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Abstract

In this thesis, the ethanol extracts of some plant namely: Phyllanthus amarus (PA);
Paullina pinnata (PP); Parinari polyandra (PP1); and Boscia senegalensis (BS) were
investigated for their corrosion inhibition potential on mild steel and aluminium in HCI (1.0
M) and H,SO, (0.5 M) respectively using gravimetric and linear polarization methods. The
influence of extract concentrations (0.1g/l to 0.5g/l) and temperatures (303K to 323K) on
corrosion and corrosion inhibition was assessed. The results obtained showed that PP, PA,
BS and PP1 decreased the corrosion rate of mild steel and aluminium in the acid media.
The rate generally decreased with increasing extract concentration in the order: PP> PP1>
BS> PA and PP> BS> PP1> PA in HCI and H,SO, respectively for aluminium; PP> PA>
PP1> BS and BS> PP> PP1> PA in HCI and H,SO, respectively for mild steel at 303 K.
The corresponding maximum inhibition efficiencies were 73.55% and 40.00% for
aluminium in HCI and H,SO, respectively and 83.52% and 80.29% for mild steel.
Inhibition efficiency in all the systems decreased with rise in temperature, suggesting
physical adsorption of the extract constituents on the metal surfaces. Scanning electron
microscopy (SEM) and infra-red (FTIR) spectroscopy analyses of the metal surfaces in the
presence and absence of the inhibitors confirmed the presence of adsorbed protective
layers. Linear polarization studies showed that the plant extracts suppressed both the anodic
and cathodic half reactions of the corrosion processes, thereby acting as mixed-type
inhibitors. Langmuir isotherm was found to be the best in describing the adsorption
behaviour of the extract on the surfaces of mild steel and aluminium at room temperature,
whereas the adsorption property at elevated temperature was best described by the
Freundlich isotherm. Calculated values of free energy of adsorption, AG2,., on mild steel in
the presence of PP, PA, BS and PP1 are as follows: -9.93 to -10.31 kJ mol™ and -8.31 to -
10.73 kJ mol™ in HCI at 303 and 333K respectively, and -9.39 to -10.32 kJ mol™ and -7.68
to -13.58 kJ mol™ in H,S0, at 303 and 333K respectively. The calculated AGZ, values for
the corrosion of aluminium in the presence of PP, PA, BS and PP1 follows the order: -9.01
to -9.53 kJ mol™ and -7.91 to -9.58 kJ mol™ in HCI at 303 and 333K respectively.
Corrosion activation energy (E,) values for mild steel and aluminium in the acids solutions
increased in the presence of the inhibitor and the values were found to be less than
80kJmol™ supporting the proposed physiosorption of the extract constituents. Density
functional theory (DFT) based molecular dynamics simulations were adopted to
theoretically describe the interactions of selected extract constituents with the metal
surfaces. The computed binding energy values (Epinging) for the various constituent indicate
the adsorption process to be non-covalent (physiosorption).
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CHAPTER ONE

1.0 INTRODUCTION

Industrial development is vital in the history of any developed country. Most industries
use various types of metals including their alloy for the construction or fabrication of their
plants and other installations. In most cases, contact between the metal and aggressive
medium (such as acid, base and salt) is unavoidable (Eddy et al., 2009a, 2009b). Corrosion
is defined as an electrochemical process that tends to returns the metal to its original state

(Eddy et al., 2010).

In view of the above, industrial facilities exposed to corrosion are often protected
against corrosion by adopting several options including painting, oiling, cathodic and
anodic protections, etc. However, the use of inhibitors has been found to be one of the best
options available for the protection of metals against corrosion (Okafor et al., 2007; Oguzie

et al., 2006; and Abdallah, 2004a).

Inhibitors are compounds that tend to retard the rate of corrosion of metals by being on
the surface of the metal either through the transfer of charge from charge inhibitor molecule
to charged metal surface (physical adsorption) or by electron transfer from the inhibitor’s
molecule to the vacant orbital (mostly d-orbital) of the metal (Eddy et al., 2015).
Numerous studies have been carried out on the corrosion of metals in different
environments and their inhibition and most of the well-known inhibitors suitable for the
inhibition of the corrosion of metals in acidic medium are heterocyclic compounds (Eddy et
al., 2015, 2010; Elayyoubi et al., 2004; Ita, 2004a, b; Ita and Offiong, 1997; Khavasfar and

Iran, 2006; and Okafor et al., 2007). For these compounds, their adsorption on the metal



surface is the initial step of inhibition (ElI Ashry et al., 2006a, 2006b). The adsorption of
inhibitor is linked to the presence of heteroatoms such as N, O, P, and S and long carbon
chain length as well as triple bond or aromatic ring in their molecular structure (Emregul et
al., 2006; Umoren et al., 2006). Generally, a strong coordination bond causes higher

inhibition efficiency.

Most inhibitors are organic compounds whose inhibition potentials can be correlated
with their chemical structure. However, some of them are toxic, non-degradable and are not
eco-friendly (Ita, 2004a). On the other hand green corrosion inhibitors are biodegradable
and do not contain heavy metals or other toxic compounds. The successful use of naturally
occurring substances to inhibit the corrosion of metals in acidic and alkaline environment
have been reported by some research groups (Oguzie et al., 2004, 2007; Umoren et al.,

2006 and Okafor et al., 2007).

Researchers generally agree that most of these plants are green inhibitors because they
are biodegradable, less toxic and do not contain heavy metals (Okafor et al.; 2007). In the
light of these, several plants extract have been reported and their corrosion inhibition
properties are often attributed to their phytochemical constituents (Umoren and Ebenso,

2008).

The active phytochemicals in plants that are effective for corrosion inhibition can be
regarded as those with heteroatom(s) in their aromatic or long chain, possession of z-
electrons or suitable groups may also facilitate the transfer of charge from the inhibitors’
molecule to charge metal surface (physical adsorption) or the transfer of electron from the

inhibitors molecule to vacant d-orbital of the metal (chemical adsorption). Therefore in



order to identify the active constituent of plant extract involved in corrosion inhibition,
explicit knowledge of the chemical structures of its phytochemicals is required. Therefore,
the present study is aimed at elucidating the chemical structures of the ethanol extracts of
four (4) plants waste and to investigate their corrosion potentials for mild steel and

aluminium in acid media.

1.1 Justification of Study

In spite of the broad spectrum of naturally/synthesized inhibitors used for the
inhibition of the corrosion of metals including mild steel and aluminium, it has been found
that most inhibitors are toxic thereby posing a problem to the environment. In order to
overcome the challenges poised by toxic inhibitors, there is need to focus future research on
the use of eco-friendly corrosion inhibitors. Plant extracts are products of naturally
occurring substance, they are cheap and can be readily produced and are readily available
in our immediate environment as waste product which cause environmental pollution.
Therefore, the present study shall attempt to explore the possibility of using some plant
extracts for the inhibition of the corrosion of mild steel and aluminium in HCI and H,SO,
solution. It has also been found that the inhibition potentials of any inhibitor are also
affected by electronic and structural parameters. Therefore, quantum chemical studies shall
be considered in finding possible relationship between microscopic and macroscopic
behaviour of the inhibitors. However, most corrosion inhibitors are not environmentally
friendly, hence this study is designed to investigate the corrosion inhibition potential of

some plants extract which are environmentally friendly.



1.2 Aimand Objectives

The present study is aimed at investigating corrosion inhibition potentials and
mechanisms of inhibition of the ethanol extracts of Phyllanthus amarus (PA); Paullina
pinnata (PP); Parinari polyandra (PP1); and Boscia senegalensis (BS) on mild steel and
aluminium in HCI and H,SO, solutions at 303K, 313K, 323K and 333K using experimental
and theoretical approaches. The aim of the research shall be achieved through the following
objectives:

(i) To perform phytochemical screening on the ethanol extract of the plants and
identify structures of the active constituents using gas chromatography-mass
spectrometry (GCMS).

(if) To study corrosion rates of the aluminium and mild steel in uninhibited and
inhibited acid (HCI and H,SO,) at various temperatures using gravimetric and
Linear polarisation techniques.

(i) To evaluate the inhibition efficiencies of the extracts for the corrosion of mild steel
and aluminium in the different media.

(iv)To investigate the effect of temperature and thermodynamic properties of the
inhibitors on the metals in the various acid media

(v) To study the adsorption characteristics of the inhibitors by fitting adsorption data
into different adsorption isotherms.

(vi)To examined the surface of the metals and corrosion morphology using scanning
electron microscopy (SEM).

(vil) To identify the functional groups present in both the extracts as well as

corrosion product using Infrared Spectroscopic (FTIR).



(viii) To obtain the electronic structures of the selected constituents of the extracts by
means of quantum chemical computations as well as obtain their stable
adsorption structures on the different metal surfaces and the corresponding

adsorption energies using molecular dynamics simulations.



CHAPTER TWO

2.0 LITERATURE REVIEW
2.1 Corrosion

Corrosion is the degradation of materials due to interactions with their
environments. It is an electrochemical process which involves transfer of electrons between
a metal surface and an aqueous solution. When metal atoms are exposed to an aggressive
medium such as water, they can loose electrons, becoming themselves positively charged
ions provided electrical circuits are completed. One of the most familiar corrosion
processes is oxidation of iron (rusting). Iron oxidizes in the presence of oxygen and
aqueous electrolyte solution. Physical strains such as scratches, dents, etc, on the iron are
more easily oxidized than other areas. The result is that these regions are anodic (oxidation
occurs) and simultaneously a different region are cathodic (reduction occurs). When this

occurs, iron atom gives up two electrons to form Fe?* as illustrated in equation 2.1

2.1

The electrons released during the above reaction (equation 2.1) flow through the iron metal
to the cathodic region leading to a reduction.

0, + 2H,0(l) + 4e” 40H™ (aq) 2.2
Combination of equation 2.1 and 2.2 gives equation 2.3:

2Fe + 0, + 2H,0 2Fe?™ 4+ 40H 2.3

A typical experience of this process occur in car fenders were Fe?* is eventually oxidized

further to Fe**, in iron (111) oxide compounds (rust).

2Fe?t + 0, + 4H,0(l) 2Fe,03(s) + 8H'(aq) + 4e” 2.4



Corrosion can often be predictable or it can be totally unpredictable and
catastrophic, as exemplified by the hydrogen embrittlement or stress corrosion of critical
structural members and pressure vessels in the aerospace and chemical processing
industries. However, thermodynamic principles can be applied to determine which
processes can occur and the tendency for the changes to take place (EI Ashry et al., 20064,

b; Cardoso et al., 2006; and Eddy and Odoemelam, 2008a, b).

The great impact of corrosion of metals in the oil, metallurgical and other industries
has been widely acknowledged and several researches have been carried out on the
protection of metals against corrosion. Results obtained showed that one of the best
methods involves the use of inhibitors. However, owing to strict environmental regulations,
such as toxic nature of some of the inhibitors, organic compounds are preferred to inorganic
compounds especially heavy metals derivatives, as corrosion inhibitors. Organic
compounds containing hetero atoms such as N, S, P or O in conjugated or aromatic systems
have been reported to be effective corrosion inhibitors (Abdallah, 2004a, b; Ashassi-
Sorkhabi et al., 2006; and Umoren and Ebenso, 2008). The presence of polar functional
groups such as —NH,, -COOH and —OH, as well as n-electrons facilitates the adsorption of
the inhibitor on the surface of the metal (Ebenso et al., 2008; Eddy, 2008; and Obot et al.,
2009a). Also studies on the use of green corrosion inhibitors have been intensified. These
inhibitors are biodegradeable and do not contain heavy metals or other toxic compounds
(Eddy and Ebenso, 2008). The successful use of these substances to inhibit the corrosion of
metals in acidic and alkaline environment has been reported by some group of researchers
(Abiola et al., 2007; Abdallah, 2004a, b; and Bendahou et al., 2006). The adsorption bond

strength is dependent on the composition of the metal and that of the corrodent, inhibitor



structure and concentration as well as temperature. Despite the broad spectrum of organic
compounds, the final choice of appropriate inhibitors for a particular application is
restricted by several factors which include toxicity, cost, ease of availability etc.

In the absence of adequate information on corrosion rate (metal weight loss/unit
area/unit time) and various methods of protecting a metal, over-design (e.g. thicker tube
wall, leading to greater power requirements for moving parts), lower efficiency of
equipment, contaminations, plants shut down, loss of production and loss of equipment will

be inevitable.

2.2 Forms of Corrosion

Basically, there are eight forms of corrosion which are classified based on
appearance of the corroded metal. Some of these eight forms are unique and distinct but all
of them are to varying degrees interrelated. These are:-
2.2.1 Uniform corrosion

Uniform corrosion is the attack of a metal at essentially the same rate at all exposed
areas of its surface. It is characterized by laterally constant speed of corrosion. For
example, in the atmospheric corrosion of galvanized steel, the speed of corrosion depends
on the thickness of the steel, as such, the thicker the steel coating, the longer the service life
of the metal. Uniform attack is the most common type of corrosion and causes the greatest
destruction of metals on a weight basis (Moore, 1990). It is often expressed in terms of
depth of penetration or as weight loss. The units often quoted in literature are ipy (inches
penetrating per year), ipm (inches of penetration per month), mdd (mg per dm? per day) and
mmyr™ (millimetres penetration per year). However, the SI unit is mmyr™® and the

conversion factor is given by equations 2.5, 2.6 and 2.7 respectively.
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mdd = 10 x gm~2d~1 2.5
mmyr~! =36.52 xmdd x1/p 2.6
mdd = p Xipy X 1/1.44 2.7
Where p is the density of the metal (kgm'g)

2.2.2 Galvanic Corrosion

Galvanic corrosion also known as bimetallic corrosion is a localised mechanism
by which metals can be preferentially corroded. When two dissimilar metals are in contact
with each other or otherwise electrically connected and exposed to a corrosive liquid or
conductive solution, a potential is set up between these two metals and a current flows.
Corrosion of one metal is often accelerated and the other reduced, as compared to the
behaviour of these metals when they are not in contact. Because of the electric currents and
dissimilar metals involved, this form of corrosion is called "galvanic" or "two-metal”
corrosion. Consequently, the more active metal oxidizes more quickly in the galvanic
arrangement while an inert or noble metal will essentially be unaffected. The extent of
galvanic corrosion increases with the potential difference of the metal. The relative size of
the anode or cathode significantly affects the relationship between the active and inert
metals. Therefore a small anode in the presence of a large cathode corrodes more quickly
and vice versa. This form of corrosion can be prevented by keeping dissimilar metals apart
or by the provision of insulating materials between the metals in order to interrupt current

flow (Oldfield, 1988; Baboian et al., 1990; Eddy, 2008; and Oguzie et al., 2012a).



2.2.3 Pitting corrosion

It results from galvanic action where the metal surface appears to have pinhole. The
pinhole represent the anode while the surrounding surface as the cathode (Jones, 1982;
Moniz, 1986; and Clark and Varney, 1987). It may occur as a result of one of the

following:

a. achange in the acidity of the pit area;

b. differential aeration may also be a contributing factor to the increase in pit because
most solutions are in contact with air and because of convection, transportation of
oxygen through the solution leads to areas of high or low oxygen concentration.
Therefore, it may cause the area with the higher oxygen concentration to become a
cathode while an area of lower oxygen concentration becomes anode resulting in
localized attacked:;

c. depletion of inhibitor will also cause pits to form. In most cases, naturally formed
oxides on the metal surface act as inhibitors and protect the substrate from pits
(Jones, 1982; Moniz, 1986; and Clark and Varney, 1987).

The real pitting initiates as localized breakdown of protective films on the metal. This
breakdown is followed by rapid film repair but if the damaging condition persists long
enough, the film may not be able to reform itself and a pit is initiated. After initiation, the
mechanism of the propagation is just the same as that for crevice corrosion. In essence, the
pitted metal has created its own crevice. The cathode reactant becomes depleted in the pit
while the anode reaction continues. Migration of chlorides and other reactive ions into the

pit permits metal salts to be formed or hydrolyzed, making the solution in the pit very
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acidic. As the acidity and the concentration of the chloride inside the pit increase with time,

the maximum pit depth (D) often obeys equation 2.8.

D = kt" 2.8

where k is the absorption equilibrium constant and n is the number of water molecule

absorb and t is the time

2.2.4 Crevice corrosion

Crevices are present in all equipment. They occur naturally around bolts, rivets etc.
They are also created by scratches on the metal surface. The corrosion absorbs and draws
solution toward the reactive area. It is also influence by the same factors affecting pitting

corrosion and is indeed a specific form of pitting corrosion (Clark and Varney, 1987).

2.2.5 Intergranular corrosion

Intergranular corrosion occurs by localized attack at grain boundaries, which behave
as anode to the larger surrounding cathode grains (Moore, 1990). Metals usually are not
homogeneous. Impurities or alloying elements may segregate into grain boundaries. Heat
treatment or localized heating by welding may provoke change in composition localized in

or near grain boundaries.

2.2.6 Erosion corrosion

Almost all corrosive media can bring about erosion-corrosion and nearly all metals
and alloys are susceptible to this except those metals or alloys that are capable of forming
hard, dense, adherent and continuous surface film (Moore, 1990). The extent of this

corrosion increases with increase in the velocity of the corroding medium. In some cases,
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the high velocity increases the supply of oxygen or other gases at the metal surface, which
may depolarize the cathodic reaction and consequently increase the corrosion rate (Atkins,

2002).

2.2.7 Cavitation corrosion

Formation and collapse of tiny gas bubbles in a liquid stream called cavitations may
mechanically destroy any protective layer, causing localized corrosion called cavitation
corrosion (Moore, 1990). Similarly when an object such as propeller rotates in water, the
pressure on the trailing surface of the blade fluctuates continually. At some points, very
low pressures are produced which create tensile forces high enough to exceed the inter-

atomic binding forces of the liquid.

2.2.8 Fretting corrosion

Fretting corrosion is a combination of mechanical wear and atmospheric oxidation
which frequently occurs between close fitting metal components (Moore, 1990). Corrosion
occurring at contact regions between materials under load subjected to slip and vibration

can be termed Fretting. Such friction oxidation can occur in engine and automotive parts.

2.3 Corrosion Monitoring Techniques

Corrosion measurement is the quantitative way by which the effectiveness of
corrosion control and prevention techniques can be evaluated and provides the feedback to
enable corrosion control and prevention methods to be optimized. In any corrosion
monitoring system, it is common to find two or more of the techniques combined to
provide a wide base for data gathering. The exact techniques which can be used depend on

12



the actual environment, alloy system, and operating parameters. The various method of
measuring corrosion as described below.
2.3.1 Gravimetric technique

The weight loss technique is the simplest, and the longest-established method of
estimating corrosion losses in plants and equipment. A weighed sample (coupon) of the
metal or alloy under consideration is introduced into a medium, and later removed after a
reasonable time interval. The coupon is then cleaned of all corrosion products and weighed.
The weight loss is converted to an average corrosion rate using proper conversion
equations. The basic measurement which is determined from corrosion coupons is weight
loss; the weight loss over the period of exposure being expressed as corrosion rate (Oguzie,

2005; Eddy et al., 2010; Olasehinde et al., 2012; and Adejo et al., 2012).

The technique is extremely versatile, since weight loss coupons can be fabricated
from any commercially available alloy. Also, using appropriate geometric designs, a wide
variety of corrosion phenomena can be studied. These include, stress-assisted corrosion;
bimetallic (galvanic) attack; differential aeration; heat-affected zones but are not limited to
these methods.

This technique is mostly widely used because of it numerous advantages which
include: applicability to all environments (gases, liquids, solids/particulate flow), visual
inspection can be undertaken, corrosion deposits can be observed and analyzed, weight loss
can be readily determined and corrosion rate easily calculated, localized corrosion can be
identified, inhibitor performance are easily assessed.

The disadvantage of the coupon technique is that, if a corrosion upset occurs during

the period of exposure, the coupon alone will not be able to identify the time of occurrence
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of the upset (NACE, 1999; Dean, 2003). Therefore, coupon monitoring is most useful in
environments where corrosion rates do not significantly change over long time periods.
However, they can provide a useful correlation with other techniques such as
potentiodynamic polarization technique (Oguzie et al., 2012a, b).
2.3.2 Gasometric technique

The gasometric assembly is essentially an apparatus which measures the rate of gas
evolution during a corrosion reaction. In an acid medium, the volume of hydrogen gas
evolved is directly proportional to the rate of corrosion of the metal (Umoren et al., 2009).
It consists of a graduated burette which is connected to a flask containing paraffin oil. The
burette is surrounded with a glass jacket with a water inlet and outlet to regulate the
temperature of the gas evolved. A reaction vessel is connected to the gas burette through a
delivery tube with a tap for incoming gas and another to expel the gas when the burette is
full or at the end of the reaction. The reaction vessel is a three-necked flask consisting of an
inlet for the metallic coupon, another one for the thermometer and the last leading to the
gas burette (Umoren et al., 2009).
2.3.3 Thermometric technique

The reaction vessel is a well lagged, three-necked round bottom flask consisting of
an inlet for the metallic coupon, another one for the thermometer and the last for

introducing the test solution.

The flask is well lagged to prevent heat losses. In the thermometric technique, the
progress of the corrosion reaction is monitored by determining changes in temperature with

time using a thermometer (0 - 100°C) (Eddy and Ebenso, 2008; Obot et al., 2009a).
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2.3.4 Potentiodynamic polarization techniques

Polarization techniques such as potentiodynamic polarization, potentiostaircase and
cyclic voltammetry are often used for laboratory corrosion testing. These techniques can
provide significant useful information regarding the corrosion mechanisms, corrosion rate
and susceptibility of specific materials to corrosion in designated environments.
Polarization methods involve changing the potential of the working electrode and
monitoring the current which is produced as a function of time or potential. It is probably
the most commonly used polarization testing method for measuring corrosion resistance

and is used for a wide variety of functions (Van, 1998; Khaled, 2010a, 2010b).

2.3.5 Linear polarization resistance

The polarization resistance of a material is defined as the slope of the potential-
current density (AEcort/Aicorr) curve at the free corrosion potential, yielding the
polarization resistance Rp that can be related (for reactions under activation control) to the
corrosion current by the Stern-Geary equation (ASTM, 2001; Dean, 2003).
2.3.6 Electrochemical noise

The non-intrusive use of electrochemical noise (EN) for corrosion monitoring is
very attractive examples are found in aircraft corrosion and gas scrubbing tower
monitoring. Fluctuations of potential or current of a corroding metallic specimen are and
are well known. The extensive development in the sensitivity of the equipment for studying
electrochemical systems has rendered the study of oscillations in electrochemical processes
that translate into measurable electrochemical noise, EN, increasingly accessible. No other
technique, electrochemical or otherwise is remotely as sensitive as EN to system changes

and upsets (Sastri, 2011).
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2.3.7 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy also called AC impedance or impedance
spectroscopy is usually measured by applying an AC potential to an electrochemical cell
and measuring the current through the cell. A small amplitude signal, usually a voltage
between 5 to 50mV, is applied to a specimen over a range of frequency of 0.001 to
100,000Hz. The EIS instrument records the real and imaginary components of the
impedance response of the system. Depending upon the shape of the EIS spectrum, a circuit
model or circuit description code and initial circuit parameters are assumed and analyzed

(Oguzie et al., 2012a, b).

An important advantage of EIS over other laboratory techniques is the possibility of
using very small amplitude signals without significantly disturbing the properties being
measured. It is a non-destructive technique and can provide time dependent information
about the properties and also about ongoing processes such as corrosion. However,
expensive and complex data analysis is required for quantification (NACE, 1999; Sastri,
2011).

2.3.8 Galvanic monitoring

The galvanic monitoring technique, also known as Zero Resistance Ammetry
(ZRA) is another electrochemical measuring technique. With ZRA probes, two electrodes
of dissimilar metals are exposed to the process fluid. When immersed in solution, a natural
voltage (potential) difference exits between the electrodes. The current generated due to
this potential difference relates to the rate of corrosion occurring on the most active of the
electrode couple. This method is applicable to bimetallic corrosion, crevice and pitting

attack, corrosion assisted cracking, corrosion by highly oxidizing species and weld decay.
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Galvanic current measurement has found widest applications in water injection
systems where dissolved oxygen concentrations are of primary concern. Oxygen leaking
into such systems greatly increases galvanic currents and thus the rate of corrosion of steel
process components. The monitoring systems are used to provide an indication that oxygen

may be invading injection waters through leaking gaskets or deaeration systems.

