incidence of a coordinate covalent bond is subject to the interaction between
the lone pair and the electrons available in untested organic corrosion inhibitor molecules with
vacant steel orbitals [11]. However, the combined adsorption on the metal surface using the
pi-bond formation is outperformed as a final result of the interference of the p electron with
the three-dimensional vacant orbital of the iron atom [12] due to the availability of N, O, and
S atoms and the double bonds in an organic compound [13]. The aim of this study is to discuss
in brief the types of corrosion, types of inhibitors, and mechanisms of action of inhibitor
molecules to control or impede the corrosion of mild steel in corrosive environments.

2. Types of corrosion

Corrosion is defined as the deterioration of a substance or its characteristics due to interactions
with a corrosive medium [14]. The tendency of a metal to corrode depends on its grain
structure, composition formed upon alloying, or the temperature of a metal surface developed
upon deformation during fabrication. Corrosion prevention would be more practical than
trying to eliminate it completely. Given that the environment plays as significant part in
corrosion, the mechanisms of corrosion can be as varied as the medium to which a material is
exposed and thus may be complex to understand. Parameters that produce corrosion include
metal reactivity, impurities, air, moisture, SO, and CO; in addition to electrolytes. Corrosion
prevention and retardation are aimed at addressing these factors [15]. The various kinds of
corrosion which depend on the media surrounding the material are displayed in Table 1 [16].
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Table 1. The description of corrosion types.

Type of
corrosion

Description

Uniform
corrosion

A corrosive attack that occurs continuously over the entire surface or a significant
percentage of the overall area is described as uniform corrosion. Examples of surface
corrosion include dulling of a superficial or polished surface and acid cleaners or
oxidation of steel (discoloration).

Galvanic
corrosion

Bimetallic corrosion is also known as an electrochemical phase in which a metal
corrodes over another metal with which it comes into contact in the presence of an
electrolyte. When two separate metals are dipped in a conductive solution and
electrically connected, galvanic corrosion occurs.

Pitting
corrosion

A localized type of corrosion that creates cavities or “holes” in a substance. Pitting is
known as more risky than uniform corrosion damage because the identification,
estimation and configuration of it is tougher. The pit is also filled by corrosion products.

Stress
corrosion
cracking

The growth of a crack formed in a corrosive setting is referred to as stress corrosion
cracking (SCC). It can result in an unforeseen and unexpected failure of metal alloys
that are normally ductile under tensile stress, especially at high temperatures. SCC is
very solvent-specific and certain alloys can be subject to SCC only if subjected to a
limited number of chemical conditions. The chemical environment that causes SCC for
a particular alloy is often the one that causes mild corrosion to the metal.

Corrosion
fatigue

It occurs in a corrosive fatigue environment. It is the mechanical weakening of a
material under corrosion and cyclical loading operating jointly. Almost all engineering
systems undergo some form of alternate stress and are subjected to hazardous
conditions throughout their lifespan.

Intergranular
corrosion

IGC, also known as intergranular attack (IGA), is a type of corrosion in which the
boundaries of crystalline materials are more susceptible to erosion than the interiors.

Crevice
corrosion

Refers to a localized attack on a surface of metal at a distance of a fracture between two
joining plates, or directly adjacent to it. Between two metals or one metal and non-
metallic material the gap or crevice may be formed. Both metals are corrosion resistant
outside the gap or without the gap.

Filiform
corrosion

It is a particular type of corrosion which occurs in the form of randomly dispersed
filaments under some thin coatings. Corrosion of filiforms is often referred to as
“underfilm corrosion”. Filiform corrosion is observed on surfaces of painted steel,
magnesium, and aluminum with thin layers of tin, silver, gold, phosphate, enamel and
varnish.

Erosion
corrosion

Material surface deterioration due to mechanical activity, often by impaction of
material, slurry abrasion, particles trapped in fast-flowing liquid or gas, bubbles or
droplets, cavitation...

