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Abstract

In this thesis, the ethanol extracts of some plant nanfyllanthus amarugPA);
Paullina pinnata (PP); Parinari polyandra (PP1); and Boscia senegalens{BS) were
investigatedor their corrosion inhibition potential anild steel and aluminiurm HCI (1.0

M) andH,SOy (0.5 M) respectivelyusing gravimetriandlinear polarization methosl The
influence of extractoncentrationg0.1g/lI to 0.5g/) andtemperature$303K to 323K) on
corrosion ad corrosion inhibition waassessedlhe results obtaineghowedthat PP, PA,

BS and PP1 decreased therrosionrate of mild steeland aluminiumin the acid media
Therate generally decreased with increasing extract concentiatitve order: PP>PP1>

BS> PA and PP> BS> PPIPA in HCl and BHSO, respectively for aluminiumPP> PA>

PP1> BS and BS> PP> PPPA in HCI andH,SQ, respectively for mild steedt 303 K

The corresponding maximum iihfition efficiencies were 73.55% and 4090 for
aluminium in HCI andH,SOy respectively and 83.52% and 80%729for mild steel.
Inhibition efficiency in allthe systems decreased with rise in temperature, suggesting
physical adsorption of the extract constituents on the metal surfaces. Scanning electron
microscopy (SEM) and infreed (FTIR) spectroscopy analyses of the metal surfaces in the
presence and absence of the inhibitors confirmed the presence of adsorbed protective
layers.Linearpolarizationstudies showed that the plant extrastgressed botthe anodic

and cathodic half reactions of the corrosion processes, thereby astingxadtype
inhibitors Langmuir isotherm was found to be thestin describingthe adsorption
behaviow of theextracton thesurfacesof mild steeland aluminiumat roan temperature,
whereasthe adsorptionproperty at elevated temperature was best described by the
Freundlich isotherm. 8culated values of free energy of adsorptid®?,; ., on mild steel in

the presence of PP, PBS and PPare as follows:9.93 t0-10.31kJ md™ and-8.31 to-
10.73kJ md™ in HCI at303 and333K respectively, and9.39 to-10.2 kJ md™ and-7.68

to -13.58kJ md™ in H,SO, at 303 and 33K respectively. ThealculatedAG?,, values for

the corrosiorof aluminium in he presence of PP, PA, BS and Féltbws the order -9.01

to -9.53 kJ md™ and -7.91 to -958 kJ md™ in HCI at 303 and 338 respectively
Corrosionactivation energy (§ values formild steel and aluminiummithe acids solutions
increasedin the presence of the inhibitor and the values were found to be less than
80kJmot' supporting the proposed physiosorption of the extract constituBetssity
functional theory (DFT) based molecular dynamics simulations were adopted to
theoretcally describe the interactions of selected extract constituents with the metal
surfaces. The computed binding energy valli@sding for the various onstituentindicate

the adsorption process to ben-covalent(physiosorptioi
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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 theametalygressive
medium (such as acid, base and salt) is unavoidable @day 2009a, 2009b). Corrosion
is definedas an electrochemical process that tends to returns the metal to its original state

(Eddyet al, 2010Q.

In view of the above, industridacilities 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 forhte protection of metals agairgirrosion (Okafoet al, 2007 Oguzie

et al, 2006; andAbdallah 2004a).

Inhibitors ae compounds that tend to retdheé rde of corrosion of metals by lvgj on
the surface of the metal either through the transfer of charge from charge inhibitor molecule
to charged met al surface (physical adsorpti
molecule to the vacant orbital (mostlyodbital) of the metal (Edy et al., 2015.
Numerous studies have been carried out on the corrosion of metals in different
environments and their inhibition and most of the salbwn inhibitors suitable for the
inhibition of the corrosion of metals in acidic medium are heteracgompounds (Eddgt
al., 2015 2010; Elayyoubet al, 2004, Ita, 20044&y; Ita ard 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 inhimh (EI 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 (Erategul

al., 2006 Umorenet 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 toxicdegradable and@ not
ecofriendly (Ita, 2004). On the other handreen corrosion inhibitors are biodegradable
and do not contain heavy metals or other toxic compourussuccessful use of naturally
occurring substances to inhibit the corrosion of metals in acidic and alkaline environment
have been reported by some research grgOgsizieet al, 2004 2007;Umorenet al.,

2006 andOkaforet al., 2007).

Researchms generally agre¢hat most of these plants are green inhibitors because they
are biodegradable, less toxic andrdu contain heavy metals (Okaferal.; 2007). In the
light of these, several plants extradtave been repted and their corrosion inhibition
properties are often attributed to thghytochemical constituemi{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 cham,epsssi en of
el ectrons or suitable groups may also facil
molecule to charge metal surface (physical adsorption) or the transfer of electron from the

inhibitors molecule to vacant-arbital of the metal (chmical 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 elucidatthe chemical structures of the ethanol extracts of
four (4) plants waste and to investigate their corrosion potentialsniior steel and

aluminium in acid media.

1.1  Justification of Study

In spite of the broad sgtrum of naturallisynthesizedinhibitors used for the
inhibition of the corrosion of metals including mild staeld aluminiumit has been found
that most inhibitors are toxic thereby posing abjgm to the environment. Inraer to
overcome the challengesisedby toxic inhibitorsthere is need to focus future research on
the use of ecdriendly corrosion inhibitors. Plant extractare products of naturally
occurring substancéhey are cheap and can be reagilpduced andarereadily available
in our immediate environment as wagbroduct which cause environmental pollution
Therefore, the present study shall attempt to exploeepossibility of using some plant
extractsfor the inhibition of the corrosion of mild steahd aluminiumin HCIl and HSO,
solution It has also beefound 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 thenhibitors. 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  Aim and Objectives

The present study is aimed at investigating corrosion inhibition potentials and
mechanismf inhibition of the ethanolextracts ofPhyllanthus amarugPA); Paullina
pinnata (PP); Parinari polyandra(PPJ; and Boscia senegalengiBS) on mild steeland
aluminum in HCI andH,SOy solutions at 303K, 313K, 323K and 333ising experimetal
and theoretical approachd&se aim of the research shall be achieved through the following
objectives:

() To perform phytochmical screening on the ethanektract of the plantand
identify structures of the active constituents using gas chogregghymass
spectrometry (GCMEB

(i) To study corrosin rates of the aluminium and mild steal uninhibited and
inhibited acid (HCI and k8Qy) at various temperaturessing gravimetricand
Linearpolarisation techniques

(i) To evaluate thénhibition efficiencies othe extracs for the corrosion of mild steel
and aluminiunin the different media.

