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ABSTRACT

The utilization of musa paradisiaca leaves (MPL) extract-based inhibitor on carbon steel
protection in marine environment has been studied using gas chromatography mass
spectroscopy (GC-MS), Fourier transform infrared spectroscopy (FT-IR), gravimetric
method (GM), Atomic force microscopy (AFM), Contact angle measurement (o),
potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS),
density functional theory (DFT) and molecular dynamics (MD) simulations. Firstly, the GC-
MS analysis showed the presence of compounds with heteroatoms in the MPL inhibitor.
Likewise, the FT-IR analysis showed the presence of polar functional groups. The GM
showed MPL extract-based inhibitor having optimum inhibition efficiency of 91% at a
concentration of 100g/L and immersion time of 120 hours which led to a decrease in
corrosion rate from 0.8817 mm/y to 0.0823 mm/y. Also, the weight loss experienced by the
test specimen decreased from 0.0986g to 0.0091g. AFM morphology revealed thin film
adhesion showing firm adsorption of Langmuir films on the metal/inhibitor interface, with
root mean square roughness values for uninhibited and inhibited substrates 71.2722Rq and
33.6773Rq respectively. Likewise, contact angle measurement showed high contact angle of
152.42°with a hydrophobic metal/inhibitor interface for inhibited substrate hence not prone
to corrosive species and low contact angle of 76.20° for the uninhibited substrate with
hydrophilic surface which is prone to invasive corrosive species. The potentiodynamic
polarization (PDP) via Tafel plots showed a cathodic slope capable of controlling both
activation (oxidation) and diffusion (oxygen reduction) reactions. Also EIS via Nyquist,
Bode plots and Phase angle showing high polarization resistance thereby reducing corrosion
rate. Further, Density functional theory (DFT) analysis correlated the results by affirming
the contributions of the isolated compounds of the MPL inhibitor molecule to the inhibition
efficiency of 91%. In addition, MD results showed planer orientation of MPL inhibitor
molecules over the surface of the substrate as such enhancing larger surface coverage, hence
better inhibition effectiveness. Also, the high adsorption energy of -184.954cal/kJ is
indicative of chemisorption. Radial distribution function (RDF) showed presence of short
bond lengths of between 2.97-3.49 atom thick, confirming the presence of strong covalent
bonding. Test of adsorption isotherms reveal conformance of the Langmuir model.

Keywords: Adsorption sites, carbon steel corrosion, electrochemical measurements,
Gravimetric method, Langmuir isotherm, Musa paradisiacal leaf, organic corrosion
inhibitors, Plant extract, Surfactant, Surface interaction, theoretical and computational
studies



CHAPTER ONE
INTRODUCTION

1.1 Background Information

Corrosion is the deterioration, degradation and loss of a material and its critical engineering
properties as a result of its interaction with the surrounding environment. When a metal reacts
with oxygen, hydrogen, electrical current, dirt and bacteria, corrosion could emanate. Also,
when metals are exposed to external environmental factors such as moisture, acid rain, acids,
bases, harmful gases and chemicals which include, NHs, Cl,, sulfur oxide and hydrogen
oxide, the phenomenon of corrosion sets in (Fonseca, Tagliari, Guaglianoni, Tamborim,
Borges., 20240; Chatterjee, Bose & Roy., 2001). To state succinctly, corrosion is a
spontaneous thermodynamic process in which a metal in its thermodynamic unstable but
refined state gradually returns back to its originally crude but stable state when exposed to

its immediate environment.

Ore Metal/ Refined
(Crude/Combined) Metallurgy (Thermodynamic
Thermodynamic Unstable State)

Stable State
Metal +
Environ
ment

Corrosion Products
(Thermodynamic
Stable State) Corrosion

Figure 1.1: A typical corrosion process



Corrosion is destructive and could lead to catastrophic consequenceswith huge human and
economic costs. The financial implications of corrosion are huge. According to the national
association of corrosion engineers (NACE), the cost of corrosion’s debilitating effects is
estimated at 2.5 trillion US dollars each year and this is about 3% of global GDP
(Verma,Ebenso, Quraishi, & Hussain, 2021). Because of this huge economic effect;
prevention, control and mitigation of corrosion have been advocated and have been the
practice. In fact, NACE estimated that implementing best practices in corrosion prevention
could result to significant cost savings of up to about 875 billion US dollars yearly (Verma
etal., 2021).

The methods of implementing these best practices include:

Selection of materials

Application of inhibitors

Application of coatings

Cathodic protection

o ~ W e

Design

However, the application of inhibitors will form the basis of this work.The application of
corrosion inhibitors is widely used in companies, commercial processes, and industrial
environments. Originally, rusting and anodic corrosion of metals could be addressed by
applying a chromate layer on a metal surface. Corrosion inhibitors like oxygen scavengers
react with dissolved oxygen in the environment and prevent cathodic corrosion. They
function by deactivating the corrosivity of corrodents, and then adsorb on the metal or alloy
surfaces to form a protective layer (Kaczerewsk et al., 2018; Verma, Quraishi and Ebenso,
2018a).
Basically, corrosion inhibitors may be categorized as cathodic, anodic, or mixed type
depending on the cathodic or anodic reaction of the corrosion process or both, respectively.
The inhibition of anodic corrosion reactions could be due to reduction in the corrosion of
active surface area of metal while inhibition of cathodic corrosion is due to a change in the
activation energy of the oxidation or reduction in the corrosion process (Gan, 2023). The
synergism of cathodic and anodic corrosion inhibitors often produces improved protection.
The inhibition process is followed by formation of protective film, which may be of three
different types: passivating, precipitating, and adsorption types.

Based on this, several corrosion control methods have been formulated. Among them is
the use of inorganic compounds mainly nitrites, chromates, borates, molybdates, silicates,

and zinc salts (Verma et al., 2021). The effectiveness of these compounds is the formation



of passive film over metal surfaces (passivation) through their adsorption as such they are
known as passivators. However, as time progressed, they were replaced by more economical
alternatives such as phosphonic acid, gluconates, polyacrylates, surface active chelates,
polyphosphates, poly phosphonates, phosphonates, and carboxylates which were the
common corrosion inhibition strategy during 1960-1980 (Verma et al., 2021). Overall, these
compounds are precipitated at the metal/electrolyte interface and therefore they are called
precipitating inhibitors (precipitators). Further, due to adverse environmental effects of most
of the precipitating corrosion inhibitors, they were substituted by eco-friendly natural
alternatives, such as biopolymers, bio-surfactants, plant and animal extracts. This approach
came into full effect during 1980-1995. From 1995 to present, more environment-friendly
and durable approaches such as the use of rare earth metals (REM), polyfunctional
compounds, the synergism of organic/inorganic compounds using REM, and the
encapsulation of inhibitors became the main areas of focus (de Damborenea, Conde &
Arenas, 2014). These alternatives have demonstrated durable and high protection
effectiveness with very low, or no toxicity.

Recent research studies in corrosion inhibition are now focused on the design, synthesis,
development, and consumption of sustainable inhibitors. This is in line with global
sustainable development goals (SDGs) which are anchored on materials sustainability and
environment protection. Thus, various environment-friendly materials derived from biomass
resources such as biopolymers, plant extracts (oils, exudate gums, phytochemicals), herbal
drugs, etc., are widely used (Verma, Obot, Bahadur, SherifEbenso, 2018c). Interestingly,
various biopolymers in their pure and modified forms are extensively utilized as sustainable
corrosion inhibitors (Imai, Shiraishi, Saito, &Otagiri., 1991; Singla& Chawla, 2010; Guo et
al., 2007; Portes, Gardrat, Castellan, & Coma, 2009). Additionally, compounds derived
through multicomponent reactions (MCRs), microwave (MW) and ultrasound (US)
irradiations are also regarded as sustainable inhibitor alternatives (Verma et al., 2018b).
Moreso, ionic liquids (ILs) which possess low vapor pressure are also considered
environment-friendly materials (Ardakani, Kowsari & Ehsani., 2020). Again, chemical
blends involving green solvents such as water, ILs (ionic liquids) and supercritical CO> are
regarded as sustainable inhibitor systems.

In view of the above, sustainable organic corrosion inhibitors have been confirmed as one of

the most effective and facile methods of corrosion inhibition because of their association

with E4 (efficiency, economy, ecology, and environmental-friendliness) factors (Verma et

al., 2018b; Alhaffar, Umorem, Obot, & Ali, 2018; Kaczerewsk et al.,2018). These organic

corrosion inhibitors find applications in various industrial operations. For instance, organic
3



corrosion inhibitors are used extensively in oil exploration and drilling operations, crude oil
refining operations, petrochemical plants, chemical storage tanks, etc. In addition, corrosion
inhibitors are commonly added to coolants, fuels, hydraulic fluids, boiler water, engine oil
and many other fluids used in the industry. They are also embedded in organic coatings to
improve protection performance. Inthe case of industrial processes like oil-well acidification,
acid descaling, acid pickling, and acid cleaning processes, corrosive species are introduced
into such systems which eventually result to corrosion. Therefore, corrosion inhibitors are
used to mitigate the corrosive effects. The degradation of infrastructural materials leads to
maintenance downtime and severe failure of structures, environmental flora and fauna are
also impacted such that hazards and injury to living organisms are rife. To state clearly, the
huge cost associated with the corrosion of materials and infrastructures such as cooling
systems, refinery units, pipelines, oil and gas production units, boilers, water processing
units, paints, pigments, and lubricants can be reduced when they are protected from corrosion
using corrosion inhibitors (Kaczerewsk et al.,2018). Figure 1.2 shows some industrial

application of corrosion inhibitors.

; ' il and

Pickling : : Gas field
___ Pprocess - lines
=] “Mndustrial =~ &
application
of
—inhibitors—— )
Qill Well

~ _Acidizing

Figure 1.2: Industrial application of corrosion inhibitors (Verma et al., 2021)

In this work, Musa Paradisiaca L. (MPL) extract was used as organic inhibitor because it is
known to contain hydrophilicpolar functional groups in its molecular structure.Generally,
plant extracts are considered to be an abundant source of naturally derived chemical
compounds that can be extracted from several parts of plants, such as leaves, stem, root, bark,
fruits, fruit peel, seeds, flowers, husks, and nuts, which contain phytochemicals and organic
compounds like alkaloids, flavonoids, heteroatoms, tannins, and nitrogen-based compounds.
They are easily extracted, inexpensive, and environmentally friendly.

They are also widely available and naturally biodegradable. These benefits explain why plant
extracts and their byproducts are used as corrosion inhibitors for metallic materials and alloys

in various environments. Plant extracts are rich in polar molecules with oxygen, sulfur,
4



phosphorus and nitrogen, as well as nonpolar compounds with aromatic rings, aliphatic
chains, heterocyclic rings, and functional moieties. These are thought to promote the
adsorption of inhibitors on the surfaces of metals and form a protective film on metallic
surface without affecting the surroundings and hence decrease the rate of corrosion.
Methanol, ethanol, acetone or any other suitable aqueous solvent is used to extract the
majority of plant extracts. Based on their chemical compositions and properties,
phytochemicals are thought to be the cause of the corrosion inhibition. So, it is crucial to
identify the chemical components in plant extracts in order to have a foreknowledge of how
effective they would perform in inhibiting corrosion. The phytochemical components in
plant extracts can be examined and identified chemically and with the use of characterization

techniques.

1.1.1 Key Concepts
The following are some of the key concepts considered in the design of corrosion inhibitors:

- Synergism

- Wettability and Contact Angle

- Hydrophobicity

- Hydrophilicity

- Lewis Acid-Base Theory

- Frontier Molecular Orbitals Theory.

1.1.2 Synergism

Synergism is the interaction of two or more substances to produce a combined effect greater
than the sum of their separate effects. Synergism is described by as a tendency in which the
combined action of compounds is greater than the sum of the individual effects of the
compounds (Pezzani et al., 2019). For corrosion inhibitor systems, synergism arises either
as a result of interaction between components of the inhibitor formulation or due to
interaction between the inhibitor and one of the species present in the aqueous medium. In
fact, synergism is of considerable interest in corrosion protection because the phenomenon
boosts corrosion inhibition when a proper combination of inhibitors is used, that is., the
resulting mixture displays superior corrosion inhibition performance compared to individual
compounds in the mix. Many examples of synergistic blends are known, ranging from
organic to inorganic compounds as well as combinations of organic compounds

with halides other anions, rare earth salts and metal cations (Pezzani et al., 2019).


https://www.sciencedirect.com/topics/materials-science/corrosion-protection
https://www.sciencedirect.com/topics/materials-science/corrosion-inhibition
https://www.sciencedirect.com/topics/materials-science/halide

1.1.3 Wettability and Contact Angle

7 gas phase

solid

Contact angle Contact angle Contact angle
< 90° > 90° > 150°
Hydrophilic Hydrophobic Superhydrophobic
material material material

Figurel.3: Showing contact angles (Giridhar, Manepalli&Apparao, 2017)

Wetting is a very important property to understand the bonding and adherence strength of a
solid surface or any two materials. The adhesive force in the liquid helps in spreading across
a solid surface whereas the cohesive forces in the liquid avoid the liquid from spreading on
a solid surface. The contact angle is one of the qualitative ways of measuring the wettability
of the liquids and it determines if the solid surface is favorable or unfavorable to wetting. If
the contact angle is less than 90 degrees then it is called the low contact angle which indicates
that the surface is favorable to wetting (Giridhar, Manepalli & Apparao, 2017). If the contact
angle is greater than 90 degrees then it is called high contact angle indicating that the surface
is unfavorable to wetting. This is represented by Figure 1.3. In the case of water, this
interaction on the solid surface can be termed as the hydrophilic and hydrophobic nature of
the material surface. The type of solid surface on which the liquid interacts and spreads over
causes different wettability hence it is important to understand the type of solid surface it
interacts with. There are mainly two types of solid surfaces interacting with the liquid. They
are high-energy and low-energy solid surfaces (Giridhar, Manepalli & Apparao, 2017)
6



High energy solid surface: Solid materials such as metals, ceramics, glasses, and others
which have very strong chemical bonds such as covalent and ionic bonding are very strong.
When there is an interaction of liquid on these surfaces then there is a need for larger forces
to break the bonding and the liquids attain complete wetting on these surfaces.

Low energy solid surface: The solids with weaker molecular bonding such as hydrocarbons
or fluorocarbons where their molecules are bonded by van der Waals forces or hydrogen
bonding are termed as low energy solid surfaces. The wetting on these surfaces depends on
the type of liquids and it may be partial wetting or complete wetting.

1.1.4 Hydrophobicity

Hydrophobic surface: A surface is called hydrophobic surface if it repels the water, in this
case, the water does not spread over the surface. The wettability of the surface is considered
to be not good with high contact angle. The cohesive force is dominating this liquid-solid
interaction. Hydrophobic surface is characterized by Young contact angle, for any liquid,
that is larger than or equal to 90° (Giridhar, Manepalli & Apparao, 2017).

1.1.5 Hydrophilicity

Hydrophilic surface: A surface is called hydrophilic surface if it attracts the water, in which
the water droplets spread on the surface. The wettability of the surface is very good with a
low contact angle. The adhesive force between the liquid and solid is high in this case.
Hydrophilic surface is characterized by Young contact angle, for any liquid, that is smaller
than 90° (Giridhar, Manepalli & Apparao, 2017).

1.1.6 Lewis Acids and Bases

A. Lewis Acid

Lewis acid accepts electron lone pair and they are electrophilic meaning that they are
electron attracting. When bonding with a base the acid uses its lowest unoccupied molecular
orbital or LUMO as in Figure 1.4.

Various species can act as Lewis acids. All cations are Lewis acids since they are able to
accept electrons, for example; Cu?*, Fe?*, Fe®*.An atom, ion, or molecule with an incomplete
octet of electrons can act as Lewis acid, for example; BFs, AlF3. Also, molecules where the
central atom can have more than 8 valence shell electrons can be electron acceptors, and thus
are classified as Lewis acids, for example, SiBrs, SiF4. Furthermore, molecules that have
multiple bonds between two atoms of different electronegativities are thought to be Lewis
acids, for example COz, SO (Larsen, 2023).
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B. Lewis Bases

On the other hand, Lewis bases have lone pair electrons to share and thus occupy a higher
energy level. They donate an electron pair. They are nucleophilic, meaning that they “attack”
a positive charge with their lone pair. They utilize the highest occupied molecular orbital or
HOMO as in Figure 1.4. An atom, ion, or molecule with a lone-pair of electrons can thus be
a Lewis base. Each of the following anions can "give up” their electrons to an acid. For
example: OH,, CN", CH3COO", NHs, H20, CO. Lewis base's HOMO (highest occupied
molecular orbital) interacts with the Lewis acid's LUMO (lowest unoccupied molecular
orbital) to create bonded molecular orbitals. Both Lewis acids and bases contain HOMOs
and LUMOs but only the HOMO is considered for bases and only the LUMO is considered
for Acids (Larsen, 2023).

1.1.7 Amphoteric Substances

It has been observed that acids and bases are two separate things. However, some substances
can be both an acid and a base. Water has shown this unique characteristic, which can act as
an acid or a base. This ability of water to do this makes it an amphoteric molecule. Water
can act as an acid by donating its proton to the base and thus becoming its conjugate acid,
OH- as shown in Equation 1.1. However, water can also act as a base by accepting a proton

from an acid to become its conjugate base, HsO" as in Equation 1.2.

Water acting as an Acid: H2O+NH;—NH™+OH" 1.1
Water acting as a Base: H2O+HCI—CI+H30" 1.2

It is important to note that the degree to which a molecule acts depends on the medium in
which the molecule has been placed in. Water does not act as an acid in an acid medium and
does not act as a base in a basic medium. Thus, the medium which a molecule is placed in
has an effect on the properties of that molecule. Other molecules can also act as either an

acid or a base (Larsen, 2023).

1.1.8 Frontier Molecular Orbitals Theory

The frontier molecular orbitals of a compound are at the “frontier” of electron occupation—
the highest-energy occupied and lowest-energy unoccupied molecular orbitals (the HOMO
and LUMO). The HOMO is logically viewed as nucleophilic or electron donating, while the
LUMO is electrophilic and electron accepting. Frontier orbitals, that is, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), are
important indicators for the effect of adsorption on a metal (Larsen, 2023). It is important to
mention that the interaction of organic corrosion inhibitors with the metallic surface involves

the donor-acceptor (charge sharing) phenomenon, as in Figure 1.5.
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Figurel.4: Generalized frontier orbital picture for adduct formation between a Lewis base
(B) and a Lewis acid (A) (Larsen, 2023).

1.2 Statement of the Research Problem

There are numerous challenges of using organic inhibitors for corrosion protection. Some of
these challenges are low specific gravity, thermal decomposition, reacting with resins,
prolonged cement setting time and limited solubilty. However, limited solubility has been a
major challenge, especially in polar electrolytes. Organic corrosion inhibitors are used in a
variety of ways in the oil and gas industry such as in drilling fluids to protect drilling
equipment and organic acid production to minimize damage to carbon steel surfaces that are
often used in the oil and gas industry. To solve this problem, current research studies in
corrosion science and engineering are oriented towards the development of corrosion
inhibitors that contain hydrophilic polar functional substituents in their molecular structures,

which have the ability to be soluble in polar electrolyte.

Hence, in this studythe use oforganic compound containing hydrophilic polar functional
substituents in its molecular structure, namely; MPL, for the corrosion protection of carbon

steel in order to mitigate corrosion in the oil and gas industry is highlighted.

1.3 Objectives of Study
The main objective of this work is to evaluate the utilization of musa paradisiaca leaf (MPL)
extract-based inhibitor for the protection of carbon steel corrosion in 3.5 wt. % NaCl. This
main objective was achieved through the following specific objectives:
i.  determination of the chemical compounds presents in the MPL extract using GC-MS
ii.  extraction and characterization of MPL extract using FT-IR
iii.  evaluate the corrosion rate of the carbon steel specimen in 3.5wt% NaCl, the
inhibition efficiency of the MPL extract and the MPL concentration for effective

corrosion inhibition of carbon steel using GM.
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iv.  evaluate the surface morphology of the carbon steel specimen with and without MPL
in 3.5wt% NaCl solution using AFM.

v.  determine the contact angles of the carbon steel surface in 3.5wt% NaCl solution with
and without the MPL inhibitor using optical tensiometer.

vi.  determine the Tafel plots, Nyquist plots, Bode and Phase angle curves of the carbon
steel in 3.5wt% NaCl with and without MPL inhibitor in various concentrations using
electrochemical measurements.

vii.  determine HOMO-LUMO and other global quantum chemical descriptors of the
compounds in MPL molecule and molecular interfacial interaction of MPL/substrate
using DFT and MD.

viii.  determine the adsorption phenomenon on the adsorption site of the metal/MPL extract

interface by test of isotherms

1.4 Justification of the Study

With an inhibition efficiency of 91%, a large surface coverage of 0.91 and presence of
Langmuir films, MPL has demonstrated the qualities of a very good corrosion inhibitor for
carbon steel in 3.5% NaCl. Also, the presence of hydrophilic substituents and polar
functional groups have shown that it is highly soluble in water and organic electrolytes, again
another unique property and exceptional quality of a good organic corrosion inhibitor.
Because of its solubility, it has the ability to sequester corrosive ions and oil molecules. In
addition, the presence of hydrophobic substituents in its molecule makes it function like a
typical SURFACTANT. Consequently, surface active agents (surfactants) are a group of
very important substances for various industrial applications for corrosion mitigation.
Further, they are used extensively in all stages of oil industry for corrosion control
contributing significantly in various processes from oil drilling and well completions to
enhanced oil recovery. Meanwhile, inorganic surfactants are expensive and also have
environmental safety concerns. Therefore, currently research is oriented towards organic
substances such as plant extracts. Most importantly, plant extracts are inexpensive,
environment-friendly and the use of these eco-friendly inhibitors aligns with the growing
emphasis on sustainability in industrial practices, offering a promising opportunity for
corrosion management without compromising environmental and health standards. Hence,
this study has contributed significantly to the body of knowledge in identifying MPL as a
biosurfactant.

1.5 Scope of the study
This research is restricted to the use of GC-MS, FT-IR, experimental methods (gravimetric

and electrochemical measurements), surface roughness measurements, contact angle
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measurements and theoretical/computational methods (density functional theory (DFT) and
molecular dynamics simulation (MD) from material studio). It involves the determination of
hetero-atoms, polar functional groups, weight loss, corrosion rate, inhibition efficiency, test
of adsorption isotherms and surface coverage. It is followed by surface characterization,
surface wetness determination and confirmatory analyses using DFT and MD. Also, global
molecular descriptors and interfacial/atomic level interaction are determined. In addition,

Origin software is used for results presentation.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Conceptual Literature

The use of energy is generally taken as an index of standard of living. We use energy in the
form of firewood, electricity and fossil fuels (Shreir, 2010). In order to utilize energy,
infrastructures are needed, designed to enable its extraction, transportation, distribution and
use. Most often, the infrastructure needed are designed with engineering materials which are
exposed to corrosion. Therefore, the viability and functionality of such infrastructures are
determined by how well they are protected from corrosion.

Corrosion is generally viewed as a universal phenomenon (Fernandes &Monternor, 2015).
Engineering materials can be metallic or nonmetallic. In the case of non-metallic materials,
the term corrosion invariably refers to their deterioration from chemical causes, but a similar
concept is not necessarily applicable to metals. Many authorities are of the view that the term
metallic corrosion embraces all interactions of a metal or alloy (solid or liquid) with its
environment, not minding whether this is deliberate and beneficial or unplanned and
damaging (Hoar, 1961; Ceciia& Carrizo, 2022). This definition of corrosion, which is for
convenience sake will be referred to as the transformation definition, will include, for
example, the deliberate, anodic dissolution of zinc in cathodic protection and electroplating
as well as the spontaneous gradual wastage of zinc roofing sheet due to atmospheric
exposures.

On the other hand, Uhlig (2011) defined corrosion as the undesirable deterioration of a metal
or alloy. This definition which will be referred to as the deterioration definition, is also
applicable to non-metallic materials such as glass, concrete, etc. and embodies the concept
that corrosion is always damaging. However, the restriction of the definition to undesirable
chemical reactions of a metal results in anomaly which will become apparent from a
consideration of the following instances.

When steel is exposed to an industrial atmosphere, it reacts to form the reaction product rust,
of approximate composition Fe,03.H,0O, which being loosely adherent does not form a
protective barrier that isolates the metal from the environment; the reaction thus proceeds at
an approximately linear rate until the metal is completely consumed. Copper, on the other
hand forms an adherent green patina, corresponding approximately with bronchantite,
CuS04.3Cu (OH)2 which is protective and isolates the metal from the atmosphere. Copper
roof installed 200 years ago are still performing satisfactorily, and it is apparent that the

formation of bronchantite is not damaging to the function of copper roofing material-indeed,
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in this particular application it is considered to enhance the appearance of the roof, although
a similar patina formed on copper water pipes would be aesthetically objectionable (Shreir,
2010).