Fretting
corrosion

Corrosion impact on touch surface asperities is referred to. In the presence of repetitive
relative surface movement, for instance, by vibration, this harm is incurred under load.
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3. Inhibitor types

During the acidizing procedure a number of organic compounds serve as Cls for steels,
including acetylenic alcohols, aldehyde-containing aromatic compounds, imminium salts,
nitriles, triazoles, thiocyanates, pyridine and its derivatives or salts [17], quinoline
derivatives, thiourea derivatives, quaternary salts, thiosemicarbazide [18, 19], quinoline
derivatives, thiourea derivatives, thiosemicarbazide derivatives, nitriles, imminium-based
salts, and nitrogen heterocycles. Nitrogen and acetylenic alcohol molecules appear to form
a film on metal surfaces and to be able to delay the metal breakdown (anodic response) and
production of hydrogen (a cathodic reaction) [20]. Propargyl alcohol is soluble in acidic
liquids, however, with an ever larger length of carbon chain, the solubility of other acetylenic
alcohols reduces. In conjunction with quaternary ammonium surfactants, the solubility of
these acetylenic alcohols can be improved [30]. The industrial supply and cost efficiency of
acetylenic alcohols was commonly used. The normal CI for acidification is generally
propargyl alcohol [21], with the synergistic influence of other compounds often substantial.
Propargyl alcohol, its salts, cinnamaldehyde, and aromatic compounds such as quaternary
pyridinium chloride are the most widely encountered Cls in the natural resource industry. In
1984 an outline of the use of Cls for acid media was published by Schmitt [22].

3.1. Natural corrosion inhibitors

Natural products such as plant extracts, coumarins, amino acids, and natural polymers were
published to be effective inhibitors for mild steel corrosion. Table 2 presents selected types
of natural products that are used as corrosion inhibitors for mild steel in acidic media [23].

Table 2. Corrosion inhibitory characteristics of selected natural products on mild steel in corrosive
environments.

Corrosive

Natural products environment IE (%) Ref.
Tobacco leaves Acid media 87.5 [24]

Castor seeds Acid media 71.0 [24]

Black pepper Acid media 87.5 [24]

Soya bean Acid media 65 [24]

Catechu Acid media 50.0 [24]

Papaia Acid media 9 [25]

Poinciana pulcherrima Cassia Acid media 96 [25]
occidentalis Acid media 9 [25]

Datura stramonium seeds Calotropis Acid media 93 [25]

procera Acid media 98 [25]
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Natural products er%/?:gﬂﬂ]\;en i IE (%) Ref.
Azadirachta indica Acid media 84 [25]
Auforpio turkiale sap Acid media 69 [25]
Swertia angustifolia Acid media 75-96  [26]
A. indica Acid media 88-96 [27]
A. indica NaCl 86.1 [28]
Punica granatum NaCl 79.2 [28]
Momordica charantia NaCl 82.4 [28]
Pongamia glabra, Annona squamosa Acid media 89-95 [29]
Acacia arabica Acid media 93-97  [30]
Natural honey NaCl 82-91 [31]
Mimosa tannin Acid media 6687 [32]
Vanillin Acid media 93-98 [33]
O ndecanchyrazide derived fom fatty aics Acidmedia 85 [34
Herbs (thyme, coriander, hibiscus, anis, black cumin, and Acid media 3702 [35]
garden cress)
Allium cepa, Allium sativum, M. charantia Acid media 86-94  [36]
Guar gum Acid media 75-93.8 [37]
Zanthoxylum alatum Acid media 76-95  [38]
Nypa fructicans Acid media 75.11  [39]
Caffeine—Mn?* Chloride ions 50 [40]
Eugenol from cloves Acid media 80 [41]
acetyleugeno 91
Ricinus communis leaves NaCl 43-84  [42]
Berberine extracted from Coptis chinensis Acid media 79.7 [43]
Halfabar Acid media 90.50 [44]
Chamomile Acid media 92,97  [44]
Black cumin Acid media 88.43  [44]
Kidney bean Acid media 88.43  [44]
Exudate gum from Pachylobus edulis Acid media 56 [45]
Artemisia pallens Acid media 93-98  [46]
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Corrosive