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

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

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

(vii) To identify the functional @ups present in both thextracts as well as

corrosion prodat using Infrared SpectroscodiETIR).



(viii) To obtain the electronic structures of the selected constituents of the extracts by
means of quantum chemica@lomputations 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 electroahial process which involvdsansfer of electronsetween
a metal surface and an aqueous solution. When metal atoms are exposagdoeasive
mediumsuch & water, they can loosdectrons, becoming themselvessitively charged
ions provded electrical circuits areompleted. One of the modgamiliar corrosion
processes ioxidation of iron (rusting). Iron oxidizes in thgresence of oxygen and
agueous ela@mlyte solution. Physical strairmich asscratchesdents, etcon the iron are
more easily oxidized than other areas. The result is that these raggoasodic (oxidation
occurs) and simultaneouséydifferent region are athodic(reduction occuns When this

occurs, iron atom gives up two electrons to férefi” as illustrated in equation 2.1

2.1

The electrons released dugithe above reaction (equatioriflow through the irometal
to the cathodic regioleading to a reduction

0, + 2H,0(l) + 4e” 40H™ (aq) 2.2
Combination of equain 2.1 and 2.2 gives equatior82

2Fe + 0, + 2H,0 2Fe?™ 4+ 40H 2.3

A typical expeience ofthis proces®ccur in car fenders weifee?* is eventually oxidized

further to F&, in iron (Ill) oxide compounds (rust)

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



Corrosion can often be predictable or it cae 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 pipd to determine which
processes can occur and the tendency for the changes to take place (EtAash?p06a,

b; Cardoseet al, 2006;andEddy and Odoemelar@008a,b).

The great impact of corrosion of metals in the oil, metallurgical and ottlestries
has been widely acknowledged and several researches have been carried out on the
protection of metals against corrosion.sBRés obtained shosd that one of the best
methods involves the use of inhdmis. However, owing to stri@nvironmental regulations,
such as toximature of some of the inhibitorgtganic compounds are preferred to inorganic
compounds especially heavy metals derivatives, as corrosion inhibitors. Organic
compounds containing hetero atoms such as N, S, Hroc@jugated or aromatic systems
have been reported to be effective corrosion inhibitors (Abdallah,a20®4Ashassi
Sorkhabiet al, 2006;and Umoren and Ebenso, 2008). The preseof polar functional
groupssuch ag NH,, -COOH andiOH,a s  w e -eléctroasdacilitates the adsorption of
the inhibitor on the surface of the metal (Ebeasal, 2008; Eddy, 2008ndObotet al,
2009a). Also studies on the use of green corrosion inhibitors have been intembiése.
inhibitors are biodegradeable add not contain heavy metals or other tog@mpounds
(Eddy and Ebenso, 2008). The swgsfal use of thessubstances to inhibit the corrosion of
metals in acidic and alkaline environment has beported by some group of researchers
(Abiola et al, 2007;Abdallah, 2004ab; andBendahotet 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. Despibedhe spectrum of organic
compounds, the final choice of appropriate inhibitors fopaaticular application is
restricted by several factors which ind&toxicity, cost, ease d@vailability etc.

In the absence of adequate information on corrosion rate (metal weight loss/unit
area/unit time) and various methods of protecting a metal,-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 equigiinent

be inevitable.

2.2 Forms of Corrosion

Basically, there are eight forms of corrosion which atassified bas# on
appearance of the corroded metal. Some of these eight forms are unique and distinct but all
of themare to varyinglegrees interrelate@hese 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 ofvgaized 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 metalon a weight basis (Moore, 199t is often expresseth terms of
depth of penetratioor as weight loss The units often quoted in literature are ipy (inches
penetrating per year), ipm (inches of penetration per mamttd, (ng per dm per day and
mmyr® (millimetres penetration per year). However, the Sl unit is rimgnd the

converson factor is gven by equations 2.5, 2.6 and’ 2espectively
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mdd = 10 x gm~2d~1 2.5

mmyr~1 =36.52 xmdd x1/p 2.6
mdd = p Xipy X 1/1.44 2.7
where } is the dehpsity of the met al (kgm

2.2.2 Galvanic Corrosion

Galvanic corrosion also known as bimetallic corrosionis a localised mechanism
by which metals can be preferentially corrodéthentwo dissimilarmetals are ircontact
with each other or othemise electrically connectednd exposed to a corrosive liquid or
conductive solution, a potential st up betweethese two metals and a current flows.
Corrosion of one metal is often acceleratedl the other reduced, as compared to the
behaviour of these metals when they are not in carBactiuse othe electric currents and
dissimilar metals involved, thiform o corrosionis called "galvanic" or "twametal"
corrosion Consequatly, the more active metadxidizes more quickly in the galvanic
arrangement while an inert or noble metal will essentially be unaffected. The extent of
galvanic corrosion increases withet 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 fresence of a large cathoderrodes more quickly
and vice versarhis form ofcorrosion 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; Baboiaet al, 1990; Eddy, 200&ndOguzieet al, 2012).



2.2.3 Pitting corrosion

It resuls from galvanic action where the metal surface appears to have pinhole. The
pinhole representhe anode whilghe surrounding surface as the cathode (Jones, 1982;
Moniz, 186, 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, transpoofation
oxygen through the solution leads to areas of high or loygex cowmertration.
Therefore,it may cause the area with the higher oxygen concentration to become a
cathode while an area of lower oxygen concentration becomes egding in
localized #acked,;

c. depletion of inhibitor will also cause pits to form. In most cases, naturally formed
oxides on the metal surface act as inhibitors pratect the substrate from pits
(Jones, 1982loniz, 18B6; andClark and Varney, 1987).

The real pitting initiaes 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, tk film may not be able to reforitself and a pit is initiated. After initiation, the
mechanim 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. Migratidrcblorides and other reactivens 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 maxinum pit depth (D) often obeyxjuation2.8.