The rapid dissolution of a vessel constructed of titanium in hot 40% H,SO4 with the
formation of Ti** aquo cations meets the requirement of the two definitions of corrosion, but
if the potential of the metal is raised (anodic protection), a thin adherent protective film of
anatase TiO, is formed, which isolates the metal from the acid so that the rate of corrosion
is enormously decreased (Shreir., 2010). The formation of this very thin oxide film on
titanium, like that of the relatively thick bronchantite film on copper, clearly meets the
requirement of the transformation definition of corrosion but not the deterioration definition,
since in these examples the rate and extent of the reaction is not significantly detrimental to
the metal concerned (Shreir, 2010).

Also, is the case of magnesium, zinc or cathodic protection of steel structures, as these metals
are clearly not required to be so maintained as such, their consumption in this particular
application cannot according to the deterioration definition, be regarded as corrosion.
Furthermore, corrosion reactions can be of advantage in technological processes such as
pickling, etching, chemical and electrochemical polishing and machining. According to
Sheir (2010), the examples, already discussed lead to the conclusion that any reaction of a
metal with its environment must be regarded as a corrosion process irrespective of the extent
of the reaction or of the rates of the initial and subsequent stages of the reaction. It is not
illogical, therefore, to regard passivity, in which the reaction product forms a very thin
protective film that controls rate of the reaction at an acceptable level, as a limiting case of a
corrosion reaction. He further stated that both the rapid dissolution of active titanium in 40%
H2S0O4 and the slow dissolution of passive titanium in that acid must be regarded as corrosion
processes, even though the latter will not be detrimental to the metal during the anticipated
life of the vessel.

Fontana and Staehle (2013) on their part, stated that corrosion will include the reaction of
metals, glasses, ionic solids, polymeric solids and composites with environments that
embrace liquid metals, gases, non-aqueous electrolytes and other non-aqueous solutions,
thereby extending the scope of the term corrosion even further (Fontana &Staehle, 2013).
Vermilyea (1972) who has defined corrosions as a process in which atoms or molecules are
removed one at a time, considers that evaporation of a metal into vacuum should fall within
the scope of the term, since atomically it is similar to other corrosion processes (Vermilyea.,
1972).
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Evans (1948) on his part considers that corrosion may be regarded as a branch of chemical
thermodynamics, of kinetics as the outcome of electron affinities of metals and non-metals,
as short-circuited electrochemical cells, or as the demolitions of the crystal structure of a
metal.

The above considerations from the various authorities lead to the conclusion that there is
probably a need for two definitions of corrosion, which depend upon the method adopted
such as;

-Definition of corrosion in the context of corrosion science, to the effect that; the reaction of
a solid with its environment is known as corrosion.

-Definition of corrosion in the context of corrosion engineering, to the effect that; the reaction
of an engineering material with its environment with a subsequent deterioration in properties

of the material is known as corrosion.

2.1.1 The Phenomenon of Corrosion

Although corrosion is fundamentally associated with metallic materials, however, non-
metallic materials can also corrode. For instance, ceramics also corrode through selective
dissolution. In as much as it cannot be completely eliminated from existence, corrosion is a
major happening that every individual hopes to overcome as its effect is never ever a
favorable experience. Lowering of the system’s Gibbs free energy has been found to be the
major cause of all forms of corrosion (Saranya, et al., 2016). The atmosphere where corrosion
arises may be air, gas or hybrid water-based. Such conditions are referred to as electrolytes
because they possess their own conductivity for the flow of elections. The corrosion cycle
requires a minimum of two reactions in a semi-corrosive atmosphere. Such reactions are
called anodic and cathodic (Alemayehu &Birahane, 2014). Then metal oxidation occurs by
anodic reaction and reduction occurs by cathodic reaction. For example, in this work steel
was considered. Hence, the anodic and cathodic half cell reactions are as shown in Equations
2.1, 2.2 and 2.3:

Anodic: Fe - Fe?t + 2e~ 2.1
Cathodic: 02+ 2H20 + 4¢ — 40H 2.2
Overall reaction (Redox):  2Fe + O+ 2H20O — 2Fe (OH): 2.3

Every corrosive reaction is naturally electrochemical and in this case, ferrous ions are on the
anodic site which is the iron's surface. While cathodic reactions occurs for the non-atoms,
where electrons are released with a build-up of negative charges that would prevent further
corrosion reaction from the anodic site of the metal (Chigondo & Chigondo., 2016). On a
corroding system, corrosion involves a reduction reaction and oxidation reaction that

generates several metallic electrons and ions. These electrons in the reduction reactions are
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then consumed. However, for a moist environment with a certain amount of moisture content
in the air, the conservation of water and oxygen to hydroxide ions literally consumes the
electrons (Cinitha, Umesha&lyer, 2014).

Corrosion usually starts at the external material surface. Corrosion resistance of metals and
alloys is a basic property related to the easiness with which these materials react with the
given environment. This is a natural process that seeks to reduce the binding energy in metals
and is electrochemical in nature (Parashar & Parashar., 2015).

Metals and their alloys tend to make a chemical reaction with the elements of a corrosive
medium so as to form stable compounds that are similar to those found in nature. When this
happens, loss of metal occurs and the compound formed is referred to as corrosion products
(Parashar & Parashar., 2015).

According to Shreir (2010), any fundamental approach to the phenomena of corrosion must
therefore involve consideration of the structural features of the metal, the nature of the
environment and the reactions that occur at the metal / environment interface. He further
stated, that the more important factors involved may be concisely put as follows;

e Metal-composition, detailed atomic structure, microscopic and macroscopic
heterogeneities, stress (tensile, compressive, cyclic), etc.

e Environment-chemical nature, concentrations of reactive species and deleterious
impurities, pressure, temperature, velocity, impingement etc.

e Metal/environment interface-kinetics of metal oxidation and dissolution, kinetics of
reduction species in solution, nature and location of corrosion products, film growth
and film dissolution, etc. It should be appreciated that the decision to use a particular
metal or alloy in preference to others in a given environment or to employ a particular
protective system is based usually on previous experience and empirical testing rather
than on the application of scientific knowledge. The technology of corrosion is
without doubt in advance of Corrosion Science and many of the phenomena of
corrosion are not fully understood (Shreir, 2010). Thus, the phenomenon of passivity
which was first observed by Faraday in 1836 is still a subject of controversy. The
specific effect of certain anions in causing stress-corrosion cracking of certain alloy
systems is not fully understood and dezincification of brasses can be prevented by
additions of arsenic (or other elements such as antimony or phosphorus) but no
adequate theory has been submitted to explain the action of these elements (Shreir
2010). According to Shreir, the understanding of the basic principles of the science
of metallic corrosion is clearly important for corrosion control and knowledge of the

subject that advances the application of scientific principles rather than empirical
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approach may be used for such purposes as the selection of corrosions inhibitors,

formulation of corrosion-resisting alloys, etc.

2.2 Types of Corrosion

The broad classification of corrosion reactions into wet and dry is now generally accepted,
and the nature of the process is frequently made more specific by the use of an adjective that
indicates type or environment, e.g. concentration-cell corrosion, crevice, bimetallic,
atmospheric, localized or pitting, high temperature, sea-water corrosion, etc.

One of the most insidious types of corrosion is pitting. According to Li, Feng, Bai, Zhu &
Zheng (2007), this type of corrosion is a dangerous form because metals are punctured
without warning of signs or growth in pits. Active metals undergo pitting attacks due to local
external circumstances, such as holes in the coatings. It is a local type of corrosion, which
forms deep, narrow pits on the surface of the metal, thus puncturing the material over time.
This usually occurs when there are inclusions on the metal surface or when the surface is
rough, resulting in local failure of the passive film (Li et al., 2007). It is considered to be
very dangerous compared to uniform corrosion damage because it is difficult to predict its
appearance in the design system. Passivated metals are mainly attacked by pitting corrosion,
which occurs in solutions containing chlorides, iodide etc.

Uniform corrosion happens when there is metal waste at the same rate in large areas of the
metal surface. It uniformly spreads across the surface and occurs when the two areas of the
metal-anode and cathode, respectively at the surface of the metal exchange positions that
extend continuously. Uniform corrosion occurs more frequently than other forms of
corrosion. Metals undergo uniform corrosion due to their uniform chemical composition and
microstructure that allow the corrosive medium to access the surface of the metal. The
uniform corrosion rate depends on the most important parameter such as temperature,
because high temperature reduces the oxygen present in the aqueous solution, which
influences the rate of corrosion (Roy, Karfa, Adhikari & Sukul, 2014).

According to Liu, Haixian & Yuxuan (2020), galvanic corrosion is an accelerated corrosion
attack when two metallic materials having dissimilar compositions are electrically coupled
in the presence of an electrolyte. It is also known as bimetallic corrosion. Apparently,
different metals tend to corrode and when two different metals are joined together, the
electrons move from the most reactive (anodic site) to the least reactive (cathodic site). The
formed galvanic couple has the tendency to accelerate corrosion of the anode and slow down
or completely stops the corrosion at the cathode. The corrosion rate becomes even severe

when the metals are far apart on the galvanic potential (Roy et al., 2014). A small anode
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coupled to a large cathode will result in increased corrosion rate at the anodic site and high
current density.
Han, Zhang & Carey (2011) stated that crack corrosion occurs mainly in areas where the
space is wide enough to allow the liquid to penetrate the crack and narrow enough to allow
stagnation of the liquid. According to them, oxygen being restricted in the crack, a
differential aeration is established between the crack and the surface (Han et al., 2011). This
kind of corrosion mechanism is visible within the connection regions of flange joints, screw
heads and lap joints, between tube plates and their tubes in the heat exchangers (Anwo,
Ajanaku, Fayomi, Olanrewaju., 2019). This is known as crevice corrosion, a situation
whereby a crevice, crack or overlap of the surface of metals prevents corrosive species and
oxygen from entering or leaving the formed enclosure, thereby facilitating, rapid corrosion
leading to the cracks of metallic materials. The phenomenon of cavitation and erosion
corrosion is a unique form of corrosion which enhances degradation, resulting in building up
and collapsing bubbles inside liquid near the metal surface. This has been attributed to
chemical and mechanical effects due to bubbles on the protective film, causing the newly
exposed metal surface to corrode (Anwo et al., 2019). The reformed film then gives rise to a
new cavitation formation at the same spot. Cavitation corrosion can be prevented with the
aid of fluid pressure gradients and pressure drops limitation (Chandler & Richer, 2000).
Alteration of environment, coating and cathodic protection are main preventive ways to
combat this form of corrosion. Its appearance leads to participating groves, gullies, waves,
rounded holes and valleys, which develop on the surface film as resistance to corrosion. Also,
selection of materials of better resistance to this form of corrosion inputs, designs,
environmental changes, coatings and cathodic protection are ways to minimize damages or
depletion due to erosion corrosion (Heakal & Elkholy, 2017).
The phenomenon of stray current corrosion occurs at the outward pipeline surface which
affects stray passage currents along the pathway of pipelines. It results in metal degradation
in the form of localized or pinholes corrosion. The surface make-up of stray corrosion
behaves like a localized form of corrosion. Its corroding strength can be as a result of rapid
perforation of pipelines. As for a foreign pipeline, it acts as a reverse current pathway for the
cathodic protection system. In rare cases, rectifiers of cathodic protection are connected
backwards in a way that direct current is discharged from the pipeline and anode of impressed
current, can be retrieved rather than discharging current (Eddy, 2009).
Microbial influence corrosion phenomenon (MIC) involves the activities of microbes which
lead to the dissolution of metals. The microbial in this form of corrosion can be clarified
using a classical and modern form of mechanisms (Anwoet al., 2019). According to the
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classical mechanism, chemicals are produced from microorganism's activities which are
enhanced through an electrochemical reaction. The aids of sulfate-reducing, Iron-reducing,
non-oxidizing and acid producing bacteria are the four main microbial species that accelerate
the influence of MIC (Heak & Elkholy, 2017). The stepwise reaction of sulfate-reducing
bacteria requires the consumption of hydrogen atom to convert sulfate into sulfide, sulfate-
reducing bacteria activeness speed up the cathodic reaction and thereby increases the
corrosion rate. During the anodic reaction, ferrous ion produced combine with sulfide ions
to produce iron sulfide (Anwo et al, 2019). Modern mechanism, mostly results in localized
corrosion having the formation of a biofilm at the initial stage which comprises of several
species of bacteria. Some of these activities reduce oxygen content within the biofilm,
making the surface of the metal covered by biofilm to become anaerobic, having the solution
as aerobic. The biofilm creates a pathway area for bacteria to thrive and influence corrosion
may be controlled by cleaving the surface to remove the biofilm or applying biocides to
control the bacterial activity in the solution, and increasing cathodic protection potent
(Hubbell, Price & Heidersbach, 1985).

A difference in the concentration of impurities in the presence of galvanic elements is the
major cause of inter-granular corrosion. Generally, metals solidify with unique forms of
grains consisting of crystalline units. Moreover, the irregularities of the grains, at the grain
boundaries has resulted in the more susceptible dissolution of the metallic surface because
of their reduction in mechanical properties and ductility of the substrates due to welding and
stress cavitation (Anwoet al., 2019). A typical example is the nitric acid test for stainless
steels where more than 12% Chromium is needed to make stainless steel, thereby increasing
the corrosion resistance of chromium towards the grain boundary.

Weld decay can also cause inter-granular corrosion. Time and temperature effects provide
one reason electric arc welding is used more than gas welding for stainless steels. The former
produces higher and more intense heat within a short interval. The Latter would keep metal
in a broad zone sensitizing range for a long duration, which means greater carbide
precipitation. Employing high-temperature solution heat treatmentthat is solution-quenching
and rapid cooling, are viable solutions to prevent inter-granular corrosion on austenitic
stainless steel (Hubbell, Price & Heidersbach, 1985).

2.3 Chemical factors Affecting Corrosion

2.3.1 Dissolved Oxygen

Fontana and Staehle (2013) captured the effect of dissolved oxygen on metal substrate which
brings about degradation of protective hydrogen film that oxidizes dissolved ions into

insoluble form (metal precipitates), he also deduced that parts of dissolved gases (oxygen,
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nitrogen, carbon dioxide, ammonium, sulfurous gases) which support aquatic life are also
responsible for corrosiveness of such water towards metal and volumetric ratio of oxygen in
water which aids photosynthesis. He reported that this challenge could be prevented or
minimized by mechanical action and chemically scavenging the remainder. The mechanical
approach makes use of vacuum de-gasifiers to reduce the oxygen level to less than 0.5-10
mg/L orde-aerating heater to reduce oxygen concentration to the range of 0.005-0.010mg/L.
Chemical approach involves the use of hydrazine and sulfite. Using Sodium sulfite as an
effective scavenger has a confined system operating limit about 1000 psi forming corrosive,
hydrogen sulfide and sulfur dioxide shutdown occurrence. Hydrazine is more efficient to
eliminate the residual oxygen by reacting with oxygen to give water and gaseous nitrogen,

which are quite recognized as toxic substances.

2.3.2 Chloride lons

According to Fontana and Staehle (2013), the effect of some chemical substances such as
sodium salts (chloride, sulfates, nitrates, bicarbonate, salts of heavy metals, silica etc. which
are part of mineral constituents occurs in the presence of chlorideion at a temperature of over
300°F (180°c) and forms a unique type of corrosion, which can grow under porous iron
sulfide layer on the corroding steels. It was ascertained that the corrosive nature of carbon
dioxide act as a function of forming hydrogen ion which enables the anodic reaction to
continue having hydrogen as products which are known as hydrogen embrittlement. When
carbon dioxide dissolves in water its effectlowers the pH and increases the corrosion rate.
Relatively, oxygen as predominant corrosive gas in the oil sector has a severe corrosive effect

at a concentration of 50 ppb alongside any other acid gases.

2.3.3 Effect of Temperature

Generally, the corrosion rate increases with increasing temperature up to a maximum point.
Ebenso et al. (2008) also posited that it is difficult to establish the formation of a FeCOs
surface layer at a temperature below 70°F (20°C). For a temperature range of 70 and 100°F
(20°C and 40°c), the surface layer formed is not adherent enough and can easily be wiped
off using cloth (Ebenso et al., 2008). However, in the range between 140 and 300°F (60°C
and 150°C) it is found that the surface layer is hard, adherent and protective. The negative
aspect of temperature change reveals that at 70°F (20°C) there is the non-uniform, fragile
surface layer. Cosequently, pitting corrosion is mostly subjected to this form of effects. As
both the pit density and pit depth decreases, the temperature increases, leading to the

formation of adherent and protective surface layer on the substrates.
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2.4 Some Historical Examples of Catastrophic Effects of Corrosion
Based on research and statistical data, it is possible to estimate and state evidently that
corrosion in all its forms such as; general corrosion, pitting corrosion, crevice corrosion,
stress corrosion cracking, corrosion fatigue, contributes to failure with about 42% when
considering the frequency of failure mechanisms in engineering structures. Even in aircraft
structures, where the largest numbers of failure were as a result of fatigue, corrosion is the
cause of about a quarter of the total number of failures (Findlay& Harrison, 2002).
In 1973, an aluminum heat exchanger failed catastrophically leading to the explosion of an
LNG plant at the Skikda natural liquefied gas plant in Algeria, killing many people and
inflicting injuries to a lot more (Chalkidis, Jampaiah, Hartley, Sabri, & Bhargava, 2020). The
explosion resulted in a further 56 none fatal injuries and $900 million loss (Ouddai, Chabane,
Boughaba&Frah, 2012). Investigations determined that mercury corrosion caused the failure.
After the Skikda failure, a study on Groningen fields in Holland revealed similar corrosion
in the gas gathering system. CO, was initially thought to be the culprit, but investigation
pointed to mercury with concentrations ranging from 0.001 to180 pg/Nm2(Ouddai et
al.,2012). Although the concentration of Mercury in natural gas may be considered extremely
low, it observes that its affect is cumulative as it amalgamates (forming alloys). Elemental
mercury forms an amalgam with the surface layer of the metal it contacts. With aluminum,
the corrosion problems occur when Mercury comes into contact with an aluminum metal
Surface, where aluminum diffuses from the interface into the mercury droplet and it is rapidly
converted to Al20s by reaction with air or water. By this mechanism, metallic mercury
actually, bores into the aluminum leaving brittle layer of Al.0s. To initiate aluminum
corrosion, the tightly adhering aluminum oxide layer on the surface of the aluminum must
be removed. The mercury aluminum amalgam process removes this oxide layer in the
presence of a catalyst or an aqueous electrolyte. The aqueous corrosion cell forms aluminum
hydroxide and gaseous hydrogen, through Equations 2.4 and 2.5:
Al+Hg —» AlHg 2.4
2AIHg + 6H,0 —> 2Al (OH)s + 3H2 +2Hg 2.5
These reactions leave the previously amalgamated mercury free to form additional amalgam
with the base metal in a continuous process. Metal corrosion does not start at a significant
rate if the equipment is maintained below the melting point of mercury (-29°C).
This problem is clearly shown in the natural gas liquefying processes (LNG), and greatly
affects the processing equipment (vessels / pipes) specifically the aluminum heat exchangers
used to liquefy the gas (Chalkidis et al., 2020). As described above, elemental mercury forms
an alloy with aluminum (amalgam). This amalgam (which is much weaker than the metal
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itself) reacts with moisture to form a metal oxide plus free mercury, which can continue the
corrosion process. Consequently, the mercury can damage the aluminum used in these
exchangers and must be completely removed to no detectable levels in upstream equipment.
This explosion was the worst accident at an LNG site in nearly 30 years ago where it
destroyed three out of six production trains (Chalkidis et al., 2020).
Another catastrophic failure that was caused by corrosion was the Mexico Analco
Guadalajara Sewer explosion of 1992. A series of ten explosions took place on April 22,
1992, in the downtown district of Analco Colonia Atlas in Guadalajara city, Jalisco State,
Mexico. Numerous gasoline explosions in the Sewer System and fires over four hours,
destroyed 13 kilometers of streets, killed more than 200 people and damaged 1224 buildings
(Divine, 2016). And about 1,500 people were hospitalized, 25,000 people had to be
evacuated, above 500 persons were missing, 637 vehicles were destroyed and the total
damage was estimated at between $300 million and $1 billion (Divine, 2016).
It was reported that 8 days before the disaster, a loss of pressure in a 12inches pipeline which
carried the gasoline from the Salamanca refinery to the Guadalajara depot of the petroleum
company was detected, and it was discovered that the loss in pressure was the result of the
perforation of the pipeline, leading to a leak of gasoline. The leak was localized in Alamo
industrial area, less than 1 km from the storage tanks of the petroleum company (Divine,
2016)). Town water pipes probably made of copper coated with Zinc - installed five years
had been installed close to the steel hydrocarbon pipeline without respecting standards for
protection, provoking the corrosion and then the perforation of the pipeline. The gasoline
thus poured out into the ground, infiltrating to a great depth (3 to 4metres) before running
into the drainage network as far as the next main drain, following the natural slope of the
terrain.
In another incident, according to Chris (2001), for thirty-nine years the Silver Bridge stood,
allowing passage across the Ohio River. Narrating further, Chris stated “With the previous
inspections, no one conceived that the structure might fail and collapse into the riverbed,
however, on that fateful day, December 15, 1967 at about 5:00pm, tragedy struck. Within
seconds, the Silver Bridge had collapsed killing and injuring many individuals” (Chris,
2001).After extensive studies of the broken structural members, the cause of failure was
determined and was attributed to a cleavage fracture in the lower limb of eye-bar 330 at a
joint C13N of the north eye-bar suspension chain in the Ohio side span. The fracture
emanated from a minute crack formed during the casting of the steel eye-bar. Over the years,
stress corrosion and corrosion fatigue allowed the crack to grow, causing the failure of the
entire structure (Chris, 2001). Consequently, the catastrophic failure was as a result of a
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combination of stress corrosion cracking due to the formation of brittle cracks in a corrosive
environment and corrosion fatigue due to cyclic stresses in a corrosive environment.
In yet another incident, before the 19"May, 2015, Santa Barbra/California oil spill, the Santa
Barbara/CaliforniaRiver has been a case of recurring oil seeps. The 2015 oil spillin which
there was a discharge of 540m? of crude oil destroying environmental flora and fauna was
just another case. Investigations indicated the presence of serious corrosion. In the lower
quadrant of the pipeline, the thickness of which was reduced by 45% due to corrosion, there
was crack propagation (Lorenson et al., 2011).
On April 28, 1988 an Aloha Boeing 737 plane crashed. The structural damage to the plating
on the Boeing 737 aircraft, operated by the US airline Aloha Airlines, undoubtedly
contributed to the creation of awareness of aircraft aging. This aircraft suffered very serious
damage caused by explosive decompression during flight. At 8,000m above the ground, a
large segment of the upper fuselage was literally torn off and it made a big hole in the
passenger cabin (Miller, 1990). The crew landed the plane safely on the Island of Maui in
Hawaii. One flight attendant got killed, while 65 out of 94 survivors sustained injuries. In
the remaining structure of the aircraft, in several lap joints of the fuselage body, in the holes
of the upper row of fasteners, subsequent investigation discovered more cracks caused by
fatigue (Wildey, 1990). The report of the National Committee for Traffic Safety, made after
the completion of the investigation, attributed the incident to maintenance program and
detection of damage from corrosion. It was the NLR — Netherlands Aerospace Centre
(Nederlands Lucht- enRuimtevaartcentrum) department of Structures and Materials that was
responsible for investigating the components connecting engine No. 3pylon on the right
wing. It turned out that these components were the key to explaining this complicated
accident (Wanhill, Molent, Barter, 2021). After this accident report, Boeing introduced
several changes for the pylon-to-wing connection including a newly designed safety pin
made ofcorrosion-resistant stainless steel.
In May 1974, the helicopter Sikorsky S-EIN PH-NZD crashed into the North-sea and six
people were killed. All the main rotor blades were broken, but blade No. 3 was an exception
because of low deformations at the fracture. The spar No. 3 blade was made of aluminum
alloy AA 6061-T6. The spar is adhesively bonded to the sheeting in the form of a ribbed
aluminum pocket. It was found that the fractographic analysis determined the phases of the
spar fracture and their order. The first phase was high-cycle fatigue initiated by corrosion
pits on the spar lower surface under the bonded area (Wanbhill et al., 2021).
On August 19, 2000, a 76 cm diameter natural gas transmission pipeline operated by the El
Paso Natural Gas Company (EPNG) ruptured adjacent to the Peco River near Carlsbad, New
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Mexico. The incident, according to the company costs $998.296. The explosion created a
crater 16 meters wide and blew out three large pieces of the pipeline. All three pieces showed
evidence of internal corrosion damage, but one of the pieces showed significantly more
corrosion damage than the other two. Corrosion pits were visible on the inside surface of this
piece, and the pipeline wall was significantly thinned at several locations, a perforation of
the wall visible at one location. No significant corrosion damage was visible on the outside
surfaces of the three pieces or on the two ends of the pipeline remaining in the crater
(National Transportation Safety Board, 2003).