In any corrosion monitoring system, it is common to find two or more techniques
combined to provide a wide base for data gathering. The exact techniques which can be
used depend on the actual process fluid, alloy system, and operating parameters. Corrosion
monitoring offers an answer to the question of whether more corrosion is occurring today
compared to yesterday. Using this information, it is possible to identify the cause of
corrosion and quantify its effect. Corrosion monitoring remains a valuable weapon in the
fight against corrosion, thereby providing substantial economic benefit to the user (ASTM,

2001).

2.4 Common Methods of Corrosion Prevention

In most industrial processes, it is virtually impossible to prevent corrosion. The
general strategy is to use measures that reduce the corrosion rate to an economically
sustainable level. The most important corrosion mitigation procedure involves selection of
materials and design against corrosion, cathodic protection, anodic protection, protective
coatings, change of environment and chemical inhibitors (Sastri, 1998, 2011; Danny,

2004).
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2.4.1 Selection of materials and design against corrosion

Materials for a particular working environment (composition, temperature, velocity)
are selected taking into account mechanical and physical properties, availability, method of
fabrication and overall cost of component or structure. Geometrical configurations that
facilitate corrosive conditions should be avoided which includes:

a. features that trap dust, air and water

b. designs with inaccessible areas that cannot be re-protected, e.g., by

maintenance painting

c. designs that lead to heterogeneity in the metal or in the environment

Also, metal-metal or metal-non metallic contacting materials that facilitate
corrosion such as bimetallic couples, a metal in contact with absorbent materials that
maintain constantly wet conditions and contact with substances that give off corrosive

vapours, should be avoided (Sastri, 1998; 2011).

2.4.2 Protective coatings

Basically, a protective coating should provide a complete barrier and exclude the
corrosive environment from having contact with the metal which it is designed to protect.
This can be achieved by the following techniques (Sastri, 1998; 2011):

a. using inorganic coatings, e.g., vitreous enamel, glasses, ceramics

b. application of organic coatings, e.g., paints, plastics, greases

c. generating metallic coatings that form protective barriers (Ni, Cr) or protect the

substrate by sacrificial action (Zn, Al, Cd on steel).
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2.4.3 Cathodic protection

Cathodic protection is achieved by lowering the potential of the metal being
protected by connecting the metal to a corrosion cell were the protected metal forms the
cathode and another anodic reaction (the oxidation) instead takes place away from the
metal. Two principal means are used to achieved such a corrosion cell; sacrificial anode
and impressed current. Sacrificial anode utilizes a less noble metal electrically connected to
the metal being protected to form a corrosion cell were the sacrificial anode corrodes
preferentially thus protecting the cathode from corrosion. Impressed- current method
instead uses an external power source to produce a corrosion cell were the metal being
protected is connected as the cathode (Sastri, 1998; 2011).
2.4.4 Anodic protection

Anodic protection is achieved by raising the potential of the metal being protected.
The higher potential alters the corrosion product formed to create a protective surface
keeping the metal in a passive region where the corrosion current is reduced.
2.4.5 Chemical inhibition

Chemical corrosion inhibitors generally prevent corrosion by forming or promoting
the formation of an adsorption layer on the metal surface thus separating the metal surface
and the electrolyte containing water. The inhibitor can function either by limiting the
anodic reaction (anodic inhibitor), the cathodic reaction (cathodic inhibitor) or both (mixed

inhibitor) (Umoren et al., 2009; Eddy et al., 2010; Akalezi et al., 2012).

2.5 Inhibition of corrosion
Hosseini et al. (2007) reported that, corrosion can be controlled by addition of

chemical substances called inhibitors into acid media. By definition, an inhibitor is a
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chemical compound which when added in small amounts to the corrosive environment
alters the cathodic and or anodic reaction and subsequently reduces the corrosion rate. This
implies that inhibitors can be classified as anodic or cathodic depending on the process
(Akpan, 1994). Inhibitors can also be classified as organic or inorganic depending on their
constituent and their redox characteristics. However, one of the most widely applied
classification systems for inhibitor is that proposed by Kelly et al. (2003). However, he
describe inhibitors base on three different forms namely:

a. Adsorption inhibitors: These are inhibitors which are adsorbed on the metal
surface and form protective barrier films. Adsorption inhibitors function by
limiting the diffusion of oxygen to the corrosion surface, trapping the metal ion
on the surface, stabilizing the double layer and reducing the rate of dissolution.

b. Passivation inhibitors: passivating inhibitors function by inducing and
maintaining a passive film (consisting of metal oxide) on the surface.

c. Surface reaction product inhibitors: these are inhibitors that form sparingly
soluble compounds other than an oxide layer. Surface reaction product
inhibitors cannot form a protective oxide layer because they are not oxidizing
agents but interact with metal on the surface to form insoluble compounds
which plug in pores and inhibit corrosion.

2.5.1 Interphase inhibitors

Interphase inhibitors function by facilitating the formation of a 3-D layer which acts
as a barrier between the corroding substrate and the electrolyte. The protective film could
be a solid film on the surface of the metal or a liquid film adjacent to it. The solid film may
be an oxide layer, corrosion product, metallic or non-metallic coating or inhibitor forming a

porous layer or non-porous film (Mercer, 1990; Monika et al., 2005). However, the liquid

20



film is the electrolyte in the interphase which differs from the bulk of the solution in its
chemical or physical properties. Based on this model, the inhibition of metal corrosion is
governed by the properties of the layer such as its porosity and stability.
2.5.2 Passivating or oxidizing inhibitors

Pourbaix (1981) stated that iron polarizes anodically in the presence of oxidizing
inhibitors and passivates as the open circuit potential shifts to more positive potential. It is
also possible that the inhibitors are reduced and the reduction product is deposited on the
weak points of the films to improve its protective effect. An oxidizing inhibitor functions
by inducing and maintaining a passive surface layer on the metal surface. These inhibitors
are effective at certain concentrations (Critical concentration, Ccrit). At concentrations
below the critical concentration, corrosion is enhanced but at very high concentrations of
the inhibitor, increase in the anodic current density is observed.
2.5.3 Non-oxidizing inhibitors

Non-oxidizing inhibitors are also capable of passivating metals electrochemically.
They include compounds such as NaOH and the salts of weak acids and strong bases such
as NazPO,4, Na,HPO,4, Na,CO3, NaBO3 and Na,B407 (Tarvassoli-Salardini, 2004).
2.5.4 Interface inhibitions

Interface inhibition occurs due to a strong interaction between the corroding metal
and the inhibitor. The adsorption of the inhibitor depends on the potential of the electrode
as well as the charge on the adsorbate molecule. The protective film is a 2-D adsorbate,
which can affect the corrosion reaction by one of the following mechanisms (Tavassoli-
Salardini, 2004):

a. geometric blocking: In this case, an inert inhibitor blocks the surface of the

metal at a high degree of coverage and forms a diffusion barrier which restricts
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the access of reactants to the metal surface for example, inhibition provided by
proteins,polysaccharides or compounds with hydrocarbon chains.

b. deactivation coverage: In this process, instead of the complete coverage of the
metallic surface, only the active sites are covered by an inert adsorbate and the
rates of the reactions (cathodic and anodic) are reduced in proportion to the
extent of coverage of the reactive sites.

c. Reactive coverage: In this case, the adsorbate undergoes electrochemical
reaction and primary or secondary inhibition occurs either by the adsorbate or
its reaction product respectively.

Adsorption inhibition is observed when a bare metal is in contact with the adsorbate
(inhibitor) and this is usually the case in acidic solutions where the condition is not
favourable to oxide formation (Mansfeld, 1987). According to Tarvassolo-Salardini (2004),
majority of the very effective interface inhibitors are organic compounds containing
nitrogen, sulphur and oxygen. It has been found that some interface inhibitors after initial
adsorption onto the metal surface, can be reduced and the reduction product may also

posses some inhibitive properties.

2.6 Adsorption Isotherms

Adsorption isotherms are very important in understanding the mechanism of
inhibition of corrosion of metals and alloys. The most frequently used adsorption isotherms
are Langmuir, Freundlich, Temkin, Flory-Huggins and Frumkin isotherms. All these
isotherms can be generalized based on equation 2.9 (Oguzie et al., 2012b):

f(0,x) exp(—2ab) = kC 2.9
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where (0, x) is the configuration factor which depends upon the physical model and the
assumptions underlying the derivation of the isotherm, & is the degree of surface coverage,
C is the inhibitor concentration in the electrolyte, x is the size ratio, a is the molecular
interaction parameter and k is the equilibrium constant of the adsorption process (Ebenso et
al., 2008; Oguzie et al., 2012b).
2.6.1 Langmuir adsorption isotherm

The isotherm assumes monolayer adsorption onto a surface containing a finite
number of identical sites and absence of lateral interactions between the adsorbed species.
It can be represented by equation 2.11:
Clg =1/, +C 2.11
where Kk is the adsorption equilibrium constant, C is the concentration of the inhibitor and
is the degree of surface coverage of the inhibitor. By plotting values of C/0 versus values of
C, straight line graphs are obtained (Eddy and Ebenso, 2010; Akalezi et al., 2012).
2.6.2 Freundlich isotherm

Freundlich suggested an empirical equation which describes adsorption on
heterogeneous surfaces. This isotherm is based on the assumption that adsorption sites are
distributed exponentially with respect to energy of adsorption and that the surface sites are
subdivided into several types, each possessing a characteristic heat of adsorption
(Odoemelam et al., 2009). This equation is presented by equation 2.12:
logd = logk + nlogC 2.12
where 0 is the degree of surface coverage, C is the concentration of inhibitor in solution, k

is the adsorption equilibrium constant and n is the Freundlich isotherm constant (with 0 <n
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< 1). By plotting values of log6 against logC, straight line graphs are obtained with slope
‘n’ and intercept logk.
2.6.3 Temkin adsorption isotherm

According to Temkin adsorption isotherm, the degree of surface coverage (9) is
related to the inhibitor’s concentration (C) in the bulk electrolyte according to equation
2.13:
exp(—2 « 0) = kC 2.13
where k is the equilibrium constant of adsorption, 8 and ‘a’ is the molecular interaction
parameter. Rearranging and taking logarithm of both sides gives equations 2.14:
6 = —2.303log X/, o — 2.303l0g ¢/, . 2.14
a plot of & versus log C gives a linear plot provided the Temkin isotherm is obeyed (Eddy
and Ebenso, 2010; Adejo et al., 2012).
2.6.4 Flory-Huggins adsorption isotherm

The assumptions of Flory-Huggins adsorption isotherm can be expressed as
equation 2.15:
log ¥/, = logk +xlog(1— ) 2.15
where ‘X’ is the number of inhibitor molecules occupying one site (or the number of water
molecules replaced by one molecule of the inhibitor). A plot of log(6/C) versus log(1- ) is
linear confirming the application of Flory-Huggins (Eddy and Ita, 2010).
2.6.5 EI-Awady adsorption isotherm

The El-awady model can be expressed by equation 2.16:
log(e/l _g) = logK' +ylogC 2.16
where K is a constant related to the adsorption equilibrium constant expressed as:
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k =K 2.17
where y is the number of the inhibitor molecules occupying one active site and 1/y = x
which is the number of active sites of the surface occupied by one molecule of the inhibitor.
It has been found that values of x greater than unity indicates that a given inhibitor
molecule would occupy more than one active site. Also, values of y > 1 imply the
formation of multi-layers of inhibitor on the surface of the metal, while y < 1 indicates that
a given inhibitor molecule occupy more than one active site (Noor, 2009; Li et al., 2010;
Adejo et al., 2012).

2.6.6 Frumkin adsorption isotherm

The assumptions of Frumkin isotherm can be expressed as equation 2.18:
log(P/; _ 4) = 2.303logk +2 o 8 2.18

where k is the adsorption equilibrium constant and a is the lateral interaction term
describing the molecular interaction in the adsorbed layer. When a is positive, it indicates
the attractive behaviour of the surface of the metal (Eddy and Odiongenyi, 2010).

The equilibrium constant of adsorption k, of an inhibitor on the surface of a metal is related

to the free energy of adsorption AGads®as according to equation 2.19:

AGggs
k = 1/55_5exp (— ) 2.19

where R is the molar gas constant, T is the absolute temperature and 55.5 is the
concentration of water in solution expressed in M.

Generally, AGqgs values with magnitude much less than 40 kJ mol™ have typically
been correlated with the electrostatic interactions between organic molecules and charged
metal surface (physiosorption), whilst those of magnitude in the order of 40 kJ mol™ and

above are associated with charge sharing or transfer from the organic molecules to the
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metal surface (chemisorption) (Popova et al., 2003; Eddy and Ita, 2010; Oguzie et al.,

2012b).

2.7 Corrosion Inhibitors

Corrosion inhibitors are defined compounds that can reduce the rate of corrosion
process of any metal through the mechanism of adsorption, which can be physical (i.e,
involving the transfer of charges from charged inhibitor to a charged metal surface) or a
chemical adsorption (which usually involves the transfer of electrons from the inhibitor to

the vacant d-orbital of the metal).

Most corrosion inhibitors have been observed to posses one or more of the following

properties (Eddy et al., 2010; Oguzie et al., 2012a, b):

a. possession of an hetero atoms in aromatic rings or long chain carbon
b. possession of polar functional groups such as —COOH, -NH,, etc as well as n-

electrons.

2.8 Green corrosion inhibitors

Eddy and Ebenso (2008) reported that green corrosion inhibitors are gotten from
plant and animals which are non-toxic because they do not contain heavy metals, relatively
cheap and are biodegradable. Most green corrosion inhibitors are extracts (ethanol,
aqueous, methanol, etc) of plants and animal products. The use of green inhibitors is
preferred because of their eco-friendly nature. In view of these, several extracts of plants
have been successfully utilized for the inhibition of the corrosion of metals in acidic,

neutral or alkaline media.
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2.8.1 Green corrosion inhibitors: Plant extract

Eddy et al. (2009c) study the inhibition potentials of ethanol extract of Lasianthera
africana for the corrosion of mild steel H,SO,4 using gasometric, thermometric, gravimetric
and FTIR methods. The inhibitive properties of the extract were attributed to enhancement
in adsorption of the inhibitor on mild-steel surface by saponin, alkaloid, tannin, flavanoid,
cardiac glycoside, and anthraquinone in the extract. Also, adsorption of the inhibitor was
found to be exothermic, spontaneous, and supported the Langmuir and Temkin adsorption
models. Synergistic study indicated that of the investigated halides (KBr, KCI and KI), only
KCI enhanced the adsorption of the inhibitor while (KBr and KI) antagonized its
adsorption. Based on the decrease in efficiency of the inhibitor with temperature, with
values of activation energy and free energy of adsorption below the threshold values of -40
and 80 kJ mol™, respectively, a physical adsorption mechanism was proposed for the
adsorption. Alkaloid extract of Annona squamosa plant has been studied by Lebrini et al.
(2010) as possible corrosion inhibitor for C38 steel in 1 M HCI using potentiodynamic
polarization and AC impedance methods. Inhibition efficiency was found to increase with
extract concentration. Polarization studies showed that Annona squamosa extract was a
mixed type inhibitor, it indicated that the extract was temperature dependent and its
addition led to an increase in the activation energy showing a physical adsorption between

the metal surface and the extract.

Okafor et al. (2012) investigated the action of ethanol, acid and toluene extracts
from Artemisia annua and Artemisinim on mild steel corrosion in H,SO, solutions using
gravimetric and gasometric techniques. The extracts functioned as good inhibitors, and

their inhibition efficiencies followed the trend EEAA > AEAA > TEAA. Inhibition
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efficiency was also found to increase with increase in inhibitor concentration and decreased
with increase in temperature. The adsorption of the inhibitors was consistent with Langmuir
isotherm. Uwah et al., (2013) also investigated the inhibitive performance of ethanol
extracts of Andrographis paniculata (King bitter) EEAP and Vernonia amygdalina (bitter
leaf), EEVA on the corrosion of mild steel in 2 M HCI solution at 30, 40, 50 and 60°C
using weight loss and hydrogen evolution techniques. The results indicated that both plant
extracts inhibit the corrosion of mild steel in the acid solution by adsorption. EEAP
exhibited higher maximum inhibition efficiency 89.7% than EEVA 76.9% at 4.0g/l
inhibition efficiency was found to increase with temperature. Adsorption of both plant

extracts on the mild steel coupon was found to obey Langmuir adsorption isotherm.

Ebenso et al. (2008) in there study reported on the corrosion inhibition of mild steel
by ethanol extract of Piper guinensis (EEPG) using gravimetric, gasometric and
thermometric methods. The results of the study indicated that various concentrations of
ethanol extract of Piper guinensis (EEPG) inhibit mild steel corrosion. Inhibition efficiency
of the extract is found to vary with concentration, temperature and period of immersion.
Values of activation energy of the inhibited corrosion reaction of mild steel are greater than
the value obtained for the blank. Thermodynamic consideration indicated that the
adsorption of P. guinensis extract (EEPG) on mild steel surface is spontaneous and occurs
according to Langmuir adsorption isotherm. Physical adsorption mechanism was proposed
for the adsorption of the inhibitor from the trend of the inhibition efficiency with

temperature and the values of some kinetic and thermodynamic parameters obtained.

Eddy et al. (2009¢), also study the inhibitive and adsorptive characteristics of

ethanol extract of Gnetum africana for the corrosion of mild steel in H,SO, using weight
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loss, gasometric, thermometric, and IR methods of monitoring corrosion and found that
ethanol extract of Gnetum africana is a good adsorption inhibitor for the corrosion of mild
steel in H,SO,4. The inhibitive property of the extract was attributed to the presence of
alkaloid, saponin, tannin, terpene, anthraquinone, cardiac glycoside, and alkaloid in the
extract. The adsorption of the inhibitor on mild steel surface was exothermic, spontaneous
and is consistent with the mechanism of physical adsorption. In addition, Langmuir and
Temkin adsorption isotherms best described the adsorption characteristics of the inhibitor.
Efforts to improve the adsorption of the inhibitor through synergistic combinations with
halides indicated that only KCI may enhance the efficiency of the inhibitor. The study
provides information on the use of ethanol extract of Gnetum africana as a corrosion

inhibitor for mild steel.

Odiongenyi et al. (2009) investigated the inhibitive and adsorption properties of
ethanol extract of Vernonia amygdalina for the corrosion of mild steel in H,SO, using
weight loss, thermometric, gasometric and IR methods of monitoring corrosion. The results
obtained revealed that ethanol extract of Vernonia amygdalina inhibited the corrosion of
mild steel. The inhibition efficiency of the extract increased as the concentration of the
extract increases. The inhibitor was found to function by being adsorbed on the surface of
mild steel. The adsorption of the inhibitor followed the Langmuir adsorption isotherm. IR
spectra of the corrosion product (without inhibitor), the extract and the corrosion product
(with the inhibitor) confirmed that ethanol extract of Vernonia amygdalina is an adsorption
inhibitor. Phytochemical studies also showed that ethanol extract of Vernonia amygdalina

contains tannin, saponnins, flavanoid and anthraquinone, all of them contributing to the
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corrosion inhibition. Physical adsorption mechanism was proposed from the values of some

of the thermodynamic parameters obtained.

Eddy and Mamza (2009) studied the corrosion of mild steel in H,SO,4 using
gravimetric, gasometric and IR methods. The results indicated that the rate of corrosion of
mild steel in H,SO, increases with increase in the concentration of the acid and that ethanol
extracts of the seeds and leaves of Azadirachta indica inhibited the corrosion of mild steel
in H,SO4. Inhibition efficiencies of the leaves and seeds extract ranged from 82.62 to
94.24% and from 60.55 to 84.78%, respectively. The inhibition potentials of these extracts
were attributed to the presence of tannin, saponin, glycoside, anthraquinone, flavonone and
other phytochemical constituents in the extracts. IR study indicated that the inhibitors are
adsorptive in nature and that the adsorption of the inhibitors on mild steel surface is
exothermic, spontaneous and consistent with the assumptions of Flory-Huggins adsorption
isotherm. Based on the values of the activation, free energy of adsorption and the variation
of inhibition efficiency with temperature, a physical adsorption mechanism was proposed
for the adsorption of ethanol extract of leaves and seeds of Azadirachta indica on the
surface of mild steel. Eddy et al. (2009d) also study the inhibitive and adsorption properties
of ethanol extract of Terminalia catappa for the corrosion of mild steel in H,SO,4 using
weight loss, hydrogen evolution, and infra red methods. Ethanol extract of T. catappa was
found to be a good adsorption inhibitor for the corrosion of mild steel in H,SO,4. The
inhibition efficiency of the inhibitor increased with increasing concentration but decreased
with increasing temperature. The inhibition potential of ethanol extract of T. catappa was
attributed to the presence of saponnin, tannin, phlobatin, anthraquinone, cardiac glycosides,

flavanoid, terpene, and alkaloid in the extract. The adsorption of the inhibitor on mild steel
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surface was exothermic, spontaneous and was best described by Langmuir adsorption
model. From the calculated values of activation energy, free energy of adsorption and the
trend in the variation of inhibition efficiency with temperature, the mechanism of

adsorption of the inhibitor was physical adsorption.

Saratha and Vasudha (2010), investigated the corrosion inhibition efficiency of acid
extract of dry Emblicaofficinalis leaves on mild steel in HCI using weight loss,
Potentiodynamic polarization and impedance studies. The results indicated that the leaves
of Emblicaofficinalis was found to be good corrosion inhibitors of mixed type and having
good inhibition efficiency of 87.9% at 2% v/v inhibitor concentration. Corrosion inhibition
was due to the spontaneous adsorption from the free gibbs energy value, it was also found
that the experimental data fitted the Langmuir, Temkim, Freundlich and Flory-Huggins

adsorption isotherms.

Oguzie (2008) studied the inhibitory potentials of calyx extract of Hibiscus
sabdariffa for the corrosion of mild steel in HCI and H,SO, solutions, using gasometric
method and found that the inhibition efficiency of the inhibitor increased with increasing
concentration of the inhibitor. The adsorption of the inhibitor on mild steel surface
followed the Langmuir adsorption model and supported the mechanism of physical
adsorption. Eddy and Odoemelam (2009) used FTIR, gravimetric and thermometric
methods to study the inhibitive properties of ethanol extract of Aloe vera and reported
inhibition efficiencies ranging from 65.08 to 89.67 %. The adsorption of the inhibitor on

mild steel surface was spontaneous and supported the mechanism of physical adsorption.
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Noor (2009) studied the inhibitory potentials of aqueous extract of Hibiscus
sabdariffa leaves for the corrosion of mild steel in 0.5 M NaOH using chemical and
electrochemical techniques. Electrochemical measurements indicated that aqueous extract
of Hibiscus sabdariffa acted as a mixed inhibitor and the adsorption of the inhibitor on
aluminum surface supported the mechanism of physical adsorption and was best explained
by the Langmuir and Dubinin—Radushkevich adsorption isotherms. Hazwan-Hussin and
Jain-Kassim (2011) analyzed the inhibitive effect of the ethyl acetate extract of Uncaria
gambir on the corrosion of mild steel in 1M HCI solution by weight loss measurement,
potentiodynamic polarization and electrochemical impedance spectroscopy techniques. The
presence of this catechin-containing extract reduces remarkably the corrosion rate of mild
steel in acidic solution. The results from this corrosion test clearly revealed that the extract
behaves as a mixed type corrosion inhibitor with the highest inhibition at 1000 ppm.
Akalezi et al (2012) reported on the assessment of the inhibitive action of Petersianthus
macrocarpus leave extract on corrosion of mild steel in 1 M HCI and 0.5 M H,SO,
solutions was done using gravimetric, electrochemical impedance and potentiodynamic
methods. The inhibition efficiency of the inhibitor increased with increasing extract
concentration. Results indicated that the extracts functioned as a good inhibitor in both
corrodent solutions. Temperature studies in the range 313 - 333K reveal increase in
inhibition efficiency of the extract with rise in temperature. The authors proposed a
mechanism of chemical adsorption. The adsorption characteristics of the inhibitor were

found to obey Langmuir isotherm and supported chemiosorption.

llomaeke et al. (2013), studied the effectiveness of leaves extract of Emilia

sonchifolia and Vitex doniana as corrosion inhibitors of mild steel in 2.5 M HCI medium
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using gasometric method at 30°C and 60°C. Adsorption of Emilia sonchifolia leaves extract
on the surface of the mild steel followed Langmuir, Temkin and Freundlich adsorption
isotherm while adsorption of Vitex donania leaves extract on the surface of the mild steel
obeyed Langmuir and Temkin adsorption isotherm. The adsorption of the inhibitor was
through physical means.