D = kt" 2.8

where kis the absorption equilibrium constaatnd nis the number of water molecule

absorband t is the time

2.2.4 Crevice corrosion

Creviees are present in all equipmemhey occumaturally around bolts, rivets etc.
They are also created by scras on the metal surface. @borrosion absorbs and draws
solution toward theeactive area. lis alsoinfluence by the same factors affecting pitting

corrosion and is indeed a specificrfoof pitting corrosior(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
honogeneous. 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 corrosivanedia can bring about erosignrrosion 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 extdng of

corrosion increasswith increase irthe velocity ¢ the corroding mediumin 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 abject 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 thequid.

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, 19@@psion
occurring at contact regions between materials utadat 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 contl 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 bse for data gathering. The exact techniques which casdmedepend on

12



the actual environmentlloy system, and operating parametdise various method of
measuring corrosion as descudtzelow.
2.3.1 Gravimetric technique

The weight loss technique the simplest, andhe longesestablishedmethod 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 intervalh& 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 lossver the period of exposure being expressed as corrosion rate (Oguzie,

2005; Eddyet al, 2010; Olasehindet al, 2012;andAdejoet al, 2012).

The technique is extremely versatile, since weight loss coupons can be fabricated
from any commercially availdd alloy. Also, using appropriate geometric designs, a wide
variety of corrosion phenomena cde studied. These includgressassisted corrosign
bimetallic (galvanic) attackdifferential aerationheataffected zonebut ae not limited to
these methds.

This technique is mostly widely used because of it numerduanéageswhich
include applicalility to all environmentggases, liquids, solids/particulate flpwisual
inspection can be undertakeoywsion deposits can be observed and ana)yzeight loss
can be readily determined and corrosion rate easily calculaislized corrosion can be
identified inhibitor performance areasily 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 nedst uns
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 (Oguezial.,2012ab).
2.3.2 Gasometrictechnique

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 (Umeiral, 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 iseobed 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-tlegeed flask consisting of an
inlet for the metallic coupon, ather one for the thermometer and the last leading to the
gas burette (Umoreet al., 2009).
2.3.3 Thermometric technique

The reaction vessel is a well lagged, thneeked round bottom flask consisting of
an inlet for the metallic coupon, another one 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 thenometer (G 100°C) (Eddy and Ebenso, 2008; Obbal, 20093
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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 cormdiesting. These techniques can
provide significant useful information regarding the corrosion mechanisms, corrosion rate
and susceptibility of specific materials to corrosion in designhated environments.
Polarization methods involve changing the potentiél 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 (Va898; 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 (@@Ecorr/ i corr) curve at
polarization resistace Rp that can be related (for reactions under activation control) to the
corrosion current by the Stefdeary egation (ASTM, 2001; Dean, 2003)
2.3.6 Electrochemical noise

The nonintrusive use of electrochemical noise (EN) for corrosion madngois
very attractive examples are found in aircraft corrosion and gas scrubbing tower
monitoring. Fluctuations of potential or current of a corroding metallic specimemdre a
are well known The extensive development in the sensitivity of the equipment fdyistu
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 sens#tiNao system anges

and upsets (Sastri, 2011)

15



2.3.7 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscaigo called AC impedance anpedance
spectr@copyis usually measured by applying an AC potential to an elearocal cell
and measuring the current through the cell. A small amplitude signal, usually a voltage
between 5 to 50mV, is applied to a spgn over a range of frequenof 0.001 to
100,000Hz. The EIS instrument records the real and imaginary componerite of
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

(Oguzieet 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 aondestructive technique anchn provide time dependent infioetion
about the properties andlso about ongoing presses such as corrosionowever,
expensive and complex data analysis is required for quantification (NACE, 1999; Sastri,
2011).

2.3.8 Galvanic monitoring

The galvanic monitoring technique, also known asoZResistance 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 eleesod’he current generated due to
this potential difference relates to the rate of corrosion occurring on the most active of the
electrode coupleThis methodis applicable tobimetallic corrosion crevice and pitting

attack corrosion assisted crackingprrosion by highly oxidizing speciesdweld decay
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Galvanic current measurement has found widest applications in water injection
systems where dissolved oxygen oemications are oprimary concern. Oxygen leaking
into such systems greatly increases galvanic currents and thus the rate of corrogien of st
process components. Thenitoring systems are used to provide an indication that oxygen

may be invading injection waters throulglaking 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, allotesysand 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. Cosion 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 processed 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 mitigapia@tedure involveselection of
materials and design agat corrosion cathodic protectionanodic protection protective
coatings change ofenvironmentand 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 emgnment (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 caditions should be avoided whiafcludes:

a. features that trap dust, air and water

b. designs with inaccessible areas that cannot beratected, e.g., by

maintenance painting

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

Also, metalmetd or metalnon 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 aided(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 tfalowing techniquegSastri, 1998; 2011)

a. using inorganic coating®.g., vitreous enamel, glasses, ceramics

b. application of organic coatings,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 byconnecting 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 mpressed 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. Impressadent nethod
instead uses an external power source to produce a corrosion cell were the metal being
protected is connected as the cath@hestri, 1998; 2011)
2.4.4 Anodic protection

Anodic protection is achieved by raising the potential of the metal beingiaoie
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 corrodigriorming 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 cathodicctemn (cathodic inhibitor) or both (mixed

inhibitor) (Umorenet al, 2009; Eddyet al, 2010; Akalezet al,, 2012)

2.5 Inhibition of corrosion
Hosseiniet al (2007) reported thaorrosion can be controlled by addition of

chemical substances calledhibitors 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 corrosiduisrate.
implies that inhibites can be classified as anodic or cathodic depending oprtivess
(Akpan, 1994). Inhibitors can also be classified as organic or inordapending on their
constituentand their redoxcharacteristics. However, one of the most widely applied
classificaton systems foinhibitor is that proposed by Kellgt al (2003).However, he
describe inhibitors base on three different forms ngmel

a. Adsorption inhibitors: These are inhibitors which are adsorbed on the metal
surface and form protective barrier film&dsorption 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 functidry 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 fan 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@ Byer 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 Ttné&.solid film may
be an oxide layer, corrosion product, metallic or-n@etallic coating or inhibitor forming a

porous layer or neporous film (Mercer, 1990; Monikat al, 2005). However, the liquid
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film is the electrolyte in the interphase which diffdrom 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 oroxidizing 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 poteistial. It
also possible that the inhibitors are reduced and the reduction product is depodited
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 effedve at certain concentrations rftical 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 capa&bbf passivating metalslectrochemically
They include compounds such as NaOH and the salts of weak acids and strong bases such
as NaPQ,, NaaHPQ,, Na&CO3, NaBQ; and NaB4O; (TarvassohlSaladini, 2004).
2.5.4 Interface inhibitions