On August 15, 2014, the landing of a Jetstream resulted to an accident whereby the landing
gear was affected. Immediately after landing, the left leg of the landing gear separated from
the shackles. The aircraft slid off the runway into the grass. The results of the investigation
showed that the failure had been caused by stress corrosion (Zoran, 2016).

On June 24, 2013 in England an Airbus A330 running at the airport in Manchester, at a speed
of 190 km/h, the right caught fire. The investigation revealed that there had been a fracture
of one of the turbine blades. The blade failed due to high cyclic fatigue initiated by pitting
corrosion (Zoran, 2016).

On 12 December 1999, an oil tanker by the name Erika broke into two and sank in the Bay
of Biscay, France. There were no casualties. However, the oil spill led to a great
environmental disaster. The main cause of the accident after investigation was attributed to
significant corrosion of the internal structure of the vessel (Zoran, 2016).

Next was the April 10, 1992 EL AL Boeing 747 crash in the Netherlands. After a takeoff,
engine No 3 separated from the right wing and hit motor No. 4. The reason for the separation
of the two right engines was damage on an internal safety pin in the compound of Engine No
3 Carrier and the middle spar of the right, wing, caused by pitting and fatigue corrosion
(Zoran, 2016).

On March 12 in 1984 in Bhopal India, toxic gas was released into the atmosphere from the
Union Carbide India Limited (UCIL) pesticide plant in Bhopal in the state of Madhai
Pradesh. The official death toll was 2,259, while unofficially the number was much higher
about 8,000. After investigating the cause of the accident, it was revealed that the main culprit
was corrosion (Zoran, 2016). From the foregoing, the need for corrosion protection of
engineering systems can’t be overemphasized and as such is highly recommended in order

to reduce the enormous cost associated with corrosion failures.
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2.5 Theoretical Literature

2.5.1 Theory of Electrode Kinetics

The theoretical considerations of the three laws governing electrode kinetics of corrosion of
some metals were discovered some decades ago. The logarithmic law was really discovered
in 1922, a year before the discovery of the linear and parabolic laws, but it was not until after
its rediscovery in 1939 that explanations became available for an increasing number of
discrepancies (Miley, 1942). An electrochemical interpretation of the ionic theory provides
a basis for developing the equations of these laws. The diffusion theory had never provided
an adequate explanation of the parabolic law. The ionic theory postulates the movement of
cations and electrons outward and of anions inward across the growing film, and the
electrochemical interpretation of this theory makes it theoretically possible for a continuous
film to obey two or more of these laws in turns (Miley, 1942). The growing film may be
compared with a current-producing cell, the requirements for changing a parabolic growth
rate to a logarithmic rate being provided by polarization. The critical film thickness, beyond
which polarization may be expected, is influenced by all of the factors that affect the
perviousness of the film. The linear law may be obeyed sometimes when the resistance of
the film is small enough to permit the mechanics of the film building process to control the

rate of growth (Miley, 1942). These theories are termed the electrode kinetics theories.

2.5.1.1 Linear Rate law

The linear rate law corresponds to a surface reaction being rate limiting, the surface reaction
possibly being the adsorption or adsorption reaction of hydrogen on the metal surface.
According to the parabolic law, the resultant stress at the interface increases and eventually
the oxide layer can fail either by fracture parallel to the Interface or by a shear or tensile
fracture through the layer (Smallman & Ngan, 2014). In these regions the oxidation rate is
then increased until the build-up in stress is again relieved by local fracture of the oxide scale.
Unless the scale fracture process occurs at the same time over the whole surface of the
specimen, the repeated parabolic nature of the oxidation rate will be smoothed out and an
approximately linear law observed. This breakaway parabolic law is sometimes called para-
linear and is common in oxidation of titanium when the oxide reaches a critical thickness. In
some metals, however, the linear rate with an interface reaction converting a thin protective
inner oxide layer to a non- protective porous oxide (Smallman & Ngan, 2014).

2.5.1.2 Parabolic Rate law

According to this law, the rate of oxide-scale formation is inversely proportional to time,
which means that as time increases, the rate of scale formation continuously decreases. From

the standpoint of oxidation of engineering alloys, the parabolic law is of great importance.
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Here the oxide growth occurs with a continuing decreasing oxidation rate. Most metals and
engineering alloys follow parabolic kinetics at elevated temperatures. The oxide growth
process is usually governed by the diffusion of ions or electrons through the initially formed
oxide scale (Khanna, 2002).

2.5.1.3 Logarithmic Rate law

The logarithmic rate laws are observed for thin films growing at low temperatures. The law
predicts the quick initial reaction, followed by almost no reaction. Based upon how slowly
the rate subsides after initial fast reaction, the logarithmic kinetics can have direct or inverse
behavior of scale thickness versus time (Khanna, 2002). The mechanism of growth involves
electric fields localized very close to the metal surface. Adsorbed oxygen atoms acquire
electrons from the metal atoms, creating large electric fields across the thin film between
positive metal ions and negative oxygen ions. Metal atoms are pulled by the electric field
through the oxide film. In such cases the growth rate varies inversely with time. It is
important to understand that these three laws determine the Kinetic behavior of metals and
alloys (Khanna, 2002).

2.5.1.4 Thermodynamics of Corrosion

It has been reported in literature that thermodynamics give the change in energy state, also
predicts the direction of a reaction. For Spontaneous reactions, the systems must decrease
their Free-energy and move to a lower energy state (Popov, 2015).

It is observed, that corrosion reactions inevitably involve electron transfer. For this reason,
the reactions may be considered electrochemical in nature. Thermodynamics can provide a
basis for the understanding of the energy changes associated with the corrosion reaction. It
can in general, predict when corrosion is possible. Thermodynamics cannot predict corrosion

rates. The rate at which the reaction proceeds is governed by kinetics (Popov, 2015)

2.5.2 Nernst Theory of Electrode Potential

According to Hemant, Nernst in 1889 gave his theory of electrode potential. An electrode is
a couple of active elements, and its ionic solution. When metal is immersed in its salt solution
it shows two opposite tendencies called de-electronation (oxidation) and electronation
(reduction) (Hemant, 2019). Metal have the tendency to pass into solutions as cations and
liberate electrons. This process is oxidation or de-electronation. The tendency of a metal to
pass into its salt solution in the form of cations liberating electrons is called the solution
pressure of the metal (Ps). There is a reverse tendency of cations to deposit on the electrode
by taking electrons. This process is called electronation or reduction. The tendency of the
ions in the solution to be deposited back on the surface of the metal by taking electrons is

called osmotic pressure (Po). Nernst suggested the mechanism of the establishment of the
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difference of potential in a cell. His theory is based on the theory of electrolytic dissociation
and his ideas of solution pressure and formation of the electrical double layer (Hemant,
2019).

2.5.3 Electrolytic Dissociation Theory

The main idea of the theory of electrolytic dissociation is that when an electrolyte dissolves
in water, it disintegrates into two charged parts, one part carrying a positive charge, cations,
and the other carrying a negative charge, anions, and these charged particles are the current
carriers responsible for the conductivity of the electrolytic solution.

According to Wilder (2002), when an electrolyte is dissolved in water, it is separated into
two types of changed particles: one with a positive charge and the other with a negative
charge. In its modern form, the theory assumes that solid electrolytes are composed of ions

that are held together by the electrostatic forces of attraction (Wilder, 2002).
2.5.4 Mixed Potential Theory

The mixed potential theory explains metal corrosion as a reaction of two or more electrodes
working simultaneously at the interface of the given metal surface and electrolyte.
According to Frankel (2016), in a corrosion cell (electrolyte, anode, cathode and a metallic
path), multiple reactions occur. The metal constitutes a multi-electrode, because at least two
different reactions occur on its surface simultaneously, one oxidation and the other reduction
(Frankel, 2016). It is used to predict the rate of corrosion of metals and alloys in a given
environment.
According to reports, mixed potential theory has two basic assumptions such as;

a. Electrochemical reactions are composed of two or more partial anodic and cathodic

reactions.

b. There cannot be any accumulation of charges.

Typical corrosion process involves one or more cathodic reactions and one or more anodic
reactions (Perez, 2004). According to mixed potential theory any electrochemical corrosion
process reaches a mixed potential such that the sum of all anodic reaction rates equals the
sum of all catholic reaction rates, taking into consideration the reaction areas, A. Moreover,
there is no net electrical charge accumulation. This open circuit potential is a kinetically and
thermodynamically determined mixed potential that can be measured experimentally against
reference Scale (Perez, 2004).

2.5.5 Theories of Passivity
Theories of passivity are ideas developed to explain the usefulness of certain active metals

in the galvanic series towards having certain corrosive resistance when exposed to
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passivating environments or polarization (Popov, 2015). This means that, active metals can
be made passive, so that they corrode less as compared to their origin at state, which corrodes
rapidly. This is achieved by reducing the anodic reactions that occur at the surface of the
metals. Theories of passivity explain how protection is achieved in certain structures by the
development of passive films on the surface of the metallic material.

According to Popov (2015), theories of passivity are based on the formation of oxide films
on the surface of the material that is in a passive state. Through anodic polarization, certain
metals like iron can become passive, thus demonstrate some corrosion resistance. The oxide
films can exist when certain metals have pronounced corrosion tendencies, but produced
lesser reactions with the surrounding environment. As they undergo these passive states, their
potential approaches those of noble metals which do not react easily, such as platinum
(Popov, 2015).

The theories of passivity also explain how adsorption works in the reduction of reaction
activity of active metals. The oxygen adsorption on the surface of these metals prevents
further anodic reactions thus protecting the material from degradation (Popov, 2015).

2.5.6 Cabrera and Mott Theory

This theory has been widely accepted and extended to a wide range of systems such as nano
particles, nanowires and liquid metals, which significantly inspired the continuous studies of
oxidation mechanisms and oxidation-based material synthesis methods (Goffet al., 2021;
Laboureur, Glabeke&Gouriet, 2021;Cysteret al., 2021; Gorobez, Maack, &Nilius, 2021).

2.5.7 Wagner's Theory of oxidation
Wagner's theory is anchored on the growth of oxide film on a metal by thermal oxidation.
The theory states that oxidation rate of a metal is controlled by the transport of ions across
the oxide film under the combined effects of concentration gradients and electric fields
(Gesmundo, 1992). The theory has many assumptions, such as:
1. The scale growing on the metal surface is compact in its entirety.
2. Diffusion of reagents in the scale takes place in the form of ions and electrons through
point defects in the crystalline lattice of the reaction product.
3. The scale formation process is determined by diffusion, the rate of which is lower
than that of chemical reactions at the interface.
4. Electronic and ionic defects in the crystalline lattice of the scale travel due to
ambipolar diffusion.
5. Diffusion of reagents in the scale proceeds under the influence of a lattice detect

gradient caused by the oxide chemical potential gradient.
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6. Point defect concentrations are established at the scale interfaces, to which the
oxidation process proceeds according to the parabolic law.

7. There is a state close to thermodynamic equilibrium at the scale interfaces
(Gasmundo, 1992; Kofstad, 1989; Khanna, 2002)

2.5.8 Theory of Polarization Resistance

This theory states that whenever the potential of an electrode is forced away from its value
at open circuit, this is called polarizing the electrode. When electrode is polarized, it can
cause current to flow through electrochemical reactions that occur at the electrode surface
(Cigna et al, 1993).

All polarization resistance techniques such as linear, potentiodynamic, cyclic etc. can be
employed to evaluate the corrosion kinetics of coatings systems and the coating thicknesses
achievable as a function of time. Current density is the main parameter used to measure the
efficiency of protective coating kinetics; the high the current density, the poorer the
electrochemical behavior. Moreover, higher corrosion rates are characterized by a small
passive potential range and a lower pitting potential, thereby implying the presence of defects
and pores in the coating that allow electrolyte diffusion, and thus, promoting the failure of
the protective coating.

According to Papavinasam & Revie (2008), because polarization resistance method has the
advantage of providing corrosion rate measurement within minutes and it does not affect the
ongoing corrosion rates, this method is the most widely used in the field (Papavinasam &
Revie, 2008).

2.5.9 Faraday's law of electrochemistry

This law states that when current produced at anodic areas are known, it is possible to
calculate the rate of corrosion penetration or corresponding mass loss. The law relates to
electrolysis and how electrochemical reaction current is associated with the moles of
elements under reaction (Bagotsky, 2005). The rate of dissolution of the anode is governed
by Faraday's law of electrolysis. According to the law, the rate of anodic dissolution is
directly proportional to the amount of current passed through the electrolyte (Lefrou, Fabry
& Poignet, 2012). Faraday’s law is used to determine corrosion rates according to the kinetics
of the cathodic and anodic reactions or the oxidation-reduction. Using this law, along with
Tafel plot, industries are able to predict whether a certain setup is likely to lead to corrosion.
It also takes into consideration how fast the rate of corrosion will be in a given setup, making

this law significant in corrosion testing and control.
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2.6 Empirical Literature

2.6.1 General Empirical Literature on Corrosion

In the past decades, the corrosion rate of steel reinforcements in reinforced concrete
Structures under chloride- prone environments has been widely investigated and the key
methodologies adopted in modelling the corrosion rate were, empirical, Kinetics and
equivalent electrical circuit modelling (Siamphukdee, Collins & Zou, 2013). The study
focuses on the empirical models of corrosion rate developed from field data and/or
experimental results (Otieno, Beushausen, & Alexander, 2011; Raupach, 2006) which are
based on assumed direct relationships between the corrosion rate of the steel reinforcement
and the basic properties and parameters of concrete such as water-to-content (W/C) ratio,
cover depth, concrete resistivity, type of binder and the exposure conditions considering
chloride content, corrosion duration, relative humidity and ambient temperature. Currently,
there are several empirical models for predicting the rate of chloride-induced corrosion of
Steel reinforcement in RC (reinforced concrete) structures (Ahmad, Basavaraja&
Bhattacharjee, 2000; Liu & Weyers, 1998; Lu, Liu, Gao, Xing & Wang, 2008; Morinaga,
1988; Pour-Ghaz, Isgor & Ghods, 2009; Rodriguez, 1996; Vu & Stewart, 2000).

Nguyen & Dang (2020), did an empirical study to predict the corrosion rate in RC. In this
study, several empirical models were used to predict the corrosion rate and their limits of
application. The predicted values of steel corrosion rate using four empirical models were
compared with the measured values of a series of 55 experimental samples collected from
the literature. The results showedthat the empirical models overestimated the experimental
corrosion rate. Using a model proposed by Liu& Weyers (1998) provided the best agreement
with the experimental data (Nguyen& Dang, 2020).

In a similar study Vanmarcke (2010), studied experimental data on corrosion rate from
literature and did a comparative analysis. Seven empirical models for predicting the
corrosion rate were studied using the data collected. From their investigation, a new
empirical model was proposed for predicting the corrosion rate in corrosion-affected
reinforced Concrete structures considering parameters such as concrete resistivity,
temperature, relative humidity, corrosion duration and concrete chloride content
(Vanmarcke, 2010).

Ali & Fulazzaky (2020), carried-out an empirical study with the aim of developing new
empirical models based on the experimental data of testing 25 samples immersed in five
different environments for predicting weight change and corrosion rate of low-carbon steel

at the limited chloride ion concentration.
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Ali&Fulazzakyfurther carried out a study to develop a simple model for predicting weight
loss of mild steel due to corrosion in NaCl Solution. For this purpose, 25 samples of 80 x 24
x 3mm Sized coupons were prepared and the measurements of weight loss were carried out
on the specimens for 10, 20, 30, 40, 50, 60 and 70 days, respectively by total immersion of
the samples in NaCl solution of 2, 3, 4 and 5 wt.% with one treated in distilled water. The
results showed that NaCl concentration significantly influenced the corrosion rate for all
variations with average weight loss value of 1.38 mg/cm? and corrosion rate value of 25x10-
5 mm/year.They concluded, that the proposed empirical model (WL = 0.001 + 1.34 +t%8)
was successfully established.

In a study carried out by Ekuma&Idenyi (2007), they did a statistical analysis of the influence
of environment on prediction of corrosion from its parameters. In this study, they analyzed
the corrosion characteristics of Al-2.5% Zn binary alloy system. The set up were allowed to
stand for 480 hours with a set withdrawn 120-hourly for corrosion rate characterization. The
model equation developed using regression technique revealed that the model could be used
for effective and accurate determination of corrosion trend in seawater and atmospheric
environments as it showed good correlation with the experimental data (Ekuma&ldenyi,
2007).

In a study carried-out by Kaushal & Najafi (2021), they investigated microbiologically
influenced corrosion of concrete in sanitary sewers. The results showed Variation in
corrosion rates and other empirical inputs obtained on and through laboratory studies due to
different testing procedures (Kaushal & Najafi, 2021).

Umoren, Solomon, & Saji (2022), analyzed polarization based on the identification of the
partial currents of the single electrochemical reactions involved and investigated the
relationship between the gradient of polarization curves, and the corrosion rate in uninhibited
corrosion processes. The analysis of polarization curves was explained and two methods of
using polarization curves in corrosion studies were compared. The conditions for stability of
the active and the passive states were specified for application in anodic and cathodic
protection (Umoren, Solomon & Saji, 2022).

Brown, Darr, Morse & Laskowski (2012) on their part, presented the theory and

experimental validation of analatom’s structural health management (SHM) system for

monitoring corrosion. Corrosion measurements in this experiment were acquired using a

micro-sized linear polarization resistance (ULPR) sensor. A series of experiments were

conducted to validate the pLPR sensor for AA 7075-T3. At the end of the experiment, pit-

depth due to corrosion was computed for each sensor from the recorded LPR measurements
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and compared to the average pit-depth measured on the control coupons. The results
demonstrate the effectiveness of the sensor as an efficient means to measure pit- depth for
AA 7075-T3 (Brown et al., 2012).

An investigation on the corrosion behavior of steel embedded in basic magnesium sulfate
concrete (BMSCC) was carried out by Tan, Yu & Wu (2020). In this investigation, linear
polarization resistance and electrochemical impedance spectroscopy (EIS) were used to
study the corrosion behavior of steel bars in different strength grades of basic magnesium
sulfate cement concrete in seawater. The LPR and EIS results showed that the corrosion
potential and polarization resistance of steel bars in BMSCL decreased with the immersion
time in the seawater environment (Tan et al., 2020).

In a study to examine the effect of applied potential on the microstructure, composition and
corrosion resistance evolution of fluoride conversion film on AZ31 magnesium alloy carried-
out by Wu et al (2018), AZ31 magnesium (Mg) alloy was potentiostatic polarized in 0.1 M
de-aerated KF solution with pH 7.5 from -0.4V to -1.4V with an interval of -0.2V. The
polarization process was described by the potentiostatic current delay and the results
demonstrated that the deposited film included a Mg (OH)./MgF. containing inner layer and
a Mg(OH)./Mg F./KMgF3s comprising outer layer (Wuet al., 2018).

In another study to investigate the degradation mechanism at the bone - implant interface of
different degrading magnesium alloys in bone and to determine their effect on the
surrounding bone (Witteet al., 2005). The results showed that metallic implants made of
magnesium alloys degrade in vivo depending on the composition of the alloying elements.
The results further showed high mineral opposition rates and an increased bone mass around
the magnesium rods, while no bone was induced in the Surrounding soft tissue. It was
therefore concluded that a high magnesium ion concentration could lead to bone cell
activation (Witteet al, 2005).

A study on nano-indentation and corrosion characteristics of ultrasonic vibration assisted
stir-cast AZ 31-Wc -graphite nano-composites carried-out by Banerjee, Poria, Sutradhar&
Sahoo (2021) reveals that incorporation of | wt.% Gr has improved corrosion resistance but
further addition of graphite nanoparticles results in decrease in the corrosion resistance
(Banergeeet al, 2021).

According to Saifi et al (2019), in a study of electrochemical behavior investigation of
cysteine on nickel corrosion in acidic medium, the surface observation by scanning election

microscope corroborates that the addition of cysteine has no significant improvement of the
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surface morphology of nickel electrode in 0.5M H,SO4. The results obtained by different

methods corroborate each other.

2.6.2 Empirical Literature on Corrosion Inhibition

In a study by Kim et al (2015), to examine the corrosion inhibition mechanism of nitrite ion
on the passivation of carbon steel and ductile cast iron for nuclear power plants,a corrosion
and inhibition mechanism were proposed for iron to be added in other for nitrite to oxidize
such that nitrogen compounds can be reduced and these compounds may be absorbed on the
surface of graphite. Since nitrite ion needs to oxidize, the surface matrix needs to passivate
the galvanic corroded area and since it is absorbed on the surface of graphite, a greater
amount of corrosion inhibitor needs to be added to ductile cast iron compared to carbon steel.
The passive film of carbon steel and ductile cast iron formed by NaNO. addition showed N-
type semi-conductive properties and its resistance is increased; the passive current density is
thus decreased and the corrosion rate is then lowered. In addition, the film is mainly
composed of iron oxide due to the oxidation by ion; however, regardless of the alloys,
nitrogen compounds (not nitrite) were detected at the outermost surface but were not
incorporated in the inner oxide (Kimet al., 2015).

In another study by Solomon, Gerengi&Umoren (2017), to boost the inhibition efficiency
and stability of carboxymethyl cellulose (CMC), this objective was achieved by
incorporating silver nanoparticles (AgNPs) generated in-situ by reduction of AgNO3 using
natural honey into CMC matrix. Characterization of CMC/AgNPs composite was done using
transmission electron microscope (TEM), Fourier transform infrared (FTIR) spectroscopy,
ultraviolet-visible spectroscopy (UV-vis), scanning electron microscope (SEM), and energy
dispersive x-ray spectroscopy (EDS), Weight loss, electrochemical (dynamic
electrochemical impedance spectroscopy, electrochemical impedance spectroscopy, and
potentiodynamic polarization) supported by surface assessment (SEM, atomic force
microscope, and FTIR) techniques were deployed for the anticorrosion studies of
CMC/AgNPs on St37 specimen in 15% H2SO4 medium. CMC/AgNPs performs better than
CMC. At 25°C, optimum inhibition efficiency of 93.94% was afforded by 1000 ppm
CMC/AgNPs from DEIS method. Inhibition efficiency of 96.37% has been achieved from
weight loss method at 60°C. CMC/AgNPs was found to retard both the anodic and cathodic
reactions and the adsorption is explained using Langmuir adsorption isotherm. AFM and
SEM graphics reveal smoother surface for St37 sample in the acid solution containing
inhibitor than in the solution without the inhibiting agent. FTIR and EDS results show that
CMC/AgNPs molecules were adsorbed on the metal surface (Solomon et al., 2017a;

Solomon, Gerengi, Kaya & Umoren, 2017b).
32



Incomprehensive macroscopic/microscopic level explorations using integrated experimental
[theoretical approaches were applied to fundamentally evaluate the impact of non-toxic rare
earth cerium (I11) ions addition to the chicory leaves extract (CLE) on mild steel (MS)
corrosion mitigation in saline solution. Surface studied confirmed the cerium
oxides/hydroxide (CeO2 and Ce(OH)s) as well as CLECe3* and CLEFe?* complexes
formation on MS surface. Results demonstrated that in the presence of the mixture of CLE
(400 mg/L) and Ce3®* ions (400 mg/L) the anodic/cathodic reactions were remarkably
affected. The corrosion resistance of the MS sample subjected to CLE (400 mg/L)-Ce3* ions
(400 mg/L) significantly increased, yielding 94% efficiency. Additionally, the microscopic
level (i.e., electronic/atomic) theoretical assessments (density functional theory (DFT),
molecular dynamics (MD), Monte Carlo (MC)) were adopted to basically probe the mixed
green organic-inorganic adsorption affinity and local adsorption and reactivity on the steel
base adsorbents. (Ramezanzadeh, Bahlakeh&Ramezanzadeh, 2019a).

Also, the corrosion inhibition of a new benzimidazole derivative, 6-(dodecyloxy)-1H-
benzo[d]imidazole (DBI), for mild steel in 1 M HCI was investigated by Zhang et al. (2016a).
Computational chemistry was performed to explore the adsorption of DBI on metal surface.
Inhibition performance of DBI was attributed to both the direct interaction of benzimidazole
segment with iron surface and the barrier effect of the non-polar long chain against
aggressive solution. Compared to the protonated form, the molecular form of DBI could
more tightly interact with iron surface. These results show that the long-chain alkyl-
substituted benzimidazole derivative is of great potential application as corrosion inhibitor
(Zhanget al., 2016a).

In a study, some quantum chemical parameters were calculatedusing Hartree—Fock (HF)
approximation, density functional theory (DFT/B3LYP) and MagllerPlesset perturbation
theory (MP3) methods at LANL2DZ, LANL2MB and SDD levels in gas phase and water
for dichromate (Cr.0%), chromate (CrO.?), tungstate (WO.%), molybdate (MoO4%), nitrite
(NO2) and nitrate (NO3") which are used as inorganic corrosion inhibitors. All theoretical
results and experimental inhibition efficiencies of inhibitors were subjected to correlation
analyses. In a summary, MP3/SDD level in water was found as the best level. In this level,
the inhibition efficiency ranking was found as; CrOs% > WQ4?> M00s>> CrO7*> NO? -
(Sayin&Karacas, 2013).