Apart from the above listed studies, other researchers have successfully used different
plant exracts as corrosion inhibitors (Nwosu et al., 2013; Onuegbu et al., 2013; Patel et al.,
2013; Achebe et al., 2012; Abiola et al., 2007; Abdallah, 2004a; Bendahou et al., 2006;
Bouyanzer and Hammouti, 2004; Chetouani et al., 2004; Ebenso et al., 2008, 2004; Ajayi,
2003; Ebenso and Ekpe, 1996; Eddy and Ebenso, 2008; Ekpe et al., 1994; El-Etre, 1998,
2003, 2006; El-Etre and Abdallah, 2002; Kliskic et al., 2000; Krajewka et al., 2002;
Oguzie, 2005,2006, 2007; Oguzie et al., 2006, 2007; Okafor et al., 2005, 2007, 2008;
Okafor and Ebenso, 2007; Umoren et al., 2006a, 2008a, 2008b; Umoren and Ebenso, 2008,
2007; Sethuraman et al., 2005; Rajendran et al., 2005 ; Zucchi and Omar, 1985; Zucchi et
al., 1978).

2.8.2 Green corrosion inhibitors: Amino acids

Some amino acids have been found to be good inhibitors for the corrosion of mild
steel in HCl. Amino acids are molecules that contain both amino and carboxylic acid
functional groups. The acids are non toxic, contain —NH, and COOH functional groups and
completely soluble in aqueous media and can be produced with high purity at reduced
costs. They are therefore expected to be good inhibitors for the corrosion of mild steel in

H,SO, solutions.
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Badawy et al. (2006), studied the corrosion inhibition of Cu—Ni alloys in aqueous
chloride solutions using amino acids which are environmentally friendly materials. The
corrosion rate was calculated in the absence and presence of the corrosion inhibitor using
polarization and impedance techniques. The inhibition efficiency of the different amino
acids was also calculated. The experimental results have shown that a simple amino acid
like glycine can be used as an efficient corrosion inhibitor for the Cu—Ni alloys in neutral
chloride solutions. An inhibition efficiency of about 85% was achieved at very low
concentrations of the amino acid (0.1 mM). For low Ni content alloy (Cu-Ni), 2.0 mM

cysteine showed a remarkable high (~96%) corrosion inhibition efficiency. The

experimental impedance data were fitted to theoretical data according to a proposed
equivalent circuit model for the electrode/electrolyte interface, and the mechanism of the
corrosion inhibition process was suggested. Different adsorption isotherms were tested and
the corrosion inhibition process was found to depend on the adsorption of the amino acid
molecules and/or the deposition of corrosion products on the alloy surface. The adsorption
free energy of cysteine on Cu-Ni (-37.81 kJ mol ) indicated a strong physical adsorption
of the inhibitor on the alloy surface. Olivares-Xometl et al. (2008) investigated the
potentials of new compounds of alkylamides derived from -amino acids were tested as
corrosion inhibitors for carbon steel in an aqueous solution of hydrochloric acid.
Electrochemical testing was carried out using polarization scans and weight loss
measurements. Polarization scans indicated that the compounds acted as mixed corrosion
inhibitors with an efficiency of 80-90% when dissolved in the testing solution at >50 ppm,
whereas gravimetric results displayed a similar tendency. Microtox testing indicated a

correlation with the molecular structure of inhibitors. Apparently, a long aliphatic chain (C
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> 12) promoted not only higher corrosion efficiency, but also a higher toxicity. The higher
efficiency of dodecyl amine of tyrosine was apparently derived from its longer aliphatic
chain, with some contribution from its phenyl ring, which reinforces the molecular

interactions of type bonding to the d orbital metal favouring film formation.

Aksot and Bilgic (1992) investigated the inhibitory effect of thirteen different amino
acids on the corrosion of nickel in sulphuric acid medium. Corrosion current densities were
determined by the extrapolation of the cathodic Tafel region to the corrosion potential. The
effect of the amino acids on the passivity of nickel was examined by anodic current-
potential curves. It was shown that some amino acids are inhibitors Ni corrosion to various
degrees while others were found to accelerate corrosion rate. El-Rabiee et al. (2008)
studied the electrochemical behavior of vanadium in amino acid using open-circuit
potential measurements, polarization techniques and electrochemical impedance
spectroscopy (EIS). The effect of chloride ion on the corrosion inhibition efficiency
especially in acid solutions was investigated. In neutral and basic solutions, the presence of
amino acids increases the corrosion resistance of the metal. The electrochemical behavior
of V before and after the corrosion inhibition process has shown that some amino acids like
glutamic acid and histidine have promising corrosion inhibition efficiency at low

concentration (~= 25 mM). The inhibition efficiency (r) was found to depend on the

structure of the amino acid and the constituents of the corrosive medium. The corrosion
inhibition process was based on the adsorption of the amino acid molecules on the metal
surface and the adsorption process follows the Freundlich isotherm. The adsorption free
energy for valine on V in acidic solutions was found to be —9.4 kJ/mol which shows strong

physical adsorption of the amino acid molecules on the vanadium surface. Zhang et al.
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(2008) investigated the inhibition effect of four amino acids such as aspartic acid (Asp),
glutamic acid (Glu), asparagines (Asn), and glutamine (GIn) towards the corrosion of
copper in 0.5 M hydrochloric acid solution using potentiodynamic polarization and EIS
methods. The measurements indicated that these compounds have some protective effect
against copper corrosion in 0.5M HCI solution. The inhibition efficiency of these
compounds was found to increases in the order GIn > Asn > Glu > Asp and tend to increase
with increase in the concentration of the inhibitors. Addition of iodide ions into 10mM
glutamine solution increases the protection efficiency, reaching a maximum value of
93.74% for 5mM KI. The mechanism of physical adsorption was proposed for these
reactions and was consistent with the Langmuir adsorption model. Spah et al. (2009) used
electromotive force measurements to study the inhibition potentials of some amino acids

and obtained results which indicated that the acids are potential corrosion inhibitors.

Asshassi-Sorkhabi et al. (2004) investigated the inhibitory effect of three amino
acids (alanine (Ala), glycine (Gly) and leucine (Leu)) against steel corrosion in HCI
solutions using potentiodynamic polarization method. Corrosion data such as corrosion
rate, corrosion potential (Ecorr) and corrosion resistance (Rp) were determined by
extrapolation of the cathodic and anodic Tafel region. Adsorption isotherm was
investigated by weight loss measurement. The effect of inhibitor concentration and acid
concentration against inhibitor action was investigated. The inhibition efficiency depends
on the type of amino acid and its concentration. The inhibition effect ranged from 28 to
91%. The amino acids acted as a corrosion inhibitor in HCI solution through adsorption on
the steel surface and the adsorption also supported the Langmuir adsorption isotherm.

Barouni et al. (2008) also investigated the inhibition effect of five amino acids such as
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valine (Val), glycine (Gly), lysine (Lys), arginine (Arg) and cysteine (Cys) on the corrosion
of copper in molar nitric solution using weight loss and electrochemical polarization
measurements. The results obtained indicated that valine and Glycine accelerated the
corrosion process; but Arginine, Lysine and cysteine inhibited the corrosion phenomenon.
Cysteine was found to be the best inhibitor. Correlation between the quantum chemical
calculations and inhibition efficiency was discussed using semi-empirical methods (AM1

and MNDO).

The inhibition effect of three amino acids namely: proline (Pro), methionine (Met)
and trytophane (Trp) towards the corrosion of Pb—Sh—Se—As alloy in H,SO4 solution was
study using linear polarization and weight loss measurements methods(Ghasemi and
Tizpar, 2006). The effect of inhibitor concentration and temperature against inhibitor action
was investigated. It was found that these inhibitors acted as good inhibitors for the
corrosion of lead alloy in H,SO4 solution. Increasing inhibitor concentration increases the
inhibition efficiency. It was found that adsorption of the amino acids on lead alloy surface
follows Langmuir isotherm. Asshassi-Sorkhabi et al. (2005) also determined the inhibition
effect of alanine, leucine, valine, proline, methionine, and tryptophan towards the corrosion
of aluminum in 1 M HCI + 1 M H,SO, solution using weight loss measurement, linear
polarization and SEM techniques. The results of these techniques were comparable. The
effect of inhibitor concentration and temperature against inhibitor action was established. It
was found that these amino acids acted as good inhibitors for the corrosion of aluminum in
1 M HCI + 1 M H,S0O, solution. Increasing inhibitor concentration increases the inhibition
efficiency and with increasing temperature the inhibition efficiency decreases. It was also

found that adsorption process followed Langmuir and Frumkin isotherms.
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Moretti et al. (2004) also study the inhibition effects of tryptamine (TA) on the
corrosion behaviour of ARMCO iron in 0.5 M deaerated H,SO, using potentiodynamic
curves (PCM) and electrochemical impedance spectroscopy (EIS). TA was found to be an
effective ARMCO iron inhibitor, even at higher temperature and for long term exposure.
Inhibition efficiencies, calculated by PCM and EIS, ranged from 90% to 99% and did not
diminish over time and as the temperature increased. TA adsorption followed Bockris—
Swinkels adsorption isotherm. Silva et al. (2006) also deetermine the effect of cysteine on
the corrosion of 304L stainless steel in 1 M H,SO4 using open-circuit potential
measurements, anodic polarization curves, electrochemical impedance spectroscopy (EIS)
and scanning electron microscopy (SEM). The results obtained indicated that the effect of
cysteine was concentration dependent. Other studies are those reported by Kiani et al.
(2008) and Zerfaoui et al. (2004). Goa and Liang (2007) evaluated the electrochemical
performance of 1-diethylamino-propan-2-ol (EAP) and 1, 3-bis-diethylamino-propan-2-ol
(DEAP) for brass in simulated atmospheric water using potentiodynamic curves and
electrochemical impedance spectroscopy (EIS). The experimental results indicated that the
investigated compounds retarded the anodic dissolution of brass. The experimental data
was partly supported by density functional theoretical (DFT) and quantum chemical

analysis.

2.8.3 Triazoles and benzotriazoles derivatives as corrosion inhibitors

Selvi et al. (2003) also synthesized some benzotriazole derivatives (N-[1-
(benzotriazolo-1-yl)-alkyl] aryl amine (BTMA), N-[1-(benzotriazolo-1-yl)aryl] aryl amine
(BTBA), and 1-hydroxy methyl benzotriazole (HBTA) and found that these compounds

possess excellent inhibition properties of corrosion of mild steel in 0.5 M H,SO, at room
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temperature using potentiodynamic polarization and AC impedance methods. These
compounds were found to act as mixed type inhibitors. Among the compounds, HBTA
exhibited the best inhibiting performance giving more than 95% IE. Also, Rct values were
found to have increased while those of Cdl decrease with increase in the concentration of
benzotriazole. The observed trend was attributed to the adsorption of benzotriazole on the
metal surface. Gopi et al. (2007) studied the corrosion inhibition of mild steel by means of
newly synthesized triazole phosphonates 3-vanilidene amino 1, 2, 4-triazole phosphonate
(VATP), 3-anisalidene amino 1, 2, 4-triazole phosphonate (AATP) and 3-paranitro
benzylidene amino 1, 2, 4-triazole phosphonate (PBATP) together with cetyl trimethyl
ammonium bromide (CTAB) in natural aqueous environment using weight loss,
potentiodynamic polarisation and AC impedance measurements. Addition of molybdate
was noticed to increase the inhibition efficiency of triazole in a synergistic manner. Results
from experimental observations indicated VATP as a better corrosion inhibitor for mild
steel in aqueous solution. Additionally the formulation consisting of VATP, sodium
molybdate and CTAB offered good corrosion inhibition efficiency. Khadom et al. (2009)
investigated the adsorption of 4-amino-5-phenyl-4H-1, 2, 4-triazole-3-thiol (APTT) as a
corrosion inhibitor for mild steel in hydrochloric acid (HCI) solution using the weight loss
technique. The degree of surface coverage by APTT was used to calculate the free energy
of adsorption, using Bockris-Swinkels isotherm. The dependence of free energy of
adsorption, on the surface coverage, was ascribed to the surface heterogeneity of the
adsorbent. The adsorption of APTT molecules on the surface occurred without modifying

the kinetics of the corrosion process.
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Matheswaran and Ramasamy (2010) studied benzotriazole as an inhibitor for the
corrosion inhibition of mild steel in 1 N citric acid using weight loss method. The results
obtained indicated that the corrosion inhibition efficiency of the benzotriazole varied with
the temperature and acid concentrations. Also, it was found that the corrosion inhibition
behaviour of benzotriazole was better when the concentration of inhibitor was increased.
Kinetic treatment of the results showed first order kinetics. Li et al. (2011) synthesized two
triazole  derivatives  [1-phenyl-2-(5-(1,2,4) triazol-1-ylmethyl-(1,3,4) oxadizaol-2-
ylsulphanyl)-ethanone (PTOE) and 2-(4-tert-butyl-benzylsulphanyl)-5-(1,2,4) triazol-1-
ylmethyl-(1,3,4) oxadiazole (TBTO)] as new corrosion inhibitors for the corrosion of mild
steel in 1 M hydrochloric acid. The inhibition efficiencies of the different inhibitors were
evaluated using weight loss and electrochemical techniques such as electrochemical
impedance spectroscopy (EIS) and polarization curves. The results obtained from
electrochemical investigation revealed that these compounds acted as mixed-type inhibitors
retarding the anodic and cathodic corrosion reactions and did not change the mechanism of
either hydrogen evolution reaction or mild steel dissolution. The adsorption of the
inhibitors obeyed the Langmuir adsorption model. The effect of molecular structure on the
inhibition efficiency of the inhibitors was investigated using ab initio calculations while
electronic properties such as the energy of the highest occupied molecular orbital (HOMO),
the energy of the lowest unoccupied molecular orbital (LUMO), dipole moment () and

molecular orbital densities were also calculated.

2.8.4 Dyes as corrosion inhibitors
Oguzie et al. (2004) to study the inhibitory properties of congo red (CR) dye for the

corrosion of mild steel in aerated sulphuric acid solution between 30-60°C. The effect of

40



addition of halide salts such as KCI, KBr and KI was also investigated. Inhibition
efficiency was found to increase with increase in the concentration of CR but decreased
with increase in temperature. Corrosion activation energies of 82.98 and 96.92 kJ mol*
were observed in the absence and presence of CR, respectively. The observed corrosion
data suggested that inhibition of mild steel corrosion is due to physical adsorption of the
CR molecules on the metal surface. The adsorption of CR obeyed Flory—Huggins isotherm.
Inhibition antagonism and synergism (KCIl < KBr <Kl ) were observed at 30 and 60°C
respectively on addition of halide salts to inhibited systems containing CR. The inhibition
efficiency of CR in the presence of halides increased with rise in temperature but corrosion
activation energy in these systems decreased from 96.92 to 40.63 kJ mol™. These
observations indicate a chemical adsorption mechanism, thus suggesting that the halide
ions reversed the mechanism of CR adsorption over the concentration range studied. The
calculated values of heat of adsorption confirm physisorption and chemisorption
mechanisms respectively for CR adsorption in the absence and presence of halides.The
inhibitive properties of some organic dyes have been investigated by some researchers.
Abdeli et al. (2009) studied the inhibiting behaviour of nile blue and indigo carmine
organic dyes on corrosion of mild steel in 1 M HCI, using weight loss, potentiodynamic
polarization and electrochemical impedance spectroscopy techniques. Polarization curves
indicated that both inhibitors are mixed anodic—cathodic in nature, and Langmuir isotherm
was found to be the best isotherm that described the adsorption behaviour.
2.8.5 Schiff bases as corrosion inhibitors

Weight loss and thermometric methods were used by Upadhyay et al. (2007) to
study the inhibitory effect of synthesised Schiff’s bases (including:N-(furfurilidine) — 4-

methoxy aniline (SB1), N-(furfurilidine) — 4- methylaniline (SB2), N- (salicylidine) — 4-
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methoxy aniline (SB3), N-(cinnamalidine) — 4 -methoxy aniline (SB4) and N-
(cinnamalidine) - 2-methylaniline (SB5)) for the corrosion of mild steel in sulphuric acid
solutions. The results obtained by both methods were in good agreement with each other
and that the inhibition efficiency depended upon the concentration of inhibitor and that of
the acid. Maximum inhibition efficiency was shown at highest concentration of Schiff’s
bases at the highest concentration of acid. The corrosion inhibition of mild steel in 0.5 M
sulphuric acid by two newly synthesized Schiff bases namely 4-X-2-{[2-(2-pyridin-2-yI-
ethylsulfanyl) ethylimino] and methyl}-phenol [X = -NO, and —-OMe] have been
investigated in the temperature range 298 - 318K using Tafel polarization and
electrochemical impedance spectroscopy (EIS) methods (Hosseini et al.,, 2009). The
Temkin isotherm was found to provide an accurate description of the adsorption behaviour

of the Schiff bases.
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CHAPTER THREE

3.0 EXPERIMENTAL

3.1 Materials

Mild steel and aluminium sheet were the materials used for the study and their
compositions as determined by the quantiometric method are presented in Tables 3.1 and
3.2. These materials were mechanically press-cut into different coupons, each of
dimension, 3x2x0.12mm for weight loss investigation and 1cmxlcm for electrochemical
study. The coupons were wet polished with different grades of SiC abrasive paper (#400 to
#1200), degreased by washing with ethanol, cleaned with acetone and allowed to dry in the
air before preservation in a desiccator. All reagents used for the study were analar grade
and double distilled water was used for their preparation. Acid solutions of 1.0 M (HCI)
and 0.5 M (H,SO,) were used for weight loss and polarization studies after they had been
standardized, while the concentration range for the inhibitors was 0.1g/l to 0.5¢/I

respectively.

Table 3.1: Nominal Elemental Composition of Aluminium Sheet

Element Mn Fe Si Cu Pb Ti \Y) Others Al
Weight
% 0.392 0.55 0.363 0.077 0.064 0.026 0.009 0.019 98.5

Table 3.2: Nominal Elemental Composition of Mild Steel Sheet

Element Mn Si P C Fe
Weight
% 0.6 0.03 0.36 0.15 98.86
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3.2 Methods

3.2.1 Plants extraction

Sample leaves of Phyllanthus amarus; Paullinia pinnata; Parinari polyandra;
Boscia senegalensis were obtained from Zango- shanu, Sabon Gari Local Government
Area, Kaduna State, Nigeria. The samples were later taken to Herbarium in Department of
Biological Sciences, Ahmadu Bello University Zaria Nigeria for identification and were
assigned batch numbers. The 500g of the leaves were dried, ground and soaked in 5 L of
ethanol solution for 48 hours. After 48 hours, the samples were filtered. The ethanol was
then evaporated off. The stock of the extract so obtained were used in preparing different
concentrations of the extract by dissolving 0.1, 0.2, 0.3, 0.4, and 0.5g of the extracts in 1L

of various concentration of the acid (Eddy and Odoemelam, 2009; Arora et al., 2007).

3.2.2 Chemical analysis

Phytochemical analysis of the ethanol and aqueous extract of the sample was
carried out according to the method reported by Qureshi and Eswar (2010). Frothing and
Na,CO; tests were used for the identification of saponin, bromine water, ferric chloride
tests were used for the identification of tannin while Leberman’s and Salkowski’s tests
(chloroform solution of the extracts with sulphuric acid and acetic acid) were used for the
identification of cardiac glycodises while Dragendorf, Meyer, and Hager’s reagent tests
(solution of potassium bismuth iodide, potassium mercuric iodide and saturated solutions of

picric acid) were used for the identification of alkaloid.
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3.2.3 Gravimetric method

A previously weighed metal (mild steel) coupon was completely immersed in 250
ml of the test solution in an open beaker. The beaker was covered with aluminium foil and
inserted into a water bath maintained at 303K. After every 24 hours, the corrosion product
was removed by washing each coupon (withdrawn from the test solution) with solution
containing 50% NaOH and 100g L™ of zinc dust. The washed coupon was rinsed in acetone
and air dried before re-weighing. The experiment was repeated at 313K, 323K and 333K
respectively. In each case, the difference in weight for a period of 168 hours was taken as
the total weight loss. From the average weight loss (mean of three replicate analysis)
results, the inhibition efficiency (%l) of the inhibitor, the degree of surface coverage (0)
and the corrosion rate of the mild steel and aluminium (CR) were calculated using

equations 3.1, 3.2 and 3.3 (Eddy and Ebenso, 2010);

W —Wy

%1 = x 100 3.1
2
_ %]
6=""/100 32
CR = AW /At 33

where W, and W, are the weight losses (g) for mild steel in the absence and presence of the
inhibitor respectively, 0 is the degree of surface coverage of the inhibitor, AW = W, — Wj,
A is the area of the mild steel and aluminium coupon (cm?), t is the period of immersion

(hours) and AW is the weight loss of mild steel and aluminium after time, t.
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The effect of temperature on the corrosion of aluminium and mild steel in the
absence and presence of various concentration of plants extract was investigated using the

Arrhenius transition state equations 3.4 and 3.5.

logCR = logA - 2.3B(;631RT 3.4
log () = {108 (5;) + 305%) ~ 5037 35

where CR is the corrosion rate of the metal, A is the Arrhenius or pre-exponential factor, E,
is the activation energy (i.e. the minimum energy needed before the corrosion reaction of
the metal can proceed), R is the universal gas constant, T is the temperature of the system,
Na is the avogadros gas constant, h is the plank constant, AS, is the entropy of activation

and AH, is the enthalpy of activation (Dahmani et al., 2010 and Singh et al., 2010).

Another thermodynamic parameter which can further be used in verifying
adsorption mechanism in a corrosion inhibition process is the heat of adsorption, Qags. The
heat of adsorption of the inhibitors was calculated using the equation 3.6 (Eddy, 2009a, b;

Oguzie et al., 2012b).

Qads = 2.303R {log (%) — log (%)} (Efg) kjmol™ 3.6

where R is the universal gas constant, T, and T, is the temperature of system at 333K and

303K, 6, and 6, are the degree of surface coverage at this temperature.

It is also significant to note that the value of the adsorption equilibrium constant
obtained from the intercept of each adsorption isotherm is related to the free energy of

adsorption according to the equation.

46



AGS;s = —2.303RTlog(55.5k445) 3.7
where R is the universal gas constant, T is temperature of the system, Kags is the adsorption

equilibrium constant and 55.5 is the molar volume of water.

3.2.4 Fourier transform infrared spectrophotometery

IR analyses of the inhibitor and that of the corrosion products (in the presence and
absence of the respective inhibitors) were carried out using a SHIMADZU, FTIR-8400S
Fourier Transform Infrared Spectrophotometer. Each coupon was separately dipped in 250
mL of 1.0 M (HCI) and 0.5 M (H,SO,) of acid-inhibitor concentration respectively for 7
days to form an adsorbed layer after which they were removed, dried and scraped with a
sharp razor blade taken for analysis. The samples were prepared using KBr and the analysis
was done by scanning the sample through a wave number range of 400-4500 cm™ (Eddy

and Odoemelam, 2008; Eddy et al., 2009a; Enenebeaku, 2011; Oguzie et al., 2012).