Natural products . IE (%) Ref.
environment
Tridax procumbens Chromolaena odorata O_|If|eld 82.03 [47]
environment 95.6
Corchorus olitorius Acid media 93 [48]

Green-based inhibitors that are nontoxic in nature, such as plant extracts, are in higher
demand compared to commercial inhibitors [49]. This is because plant extracts are green and
sustainable materials due to their natural and biological properties and can inhibit metals and
alloys from corroding [50]. The leaf, out of all parts of the plant, has the utmost preference
for its abundance of phytochemicals (active components) produced through synthesis, that
act similarly to commercial inhibitors. It is also vital to acknowledge that the extract of other
parts of a plant such as root, bark, flower, fruit, wood, seed and peel have contributed to the
inhibition efficiency [51-53]. Furthermore, phytochemical synthesis consumes carbon
dioxide, which is known as the highly poisonous greenhouse gas, to use in photosynthesis,
contributing to the green chemistry theory as well.

Green-based corrosion inhibitors can be divided into two classes: organic and inorganic
[54-56]. The organic class of green-based corrosion inhibitors consists of synthetic
substances that are nontoxic for the environment. Flavonoids, alkaloids, and byproducts of
plants are examples of organic inhibitors [57]. The inorganic class of inhibitors are vastly
utilized in agueous systems due to their high productivity [58]. Chromates are toxic in nature
so the employment of this inorganic inhibitor for industrial use is limited. Concerning this
issue, lanthanide salts were studied as an eco-friendly inhibitor substitute [59].

Coumarins act as corrosion inhibitors due to the presence of an aromatic system and
heteroatoms, that are adsorbed on mild steel surface via ion pairs of electrons on
heteroatoms. This induces superior adsorption on the inhibitor molecules and excellent
inhibition efficiency in decreasing the corrosion rate [60]. Physisorption and/or
chemisorption are the mechanisms by which inhibitors are adsorbed on the surface of mild
steel and form a protective film barrier from acidic solutions [61]. There are certain ways to
protect a metal from corrosion such as coating, alloying, cathodic protection, and anodic
protection. Moreover, laser treatment of metal surface has recently been used for this purpose
as a way to improve the properties of metals like roughness, hardness, resistance to
corrosion, etc. Corrosion inhibitors are of considerable practical importance, as they are
extensively employed in reducing metal waste during production and in minimizing the risk
of material failure, both of which can result in a sudden shut-down of industrial processes,
which in turn leads to added costs. It is also important to use corrosion inhibitors to prevent
metal dissolution and minimize acid consumption. There are two kinds of corrosion
interaction according to the nature of corrosive environments: wet and dry corrosion. These
types of corrosion can be classified into: general corrosion; pitting corrosion; crevice
corrosion; intergranular corrosion [60—65]. Corrosion inhibitors are generally used in acid
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environments. The process of selecting an appropriate corrosion inhibitor is one of the most
important issues to consider when working in an acid environment, and therefore the use of
organic compounds is of great importance [66]. The efficiency of organic compounds in
corrosive solutions is attributed to several factors, the most important of which are the
presence of functional groups and electron pairs in the phosphorus, sulfur, oxygen and
nitrogen atoms, in addition to the double and triple bonds, as well as aromatic rings. Small
amounts of corrosion inhibitors have the ability to block the corrosion sites and improve the
adsorption process on the mild steel surface, thus protecting the mild steel surface and
increasing its life time [67]. The degree of corrosion inhibition due to absorption depends on
the geometry of the particles and their size in addition to the vacuum impediment, and the
thermal stability of the inhibitor molecules [68—74]. Thus, inhibitor molecules improve mild
steel resistance to corrosive solutions by adsorbing on the metal surface and forming a barrier
that blocks the mild steel active sites. Inhibitor adsorption on mild steel is affected by the
nature of the mild steel, type of electrolyte and molecular structure of the inhibitor [75-87].