In a theoretical study, molecular dynamics (MD) simulation and density functional theory
(DFT) were performed to evaluate the adsorption process and the synergistic effects between

nettle leaf extract (NLE) and zinc nitrate (ZN). Electrochemical analyses results confirmed
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effective synergistic inhibition between organic inhibitors existed in NLE and zinc cations.
A 96% inhibition efficiency was obtained when 400 ppm NLE was combined with 400 ppm
Zn (NOs)2. The theoretical results evidenced that all considered organic-inorganic inhibitors
adhered to steel surface, reflecting their corrosion inhibition effect (Ramezanzadeh,
Bahlakeh & Ramezanzadeh, 2019b).

In another study of the corrosion of iron exposed to H.S saturated solution at pH 4 using
electrochemical impedance spectroscopy, weight loss coupons and surface analysis,
hydrogen permeation was also used as indirect means of evaluating the intensity of the proton
reduction reaction leading to hydrogen entry into the metal. Since corrosion in this type of
test solution results in the rapid build-up of a conductive and highly porous iron sulfide scale,
a specific contribution of the film had to be considered. An impedance model was thus
proposed. The faradaic anodic impedance consists of a two-step reaction with charge transfer
and adsorption — desorption. An additional contribution, associated with the conductive and
highly porous iron sulfide film was added in parallel. This contribution, mostly visible in the
low frequency domain, presents a 45° tail associated with a porous electrode behavior. This
model was well adapted to describe impedance diagrams measured at various exposure
times, up to 620 h. Charge transfer resistance determined from impedance analysis allowed
calculating the evolution with time of the corrosion current density. A very good correlation
was found between this corrosion current density and the hydrogen permeation current
density. As expected, permeation efficiencycloser to 100% was demonstrated. Corrosion rate
of 490 um/year was measured by weight-loss specimens, confirming the validity of the
impedance analysis, which resulted in a calculated corrosion rate of 530 um/year (Ayagouet
al., 2018).

In a study to evaluate different types of inhibitors for corrosion protection on metal surfaces
the inhibitors were classified as cathodic, anodic and/or mixed-type inhibitors, which were
based on the active inhibitor molecules that retard the corrosion process, silicate, nitrites,
molybdates, phosphates, zinc salt and cerium salt were used as inorganic inhibitors while
many organic compounds were been widely utilized as inhibitors. Corrosion protection was
achieved by various mechanisms such as physisorption, chemisorption, barrier protection,
thin-film formation and electrochemical processes (Ma, Ammar, kumar, Ramesh, K &
Ramesh, 2022a).

In this study, a sodium zinc phosphate pigment synthesized by using a co-precipitation

method and characterized by x-ray diffraction was investigated for its corrosion inhibition
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activity in comparison with the commercial zinc phosphate using EIS in a 3.5% NaCl
solution. A mild steel surface analysis after exposure to the test solutions was conducted
using scanning electron microscope, energy dispersive x-ray and infrared spectroscopies.
The results indicated that the corrosion inhibitive performance of the synthesized pigment
was higher than that of the commercial zinc phosphate. This can be the result of the
synthesized pigment's relatively high solubility, which affects the precipitation of a
phosphate layer onto the mild steel surface and the modification of the crystalline structure
of the corrosion products in the presence of the inhibitive pigment. The salt spray and wet
pull-off tensile strength results revealed an improved corrosion protection of the coatings
formulated with SZP (Alibakhshi, Ghasemi & Mahdavian, 2014).

In a study toward understanding the adsorption mechanism of large size organic corrosion
inhibitors on an Fe (110) surface using the DFTB Method, density functional based tight
binding (DFTB) approach was used to investigate the adsorption properties of three large
size inhibitors (i.e., chalcone derivatives) on an iron surface. The molecular activity of free
chalcone derivatives was studied by means of frontier molecular orbital theory. The growth
characteristics of a-Fe habits were observed using the “morphology” software. Some
adsorption parameters such as charge density difference, density of states, and changes of
molecular orbital were described in detail. The present study is helpful to understand the
anticorrosive mechanism of similar organic inhibitors and provides a feasible way to develop
novel corrosion inhibitors (Guoet al., 2017)

The synthesis and characterization of a novel organic corrosion inhibitor (4-(3-mercapto-
5,6,7,8-tetrahydro-[1,2,4] triazolo[4,3-b][1,2,4,5]tetrazin-6-yl)phenol), for mild steel in 1 M
hydrochloric acid (HCI) was successfully reported for the first time. The inhibitor was
evaluated as corrosion inhibitor for mild steel in 1 M of hydrochloric acid solution using
electrochemical impedance spectroscopy (EIS), and electrochemical frequency modulation
(EFM) measurement techniques. Changes in the impedance parameters suggested an
adsorption of the inhibitor onto the mild steel surface, leading to the formation of protective
films. The results showed that the inhibition efficiencies increased with increasing the
concentrations of the inhibitors and decreased with increasing temperature. The maximum
inhibition efficiency was up to 67% at the maximum concentration 0.5 mM. This shows that
those inhibitors are effective in helping to reduce and slowing down the corrosion process
that occurs on mild steel with a hydrochloric acid solution by providing an organic inhibitor
for the mild steel that can be weakened by increasing the temperature. The adsorption process

of the synthesized organic inhibitor depends on its electronic characteristics in addition to
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steric effects and the nature of metal surface, temperature degree and the varying degrees of
surface-site activity. The synthesized inhibitor molecules were absorbed by metal surface

and follow Langmuir isotherms (Othmanet al., 2018).

In this study, the inhibition effect of sodium molybdate (Na2Mo0QO4) on the corrosion of
aluminum in 1.0 M H3POg4 solution was studied by weight loss, potentiodynamic polarization
curves and electrochemical impedance spectroscopy (EIS) methods. The results show that
Na:MoOs is a good inhibitor, and the inhibition efficiency obtained by three methods is
higher than 84% at 20 mM. The adsorption of Na2Mo0O4 obeys Freundlich isotherm at lower
concentrations (1-7 mM), while Langmuir isotherm at higher concentrations (7—20 mM).
Polarisation curves indicate that NaxMoOs acts as an anodic inhibitor. EIS spectra exhibit

three loops (two capacitive loops and one inductive loop) (Li, Deng & Fu, 2011a)

According to Verma, Ebenso & Quraishi (2017), in the last decade, metallic corrosion
inhibition using ionicliquids has attracted considerable attention due to their interesting
properties such as low volatility, non-inflammability, non-toxic nature, high thermal and
chemical stability and their ability to adsorb on the metallic surface. The review covers on
ionic liquids as “green corrosion inhibitors” for different metals and alloys such as mild steel,
aluminum, copper, zinc, and magnesium in several electrolytic media. The ionic liquids are
promising, noble, green and sustainable candidates to replace the traditional volatile
corrosion inhibitors and can be effectively adsorbed on metallic surface (Verma et al.,
2017b). Several ionic liquids have been used successfully as corrosion inhibitors for mild

steel; however, their use as corrosion inhibitors for non-ferrous metals is scarce.

In this work, the inhibition effect of ionic liquid (IL) 1-ethyl-3- methylimidazolium
thiocyanate (EMIM)*(SCN)™ on the corrosion of API 5L X52 steel in 0.5 M H2SO4 solution
at different temperatures were studied, using gravimetrical, electrochemical, spectroscopic
and simulation methods. The highest efficiency and the optimal concentrations were 90.1%
and 75 ppm of the IL, respectively. Scanning electron microscopy characterization reveals
less surface damage in the corroded samples confirming the effectiveness of the IL, while
X-ray photoelectron spectroscopy analysis evidenced the formation of an interfacial
protective layer, composed by the inhibitor molecules and corrosion products. Polarization
measurements showed that the IL is a mixed-type inhibitor, retarding the dissolution of mild
steel and hydrogen evolution reactions, enhancing its efficiency as a function of its
concentration; besides a minor influence of the temperature in the inhibition efficiency is

recorded by weight loss, potentiodynamic polarization, and electrochemical impedance
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spectroscopy techniques. A competitive chemisorption process is observed on steel obeying
a Langmuir isotherm. Ultraviolet-visible spectroscopy confirmed chemical interaction
between IL and metal surface. The density functional theory and molecular dynamic (MD)
simulation were used to correlate with the experimental results and determine the adsorption

energy of the inhibitor in different substrate's crystallographic planes (Lunaet al., 2019).

In a study to evaluate the environmentally friendly anticorrosive pigment for alkyd primer,
an alkyd formulation containing zinc phosphate (10 wt.%) was prepared and subsequently
modified replacing the latter anticorrosive additive by a very low concentration of
conducting polymer. Specifically, three modified paints, which contain polyaniline
emeraldine base (undoped form), polyaniline emeraldine salt (doped form) and an eco-
friendly polythiophene derivative (partially oxidized), were formulated. The properties and
corrosion resistance of the four alkyd coatings have been characterized. Among the three
modified paints, the one containing polythiophene shows the best adherence and the highest
corrosion resistance. This has been attributed to the fact that the miscibility of the
polythiophene derivative with the alkyd formulation is better than that of polyaniline.
Furthermore, accelerated corrosion assays and electrochemical impedance spectroscopy
measurements revealed that the corrosion resistance of the paint with polythiophene is
several orders of magnitude higher than that with zinc phosphate. The polythiophene
derivative has been found to induce the formation of a passivating and well-adhered layer
between the coating and the surface, preventing the access of chloride anions and oxygen to
the substrate (Marti, Fabregat, Azambulja, Aleman & Armelin, 2012).

According to Gao, Dong, Zhu, Gao C & Tu (2018), “commercially available passivation
methods for white-rust protection of hot-dip galvanized steel have been applied for chromate
passivation. However, hexavalent chromium (Cr-VI) is highly toxic and carcinogenic” hence
the authors put forth a new means for white-rust protection of hot-dip galvanized steel based
on the effects of corrosion inhibitors. In this study, the passivation solution combines the
advantages of inorganic salt passivation, silane passivation and resin passivation. The
corrosion resistance of the inorganic and organic composite passivation films with corrosion
inhibitors was determined by a neutral salt spray test and electrochemical Tafel polarization
curves. The surface chemistry of the coatings was monitored by scanning electron
microscopy (SEM), X-ray Photoelectron spectroscopy (XPS) and Fourier transform infrared
reflection absorption spectroscopy (FTIR). A study on the formation mechanism of the
passivation film was carried out. The SEM indicated that the top surface of the passivation

film was transparent, smooth, uniform and compact. The XPS and FTIR results showed that
37


https://www.sciencedirect.com/topics/chemistry/dielectric-spectroscopy
https://www.sciencedirect.com/topics/physics-and-astronomy/chemisorption
https://www.sciencedirect.com/topics/physics-and-astronomy/metal-surfaces
https://www.sciencedirect.com/topics/physics-and-astronomy/density-functional-theory
https://www.sciencedirect.com/topics/chemistry/adsorption-energy
https://www.sciencedirect.com/topics/chemistry/adsorption-energy

the passivation film consisted mainly of organic functional groups including-(CH2) n-,-OH,
N-H, C=0, C-Si, C-O-C, C-N, Si-O-Si, Si-O-C and so on. The corrosion resistance of
passivation film with corrosion inhibitors was significantly improved than that of the
passivation film without corrosion inhibitor. After 96h of the corrosion test, the corrosion
area was found to be less than 5 %, which indicated that the passivation film greatly improved
the corrosion resistance of the hot-dip galvanized sheet, and exhibited a very good protective

effect such that it met some industrial applications conditions.

In an impedance analysis of film-forming amines for the corrosion protection of a carbon
steel Octadecylamine (ODA) was used. Electrochemical impedance data analysis was
performed to extract physical parameters of the ODA thin film that formed on a P275 carbon
steel surface. First, surface observations and contact angle measurements showed the steel
surface modification after the ODA treatment linked to the adsorption of an organic
hydrophobic thin film. X-ray photoelectron spectroscopy confirmed the presence of a very
thin organic layer and revealed the presence of iron oxide/hydroxide underlying the ODA
film. The impedance data analysis with a power-law distribution of resistivity in the organic
film allowed the permittivity and thickness to be extracted. Finally, from the impedance
results with and without ODA, the instantaneous corrosion inhibition efficiency was
determined (Bauxet al., 2018)

In a study to improve the active corrosion protection of carbon steel by water-based epoxy
coating with smart CeO. nanocontainers, water-based epoxy coating containing CeO-
nanocontainers was successfully applied on carbon steel for corrosion protection. CeO>
nanocontainers were loaded with the corrosion inhibitor benzotriazole (BTA).
Polyelectrolyte multilayers were deposited on the loaded nanocontainers by layer-by-layer
assembly method. Responsive release of BTA molecules were studied in water media at
different pH values using UV-vis spectroscopy. The anticorrosive performance of the epoxy
coatings doped with 0.5 wt% of smart nanocontainers was tested by immersion of the coated
carbon steel in 0.5M NaCl solution. Electrochemical impedance spectroscopy (EIS) was
used to estimate the influence of smart nanocontainers on the passive corrosion resistance.
The self-healing performance of the coating with modified CeO nanocontainers was studied
by scanning Kelvin probe (SKP). From results of EIS and SKP, the addition of pH-sensitive
nanocontainers into the epoxy resin inhibited the corrosion activities on the metal surface,
showing a promising strategy for developing water-based epoxy coatings with long term
protection performance (Liu, Gu, Wen, &Hou, 2018)
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This study is an evaluation of corrosion resistance and self-healing behavior of zirconium-
cerium conversion coating developed on AA2024 alloy. In the investigation, a zirconium—
cerium conversion coating (ZrCeCC) was developed on aerospace aluminum alloy
(AA2024) by simple immersion technique. Zirconium conversion coating (ZrCC) was also
prepared for comparison. Surface morphology of ZrCC and ZrCeCC specimens exhibited
smooth and cracked patterns respectively. Elemental analysis showed the presence of Zr and
Ce in ZrCeCC specimen. XPS results indicated the presence of multiple oxidation states of
Zr and Ce in the developed coatings. Potentiodynamic polarization results revealed the
corrosion current density (icorr) Values obtained for both coatings (between 0.6 and
0.85pA/cm?) were lower than bare specimen (1.2pA/cm?). However, ZrCeCC specimen
exhibited the lowest icorr value at about 0.46pA/cm?, after 168 h of immersion in 0.6 M NaCl
solution. EIS studies showed that higher coating resistance (Rcoat) vValue was obtained for
ZrCeCC even after 168 h of immersion. The results obtained from simulated scratch cell test
revealed a continuous increase in charge transfer resistance (Rc) value for bare specimen
which was exposed along with ZrCeCC in 0.1 M NaCl solution. The self-healing behavior
of ZrCeCC was confirmed from all electrochemical tests. After 168 h of neutral salt spray
exposure, the surface of ZrCeCC was almost comparable with the conventional chromate
conversion coating('Yoganandan, Pradeep Premkuma, Balaraju,2015).)

In this study the corrosion inhibition of stainless steel (SS) in sulfuric acid solution
containing sulfide ions was carried out. The study was carried out using weight loss method,
potential-time, linear polarization, potentiodynamic polarization, electrochemical impedance
measurements, scanning electron microscopy, Fourier transform infrared and energy
dispersive X-ray analysis. It was found that the presence of the cephalosporin compound in
the corrosive medium shifted the corrosion potential of SS to much positive side, which
enhances self-passivation of SS, and the shifting increased with increasing inhibitor
concentration. The cephalosporin compounds worked as effective inhibitors with mainly
anodic and the efficiency increased as cefotaxime <cephapirin< cefazolin. The inhibitors
form a protective adsorbed layer, which enriches the surface content of Ni and Cr and thus
assists the SS to be passive. The antibiotics cephalosporins could be used as effective
corrosion inhibitors for SS in acidic solutions containing sulfide ions. The inhibitors
enhanced the passive oxide film of SS even in presence of aggressive ions such as sulfide
ions (Hermas, Elnady, & Ali, 2019)

In an experimental and computational studies on corrosion inhibitors for mild steel in acidic
medium, (1-Benzyl-1H-1,2,3-triazole-4-yl)methanol (BTM) and (1-(pyridin-4-ylmethyl)-
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1H-1,2,3- triazole-4-yl)methanol (PTM) were prepared and investigated as corrosion
inhibitors for mild steel in 1.0 M HCI. It was found that PTM functions as more effective
inhibitor than BTM in the concentration range of 0.2 —1.0 mM. Computational chemistry
studies showed that the triazole derivatives can adsorb on the mild steel surface by sharing
the lone pair electrons of N atoms with iron atoms or by accepting electrons from iron
surfaces. Due to its strong interaction with the mild steel surface in aqueous system, the
pyridine segment was thought to be responsible for the higher inhibition efficiency of PTM
(Ma, Qi, He, Tang & Lu, 2017).

In a study to examine the adsorption and corrosion inhibition of mild steel in hydrochloric
acid solution by S-Allyl-0O, O’'-Dialkyldithiophosphates, S-allyl-0,0'-
diphenyldithiophosphate (SOD1), S-allyl-O,0'-dibenzyldithiophosphate (SOD2) and S-
allyl-0,0’-di(2-phenylethyl)dithiophosphate(SOD3) were successfully synthesized and
characterized, which acting as the novel corrosion inhibitors for mild steel in hydrochloric
acid (HCI) solution were evaluated by electrochemical measurements, weight loss
measurement and scanning electron microscopy. Potentiodynamic polarization measurement
indicated that the synthesized inhibitors were effective mixed-type inhibitors. The inhibition
efficiency increased with inhibitor concentration increasing, and decreased with HCI
concentration and temperature increasing. The adsorption of SOD1, SOD2 and SOD3 on
mild steel surface obeys Langmuir isotherm. The adsorption of SOD1 and SOD3 on mild
steel surface is a mixed adsorption involving both physisorption and chemisorption, while

the adsorption of SOD2 on mild steel surface belongs to chemical adsorption (Laiet al., 2017)

In this study, comparative inhibition evaluation of some plants leaves extract namely
Cannabis sativa (CS), Rauwolfia serpentina (RS), Cymbopogon citratus (CC), Annona
sgquamosa (AS) and Adhatodavasica (AV) on the corrosion of aluminum alloy (AA) in 1 M
NaOH was carried out. The corrosion tests were performed by using gravimetric,
electrochemical impedance spectroscopy (EIS), potentiodynamic polarization and linear
polarization resistance (LPR) techniques. RS showed maximum inhibition efficiency (7%),
97% at 0.2 g L™'. Potentiodynamicpolarization curves justified that all the inhibitors were
mixed-type. Surface morphology of AA was done by scanning electron microscopy (SEM)
and atomic force microscopy (AFM) (Chaubey, Yadav, Singh & Quraishi, 2017).

In a study to design polymeric core-shell nanocontainers impregnated with benzotriazole for

active corrosion protection of galvanized steel, polymeric nanocontainers (NCs) impregnated

with corrosion inhibitor benzotriazole were formed using layer-by-layer deposition of
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poly(acrylic acid) and poly(diallyldimethylammonium chloride) onto hematite particles in
the presence of 0.1 M NaCl. Electric light scattering and electrophoresis were employed to
control the formation and the size of NCs, as well as the stability of their suspensions. The
inhibitor-loaded NCs were incorporated into the volume of the galvanized coating during the
electrodeposition of zinc on the steel substrate to ensure additional self-healing effect in the
case of corrosion attack. The surface morphology and the uniformity of this composite
coating as well as the lack of aggregation of the nanocontainers were demonstrated by
scanning electron microscopy. The influence of NCs present in the zinc electrolyte on the
cathodic and anodic processes was investigated by cyclic voltammetry. The corrosion
behavior of the composite coatings at conditions of external cathodic and anodic polarization
was tested with potentiodynamic measurements and the results were compared to pure zinc
coatings. The composite coatings with embedded NCs revealed enhanced corrosion
protection of low carbon steel in comparison with the pure zinc coatings in neutral corrosion

medium (Kamburova, Boshkova, Boshkov, Atanassova, &Radeva, 2018)

A comparative study of corrosion protection of the AA2024 aluminum alloy in 0.01 M NacCl
solutions of Ce(lll) and Ce(IV) ammonium nitrates was studied. The inhibition efficiency
was evaluated applying linear sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS). Superficial analytical techniques (optical microscopy, SEM, EDS and
XPS) were applied for elucidation of the inhibition mechanism. The results showed that both
cerium salts could behave either as inhibitors or activators of the corrosion process depending
on the experimental conditions. The solutions of Ce(ll1) salt revealed better inhibitive ability
than those of Ce(IV) in a relatively large range of conditions (Matter, Kozhukharov,
Machkova, &Kozhukharov, 2012).

This is an experimental and theoretical investigation on adsorption properties of some
diphenolicschiff bases as corrosion inhibitors at acidic solution/mild steel interface. The
effect of three novel synthesizedschiff bases, namely, 1,3-bis[2-(2-hydroxy
benzylidenamino) phenoxy] propane (P1), 1,3-bis[2-(5-chloro-2-hydroxybenzylidenamino)
phenoxy] propane (P2), and 1,3-bis[2-(5-bromo-2-hydroxybenzylidenamino) phenoxy]
propane (P3), on the corrosion of mild steel in 0.1 M HCI was investigated using
potentiodynamic polarization and electrochemical impedance spectroscopy methods.
Polarization measurements suggest that P1 acts as mixed type inhibitor while P2 and P3
behave as mainly cathodic inhibitors for acidic corrosion of steel. All electrochemical
measurements show that inhibition efficiencies increased with increase in inhibitor

concentration. This reveals that inhibitive actions of inhibitors were mainly due to adsorption
41


https://www.sciencedirect.com/topics/chemistry/schiff-base
https://www.sciencedirect.com/topics/chemistry/propane
https://www.sciencedirect.com/topics/chemistry/dielectric-spectroscopy

on steel surface. Adsorption of these inhibitors follows Temkin adsorption isotherm. The
correlation between the adsorption ability of inhibitors and their molecular structures was
investigated using quantum chemical parameters obtained by MNDO semi-empirical
method. Calculated quantum chemical parameters indicate that Schiff bases adsorbed on

steel surface by chemical mechanism (Yurt, Duran, & Dal, 2014).

This study was carried out to investigate phosphate ions as effective inhibitors for carbon
steel in carbonated solutions contaminated with chloride ions. It focuses on sodium
biphosphate (Na2HPO4) as corrosion inhibitor construction steel. All the tests were carried
out in a solution that simulates the composition of the pores in chloride-contaminated
carbonated concrete. The carbonated solution (CS) contained Na,COs (0.0015 mol L),
NaHCOs3 (0.03 mol L™!) and NaCl (0.1 mol L), resulting in [CI"]/[OH ]=10000. Inhibited
solutions (1S20, 1S60 and 1S100) incorporated 20, 60, and 100 mmol L' Na;HPO;
respectively. These were labeled 1S20, 1S60 and 1S100 respectively and resulted in
[HPO4*]/[CI"]=0.2, 0.6, and 1. Cyclic voltammograms and anodic polarization curves were
complemented with micro-Raman spectroscopy and XPS, to evaluate the surface film
composition. The results showed that chloride contamination promotes active corrosion.
When phosphate ions were incorporated, steel becomes passive with a more positive
corrosion potential (Ecorr), and pitting presents as the predominant form of localized
corrosion. Raman spectra showed a broad band centered in 982 cm™!, suggesting that
phosphates were incorporated to the passive film. Phosphates were also present in the
corrosion products. The surface film became more protective to pitting for the highest
biphosphate content. However, after pitting no repassivation was detected. After over one
month in immersion, steel remains passive in the condition 1S100, with inhibition efficiency
higher than 99%. In contrast, in the case of IS60 and 1S20, pitting was detected. It can be
concluded that phosphate ions are good candidates to be used as corrosion inhibitors for steel

in chloride-contaminated concrete (Yohai, Schreiner, Vazquez &Valcarce, 2016a)

In a research, the roles of a zinc phosphate pigment in the corrosion of scratched epoxy-
coated steel were studied by means of electrochemical impedance spectroscopy,
electrochemical noise measurement and scanning electrochemical microscopy. The
experimental results of electrochemical noise measurement and electrochemical impedance
spectroscopy revealed that zinc phosphate exhibited inhibition effect on the corrosion of the
scratched epoxy-coated steel. The scanning electrochemical microscopy results implied that
the scratched surface under zinc phosphate coating was re-healed by an insulating film. The

mechanism of the inhibition effect of a zinc phosphate pigment was analyzed based upon the
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combined stochastic theory and shot noise theory using the Weibull distribution and Gumbel
distribution function (Shao, Jia, Meng, Zhang, & Wang, 2009)

In this study, synthesis and characterization of an effective corrosion inhibitive complex
based on zinc acetate/UrticaDioica (ZnA-U.D) for corrosion protection of mild steel in
chloride solution was investigated. The chemical structure and morphology of the complex
were characterized by Fourier transform infrared spectroscopy (FT-IR), UV-vis, thermal
gravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM). The corrosion protection performance of the mild steel samples dipped
in 3.5 wt.% NaCl solutions with and without ZnA-U. Dextract was investigated by visual
observations, open circuit potential (OCP) measurements, electrochemical impedance
spectroscopy (EIS) and polarization test. Results revealed that the ZnA successfully chelated
with organic inhibitive compounds (i.e Quercetin, Quinic acid, Caffeic acid, Hystamine and
Serotonin) present in the U.D extract. The electrochemical measurements revealed the
effective inhibition action of ZnA-U. Dcomplex in the sodium chloride solution on the mild
steel. The synergistic effect between Zn?* and organic compounds present in the U.D extract
resulted in protective film deposition on the steel surface, which was proved by SEM and
XPS analyses (Salehi, Naderi, Ramezanzadeh, 2017).