3.2.,5 Scanning electron microscopy

Surface morphologies of the mild steel and aluminium coupons before and after
inhibition were studied using a JSM-5600 LV scanning electron microscope of JEOL,
TOKYO, Japan. 1 cm x 1 cm coupons were dipped separately in each of the following:
blank solutions and 1 M and 0.5 M of acid-inhibitor (HCI and H,SO, respectively)
solutions for 7 days. The coupons were removed, rinsed with distilled water and dried in
the air. Each sample was mounted on a metal stub and sputtered with gold in order to make
the sample conductive. Scanned images were taken at an accelerating voltage of 2.00 and

15.00 kV (Enenebeaku, 2011).
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3.2.6 Linear polarisation resistance

Linear polarization measurement was used to determine the rate of corrosion of the
metals in the presence of the inhibitor-acid solution. All the measurement was done in an
Autolab frequency response analyzer (FRA) coupled to potentiostat that was connected to a
computer system. A glass corrosion cell kit with a platinum counter electrode, a saturated
Ag/Ag reference electrode and aluminium and mild steel sample as working electrode. The
working electrodes samples were positioned at the glass corrosion cell kit, leaving 1 cm?
surfaces in contact with the solution. Polarization test were carried out in 1.0 M HCI and
0.5 M H,SO, solution at room temperature under static solution using a potentiostat
(model: AuT71791 and PGSTAT 30) with a scan rate of 0.003V/sec. From the Tafel
corrosion results, the inhibition efficiencies, corrosion rate and linear polarization resistance

were obtained.The inhibition efficiencies were calculated using equation 3.8 and 3.9

repectively:

%l = (1 - l‘ﬂ) x 100 38
_ Retanny— Ret 100

%I = —Rct(lnh) X = 3.9

where igorr and i, are the corrosion currents in the absence and presence of the inhibitor
respectively and Re; and Reyinny are the uninhibited and inhibited charge transfer resistance

respectively (Oguzie et al, 2012; Quraishi et al., 2008; Cabot et al., 1991).
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3.3  Computational and Theoretical Considerations
3.3.1 Quantum chemical calculations

The electronic structure of isolated compounds from the extracts, including the
distribution of frontier molecular orbitals Enomo and ELumo, Fukui indices were assessed,
with a view to establishing the active sites as well as local reactivity of the molecule. The
simulations were performed by means of the Density Functional Theory (DFT) electronic
program DMol® using the Mulliken population analysis in the Material Studio 7.0 software.
DMol® permits analysis of the electronic structures and energetics of molecules, solids and
surfaces using DFT. Electronic parameters for the simulations include restricted spin
polarization using the DND basis set and the Perdew Wang local correlation density
functional. Local reactivity of the studied compounds was analysed by means of the Fukui
indices (FI) to assess site of nucleophilic and electrophilic attack (Khaled, 2010a;

Enenebeaku, 2011; Oguzie et al., 2012c; Cardoso et al., 2007).

3.3.2 Molecular dynamics simulation

In order to sample many different low energy configurations and identify the low
energy minima, molecular dynamics (MD) simulation of the interactions between a single
molecule of interest and Fe/Al surface was performed using Forcite quench molecular
dynamics in the Material Studio (MS) modelling 7.0 software. Calculations were carried
out using COMPASS forcefield and Smart algorithm in a simulation box 17A x 12 A x 28
A with a periodic boundary condition, to model a representative part of the Fe/Al slab and a
vacuum layer of 20A height. The Fe/Al crystal was cleaved along the (110) plane with a
fractional depth of 3.0A. The (110) plane was chosen because it is more densely packed

and has the most stabilisation compared to Fe/Al (111) and Fe/Al (100) surfaces with
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relatively open structures. We have left out solvent and charge effects in all our simulations

and performed the calculations at the metal/vacuum interface.

The geometry of the bottom layers were constrained before optimizing the Fe/Al
(110) surface which was subsequently enlarged into a 10 x 9 supercell to avoid edge
effects. Temperature was fixed at 350 K which represents a trade off between a system with
too much kinetic energy where the molecule desorbs from the surface and a system with
kinetic energy for the molecule to move around the surface. Temperature was fixed with
the NVE (microcanonical) ensemble with a time step of 1 fs and simulation time 5 ps. The
system is quenched every 250 steps. Forcite optimised structures of the constituents from
the plant extracts compounds and the Fe/Al surfaces were used to sample the different
interactions of the molecule with the surfaces. The slab of iron and aluminium constructed
for the docking were significantly bigger than the compounds docked in order to avoid
edge effects (Oguzie et al., 2012a, b, c; Dai and Zhang, 2012; Enenebeaku, 2011; Chi and

Zhao, 2009; Yurt et al., 2005).

The binding energy (Eping) between the metal surface and the inhibitor molecules

was calculated using equation 3.10 (Casewit et al., 1992a and 1992b);

Epina = Etotal — (Emot + Emetal) 3.10

where Enol, Emetat and Eiotal COrrespond to the total energies of the molecule, metal (110)

slab and the adsorbed molecule/metal (110) couple respectively. (metal = Fe/Al).
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CHAPTER FOUR

4.0 RESULTS
4.1  Phytochemical Screening and Gas Chromatography Mass Spectrophotometry

of the Plants Extract

The phytochemical composition of ethanol extract of the plants indicates the
presence of saponnin, tannin, phlobatin, anthraquinone, cardiac glycosides, flavanoid,
terpene, and alkaloid in most of the extracts as presented in Table 4.1, hence the inhibition
efficiency of the extracts is attributed to the phytochemical constituents.

Tables 4.2 - 4.5 show the gas chromatography- mass spectrophotometry of the
plants extracts which led to identification of thirteen components used for theoretical
studies.

4.2  Weight loss Measurement of Plant Extracts on the Corrosion of Mild Steel and
Aluminium

Figures 4.1 - 4.4 show the variation of weight loss of aluminium with time for the
corrosion of aluminium in 1.0 M HCI containing various concentrations of the extracts. It is
evident from the plots that weight loss of aluminium decreased with increase in

concentration of the extracts but increased with increasing period of contact.

Figures 4.5 - 4.8 show the variation of weight loss of mild steel with time for the
corrosion of mild steel in 1.0 M HCI containing various concentrations of the extracts. It
shows from the plots that weight loss of mild steel decreased with increase in the
concentration of the extracts but increased with increasing period of contact. These indicate
that the corrosion rate of mild steel in HCI solution increased with increase in the period of

contact but decreased with increase in the concentration of the extracts.
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Table 4.1: Phytochemcial Screening of the Various Plant Extract

Sample Tannins | Phlobatanins Alkaloids | Cardiac Anthraquinones | Saponins | Flavonoids | Terpenes
Glycosides

Phyllanthus |+ - + + - + + +

amarus

Paullinia + + - + + + + -

pinnata

Boscia + + + + + + + +

senegalensis

Parinari + - + + + + + +

polyandra

+ = denote the presence of phytochemicals, - = denote the absence of phytochemicals
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Table 4.2: Characterization of Peaks Obtained from GC-MS Spectrum of Ethanol Extract of Paulina pinnata

Line

Concentration
(%)

Chemical
formula

Retention
time (s)

Molecular
weight
(gmol™)

Name of Compound

Fragmentation Peak

1.64

C10H16O

7.95

152

2,4-decadienal

27(28%), 29(32%), 39(30%), 41(40%), 55(11%),
67(20%), 81(100%), 95(10%)

1.70

C15H24

9.65

204

1-ethenyl-1-methyl-2,4-
bis(1-methylethenyl)-
cyclohexane

27(35%), 29(34%), 39(55%), 40(15%), 41(90%),
42(10%), 43(20%), 51(10%), 53(52%), 55(50%),
65(14%), 66(10%), 67(55%), 68(95%), 69(20%),
77(25%), 79(30%), 80(20%), 81(100%), 91(30%),
92(10%), 93(80%), 94(20%), 95(20%), 105(20%),
107(30%), 108(20%), 119(20%), 121(35%), 133(15%),
147(20%), 161(12%), 189(10%)

5.82

C7H1406

10.10

194.18

Methyllinositol

27(30%), 28(15%), 29(25%), 39(40%), 41(100%),
42915%), 51(10%), 53(20%0, 55(30%), 65(15%),
67(30%), 69(28%), 77(30%), 78(11%), 79(40%),
80(10%), 81(25%), 82(10%), 91(70%), 92(18%),
93(40%), 94(20%), 95(22%), 105(50%), 106(20%),
107(35%), 119(30%0, 120(13%), 121(15%), 122(14%),
133(23%), 147(20%), 148(17%), 161(30%), 189(10%),
194(10%)

2.61

CisHa4

10.35

204

1,6,10-dodecatriene

41(100%), 53(20%), 55(20%), 67(20%), 68(10%),
69(80%), 77(13%), 79(20%), 81(17%), 91(17%),
93(40%), 120(20%), 133(21%), 161(11%)

1.89

C15H24

10.53

204

1,4,8-cycloundecatriene

41(50%), 42(20%), 53(25%), 55(18%), 65(10%),
67(20%), 77(20%), 79(20%), 80(40%), 91(21%),
92(19%), 93(100%), 94(11%), 105(12%), 107(12%),
121(22%), 147(15%)

3.22

C14H220

11.03

206

3,5-bis(1,1-dimethylethyl)-
phenol

41(35%), 57(100%), 73(10%), 74(20%), 91(20%),
107(10%), 115(11%), 191(55%), 206(12%)

2.07

C15H220

12.13

220

5-oxatricyclo[8.2.0.0(4,6)-
]dodecane

27(28%), 29(26%), 39(30%), 41(95%), 42(100%),
53(25%), 55(35%), 65(17%), 67(28%), 69(30%),
72(14%), 77(30%), 79(85%), 81(30%), 82(26%),
83(17%), 91(53%), 93(69%), 94(17%), 95(35%),
96(20%), 105(26%), 106(27%), 107(30%), 109(30%),
110(20%), 120(13%0, 121(22%), 123(14%), 135(11%)
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Line

Concentration
(%)

Chemical
formula

Retention
time (s)

Molecular
weight
(gmol™)

Name of Compound

Fragmentation Peak

111

C10H180

13.14

154

Bicyclo(3.1.1)heptan-2-ol

39(20%), 41(60%), 43(100%), 53(12%), 55(28%),
59(12%), 67(11%), 69(30%), 71(73%), 72(10%),
80(12%), 81(35%), 83(30%), 93(50%), 96(12%),
99(73%), 111(10%0, 121(25%), 131(10%)

5.48

C18H34

15.16

414.72

B-sitosterol

27(14%), 29(30%), 39(12%), 41(75%), 43(90%),
53(10%), 54(22%), 55(70%), 56(20%), 57(60%),
67(70%), 68(30%), 69(40%), 70(16%), 71(14%),
81(100%), 82(52%), 83(40%), 95(52%), 96(30%),
97(22%), 414(20%)

10

2.32

C13H2,0

16.59

194

5,9-undecadien-2-one

41(40%), 43(100%), 69(55%), 93(10%), 107(12%),
125(10%), 136(14%), 151(15%)

11

6.79

C1gH360,

18.05

284

Hexadecanoic acid

41(50%), 42(10%), 43(55%), 45(10%), 55(50%),
56(11%), 57(40%), 60(13%), 67(10%), 69(18%),
70(16%), 71(18%), 73(20%), 88(100%), 89(15%),
101(70%), 143(10%), 157(11%), 284(10%)

12

26.76

C20H400

20.04

296

2-hexadecen-1-ol

41(25%), 43(40%), 55(25%), 56(15%), 57(33%),
68(14%), 69(15%), 71(100%), 81(18%), 82(12%),
83(12%), 95(11%), 97(10%), 123(14%)

13

11.06

20.75

298

9,12-octadecadienoylchloride

27(10%), 29(20%), 39(13%), 41(80%), 43(30%),
53(10%), 54(30%), 55(100%), 56(13%), 57(14%),
67(85%), 68(20%), 69(30%), 70(10%), 79(30%),
80(20%), 81(50%), 81(22%), 82(20%), 83(14%),
91(10%), 93(13%), 94(10%), 95(30%), 96(23%),
97(20%), 98(23%), 109(16%), 110(16%), 123(10%)

14

4.66

CuoH100,

21.08

312

Octadecanoic acid

27(12%), 28(30%), 41(31%), 43(52%), 55(38%),
57(30%), 60(10%), 61(13%), 62(15%), 69(17%),
70(16%), 71(15%), 73(18%), 88(100%), 89(13%),
101(62%), 157(10%)

15

22.85

CSOHSO

27.63

410

2,6,10,14,18,22-
tetracosahexaene

41(50%), 55(105), 67(12%), 68(15%), 69(100%),
81(55%), 95(14%), 138(10%)
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Table 4.3: Characterization of Peaks Obtained from GC-MS Spectrum of Ethanol Extract of Parinari polyandra

Line | Concentration | Chemical Retention Molecular | Name of Compound Fragmentation Peak
(%) formula time (s) weight
(gmol™)

1. 1.08 CsHsCIO 6.86 128 3-Chlorophenol 37(10%), 38(13%), 39(30%), 62(10%), 63(25%),
64(26%), 65(60%), 73(10%), 100(20%),
128(100%), 130(10%)

2 0.81 CgH150; 7.86 138 9-oxa-bicyclo[3,3,1]nona- 27(18%), 39(19%), 50(10%), 51(12%), 53(14%),

3,6-dien-2-one 77(60%), 78(10%), 79(50%), 94(20%), 107(100%),

108(20%)

3. 1.53 C14H20 10.57 206 3,5-bis(1,1-dinethylethyl)- 41(13%), 57(55%), 191(100%), 192(17%),

phenol 206(25%)

4 3.41 CisH300; 11.03 278.44 Linolenic acid 29(13%), 41(17%), 55(10%), 57(25%), 74(10%),
91(12%), 131(12%), 191(100%), 278(20%)

5 0.80 CuHog 11.98 196 1-tetradecene 27(20%), 29(50%), 39(15%), 41(92%), 42(24%),
43(100%), 54(13%), 55(80%), 56(60%), 57(65%),
67(10%), 68(10%), 69(55%), 70(50%), 71(25%),
82(10%), 83(50%), 84(25%), 85(12%), 97(30%),
98(16%), 112(10%)

6 0.99 CigHzs 15.16 250 1-octadecyne 27(13%), 29(30%), 39(13%), 41(80%), 42(10%),
43(90%), 53(10%), 54(26%), 55(70%), 56(20%),
57(55%), 67(70%), 68(30%), 69(40%), 70(14%),
71(20%), 81(100%), 82(50%), 83(30%), 95(40%),
96(30%), 97(22%), 109(15%)

7 1.44 CagH450: 16.68 416.69 Gama Tocophenol 27(14%), 28(15%), 41(30%), 43(42%), 55(28%),

56(10%), 57(20%), 59(12%), 69(20%), 74(100%),
82(15%), 83(14%), 87(50%), 417(10%)
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Line

Concentration
(%)

Chemical
formula

Retention
time (s)

Molecular
weight
(gmol™)

Name of Compound

Fragmentation Peak

3.81

C18H3602

18.06

284

Hexadecanoic acid

41(45%), 42(10%), 43(52%), 45(10%), 55(48%),
56(10%), 57(39%), 60(14%), 61(12%), 67(10%),
69(20%), 70(14%), 71(17%), 73(20%), 83(14%),
85(10%), 88(100%), 89(14%), 97(10%), 101(70%),
157(10%)

6.60

C19H3602

19.82

296

11-octadecenoic acid

27(16%), 29(32%), 39(17%), 41(85%), 42(16%),
43(52%), 53(10%), 54(20%), 55(100%), 56(18%),
20.0357(17%), 59(20%), 67(25%), 68(10%), 69(50%),
70(10%), 74(35%), 81(18%), 82(10%), 83(16%),
84(15%), 87(20%), 98(20%), 264(10%)

10

11.07

C20H400

20.03

296

2-hexadecen-1-ol

41(25%), 43(35%), 55(25%), 56(17%), 57(30%),
68(20%), 69(22%), 70(14%), 71(100%), 81(20%),
82(14%), 83(14%), 95(12%), 123(20%)

11

3.34

C19H3802

20.19

298

Octadecanoic acid

29(15%), 41(25%), 43(40%), 55(30%), 57(20%),
69(15%), 74(100%), 75(20%), 87(55%), 143(15%),
298(10%)

12

9.65

CyoH350,

20.76

310

(E)-9-octadecenoic acid

41(80%), 42(15%), 43(70%), 54(25%), 55(100%),
56(225), 57(30%), 60(10%), 61(10%), 67(25%),
68(14%), 69(52%), 70(21%), 71(12%), 73(12%),
81(20%), 82(14%), 83(40%), 84(30%), 88(50%),
96(16%), 97(30%), 98(31%), 99(29%), 101(30%),
110(14%), 1119(13%), 123(10%), 180(10%),
222(10%), 264(20%), 265(10%)

13

55.49

CyoHs500,

24.85

430

Vitamin E

41(11%), 43(26%), 55(10%), 57(14%), 164(28%),
165(100%), 205(10%), 430(85%), 431(30%)
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Table 4.4: Characterization of Peaks Obtained from GC-MS Spectrum of Ethanol Extract of Phyllanthus amarus

Line | Concentration | Chemical Retention Molecular | Name of Compound Fragmentation Peak
(%) formula time (s) weight
(gmol™)
1 1.66 Cy4H,,0 11.03 206 3,5-bis(1,1-dimethylethyl)- 41(15%), 57(70%), 191(100%), 192(15%), 206(20%)
phenol

2 2.12 C17H340, 16.68 270 Pentadecanoic acid 29(12%), 41(21%), 43(45%), 55(20%), 57(17%),
69(10%), 74(100%), 75(19%), 87(60%)

3 3.06 C1gH3602 18.05 284 Hexadecanoic acid 29(21%), 41(25%), 43(33%), 55(28%), 57(26%),
60(11%), 61(12%), 69(11%), 70(10%), 71(10%),
73(14%), 88(100%), 89(14%), 101(55%), 157(12%)

4 2.70 C3HgO, 19.73 126.11 1, 2, 3-benzenetriol 39(14%), 41(92%), 42(10%), 43(30%), 53(12%),
54(32%), 55(72%), 59(14%), 67(100%), 68(32%),
69(305), 74(10%), 77(10%), 79(30%), 80(20%), 81(70%),
82(40%), 83(12%), 93(11%), 95(40%), 96(25%),
126(20%)

5 5.57 C1gH300, 19.82 278.44 Linolenic acid 29(17%), 29(32%), 39(17%), 41(85%), 42(15%),
43(55%), 53(11%), 54(20%), 55(100%), 56(20%),
57(19%), 59(20%), 67(24%), 68(11%), 69(11%),
69(51%), 70(12%), 74(37%), 81(17%), 82(11%),
83(17%), 84(16%), 87(20%), 95(13%), 96(20%),
98(20%), 278(10%)

6 23.27 CyoH4oO 20.05 296 2-hexadecen-1-ol 41(22%), 43(35%), 55(24%), 56(16%), 57(30%),

68(20%), 69(21%), 70(15%), 71(100%), 81(19%),
82(14%), 83(15%), 95(11%), 123(20%)
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Line

Concentration
(%)

Chemical
formula

Retention
time (s)

Molecular
weight
(gmol™)

Name of Compound

Fragmentation Peak

2.44

C19H3802

20.19

298

Octadecanoic acid

29(12%), 41(27%), 43(40%), 55(25%), 57(23%),
69(11%), 74(100%), 75(20%), 87(60%), 143(13%),
298(10%)

5.35

C20H3802

20.75

310

9-Octadecenoic acid

41(80%), 42(15%), 43(70%), 54(21%), 55(100%),
56(21%), 57(28%), 67(28%), 68(15%), 69(55%),
70(20%), 71(11%), 73(11%), 81(20%), 82(14%),
83(35%), 84(30%), 88(50%), 95(185), 96(28%), 97(29%),
98(27%), 101(305), 109(10%), 110(11%), 111(11%),
123(10%), 180(10%), 222(10%), 264(17%)

21.62

CyoH3405

24.46

346

Kauran-18-al

41(50%), 43(100%), 53(11%), 55(45%), 57(11%),
67(40%), 68(20%), 71(10%), 77(12%), 79(30%),
81(50%), 91(30%), 92(12%), 93(28%), 94(11%),
95(20%), 97(10%), 105(20%), 106(10%), 109(28%),
119(18%), 121(17%), 123(35%), 286(10%)

10

19.68

C15H2,0

24.90

194

4-(2,2-dimethyl-6-
methylenecyclohexyl)butanal

27(15%), 28(40%), 29(14%), 39(18%), 41(60%),
43(20%), 44(19%), 53(14%), 55(30%), 57(12%),
67(25%), 68(14%), 69(100%), 79(22%), 80(10%),
81(30%), 91(20%), 93(17%), 94(18%), 95(23%),
105(10%), 106(18%), 109(23%), 123(11%), 135(12%),
150(20%), 161(119%), 179(10%)

11

12.53

CeHsO2

27.64

142.17

Thioisomaltol

41(50%), 55(10%), 67(10%), 68(13%), 69(100%),
81(55%), 95(13%), 142(10%)
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Table 4.5: Characterization of Peaks Obtained from GC-MS Spectrum of Ethanol Extract of Boscia senegalensis

Line Concentration (%) Chemical Retention time Molecular Name of Compound Fragmentation Peak
formula (s) weight
(gmol™)

1 1.82 C¢HsCIO 6.86 128 3-chlorophenol 37(10%), 38(15%), 39(29%), 62(10%), 63(16%), 64(19%), 65(50%),
73(10%), 100(18%), 128(100%), 130(10%)

2 6.86 CoHo02 7.82 110 Hydroguinone 27(17%), 39(18%), 53(15%), 54(10%), 55(23%), 81(30%), 82(17%),
110(100%)

3 2.75 CuHz0 11.03 206 3,5-bis(1,1-dimethylethyl)- 41(14%), 57(65%), 191(100%), 192(11%), 206(21%)

phenol

4 0.80 Ci3Ha6 12.00 182 3-tridecene 27(21%), 29(40%), 39(19%), 41(100%), 42(20%), 43(60%),
54(11%), 55(65%), 56(40%), 57(40%), 67(18%), 68(10%), 69(48%),
70(35%), 71(18%), 83(25%), 84(20%), 98(12%)

5 1.17 CeHsO3 12.78 126 1,2,3-benzenetriol 45(17%), 59(40%), 61(50%), 75(85%), 85(20%), 87(14%), 99(10%),
101(12%), 113(10%), 115(100%), 116(10%), 126(12%)

6 9.10 C7H1406 18.04 194 Methyllinositol 41(48%), 42(10%), 43(53%), 45(10%), 55(50%), 56(10%), 57(40%),
60(14%), 61(14%), 67(10%), 69(21%), 70(16%), 71(20%), 73(22%),
83(12%), 85(10%), 88(100%), 89(12%), 97(10%), 101(70%),
143(10%), 157(12%), 194(10%)

7 14.02 CaoHs00 20.02 296 2-hexadecen-1-ol 41(25%), 43(35%), 55(25%), 56(17%), 57(30%), 68(20%), 69(22%),
70(15%), 71(100%), 81(20%), 82(15%), 83(15%), 95(11%),
97(10%), 123(20%)

8 34.10 C1sH300, 20.76 278 9,12,15-Octadecatrienoic acid 27(28%), 29(32%), 39(30%), 41(100%), 43(20%), 45(10%),
53(12%), 54(12%), 55(60%), 60(14%), 65(12%), 66(12%), 67(70%),
68(17%), 69(20%), 77(20%), 78(10%), 79(80%), 80(32%), 81(32%),
82(17%), 91(22%), 93(31%), 94(20%), 95(32%), 107(10%),
108(28%), 121(10%)

9 5.67 Ca4Hz304 24.76 390 Di-n-octylphthalate 27(10%), 28(14%), 29(20%), 41(30%), 43(30%), 55(20%), 56(10%),
57(50%), 70(30%), 71(30%), 84(10%), 104(10%), 113(10%),
149(100%), 150(20%), 167(30%), 2

10 23.71 CaoHso 27.62 410 2,6,10,14,18,22-tetracosahexane | 41(50%), 55(11%), 67(12%), 68(14%), 69(100%), 81(60%),

95(14%), 137(10%)
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Figures 4.9 - 4.12 show the variation of weight loss of mild steel with time for the
corrosion of mild steel in 0.5 M H,SO, containing various concentrations of the extracts.
The plots shows that degradation of mild steel decreased with increased in the

concentration of the studied plant extract but increases with increasing period of contact.

Tables 4.6 — 4.9 present the inhibition efficiencies and corrosion rates of mild steel
and aluminium in various acid media at various temperature. These indicate that the rate of
corrosion of mild steel in HCI and H,SO4 solution increases with increase in the period of
contact but decreased with increase in the concentration of the extracts (Eddy et al., 2010;

Oguzie et al., 2012a).

4.3  Effect of Temperature

Figures 4.17 - 4.24, show the plot of log CR versus reciprocal of absolute
temperature, 1/T, with slope equal to -E./R, from which the activation energy for the
corrosion process was calculated. The activation energy parameter is depicted in Tables

4.10-4.12.