Interface inhibition occurdue to astrong interaction between the corroding metal
and the inhibitor. The adsorption of thhibitor depends on the potential of the electrode
as well as the charge on the adsorbate molecule. The protective filmDsalgorbate,
which can affect the corrosion reaction twye of the following mechanisn{3avassoli
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 diffusiorebavhich 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 surbce, 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 eleuitathe
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 acidiglutions where the condition is not
favourable to oxide formation (Mansfeld, 1987). According to TarvasSalardini(2004),
majority of the very effective interface inhibitors are organic compouwutgaining
nitrogen, sulphur and oxygen. It has beennfib 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 nfeehanism of
inhibition of corrosion of metals and alloys. The most frequently used adsorption isotherms
are Langmuir, Freundlich, Temkin, FleHuggins and Frumkin isotherms. All these
isothems can be generalized based on equatio8zieet al.,2012b):

f(0,x) exp(—2ab) = kC 2.9
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wheref ( dis thexcpnfiguration factor which depends upon the physical model and the
assumptions underlying the derivation of the isothefis,the degree of surface coverage,
C is the inhibitor concentration in the electrolyieis the size ratio, a is the molecular
interaction parameter arkds the equilibrium constant of the adsorption process (Eb&nso
al., 2008; Oguziet 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 berepresented by equation 2.11:
Clg =1/, +C 211
wherek is theadsorption equilibrium constart is the concentration of the inhibitandd
is the degree of surface coverage of the inhibitor. By plotting valuéd aérsus values of
C, straight line graphs are obtained (Eddy and Ebenso, 2010; Akakdzi2012)
2.6.2 Freundlich isotherm

Freundlich suggested an empirical equation which describes adsorption on
heterogeneousurfaces. Tis isotherm is based on the assumption that adsorption sites are
distributed exponentially with respect to energy of adsor@iwhthat the surface sites are
subdivided into several types, each possessing a characteristic heat of adsorption
(Odoemelanet al, 2009). Thiequation is presented bquation 212:
logd = logk + nlogC 212
wher e d i s sutfdcescoveragd;risehecormdntrabn of inhibitor in solutionk

is theadsorption equilibrium constaahd n is thé-reundlich isdterm constant ( with 0 <n
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< 1). By plotting values of Idgagainst logC, straight line graphs are obtained with slope
W6 and intercept | ogk.
2.6.3 Temkin adsorption isotherm
According to Temkin adsorption isotherm, the degree of surface covéraige
related to the i (Chinthe lula elérelytecaccording moteguation o n
2.13:
exp(—2 « 0) = kC 2.13
wherek is the equilibrium constant of adsorptiaia n dd 6i s t he mol ecul ar

parameter. Rearranging and taking logaritsfrboth sides gives equationd 2:

6 = —2.303log X/, o — 2.303l0g ¢/, . 2.14

a plot ofd versuslog C gives a Inearplot provided the Temkin isotherm is obey@&itldy
and Ebenso, 2010; Adegi al.,2012).

2.6.4 Flory-Huggins adsorption isotherm

The assumptions of Floiuggins adsorption isother can be expressed as

equation 215:
log ¥/, = logk +xlog(1— ) 2.15
whewxbe i6s t he number of i nhi bitor mol ecul es

molecules replaced by one molecule of the inhibitor). A pldt of g ( vérsuddg(1- d s
linear confirming the application of Flotuggins (Eddy ad Ita, 2010).
2.6.5 EIl-Awady adsorption isotherm

The Elawadymodd can be expressed leguation 216:
log(e/l _g) = logK' +ylogC 2.16
where K is a constant related to the@gbtion equilibrium constamixpressed as:
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k 9 Ko 2.17

wherey is the number of the inhibitor molecules occupying one active siteland x

which is the number of active sites of the surface occupied by one molecule of the inhibitor.
It has been found that values wfgreater than unity indicadetha a given inhibitor
molecule wold occupy more than one active site. Also, valuesyot 1 imply the
formation of multilayers of inhibitor on the surface of the metal, while 1 indicates that

a given inhibitor molecul®ccupy more than one active site (Noor, 2009¢t.al., 2010;
Adejoet al.,2012).

2.6.6 Frumkin adsorption isotherm

The assumptions of Frumkin isothecan be expressed as equatidr82

log(P/; _ 4) = 2.303logk +2 o 8 2.18
where k is the adsorptiore qui | i bri um constant and U is
describing the molecular interaction in the

the attractive behaviour of the surface of the metal (Eddy and Odiongenyi, 2010).
The equilibrium consint of adsorptiok, of an inhibitor on the surface of a metal is related

to the free energy of adsorptionGa d s Aas accor.thing to equation

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.

Ge ner alghvaues wihGnagnitude much less than 40 kJhiave typically
been correlated with the electrostaticenaictions between organic molecules and charged
metal surface (physsorption), whilst those of magnitude in the order of 40 kJ'namid

above are associated with charge sharing or transfer from the organic molecules to the
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metal surface (chemisorptionPd@povaet al, 2003; Eddy and Ita, 2010; Oguzi al.,

2012D).

2.7 Corrosion Inhibitors

Corrosion inhibitors aredefinedcompounds that can reduce the rate of corrosion
process of any metal through theechanism of adsorption, whiatan 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 ebrbital of the metal).

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

properties (Eddyt al, 2010; Oguziet al, 2012a, h

a. possession of an hetero atoms in aromatic rings or long chain carbon
b. possession of polar functional groups suchi @OOH, -NH,, etc as well as -

electrons.