In a study to examine the inhibition of aluminum alloy corrosion by cerous cations, the
addition of small concentrations of cerous chloride (100-1000 ppm) to 0.1M sodium chloride
solutions reduced the corrosion rate of 7075 by almost a factor of 10. Pre-exposure in distilled
water also imparted corrosion resistance. Weight-loss corrosion rate tests, polarization and
surface analysis experiments indicated that a cathodic inhibition mechanism, affecting the
oxygen reduction reaction and the precipitation of cerium oxide, is operative. In practical
terms, cerous ion inhibitors could provide an acceptable alternative to chromate inhibitors
for this alloy (Hinton, Arnott, & Ryan, 1984).

This research investigated, the graphene oxide/silver nanostructure (GO-Ag) inhibitory
effect on the corrosion of steel in the presence of sulfate reducing bacteria (SRB), via weight
loss (WL) and Tafel polarization measurements. Moreover, molecular dynamic (MD)
simulations were performed to obtain a deep understanding of the corrosion inhibition effect
of GO-Ag. GO-Ag showed a significant antibacterial effect at 80 ppm. Moreover, WL and
Tafel polarization measurements illustrated a great inhibition efficiency, which reached up
to 84% reduction of WL and 98% reduction of corrosion current density (Icorr) after 7 days
of incubation with GO-Ag. Based on MD simulations, bonding energy reached to the larger
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value in the presence of GO-Ag, which indicated the ability of graphene oxide nanosheets to
be adsorbed on the steel surface and prevent the access of corrosive agents to the steel
surface. The radial distribution function (RDF) results implied distance between corrosive
agent (water and SRB) and steel surface (Fe atoms), which indicated protection of the steel
surface due to the effective adsorption of GO nanosheets through the active sites of the steel
surface. The mean square displacement (MSD) result showed smaller displacement of the
corrosive particles on the surface of steel, resulting that the GO-Ag molecules bonded with

Fe molecules on the surface of steel (Kalajahiet al., 2022).

In this study the author investigated the types of corrosion inhibitor for managing corrosion
in underground pipelines. Mass spectroscopy andhigh-pressureliquid chromatography on
filed and synthetic samples was deployed to pinpoint the actual error value and compensation
rate. Consequently, a reasonable degree of certainty for the amount of residual corrosion
inhibitor was figured out to increase the reliability in the pipeline integrity management
strategies (Sastri, 2010).

In another study to examine photo and thermally stable branched corrosion inhibitors
containing two benzotriazole groups for Copper in 3.5 wt % sodium chloride solution. New
branched conjugated derivatives with two benzotriazole groups as well as a linear analog
containing one benzotriazole segment used as corrosion inhibitors for copper in 3.5 wt%
sodium chloride solution containing 90 vol% water and 10 vol% ethanol solvents at 298 K
were synthesized. It was shown that the corrosion of copper is inhibited more efficiently by
the branched inhibitors. The adsorption mechanism on copper surface was analyzed by
Langmuir isotherm and various spectral characterizations, and the results suggest a primary
chemisorption adsorption on copper surface. Molecular modeling was performed. Photo and
thermal stabilities of the studied inhibitors were investigated (Jing et al., 2018).

In localized approach to study the effect of cerium salts as cathodic inhibitor on
iron/aluminum galvanic coupling. The inhibition effect of cerium salts on iron/aluminum
galvanic coupling was investigated by electrochemical microcell and scanning vibrating
electrochemical technique (SVET). The importance of the electrode geometry on the SVET
responses was evidenced. The effect of concentration and the influence of the anionic part
of cerium salts on the inhibitive efficiencies and protective mechanisms were studied.
Cerium salts inhibit the corrosion of iron/aluminum galvanic coupling by reducing the

cathodic activity. Microcell analysis confirmed the passivation of aluminum. (SEM + EDS)
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analyses allowed for understanding how the cerium salts act to improve the corrosion
behavior (Mouangaet al., 2015).

In this study, the impact of phosphate corrosion inhibitors on chloride binding and release in
cement pastes was investigated. The impact of three kinds of phosphate corrosion inhibitors
(MFP, DHP and TSP) on chloride binding and release in cement pastes was investigated by
means of chloride binding isotherms (CBIs), X-ray diffraction (XRD) and thermogravimetric
analysis (TGA). Experiments of chloride binding, chloride release in deionized water and
phosphate solutions were implemented separately. The regularity and factors of CBIs were
well studied and the results of CBIs showed that phosphate inhibitors reduced chloride
binding chemically due to reactions between Friedel’s salt and phosphate. Besides, the
release of bound chloride can be well-calculated by CBIls. Furthermore, a modified CBlI,
taking effective phosphate concentration into account, has been established, and chloride

penetration predictions have been made consequently (Chenet al., 2020).

In a research to evaluate protective coatings for offshore applications, corrosion and tribo-
corrosion behavior in synthetic seawater coatings were widely used in the corrosion
protection of metallic materials in marine environments. In this work, the corrosion and tribo-
corrosion behavior of three potential coatings employed in offshore applications were
evaluated. The coatings studied were a thermally sprayed carbide coating with an organic
sealant (C1), a thermally sprayed aluminum with an organic sealant (C2), and an epoxydic
organic coating reinforced with ceramic platelets (C3). Electrochemical impedance
spectroscopy and potentiodynamic polarization techniques were employed to assess the
corrosion performance of the coatings in synthetic seawater. Furthermore, unidirectional
ball-on-disc tribocorrosion tests were performed to study the response of the coatings
subjected to simultaneous action of wear and corrosion. The coatings were found to provide
the steel substrate with enhanced corrosion resistance, both in absence and during wear
process, and to improve in the tribological properties with lower coefficients of friction in
seawater. The coating less affected by sliding in terms of corrosion resistance was C2
coating, which also showed the lowest coefficient of friction (Lopez-Ortega, Bayon, &
Arana, 2018).

This study evaluated the performance of steel samples immersed in 3.5% NaCl aqueous

solution-containing zinc aluminum polyphosphate (ZAPP) pigment extract compared to

those involving conventional zinc phosphate (ZP) pigment extract and also no pigment

(blank) using electrochemical tests such as electrochemical impedance spectroscopy (EIS)
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and linear polarization (LP) as well as surface analysis. Impedance spectra and polarization
curves revealed two different trends, showing the superiority of ZAPP pigment. Based on
the results of scanning electron microscopy (SEM) and energy dispersive X-ray analysis
(EDX), presence of a precipitated layer on the surface was confirmed when steel sample was
immersed into the solution-containing ZAPP (Naderi & Attar, 2008).

In a particular research, the corrosion response of mild steel in 0.5 M H2SO4 acid solution in
the presence of Moringeroliefera (MO) leaf extract was investigated using gravimetric,
electrochemical, and DFT techniques. Gravimetric results indicated that MO exhibits a high
inhibition value up to 93.0% when the concentration was 1.5 g/L. Inhibition value in general
increased with an increase in concentration of the extracts but decreased with prolonged
exposure time and temperature. Analysis of polarization curves indicated that MO extract
acted as mixed-type inhibitors. The adsorption process of MO on a mild steel surface in the
acid solution fitted the Langmuir isotherm. GC/MS analysis of MO extract revealed the
presence of more than 29 active constituents including 9,12-Octadecadienoic acid (Z, Z)
methyl ester (28.55%); n-Hexadecanoic acid (11.24%); 9,12,15-Octadecatrienoic acid
methyl ester (9.31%), Benzeneacetonitrile, 4-hydroxy-(6.32%), 2-Furancarboxaldehyde,5-
(hydroxymethyl)-(5.6%), Heptadecane (4.85%). Quantum chemical calculations were
applied on some of the identified constituents to assess their adsorbent ability on the mild
steel surface and the result revealed remarkable high interaction energies (Akalezi,
Maduabuchi, Enenebaku, & Oguzie, 2020).

In a similar research to evaluate the inhibition efficiency of chrysophyllumalbidum extract
in controlling corrosion of mild steel in 1 M HCI by weight loss, potentiodynamic
polarization and electrochemical impedance techniques at 303 K. The effect of immersion
time and temperature on inhibition efficiency of the extract was also studied. Result of
inhibition was found to increase with increasing concentration of the extract but decrease
with increasing time and temperature. Data from electrochemical measurements suggest that
the extract functioned by adsorption of the organic matter on the metal/corrodent interface,
inhibiting both the anodic and cathodic half reactions of the corrosion process. The increase
in concentration of the inhibitor causes an increase in the activation energy and a decrease in
the exponential factor k. The plant extracts followed Langmuir adsorption isotherm.
Moreover, the process of adsorption was spontaneous, stable and considered to be physical
adsorption. The thermodynamic properties recorded suggested that the process of film
formation was higher than the destruction of the metal surface and that the adsorption process

was exothermic (Akalezi & Oguzie, 2015).
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In another research, accelerated cut-edge corrosion performance of commercialized full
waterborne coating systems containing enviro-friendly corrosion inhibitors was studied on
55 wt% Al, 44 wt% Zn and 1 wt% Si galvanized steel in 5 wt% NaCl solution at ambient
temperature via the Scanning Vibrating Electrode Technique (SVET). At the same volume
content (7-11 wt.%), benzotriazole pigments had a better overall cut-edge corrosion
performance than calcium ion exchanged silica pigments. It was due to benzotriazole’s
superior cathodic protection of the cut-edge in comparison with calcium silicate.
Furthermore, although both enviro-friendly inhibitors did not exhibit the same performance
level as the conventional Cr(VI)-containing system, they exhibited promising results in
inhibiting cut-edge corrosion in a fully commercialized waterborne coating system
(Sheikholeslamiet al., 2021).

Also, in a certain study, the corrosion inhibition of X70 steel in 1 M HCI by Ginkgo leaf
extract (GLE) was investigated by conducting electrochemical measurements. The inhibition
efficiency exceeded 90% in the presence of 200 mg/L GLE at all of the tested temperatures.
The excellent inhibition capacity, which was attributed to the formation of inhibitor—
adsorption films on the surface of the X70 steel, was confirmed by field emission scanning
electron microscopy and atomic force microscopy. The adsorption of GLE on steel surface
followed the Langmuir adsorption model. Potential of zero charge measurement and
guantum chemical calculation were adopted to elucidate the inhibition mechanism (Qiang,
Zhang, Tan, & Chen, 2018).

In a research, the assessment of inhibition efficiency of 3,4-diaminobenzonitrile was studied
against steel corrosion, using electrochemical impedance spectroscopy, potentiodynamic
measurements and solution assay analysis. The corrosion rate was determined with different
routes; apparent Stern—Geary coefficient (B) derived from solution assay analysis and
compared with coefficient value obtained from Tafel slopes. For blank solution, the
corrosion current values were quite different when comparing results from Tafel slopes and
AAS. With the presence of inhibitor, the difference became negligible. Once anodic
dissolution kinetics was governed by strongly adsorbed inhibitor, resistance against charge
transfer process became more important and corrosion rate results obtained from different
routes came closer (Si & Erbil, 2016).

In an experiment to examine the corrosion of Al alloy 6061 in borated solutions simulating
the water chemistry of post-LOCA sump water, hydrogen evolution (HE) rates were

evaluated by analyzing the potentiodynamic cathodic polarization curves from rotating
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cylinder electrodes, and an empirical formula predicting the HE rates as a function of solution
pH was proposed based on the evaluation results. At pH 7, the dominant cathodic reaction
during free corrosion was found to be the oxygen reduction reaction and the HE rate was
slow; however, the HE reaction became increasingly significant as the solution pH
progressively increased to 11. The HE sources on the alloy surface were inferred to be mainly
the bulk matrix, which was covered with a less protective hydroxide film in more alkaline
solution, as well as the trenches formed by the intense anodic dissolution of the matrix around
electrochemically more noble Fe-bearing intermetallic particles. Local alkalization due to
preferential oxygen reduction on these intermetallic particles may also contribute to the
formation of such trenches and HE; however, this mechanism should have been mostly

suppressed by the buffering capacity of the borated solutions (Huang, Lister & Uchida, 2020)

In a study, corrosion inhibition effect of 2-mercaptobenzothiazole (MBT) and 2-
aminobenzothiazole (ABT) compounds on ST-37 carbon steel in 1 M hydrochloric acid
solution was investigated by electrochemical impedance spectroscopy (EIS), and it was
observed that both of these compounds have corrosion inhibition effect on carbon steel.
Evaluation of electrochemical behavior in test solutions showed that by increasing the
immersion time from 15 to 300 min, corrosion resistance of samples is increased and at the
same immersion time MBT has a better corrosion inhibition in comparison to ABT. AFM
technique was performed for MBT and ABT. The results of calculations showed superior
inhibition efficiency of MBT in comparison to ABT. This can cause easier protonation and

consequently adsorption on the metal surface occurs (Jafar, Akbarzade, &Danaee, 2019)

In one research work, the inhibitive performance of chitosan and silver nanoparticles —
chitosan (AgNPs-Chi) composite towards St37 steel corrosion in 15% H>SO4 solution was
studied using weight loss and electrochemical techniques in addition to surface
morphological examination. Results obtained showed that chitosan could fairly protect St37
steel surface by 45%. Inhibition efficiency above 94% was achieved with AgNPs-Chi
composite. AgNPs-Chi composite performed better at longer immersion time and elevated
temperature. AgNPs-Chi retarded both anodic and cathodic redox reactions. The mode of
adsorption of AgNPs-Chi onto St37 surface was described using Langmuir adsorption
isotherm. Surface screening results ascertained the adsorption of AgNPs-Chi molecules on

St37 surface (Solomon, Gerengi & Umoren, 2017).

In a particular study, computational modelling methods were used to investigate the
properties of a range of small organic, potentially safer inhibitors and their interactions with
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technologically relevant alloy surfaces. Robust and predictive computational models of
corrosion inhibition for a structurally related data set of organic compounds from the
literature were generated. The studies have correlated molecular features of the inhibitor
molecules with inhibition and identified those features that have the greatest impact on
experimentally determined corrosion inhibition. This information can be used to drive guided
decision making for in silico or experimental screening of molecules for their corrosion
inhibition efficiency, while considering more carefully their environmental consequences
(Winkleret al., 2014).

In yet another work, a new approach of classical electrochemical analyses to investigate
green synthesis of 1-Benzyl-4-Phenyl-1 H -1, 2, 3-Triazole, its application as corrosion
inhibitor for mild steel in acidic medium. 1-benzyl-4-phenyl-1H-1,2,3-triazole was prepared
using anenvironment friendly and facile synthetic procedure and its performance as an
organic corrosion inhibitor for mild steel in 1.0mol L' HCI was investigated using four
different methods. An average efficiency of 81.7% was obtained with 2.13 mmol L™
solutions of the organic compound. A new approach to classical electrochemical analyses
confirmed the inhibitor adsorption on the metal surface. Temperature effect studies in the
oxidation inhibition behavior as well as calculated thermodynamic parameters were
consistent with a chemisorption process and atomic force microscopy showed the formation

of a protective film (Machado, Alvarez, Escarpini, Maldonado, & Ariel, 2019).

Sill in a study, the authors examined the synergistic corrosion inhibition effect between
calcium lignosulfonate (CLS) and three kinds of inorganic inhibitors (Na2MoQ4, Na2SnOs,
and NaWO4) with various molar ratios on Q235 carbon steel in alkaline solution (pH 11.5)
with 0.02 mol/L NaCl by cyclic potentiodynamic polarization, electrochemical impedance
spectroscopy, linear polarization, scanning electron microscopy, and X-ray photoelectron
spectroscopy. Molybdate and stannate in hybrid inhibitor could promote the passivation of
steel and form a complex film, which could suppress the corrosion effectively. Moreover,
the insoluble metal oxides in the complex film formed by three kinds of inorganic inhibitor
could help the adsorption of CLS onto the steel surface. The CLS molecules could adsorb
onto the steel surface and metal oxides to form an adsorption film to protect the steel from
corrosion. A three-layer protection film formed by a hybrid inhibitor, including passivation
film, deposition film, and adsorption film, would effectively inhibit the corrosion reactions
on the steel surface. The CLS compound with molybdate with the ratio of 2:3 showed the
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best inhibition effect on both general corrosion and localized corrosion (Lin, Tang, Wang,
Y., Wang & Zuo, 2020).

In a study to examine the effect of surface mild steel preparation on its electrochemical
behavior in neutral chloride solution without and with an inorganic inhibitor, various surface
preparations were examined: alkaline degreasing, acid pickling and polishing. Open circuit
potential measurements and potentiodynamic polarizations were used as corrosion
monitoring techniques. The effect of chloride concentration was evaluated. The ability of
inorganic inhibitors (Na2MoO4, NaNO2, Na,WOQO4 and Na>VO3) to stabilize the passive state
of steel in chloride containing solutions was assessed by electrochemical and surface analysis
techniques. The results revealed that, among the four inhibitors studied, the sodium
molybdate is the best environmentally friendly corrosion inorganic inhibitor for steel

(Atmani, Lahem, Poelman, Buess-Herman & Olivier, 2013).

In a certain paper, sodium silicate as a corrosion inhibitor was studied on the inhibition effect
of AZ91D magnesium alloy. From the results of the corrosion tests, sodium silicate could
effectively improve the corrosion resistance of the alloy at the optimum concentration
10 mmol/L, while the pH value range from 10.5 to 12.5 is preferable. These results can
provide a guide for the protection of magnesium alloy in the cooling water systems, etc
(Gaoet al., 2011).

In an experimental and theoretical study of benzoxazines corrosion inhibitors, in this study,
2-Methyl-4H-benzo[d][1,3]oxazin-4-one (BZ1) and 3-amino-2-methylquinazolin-4(3H)-
one (BZ2) were evaluated for their corrosion inhibition properties on mild steel (MS) in
hydrochloric acid solution by weight loss technique and scanning electron microscopy.
Results showed the inhibition efficiency values depend on the amount of nitrogen in the
inhibitor, the inhibitor concentration and the inhibitor molecular weight with maximum
inhibition efficiency of 89% and 65% for BZ2 and BZ1 at highest concentration of the
compounds (Kadhim et al., 2017).

In a study on optimization, using potentiodynamic polarization and EIS in a combinatorial
matrix of four rare earth chlorides the authors evaluated for the corrosion inhibition of
aluminum alloy AA2024-T3 in aqueous solution. Two electrochemical techniques,
potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS), were
used to evaluate AA2024-T3 corrosion in 0.1 M NaCl with the addition of 107> M of rare

earth chloride mixtures at time periods up to 18 h.PP experiments showed rare earth
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inhibition of up to 98% within the first hour and thereafter corrosion rates were steadily
decreased, the open-circuit potential (OCP) of AA2024-T3 decreased as a function of time
for all the solutions indicating predominantly cathodic protection. However, differing trends
in the OCP were observed during PP and EIS experiments were discussed in terms of likely
time-dependent mechanisms.A comparative study of optimization models indicated the best
mixture at 107> M total inhibitor concentration was predicted to be 72% cerium (Ce) and
28% (praseodymium (Pr)/lanthanum (La)) ions. As the amount of Ce was decreased from
this level the corrosion inhibition was predicted to decrease also, regardless of what other
rare earths (La, Pr and Nd) were added alone or in combination. Individually, La, Pr and Nd
showed varying levels of corrosion inhibition activity, all of which were inferior to that of
Ce. If Ce was absent entirely, then a mixture of approximately 50% Pr and 50% Nd was
predicted to be preferred. This was one of the first applications of combinatorial design for

the optimization of corrosion inhibitor mixtures (Musteret al., 2012).

Solomon, Gerengi, Kaya, &Umoren (2017b)used transmissions electron microscope(TEM),
fourier transform infrared (FTIR) spectroscopy, ultraviolet - visible spectroscopy (UV-vis),
scanning electron microscope (SEM), and energy dispersive x-ray spectroscopy (EDS) for
characterization of carboxymethyl cellulose incorporated in AgNPs nanoparticles. The
weight loss, electrochemical techniques such as; dynamic - electrochemical impedance
spectroscopy, electrochemical impedance spectroscopy, and potentiodynamic polarization
supported by surface assessment such; as SEM, atomic force microscope, and FTIR were
employed for the anticorrosion study of CMC / Ag NPs on st 37 Specmen in 15% H,SO4
medium and they concluded that AFM and SEM graphics revealed smoother surface for st
37 specimen in the acid solution containing inhibitor than in the solution without the
inhibiting agent. FTIR and EDS results showed that CMC/ AgNPs molecules were adsorbed
on the metal surface.

Ramezanzadehet al (2019), used electrochemical analyses to study the theoretical molecular
dynamics (MD), simulation and density functional theory (DFT) of inhibitors. The results
showed that all considered organic - inorganic inhibitors adhered to steel surface when

evaluated for adsorptive properties, reflecting their corrosion inhibition effect.

Martien et al, (2018) used electrochemical impedance spectroscopy, weight loss coupons and
Surface analysis to study the corrosion of iron when exposed to saturated H»S at a pH of 4.
The results showed very good correlation between corrosion current and hydrogen
permeation current density. The authors confirmed the validity of impedance) analysis as the
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permeation efficiency was close to 100%. This revealed that the corrosion rate of 490
mm/year was measured by weight loss specimens and found to result in a calculated
corrosion rate of 530 ¥/year.

Alibakhshi et al. (2014) used scanning electron microscope, energy dispersive x-ray and
infrared spectroscopies to - study a synthesized sodium zinc phosphate pigment. The results
indicated that the corrosion inhibitive performance of the synthesized pigment was higher
than on that of the commercial zinc phosphate.

Guo et al. (2017) used density functional based tight binding (DFTB) method to investigate
the adsorption properties of inhibitors. They also used frontier molecular theory to study the
molecular activity of free chalcone derivatives. The study helped to understand the
anticorrosive mechanism of similar Organic inhibitors and provides a feasible way to
develop novel corrosion inhibitors.

Othmanet al (2018), used electrochemical impedance spectroscopy (EIS), and
electrochemical frequency modulation (EFM), measurement techniques to investigate the
characterization and Synthesis of a novel organic. Corrosion inhibitor for mild steel in 1M
hydrochloric acid (HCI) changed the impedance parameters and suggested an adsorption of
the inhibitor onto the mild steel surface, leading to the formation of protective films. The
results showed that the inhibition efficiencies increased with increasing the concentrations
of the inhibitors and decreased with increasing temperature.

Li et al (2011), on their part used potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) methods to study the inhibition effect of Sodium molybdate
(Na2Mo0s) on the corrosion of aluminum in 1.0 M HsPOs solution. The results showed that
Na;MoOs is a good inhibitor, and the inhibition efficiency obtained by three methods is
higher than 84% at 20 mM. The adsorption of NaMo0s was found to obey Freundlich
isotherm at lower concentrations and Langmuir isotherm at higher concentration: The
polarization curves indicated that Na2Mo0s acts as an anodic inhibitor. The EIS Spectra
exhibited three loops (two capacitive loops and one inductive loop.