3.2. Synthetic corrosion inhibitors

Organic inhibitors containing heteroatoms, such as oxygen, nitrogen, and sulfur, have
been confirmed experimentally and theoretically to act as efficient inhibitors in corrosive
environments. O, N, and S are the active centers for the process of adsorption on the metal
surface. The inhibition efficiency should follow the sequence O < N < S < P. The use of
organic compounds containing oxygen, sulphur, and especially nitrogen to reduce corrosion
attack on steel has been studied in some detail. The existing data show that most organic
inhibitors are adsorbed on the metal surface by displacing water molecules on the surface
and forming a compact barrier. The availability of nonbonded (lone pair) and p-electrons in
inhibitor molecules facilitate electron transfer from the inhibitor to the metal. A coordination
covalent bond involving transfer of electrons from inhibitor to the metal surface may be
formed. The strength of the chemisorption bond depends upon the electron density on the
donor atom of the functional group and also the polarizability of the group. Replacement of
an H atom attached to a C atom in the ring by a substituent group (-NH,, —NO,, —CHO, or
—COOH) improves inhibition [88]. The electron density in the metal at the point of
attachment changes resulting in retardation of cathodic or anodic reactions. Electrons are
consumed at the cathode and are furnished at the anode. Thus, corrosion is retarded. Straight
chain amines containing between three and fourteen carbons have been examined. Inhibition
increases with carbon number in the chain to about 10 carbons, but, with higher members,
little increase or decrease in the ability to inhibit corrosion occurs. This is attributed to the
decreasing solubility in aqueous solution with increasing length of the hydrocarbon chain.
However, the presence of a hydrophilic functional group in the molecule would increase the
solubility of the inhibitors.

The performance of an organic inhibitor is related to the chemical structure and
physicochemical properties of the compound like functional groups, electron density at the
donor atom, p-orbital character, and the electronic structure of the molecule.
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The inhibition could be due to (i) adsorption of the its molecules or ions on anodic
and/or cathodic sites, (ii) increase in cathodic and/or anodic overvoltage, and (iii) the
formation of a protective barrier film. Some factors that contribute to the action of inhibitors
are (i) chain length, (ii) size of the molecule, (iii) bonding, aromatic/conjugate, (iv) strength
of bonding to the substrate, (v) cross-linking ability, and (vi) solubility in the environment.

The role of inhibitors is to form a barrier of one or more molecular layers against acid
attack. This protective action is often associated with chemical and/or physical adsorption
involving a variation in the charge of the adsorbed substance and charge transfer from one
phase to another. Sulphur and/or nitrogen-containing heterocyclic compounds with various
substituents are considered to be effective corrosion inhibitors. Thiophene and hydrazine
derivatives offer special affinity to inhibit corrosion of metals in acid solutions. Inorganic
substances such as phosphates, chromates, dichromates, silicates, borates, tungstates,
molybdates, and arsenates have been found effective as inhibitors of metal corrosion. Pyrrole
and its derivatives are believed to exhibit good protection against corrosion in acidic media.
These inhibitors have also found useful application in the formulation of primers and
anticorrosive coatings, but a major disadvantage is their toxicity and as such their use has
come under severe criticism. Among the alternative corrosion inhibitors, organic substances
containing polar functions with nitrogen, sulphur, and/or oxygen in the conjugated system
have been reported to exhibit good inhibiting properties. The inhibitive characteristics of
such compounds derive from the adsorption ability of their molecules, with the polar group
acting as the reaction center for the adsorption process. The resulting adsorbed film acts as
a barrier that separates the metal from the corrodent, and the inhibition efficiency depends
on the mechanical, structural, and chemical characteristics of the adsorption layers formed
under particular conditions [89].