Figures 4.25 - 4.32, show the plot of log CR/T versus reciprocal of absolute
temperature, 1/T, with slope equal to -AH,/2.303R and an intercept of {log R/Nah +
AS./2.303R}, from such the activation parameters were calculated and presented in Tables

4.13-4.14.
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Table 4.6: Corrosion Rate of Aluminium and Inhibition Efficiencies of the VVarious

Inhibitors in 1.0 M HCI at 303K, 313K, 323K and 333K

System Inhibition efficiency (%) Corrosion rate (gh*cm™)
at 303K PP PA BS PP1 PP PA BS PP1
Blank - - - - 0.00355 0.00355 0.00355 0.00355
0.1g/l 62.12 56.56 64.78 58.52  0.00134 0.00154 0.00125 0.00147
0.29/l 66.66 64.63 67.76 60.71  0.00118 0.00126 0.00114 0.00139
0.39/l 68.85 66.19 6885 65.72 0.00111 0.00120 0.00111 0.00122
0.4 g/l 7261 6885 69.01 67.60 0.00097 0.00111 0.00110 0.00115
059/l 7355 69.17 70.10 70.57  0.00094 0.00109 0.00106 0.00104
at 313K

Blank - - - - 0.00521 0.00521 0.00521 0.00521
0.19/l 3425 4770  40.76 56.02  0.00342 0.00272 0.00308 0.00229
0.2 g/l 45,78 5218 4290 59.97  0.00282 0.00249 0.00297 0.00208
0.3¢/l 5410 5453 4599 64.25 0.00239 0.00237 0.00281 0.00186
0.4 g/l 58,59 5421  47.70 66.70  0.00216 0.00238 0.00272 0.00173
059/l 62.64 5944 5165 69.37 0.00194 0.00211 0.00252 0.00159
at 323K

Blank - - - - 0.01042 0.01042 0.01042 0.01042
0.1¢/l 2757 3056  38.82 21.38 0.00754 0.00723 0.00637 0.00819
0.2 g/l 32.16 3594 4096 29.12  0.00707 0.00667 0.00615 0.00738
0.3¢/l 3445 3717 4170 30.50 0.00683 0.00654 0.00607 0.00724
0.4 g/l 39.78 38.98 4208 34.77  0.00627 0.00636 0.00603 0.00679
059/l 46.98 42.08 46.66 38.45  0.00553 0.00603 0.00556 0.00641
at 333K

Blank - - - - 0.01686 0.01686 0.01686 0.01686
0.19/l 26.85 26.26 12.65 07.31  0.01233 0.01243 0.01473 0.01563
0.2 g/l 30.18 3344 17.13 0757 0.01177 0.01122 0.01397 0.01558
0.3¢/l 3212 3555 2121 21.38 0.01144 0.01087 0.01328 0.01326
0.4 g/l 35.12 36.93 2243 23.65 0.01094 0.01063 0.01308 0.01287
0.5/l 4550 4042 2250 30.87 0.00919 0.01004 0.01307 0.01166
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Table 4.7: Corrosion Rate of Aluminium and Inhibition Efficiencies of the VVarious
Inhibitors in 0.5 M H,SO, at 303K, 313K, 323K and 333K

System Inhibition efficiency (%) Corrosion rates (ghcm™)
at

303K PP PA BS PP1 PP PA BS PP1

Blank 8.33E-05 8.33E-05 8.33E-05 8.33E-05

0.1g/l  20.00 20.00 -6.66 13.33  6.67E-05 6.67E-05 8.89E-05 7.22E-05
0.2g9/l 20.00 20.00 6.66 20.00 6.67E-05 6.67E-05 7.78E-05 6.67E-05
0.3g/ 20.00 20.00 6.66 20.00 6.67E-05 6.67E-05 7.78E-05 6.67E-05
0.4g9/l 20.00 20.00 6.66 20.00 6.67E-05 6.67E-05 7.78E-05 6.67E-05
0.5g/ 40.00 40.00 6.66 33.33 0.00005 0.00005 7.78E-05 5.56E-05

at

313K

Blank 0.00016 0.00016 0.00016 0.00016
0.1g/l  0.00 -3.57 -7.14 -3.57 0.00016  0.00016 0.00017 0.00016
0.2g/l  0.00 0.00 -7.14 0.00 0.00016 0.00016 0.00017 0.00016
0.3g/l  0.00 0.00 -3.57 7.14 0.00016 0.00016 0.00016 0.00014
0.4g/ 10.71  10.71  -3.57 3.57 0.00014 0.00014 0.00016 0.00015
059/l 1428 1428 7.14 7.14 0.00013 0.00013 0.00014 0.00014

at

323K

Blank 0.00029 0.00029 0.00029 0.00029
0.1g/l  0.00 -11.53 -11.53 -17.30 0.00029 0.00032 0.00032 0.00034
0.2g/l  0.00 -7.69 -11.53 -9.61 0.00029 0.00031 0.00032 0.00032
0.3g/ 192 -5.76 -3.84 -9.61 0.00028 0.00031 0.00030 0.00032
049/l 192 0.00 -1.92 -9.61 0.00028 0.00029 0.00029 0.00032
0.5g/ 7.69 7.69 0.00 -9.61 0.00027 0.00027 0.00029 0.00032

at

333K

Blank 0.000483 0.00016 0.000483 0.000483
0.1g/l -5.74 -33.33 -12.64 -26.43 0.00016 0.000644 0.000544 0.000611
0.29/l  -4.59 -33.33 -5.74 -26.43  0.00016 0.000644 0.000511 0.000611
0.3g/  -4.59 -28.73 -3.44 -14.94 0.00016 0.000622 0.000500 0.000556
049/l  -2.29 -10.34 -5.74 -14.94  0.0001 0.000533 0.000511 0.000556
0.59/1 -1.14 -9.19 -4.59 -10.34  0.000133 0.000528 0.000506 0.000533
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Table 4.8: Corrosion Rate of Mild Steel and Inhibition Efficiencies of the VVarious
Inhibitors in 1.0 M HCI at 303K, 313K, 323K and 333K

System Inhibition efficiency (%) Corrosion rate (ghcm™)
at303K PP PA BS PP1 PP PA BS PPl
Blank 0.00580 0.0058 0.00580 0.00580
0.1g 60.44 30.55 61.30 40.90 0.00229 0.00402 0.00224 0.00342
0.2g9 69.73 43.96 70.59 50.86 0.00175 0.00325 0.00170 0.00285
0.3g 74.04 53.06 75.67 63.69 0.00150 0.00272  0.00141 0.00210
0.4g 80.07 58.71 78.54 65.03 0.00115 0.00239 0.00124 0.00202
0.59 8352  66.47 8151 6858  0.00095 0.00194 0.00107 0.00182
at 313K

Blank 0.01190 0.01190 0.01190 0.01190
0.1g 17.40 23.01 15.21 37.33 0.00983 0.00916 0.01009 0.00746
0.2g9 18.61 24.21 41.57 47.50 0.00968 0.00902 0.00695 0.00625
0.3g 41.99 27.62 54.50 62.57 0.00690 0.00861 0.00541 0.00446
0.4g 55.34 29.91 58.93 64.30 0.00531 0.00834 0.00488 0.00425
0.5g 61.03 39.80 65.05 65.32 0.00463 0.00716 0.00416 0.00413
at 323K

Blank 0.01764 0.01764 0.01764 0.01764
0.1g 5.76 15.74 9.44 13.09 0.01663 0.01487 0.01597 0.01533
0.29 12.21 18.35 3041 27.20 0.01549 0.01441 0.01227 0.01284
0.3g 16.82 21.31 40.52 35.29 0.01468 0.01388 0.01049 0.01142
0.4g 23.17 28.11 43.01 40.74 0.01356 0.01268 0.01005 0.01046
0.5g 30.38 40.93 56.83 44.67 0.01228 0.01042 0.00761 0.00976
at 333K

Blank 0.02563 0.02563 0.02563 0.02563
0.1g 4.76 12.11 6.01 0.10 0.02441 0.02252  0.02408 0.02560
0.29 5.26 12.87 14.26 1.40 0.02428 0.022328 0.02197 0.02527
0.3g 15.73 18.46 17.64 7.54 0.02159 0.020894 0.02110 0.02369
0.4g 21.65 24.25 18.38 7.91 0.02008 0.019411 0.02091 0.02360
0.5g 23.28 32.84 18.81 10.03 0.01966 0.017211 0.02080 0.02306
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Table 4.9: Corrosion Rate of Mild Steel and Inhibition Efficiencies of the VVarious
Inhibitors in 0.5 M H,SO, at 303K, 313K, 323K and 333K

System Inhibition efficiency (%) Corrosion rates (gh™’cm™)

at 303K PP PA BS PP1 PP PA BS PP1
Blank 0.01384 0.01384 0.01384 0.01384
0.1g/l 51.42 28.62 41.67 37.09 0.00672 0.00988 0.00807 0.00871
0.2g/1 67.96 36.33 56.08 50.46 0.00443 0.00881 0.00608 0.00686
0.3g/l 73.34 46.96 66.84 55.92 0.00369 0.00734 0.00459 0.00610
0.4g/l 77.23 49.97 74.67 59.65 0.00315 0.00692 0.00351 0.00558
0.5g/I 79.00 55.92 80.29 65.47 0.00291 0.00610 0.00273 0.00478
at 313K

Blank 0.01998 0.01998 0.01998 0.01998
0.1g/l 15.98 28.63 13.51 31.77 0.01679 0.01426 0.01728 0.01363
0.2¢g/1 16.29 31.72 29.21 45.01 0.01673 0.01364 0.01414 0.01099
0.3g/l 38.33 34.80 44.28 50.26 0.01232 0.01303 0.01113 0.00994
0.4g/l 44,75 37.89 52.93 56.43 0.01104 0.01241 0.00941 0.00871
0.5g/I 53.96 40.58 57.10 60.18 0.00920 0.01187 0.00857 0.00796
at 323K

Blank 0.03018 0.03018 0.03018 0.03018
0.1g/l 7.69 22.06 11.87 9.88 0.02786 0.02352 0.02660 0.02720
0.2g/l 11.33 30.25 15.57 22.28 0.02676 0.02105 0.02548 0.02346
0.3g/l 16.74 34,51 27.31 30.70 0.02513 0.01977 0.02194 0.02092
0.4g/l 23.49 36.38 30.75 38.83 0.02309 0.01920 0.02090 0.01846
0.5g/I 26.24 38.43 31.51 41.08 0.02226 0.01858 0.02067 0.01778
at 333K

Blank 0.03779 0.03779 0.03779 0.03779
0.1g/l 3.94 11.46 9.20 0.02 0.03630 0.03346 0.03431 0.00061
0.2g/l 7.04 12.27 10.48 1.59 0.03513 0.03315 0.03383 0.00061
0.3g/l 15.21 17.21 14.95 4.78 0.03204 0.03128 0.03214 0.00056
0.4g/l 20.64 23.37 17.36 5.39 0.02999 0.02896 0.03123 0.00056
0.5g/I 23.43 28.55 21.75 8.61 0.02893 0.02700 0.02957 0.00053
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Fig. 4.13: Variation of log (Corrosion Rate) of Aluminium with Inverse Temperature
in 1.0 M HCI Containing Various Concentration of (a) PP (b) PA
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Fig. 4.14: Variation of log (Corrosion Rate) of Aluminium with Inverse Temperature
in 1.0M HCI Containing Various Concentration of (a) BS (b) PP1
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Fig. 4.15: Variation of log (Corrosion Rate) of Mild Steel with Inverse Temperature in
1.0 M HCI Containing Various Concentration of (a) PP (b) PA
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Fig. 4.16: Variation of log (Corrosion Rate) of Mild Steel with Inverse Temperature in
1.0 M HCI Containing Various Concentration of (a) BS (b) PP1
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Fig. 4.17: Variation of log (Corrosion Rate) of Aluminium with Inverse Temperature
in 0.5 M H,SO, Containing Various Concentration of (a) PP (b) PA
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Fig. 4.18: Variation of log (Corrosion Rate) of Aluminium with Inverse Temperature
in 0.5 M H,SO, Containing Various Concentration of (a) BS (b) PP1
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Fig. 4.19: Variation of log (Corrosion Rate) of Mild Steel with Inverse Temperature in
0.5 M H,SO,4 Containing Various Concentration of (a) PP (b) PA
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Fig. 4.20: Variation of log (Corrosion Rate) of Mild Steel with Inverse Temperature in
0.5 M H,SO, containing various concentration of (a) BS (b) PP1
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Table 4.10: Thermodynamic Parameters for the Adsorption of Various
Concentration of the Inhibitor on Aluminium Surface in 1.0 M HCI

System Ea(kJmol™) Qads (kJmol ™)
Blank 44.94 -
0.1g/l 62.61 41.87
PP Al 0.2g/1 65.67 -42.84
0.3g/1 67.72 -39.35
0.4g/1 69.96 48.19
0.5¢/1 66.25 -33.65
0.1g/1 60.75 -36.36
PA Al 0.2g/1 63.43 -36.11
0.3g/1 64.03 -35.43
0.4¢g/1 65.29 -37.15
0.5¢/1 64.64 -33.44
0.1g/1 68.16 -71.09
BSAl  0.2gl 69.10 64,86
0.3g/1 69.06 -58.88
0.4g/1 69.01 -57.08
0.5¢/1 69.79 -58.43
0.1g/1 69.98 -80.65
PPL Al 0.2g/l 71.13 8213
0.3g/1 71.36 -54.62
0.4g/1 72.07 53.34
0.5¢/1 72.24 -47.06
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Table 4.11: Thermodynamic Parameters for the Adsorption of Various
Concentration of the Inhibitor on Mild Steel Surface in 1.0 M HCI

System Ea (kJ/mol) Qads (kJ/mol)
Blank 41.55 -
0.1g/1 66.12 -95.59
PP steel 0.2g/1 73.64 -104.15
0.3g/l 74.49 -76.24
0.4g/1 79.85 -74.87
0.5¢/1 84.58* -78.75
0.1g/1 47.56 -32.41
PA steel  0.2g/l 52.71 -46.69
0.3g/1 55.66 -44.96
0.4¢g/1 56.58 -41.70
0.5¢/1 58.42 -39.15
0.1g/1 64.12 -89.80
BS steel 0.2g/1 69.48 -74.65
0.3g/1 73.93 -74.82
0.4¢g/1 77.35 -77.98
0.5¢/1 79.84 -82.38
0.1g/1 56.75 -180.62
PP1 steel 0.2¢/I 60.98 -119.77
0.3g/1 68.78 -85.81
0.4g/1 69.24 -86.00
0.5¢/1 71.04 -83.17

* chemisorption process
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Table 4.12: Thermodynamic Parameters for the Adsorption of Various
Concentration of the Inhibitor on Mild Steel and Aluminium Surface in

0.5 M H,S0O,
Al Steel
System  E,(kJmol™) Qags (kJmol-1) E.(kJmol™)
Blank 49.46 28.8
0.1g/1 51.91 -90.92 47.01
0.2¢9/1 59.22 -93.20 56.56
PP 0.3¢g/1 52.64 -76.34 60.85
0.4g/1 54.03 -71.83 63.40
0.5¢/1 55.64 -70.17 65.69
0.1g/1 58.32 -31.61 41.32
0.2¢9/1 70.17 -39.31 39.75
PA 0.3¢/1 58.02 -40.53 40.18
0.4¢/1 60.08 -33.18 36.95
0.5¢/1 62.30 -32.31 34.89
0.1g/1 46.11 -54.61 40.29
0.2¢9/1 51.03 -66.82 48.40
BS 0.3¢/1 43.08 -68.22 5491
0.4¢/1 49.44 -73.87 62.02
0.5¢/1 52.35 -75.07 67.74
0.1g/1 58.32 -229.48 40.52
0.2¢g/1 51.49 -115.81 46.64
PP1 0.3¢/1 44.42 -90.30 48.60
0.4¢/1 42.93 -91.04 50.64
0.5g/l 46.03 -83.94 54.17
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Fig. 4.21: Variation of log CR/T of Aluminium with Inverse Temperature in 1.0 M
HCI Containing Various Concentration of (a) PP (b) PA
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Fig. 4.22: Variation of log CR/T of Aluminium with Inverse Temperature in 1.0 M
HCI Containing Various Concentration of (a) BS (b) PP1
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Fig. 4.23: Variation of log CR/T of Mild Steel with Inverse Temperature in 1.0 M HCI
Containing Various Concentration of (a) PP (b) PA
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Fig. 4.24: Variation of log CR/T of Mild Steel with Inverse Temperature in 1.0 M HCI
Containing Various Concentration of (a) BS (b) PP1
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Fig. 4.25: Variation of log CR/T of Aluminium with Inverse Temperature in 0.5 M
H,SO, Containing Various Concentration of (a) PP (b) PA
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Fig. 4.26: Variation of log CR/T of Aluminium with Inverse Temperature in 0.5 M
H,SO, Containing Various Concentration of (a) BS (b) PP1
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Fig. 4.27: Variation of log CR/T of Mild Steel with Inverse Temperature in 0.5 M
H,SO, Containing Various Concentration of (a) PP (b) PA
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Fig. 4.28: Variation of log CR/T of Mild Steel with Inverse Temperature in 0.5 M
H,SO, Containing Various Concentration of (a) BS (b) PP1
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Table 4.13: Thermodynamic Parameters for the Enthalpy and Entropy of Activation
of Various Concentration of the Inhibitor on Mild Steel and Aluminium
Surface in 1.0 M HCI

Al Steel
AH, (kJ/mol) AS, (kd/mol) AH, (kJ/mol) AS,(kJ/mol)
Blank 42.32 -0.152 38.22 -0.161
0.5g/1 63.61 -0.093 84.18* -0.029
PP 0.49/1 67.32 -0.081 77.62 -0.043
0.3g/1 65.08 -0.087 71.27 -0.062
0.2g/1 63.03 -0.093 68.03 -0.071
0.1g/1 59.97 -0.102 61.81 -0.089
0.5g/1 62.00 -0.097 55.78 -0.111
0.49/1 62.65 -0.095 53.94 -0.115
PA 0.3g/l 61.39 -0.099 53.02 -0.118
0.29/l 60.81 -0.100 50.07 -0.126
0.1g/1 58.11 -0.108 44.12 -0.142
0.5g/1 67.15 -0.081 77.22 -0.046
0.49/1 66.36 -0.083 74.73 -0.053
BS 0.3g/l 66.44 -0.083 71.28 -0.063
0.29/l 66.46 -0.082 66.84 -0.076
0.1g/1 65.52 -0.065 61.48 -0.091
0.5g/1 69.60 -0.074 68.39 -0.072
0.49/1 69.43 -0.074 66.59 -0.077
PP1 0.3g/l 68.72 -0.075 66.13 -0.078
0.2g/l 68.49 -0.075 58.34 -0.101
0.1g/1 67.34 -0.078 54.11 -0.113

*chemisorptions process
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Table 4.14: Thermodynamic Parameters for the Enthalpy and Entropy of Activation
of Various Concentration of the Inhibitor on Mild Steel and aluminium

Surface in 0.5 M H,SO4

PP

PA

BS

PP1

Blank
0.5¢/1
0.49/l
0.3¢/1
0.29/l
0.1g/1

0.5¢/1
0.49/l
0.3¢/1
0.29/l
0.1g/1

0.5¢/1
0.49/l
0.3¢/1
0.29/l
0.1g/1

0.5¢/1
0.49/1
0.3¢/1
0.29/l
0.1g/1

Al Steel
AH, (kJ/mol) AS, (kd/mol) AH, (kJ/mol) AS,(kJ/mol)
46.81 -0.168 26.15 -0.194
53.02 -0.150 63.05 -0.084
51.39 -0.155 60.75 -0.091
50.01 -0.159 58.21 -0.098
56.58 -0.139 53.92 -0.110
49.27 -0.162 44.36 -0.139
59.66 -0.128 38.68 -0.159
57.44 -0.136 37.11 -0.164
55.37 -0.142 37.38 -0.162
67.53 -0.104 34.31 -0.171
55.68 -0.142 32.24 -0.177
49.71 -0.160 65.10 -0.078
46.81 -0.168 59.38 -0.095
40.44 -0.190 52.27 -0.117
48.38 -0.164 45.76 -0.136
43.46 -0.179 37.64 -0.160
43.39 -0.181 51.52 -0.120
40.29 -0.190 48.00 -0.130
41.78 -0.185 45.95 -0.136
48.84 -0.164 44.00 -0.142
55.70 -0.141 37.87 -0.160
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Values of Qs are also presented in Table 4.10 - 4.12. The values are negative;
indicating that the adsorption of the plant extracts studied on both aluminium and mild steel
surface is exothermic. It should be noted that since the corrosion reactions were carried out
at constant pressure, calculated values of Q,qs are expected to be approximately equal to the

enthalpies of adsorption.
4.4  Thermodynamic/adsorption Study

The degree of surface coverage for the various concentration of the extracts at the
various temperatures were tested with four different isotherm equations and plots are
presented in. Langmuir (Figures 4.29 — 4.34), Freundlich (Figures 4.35 — 4.40), Temkim
(Figures 4.41 — 4.46), EI-Awady (Figures 4.47 — 4.52). It is evident from the plot and
values of R? obtianed that both aluminium and mild steel Langmuir isotherm is best fit in
both acid media at room temperature while at elevated temperature mild steel is best fit for

Freundlich isotherm.