2.8 Green corrosion inhibitors

Eddy and Ebeso (2008) reported thareen corrosion inhibitors argotten from
plant and animals which ar@ntoxic because they do not contain heavy metealatively
cheap andare biodegradableMost green corrosion inhibitors are extracts (ethanol,
aqueous, methanol, etc) of plants and animal products. The use of green inhibitors is
preferred becausef their ecefriendly nature. In view of these, several extracts of plants
have been successfulutilized for the inhibition of the corrosion of metals in acidic,

neutral oralkaline media.
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2.81 Green corrosion inhibitors: Plant extract

Eddyet al (2009¢ studythe inhibition potentials of ethanol extractlaisianthera
africana for the corrosiorof mild steel HSO, using gasometric, thermometric, gravimetric
and FTIR methods. e inhibitive properties of the extract were attributed to enhancement
in adsorption of the inhibitor on misteel surface by saponin, alkaloid, tannin, flavanoid,
cardiacglycoside, and anthraquinone in the extraliso, adsorption of the inhibitor was
found to be exothermic, spontaneous, and supported the Langmuir and Temkin adsorption
models. Synergistic study indieat thatof the investigated halides (KBr, KCl and Konly
KCl enhancedthe adsorption of the inhibitor whiléKBr 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 threshad o&40
and 80 kJ mat, respectively, a physical adsorption mechanism was proposetheor
adsorption Alkaloid extract ofAnnonasquamosalant hasbeen studiedby Lebriniet 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 Ammionasquamosaextract wasa
mixed type inhibitor, it indicagéd that the extract was temperature dependent and its
addition led to an increase the activation energy shawg a physical adsorption between

the metal surface and the extract.

Okafor et al. (2012 investigded theaction of ethanglacid and toluene dracts
from Artemisia annuaand Artemisinimon mild steel corrosion in 30, solutions using
gravimetric and gasometriechniques. The extractsnctioned as good inhibitors, and

their inhibition efficiencies followedthe trend EEAA > AEAA > TEAA Inhibition

27



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. Uwabhet al, (2013) also investigated the inhibitive performance of ethanol
extracts ofAndrographis paniculatgKing bitter) EEAP andvVernonia amygdalingbitter

leaf), EEVA on the corrosion of mild steel in 2 M HCI solution at 30, 40, 50 afi€ 60
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 K.0g/
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.

Ebenscet al. (2008)in there studyepotedon the corrosion inhibition of mild st
by ethanol extract ofPiper guinensis(EEPG) using gravimetric, gasometric and
thermometric methods. The results of the study indicated that various concentrations of
ethanol extract dPiper guinensigEEPG) 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 olsined for the blank. Thermodynamic consideration indicated that the
adsorption of. guinensiextract (EEPG) on mild steel surface is spontaneous and occurs
according to Langmuir adsorption isotherm. Physical adsorption mechanism was proposed
for the adstption 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 studythe inhibitive and adsorptive characteristics of

ethanol extract oGnetum &icana for the corrosion of mild steel inJ80, using weight

28



loss, gasometric, thermometric, and IR methods of monitoring corrosion and found that
ethanol extract oGnetum #&icanais a good adsorption inhibitor for the corrosion of mild
steelin H,SOy. 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 exothermitaispouns

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 synemisbmbinations with
halides indicated that only KClI may enhance the efficiency of the inhibitor. The study
provides information on the asof ethanol extract oGnetum #&icana as a corrosion

inhibitor for mild steel.

Odiongenyiet al (2009) investigated the inhibitive and adsorption properties of
ethanol extract oWernonia amygdalindor the corrosion of mild steel in 80, using
weight loss, thermometric, gasometric and IR methods of monitoring corrosion. The results
obtained revdad that ethanol extract afernonia amygdalinanhibited 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 acérionia amygdalia is an adsorption
inhibitor. Phytochemical studies also shedvthat ethanol extract &ernonia amygdalina

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

of the thermodynamic parameters obtained.

Eddy and Mamza (20Q9studied the corrosion of mild steel in,$0, using
gravimetric, gasometric and IR methods. The results indicated that the rate of corrosion of
mild steel in HSO, increases with increase in the concentration of the acid and that ethanol
extracts of the seeds and leaveg\padirachta indicanhibited the corrosion of mild steel
in H,SOq. 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, anthraquiawoepfle and
other phytochemical constituentsthe extracts. IR study indicated thhe inhbitors are
adsorptive in naturend that the adsorption of the inhibitors on mild steel surface is
exothermic, spontaneous and consistent with the assumptions ofHeiggins adsorption
isotherm. Based on the values of the activation, free emérggsorption and the variation
of inhibition efficiency with temperature, a physical adsorption mechanism was proposed
for the adsorption of ethanol extract of leaves and seedszadirachta indicaon the
surface of mild steeEddyet al (2009d)also studythe inhibitive and adsorption properties
of ethanol extract offerminalia catappdor the corrosion of mild steel in 280, using
weight loss, hydrogen evolution, and infra red methods. Ethanol extractcatappawas
found to be a good adsaign inhibitor for the corrosion of mild steel in,80;,. The
inhibition efficiency of the inhibitor increased with increasing concentration but decreased
with increasing temperature. The inhibition potential of ethanol extratt catappawas
attributedto 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 Langmuirioadsorpt
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 (2Qldwvestigated 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 Emblicaofficinaliswas 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 he experimental data fitted the Langmuir, Temkim, Freundlich and -Hoggins

adsorption isotherms.

Oguzie (2008)studied the inhibitory potentials of calyx extract Bibiscus
sabdariffafor the corrosion of mild steel in HCI and,$0, solutions, usinggasometric
method and found that the inhibition efficiency of the inhibitor increased with increasing
concentrationof the inhibitor The adsorption of the inhibitor on mild steel surface
followed the Langmuir adsorption model and supported the mechanisphysical
adsorption Eddy and Odoemelam (2009) used FTIR, gravimetric and thermometric
methods to study the inhibitive properties of ethanol extracAloé veraand reported
inhibition efficiencies ranging from 65.08 to 89.67 %. The adsorption ofnimidifor 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 extracHibfscus
sabdariffa leaves for the corrosion of mild steel in 0.5 M NaOH using chenaaodl
electrochemical techniques. Electrochemical measurements indicated that aqueous extract
of Hibiscus sabdariffaacted as a mixed inhibitor and the adsorption of the inhibitor on
aluminum surface supported the mechanism of physical adsorption andsvasiained
by the Langmuir andubinini Radushkevich adsorpth isothermsHazwanHussin and
JainKassim (2011) analyzed the inhibitive effect of the ethatetate extract dfncaria
gambir on the corrosion of mild steel in 1M HCI solutitny weight lossmeasurement,
potentiodynamic polarization and electrochemingledance spectroscopgchniques. The
presence of this catechaontainingextract reduces remarkably the corrosion rate of mild
steel in acidic solution. Thesults from this corrosion tedearly revealed that the extract
behaves as a mixetype corrosion inhibitor with the highest inhibition at 1000 ppm.
Akalezi et al (2012 reported on th@ssessment of the inhibitive action Bétersianthus
macrocarpus leavextract oncorrosion of mildsteel in 1M HCI and 0.5M H,SO,
solutions was done usingravimetric, electrochemical impedance and potentiodynamic
methods. Theinhibition efficiency of the inhibitor increased with increasing extract
concentrationResults indicated that the extractsidtioned as a good inhibitor in both
corrodent solutions. Temperature studies in the range 313K reveal increase in
inhibition efficiency of the extract with rise in temperature. The authors proposed a
mechanismof chemical adsorption. The adsorptioharacteristics of the inhibitor were