Chaubeyet al (2017), used gravimetric electrochemical impedance Spectroscopy (ELYS),

potentiodynamic polarization and linear polarization resistance (LPR) techniques

Lunaet al (2019), used gravimetrical, electrochemical, spectroscopic and simulation methods
to study the inhibition effect of ionic liquid (IL) represented by 1-ethyl-3-methylimidazolium
thiocyanate (EMIM)+ (SCN)- on the corrosion of API 5L X52 Steel in 0.5M H,S04 Solution
at different temperatures. The scanning electron microscopy characterization revealed less

surface damage in the corroded sample confirming the effectiveness of the IL, while x-ray
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photoelectron spectroscopy evidenced the formation of an interfacial protective layer,
composed by the inhibitor molecules and corrosion products.
Gao et al (2018), used scanning electron microscopy (SEM), X-ray photoelectron
spectroscropy (XPS) and Fourier transform infrared reflection absorption spectroscopy
(FTIR) to monitor the surface chemistry of coatings in a salt spray test and electrochemical
Tafel polarization curves determine the corrosion resistance of inorganic and organic
composite passivation films with Corrosion inhibitors.
Delaunay et al (2018) used electrochemical impedance spectroscopy to analyze film-forming
amines for the corrosion protection of carbon steel in which Octadecylamine (ODA) was
employed. Electrochemical impedance data analysis was performed to extract physical
parameters of the ODA thin film that formed on a P275 carbon steel surface. From the
impedance results with and without ODA, the instantaneous corrosion inhibition efficiency
was determined.
Liuet al (2018), used Ultraviolet Visible Spectroscopy (UV-vis), electrochemical impedance
Spectiooscopy (EIS) and Scanning Kelvin Probe (SKP) in a study to improve the active
corrosion protection of carbon steel by water-based epoxy coatings with smart CeO-
nanocontainers. From the results of the EIS and SKP, the addition of pH-sensitive
nanocontainers into the epoxy resin inhibited the corrosion activities on the metal surface,
showing a promising strategy for developing water-based epoxy coatings with long term
protection performance.
Yoganandanet al (2015), used potentiodynamic polarization, electrochemical impedance
spectroscopy and x-ray photo electron spectroscopy to evaluate the corrosion resistance and
self-healing behavior of Zirconium-Grium Conversion Coating developed on AA 2024
ralloy by simple immersion technique. The XPS results indicated the presence of multiple
oxidation states of Zr and Ce in the developed Coatings. Potentiodynamic polarization results
revealed the corrosion current density (lcorr) values obtained for both coatings were lower
than bare specimen. EIS results showed that a highercoatings resistance (Rcoat) value was
obtained for ZrCeCC even after 168hours immersion.
Hermas et al (2019) used weight loss method, potential-time, linear polarization,
potentiodynamic polarization, electrochemical impedance measurements, scanning electron
microscopy, fourier transform infrared and energy dispersive x-ray analysis to study the
corrosion inhibition of stainless steel (SS) in sulfuric acid solution containing sulfide ions. It
was found that the presence of the cephalosporin compound in the corrosive medium shifted
the corrosion potential of SS to much positive side, which in turn enhanced self-passivation
of SS, and the shifting increased with increasing inhibitor concentration.
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Laiet al (2017), used electrochemical measurements, weight loss measurements, scanning
electron microscopy and potentiodynamic polarization measurements to evaluate the
adsorption and corrosion inhibition of mild steel in hydrochloric acid solution by S-Allyl-0,
O'-Dialkyldithiophosphates. Potentiodynamic results indicated that the synthesized
inhibitors were effective mixed -type inhibitors. The inhibition efficiency increased with
inhibitor concentration increasing and decreased with HCL concentration and temperature
increasing.

Chaubey et al (2017) used gravimetric, electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization and linear polarization resistance (LPR) techniques to evaluate
and compare the inhibition properties of some plant leaves extract namely Cannabis Sativa
(CS), RauwolfaSerpentina (RS), CumbopogonCitratus (CC), Annona Squamosa (AS) and
AdhatodaVasica (AV) on the corrosion of aluminum alloy (AA) in 1M NaOH. It was found
that potentiodynamic polarization curves justified that all the inhibitors were mixed-type.
Surface morphology of AA was done by scanning electron microscopy (SEM) and Atomic
force microscopy (AFM).

In another study, Matter et al (2012), used linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS), superficial analytical techniques (optical
microscopy, SEM, EDS, XPS to compare the corrosion protection of the AA 2024 aluminum
alloy in 0.01M NaCl Solutions of Ce (111) and Ce (IVV) ammonium nitrates. The results
showed that both cerium salts could behave either as inhibitors or activators of the corrosion
depending on the experimental conditions.

Yurt et al (2014), investigated the adsorption properties of some diphenolic schiff labeled as
P1, P2 and P3 bases as corrosion inhibitors at acidic solution / mild steel interface using
potentiodynamic polarization and electrochemical impedance spectroscopy methods. The
polarization measurements suggested that P1 acts as mixed type inhibitor while P2 and P3
behaved as mainly cathodic inhibitors for acidic corrosion of steel. All electrochemical
measurements showed that inhibition efficiencies increased with an increase in inhibitor
concentration.

Akalezi et al (2020), investigated the corrosion response of mild Steel in 0.5M H>S04 acid
solution in the presence of moringer oleifera (MO) leaf extract using gravimetric,
electrochemical, and DFT techniques. Gravimetric results showed that MO exhibited high
inhibition efficiency up to 93.0% at a concentration of 1.5g/L. Polarization results indicated

that MO extract acted as a mixed-type inhibitor.
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In another study, Akalezi& Oguzie (2015), used weight loss, potentiodynamic polarization
gravimetric and electrochemical techniques, whereas the agar disc diffusion method and
electrochemical impedance spectroscopy to evaluate the inhibition efficiency of
Chrysophyllumalbidum extract in controlling corrosion of mild steel in 1M HCL. They also
studied the effect of immersion time and temperature on the inhibition efficiency of the
extract. Results from electrochemical measurements suggested that the extract functioned by
adsorption of the organic matter on the metal /corrodent interface, inhibiting both the anodic
and cathodic sites.

Yohaiet al (2016), investigated phosphate ions as effective inhibitors for carbon steel in
carbonated solutions contaminated with chloride ions using cyclic voltammograms, anodic
polarization, micro-Raman spectroscopy and XPS. The results showed that chloride
contamination promotes active corrosion. They concluded that phosphate ions are good
candidates to be used as corrosion inhibitors for steel in chloride contaminated environment.
Yaoet al (2009) evaluated the role n of a zinc phosphate pigment in the corrosion of scratched
epoxy-coated steel using electrochemical impedance spectroscopy, electrochemical noise
measurement and scanning electrochemical microscopy. The experimental results of
electrochemical noise measurement and electrochemical impedance spectroscopy showed that
zinc phosphate exhibited inhibition effect on the corrosion of the scratched epoxy-coated steel.
Salehi et al (2017) used fourier transform infrared spectroscopy (FT-IR), UV-vis, thermal
gravimetric analysis (TGA), x-ray photoelectron spectroscopy (XPS), and scanning electron
microscopy (SEM) to examine the synthesis and characterization of an effective corrosion
inhibitive complex based on zinc acetate/UrticaDioica (ZnA-U.D) for corrosion protection of
mild steel in chloride solution. Results revealed that the ZnA successfully chelated with organic
inhibitive compounds present in the U.D extract. The electrochemical measurements revealed
the effective inhibition action of ZnA-UD complex in the sodium chloride solution on the mild
steel. The synergistic effect between Zn* and organic compounds present in the UD extract
resulted in protective film deposition on the steel surface, based on the SEM and XPS.
Mouangaet al (2015) used electrochemical microcell and scanning vibrating electrode technique
to analyze the effect of cerium salts as cathodic inhibitors on iron / aluminum galvanic coupling.
The results showed that carium salts inhibit the corrosion of Iron/aluminum galvanic coupling

by reducing the cathodic activity. Microcell analysis confirmed the passivation of aluminum.

Sheikholeslami et al (2021) used scanning vibrating electrode technique (SVET) to evaluate the

corrosion performance of commercialized full waterborne coating systems containing enviro-

friendly corrosion inhibitors in 55 wt% Al, 44 wt% Zn, and 1wt% Si galvanized steel in 5wt%
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NaCl solution at ambient temperature. The results showed promising outcome in inhibiting cut-
edge corrosion in a fully commercialized waterborne coating system.
Lin et al (2020) used dynamic polarization, electrochemical, spectroscopy, linear polarization,
scanning electron microscopy and x-ray photoelectron spectroscopy to examine the synergistic
corrosion inhibition effect between calcium lignosulfonate (CLS) and three kinds of inorganic
inhibitors (Na, MoOa, Na;SnOs3, and NaWO4) with various molar ratios an Q235 carbon steel in
alkaline solution (pH 11.5) with 0.02 mol/L NaCl. From the results of the examination, it was
observed that the CLS compound with molybdate of the ratio 2:3 showed the best inhibition
effect on both general and localized corrosion.
2.7 Summary of Literature Review
Generally speaking, several works have been reported in the literature, as noted. There is a huge
economic cost associated with corrosion running into trillions of dollars annually including
human lives. Corrosion failure is perhaps one of the most insidious ways an engineering system
can fail catastrophically. As clearly stated in section 2.4 of this literature review, most corrosion
failures occur unexpectedly. Subsequently, what is of paramount interest to the corrosion
engineer is to ensure that corrosion failures are minimized to save the huge cost associated with
it, through corrosion prevention, mitigation, control and management. To achieve this,
researchers have been up and working in an effort to creating effective and efficient solutions in
order to maintain and sustain the integrity of infrastructures by adopting appropriate
methodologies. Currently, organic compounds are established as one of the most effective and
profitable methods of corrosion inhibition, as such, research is oriented towards organic
compounds such as plant extracts because of their association with E4 (efficiency, economy,
ecology and environmental friendliness) policy and are used for different industrial applications.
To confirm this, many studies from the literature have indeed reported such and the convergence
is indeed unambiguous. However, there are numerous challenges of using these compounds. One
of the biggest challenges of using organic corrosion inhibitors is their limited solubility,
especially in polar electrolytes. It is curious to note that out of the enormous literature reported
in this study, only few considered the evaluation of solubility in their reported findings. It seems
that despite the enormous research on the subject area of organic corrosion inhibition no serious
attention is given to one of the major challenges militating against its development and design.
For instance, the insolubility of an inhibitor in crude oil drilling and recovery can lead to
emulsion formation which will jeopardize the entire drilling process, sometimes leading to
complete loss of the oil well. Because of this, when evaluating compatibility issues of corrosion
inhibitors for oil and gas operations, the effect that an inhibitor has on the emulsion forming
tendency of well fluids is critical in the selection of the proper inhibitor. Likewise, almost all the
56



reported studies have demonstrated wonderful outcomes in terms of inhibition performance,
consistently maintaining that inhibitor concentration has a direct relationship with inhibition
efficiency. Be that as it may, recently, adequate efficiency at lower inhibitor dosages or
concentration and cost effectiveness are also important requirements for a substance or molecule
to be utilized as corrosion inhibitor. Consequently, these reports have only demonstrated the

huge gap between what is obtainable in the field and research findings.

2.7.1 Literature gap

All reported studies have the problem of methodological gap such that coupon tests performed
in almost all the experiments were carried out on stationary electrolyte. However, for inhibitor’s
qualification for industrial applications, coupon tests in the presence of fluid flow, shear stress
and motion are often recommended. The tests include: burble test, rotating cage autoclave test,
jet impingement, high temperature and pressure, and rotating cylinder electrode tests. Although
in the absence of these tests, using a variation of methodologies is often recommended to close
the gap (Jacobs, 2011; Muller-Bloch & Kranz, 2014; Miles, 2017).
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Materials
The materials and chemicals/reagents used in this project work and their suppliers are

presented in tables 3.1a and 3.1b respectively.

Table 3.1a: List of materials and suppliers

S/N MATERIAL NAME OF SUPPLIER

1 Carbon Steel (test coupons) Leoco & Co. Ltd, PH

2 Emery Carbide Abrasive with | GZ Ind. Supplies Ltd, PH.
Mohs hardness = 9.5

3 Biovia Materials Studio BIOVIA (provided by ACEFUELS general
Software Version 8. purpose lab.

4 Origin Software OriginLab Corporation (provided by

ACEFUELS general purpose lab.
5 Musa paradisiacal Leaf From Omukoro farms, PH.

Table 3.1b: List of chemicals/reagent and suppliers

S/IN CHEMICAL/REAGENT NAME OF SUPPLIER

1 De-ionized water = 18MQ.cm | GZ Ind. Supplies, PH.

2 Acetone >99.5% labstore.ng

3 Ethanol (70%) Barivan Chemicals, PH.

4 NaCl > 99.5% Barivan Chemicals, PH.

5 Silica gel > 99% Jopec business concept Ltd, PH.

3.2 Equipment

The equipment used for this project work and their manufacturers are listed in table 3.2
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Table 3.2: List of Equipment and name of manufacturer

S/N EQUIPMENT/MODEL MANUFACTURER (S)

1 Metallographic Lapping and Polishing | Zhengzhou CY Scientific Instrument Co.
Machine (UNIPOL-820) Ltd.

2 Hot Air Oven Dryer Zhengzou Wollen Instrument EquipmentCo.

Ltd.

3 Beaker (s) Runlab

4 Nima Industrial Electric Grinder DMSALES

5 FA2104 Electric Weighing Balance Changzhou Xingyun Electrionic Equipment

6 PerkinElmer Spectrum IR 10.7 PerkinElmer Inc.

7 Potentiostatic/Galvanostat Biologic

8 Magnetic Stirrer Biobase Group

9 Gas Chromatography Mass Spectroscopy | Agilent
(GC-MS)

10 Atomic Force Microscope (AFM) 5500M | Hitachi High-Tech
I

11 Optical Tensiometer Biolin Scientific

3.3 Methods

3.3.1 Experimental Work Flow and Procedures

The experimental work flow involves five major steps which are crucial for the project

implementation and completion as follows:

1.
2.
3.

Sourcing, selection and collection of materials needed for the project work.
Preparation of specomen from the sourced materials for experimental purposes
Following established harzard and operability guidelines/standards to carry out all
experimental procedures in the laboratory

Evaluation and analyses of data generated in course of the experimentation

Presentation and reporting of findings, and results of evaluation and analyses
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Matenals sourcing/Selection & collection
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Experimentation/
Laboratory work

Resulis analysis &
Evaluation

Results Presentation &
Reporting

Figure 3.1: Experiment Design/work flow (Drawn by PhD student)

The following sub-sections describe the experimrntal procedures

3.3.2 Preparation of MPL Extract

The MPL was collected at Port Harcourt, Rivers State, Nigeria. And was then transported in
a clean sack bag to the Africa Centre of Excellence in Future Energies and Electrochemical
Systems’ General Purposes Research Laboratory at Federal University of Technology,
Owerri, where the leaves were oven dried before crushing into powdered form. Thereafter,
it was weighed, dissolved into 70% ethanol and then allowed to stay for 48 hours before it
was extracted and concentrations of 10g/L, 20g/L, 40g/L, 60g/L, 80g/L and 100g/L prepared

from it for use. Figure 3.14 shows the MPL extraction process according to Verma et al.
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Figure 3.2: Inhibitor extraction process (Adapted form Verma et al., 2021)

3.3.3 GC-MS Structural Analysis of MPL

The gas chromatography mass spectroscopy (GC-MS) was used to investigate the
compounds in the MPL in which scanned results obtained were compared with spectral data
with the NIST 14 mass spectral Standard library.

The Gas Chromatography Mass Spectroscopy (GC-MS) series 7820A gas chromatograph
coupled to 5975C inert mass spectrometer produced by Agilent Technologies was used to
investigate the potential compounds in the MPL extract in which scanned results obtained
were compared with spectral data with the NIST 14 mass spectral Standard library [16].
Firstly, the MPL extract sample was prepared using ethanol as organic solvent. Then
10pg/mL of the sample was injected into the compartment tray of the GC. In order not to
block the syringe, care was taken to avoid particles or precipitates. The sample was then
passed through the column and the stationary phase was attained. And the resultant peaks
were then analyzed considering the retention time and the intensity count and the details of

analysis were recorded.
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3.3.4 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis of Functional Groups
and substituents Present in the MPL Extract.

Perkin Elmer spectrum 2 (UATR) FT-IR, IR 10.7.2 produced by PerkinElmer Inc. was used
to carry out the FT-IR analysis on the MPL extract to evaluate the types of functional groups
present.

A liquid sample of the MPL extract was used. Firstly, the liquid cell of the FT-IR was
assembled with the IR transparent window. And then, a few drops of the liquid sample was
introduced into the cell and carefully sealed. Secondly, the sample was placed in the FT-IR
spectrometer and scanned. The spectrometer directs infrared beams at the sample and the
absorbance is measured taking the frequency into consideration. Finally, the spectrum is then

analyzed and the results recorded.

3.3.5 Simulation of Marine Environment/Preparation of Corrodent (3.5wt % NaCl)

Solution

According to the National Oceanic and Atmospheric Administration, (NOAA, 2023), the
standard sodium chloride concentration of seawater is approximately 3.5% by weight, which
is equivalent to 35 parts per thousand (ppt). This means that for every litre of seawater, there
are about 35 grams of dissolved salts, with sodium chloride being the most abundant (NOAA,
2023). So, in order to simulate the seawater environment, a test solution was prepared by
measuring 359 of NaCl and dissolving it into 1Litre of de-ionized water. After then, the
various MPL inhibitor concentrations were measured and mixed with the test solution in

different beakers for immersion.

3.3.6 Gravimetric or Weight Loss Measurement

The preparation of test specimen followed 1SO 11845 standard procedure. The original
material was a pipe but it was cut into test coupon sizes of 2.0 cm x 2.0 cm x 0.6 cm
dimensions, a wire brush was used to de-scale it. Thereafter, the coupons were placed on the
metallographic lapping and polishing machine (UNIPOL-820) manufactured by Zhengzhou
CY Scientific Instrument Co., Ltd, where they were neatly polished using abrasive emery
paper of grit sizes of between150 and 1000 micron of various grades. This was done to obtain
a very smooth surface for the weight loss measurements. In course of the machining,
attention was given to the edges for proper polishing. Furthermore, the coupons were washed
with distilled water, degreased in ethanol, dry cleaned and dipped into acetone. Then, they
were dried with dry air and stored under a desiccator containing silica gel until when they
were used.

The polished coupons were weighed using FA2104 electronic weighing balance and then

were completely immersed in the prepared test solution (corrodent) in the absence and
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presence of the MPL inhibitor at various concentrations in different beakers. A blank
specimen was immersed in the test solution in the absence of the MPL inhibitor. Each
specimen was exposed for 1 hour, 6 hours, 24 hours, 48 hours, 72 hours, 96 hours and 120
hours at room temperature (25°C) while the pressure remained atmospheric. They were then
removed at the expiration of the allotted time, thoroughly cleansed with acetone and then
reweighed to measure the weight loss by subtracting the final weight after immersion from

the initial weight before immersion according to Equation.(3.1);

Weight Loss, AW = Wi - Wf 3.1

Where, AW is weight loss, Wi is the initial weight before immersion, Wf is the final weight
after immersion. After the weight loss was determined, the corrosion rate was calculated

using Equation 3.2:

Corrosion Rate, CR (mm/y) = [AW X K]/ p AT 3.2

Where, K is a constant that defines the units for the corrosion rate in mm/y; K = 87600, AW
is weight loss (g), p is density (g/cm®), A is the surface area of the specimen (cm?) and T is
the exposure time in hours. The inhibition efficiency (%IE) was calculated using the
Equation 3.3

%IE = [(CRa - CRp) / CRa] x 100 3.3

The corrosion rates in the absence and presence of the inhibitor are CRy and CRp

respectively.
Also, the maximum saturation surface occupied by the inhibitor on a given available

adsorption surface known as the surface coverage was determined using Equation 3.4

Surface Coverage (e)= Inhibition Ef ficiency, IE <+ 100 3.4

3.3.7 Surface Morphology of carbon steel in the sea water environments.
The atomic force microscopy (AFM) was used to study the surface morphology of the
submerged carbon steel sample in 3.5wt% NaCl solution in the presence and absence of
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100g/L MPL by recording AFM images of the samples after an immersion time analysis of
48h.

The test specimen or coupons were thoroughly cleansed and the mounted onto the AFM’s
test specimen holder using tape to ensure stability during the scan. The probe is then
installed...it is a sharp tip on the cantilever. Thereafter, the laser optics is properly aligned
to be able totrack the deflection of the cantilever as it interacts with the test specimen. This
was done by bringing the probe close to the surface until a weak force of causes a slight
deflection in the cantilever. The lasers’s feedback system is then used to maintain a constant
force between the tip of the probe and the metal surface. After that, the scan speed and the
size of the area to be imaged are optimized in conformity with the experimental requirements.
The probe is then scanned across the test specimen’s surface line by line and as the tip
encounters peaks and valleys on the surface, as the cantilever deflects. The feedback system
adjusts the vertical position of the specimen to keep the cantilever in a steady state of constant
deflection. Furthermore, the software records the 3D position of the tip at each point, creating
high resolution topographic image of the metal surface and the results compared with the
specimen in the presence and absence of the MPL corrosion inhibitor.

3.3.8 Contact Angle Measurements

The contact angle measurement seeks to quantify the wettability of the polished carbon steel
substrate, the carbon steel in 3.5wt%NaCl solution in the presence and absence of the MPL
inhibitor.

The sessile drop method was used to measure the contact angles for carbon steel (a) dry
polished carbon steel, (b) immersed in 3.5wt% NaCl without MPL inhibitor, (c) immersed
in 3.5wt% NaCl containing 100g/L MPL inhibitor by depositing water on the solid surfaces
of these specimens after immersion. The droplet is placed on the solid specimens and the
image of the drop is taken by a high-resolution camera. The contact angle of each of the

specimen is then automatically determined by the software and recorded.

3.3.9 Electrchemical Investigation

The Electrochemical investigations were carried out using a Radiometer analytical PGZ100
potentiostat device, controlled by a computer equipped with VVolta master 4 software, which
allows data acquisition and processing. For electrochemical tests, a conventional three
electrode cell: a saturated calomel electrode (SCE) reference electrode, a platinum counter
electrode, and a carbon steel working electrode were used. Before each experiment, the
working electrode was kept immersed for 30 minutes at the open circuit potential (OCP).
This appropriate time was necessary to obtain the stabilization of the free potential (EOCP).

Electrochemical impedance spectroscopy measurements were carried out at the open circuit
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potential with an applied frequency starting from 100 kHz at 0.01 Hz using sinusoidal
potential perturbation. The Nyquist representations of the impedance were analyzed and
simulated by EC-Lab software, and then the EIS parameters were determined. The
polarization curves were obtained with a scan rate of 1mV.s and in the potential range
—1800 to —600 mV vs SCE in the presence of 100g/L MPL at different concentrations after
EIS measurements. The inhibition efficiency IEeis (%) and IE; (%) was calculated using

equations 3.5 and 3.6:

IEeis (%) = (1 —-Rp/Rpo) % 100 3.5

Where, IEEis (%) is the inhibition efficiency of the electrochemical impedance spectroscopy,
Rpo is polarization resistance of carbon steel without MPL and

Rp is the polarization resistance in the presence of MPL

IE, (%) = (1' icorr / icorr) x 100 3.6

Where, IE; (%) is inhibition efficiency of the potentiodynamic polarization.

icorr @nd icorr are the corrosion current density values without and with MPL respectively,

3.3.10 Density Functional Theory (DFT) Analysis of MPL Inhibitory Properties
Material studio (version 8.0, BIOVIA) was used to perform Density Functional Theory
(DFT) calculations of isolated MPL inhibitor molecules using the DMol3 module, quantum
chemical parameters such as; ELumo, EHomo, energy band gap (AE), chemical hardness (1),
electronegativity (y), dipole moment (n), global Softness (o), fraction of electron transfer
(AN) and other important parameters were computed considering equations (3.7-3.18).
EHomo: Energy of highest occupied molecular orbital

ELumo: Energy of the lowest unoccupied molecular orbital

IE: lonization potential or Energy (eV), IE = - EHomo 3.7
EA: Electron affinity (eV), EA=-ELumo 3.8
AE: Energy band gap (eV), AE = ELumo—EHomo 3.9
x: Electronegativity (e¢V), y = (IE + EA)/2 =—(Enomo+ ELumo) 12 3.10
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1: Global hardness (eV), 5 = (IE — EA)/2 = (ELumo—EHomo) /2 3.11

o: Global softness (eV)?, o = 1/1 =—2/(Enomo— ELumo) 3.12

o: electrophilicity index (eV), w =,%2n 3.13

w: chemical potential (Debye), p~ = 12(ELumo+EHomo) 3.14
&: nucleophilicity (eV)?, e =l/w 3.15
o : electron donating power (eV), o~ = (3IE+EA)? + 16(IE-EA) 3.16
o*: electron accepting power (eV), w*= (IE+3EA)? + 16(IE-EA) 3.17
AN: Fraction of electron(s) transfer, AN = yFe—yInh + 2(nFe+nInh) 3.18

Where, xFe and yinh are the absolute electronegativities of the iron atom (Fe) and the MPL

inhibitor molecule respectively.

Consequently, DFT simulations represent the most powerful computational tool in terms of
which the adsorption ability and corrosion inhibition effectiveness of a compound can be
described. Therefore, DFT studies are mostly used to correlate the relative inhibition effect
of a series of compounds having similar molecular structures. In general, higher Exomo,
global softness (o), dipole moment (u) and lower ELumo, AE, electronegativity (y) and
chemical hardness (1) values are associated with high inhibition efficiency. Also, the Fukui

indices are determined with the help of equation 3.19.

F(n=F(n-F() 3.19

The isolated MPL inhibitor molecules studied were; 6-Amino-1,3,5-triazine-2,4(1H,3H)-
dione (ATD); 2,3-Dihydrothiaphene(DDT)); 2-Deoxyhexopyranose (DP);
Octamethylcyclotetrasilozane (OMTYS); 2,6,10-Dodecatrien-1-ol,3,7,11-trimethyl-(2Z,6Z)-
(DT); 9-Octadecenamide (ODA).
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However, in this study, molecular density was used to determine the orientation of the MPL

inhibitor molecules on the carbon steel surface.