4.5 Electrochemical Measurement

The results of a typical LPR (anodic and cathodic) curves for the corrosion of
aluminium and mild steel in 1.0 M HCI and 0.5 M H,SO, solution in the presence and
absence of the various concentrations of the inhibitors are presented in Figures 4.53 - 4.64.
The parameters derived from these plots are also presented in Table 4.15 and 4.16. The
IE% obtained from electrochemical measurements follow similar trend as that in

gravimetric method, indicating that the extracts inhibit both mild steel and aluminium.
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Fig. 4.29: Langmuir Isotherm for PP Adsorption on Mild Steel Surface in (a) 1.0 M
HCI and (b) 0.5 M H,SO, Solution at Various Temperature
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Fig. 4. 30: Langmuir Isotherm for PA Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at Various Temperature

100



log C/0©
L 4 ]
. ’ O 2 _
2
log C ! ! ¢ 333K
og )
1.2 0.2 323K
313K
X 303K
log C/6
f ) @ 333K
log C
-1.2 0.2 W 323K
313K
X 303K

-0.8 -

(b)

Fig. 4.31: Langmuir Isotherm for BS Adsorption on Mild Steel Surface in (a) 1.0 M
HCI and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.32: Langmuir Isotherm for PP1 Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.33: Langmuir Isotherm for the Adsorption of (a) PP and (b) PA on Aluminium
Surface in 1.0 M HCI Solution at Various Temperature

103



log C/0
logC T #333K
-1.2 0.2 323K
313K
X 303K
-1 -
(a)
0.6 ~
log C/0
04 ¢
333K
log C '
) 05 M323K
313K
X 303K

(b)

Fig. 4.34: Langmuir Isotherm for the Adsorption of (a) BS and (b) PP1 on Aluminium
Surface in 1.0 M HCI Solution at Various Temperature
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Fig. 4.35: Freundlich Isotherm for PP Adsorption on Mild Steel Surface in (a) 1.0 M
HCI and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.36: Freundlich Isotherm for PA Adsorption on Mild Steel Surface in (a) 1.0 M
HCI and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.37: Freundlich Isotherm for BS Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.38: Freundlich Isotherm for PP1 Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.40: Freundlich Isotherm for the Adsorption of (a) BS and (b) PP1 on
Aluminium Surface in 1.0 M HCI Solution at VVarious Temperature

110



(3]
@ 333K
323K
313K
X 303K
-1.2 0.2
log C
0
@ 333K
W 323K
313K
X 303K
-1.2 0.2
log C

(b)

Fig. 4.41: Temkin Isotherm for PP Adsorption on Mild Steel Surface in (a) 1.0 M HCI
and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.42: Temkin Isotherm for PA Adsorption on Mild Steel Surface in (a) 1.0 M HCI
and (b) 0.5 M H,SO, Solutions at Various Temperature
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Fig. 4.43: Temkin Isotherm for BS Adsorption on Mild Steel Surface in (a) 1.0 M HCI
and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.44: Temkin Isotherm for PP1 Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at VVarious Temperature

114



€ 333K
323K

313K
X 303K

log C

(a)

€ 333K
323K
313K

X 303K

(b)

Fig. 4.45: Temkin Isotherm for the Adsorption of (a) PP and (b) PA on Aluminium
Surface in 1.0 M HCI Solution at VVarious Temperature
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Fig. 4.46: Temkin Isotherm for the Adsorption of (a) BS and (b) PP1 on Aluminium
Surface in 1.0 M HCI Solution at VVarious Temperature
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Fig. 4.47: El-Awady Isotherm for PP Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at VVarious Temperature

117



0.8 -

0.6 1 logB/1-6
r , ¢ 333K
log C
-1.2 0.2 W 323K
313K
X 303K
(a)
0.4 -
log 6/1-6
2 A
log C f !
-1.2 0.2
¢ 333K
323K
313K
X 303K
-1.2 -

(b)

Fig. 4.48: EI-Awady Isotherm for PA Adsorption on Mild Steel Surface in (a) 1.0 M
HCI and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.49: EI-Awady Isotherm for BS Adsorption on Mild Steel Surface in (a) 1.0 M
HCl and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.50: EI-Awady Isotherm for PP1 Adsorption on Mild Steel Surface in (a) 1.0 M
HCI and (b) 0.5 M H,SO, Solutions at VVarious Temperature
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Fig. 4.51: EI-Awady Isotherm for the Adsorption of (a) PP and (b) PA on Aluminium
Surface in 1.0 M HCI Solution at Various Temperature
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Fig. 4.52: EI-Awady Isotherm for the Adsorption of (a) BS and (b) PP1 on Aluminium
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Fig. 4.55: Polarization Curve for the Corrosion of Mild Steel in 1.0 M HCI in the
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Fig. 4.57: Polarization Curve for the Corrosion of Mild Steel in 1.0 M HCI in the
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Fig. 4.58: Polarization Curve for the Corrosion of Mild Steel in 0.5 M H,SOy in the
Presence and Absence of VVarious Concentrations of BS at 303K
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Fig. 4.59: Polarization Curve for the Corrosion of Mild Steel in 1.0 M HCI in the
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Fig. 4.60: Polarization Curve for the Corrosion of Mild Steel in 0.5 M H,SO4 in the
Presence and Absence of VVarious Concentrations of PP1 at 303K
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Presence and Absence of VVarious Concentrations of PA at 303K
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Fig. 4.63: Polarization Curve for the Corrosion of Aluminium in 1.0 M HCI in the
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Table 4.15: Tafel Polarization Parameters Obtained at VVarious Concentration of

Inhibitors on Mild Steel in Acidic Media

HCI H,SO,
Inhibitor Conc.(g/)  Egn(mV)  Icorr (pA) IE % Ecorr(MV) leorr (LA) IE %
Blank  -864.95 1179.0 - -1004.4 1642.2 -
0.1 -869.38 516.46  56.19 -876.45 679.96  58.59
0.2 -934.37 343.09  70.89 -995.08 489.53  70.19
PP 0.3 -952.04 286.53  75.69 -1013.2 47324  71.18
0.4 -1109.5 187.68  84.08 -935.00 372.01  77.34
0.5 -1223.4 128.56  89.09 -966.65 304.67  81.44
0.1  -940.2 654.25  44.50 -1045.6 110430  32.75
0.2 -924.05 583.39  50.51 -1052.0 100420  38.85
PA 0.3 -932.84 480.84  59.21 -888.29 918.70  44.05
0.4 -926.85 475.14  59.69 -948.84 834.23  49.20
0.5 -933.07 39461  66.53 -1003.4 72232  56.01
0.1 -986.68 511.00  56.65 -966.43 725.40  55.82
0.2 -934.37 343.09  70.89 -1024.7 556.52  66.11
BS 0.3 -882.40 286.53  75.69 -1015.0 48235  70.62
04 -1212.4 151.07  87.18 -1222.6 361.28  78.01
0.5 -961.36 136.12  88.45 -995.55 295.60  82.00
0.1 -940.20 654.25  44.50 -926.15 1069.8  34.85
0.2 -869.38 516.46  56.19 -956.73 861.27  47.55
PP1 0.3 -808.70 372.83  68.37 -1003.4 72232  56.01
0.4 -932.58 331.41  71.89 -932.84 480.84  70.71
0.5 -882.40 286.53  75.69 -935.0 372.01  77.34
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Table 4.16: Linear Polarization Resistant Data for BS, PA, PP and PP1 in VVarious

Acidic Media
C R, (Q/cm) R, (Q/cm?) R, (Q/cm?) %l %l %l
(g/L) (FeinHCl) (FeinH,SO,) (Alin HCI) (Fe/HCl) (Fe/H,S0O,) (Al/HCI)
Blank 17.105 14.103 46.087 - - -
0.1 51.383 28.146 69.748 66.71 49.89 33.91
0.2 85.63 34.285 119.77 80.02 58.87 61.51
v 0.3 66.049 44.451 134.51 74.10 68.27 65.73
- 0.4 134.51 261.18 349.79 87.28 94.60 86.82
0.5 826.5 174.68 759.63 97.93 91.93 93.93
0.1 35.223 20.513 119.77 51.44 31.25 61.51
0.2 36.638 23.263 121.34 53.31 39.38 62.01
< 0.3 41.322 25.873 131.69 58.61 45.49 65.00
~ 0.4 46.247 27.016 134.51 63.01 47.80 65.73
0.5 54.897 30.085 141.322 68.84 53.12 67.38
0.1 41.87 30.219 119.61 59.15 53.33 61.46
0.2 85.63 32.369 134.51 80.02 56.43 65.73
a 03 66.049 32.779 519.14 74.10 56.98 91.12
. 0.4 568.03 37.228 568.03 96.99 62.12 91.88
0.5 98.119 39.533 759.63 82.57 64.33 93.93
0.1 35.223 19.27 98.119 51.44 26.81 53.02
0.2 41.87 24.257 119.61 59.15 41.86 61.46
E 0.3 58.157 30.085 131.69 70.59 53.12 65.00
0.4 61.59 32.779 134,51 72.23 56.98 65.73
0.5 66.049 41.322 568.03 74.10 65.87 91.88
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The standard Gibbs’free energy calculated for the different adsorption isotherms at
the various temperatures for the plant extracts are also presented in appendice I- VI.

Figure 4.65 — 4.70 also shows a comparative study of the inhibition efficiencies
obtained from the various experimental methods (Gravimetric method GM, Linear
polarization resistance LPR, and Potentiodynamic polarization PDP). This shows that the
IE% of the acid/inhibitor environment increases with an increase in the inhibitor

concentrations.

4.6 Infrared Spectroscopic Study

IR analysis was carried out on the powder of the extracts as well as the corrosion
products (in the presence and absence of the inhibitors). Figures 4.71 - 4.82 show the
spectra of the products of the scrap of the mild steel and aluminium after immersion for 7
days in 1.0 M HCI and 0.5 M H,SO, containing 0.5g/l of the various inhibitors. From
various peaks it could be seen that there are shift in the absorption band in the presence of
the extracts, which indicate that the mechanism of absorption of the extracts on the metals

is through a physical absorption.

4.7  Scanning Electron Microscopy Study

Surface morphologies of mild steel and aluminium in solutions of 1.0 M HCI and
0.5 M H,SO, were studied using scanning electron microscopy. Plate 4.1 - 4.5 show the
micrographs of polished aluminium and mild steel sheet, corroded mild steel and

aluminium at x 5000 magnification in the presence and absence of the various inhibitors
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Fig. 4.65: Comparative Chart of Inhibitor Efficiency (1E) for Mild Steel - 1 M HCI
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Fig. 4.72: FTIR Spectra of (a) BS alone (b) Corrosion Product from the Corrosion of
Mild Steel when 0.5g/I of BS was used as an Inhibitor in 1.0 M HCI
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Fig. 4.73: FTIR Spectra of (a) PA alone (b) Corrosion Product from the Corrosion of
Mild Steel when 0.5g/I of PA was used as an Inhibitor in 1.0 M HCI
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Fig.4.74: FTIR Spectra of (a) PP alone (b) Corrosion Product from the Corrosion of

Mild Steel when 0.5g/l of PP was used as an Inhibitor in 1.0 M HCI
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Fig.4.76: FTIR Spectra of (a) BS alone (b) Corrosion Product from the Corrosion of
Aluminium when 0.5g/l of BS was used as an Inhibitor in 1.0 M HCI
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Fig. 4.77: FTIR Spectra of (a) PA alone (b) Corrosion Product from the Corrosion of
Aluminium when 0.5g/l of PA was used as an Inhibitor in 1.0 M HCI

150




8
4-8-4.15—"\\”%\-‘__\“

%T
I .F‘——‘_l__““\ /\f‘/\l‘/
T L~ 5 |
1 8 & 2 A Rkl 3 N r——— A | B
D2 B S B BV o NP ~ 1 3 - ! ] | o 2
‘AR AN YR SN - :
I sg Bycls a 3 8§
- ml | g:ﬁ 8 %N
4500 4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
(@)
45
%T |

505.27— |

629.?5—<

_ . Ve

e
2365 W—\
|
\
w_<
1136.04—||

|
>

—
T
4453 43—
i
4261.15—
4188 56—
3421.83—

4500 4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
(b)

Fig. 4.78: FTIR Spectra of (a) PP alone (b) Corrosion Product from the Corrosion of
Aluminium when 0.5g/l of PP was used as an Inhibitor in 1.0 M HCI
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Fig. 4.81: FTIR Spectra of (a) PA alone (b) Corrosion Product from the Corrosion of

Aluminium when 0.5g/l of PA was used as an Inhibitor in 0.5 M H,SO4
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Fig.4.82: FTIR Spectra of (a) PP alone (b) Corrosion Product from the Corrosion of
Aluminium when 0.5g/l of PP was used as an Inhibitor in 0.5 M H,SO4

155



SEI. 30k wWbhiamm

Plate 4.1: SEM Micrographs of Polished A) Aluminium Sheet and B) Mild Steel alone
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Plate 4.2: SEM Micrographs of Mild Steel Corroded in 1.0 M HCI Solution for 7days
(a)Mild Steel alone and in the Presence of (b) Boscia senegalensis (c)
Phyllanthus amarus (d) Paullina pinnata (x 5000)
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Plate 4.3: SEM Micrographs of Aluminium Corroded in 1.0 M HCI Solution for 7days
(a) Aluminium alone and in the Presence of (b) Boscia senegalensis (c)
Phyllanthus amarus (d) Paullina pinnata (x 5000)
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Plate 4.4: SEM Micrographs of Mild Steel Corroded in 0.5 M H,SO, Solution for
7days (a) Mild Steel alone and in the Presence of (b) Boscia senegalensis (c)
Phyllanthus amarus (d) Paullina pinnata (x 5000)

159



d

s A\

”

—

35

IS

Plate 4.5: SEM Micrographs of Aluminium Corroded in 0.5 M H,SO, Solution for

7days (a) Aluminium alone and in the Presence of (b) Boscia senegalensis (c)
Phyllanthus amarus (d) Paullina pinnata (x 5000)

160



4.8  Computational and Theoretical Modelling
4.8.1 Quantum chemical calculations

Quantum chemical calculations give insights to the molecular level, electron
distribution of the different organic constituents present in the plant extracts as well as to
understudy the nature of their interactions with the metal surfaces. Geometric optimization
of isolated compounds from the extracts was established including the distribution of
frontier molecular orbitals, with a view to establish the active sites as well as local
reactivity of the molecules. The simulations were performed by means of the density
functional theory (DFT) electronic structure program DMol?® available in Material Studio
7.0 (Accelrys Inc., San Diego, CA, USA) (Delley, 1990, 2000; Xia et al., 2008; Khaled,
2010a, 2010b). Electronic structures parameters for the simulation include spin unrestricted
polarization using the DND basis set and the Perdew-Wang local-correlation density

functional.

Figures 4.83 — 4.86 illustrate the optimize structure, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), of various selected
constituent in the plant extracts with a view of establishing there inhibitive capacity
respectively. The corresponding quantum chemical parameters are presented on Tables 4.17

and 4.18.
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Optimized Structure HOMO LUMO

BS1

BS2

BS3

BS4

Fig. 4.83: HOMO - LUMO Orbital Diagram of some Constituents of Boscia
senegalensis Extract (atom legend: White = H; Light gray = C; Red = O;
Blue = N). The blue and yellow isosurfaces depict the electron density

difference, the blue regions show electron accumulation, while the yellow
regions show the electron loss
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Optimized Structure HOMO LUMO

PP*1

PP*2

Fig. 4.84: HOMO - LUMO Orbital Diagram of some Constituents of Parinari
polyandra Extract (atom legend: White = H; Light gray = C; Red = O; Blue
= N)
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Optimized Structure HOMO LUMO

Fig. 4.85: HOMO - LUMO Orbital Diagram of some Constituents of Paulina pinnata
Extract (atom legend: White = H; Light gray = C; Red = O; Blue = N)
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Optimized Structure HOMO LUMO

PAl

PA2

PA3

Fig. 4.86: HOMO - LUMO Orbital Diagram of some Constituents of Phyllanthus
amarus Extract (atom legend: White = H; Light gray = C; Red = O; Blue =
N)
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Table. 4.17: Computed Quantum Chemical Parameters of the Studied Compound.

Molecule EHomo(eV) E._UMO(eV) AE(eV)
PA1 -0.1848 -0.0172 0.1676
PA2 -0.1812 -0.1095 0.0717
PA3 -0.2148 -0.0947 0.1201
BS1 -0.1218 -0.1128 0.009
BS2 -0.1848 -0.0172 0.1676
BS3 -0.1779 -0.0385 0.1394
BS4 -0.1915 -0.0323 0.1592
PPO -0.1218 -0.1128 0.009

PP2 -0.1208 -0.1180 0.0028
PP3 -0.1901 -0.0104 0.1797
PP4 -0.1758 -0.0931 0.0827
PP*1 -0.1812 -0.1095 0.0717
PP*2 -0.1728 -0.0645 0.1083
PP*3 -0.1393 -0.1289 0.0104
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Table 4.18: Fukui Indices Calculated with DND.

Molecule Nucleophilic (f")

Electrophilic (f)

PAl
PA2
PA3

BS1
BS2
BS3
BS4

PPO
PP2
PP3
PP4

PP*1
PP*2
PP*3

Mulliken
Atom
C(6)
C(6)

S(5)

C(4)
C(6)
H(11)
C(4)

C(4)
C(34)
C(3)
O(1)

C(6)
C(2)
H(65)

Value
0.087
0.097
0.173

0.112
0.087
0.104
0.096

0.112
0.062
0.100
0.086

0.097
0.085
0.079

Mulliken
Atom
O(8)
C(5)
0(9)

C(13)
O(8)
O(7)
O(7)

C(13)
C(34)
C(9)

C(18)

C(5)
C(4)
H(65)

Value
0.109
0.099
0.179

0.107
0.109
0.118
0.135

0.107
0.061
0.084
0.073

0.099
0.104
0.078
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4.8.2 Molecular dynamics

Figures 4.87 — 4.94 show representative snapshots of the crosssection of the lowest
energy adsorption configurations for the single molecules on Fe (110) and Al (110) surface
respectively.

Table 4.19 presents the binding energy of mild steel and aluminium with the
isolated compounds from each extracts. The results obtained were all negative signifying

strong affinity.
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BS1 (Methyllinositol)

BS2 (1, 2, 3-Benzaetriol)

BS3 (Hydroguinone)

BS4 (3, 5-bis(1, 1-dimethylethyl)-phenol)

Fig. 4.87: Adsorption of Single Molecules of BS1, BS2, BS3 and BS4 on a Fe (110)
Surface
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PPO (Methyllinositol)

PP2 (B-sitosterol)

PP4 (Squalene)

Fig. 4.88: Adsorption of Single Molecules of PPO, PP4, PP2 and PP3 on a Fe (110)
Surface
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''''''

PP*3 (Gama Tocophenol)

Fig. 4.89: Adsorption of Single Molecules of PP*1, PP*2 and PP*3 on a Fe (110)
Surface
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PA2 (linolenic acid)

PA3 (ethanone)

Fig. 4.90: Adsorption of Single Molecules of PAL, PA2 and PA3 on a Fe (110) Surface

172



PA3

Fig. 4.91: Adsorption of Single Molecules of PAL, PA2 and PA3 on an Al (110) Surface
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Fig. 4.92: Adsorption of Single Molecules of BS1, BS2, BS3 and BS4 on an Al (110)
Surface
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Fig. 4.93: Adsorption of Single Molecules of PP0O, PP2, PP3 and PP4 on an Al (110)
Surface
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PP*1

PP*2

PP*3

Fig. 4.94: Adsorption of Single Molecules of PP*1, PP*2 and PP*3 on an Al (110)
Surface
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Table 4.19: Calculated Binding Energies of the Adsorption of Various Molecules of
the Extracts using Forcite Quench Molecular Dynamics

Structures Molecular Fe/Molecule Binding Al/Molecule Binding

Weight energy energy

(g/mol) (kcal/mol) (kJ/mol) (kcal/mol) (kJ/mol)
126.11 -63.21 -264.65 -25.29 -105.88
278.44 -169.56 -709.91 -77.11 -322.84
142.17 -70.19 -293.87 -31.39 -131.42
194.18 -79.70 -333.69 -35.86 -150.14
414.72 -182.13 -762.54 -66.59 -278.80
204 -136.74 -572.50 -52.12 -218.22
298 -181.12 -758.31 -79.82 -334.19
194.18 -79.70 -333.69 -35.86 -150.15
126.11 -63.21 -264.65 -25.29 -105.88
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110 -57.79 -241.96 -24.90 -104.25
186 -117.38 -491.45 -56.41 -236.18
278.44 -169.56 -709.91 -77.11 -322.84
416.69 -233.77 -978.75 -92.87 -388.83
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CHAPTER FIVE

5.0 DISCUSSION

51  Gas Chromatography-Mass Spectra

The corrosion of mild steel and aluminium in HCI and H,SO, solution containing
the extracts are inhibited due to the adsorption of phytochemicals present in the extracts
through their lone pair of electrons and m-electrons with the d-orbitals on the mild steel
surface (Eddy et al., 2009 and Oguzie, 2008). The functional groups with S, O or N and =-
electrons of the organic compounds are usually regarded as the reaction center for the
establishment of the adsorption process. Gas chromatography—mass spectrometry (GC—
MS) as presented in Tables 4.2 — 4.5, show the analysis of the extracts that led to the
identification of thirteen components from all the extracts with close similarity to well
known and established corrosion inhibitors. It is interesting to see here that all the identified
compounds from plant extracts contained oxygen and/or m-electrons in their molecules.
Moreover, from previous studies on the phytochemical constituents of the extracts it was
established that the extracts used in this study also contain a mixture of organic compounds
with O, N or m-electrons in their molecules. Also some compounds have been reported
from the extracts of Paullinia pinnata such as: methyllinositol, B- sitosterol and Friedelin
(Zafel et al., 2007; Gupta et al., 2011; Klass et al., 1992; and Mahato and Kundu, 1994).
Hence, the corrosion inhibition of mild steel and aluminium through the extracts may be
attributed to the adsorption of the phytochemical containing O, N or m-electrons in their

molecules as these atoms are regarded as centers of adsorption onto the metal surface.
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However, the highly complex chemical compositions of the extracts make it rather difficult

to assign the inhibitive effect to a particular compound present in the extracts.

5.2 Corrosion Studies

5.2.1 Effect of concentration of extracts on the corrosion of mild steel and
aluminium

From the plots shown in (Figures 4.1 - 4.12) it can be seen that the weight loss of
mild steel and aluminium decreases with increase in the concentration of the plant extracts
but increases with increasing period of contact. This indicates that the corrosion rate of
mild steel and aluminium in HCI and H,SO, solutions increased with increase in period of
contact but decreased with increase in concentration of the extracts. It is also observed that
the corrosion rate of aluminium in HCI was higher than that obtained in the presence of
H,SO,4. The observed difference in this behavior of mild steel and aluminium in different
acid media is as a result of the relative positions of the metals in the electrochemical series.
The electrochemical series provide a guide on the corrosion resistance of specific metals
and its alloys. Since aluminium is has a more negative potential than mild steel, it should
corrode more readily than mild steel. This may be responsible for the higher corrosion rate
for aluminium compared to those of mild steel in HCI solutions as observed in Tables 4.6
and 4.8. The metals in H,SO,4 have higher corrosion rate because of it corrosive nature as

compare to HCI.

Aluminium has been reported to have high resistance to corrosion due to the
formation of oxide film on the surface which usually protects it in air or neutral solutions
(Eddy et al., 2015). On immersion in alkaline and acidic media, this film is preserved for

long periods of time (Pourbaix, 1974). The potentials of zero charge for aluminium oxide
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occurs from pH 9.0 to 9.1 chloride or any aggressive anion is likely to be adsorbed at pH
values < 9.0 (Cabot et al., 1991; Emregul, 2006). This lead to localization of the corrosion
attack by preferential adsorption at weak sites on the passive film. The lower corrosion rate
observed in H,SO, solutions is an indication that these media do not completely dissolve

the passive oxide film on the aluminium surface, to prevent the corrosion process.

Basically, solubility of the corrosion products is another factor which is responsible
for the different behaviours of mild steel and aluminium in these two acid media. A soluble
corrosion product signifies more dissolution of the metal in the acid medium resulting in

higher corrosion rates and lower inhibition efficiency.

As shown in Figures 4.1 - 4.12 and Tables 4.6 - 4.9, the results obtain indicate that
the corrosion rate of mild steel and aluminium decreases with increase in the concentration
of the extracts while the inhibition efficiency increases with increasing concentration of the
extract. The results indicate that the extracts are adsorbed on aluminium and mild steel in
both acid media except at higher temperature where the inhibitor act as catalyst in
aluminium in H,SO,4. The inhibition efficiency of an adsorption inhibitor tends to increase
with increase in the concentration of the inhibitor (Eddy et al., 2010; Oguzie, 2008 and
Lashgari et al., 2010). The inhibition efficiencies of the investigated extracts decreased
with an increase in temperature indicating that the adsorption of the extracts supports the
mechanism of physical adsorption. In physical adsorption mechanism, the inhibition
efficiency is expected to decrease with increasing temperature but for a chemical adsorption
mechanism, the inhibition efficiency increases with increasing temperature (Eddy and

Mamza, 2009; Ihebrodike et al., 2012)
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As presented in Tables 4.6 - 4.9 it is evident that both aluminium and mild steel can
retained more than 46% degree of surface covered, the plot of the weight loss from various
inhibitors also shows that after 168 hours of immersion, PP can retain more than 60% of its
inhibition potentials while the other inhibitors (PA, BS and PP1) can retain more than 40%
of their respective inhibition potentials in mild steel. It is observed that the inhibition
efficiency first decreased with time until a critical value of 62% was attained after which it
started to decrease. These trends suggest that at first, there was equilibrium between the
adsorption and desorption processes and after the critical zone, adsorption facilitated the
formation of a protective layer and thus protected the metals against further corrosion
attack. In general, the chemical stability of a metal exposed to a solution is a function of the
potential of the metal with respect to the pH of the solution. This is also explains in the
difference in weight losses hence corrosion rates of mild steel and aluminium in the acid
media. The IE% of the extracts in both acidic media increase with increase in
concentrations in the following order PP > BS > PP1> PA. While in the case of
aluminium, the 1E% increased with concentrations of the extracts in the order PP >PP1 >
BS > PA although negative inhibition efficiencies were obtained at higher temperature in

HzSO4.

Chen et al. (2000), reported negative inhibition efficiencies in the application of
immidazole at high temperature/pressure corrosion inhibition of mild steel in brine. It was
also reported that negative inhibition efficiency were obtained for 0.01M sodium nitrite as
corrosion inhibitor for concrete in marine environment. Higher inhibition efficiencies
signify higher degree of surface coverage on the metal surface as well as better stability of

the corrosion products formed. The driving force for the corrosion of a metal is the
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thermodynamic instability of the metal in its surrounding environment. A metal tend to
corrode faster when its dissolution potential is negative. In the absence of any additive, the
oxidation of the metal is the primary anodic reaction. The fact that some of the inhibitor at
higher temperature in H,SO, for aluminium, function as catalysts with negative inhibition
efficiencies could implies that their corrosion products were not thermodynamically stable
leading to their solubilities and formation of species that actually enhanced the anodic

oxidation or dissolution of the aluminium electrode instead of inhibiting it.