found toobey Langmuirisothermand supported chemiosorption

llomaeke et al (2013, studied the effectiveness of leaves extract Bmilia

sonchifoliaand Vitex donianaas corrosion inhibitors of mild steel in 214 HCI medum
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using gasometrimethod at 30°C and 60°@dsorption ofEmilia sonchifolialeaves extract
on the surface of the mild steel followed Langmuir, Temkin Brelindlich adsorption
isotherm while adsorption ofitex donanideaves extract othe surfae of the mild steel
obeyed Langmuir and Temkin adsorption isotherm. atisorption of the inhibor was
through physical means

Apart from the above listed studies, other researchers have successfully used different
plant exracts as corrosion inhibitdqfdwosuet al, 2013 Onuegbuet al, 2013;Patelet al,
2013; Achebeet al, 2012;Abiola et al, 2007; Abdallah, 2004a; Bendahoet al., 2005;
Bouyanzer and Hammouti, 2008hetouaniet al, 2004; Ebenset al, 20, 2004;Ajayi,
2003; Ebenso and Hie, 1996; Eddy and Ebenso, 2Q0Bkpeet al, 1994; ElEtre, 1998,
2003, 2006; ElEtre and Abdallah, 2002; Kliskiet al, 2000; Krajewka et al, 2002;
Oguzie, 2005,20062007; Oguzieet al, 2006,2007; Okaforet al, 2005,2007, 2008;
Okafor and Ebenso, B@; Umoreret al, 2006a2008a, 2008pUmoren and Ebens@008
2007 Sethuramaret al.,2005 Rajendranet al., 2005 ;Zucchi and Omar, 1985; Zucclet
al., 1978).

2.82 Green corrosion inhibitors: Amino acids

Some amino acids have been found togbed inhibitors for the corrosion of mild
steel in HCl. Amino acids are molecules that contain both amino and chcbagyl
functional groups. Thacids are non toxigontaini NH, and COOH funtional groups and
completely soluble in aqueous media arh de produced with high purity at reduced
costs. They are therefore expected to be good inhibitors for the corrosion of mild steel in

H,SOy solutions.
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Badawyet al (2006), studiedhe corrosion inhibition of QWi alloys in agueous
chloride solutionsusing amino acids which are environmentally friendigterials. 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 wasalso calculated. The experimental results have shown that a simple amino acid
like glycine can be used am efficient corrosion inhibitor for the GINi alloys in neutral
chloride solutions. An inhibition efficiency of about 85% was achieved at very low
concentrations of the amino acid (0.1 mNBor low Ni content alloy (GiNi), 2.0 mM

cysteine showed a remarkable higf9§%) corrosion inhibition efficiency. The

experimental impedance data were fitted to theoretical data according to a proposed
equivalentcircuit 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 aidino a
molecules and/or the deposition of corrosion products on the alloy surface. The adsorption
free energy of cysteinen Cu N i ( 1 37 ."9ihdickted a strorlg physical adsorption

of the inhibitor on the alloy surface. OlivarEemetl et al (2008) investigated the
potentials of new compounds of alkylamides derived framino acids were tested as
corrosion inhibitors for carbon steel in an aqueous solution of hydrochloric acid.
Electrochemical testing was carried out using polarization sscamd weight loss
measurements. Polarization scans indicated that the compounds acted as mixed corrosion
inhibitors with an efficiency of 83® 0 % when di ssolved in the tes:s
whereas gravimetric results displayed a similar tendencgratix 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 wapparently derived from its longer aliphatic
chain, with some contribution from its phenyl ring, which reinforces the molecular

interactionsof typebonding to the d orbital metal favouring film formation.

Aksot and Bilgic (1992) investigated the inhdoiy effect ofthirteen differenamino
acids on the corrosion of nickel in sulptwacid mediumCorrosion current densities were
determined by the extrapolation of the cathodic Tafel region to the corrosion potential. The
effect of the amino acids on thmassivity of nickel was examined by anodic cumrent
potential curves. It was showhat some amino acids are inhibitdd¥scorrosionto various
degreeswhile others were found taccelerate corrosionate El-Rabieeet al (2008)
studied the electrochemicdehavior of vanadium in amino acid using ojfué#cuit
potential measurements, polarization techniques and electrochemical impedance
spectoscopy (EIS). The effect ofhtoride 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 cosimn inhibition process has shown that some amino acids like
glutamic acid and histidine have promising corrosion inhibition efficiency at low

concentration T= 25 mM). The inhibition efficiencyd) was found to depend on the

structure of the amino acid @rthe 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 \h acidic solutionswasfouh t o be 1 9. showkstangno | w h

physical adsorption of the amino acid molecules on the vanadium suffaaeget al
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(2008) investigated the inhibitoeffect of four amino acids such aspartic acidAsp),
glutamic ad (Glu), asparagines (Asn)and glutamine(GIn) towards the corrosion of
copper in 0.5 M hydrochloric acid solution using potentiodyicapolarization and EIS
methods. Theneasurements 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 increag in the concentration of the inhibitors. Addition of iodide ions into 10mM
glutamine solutionincreasesthe protection efficiency, reaching a maximum value of
93.74% for 5mM KI. The mechanism of physical adsorptiomas proposed for these
reactions and wasonsistent witithe Langmuir adsorption modeépahet al. (2009) used
electromotive force measurements to study the inhibition potentials of some amino acids

and obtained results which indicated tthegacids are potential corrosion inhibitors.