3.3.11 Molecular Dynamics (MD) Simulation of MPL in 3.5 wt. % NaCl

To effectively elucidate and analyze the effect of substituent groups on the orientation of
corrosion inhibitors over the metal surface, MD or MC (Monte Carlo) simulations are often
utilized. However, in this study, molecular dynamics simulation was used to determine the
orientation of the MPL inhibitor molecules on the carbon steel surface.

In order to carry-out the simulation process a high stability quench adsorption approach on
a surface of densely packed iron, Fe (110) atoms was adopted (Verma, Obot, Bahadur, Sherif
& Ebenso, 2018a; Spangberg, 2003 ; Verma, Lgaz, Verma, Ebenso, Bahadur, & Quraishi.,
2018d). The studied isolated MPL molecules were then simulated. The Fe crystal was
cleaved across by the Fe (110) plane at a fractional depth of 3.0 A. The bottom layers' form
was constrained before the surfaces were optimized to avoid edge effects caused by the sizes
of the molecules. The temperature was fixed at 298 K and Nose-Hoover (NH) method was
adopted for temperature control along with geometry optimization.

Firstly, amorphous cell calculation was performed to simulate seawater (3.5 wt% NaCl
solution) by packing 450 molecules of water and 18 molecules of sodium chloride ion in a
cell. Pure iron (Fe) framework was imported from materials studio database, and carbon steel
surface was built using the ‘build’ tool in the software. The whole system was assembled
using the build layer tool.

The MD simulation was conducted in a simulation box of 35A x 35A x 48. 26A, considering
some periodic boundary conditions. Carbon steel surface was built via Fe (110) surface
configuration, since it is the most stable surface configuration of carbon steel.

Secondly, adsorption of MPL inhibitor onto the carbon steel surface already immersed in 3.5
wt.% NaCl solution was simulated using the Forcite module to determine the interaction of

MPL inhibitor materials with the metal surface. The Forcite quench simulation was
performed under constant temperature (at 298 K) as earlier stated. Also, the Andersen
Thermostat, NVT (number of particls, N; volume of the simulation box, V; temperature of
the system, T) were all held constant) ensemble with a time step of 1.0 fs and simulation time
of 5 ps was employed. Further, the COMPASSII (Condensed-Phase Optimized Molecular
Potentials for Atomic Simulation Studies Il) force field was used (Sun, Jin, Yang,
Akkermans, Robertson, Spenley, Miller &Todd., 2016; Yuhuan &Wenxiang,2020), while
non-bond interactions and van der Waals electrostatic were set as atom-based and Ewald

summation method, respectively. Additionally, the radial distribution function (RDF) was
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adopted in the evaluation of bond lengths of the interacting molecules while also utilizing
the Forcite module to perform these calculations (Verma, Obot, Bahadur, Sherif & Ebenso,
2018a; Spangberg, 2003; Verma et al., 2018d).

3.3.12 Adsorption Isotherm and Mechanism

In order to gain insights of the nature and behavior of adsorption between the MPL and the
carbon steel like a monolayer formation or surface heterogeneity, the test of isotherms was
carried out on three models namely; Langmuir, Temkin and Frumkin using equation 3.20 to

determine the adsorption parameters

AGOads = _RTIn55.5Kads 320

Where; concentration of H,O = 55.5 mol/L in the solution; R is the universal gas constant in
Jmolt K and T is the temperature in K. The values of linear coefficients of determination

(R?) and the equation of expression for the Langmuir isotherm are presented in Table 4.10.

3.3.13 Analysis of results

The experimental results were presented, analyzed and reported using Origin software that
was provided by the ACE-FUELS Laboratory in the ACE-FULS general purpose laboratory,
FUTO.
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1 Results
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Figure 4.1: GC-MS result of MPL extract
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Figure 4.3(a): Effect of time on the weight loss of carbon steel immersed in 3.5 wt% NaCl
solutions in the presence and absence of different concentrations of MPL inhibitor at 25°C
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Figure 4.3(b): Effect of time on corrosion rates of carbon steel immersed in 3.5 wt% NacCl

solution in the presence and absence of different concentrations of MPL inhibitor at 25°C
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Figure 4.3(c): Effect of time on inhibition efficiency of MPL on carbon steel immersed in
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Figure 4.4: 2D views and 3D surface topographies of carbon steel (a) in 3.5wt%NacCl
(Blank), (b) in 3.5wt%NaCl + 100g/L MPL respectively
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Figure 4.5: Contact angle measurements for carbon steel (a) dry polished carbon steel, (b)
immersed in 3.5wt% NaCl without MPL inhibitor, (c) immersed in 3.5wt% NaCl containing
100g/L MPL inhibitor
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Figure 4.7a: HOMO and LUMO densities of the isolated compounds present in the
MPLEXxtract
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Figure 4.8: Fukui functions for electrophilic and nucleophilicmaps
showingnumbering of atoms of isolated compounds of the MPL inhibitor molecule.
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superstructur

e molecules)
LEGEND: _ = Metal surface; H - MPL inhibitor molecule

Na*=®Cl-=

Figure 4.9(a): The equilibrium adsorption mode of MPL molecules onto Fe (110) surface

in top and side views
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Figure 4.9(b): The reaction mechanism of inhibitor molecules on metal surface
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Figure 4.10: Adsorption isotherms (a) Langmuir isotherm (b) Temkin isotherm (c) Frumkin
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Table 4.1: Names of Compounds with their chemical formulae, structures and molecular
weight(s) present in MPL extract

Name of Compound Chemical Chemical Structure Molecular
Formula Weight (g/mol)

6-Amino-1,3,5-triazine-  C3H4N4O2 0

. \\ NH
2,4(1H,3H)-dione / >

HN / NH,,
N— 128.
) Y N 8.09

2,3-Dihydrothiophene C4HeS _—
s 86.16

2-Deoxyhexopyranose CeH1205

OH
HO ~OH
HO e 164.16
OH
Octamethylcyclotetrasilo  CgH2404Sia4 |
zane ~si-o_ /
OI S| —
\ é) 296.616
— Si_ ’
/ O =Si
2,6,10-Dodecatrien-1- CisH260
ol,3,7,11-trimethyl- x
(22,62)- I = 222.37
OH
9-Octadecenamide C1sH3sNO
M
H‘
281.477

110



Table 4.2 FT-IR of MPL-extract showing functional groups present

S/N  Functional Group

Characteristic Absorption wavenumber

(cm™)

~N o o AW DN B

N-H and O-H
C-H

C-H

coc

Methyl, C-H
C-O

Aromatic, C-H

3368.04 (3500-3200)
2918.62 (2950-2850)
2850.44 (2950-2850)
1630.87 (1680-1640)
1370.43 (1370-1350)
1153.01 (1260-1050)
740.40 (860-680)

Table 4.3: Weight loss (g), corrosion rate (mm/y) of carbon steel and IE (%) of MPL extract

(inhibitor) in 3.5wt% NaCl solution at various concentrations (g/L) and exposure time (h)

Conc. 1hr 6h 24 h 48 h
(g/L) AW(g CR 1E( AW(g) CR 1E( AW(g) CR 1E( AW(g) CR 1E(
MPL (mmly) %) (mmly) %) (mmly) %) (mmly) %)
Blank 0.0021  2.2533 0.0051 0.9121 0.0075  0.3353 0.0184 0.4113
10 0.0018 1.9314 14 0.0045 0.8048 12 0.0046  0.2057 39 0.0146 0.3264 21
20 0.0015  1.6095 29 0.0042 0.7511 18 0.0039 0.1744 48 0.0120 0.2683 35
40 0.0012  1.2876 43 0.0015 0.2683 71 0.0022 0.0984 71 0.0117 0.2615 36
60 0.0010 1.0730 52 0.0014  0.2504 73 0.0017  0.0760 7 0.0102  0.2280 45
80 0.0009  0.9657 57 0.0011 0.1967 78 0.0013 0.0581 83 0.0099 0.2213 46
100 0.0007  0.7511 67 0.0010 0.1788 80 0.0008 0.0358 89 0.0071  0.1587 61
Table 4.3: continues

Conc. 72h 96 h 120 h

(L)  AW(g) CR IE(%)  AW(g) CR IE(%)  AW(g) CR IE(%)

MPL (mmly) (mmly) (mmly)

Blank  0.0234 0.3487 0.0491 0.5488 0.0986 0.8817

10 0.0185 0.2757 21 0.0307 0.3431 37 0.0424 0.3791 57

20 0.0165 0.2459 29 0.0300 0.3353 39 0.0280 0.2504 72

40 0.0150 0.2235 36 0.0204 0.2280 58 0.0216 0.1931 78

60 0.0138 0.2057 41 0.0191 0.2135 61 0.0200 0.1788 80

80 0.0103 0.1535 56 0.0134 0.1498 73 0.0152 0.1359 85

100 0.0092 0.1371 61 0.0129 0.1442 74 0.0091 0.0823 91
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Table 4.4: Surface roughness values such as average mean roughness Ra and root mean

square roughness Rq of carbon steel without and with 100g/L MPL after 48 hrs of immersion

time
Inhibitor Ra(nm) Rq (nm)
Test Sample + 3.5wt% NaCl(Blank) 28 71
Test Sample + 3.5wt%NaCl + 100g/L MPL 9 34

Table 4.5: Contact angle measurements/properties of dry polished carbon steel, and carbon

steel immersed in 3.5wt%NaCl with and without MPL inhibitor.

Property Dry polished Carbon steel Carbon steel
Carbon immersed in immersed in
Steel 3.5wt% NaCl 3.5wt%NacCl +

100g/L MPL

Contact angle value | 68.19 76.20 152.42

(©) in degrees

Nature of wettness | Hydrophilic Hydrophilic Superhydrophobic

Wettability Good Good Poor

Solid surface free | High High Low

energy
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Table: 4.6a: Potentiodynamic polarization parameters of carbon steel with various MPL

extract concentrations in seawater environment at 298K

Ecorr Icorr B c (mV) Pa corrosion rate IE

(mV) (nA) (mV) (mmly) (%)
Blank -694.347 87.403 20264870.0 208.5 0.440 422
10g/L - 686.940 22.108 9701 369.0 155.2 0.260322 74.71
20g/L -471.103 21.679 962361664.0 52.8 0.255271 75.20
40g/L -626.121 20.991 50 723840.0 110.0 0.24717 75.98
60g/L -481.808 19.979  21903806.0 63.7 0.237335 77.14
80g/L -700.390 16.342 15 049968.0 82.9 0.192 428 81.30
100g/L -705.223 8.615 17521452.0 77.1 0.136 767  90.14

Ecorr: Corrosion Potential; Icorr: Corrosion Current; pfc: Cathodic slope; fa: Anodic

slope

Table: 4.6b: Electrochemical impedance spectroscopy parameters of carbon steel with

various MPL extract concentrations in seawater environment at 298K

R1 (Ohm) Q2 (Fs™a- 1)) a2 R2(Ohm)  IE%
Control  8.9458 0.0006 0.7870 1140
10 g/L 8.8653 0.0008 0.8041 5403 79.0
20 g/L 7.5921 0.0003 0.7792 5516 79.3
40 g/L 9.3170 0.0003 0.7805 5586 79.6
60 g/L 6.1062 0.0004 0.7764 5593 79.6
80 g/L 8.0875 0.0007 0.7759 6694 83.0
100g/L  7.6941 0.0008 0.7914 7112 84.0

R1=0Ohmic drop or Solution resistance; Q2=Double layer capacitance; R2=Charge transfer
resistance; a2=CPE (constant-phase element)
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Table 4.7: Quantum Chemical Descriptors/Parameters in theisolatedMPLCompounds

Descriptor DDT DP ODA DT ATD OMTS
EHomo -4.939 -5.973 -5.73 -5.952 -6.505 -6.727
ELumo -0.879 0.38 -0.601 0.958 -1.871 0.362
AE 4.06 6.353 5.129 6.91 4.634 7.089
X 2.909 2.7965 3.1655 2.497 4.188 3.1825
M -2.909 -2.7965 -3.1655 -2.497 -4.188 -3.1825
H 2.03 3.1765 2.5645 3.455 2.317 3.5445
) 0.492611 0.314812 0.38994  0.289436  0.431593  0.282127
Q 2.084306 1.230979 1953673 0.902317  3.784925  1.428736
€ 0.479776 0.812361 0.511856 1.108258  0.264206 0.69992
o+ 0.883556 0.229792 0.691486  0.085692 1.98055  0.280548
- 3.792556 3.026292  3.856986  2.582692 6.16855  3.463048
AN 0.716502 0.440186 0.617177 0.36136  0.903755  0.448935

Table 4.8: Fukui electrophilic F*(r), nucleophilic F(r), and dual Fukui descriptor F(r) for
ATD isolated MPL molecule

Atom F* (r) F=(r) F2 (r) Atom F*(r) F~=(r) F2 (r)
N(1) 0.042 0.021 0.021 0(8) 0.132 0.264 -0.132
C(2) 0.125 0.085 0.040 N (9) 0.106 0.106 0.000
N@3) 0.076 0.143 - 0.067 H (10) 0.042 0.032 0.010
C(4) 0.174 0.052 0122 O(11) 0.076 0.106  -0.030
N(5) 0.035 0.027 0.008 H(12) 0.047 0.039 0.008
C(6) 0.057 0.047 0.010 H(13) 0.043 0.035 0.008
H(7) 0.044 0.043 0.001

114



Table 4.9: Fukui electrophilic F*(r), nucleophilic F(r), and dual Fukui descriptor F(r) for
DDT isolated MPL molecule

Atom F*(r) F=(r) F2(r) Atom F*(r) F~(r) F2(r)
S@1) 0.055 0.152 -0.097 H(7) 0.094 0.152 -0.058
C(2) 0.104 0.273 -0.169 H(8) 0.078 0.070 0.008
C(3) -0.033  -0028 -0.005 H(9) 0078 0070  0.008
C@4) 0208 0037 0171 H(10) 0088 0041  0.047
C(®) 0.158 0.043 0.115 H(11) 0.077 0.037 0.04
H(6) 0.094 0.152 -0.058

Table 4.10: Fukui electrophilic F*(r), nucleophilic F(r), and dual Fukui descriptor F(r) for
DP isolated MPL molecule

Atom F*(r) F~(@r) F>() Atom F* () F=(r) F2 (r)
C@) 0017 -0013 -0004 O(13) -0.013 0042  -0.055
C(2) -0.004 -0.007 0.003 H(14) 0.184 0.039 0.145
C@®) -0.023 -0.008 -0.015 O (15) 0.000 0.110 -0.110
C(4) -0.062 -0.010 -0.052 H(16)  0.066 0085  -0.019
CB) 0019 -0.016 -0003 O(7) 0012 0169  -0.157
C(6) -0.057 -0.017 -0.04 H(18) 0.149 0.077 0.072
O(7) -0.002 0.145 -0.147 H(19) 0.096 0.036 0.06
H(8) 0027 0067 -004 H(20)  0.387 0.018 0.369
0(9) -0.075  0.066 -0.141 H(21)  0.131 0.016 0.115
H(10) 0.046 0.058 -0.012 H(22) 0.060 0.031 0.029
H(11) 0.031 0.030 0.001 H(23) 0.034 0.044 -0.01
H(12) 0048  0.040 0.008
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Table 4.11: Fukui electrophilic F*(r), nucleophilic F(r), and dual Fukui descriptor F(r) for
OMTS isolated MPL molecule

Atom F* (r) F~(r) F2 (r) Atom F*(r) F~(r) F2(r)
Si(1) 0.197 0.008 0.189 H(9) 0.042 0.114 -0.072
0(2) -0.032 0.058 -0.09 H(10) 0.036 0.077 -0.041
Si(3) 0.197 0.008 0.189 H(11) 0.036 0.077 -0.041
0(4) -0.041 0.056 -0.097 H(12) 0.042 0.114 -0.072
Si(5) 0.219 0.011 0.208 H(13) 0.041 0.090 -0.049
0(6) 0039 0052 -0.091 H(14) 0042 0088  -0.046
Si (7) 0.219 0.011 0208 H(15) 0.041 0.090 -0.049
0(8) -0.041 0.056 -0.015 H(16) 0.042 0.088 -0.046

Table 4.12: Fukui electrophilic F+(r), nucleophilic F—(r), and dual Fukui descriptor F2(r) for
DT isolated MPL molecule

Atom F* (r) F=(r) F2 (r) Atom F*(r) F=(r) F2(r)
C(1) -0.007 -0.011 0.004 C(22) -0.004 -0.002 -0.002
C(2) 0018 0077 -0.059 H(23) 0021 0023 -0.002
C(3) -0.009 0081 -0.090 H(24) 0013 0014  -0.001
C(4) 0012  -0.016 0004 H(25) 0016 0024 -0.008
C(5) 0024 0035 -0011 H(26) 0064 0031 0033
C(6) -0.009 -0.016 0.007 H((27) 0.053 0.029 0.024
C(7) 0.031 0.043 -0.012 C(28) -0.011 0.001 -0.012
C(8) -0.009 -0.006 -0.003 H(29) 0.080 0.033 0.047
C(9) -0.024 -0.008 -0.016 H(30) 0.040 0.015 0.025
C(10) 0.093 0.010 0.083 0O(31) 0.018 0.028 -0.01
C(11) 0.122 0.040 0.082 H(32) 0.059 0.023 0.036
C(12) 0013  -0.005 0018 H(33) 0007 0029 -0.022
H(13) 0014 0040 -0026 H(34) 0011 0044  -0.033
H(14) 0021 0057 -0.036 H(35) 0010 0043 -0.034
C(15) -0.002 -0.007 0.005 H(36) 0.009 0.013 -0.004
H(16) 0.022 0.066 -0.044 H(37) 0.018 0.022 -0.004
H(17) 0.005 0.020 -0.015 H(38) 0.016 0.022 -0.006
H(18) 0.050 0.066 -0.016 H(39) 0.038 0.019 0.019
H(19) 0.000 0.021 -0.021  H(40) 0.059 0.024 0.035
H(20) 0.015 0.032 -0.017 H(41) 0.042 0.013 0.029
H(21) 0.015 0.030 -0.015 H(42) 0.072 0.004 0.068
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Table 4.13: Fukui electrophilic F*(r), nucleophilic F(r), and dual Fukui descriptor F(r) for
ODA isolated MPL molecule

Atom F* (r) F~(r) F2 (r) Atom F*(r) F~(r) F2 (r)
C(1) -0.013 -0.027 0014 H((17) 0.020 0.027 -0.007
C(2) 0.053 0.130 -0.077 H(18) 0.021 0.033 -0.012
C(3) 0.046 0.128 -0.082 H(19) 0.032 0.020 0.012
C(4) -0.013 -0.020 0.007 H(20) 0.033 0.019 0.014
C(5) -0.009 -0.010 0.001 H(21) 0.052 0.025 0.027
C(6) -0.020 -0.008 -0.012 H(22) 0.090 0.023 0.067
C(7) -0.027 -0.002 -0.025 0(23) 0.174 0.128 0.046
C(8) 0.200 0.022 0.178 H(24) 0.049 0.017 0.032
N(9) 0.098 0.023 0.075 H(25) 0.055 0.021 0.034
C(10) -0.004 -0.014 0.010 H(26) 0.006 0.019 -0.013
H(11) 0.020 0.063 -0.043 H(27) 0.008 0.022 -0.014
C(12) -0.005 -0.004 -0.001 H(28) 0.006 0.022 - 0.016
H(13) 0.028 0.082 -0.054 H(29) 0.015 0.028 -0.013
H(14) 0027 0079 -0052 H(30) 0007 0021 -0.014
H(15) 0018 0042 -0.024 H(31l) 0009 0027 -0018
H(16) 0.024 0062  -0.038

Table 4.14: Bond length analysis in NaCl medium via RDF

Interaction Bond length (A)
Fe (110)-N 2.970

Fe (110)-O 3.49

Fe (110)-S 3.27

Fe (110)-Si 3.19

Fe (110)-C 2.97

Table 4.15: Parameters of the Langmuir adsorption isotherm

Adsorption Equation R? Kads AGO%ds
Isotherm (KJ.mol?)
Langmuir C/O=C+ 1/Kass | 0.998 8.31748 -15.199
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4.2 Discussion

4.2.1 GC-MS

The result of GC-MS investigation as shown on the chromatogram in Figure 4.1, revealed
the presence of various compounds consisting heteroatoms such as N, O, S or Pi-electrons
in their molecular structures as presented in Table 4.1. The presence of heteroatoms in MPL
extract makes it a viable inhibitor. It has been widely reported that plant extracts are rich in
polar molecules with oxygen and nitrogen as well as nonpolar compounds with aromatic
rings, aliphatic chains, heterocyclic rings and functional moieties (Verma et al., 2024). These
are thought to promote the adsorption of inhibitors on the surfaces of metals and form a
protective film on metallic surface without affecting the surrounding and hence decreases
corrosion rate (Verma et al., 2024). From Figure 4.1, a number of base peaks that are the
highest are observed and they represent compounds found in the MPL molecule, these
compounds are presented in table 4.1, when compared with the NIST 14 mass spectral
standard library (Altameme, Hameed and Kareem, 2015; Ouandaogo et al., 2023). The table
shows the names of compounds with their chemical structures, molecular formulae and
molecular weights (g/mol) containihg heteroatoms. From the GC-MS investigation, the
inhibition of the rate of corrosion by MPL extract could be attributed to the presence of the
aforementioned phytochemicals which are made up of S, N,O, pi-bonds and other
heteroatoms in the structures which are also responsible for donating electrons thereby acting
as strong Lewis bases as such increasing electron density at the adsorption centers on the
surface of the metal substrate which in like manner acts as strong Lewis acids. Also, the
electronegativities that exist within these heteroatoms create a dipole-dipole moment which
forms localized regions for electrons in the direction of the most electronegative atoms as
such a donor-acceptor interaction between the MPL extract (inhibitor) and the metal surface

is formed.

422 FT-IR

FT-IR investigation of the functional groups and substituents present in the MPL extract as
shown in Figure 4.2a are identified absorption bands associated with (N-H) and (O-H)
hydrophilic polar functional groups which falls between 3500-3200 cm™, while the (C-H)
stretching vibration was noted in the range 2950-2850cm™. The vibration of (C=C) stretching
was observed at around 1680-1640cm™, while that corresponding to (methyl C-H) vibration
stretching was observed at between 1370-1350 cm™. The absorption vibration in the range
1260-1050cm*was due to C-O functional group.Also the vibration between 860-680cm™
was identified as (Aromatic C-H). All the functional groups identified are electron-donating

groups (EDGs) or substituents. EDGs help to increase electron density at the adsorption sites
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thereby facilitating electron transfer that will enable inhibitor-metal surface interaction.
Figure 4.2b show FT-IR spectrum for (c) the MPL extract powder, (d) the corrosion product
and (e) extract liquor. Available literature has shown that the adsorption efficiency of
inhibitor molecules on the metal surface can be significantly influenced by the ability of the
functional groups to increase electron density at the inhibitor/metal interface (adsorption site)
(Verma et al, 2021). Table 4.2 shows the functional groups and substituents identified in the
MPL extract.

4.2.3 Gravimetric/Weight Loss

The effect of the MPL inhibitor on carbon steel in 3.5wt% NaCl solution is shown in figure
4.3(a,b&c). The parameters such as weight loss, corrosion rate and inhibition efficiency in
the absence and presence of the various concentrations of the MPL inhibitor in 3.5wt% NaCl
solution over the immersion time 1hr, 6hr, 24hr, 48hr, 72hr, 96hr and 120hr can also be seen
on table 4.3. Figure 4.3a show weight loss against time, it is observed that as the MPL
inhibitor concentration increases,the weight loss decreases with time. Looking at figure 4.3b,
it is observed that as the MPL inhibitor concentration was increased, thecorrosion rate
decreased with time. Figure 4.3c also shows that as the MPL inhibitor concentration is
increased, the inhibitor efficiency increased with time. Looking at the concentration of
100g/L of MPL inhibitor, the inhibition efficiency was observed to be 91% at an immersion
time of 120 hours. This high efficiency can be attributed to the corrosion inhibition
effectiveness of the MPL corrosion inhibitor. As expected, this led to a decrease in corrosion
rate from 0.8817 mm/y to 0.0823 mm/y over an exposure time of 120 hours as shown in
figure 4.3d and table 4.3. Likewise, the weight loss experienced by the test specimen
decreased from 0.0986g to 0.0091g. Overall, looking at table 4.3and figure 4.3(a, b &c), itis
observed that as the MPL extract concentration was increased, there was a corresponding
increase in the inhibition efficiency confirming the effectiveness of the MPL extract in
reducing carbon steel corrosion in 3.5 wt% NaCl solution. This can be attributed to the fact
that the substituent groups in the MPL inhibitor molecules contain polar functional groups
that are electron donating and have high bonding energy that are not easily overcome by

some external energy.