5.2.2 Effect of temperature

The effect of temperature on the corrosion of aluminium and mild steel in the
absence and presence of various concentrations of plant extracts was investigated using the
Arrhenius transition state equations. From Figures 4.13 — 4.20, it shows that the presence of
inhibitor increases the activation energy of the system, thereby increasing the adsorption

affinity of inhibitor-metal and difficult for desorption to take place (Oguzie et al., 2012c).

The chemically stable surface - active inhibitors increase the energy of activation
and decrease the surface area available for corrosion. From Tables 4.10 - 4.12, it is seen
that the value of activation energy (E,) for the corrosion of the metals in the acid solutions
in the presence of the inhibitor are higher than that in the absence of the inhibitor. Also, the
extent of increase in E, is proportional to the inhibitor concentration, indicating that the
energy barrier for the corrosion reaction increases with the increase in the concentration of
inhibitor. The increase in E; may be considered to be due to the physical adsorption of the
inhibitor, which results in the increase in surface coverage with increase in the

concentration of the inhibitor. The values at different temperatures also indicate that the
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inhibition efficiency decreases with the increase in temperature. This may be due to the
decrease in the adsorption of the inhibitor on the metal surface as the temperature increases
and a corresponding increase in corrosion rate due to the greater area of metal being
exposed to the acid (Eddy et al., 2010; Oguzie et al., 2012b; Ihebrodike et al., 2012). The
mechanism of physical adsorption is favoured, if values of E, is less than 80kJmol™ as
distinct from the mechanism of chemical adsorption where E; values are expected to be
greater than 80kJmol™ (Eddy et al., 2010; and Ihebrodike et al., 2012). The adsorption of
the extracts on metal surfaces is consistent with the mechanism of charge transfer from the

inhibitors’ molecule to the metal surface, which represents physiosorption.

The effect of temperature on the inhibition of any metal by inhibitors is highly a
complex system, because many changes may occur on the metal surface including etching,
desorption of the inhibitor, and the inhibitor may undergo decomposition and/or

rearrangement (Obot et al., 2012, 2009b; Oguzie et al., 2012c).

It is evident from Tables 4.6 - 4.9 that the corrosion rate in the acid solutions and in
the presence of the inhibitors increased as the temperature of the system increased from
303K to 333K. All the inhibitors maintained their inhibiting effects at all temperatures in
the acid media for mild steel systems except for aluminium system which at higher
temperature, the inhibitors function as catalyst in H,SO4 The corrosion rate were found to
be highest at the highest temperature, these is because a rise in temperature exponentially
accelerates the rates of corrosion processes in the media where hydrogen gas evolution
accompanies corrosion process, resulting in higher dissolution rates of the metals. Higher
rates of hydrogen evolution increasingly agitate the metal/corrodent interface and could

hinder inhibitor adsorption or perturb the inhibitor which has been adsorbed on the surface
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of the metal, especially when interaction between the metal and the inhibitor is relatively
very weak (Oguzie, 2012a, b). As a result, the efficiency of considerable number of
inhibitors is significantly reduced when the temperature of the system is increased; this
trend is often attributed to physical adsorption rather than chemical adsorption of the
inhibiting species on the corroding metal surface (Eddy et al., 2010; Oguzie et al., 2012c;

Adejor et al., 2012).

As shown in Figures 4.21 - 4.28 the Arrhenius transition plots for the corrosion of
aluminium and mild steel in HCI and H,SO, containing inhibitor. It is seen that adsorption
of the inhibitor is more enhanced as the concentration of inhibitor increases. The activation
parameters presented in Table 4.13 and 4.14, the enthalpies of activation of the corrosion
process are positive which reflect endothermic nature of dissolution process. Moreover, the
average difference value of (E, - AH,) is 2.636 which is approximately equal to the average
value of RT (2.6438). Therefore, it is indicated that the corrosion process is a unimolecular

reaction (Dahmani et al., 2010 and Lebrini et al., 2011).

The entropy of activation in the presence and absence of the inhibitor also has
negative values which indicates that the activated complex in the rate-determining-step
represents an association rather than dissociation, implying that a decrease in disordering

took place on going from the reactant to the activated complex (Lebrini et al., 2010).

5.2.3 Thermodynamic or adsorption study

In a reaction process, assuming a direct relationship between the inhibition
efficiency and the degree of surface coverage at different concentrations of inhibitor, data

obtained from weight loss studies are used to determine the fit to some well-known
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adsorption isotherms which include the Langmuir, Freundlich, Temkim, Flory-Huggins,
and the kinetic-thermodynamic model (ElI-Awardy et al., 1992). The generalized form of
the adsorption isotherms is of the form given in equation 5.1. (EI-Awady et al., 1992;

Oguzie et al., 2012b).

f(6,x)exp(—ab) = kC 5.1

where (0, x) is the configuration factor, which is dependent on the physical model adopted
and the assumptions made to derive the isotherms, x is the size ratio which represents the
relative size of the adsorbed molecule to the solvent molecule, a is the molecular
interaction parameter which accounts for the lateral interaction between the adsorbed
species (Shibli and Saji, 2005), C is the inhibitor concentration and k is the adsorption
equilibrium constant. As shown in Figures 4.29 - 4.52 for the various adsorption isotherms.
Basically, organic corrosion inhibitors are known to decrease metal dissolution via
adsorption on the metal / corrodent interface to form a protective film which separates the
metal surface from the corrosive medium. The adsorption route is usually regarded as a
substitution process between the organic inhibitor in the aqueous solution (Inh¢ey) and
water molecules adsorbed at the metal surface (H2Oqs)) as follows ( Oguzie et al., 2007,
and Ameer et al., 2002).

Inhgon,  +  BH2040s Inhags +  EH2Og01n 5.2
where @ represents the number of water molecules replaced by one molecule of adsorbed
inhibitor. The adsorption bond strength is dependent on the composition of the metal and
corrodent, inhibitors components, concentration as well as temperature. By considering of
some of these variables useful information regarding the adsorption mechanism are

established. Although the complex nature of the corrosion inhibition process is not in
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doubt, basic information on the interaction between the inhibitor and the metal surface can
be provided by the adsorption isotherm. It is observed that the calculated values of the
adsorption equilibrium constants kags were very high expecially for the temkim adsorption
isotherm, which indicates a high adsorption ability of the extracts on both the aluminium
and mild steel at the various temperatures.

From the results obtained from various plots, the free energies are found to be
negatively less than the threshold value of -40kJmol™, required for the mechanism of
chemical adsorption to take place. Therefore, the adsorption of the investigated extracts on
both aluminium and mild steel surface is spontaneous and is consistent with the mechanism
of physical adsorption (Eddy et al., 2015 and Oguzie et al., 2012c).

For corrosion inhibition studies, a large number of experimental adsorption data has
been reported supporting Langmuir isotherm (i.e. R? close to unity). Similar linear fit were
obtained for the extracts on aluminium at the various temperatures, whereas, the mild steel
were found to be linearly fit at the various temperature for Freundlich adsorption isotherm.
However, the linear fit is expected to intercept either the y-axis or the x-axis and the slope
close to unity; however a contrary output of isotherm prediction was obtained. Similar
results have been reported by Doner et al. (2011). This anomaly may be attributed to
interactions between the adsorbate species on the metal surface as well as changes in the
heat of adsorption with increasing surface coverage, e.g. factor that might not have been
taken into consideration in the isotherm. Basically a number of modifications to the
Langmuir isotherm have been proposed which included the interaction term (Villamil et al.,
1999). Nevertheless, the possibility of adapting the isotherm for physical or chemical

adsorption may account for its widespread applicability.
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Adsorption of uncharged molecules on any heterogeneous surface is approximately
described by the Temkim adsorption isotherm by (0 = 1/f Ink,4sC), where 6 represent the
linear function of InC (Fuchs-Godec and Zerjav, 2009). The term contain a correction
factor (f=-2a) which clearly takes into consideration the interaction between the adsorbate
— adsorbent molecule. This makes the isotherm quite suitable for systems where chemical
interaction of inhibiting species with the metal surface is more pronounced for the extracts
on mild steel surface in H,SO, at a higher temperature. Whereas all the tested isotherms
quantitatively describe the result obtained from experiment. Langmuir, Freundlich and
Temkim isotherms provided the exact interpretation from the regression coefficient, the
free energy and the kygs data.

5.3 Infrared Spectroscopic Study

From Figures 4.71 - 4.82 and Appendices VI - X1V, it can be observed that most of
the peaks for the extracts were also noticed in the surface films of the inhibitors on the
metal surface, suggesting that most of the functional groups within the extracts are also
present in the surface film. This further confirms the fact that the extracts were actually
adsorbed on the metal surfaces. Moreover, some of the peaks for the adsorbed film
diminished or even vanished indicating that the functional groups responsible for these
adsorption could have been used for the formation of inhibitor-metal complex which
further protected the metal from corrosion. Figures 4.71, 4.75 and 4.79 show the IR
spectrum of the corrosion products of mild steel and aluminium in absence of inhibitors.
From the spectrum, it can be seen that the corrosion products without the inhibitor are not

IR active. Therefore there was no adsorption.
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As shown in Figure 4.72(a-b) for the corrosion product of mild steel when BS was used
as an inhibitor. The results showed that, the aromatic stretch at 808cm™ shifted to 800cm™, C-
O stretch at 1065cm™ shifted to 1180cm™, C-C stretch in ring at 1443cm™ shifted to 1428cm™,
N-H bend at 1628cm™ shifted to 1624cm™ and O-H stretch at 2931cm™ and 3423cm™ were
shifted to 2527cm™ and 3405cm™. The shift in the frequencies indicates that there is interaction
between the mild steel and the inhibitor (Eddy et al., 2010). On the other hand, C-N stretch at
1265cm™ and C=0 stretch at 1705cm™ were missing suggesting that these bond were used for

adsorption of the inhibitor onto the surface of the mild steel.

Examination of the IR spectrum of PA and that of the corrosion product as shown in
Figure 4.73(a-b) show that =C-H bend in an alkene at 759cm™ was shifted to 854cm™, C-O
stretch at 1050cm™ and 1210cm™ were shifted to 1092cm™ and 1209cm™ , C-C stretch in ring
at 1442cm™ was shifted to 1443cm™, N-H bend at 1616cm™ was shifted to 1614cm™ and O-H
stretch at 3416cm™ was shifted to 3405cm™. This shift in frequencies indicates that there is
interaction between the mild steel and the inhibitor (Eddy et al., 2010). Also, C=0 stretch at
1722cm™ and O-H stretch at 2935cm™ were missing suggesting that these bond were used for

adsorption of the inhibitor onto the surface of the mild steel.

The FTIR spectrum of PP and that of the corrosion product of mild steel as shown in
Figure 4.74(a-b) indicated that some peaks were shifted. From the results obtained, the
Aromatic stretch at 824cm™ was shifted to 841cm™, C-O stretch at 1078cm™ was shifted to
1034cm™, C-N stretch at 1287cm™ was shifted to 1264cm™, N-H bend at 1621cm™ was shifted
to 1606cm™ and O-H stretch at 3427cm™ was shifted to 3405cm™. Functional groups that were
absent in the spectra of the corrosion products in the presence of the inhibitor suggest that they

might have been used for adsorption on the metal surface. The shift in the frequencies indicates
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that there is interaction between the mild steel and the inhibitor (Eddy et al., 2010). Also new
bond was formed at 1454cm™ indicating chemical interaction, a character official to

chemisorptions (Oguzie et al., 2012c; Obot et al, 2009a, 2009Db).

As presented in the spectra of BS and that of the corrosion product in aluminium Figure
4.76(a-b). From the results obtained, there were shift in adsorption peaks of some functional
groups indicating that there is interaction between the metal surface and the inhibitor (Eddy et
al., 2010). On the other hand, C-N stretch at 1265cm™ Aromatic C-H stretch at 808cm™, C-C
stretch at 1443cm™ and C=0 stretch at 1705cm™ were missing suggesting that these bond were

used for adsorption of the inhibitor onto the surface of the metal.

The FTIR spectrum of PA and that of the corrosion product in aluminium as shown in
Figure 4.77(a-b). From the results, =C-H bend in an alkene at 759cm™ shifted to 790cm™, C-O
stretch at 1050cm™ was shifted to 1115cm™, N-H bend at 1616cm™ was shifted to 1642cm™
and O-H stretch at 3416cm™ shifted to 3430cm™ (Eddy et al., 2010). The missing functional
groups include C-O stretch at 1210cm™, C-C stretch in ring at 1442cm™, O-H stretch at
2935cm™ and C=0 stretch at 1722cm™ which suggest that these bond were used for adsorption

of the inhibitor onto the surface of the metal.

For PP, examination of the spectra of its powder with the corrosion product in the
presence of aluminium Figure 4.78(a-b) show that, aromatic C-H at 824cm™ shifted to 806cm’
', C-N stretch at 1287cm™ was shifted to 1138cm™, N-H bend at 1621cm™ was shifted to
1642cm™ and O-H stretch at 3427cm™ shifted to 3422cm™. The shift in the frequencies

indicates that there is interaction between the metal and the inhibitor. There was indication of
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C-O stretch at 1078cm™ functional group missing suggesting that the bond was used for

adsorption of the inhibitor onto the metal surface (Eddy et al., 2010).

Spectra of BS as shown in Figure 4.80a, and that of the corrosion product Figure 4.80b.
From the results obtained, Aromatic C-H at 808cm™ shifted to 868cm™, C-O stretch at
1066cm™ was shifted to 1111cm™, C-C stretch in ring at 1443cm™ was shifted to 1427cm™ and
O-H stretch at 3423cm™ shifted to 3492cm™. The shift in the frequencies indicates that there is
interaction between the aluminium and the inhibitor (Eddy et al., 2010). Furthermore, C-N
stretch at 1265cm™, N-H stretch at 1628cm™, and C=0 stretch at 1705cm™ were missing
suggesting that these bond were used for adsorption of the inhibitor onto the surface of the
aluminium. Finally new bonds of O-H were formed at 3245cm™, 3353cm™ and 3145cm™,
indicating chemical interaction, a character typical of chemiosorption (Reinhard and Rammet,

1985; Obot et al, 2009a, 2009b).

The FTIR spectrum of PA as well as the corrosion product of aluminium in H,SO, as
shown in Figure 4.81(a-b), some absorption peaks were found to have shifted which include:
=C-H bend at 759cm™ shifted to 704cm™, C-O stretch at 1050cm™ was shifted to 1127cm™, C-
C stretch in ring at 1442cm™ shifted to 1446cm™ and O-H stretch at 2935cm™ and 3416cm™
shifted to 2581cm™ and 3476cm™ respectively. The shift in the frequencies indicates that there
is interaction between the aluminium and the inhibitor (Eddy et al., 2010). On the other hand,
C-O stretch at 1210cm™ and C=0 stretch at 1722cm™ were missing suggesting that these bond

were used for adsorption of the inhibitor onto the surface of the aluminium.

The FTIR spectrum of PP as shown in Figure 4.82a, Figure 4.82b show the FTIR

spectrum of the corrosion product of aluminium when PP was used as an inhibitor in H,SO,.
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Absorption peaks of some prominent functional group were found to have shifted in the spectra
of the corrosion product. The shift in the frequencies indicates that there is interaction between
the aluminium and the inhibitor (Eddy et al., 2010). Also, aromatic C-H at 824cm™, C-N
stretch at 1287cm™, O-H stretch at 2619cm™, 2786cm™, 2890cm™, and 3239cm™ were missing
suggesting that these bond were used for adsorption of the inhibitor onto the surface of the

aluminium.

5.4  Scanning Electron Microscopy Study

The surface morphologies of mild steel and aluminium in solutions of HCI and
H.SO, were studied using scanning electron microscopy. Plate 4.1 a and b show the
aluminum and mild steel samples before immersion seems smooth and appears some

abrading scratches on the surface.

From Plates 4.2a and 4.3a, flakes showing corrosion products of mild steel and
aluminium in the absence of the inhibitor as corroded in HCI, indicate that the surfaces
were severely damaged but in the presence of the inhibitor on mild steel (Plates 4.2b-d)),
the damaging effect of the acid on the metal sample is greatly reduced giving rise to more
ordered corrosion products as surface coatings. Also the surface of the aluminium electrode
(Plate 4.3 b-d) was modified by the inhibitor through the formation of a thin protective
layer (Oguzie, 2012a). A severely corroded surface morphology is observed after
immersion in the uninhibited systems, due to the corrosive attack of the acids solution as
shown in the Plate 4.2a and 4.3a. Corrosion was relatively general with no evidence of
localized attack. With the addition of extracts (Plate 4.2b-d and Plate 4.3b-d), the corrosion
damage is visibly reduced, and there is slight evidence of the adsorbate presence on the
metal surface. Moreover, the corrosion product layer on the metal surface in uninhibited 0.5
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M H,SO, is clearly very loose and porous and would thus offer insignificant corrosion
protection. On the other hand, a distinct, compact, and highly ordered corrosion product
layer is obvious in the presence of the extracts, which possibly account for the high
inhibition efficiency of the extracts in 0.5 M H,SQO, even at short immersion periods. The
morphology of the mild steel surface in uninhibited 1.0 M HCI reveals blisters of soluble
corrosion products, with inherent fractures. Addition of the extracts into the acid solutions
hindered formation of the corrosion product blisters, leaving a comparatively smoother and
more protective corrosion product layer, which is not, however, as compact as that formed
by the extracts in 0.5 M H,SO,. The difference in inhibition efficiency of the extracts in 1.0
M HCI and 0.5 M H,SO, at short immersion periods is therefore interconnected with the
extent to which the extracts modified the morphology of the corrosion product layer in the

respective acid media.

The results obtained from the scanning electron micrographs of the inhibitor are
consistent with those obtained from the FTIR spectra of the corrosion products of the
metals and impedance spectra of mild steel and aluminium in the presence of these
inhibitors, showing that these compounds inhibited the corrosion of mild steel and
aluminium to varying degrees through the mechanism of physical adsorption (Enenebeaku,

2011; Oguzie et al., 2012a).

55 Linear Polarization Measurements

Polarization measurements are suitable for monitoring the progress and meachanism
of the anodic and cathodic partial reactions as well as identifying the effect of the additive
on either partial reaction. Potentiondynamic and Linear polarization experiments were thus

carried out to understudy the effect of adsorbed extracts on the kinetics of the anodic and
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cathodic processes. The corrosion current is a function of the reactivity of a metal in an
aqueous environment. The higher the values of icorr, the higher the dissolution of the metal
and vice versa. Typical Linear polarization curves(Tafel plots) for mild steel and
aluminium in 1.0 M solutions of HCI, and 0.5 M H,SO, in the absence and presence of
various concentration of the inhibitors are shown in Figures 4.53 - 4.64 while the
electrochemical parameters derived from the polarization curves and inhibition efficiencies
are summarized on Tables 4.15 and 4.16. A typical Tafel plots will show Tafel region,
plateau region and high polarization region. The plots revealed high dominance of the Tafel
region and thus a wide potential range. Addition of additives could be to affect the anodic
as well as the cathodic partial reactions by, shifting the corrosion potential (Ecorr) slightly
toward more positive (anodic) values and reducing the anodic and cathodic current
densities and the corresponding corrosion current density (icorr). This is an indication of a
mixed-type corrosion inhibition mechanism. From the polarization curves however, it is
obvious that the plant extracts exerts a more significant inhibiting effect on the cathodic
hydrogen ion reduction reaction in 1.0 M HCI, whereas the inhibiting effect is more
pronounced on the anodic metal dissolution reaction in 0.5 M H,SO,4 The IE% data
obtained (Tables 4.15 and 4.16) follows the same trend as those of gravimetric method,
confirming the corrosion inhibiting efficacy of the extracts. This is consistent with report of

Oguzie et al. 2012a and Khadom et al., 2009.

The computed data for the IE using gravmetric (GM), Linear polarization resistance
(LPR) and Potentiodynamic polarization (PDP) as depicted in Figure 4.65 - 4.70, shows
that the IE% increases with an increase in inhibitor concentration as a result, the surface

area covered by these inhibitor increased. It was also found that there was good agreement
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between the experimental techniques employed as the regression coefficient gave values

great than 0.9 (Li et al., 2010; Kumar, 2008; Mansfeld, 1984).

The formed ferrous hydroxide and aluminium hydroxide on iron and aluminium
respectively reacts with more oxygen to form the top layer of corrosion product, Fe;O4
(magnetite) and Al,O3. The presence of such oxide partially protects the steel and
aluminium surface from further dissolutions and leads in turn to the appearance of a passive
region on the polarization potential-current behavior. The passive region dissolves under
the influence of chloride and sulphate ions attack and pitting corrosion occurs as indicated
by the rapid increases in the current values for steel and aluminium with increasing
potential and by the appearance of the wide hysteresis loop in the area between the forward
and backward directions for potential in the anodic branch shown in the polarization
curves. This effect was also found to increase the values for the cathodic and anodic Tafel
slopes (Bc and Bc) and highly increases the polarization resistance, Rp as shown in Table

4.16.

56  Computational and Theoretical Modelling

5.6.1 Quantum chemical calculations

Figures 4.83 — 4.86 illustrate the optimized structure, highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO) of various constituents
from the extracts. The regions of high HOMO density are the sites at which electrophiles
attack and represent the active centers, with the utmost ability to bond to the metal surface,
whereas the LUMO orbital can accept the electrons in the d-orbital of mild steel and 3p

orbital of the aluminium using anti-bonding orbital to form back bonds (Martinez and
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Stagljar, 2003 and Khaled, 2010b). The eigen values of the HOMO (Enomo) and LUMO
(ELumo) as well as the energy gap AE = E_umo Homo are presented in Table 4.17. High
values of Epomo indicate the disposition of the molecule to donate electrons to an
appropriate acceptor with vacant molecular orbitals, whereas low values of AE would
enhance inhibition efficiencies because the energy to remove an electron from the last
occupied orbital will be minimized (Rodriquez-Valdez et al., 2005). The local reactivity of
each molecule was analyzed by means of the Fukui indices (FI) to assess reactive regions in
terms of nucleophilic and electrophilic behavior as presented in Table 4.18. The f measures
reactivity with respect to electrophilic attack or the propensity of the molecule to release
electrons, whereas f' is a measure of reactivity relating to nucleophilic attack or tendency
of the molecule attract electrons.
5.6.2 Molecular dynamics simulation

Adsorption of various constituent of the plant extract molecules on the mild steel
and aluminium surfaces were analyzed at a molecular level by molecular dynamics
simulations, using Forcite quench molecular dynamics to sample many different low
energy configurations and to identify the low energy minima (Casewit et al., 1992a, 1999b;
Oguzie et al., 2012a). The structures were optimized with COMPASS forcefield and were
used for the simulation. Solvent and charge effects were neglected in all the simulations
and calculations were performed at the metal/vacuum interface in vaccum slab. Although
this is clearly an oversimplification of the actual situation, it is adequate to qualitatively
illustrate the differences in the adsorption behaviour of the molecules and provide sufficient
insight to the study objectives.

Figures 4.87 - 4.90 show representative snapshots of the cross section of the lowest

energy adsorption configurations for the single molecules on the Fe (110) surface from the
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simulations, while Figures 4.91 — 4.94 show the representative snapshots for the single
molecules on the Al (110) surface. The molecules can be seen to maintain a flat-lying
adsorption orientation on the metal surfaces thereby maximizing contact and enhancing the
degree of surface coverage. This parallel adsorption orientation also facilitates interaction
of n - electrons and the hetero-atoms (Cl, N and O) in the molecules with the metal
surfaces.