AsshassiSorkhabiet al (2009 investigated the inhibitory effect of three amino
acids (alaning(Ala), glycine (Gly) and leucine(Leu)) against steel corrosion in HCI
solutions using potentiodynamic polarization method. Corrosion data such as corrosion
rate, corosion potential (Ecorr) and corrosion resistance (Rp) were determined by
extrapolation of the cathodic and anodic Tafel region. Adsorptionhasot was
investigated by weightoss measurement. The effect of inhibitor concentration and acid
concentration agnst inhibitor action was investigated. The inhibitiificiency 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 adsorptaieo supported the Langmuir adsorptiasotherm.

Barouni et al. (2008) also investigated the inhibition effect of five amino asidsh as
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valine (Val), glycine(Gly), lysine(Lys), arginine(Arg) and cystein€Cys) on the corrosion

of copper in molar nitric solution using weight loss and edettemical polarization
measurements. The resulobtainedindicated 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. Correlatietwben the quantum chemical
calculations and inhibition efficiency was discussed using-senpirical methods (AM1

and MNDO).

The inhibition effect of three amo acids namelyproline (Pro) methionine(Met)
and trytophangTrp) towards the corrosionf &bi Sk S& As alloy in H,SOy 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 thaséibitors acted as good inhibitors for the
corrosion of lead alloy in $50Oy solution. Increasing inhibitor concentration increases the
inhibition efficiency. It was found that adsorption of the amino acids on lead alloy surface
follows Langmuir isothermAsshassiSorkhabiet al (2005 also aterminedthe inhibition
effect ofalanine, leucine, valine, proline, methionine, and tryptopgbasards the corrosion
of aluminum in 1 M HCI + 1 M KSOy solution using weight loss measurement, linear
polarization and EM techniques. The results tiese techniques were comgable The
effect of inhibitor concentration and temperature agamtsbitor action was establisheld
was found that these amimagids acted as good inhibitors for the corrosion of aluminum in
1 M HCI + 1 M HSGO;, solution. Increasing inhibitor concentration increases the inhibition
efficiency and with increasing temperature the inhibition efficiency decreases. It was also

foundthatadsorption process followddingmuir and Frumkin isotherms.
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Moretti et al. (2004) also sty the inhibition effects of tryptamine (TA) on the
corrosion behaviour of ARMCO iron in 0.5 M deaerategs@, 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, rangemnf90% to 99% and did not
diminish over time and as the temperature increased. TA adsorption followed Bockris
Swinkels adsorption isotherm. Siled al (2006) also deetermirtbe effect of cysteine on
the corrosion of 304L stainless steel 1 M H,SQO, using openRcircuit 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 studeeshase reported by Kiargt al
(2008) and Zerfaouet al (2004). Goa and Liang (2007) evaluated the electrochemical
performance of Aiethylaminepropan2-ol (EAP) and 1 3-bis-diethylaminepropan2-ol
(DEAP) for brass in simulated atmospheric watemgispotentiodynamic 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 thetimal (DFT) and quantum chemical

analysis.

2.83 Triazoles and benzotriazoles derivativegas corrosion inhibitors

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

possess extlent inhibition properties oforrosion of mild steel in 0.5 M 430, at room
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temperature using gbentiodynamic polarizatn and AC impedancanethods These
compoundswere found to act as mixed typehibitors. Among the compoundsiBTA
exhibited the best inhibiting performang®ring more than 95% IE. 80, Rct valueswere

found to havancreased whilehose ofCdl decreasevith increase in the concentration of
benzotriazole. The observed trend was attributed to the adsorption of benzotriazole on the
metal surfaceGopi et al. (2007) studied the corrosion inhibition of mild steel by means of
newly synthesized triazole phosptates 3vanilidene amino 12, 4-triazole phosphonate
(VATP), 3anisalidene amino 12, 4-triazole phosphonate (AATP) and-paranitro
benzylidene amino 12, 4-triazole phosphonate (PBATP) together with cetyl trimethyl
ammonium bromide (CTAB) in naturalgaeous 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 indicaté TP 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 efficien€gadomet al (2009)
investigated the adsorption dfamino5-phenyt4H-1, 2, 4triazole3-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, usig BockrisSwinkels 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 thearrosion 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 teezbtriazole 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 orki@etics.Li et al. (2011) synthesized two
triazole derivatives [phenyt2-(5-(1,2,4) triazoll-ylmethyt(1,3,4) oxadizack-
ylsulphanyl}ethanone (PTOE) and-(@-tert-butyl-benzylsulphanytp-(1,2,4) triazoll-
ylmethyt(1,3,4) oxadiazole (TBTO)] as newrcosion 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) andlgpization curves. The results obtained from
electrochemical investigation revealed that these compounds acted agypathibitors
retarding the anodic and cathodic corrosion reactions and did not change the mechanism of
either hydrogen evolution redon or mild steel dissolution. The adsorption of the
inhibitors obeyed the Langmuir adsorption modéile effect of molecular structure on the
inhibition efficiency of the inhibitors was investigated usady initio calculations while
electronic properéis such as the energy of the highest occupied molecular orbital (HOMO),
the energy of the | owest unoccupied mol ecu

molecular orbital densities were also calculated.

2.84 Dyes as corrosion inhibitors
Oguzieet al (2004) to study the inhibitory properties of congo red (CR) dye for the

corrosion of mild steel in aerated sulphuric acid solution betwees03D. The effect of
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addition of halide salts such d€Cl, KBr and Kl 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
datasuggested that inhibition of mild steel corrosion is due to physical adsorption of the
CR molecules on the metal surface. The adsorption of CR obeyed Hlggins isotherm.
Inhibition antagonism and synergism (KCl < 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 tempepatw@rosion
activation energy in these systems decreaseth 96.92to 40.63 kJ mof. These
observations indicate a chemical adsorption mechanism, thus suggesting that the halide
ions reversed the eehanism of CR adsorption ovifre concentration range studied. The
calculated values of heat of adsorption confirm physisorption and chrgbis
mechanisms respectively for CR adsorption in the absence and presence ofThalides.
inhibitive properties of some organic dyes have been investigatesbrog researchers.
Abdeli et al. (2009) studied the inhibiting behaviour of nile blue and indaarmine
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 anéd&thodic in nature, andangmuir isotherm
was found to be the best isotherm that described the adsorption behaviour.
2.85 Schiff bases as corrosion inhibitors