4.2.4 Surface Morphology

Atomic force microscopy (AFM) gives microscopic images for carbon steel surface
topography perfectly, which assesses the roughness of the examined metal. The 2D and 3D
AFM morphologies of the surface of carbon steel in 3.5wt% NaCl solution in the absence
and presence of 100g/L MPL are shown in figure 4.4 (a) and (b) respectively. The image of

the surface of carbon steel in 3.5wt% NaCl without 100g/L MPL as shown in figure 4.4a and
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table 4.4 have a larger mean roughness value approximately (Ra = 28nm) and root mean
square roughness value is approximately (Rq = 71nm) than that in the presence of 100g/L
MPL which has lower mean roughness value approximately (Ra = 9nm) and root mean
square roughness value approximately (Rg = 34nm) as shown in figure 4.4(b). These results
show that carbon steel in 3.5wt%NaCl solution is severely corroded because of the presence
of corrosive chloride ions. The obtained roughness of inhibited carbon steel as shown in
figure 4.4 (b) shows the presence of Langmuir films on the surface of the sample because of
the effectiveness of the adsorbed layer of MPL on the surface, hence effectively impeding

the corrosion of carbon steel.

4.2.5 Contact Angle Measurements

From figure 4.5a and table 4.5 it is observed that the dry polished carbon steel surface has a
low contact angle of approximately 68.19° indicating that the surface is favourable to
wetting, hence hydrophilic, therefore, exposing the surface to corrosive ions from moisture.
Likewise, from figure 4.5b and table 4.5 it is observed that the surface of carbon steel
immersed in 3.5wt%NacCl in the absence of the MPL inhibitor also has a low contact angle
of approximately 76.20° also indicating that the surface is favourable to wetting, hence
hydrophilic as well, therefore prone to corrosive chloride ions in the solution. However,
looking at figure 4.5c and table 4.5 it is observed that the surface of carbon steel immersed
in 3.5wt%NacCl in the presence of 100g/L MPL has a high contact angle of approximately
152.42°%indicating that the surface is not favourable to wetting, hence hydrophobic. This can
be attributed to the thin film (Langmuir films) from the MPL inhibitor which adsorbed on
the surface of the metal effectively shielding the surface from corrosive chloride ions and
enhancing its water repellant properties. From these observations it is evident that the MPL
inhibitor contributes to modifying the surface characteristics of carbon steel in seawater
environment, making it less prone to water and more resistant corrosive chloride ion’s
induced degradation. The MPL has indeed functioned as a good corrosion inhibitor for
carbon steel in seawater by causing a surface-active action wherby the hydrophilic head of
the MPL molecule adher strongly on the metal/inhibitor interface while the hydrophobic tail
of the MPL inbibitor spreads out causing a repellant action on the surface thereby preventing
water to get in contact with the metal surface hence restricting corrosive chloride ions from

reaching the surface.

4.2.6 Electrochemical Investigation
The open circuit potential of carbon steel in 3.5wt% NaCl solution in the absence and
presence of various concentrations of MPL is as shown in figure 4.6b, it can be observed that

the open circuit potentials cross one another indicating a change in the dorminant corrosion
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mechanism occurring on the carbon steel surface. In this case a change from uniform to
pitting corrosion due to variations in chloride ion concentration causing the corrosion
potential to shift in a more negative direction as a result of passivity breakdown.

The corrosion parameters obtained from potentiodynamic polarization (PDP) are presented
in table 4.6a while figure 4.6¢ shows the Tafel plots which is related to the activation energy
of the reaction, thereby indicating the reaction rate. By observing the Tafel plots, a significant
shift towards the cathodic branch is observed with corrosion potentials moving towards
positive direction meaning higher tendency to resist corrosion rate. Considering table 4.6a,
the concentration of MPL extract at 100g/L showed the lowest corrosion rate of about
0.1mm/y with inhibition efficiency of 90.1%. Also it is observed that the corrosion current
values significantly reduced from approximately 87pA for the blank to approximately 9pA
for 100g/L MPL, indicating reduced corrosion rate. This result is in line with the shifting of
the polarization curves which indicate that as the MPL concentration increased from 10g/L
to 100g/L there was a reduction of current density. The cathodic branch of the Tafel plot as
in figure 6¢ clearly shows the transition from activation-controlled reaction which limiting
step is the transfer of electrons (oxidation) to the surface of the metal, to diffusion-controlled
reaction which limiting step is the transport of chemical species such as diffusion (reduction)
of oxygen to water. This is in line with the reactions that govern carbon steel when immersed
in NaCl solution whereby the oxidation of iron and reduction of oxygen occurs. It is also
observed from the Tafel plots that the polarization curve of the 1009/l MPL shows limiting
current density. Again, looking at the polarization slopes of all the MPL concentrations of
the Tafel plots, it is observed that the slopes shift towards more positive current densities
with the 100g/L shifting to the most positive value indicating reduction in corrosion rate.
The ability of MPL inhibitor to control the activation reaction (oxidation) and the diffusion
reaction (oxygen reduction) makes it a mixed-type corrosion inhibitor. A close observation
showed hydrogen evolution due to limited oxygen to get to the surface of the metal thereby
limiting current density and hence corrosion rate.

The electrochemical impedance spectroscopy (EIS) of carbon steel in 3.5wt% NaCl solution
in the absence and presence of MPL extract (inhibitor at various concentrations was also
investigated and the parameters are presented in table 4.6b. The Nyquist plot, Bode plot and
Phase angle are shown in figure 4.6d, 4.6e and 4.6f respectively. The Nyquist plot is
explained using an equivalent circuit model as shown in figure 4.6a. The semicircular shape
of the Nyquist plot demonstrates the charge transfer resistance at the metal/electrolyte
interface, with the semicircle diameter of each concentration corresponding to the extent of
corrosion resistance. As the concentration of the MPL was increased from 10g/L to 100g/L,
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the diameters of the semicircles also increased, indicating better corrosion resistance. The
largest semicircle is observed at 100g/L of MPL concentration showing the highest corrosion
protection which is in line with the inhibition efficiency of 84% as shown in table 4.6b. It is
also observed that the transfer charge resistance R2 = Rct is highest at 100g/L of MPL
inhibitor. Also, the polarization resistance, Rp is highest at 100g/L of MPL concentration
indicating lower corrosion current, hence slower corrosion rate. There is absence of pure
capacitance response but broadened peak heights at higher MPL concentrations indicating a
clear charge transfer resistance between the corrosion media and the metal surface. From
figure 4.6d, it was observed that as the MPL concentration increased, the Nyquist plot
showed a widened diameter and increased peak heights indicating a higher charge transfer
resistance (Rct). A one-time constant was detected in Bode diagrams see figure 4.6(e, f) with
a characteristic increase in absolute impedance values and decrease in phase angle
confirming the prevalence of charge transfer mechanism over the electrolyte/substrate

interface.

4.2.7 DFT

All quantum chemical properties were obtained after geometric optimization with respect to
the DMol3 model at the DFT level. The optimized molecular structures of the studied MPL
isolated molecules compounds are as shown in figure 4.7a while the HOMO and LUMO
energy levels of the compounds present in the MPL and their corresponding band gaps are
shown in figure 4.7b. The computed values of the quantum chemical parameters for the
isolated molecules present in the MPL extract are stated in table 4.7. Generally, the global
reactivity of molecules can be estimated from the energies of the frontier molecular orbitals
(Zarrouk et al., 2014; Cao et al., 2014) such as: HOMO orbital which represents the ability
of a molecule to lose electrons, and LUMO orbital which indicates the ability of a molecule
to accept electrons. Therefore, the high inhibition performance of an inhibitor could be
attributed mostly to the molecule with the highest HOMO and the lowest LUMO energies at
the same time.

The results from table 4.7 and figure 4.7 show that the Enomo Vvalues did increase (less
negative; destabilized) in the following order: DDT > ODA > DT > DP > ATD > OMTS.
Therefore, the ability to contribute to electron donation to the vacant d-orbital of the carbon
steel surface is expected to follow the same order. Increasing values of Enomo facilitate
adsorption and therefore enhance the inhibition efficiency, by influencing the transport
process through the adsorbed layer. Hence, higher values of EHomo indicate better tendency
towards the donation of electron, enhancing the adsorption of the MPL inhibitor on carbon

steel and therefore better inhibition efficiency.
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On the other hand, the ELumo Vvalues did decrease (more negative; stabilized) in the following
order: ATD < DDT< ODA <OMTS > DP < DT, and thus the ability to accept electrons
would be expected to follow the same order. It has also been found that an inhibitor does not
only donate an electron to the unoccupied d-orbital of the metal ion but can also accept
electrons from the d-orbital of the metal leading to the formation of a feedback bond hence
forming strong covalent bond. Therefore, the tendency for the formation of a feedback bond
would depend on the values of ELumo. The lower the ELumo, the easier is the acceptance of
electrons from the d-orbital of the carbon steel to the MPL inhibitor.

The energy band gap, AE represents the difference between the energies of HOMO and
LUMO orbitals. The AE values of the studied compounds decreased in the following order:
OMTS > DT > DP > ODA > ATD > DDT, and thus the contribution to the inhibitor
performance is predicted to follow the same order. As AE decreased, the reactivity of the
molecules increased, leading to an increase in the inhibition efficiency of the MPL inhibitor
(Verma, Ebenso, Quraishi & Hussain., 2021). This was in line with the result of the
gravimetric method where the inhibition efficiency of the MPL inhibitor was found to be
91%. The electronegativity () values for the isolated molecules decreased in the following
order: DT < DP < DDT < ODA < OMTS < ATD and their individual contribution to the
inhibition efficiency of 91% for the MPL inhibitor follow the same order. In the same vein,
the chemical hardness (1) decreased in the following order: DDT < ATD < ODA <DP <DT
< OMTS making the metal act like a Lewis acid and hence as an electron acceptor, and the
positive contribution to the inhibition efficiency of 91% for the MPL inhibitor followed the
same order.

On the other hand, the values of global softness (c) and dipole moment (1) increased in the
following order: DDT > ATD > ODA > DP > DT > OMTS and DT > DP > DDT > ODA >
OMTS > ATD respectively, making the MPL inhibitor act as a Lewis base and hence an
electron donor to the d-orbital of the metal, while the increased dipole moment showed the
tendency of the MPL inhibitor to adsorb on the carbon steel metal surface. Also, the positive
contribution of these values to the high inhibition of 91% for MPL is expected to follow the
same order.

Considering the electrophilic (o) and nucleophilic (€) descriptors, it is theorized that lower
electrophilicity value and higher nucleophilicity value suggest the ability of an inhibitor
molecule to transfer electrons to the unoccupied d-orbital of the metallic surface (Lukovits
etal., 2001). As presented in table 4.7, it is observed that the values for () decreased in the
following order; DT< DP < OMTS < ODA < DDT < ATD while the values (€) increased in
the following order; DT > DP > OMTS > ODA > DDT > ATD respectively, thereby making
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all the MPL isolated inhibitor molecules contribute positively to electron transfer to the
carbon steel d-orbitals, hence enhancing the MPL/carbon steel interface interaction and
eventually translating to the impressive inhibition effectiveness of the MPL inhibitor.
Likewise, considering the electron donating (®-) and the electron accepting (o+) powers
descriptors, it is again theorized that systems with small electron donating powers (®»-) have
good electron donating ability. That is, the lower the electron donating power of an inhibitor
molecule, the better its electron donating capabilities will be. Again, from table 4.7, it can be
observed that all the values of (w+) for the isolated molecules of the MPL are less than the
values of (w-) showing their better proclivity to give electrons than accepting.
Subsequently, the ANdescriptor which is the fraction of electrons transferred gives an
indication of the capacity to transfer electrons to the metal surface. According to Lukovits et
al, if AN<3.6 then the inhibition efficiency of the inhibitor molecules is increasing with
electron affinity on the metal surface (Lukovits et al., 2001). Hence improved electron
releasing power was replaced by electron-donating group by altering a hydrogen atom of the
aromatic ring. Consequently, in this study, all the isolated MPL inhibitor molecules studied
have shown that ANvalues are less than 3.6 which indicate that the inhibitor’s molecules are
electron donors and the metal surface is an acceptor. Therefore, these descriptors show ample
correlation with the high corrosion inhibition effectiveness of MPL on carbon steel corrosion
in 3.5wt % NaCl solution.
The HOMO and LUMO densities of the isolated compounds are represented in figure 4.7.
From the figure the various electron densities and the active sites for preferred adsorption of
inhibitor/metal interaction can be visualized. Firstly, considering the DDT molecule in figure
4.7 it can be seen that the presence of heteroatoms such as, N and S has created electron-rich
centers at these regions thereby increasing electron density for interaction at the MPL/carbon
steel adsorption site. Also, the presence of the carbon -carbon double bonds and carbon
bonded to sulfur (heteroatom) created electron centers making the region an electron density
site. Thismakes the MPL inhibitor a strong electron donor and the carbon steel an electron
acceptor at the adsorption site. Secondly, the presence of hydroxyl polar functional groups
along the ring of the DP molecule as shown in figure 4.7makes the surrounding region a
localized region for electron density thereby favoring MPL inhibitor and carbon steel
interaction at the adsorption site. Thirdly, considering figure 4.7, it is observed that the
presence of four methyl functional groups within the OMTS molecule makes the surrounding
region attractive for electrons to spend more time, hence, favoring localization of electrons.
This contributes to the ability of the MPL to function as electron donor to the carbon steel
since this is a donor/acceptor phenomenon. Fourthly, the ODA molecule in figure 4.7 shows
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the presence of carbon-carbon double bond and amide functional groups. These functional
groups promote electron density. Also, the presence of lone pair electrons from the nitrogen
atom makes these sites suitable for electron density as such contributing to the electron
donating ability of the MPL inhibitor. Furthermore, the presence of dimethyl-amino
substituents in the 1,3,5 triazine of the ATD molecule significantly increases localization on
the nitrogen atom, thereby promoting electron density at the sites. This contributes to the
electron donating power of the MPL inhibitor. In addition, the presence of hydroxyl and
carbon-carbon double bonds on the DT molecule makes these regions suitable for electron
density. It is important to note that, from the above information, the MPL has shown the
presence of electron-rich centers, heteroatoms and polar regions which most often are
responsible for both chemical and physical adsorption, suggestive of a mixed-type inhibitor.
According to Miralrio and Espinoza-Vazquez; electron-rich sites and heteroatoms have been
found to be responsible for chemisorptions, whereas physisorption is due to the presence of
polar groups (Miralrio and Espinoza-Vazquez, 2020). Hence, the high corrosion inhibition
efficiency of 91% for the MPL inhibitor can be attributed to the individual contributions of
the electron donating ability of each of these isolated molecules.

4.2.8 Fukui Indices of Isolated MPL Inhibitor Molecule

Further analysis of the active sites of the inhibitor molecule is carried out through condensed
Fukui functions, which often gives additional information that throws more light to the
reactivity and inhibitory properties of potential inhibitor molecules which the Exomo and
ELumo have earlier provided. As such, figure 4.8, is the Fukui electrophilic and nucleophilic
maps of the isolated compounds of the MPL inhibitor molecule showing numbering of
atoms. The sites for nucleophilic (F*(r)) and electrophilic (F(r) reactions could be
determined in terms of the electronic populations as reported in the literature (Dagdag et al.,
2020a; Dagdag et al., 2020b; Dagdag et al., 2019). The value of dual descriptor (F?(r)) which
is estimated using Eqg. (3.19) is intented to provide information for chemical reaction.

Fukui indices (F*(r) and F(r)), and the dual descriptor (F?(r)) for the isolated compounds in
the MPL inhibitor molecule under investigation were calculated and presented in Tables4.8
to 4.13. The atoms with the high values of F*(r) form the chemical species of the aromatic
benzene amine ring which are located at each end of the molecule. These sites are considered
as charge acceptors during MPL/metal (carbon steel) interactions, if F>(r)> 0. On the other
hand, atoms with high values of F(r) represent sites for electron donation. Therefore,
considering table 4.8-4.13, atoms with the highest electron-donating regions are ATD[N(3),
0(8), N(9),0(11)]; DDT[S(1), C(2), H(6), H(7)]; DP[O(7), O(15), O(17)]; OMTS[H(9),
H(12)]; DT[null]; ODA[C(2),C(3),0(23)]. However, chemical species with charge acceptors
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are ATD[C(2), C(4)]; DDT[C(4),C(5)]; DP[H(4), H(18), H(20), H(21)]; OMTS[Si(1), Si(3),
Si(5), Si(7)]; DT[C(11)]; ODA[C(8), O(23)]. It is an established fact that carbon steel has
coordination affinity towards N-, O- and S- bearing ligands and can be seen on the electron-
donating regions of the compounds of the MPL molecule. Hence adsorption on the carbon
steel can be attributed to coordination through hetero-atoms and pi electrons of the aromatic
rings. Futher, the double bonds seen on the charge acceptors of the compounds of the MPL
molecule allow for back donation of the metal d-orbitals to the MPL molecule thereby
encouraging strong coordination bonding. Interestingly, these results are quite in

agreementwith the electron distribution over the HOMO and LUMO surfaces.

4.2.9 MD Simulation

From figure 4.9a, it is observed that the orientation of the MPL inhibitor molecules on the
metal surface is planaras such it covers a larger part of the metallic surface contributing to
large surface coverage and acts as a superior corrosion inhibitor. When an inhibitor
approaches the metallic surface, due to the effect of different attractive and repulsive forces
it gets polarized and acquires a specific orientation depending upon the nature of the
electronic structure of the inhibitor molecules (Verma et al., 2021). The mechanism of the
interaction is shown in figure 4.9b. Generally, electron donating substituents force the
inhibitor molecules to obtain either a vertical orientation or planar orientation (Toghan et al.,
2023). In this case, the presence of heterocycles and electron donating substituents forced
the MPL inhibitor to attain a planar orientation on the carbon steel surface as such improving
inhibition efficiency. The MD simulations generated a final super-structure model of MPL
onto the carbon steel surface which is presented in figure 4.9(a). To evaluate the adsorption
capacity of the MPL compound on the carbon steel surface, the adsorption energy which
reflects the strength of the inhibitor molecule's binding to the metal surface was measured.
The results showed a high adsorption energy value -184.954 kJ/mol, indicating that the
studied molecules adsorb easily onto the metal surface and exhibit strong intermolecular
interactions. This is possible due to the functional groups and aromatic ring's inductive
effects, which interact with the metal surface in a planar orientation. These findings provide
solid indication that the MPL molecule has a robust interaction with the carbon steel (Fe)
surface and suggest that it could be a promising candidate for application as a corrosion
inhibitor.

4.2.10 Bond Lengths

The radial distribution function which helps to determine the bond lengths of interacting
molecules can be calculated using MD simulation. This parameter gives an insight into the

type of interaction between molecules. The interactionbetween two or more molecules can
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be a chemical adsorption (chemisorption) or a physical adsorption (physisorption). Chemical
adsorption is associated with shorterbond length between 1.0 and 3.5 A and gives high bond
strength, while physical adsorption is marked by bond length greater than 3.5 A and
correspondingly indicates lower bond strength (Dagdag et al., 2020a; Dandag et al., 2020b).
Thus, if the interaction between an inhibitor molecule and metal substrate is a chemical
interaction, high bond strength is expected and consequently the molecule is expected to
perform as a good corrosion inhibitor.
However, if it is a physical interaction, the bond length is lower in strength and the molecule
might not perform well in corrosion protection of the metal. As a result, in our case, the bond
lengths of the atoms of the MPL isolated molecules with respect to the carbon steel were
analyzed using the radial distribution function. The values of the bond lengths determined
by the RDF analysis are stated in Table 4.14. Based on the correlation of bond lengths of
interacting atoms to chemical and physical adsorptions, it could be seen that all the atoms of
the MPL molecules were chemically adsorbed on the steel surface. These results are
quiteinagreement with the obtained adsorption energies.
4.2.11 Adsorption Isotherms
To understand the mechanism of interactions between the MPL molecules and the carbon
steel in 3.5wt. % NaCl) at 298K, three models of adsorption isotherms were tested. Firstly,
the Langmuir Isotherm was tested. Followed by the Temkin Isotherm and thirdly, the
Frumkin Isotherm was tested as shown in figure; 4.10 (a, b and c) respectively. From the
fittings of the three isotherms, the Langmuir isotherm showed a regression coefficient R? =
0.998 and a slope of 1.02 = 1. However, the Temkin and Frumkin showed regression
coefficients of 0.977 and 0.977, and slopes of 0.30 and 30.10 respectively. Therefore, the
experimental data for the MPL extract obeyed the Langmuir adsorption isotherm better than
the other two isotherms that were tested. So, considering the Langmuir Isotherm, the values
of the equilibrium constant Kags can be determined from the values of the standard free
adsorption energies 4Geads using Eq. (3.20) (ELouadi et al., 2015; Ben Hmamou et al., 2012):
The value of the coefficient of correlation shows that the adsorption of MPL on the carbon
steel surface followed the Langmuir model. It is reported that the value of AG%qs around -20
kJmolor less corresponds to the electrostatic interaction (Kokalj, 2023). In this case, AG%ds
is -15.199KJmol? and the interaction between the charged inhibitor molecules and the
charged carbon steel surface is indeed electrostatic (Murulana et al., 2016). According to the
results obtained in figure 4.10 (a, b & c) the adsorption mode of MPL molecules on the
carbon steel surface is a physical adsorption. The parameters of the Langmuir adsorption
isotherm considered after the testis presented in table 4.15.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In conclusion, the overall results have shown that substituents play a significant role in
determining the corrosion inhibition effect of organic corrosion inhibitors. Obviously,
because of their electron donating or electron withdrawing nature, these substituents affect
the overall electron density at the donor site(s) of the inhibitor molecules. As such they have
clearly demonstrated that the interaction of organic corrosion inhibitors with the metallic
surface involves a donor—acceptor (charge sharing) phenomenon. Consequently, the high
inhibition properties of the MPL can be attributed to the hydrophilic polar functional head
which interacts strongly with aqueous environments in which case it is solvated through a
dipole-dipole interaction and its hydrophobic tail that acts as a passivating film barrier
protecting the substrate from corrosive species. The presence of Langmuir films on the
MPL/carbon steel adsorption site is an indication that the MPL inhibitor can function as a
biosurfactant and this was due to the presence of saponins in its molecules. Further, the
methodologies adopted in the study corroborated one another making a strong case for the

validation of the findings.

5.2 Recommendations

From the findings of this study it is interesting to note that Musa paradisiacal leaf extract-
based inhibitor has been found to be a surfactant and can effectively protect carbon steel
from corrosion in seawater environment. However, as a surfactant, its industrial applications
are enormous, as such, the following recommendations may be necessary as they serve as
contribution to the field and also as value for purposes of sustainability:

1. Continous research and development of this biosurfactant should be intensified as it
promises to be a sustainable option in corrosion protection and also has the potential
to be used for cleaning of oil spillage which has been a very worrisome issue in the
oil producing communities in Nigeria in particular and Africa in general.

2. Musa paradisiacal leaf is abundant in Africa as waste material. Therefore, harnessing
its application in the important areas of corrosion protection and cleaning of
oilspillage will mean creating a material for global consumption and sustainability.

3. Future studies should seek to evaluate the corrosion inhibition effectiveness of MPL
inhibitor in acidic media using a variation of methodologies to see if the efficiency
will improve further or otherwise. If otherwise, then synergism with zinc phosphate,
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an industry standard corrosion inhibitor in the oil and gas industry which has the
challenge of insolubility, should be tested to see if the synergized alternative can
perform better than the individual inhibitors.

4. Likewise, the MPL inhibitor should be tested for the inhibition of scale in acidic

media during oil recovery operations in oil and gas drilling.

5.3 Contribution to Knowledge

A novel and sustainable corrosion inhibitor has been designed for industrial applications.
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APPENDICES
Activities/experimental procedures being carried out at theACE-FUELS General Purpose

Research Laboratory

Plate 7.1: Test running the Metallographic Lapping/Polishing machine (UNIPOL 820)

Plate 7.2: Mr. IdemaOsuaniFyneface Using the Metallographic Lapping and Polishing
machine(UNIPOL 820)to polish test coupons.

159



Plate 7.3: Using the FA2104 Electronic weighing balance to measure grinded MPL samples

for preparation of extract-based corrosion inhibitor.

Plate 7.4: Using the magnetic stirrer to stir the the sample of MPL in ethanol to extract the
inhibitor
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Plate 7.5: Determining the inhibitor concentrations, with ldema Osuani Fyneface is Dr. I.
Arukalam (Supervisor)

Plate 7.6: MPL extract-based inhibitor concentrations determined and poured out in various
containers getting ready to be used.
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Plate 7.7: Mr. Idema Osuani Fyneface(PhD Research Student) and Dr. I. Arukalam (Project

Supervisor) Simulating the test environment.

Plate 7.8: Coupons immersed in 3.5wt.% NaCl test environment.
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