Results of the binding energy (Ening) between the metal surface and the inhibitor
molecules are presented on Tables 4.19. In each case, the potential energies were calculated
by averaging the energies of the five structures of lowest energy. As can be seen from the
data, the binding energies are all negative suggesting stable adsorption of the structures,
however, the magnitude of the calculated binding energies is < 100 kcal mol™ in some
cases despite the fact that the simulations did not take into consideration the specific
covalent interactions between the molecules and the Fe surface. This value has been
reported by Akalezi et al. (2012) to be in the range of physiosorptive interactions. From
Table 4.14, it is observed that the binding energies for the extracts constituents molecules
on Fe (110) slab are of higher magnitude (-57.79 to -233.77 kcal/mol) than those obtained
for Al (110) slab (-24.90 to -92.87 kcal/mol). This implies that the molecules are more

strongly adsorbed on surface of Fe than Al.
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CHAPTER SIX

6.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
6.1 Summary

The extracts show presence of some phytochemicals that might be responsible for
their inhibitory properties. This study indicated that extracts of PP, PA, BS and PP1
effectively inhibit mild steel and aluminium corrosion in both 1 M HCI and 0.5 M H,SQ,.
The inhibition efficiencies were found to increase with increasing concentrations of the
inhibitors. The inhibition efficiencies of the extracts for the corrosion of mild steel in 0.1 M
HCI and 0.5 M H,SO, solutions decreased in the order: PP> PA> PP1> BS (in HCI) and
BS> PP> PP1> PA (in H,SO,). For aluminium the inhibition efficiencies decreased in the
order: PP> PP1> BS> PA (in HCI) and PP> BS> PP1> PA (H,SO,). No evidence of
corrosion inhibition by the extracts in H,SO,4 in aluminium as they rather enhanced the
dissolution of aluminium thereby function as corrosion catalysts. It was also observed that
the inhibition efficiencies decreased with inmersion time for all the systems as temperature
increases. Polarization measurements show that it functioned via mixed-type mechanism,
inhibiting the rates of both the anodic metal dissolution and cathode hydrogen ion reduction
reactions. Furthermore, the inhibition efficiencies of the plant extracts obtained from
gravmetric and polarization studies were observed to be similar and in good agreement.
From the activation energies (E,), heats of adsorption (Qags) and standard free energies of
adsorption (AGags) Obtained from the study, it is evident that the inhibitors are adsorbed on
the steel and aluminium surfaces through both physical and chemical interactions
suggesting that both molecular as well as protonated species in the plant extracts were
responsible for the observed inhibitory actions of the compounds in the different acid

media. Adsorption characteristics of the plant extracts fitted both the Langmuir and
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Freundlich isotherms. Linear polarization, SEM, and FTIR results all indicate that the
corrosion reaction was inhibited by adsorption of the extract organic matter on the
corroding mild steel surface. The trends of inhibition efficiency with temperature as well as
values of activation parameters for corrosion and corrosion inhibition processes point
toward significant physiosorption of the extract constituents on the mild steel surface.
While DFT-based quantum chemical computations of parameters associated with the
electronic structures of the constituent from the ethanol extract confirmed their inhibiting
potential, which was further corroborated by molecular dynamics modeling of the

adsorption of the single molecules on the metal surface.

6.2 Conclusions

The following conclusions are derived from the investigation:

(i) It has been established in this study that the extracts of Boscia senegalensis,
Phyllanthus amarus, Paullina pinnata, and Parinari polyandra exerted an inhibiting
effect on the acid corrosion of mild steel and aluminium.

(i) It has been established in this study that the rate of corrosion decreases with
increase in concentrations of inhibitors, equally the corrosion rate increased with
temperature, and the corrosion rate of mild steel was found to be more pronounced
than that of aluminium in the studied media.

(iii)The corrosion inhibition efficiency of the extract increased with increase in
concentration, while the corrosion rate was found to decrease with increase in

concentration of inhibitor.
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(iv)The extract maintained remarkable corrosion inhibition efficiency even with
prolonged exposure time.

(v) The adsorption of the extracts on the mild steel and aluminium surface in 1.0 M
HCI and 0.5 M H,SO, solutions respectively obeys Langmuir and Freundlich
isotherm.

(vi)The presence of this extracts in the acid media increases the activation energy of
corrosion process which indicates physical adsorption.

(vii)The results obtained from linear polarization and gravimetric measurements are in

good agreement.

(viii)DFT-based quantum chemical computations of parameters associated with the

electronic structures of specific components of the extract confirmed their inherent

affinity toward adsorption on the metal surface and hence inhibit the corrosion reaction.

6.3  Recommendations

Further studies on the following will give detailed information on the inhibitory

property of the plants extract:

I. Having confirmed the corrosion inhibition effectiveness of this extracts, and
their various constituents, further studies can be done on derivatives of such
compounds as corrosion inhibitors in coatings on metallic surfaces.

ii. The use of Electrochemical Impedance Spectrometry (EIS) and Electrochemical
Noise (ES) are recommended.

iii. Corrosion inhibition studies by these plants should be carried out under service

conditions to simulate operational conditions including the effects of flow,
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pressure, a wider temperature range and pH of the aqueous systems in order to

explore the possibility of using them as inhibitor formulations in the industries
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APPENDICES

Appendix I: Adsorption Isotherm Parameters Obtained from the Corrosion Data of Mild Steel in 1.0 M HCI Containing
Various Concentration of Inhibitors

Isotherm Inhibitor 333K 323K
intercept Slope R  AG (kimol™) intercept Slope R>  AG (kimol™)
PP 0.28 -0.129 0.078 -9.34 0.225 -0.01 0.035 -9.40
Langmuir PA 0.369 0.386 0.697 -8.77 0.313 0.459 0.775 -8.85
BS 0.441 0.289 0.537 -8.31 -0.111 -0.062 0.044 -11.47
PP1 -0.051 0.614 0.998 -11.45 -0.103 0.368 0.988 -11.42
PP -0.28 1.129 0.865 -9.34 -0.225 1.01 0.996 -9.40
Freundlich PA -0.369 0.613 0.853 -8.77 -0.313 0.54 0.827 -8.88
BS -0.441 0.71 0.875 -8.31 0.111 1.062 0.93 -11.47
PP1 -0.062 0.604 0.998 -10.73 a -0.099 0.353 0.98 -10.18 a
PP 0.314 0.295 0.86 -17.88 -3.90 0.371 0.333 0.928 -17.71 -3.46
Temkin PA 0.362 0.276 0.782 -19.47 -4.17 0.43 0.311 0.724 -19.32 -3.70
BS 0.259 0.187 0.93 -19.98 -6.16 0.727 0.629 0.972 -17.96 -1.83
PP1 0.141 0.15 0.898 -17.12 -7.68 0.587 0.453 0.999 -18.77 2.54
PP -0.471 -1.695 0.345 -8.12 -0.24 -0.096 0.095 -9.30
Florry-
Huggin PA -0.02 1.239 0.221 -10.99 0.092 1.084 0.218 -11.36
BS -0.112 2.237 0.296 -10.41 0.047 -0.132 0.036 -11.08
PP1 -1.633 24.89 0.764 -0.71 0.206 0.863 0.77 -12.06
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Appendix I1: Adsorption Parameters Obtained from the Corrosion Data of Mild Steel in 1.0 M HCI Containing Various
Concentrations of Inhibitors

Isotherm Inhibitor 313K 303K
Intercept Slope R> AG (kJmol™) intercept Slope R>  AG (kimol™)
PP -0.046 0.12 0.112 -10.73 0.019 0.8 0.999 -10.01
Langmuir PA 0.373 0.701 0.948 -8.22 0.263 0.626 0.958 -8.59
BS -0.145 0.107 0.136 -11.32 0.032 0.823 0.999 -9.93
PP1 0 0.363 0.996 -10.45 0.06 0.329 0.996 -9.77
PP 0.046 0.879 0.87 -10.73 -0.019 0.199 0.995 -10.01
Freundlich PA -0.373 0.298 0.769 -8.22 0.033 0.475 0.996 -10.31
BS 0.145 0.892 0.916 -11.32 -0.032 0.176 0.993 -9.93
PP1 -0.051 0.355 0.998 -10.15 a -0.033 0.323 0.99 -9.93 a
PP 0.787 0.682 0.862 -17.41 -1.69 0.926 0.326 0.99 -25.67 -3.53
Temkin PA 0.407 0.203 0.704 -22.44 -5.67 0.798 0.5 0.992 -20.39 -3.8
BS 0.885 0.71 0.981 -17.95 -1.62 0.902 0.287 0.998 -17.37 -1.59
PP1 0.809 0.437 0.943 -21.54 -2.64 0.819 0.413 0.967 -21.61 -2.79
PP 0.116 -0.003 0.023 -11.15 1.309 1.439 0.947 -17.71
Flory-
Huggin PA 0.504 3.134 0.452 -13.47 0.647 1.173 0.966 -13.87
BS 0.265 0.192 0.129 -12.04 1.525 1.819 0.995 -18.97
PP1 0.826 1.4 0.86 -15.40 0.94 1.553 0.929 -15.57
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Appendix I11: Adsorption Isotherm Parameters Obtained from the Corrosion Data of Mild Steel in 0.5 M H,SO4

Containing Various Concentration of Inhibitors

Isotherm

Langmuir

Freundlich

Temkin

Flory-
Huggin

Inhibitor

PP
PA
BS
PP1

PP
PA
BS
PP1

PP
PA
BS
PP1

PP

PA
BS
PP1

intercept
0.247
0.418
0.539
-0.385

-0.247
-0.418
-0.539

0.385

0.312
0.326
0.248
0.108

-0.444

0.001
0.006
-2.048

333K
Slope
-0.182
0.418
0.463
-2.823

1.182
0.581
0.536
3.823

0.294

0.24
0.173
0.116

-1.345

1.939
3.925
-42.79

R
0.481
0.775
0.898
0.813

0.975
0.869
0.922
0.888

0.928
0.818
0.871
0.907

0.623

0.346
0.586
0.574

AG (kJmol™)

-9.55
-8.46
-7.68
-13.58

-9.55
-8.46
-7.68
-13.58

-17.88
-19.79
-20.24
-17.05

-8.29

-11.13
-11.16
-11.94

-3.92
-4.80
-6.66
-9.93

intercept
0.344
0.297
0.267
0.065

-0.344
-0.297
-0.267
-0.065

0.33
0.459
0.418
0.555

-0.133

0.846
0.091
0.048

323K
Slope
0.204
0.656
0.325
0.095

0.795
0.344
0.675
0.904

0.273
0.233
0.315
0.462

1.103

4.446
1.429
0.382

R
0.761
0.992
0.768
0.299

0.979
0.972
0.934
0.974

0.924

0.99
0.918
0.992

0.497

0.976
0.5
0.361

AG (kmol™)
-8.66
-8.95
9.14

-10.39

-8.66
-8.95
-9.14
-10.39

-18.27
-22.91
-19.01
-18.21

-9.97

-16.02
-11.35
-11.08

-4.22
-4.92
-3.66
-2.49
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Appendix 1V: Adsorption Isotherm Parameters Obtained from the Corrosion Data of Mild Steel in 0.5 M H,SO4

Containing Various Concentration of Inhibitors

Isotherm

Langmuir

Freundlich

Temkin

Flory-
Huggin

Inhibitor

PP
PA
BS
PP1

PP
PA
BS
PP1

PP
PA
BS
PP1
PP

PA
BS
PP1

intercept
0.034
0.336
-0.083
0.092

-0.034
-0.336

0.083
-0.092

0.673
0.445
0.773
0.722
0.073

1.343
0.175
0.807

313K
Slope
0.162
0.784
0.078
0.606

0.837
0.215
0.921
0.393

0.572
0.168
0.648
0.402
0.065

6.564
0.2
1.831

R
0.175
0.997
0.233
0.994

0.849
0.973
0.976
0.986

0.852
0.954
0.99
0.996
0.04

0.92
0.317
0.989

AG (kJmol™)

-10.25
-8.44
-10.91
-9.90

-10.25
-8.44
-10.91
-9.90

-17.47
-26.34
-17.59
-21.18
-10.89

-18.50
-11.50
-15.29

a

-2.01
-6.85
-1.78
-2.86

intercept
0.005
0.126
-0.0035
0.078

-0.005
0.126
0.035

-0.078

0.929
0.664
0.964
0.764
1.171

0.68
0.783
0.938

303K
Slope
0.738
0.577
0.587
0.659

0.266
0.577
0.412

0.34

0.395
0.392
0.556
0.389
1.384

1.842
0.854
1.838

R
0.992
0.992
0.999
0.995

0.945
0.992
0.998
0.982

0.967
0.973
0.996
0.991
0.976

0.925
0.966
0.976

AG (kmol™)
-10.09
-9.39
-10.32
-9.67

-10.09
-9.39
-10.32
-9.67

-23.81
-19.98
-20.16
-21.49
-16.91

-14.06
-14.66
-15.56

-2.92
-2.94
-2.07
-2.96
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Appendix V: Adsorption Isotherm Parameters Obtained from the Corrosion Data of Aluminium in 1.0 M HCI
Containing Various Concentration of Inhibitors

Isotherm Inhibitor 333K 323K
Intercept Slope  R? AG (kJmol™) Intercept Slope  R? AG (kJmol™)
PP 0.321 0.735 0.951 -9.07 0.269 0.693 0.982 -9.12
Langmuir PA 0.319 0.748 0.996 -9.09 0.327 0.815 0.998 -8.77
BS 0.504 0.62 0.983 -7.91 0.322 0.906 0.997 -8.80
PP1 0.242 0.963 0.986 -9.58 0.113 0.597 0.967 -10.09
PP -0.321 0.264 0.718 -9.07 -0.269 0.306 0.915 -9.12
Freundlich PA -0.319 0.251 0.967 -9.09 -0.327 0.184 0.971 -8.77
BS -0.079 0.689 0.951 -10.62 -0.127 0.498 0.824 -10.00
PP1 0.01 0.865 0.914 -11.19 a -0.084 0.505 0.926 -10.27 a
PP 0.462 0.209 0.66 -25.21 -5.51 0.508 0.251 0.865 -23.28 -4.59
Temkin PA 0.455 0.188 0.973 -26.55 -6.13 0.458 0.151 0.967 -29.59 -7.63
BS 0.28 0.151 0.965 -22.98 -7.63 0.473 0.09 0.755 -12.86 -12.79
PP1 0.383 0.346 0.845 -18.2 -3.33 0.442 0.229 0.968 -22.72 -5.03
PP 0.602 2.71 0.411 -14.96 0.757 3.151 0.724 -15.47
Florry PA 1.207 5.89 0.953 -18.82 1.669 7.558 0.947 -21.11
BS 0.536 7.303 0.909 -14.54 2.458 9.485 0.688 -25.99
PP1 -0.287 0.653 0.99 -9.29 0.769 4.357 0.928 -15.54
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Appendix VI: Adsorption Isotherm Parameters Obtained from the Corrosion Data of Aluminium in 1.0M HCI
Containing Various Concentration of Inhibitors

Isotherm Inhibitor 313K 303K
Intercept Slope RZ  AG (kJmol™) Intercept Slope R?Z  AG (kJmol?)

PP 0.08 0.621 0.997 -9.97 0.101 0.893 0999  -953
Langmuir pa 0.201 0.88 0.998 -8.24 0.114 0.875 0998  -9.46

BS 0.259 0.86 0.997 -8.9 0.139 0.953 0999  -931

PP1 0.188 0.553 0.978 -9.34 0.192 0.454 095  -9.01

PP -0.08 0.378 0.993 -9.97 -0.101 0.107 0986  -9.53
Freundlich pa -0.201 0.119 0911 -8.24 0.033 0.524 0997  -10.31

BS -0.159 0.384 0.591 -9.5 -0.15 0.334 0415  -9.25

PP1 -0.083 0.429 0.839 -9.96 a -0.095 0.322 0723 957 a

PP 0.749 0.409 0.998 2142 -2.82 0.746 0.125 0951  -36.23 -6.94
Temkin PA 0.621 0.145 0.896 -36.1 -7.94 0.756 0.18 0954  -34.49 -6.4

BS 0543 0.146 0.906 -32.75 -7.89 0.723 0.072 0962  -68.37 -15.99

PP1 0.744 0.19 0.98 -33.95 -6.06 0.747 0.173 0938  -35.18 -6.66

PP 0.845 1.762 0.995 -15.52 2.357 3.803 0964  -23.79
Florry PA 2.189 5.6 0.846 -23.57 2212 3.941 0955  -22.95

BS 1.96 6.426 0.858 -22.2 5.164 9.551 0963  -40.08

PP1 2.029 3.751 0.959 -22.61 2.123 3.804 0904 2244
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Appendix VI1I: Frequencies and Peaks of IR Adsorption by Boscia senegalensis and
the Corrosion Product of Mild Steel in HCI

BS-Steel in
HCI
Plant Sample Corrosion Product
Frequency of IR | Area | Assignment Frequency of IR | Area | Assignment
C-H‘oop’ C-H‘oop’
808.20 41.03 | Aromatic 799.52 84.56 | Aromatic
1065.71 188.11 | C-O Stretch 1179.51 178.54 | C-O Stretch
C-N Stretch
1265.35 70.67 | (amide) - - -
C-C stretch C-C stretch
1442.80 135.26 | (in ring) 1428.34 179.19 | (in ring)
1627.97 85.42 | N-H Bend 1624.12 180.40 | N-H Bend
1705.13 76.222 | C=0 Stretch - - -
2930.93 413.89 | O-H Stretch 2526.83 73.90 | O-H Stretch
3422.80 663.28 | O-H Stretch 3404.47 905.91 | O-H Stretch
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Appendix VIII: Frequencies and Peaks of IR Adsorption by Phyllanthus amarus and
the Corrosion Product of Mild Steel in HCI

PA-Steel in HCI \ \

Plant Sample Corrosion Product

Frequency of IR Area Assighment Frequency of IR | Area Assignment

759.01 55.71 =C-H Bend 853.53 53.64 =C-H Bend

1050.28 199.48 | C-O Stretch 1091.75 91.33 C-O Stretch

1210.37 94.66 C-O Stretch 1209.41 49.57 C-O Stretch
C-C  stretch C-C stretch

1441.84 89.52 (in ring) 1442.8 98.72 (in ring)

1616.40 71.77 N-H bend 1613.51 164.17 | N-H bend

1721.53 125.97 | C=0 Stretch - - -

2934.79 790.05 | O-H Stretch - - -

3416.05 624.96 | O-H Stretch 3414.12 881.09 | O-H Stretch
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Appendix IX: Frequencies and Peaks of IR Adsorption by Paulina pinnata and the
Corrosion Product of Mild Steel in HCI

PP-Steel in
HCI
Plant Sample Corrosion Product
Assignmen
Frequency of IR | Area | Assignment Frequency of IR Area |t
823.63 91.55 | C-H’oop’ 841.96 67.08 | CH’oop’
172.9
1078.24 8 C-O Stretch 1034.84 58.42 | C-O Stretch
1286.56 49.46 | C-N Stretch 1264.38 53.47 | C-N Stretch
162.6 143.3
1621.22 7 N-H bend 1605.79 8 N-H bend
226.1
2619.42 5 O-H stretch 1454.38 70.91 | C-H bend
2786.27 82.92 | O-H stretch - - -
2890.43 94.37 | O-H stretch - - -
3008.09 64.80 | O-H stretch - - -
3132.50 45,99 | O-H stretch - - -
124.0
3238.59 9 O-H stretch - - -
729.0
3426.66 68.82 | O-H stretch 3405.44 5 O-H stretch
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Appendix X: Frequencies and Peaks of IR Adsorption by Boscia senegalensis and the

Corrosion Product of Aluminium in HCI

BS-Al in HCI | |

Plant Sample Corrosion Product

Frequency of IR Area Assignment Frequency of IR | Area | Assignment
C-H ‘oop’

808.20 41.035 Aromatic - - -

1065.71 188.1167 | C-O Stretch 1105.25 268.53 | C-O Stretch
C-N Stretch

1265.35 70.6734 (amide) - - -
C-C stretch

1442.80 135.2602 | (in ring) - - -

1627.97 85.4204 N-H Bend 1637.62 311.37 | N-H Bend

1705.13 76.2227 C=0 Stretch - - -

2930.93 413.8916 | O-H Stretch 3392.90 824.07 | O-H Stretch

3422.80 663.2868 | O-H Stretch 3737.20 48.65 | O-H Stretch
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Appendix XI: Frequencies and Peaks of IR Adsorption by Phyllanthus amarus and the

Corrosion Product of Aluminium in HCI

PA-Al in HCI
Plant Sample Corrosion Product
Frequency of IR Area Assignment Frequency of IR Area Assignment
759.01 55.71 =C-H Bend 789.88 45.67 =C-H Bend
1050.28 199.48 C-O Stretch 1114.89 264.66 | C-O Stretch
1210.37 94.66 C-O Stretch - - -
1441.84 89.52 C-C stretch (in ring) - - -
1616.40 7177 N-H bend 1641.48 331.588 | N-H bend
172153 125.97 C=0 Stretch - - -

2934.79 790.05 O-H Stretch - - -
3416.05 624.96 O-H Stretch 3429.55 919.494 | O-H Stretch
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Appendix XII: Frequencies and Peaks of IR Adsorption by Paulina pinnata and the
Corrosion Product of Aluminium in HCI

PP — Al in HCI

Plant Sample Corrosion Product
Frequency of IR Area | Assignment Frequency of IR | Area | Assignment
823.63 91.55 | C-H’oop’ 806.27 97.91 | C-H’oop’
1078.24 172.98 | C-O Stretch - - -

1286.56 49.46 | C-N Stretch 1138.04 156.74 | C-N Stretch
1621.22 162.67 | N-H bend 1641.48 293.07 | N-H bend
2619.42 226.15 | O-H stretch - - -

2786.27 82.92 | O-H stretch - - -

2890.43 94.37 | O-H stretch - - -

3008.09 64.80 | O-H stretch - - -

3132.50 45.99 | O-H stretch - - -

3238.59 124.09 | O-H stretch - - -

3426.66 68.82 | O-H stretch 3421.81 922.85 | O-H stretch
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Appendix XI11: Frequencies and Peaks of IR Adsorption by Boscia senegalensis and
the Corrosion Product of Aluminium in H,SO4

|

BS-Al in H,SO,4
Plant Sample Corrosion Product
Frequency of IR Area Assignment Frequency of IR Area Assignment
808.20 41.04 C-H ‘oop” Aromatic 868 65.192 C-H ‘oop’ Aromat
1065.71 188.12 C-O Stretch 1111.03 214.52 C-O Stretch
1265.35 70.67 C-N Stretch (amide) - - -
C-C stretch
1442.80 135.26 C-C stretch (in ring) 1427.37 114.64 ring
1627.97 85.42 N-H Bend - - -
1705.13 76.22 C=0 Stretch - - -
3422.80 663.29 O-H Stretch 3492.24 97.85 O-H Stretch
3245.34 84.56 O-H Stretch
3353.36 78.58 O-H Stretch
3145.04 58.86 O-H Stretch
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Appendix X1V: Frequencies and Peaks of IR Adsorption by Phyllanthus amarus and

the Corrosion Product of Aluminium in H,SO4

PA-AlinH,SO, | |
Plant Sample Corrosion Product
Frequency of IR | Area | Assignment | Frequency of IR | Area Assignment
759.01 55.71 | =C-H Bend 704.04 163.23 =C-H Bend
1050.28 199.48 | C-O Stretch 1126.47 270.05 C-O Stretch
1210.37 94.66 | C-O Stretch - - -

C-C  stretch C-C stretch
1441.84 89.52 | (inring) 1445.7 102.62 (in ring)
1616.40 71.77 | N-H bend 1625.08 167.13 N-H bend
1721.53 125.97 | C=0 Stretch | - - -
2934.79 790.05 | O-H Stretch 2580.84 103.26 O-H Stretch
3416.05 624.96 | O-H Stretch 3475.84 140.82 O-H Stretch
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Appendix XV: Frequencies and Peaks of IR Adsorption by Paulina pinnata and the
Corrosion Product of Aluminium in H,SO4

PP-Al in

H,SO,4

Plant Sample Corrosion Product

Frequency of IR | Area | Assignment Frequency of IR | Area Assignment

823.63 91.55 | C-H’oop’ - - -

1078.24 172.98 | C-O Stretch 1112.00 327.94 | C-O Stretch
C-N Stretch

1286.56 49.46 | (amide) - - -

1621.22 162.67 | N-H bend 1629.9 327.44 | N-H bend

2619.42 226.15 | O-H stretch - - -

2786.27 82.92 | O-H stretch - - -

2890.43 94.37 | O-H stretch - - -

3008.09 64.80 | O-H stretch - - -

3132.50 45.99 | O-H stretch - - -

3238.59 124.09 | O-H stretch - - -

3426.66 68.82 | O-H stretch 3462.34 1020.13 | O-H stretch
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