3.3. Coherent shock wave inhibitor:

One of the major advantages of the laser materials processing is the possibility of accurate
control of the area where laser radiation should be delivered, as well as the amount and rate
of energy deposition since laser beams can be easily directed to fatigue-critical areas without
masking. Only the amount of the laser beam energy that is absorbed by the material can
contribute to processes like heating and melting. The specific properties of laser beam that
enable and justify their use in such a wide spectrum of applications are: spatial and temporal
coherence (i.e. phase and amplitude are unique), low divergence (parallel to the optical axis),
high continuous or pulsed power density and monochromaticity [90, 91]. The laser-solid
interaction is a highly complex and interrelated process because of its dependence on laser
parameters such as power density, wavelength, pulse duration, and spot size, besides the
material’s physical properties, e.g., absorption properties, morphology, homogeneity,
melting and boiling points. The mechanisms involved in the laser-solid interaction have been
studied extensively, but they are still not fully understood. However it can be controlled and
highly reproducible to enable analytical measurement capabilities [92, 93]. Figures 1 and 2
represent SEM micrographs of St-37 surface corrosion with and without coherent shock
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wave treatment. Results were obtained that the values of corrosion rate decreased after laser
shock. [94-99].

4. Mechanism of action

In general, the types of adsorption can be distinguished as physical adsorption mechanism
or chemical adsorption mechanism or mixed type mechanism depending on interactions
between metallic surface and heteroatoms and/or p-electrons of the inhibitor molecules
[100]. There are parameters which determine the mechanism type. These parameters related
to inhibitors include the chemical structure and charge distribution, and the other one is
related to the metal surface charge. In the physical adsorption mechanism, the charges on
organic inhibitor molecules bind with the electrically charged metal surface, whereas
chemical adsorption occurs through a chemical reaction between unshared free pairs of
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electrons and an unoccupied d-orbital of the metal surface to produce coordination chemical
bonds [101]. The inhibition efficiency of organic inhibitor molecules is improved when one
of the hydrogen atoms at a carbon atom in the heterocyclic ring is substituted by aldehyde,
nitrosyl, carboxyl, or amino substituent groups [102]. Also, anodic or cathodic reactions are
retarded when electron density changes on the metal at the point of attachment [103].

In corrosion investigations, natural or organic inhibitors are added to corrosive
environments and metal or alloy samples are exposed to the corrosive environment for some
period. The metal mass loss and exposure time are used to calculate the corrosion rate. The
presence of an organic inhibitor in the acidic environment will reduce the metal mass loss,
thus reducing the corrosion rate. There are various models in research investigations which
demonstrate the mechanism of inhibitors’ action. In the best model which is well accepted
[104], the inhibitor molecules are adsorbed on the corroded surface of a metal; generally
adsorption ensures the removal of water molecules absorbed on the metal surface
(Equation 1).

Org(sory + @H20ads) <> Orgads) + aH20sor (1)

Four basic absorption methods are related to inhibitor molecules on the metal surfaces:
physical adsorption (electrostatic adsorption), chemical absorption (formation of
coordination bonds between the metal surface in inhibitor molecules — organometallic
complexes). Moreover, the stability of the membranes/layer of the organic inhibitor
molecules adsorbed on the metallic surface depends on the active sites, aromatic rings,
potential steric hindrance, electron densities in inhibitor molecules, the type of acidic
solution, and the nature of interaction between a p-orbital and iron atoms d-orbital. The basic
information concerning the absorption mode of organic molecules on a metal surface can be
extracted from the adsorption isotherm. Various isotherms such as Langmuir (Equation 2),
Flory—Huggins (Equation 3), Temkin (Equation 4) and Freundlich (Equation 5) could
explain the anti-corrosion mechanism [105].

Langmuir isotherm: %:iJrC (2)
ads
. C
Flory—Huggins isotherm: log (6) =log(K,,) +alogC (3)
Temkin isotherm: 6 = %m K. C 4)
Freundlich isotherm: log0 =log(K,, )+ nlogC (5)

where C is the concentration of the inhibitor, 0 is the surface coverage degree, Kags IS a
constant, f is the energetic parameter, and a is the water molecules on the surface of metal.
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The adsorption of organic molecules on the metal surface is also affected by the
structure of inhibitor molecules, charge density on the metal surface and zero charge potency
of the metal.

Surface charge calculation provides insights into the nature of the metal/inhibitor
interaction. The surface charge is the locus of the E, corrosion potential with respect to the
zero charge potential (Ey). When the difference E; = E¢or — Eq = 0 is negative, where E; is the
probability of “rational” Antropov corrosion, the electrode surface has a net negative charge
and the cation adsorption is preferred, that is, the positive form of the inhibitor is absorbed
directly onto the steel by substituting a proton in a water molecule. Conversely, when E,
becomes positive, the anions are adsorbed and, therefore, the anions (Cl- or SO?) are
adsorbed on the metal surface, and then the interaction with a protonated inhibitor molecule
Is expected. This condition favors the formation of a film that prevents the reaction between
the metal and the solution [106]. If E; is equal to zero, neither the cations nor the anions of
the solution interact with the metal; then the inhibitor molecule interacts through its electrons
with the unoccupied d-orbital of iron atoms.

Recently, the utilization of quantitative chemical techniques such as modified neglect
of diatomic overlap (MNDO), density-functional theory (DFT), Austin model (AM1),
parametric method (PM3) and many other studies have gained attention as powerful tools to
determine the basic parameters of adsorption and corrosion prevention mechanisms.
Quantum parameters such as the boundary orbital energy of HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital), Mulliken charges,
ionization energy, electron affinity, stiffness, electrical endurance index, back bond, and
inhibitor electrostatic voltage map are generators for studying corrosion [107]. But
nowadays, both ab initio and DFT have become attractive theoretical methods since they
provide accurate fundamental parameters even for massive complex particles (multi-electron
systems). In the ab initio computation, HF, the average Coulombian repulsion between
electron and electron is considered for further determination of quantum parameters. DFT
uses electronic density as the base parameter instead of the electronic wave function. Using
complex computational tools and some basics, the HSAB concept (the exact nature of
interactions between a metal surface and an organic molecule depends on the relative
coordination strength towards the metal, and for specific groups present in the molecule)
provides a systematic method for analyzing a metal inhibitor/reaction. Thus, it is possible to
ascertain a suitable inhibition mechanism. These techniques that support electrochemical
studies help us to understand the mechanism of the inhibitor molecule reaction [108].

(A) Forces of electrostatic attraction between the charged particles of the inhibitor and the
metal surface,

(B) Interaction of unpaired electron pairs in the molecule with the metal,

(C) The interaction of electrons of double bonds with the metal surface,

(D) A combination of (A) and (C).
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The inhibitor molecules have the ability to block the anodic and/or cathodic site which
prevent the metal dissolution or hydrogen evolution reactions. The postulated mechanism is
that corrosion occurs through the metal dissolution and hydrogen evolution [109].

The dissolution of metals occurs according to equations (6—9).

Fe + CI- — (FeCl)ags (6)
(FeCl)ags — (FeCl)ags + €~ (7)
(FeCl)ags + € — FeCl* + e~ (8)
FeCl"+e — Fe™ + CI 9)
Cathodic evolution hydrogen can occur according to equations (10-12).
Fe + H" — (FeH")aus (10)
(FeH)ags + € — (FeH)ags (11)
(FeH)as +t H" + e — Fe + H; (12)

Anodes and cathodes are the two corrosion cells generally used to demonstrate the
transfer of charges between iron and electrolyte as well as within iron itself. The presence of
charged ions in the electrolyte causes the solution to become electrically conductive. During
the corrosion process, the metal ions move from the active site (anode) into the solution and
pass the electrons from the metal at the lower active site (cathode) to an acceptor. Electron
acceptors like oxygen, oxidizing agents, or hydrogen ions are required for the cathodic
process to take place. Equation (13) represents the general chemical corrosion reaction in
the presence of oxygen in moist air. Figure 3 signifies the basic electrochemical cell built
using the anode and cathode cells partially immersed into an electrolyte. The anode cell
experiences rusting during the oxidation process, whereas the cathode cell reduces but does
not rust. In the production of oil and gas, Fe?* ions are produced at the anode when iron from
steel is driven into the solution. These ions react with oxygen, hydrogen sulfide, or carbon
dioxide to form decay yields as presented below. The additional electrons change from the
anode to the cathode where hydroxyl ions are produced by reducing water. The hydrogen
ions are converted to hydrogen gas by the electrons if oxygen does not exist at the cathode.
The anodic and cathodic positions are regions on the outer surface of the metal that vary in
electric potential. Due to the occurrence of salts, the electrolyte is normally formed from
water to become conductive [110].

The chemical reaction of corrosion is given as follows:

4Fe + 30, = 2Fe,0; (13)
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Figure 3. Electrochemical cell [111].

The mechanism of action of organic corrosion inhibitors is based on the adsorption on
the surface to form protective films which displace water from the metal surface and protect
it against deteriorating. This process is not either purely physical or purely chemical
adsorption. Adsorption is influenced by the chemical structure of organic inhibitors, nature
and surface charge, the distribution of charge in the molecule and type of aggressive media
(pH and/or electrode potential). Physical adsorption is based on electrostatic interaction
between the charged metal surface and charged inhibitor molecule. Chemical adsorption is
connected with the donor-acceptor interactions between free electron pairs and vacant, low
energy d-orbital of metal (Figure 4).

Figure 4. Schematic diagram representing the adsorption mechanism of inhibitor molecules
on mild steel surface [109].

Effective organic corrosion inhibitors should contain heteroatoms (nitrogen, oxygen,
sulfur and phosphorus) with lone electron pairs and a moiety with t-electrons (aromatic rings
and multiple bonds) that can interact with free d orbital of the metal, favoring the adsorption
process [112].
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The standard adsorption free energy (AG.,) gives information about the type of

adsorption. Values up to —20 kJ/mol are connected with the electrostatic interaction
(physical adsorption). More negative values, below —40kJ/mol, correspond to a
chemisorption process. Negative values mean that both processes are spontaneous. Also the
standard enthalpy of adsorption provides valuable information about the mechanism of
corrosion inhibition. An endothermic adsorption process (AHJ, >0) is attributed to
chemisorption, whereas an exothermic adsorption (AH2, <0) is connected to physical or
physical/chemical adsorption processes. The presence of heteroatoms with lone pair of
electrons like nitrogen, oxygen, sulfur or phosphorus as well as n-electrons of multiple bonds
or aromatic rings enhance adsorption phenomena [113]. Chemisorption involves transfer or
sharing of unbonded electrons between the inhibitor molecule and the metal surface [114].

The inhibitor is chemically adsorbed on the metal surface and forms a protective thin
film or chemical bonds form by reaction a between the inhibitor and the metal. The
adsorption mechanism of organic inhibitors can occur via one of these routes:

1%, charged molecules and a metal are attracted electrostatically.
2" interaction between unpaired electrons and the metal surface.
3" interaction between m-electrons and the metal surface.

Organic inhibitors protect the metal surface by blocking cathodic or anodic reactions
or both and forming insoluble complexes. The inhibition efficiency of a corrosion inhibitor
against corrosion of mild steel in a corrosive environment can be explained according to the
number of adsorption sites, charge density, molecular size, mode of interaction with the
metal surface and ability to form an insoluble metal complex. Figure 5 is an example of the
bonding between inhibitor molecules and mild steel surface. The 7 electrons of the double
bonds and the free electrons on the oxygen and nitrogen atoms form chemical bonds with
the metal surface as shown in Figure 5.
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Figure 5. The mechanism of action of an organic inhibitor molecule as a corrosion inhibitor.
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Conclusion

Current work includes a study of organic corrosion inhibitors. It defines metal corrosion as
the spontaneous destruction of metals through chemical and electrochemical interactions
with the surrounding environment. Thus, this is exactly the opposite of extracting metals
from ores. In most environments, metals are not inherently stable, but they do tend to revert
to more stable compounds, a process called corrosion. Corrosion is also defined as a
deterioration in the intrinsic properties of a substance as a result of its interaction with one
of the components of the environment, as most of the corrosion phenomena that occur are
mainly electrochemical in nature and involve the presence of metal contact with the
electrolyte and transfer of free valence electrons. A popular example of metal corrosion is
iron rust. Corrosion is one of the problems that pose a serious threat to many industries due
to the damage it causes to metal parts, especially those made of steel. Therefore, the present
work represents a study on organic inhibitors and their importance, as well as a review of
some organic corrosion inhibitors.
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