Weight loss and thermometric methods were used by Upadityal (2007) to
study the inhibitory effect o(furfurdidme)ti M-e s i s e d

methoxy aniline (SB1), Mfurfurilidine) 7 4- methylaniline (SB2), N (salicylidine)i 4-
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methoxy aniline (SB3), Ncinnamalidine) T 4 imethoxy aniline (84) 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 concentratiomhibitor and that of

the acid. Maxi mum inhibition efficiency wa
bases at the highest concentration of atlte corrosion inhibition of mild steel in 0.5 M
sulphuric acid by two newly synthesized Schiff basamely 4X-2-{[2-(2-pyridin-2-yI-
ethylsulfanyl) ethylimino] and methylphenol [X = iNO, and iOMe] have been
investigated in the temperature range 2B8318K using Tafel polarization and
electrochemical impedance spectroscopy (EIS) methods (Hosseial, 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 methograsented in Tab$e3.1 and
3.2 These materials were mechanically pressut into different coupons, each of
dimension, 3x2x0.12mm for weight logsvestigationand mxlan for electrochemical
study. The coupons were wet polished with different grades of SiC abrasive paper (#400 to
#1200), degreased by washing with ethanokroéel 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 th@ieparation Acid solutions of 1.0 M KICI)
and0.5 M H,SO,) wereused forweight loss ad polaization studies after they hdmken
standardied, while the concentration range for the inhibitors was 0.1g/l to 0.5g/l

respectively.

Table 3.1: NominalElemental Composition of Aluminium Sheet

Element Mn Fe Si Cu Pb Ti V 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

3.21 Plants extraction

Sample leaves of Phyllanthusamarus Paullinia pinnata Parinari polyandra;
Boscia senegalensisvere obtained fronZange shanu, Sabon Gari Local Government
Area Kaduna StateNigeria. Thesamples were later taken to Herbarium in Department of
Biological SciencesAhmadu Bello UniversityZaria Nigeria for identification and were
assigned batch numlseThe 500g of theleaves weralried, ground and soaked L of
ethanol solubn for 48 hours. After 48 hours, the samplesre filtered The ethanol was
thenevaporatedff. The stock of the extract so obtained were used in preparing different
concentrations of the extract by dissolvihg, 0.2, 0.3, 0.4, and 0.5g of the extsant1L

of various concentration of the a¢ilddy and Odoemelam, 2008roraet al,, 2007.

3.2.2 Chemical analysis

Phytochemical analysis of the ethanol and aqueous extract of the sample was
carried out according tdh¢ method reported bQureshi and Eswar(2010) Frothing and
NaCO; tests were used for the identification of saponin, bromine water, ferric chloride
tests were used for the identification of
(chloroform solution of the extrés with sulpluric acid and acetic adidvere used for the
identification of cardiac glyadises while Dragendoriyieyer, and rdagenetestss
(solution of potassium bismutbdide potassium mercuriodideand siturated solutions of

picric acid)were used for the identification of alkaloid.
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3.23 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 intca water bath maintained at 303After every 24 hours, the corrosion product
was removed by washing each coupon (wddr from the test solutionyith solution
containing 58 NaOH and 109L™" of zinc dust. The washed coupon waseit in acetone
andair dried before reweighing. Theexperiment was repeated 313K, 323K and 33K
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 covebage (
and the corrosion rate dhe mild steel and aluminium (CR) were calculated using

equatias 3.1, 3.2 and 3.(Eddy and Ebenso, 2010);

W —Wy

%I = x 100 3.1
2
= %I
6=""/100 3.2
CR = AW /At 3.3

where W and W, are the weight losses (g) for mild steel in #ftsence andresence of the
inhibitor respectively6 is the degree of surface coverage of the inhib@y,= W, 7 Wy,
A is the areaf the mildsteel and aluminium coupogn(?), t is the period of immersion

(hours) anchW 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 presencewvafrious concentration of plants extract was investigated using the

Arrhenius transition state equations 3.4 and 3.5.

Ea
2.303RT

o8 () = {108 (5) + 73037) ~ 750ar 35

where CR is the corrosion ratetbe metal, A is the Arrhenius or pexponential factor, £

logCR = logA — 3.4

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 avgadros gas constant, h is the plank consjaitis the entropy of activation

|y Raigithe enthalpy of activation (Dahmaetial., 2010 and Singhtal., 2010).

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

Oguzieetal., 2012b).

Qads = 2.303R {log (i) - log( o1 )} (szn) kjmol™ 3.6

1-62 1-61 T1-T2
where R is the universal gas constantaid T, is the temperature of system at 333K and

303K, ' ;I Yy Raré 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.
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AG;, = —2.303RTlog(55.5kqqs) 3.7
where R is the universal gas constant, T is temperature of the sygigisthe adsorption

equilibrium constant and 55.5 is the molar volume of water.

3.2.4 Fourier transform infrared s pectrophotometery

IR analyses of the inhibitor and that of the corrosion products (in the presence and
absence of the respective inhibitorsgres carried out using a SHIMADZU, FTH8&00S
Fourier Transforminfrared Spectrophotometer. Eacbupon waseparately dipped in 250
mL of 1.0 M (HCI) and0.5 M (H,SQy) of acidinhibitor concentratiomespectivelyfor 7
days to form an adsorbed layadter which they were removedried and scraped with a
sharprazor bladdgaken for analysisThe samples were prepared using KBr and the analysis
was done by scanning the sample through a wave nurabge of 4084500 cm’ (Eddy

and Odoemelam, 2008; Eddyal.,200%; Enenebeaku, 2011; Oguatal., 2013.

3.2.5 Scanning electron nicroscopy

Surface morphologies of the mild steel and aluminium coupons before and after
inhibition were studied using a JSB00 LV scanning electron microscope of JEOL,
TOKYO, Japan. 1 cm x 1 cm coupons were dippeparatelyin each of the following:
blank solutions andl M and 0.5 M of acidinhibitor (HCI and H,SO, respectively)
solutionsfor 7 days. The coupons weremoved, rinsed with distilled water and dried in
theair. 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 inhibitmid 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 cedking 1 cr
surfaces in contact with the solution. Polarization test were carried out in 1.0 M HCI and
0.5 M H,SQO, solution at room temperature under static solution using a potentiostat
(model: AuT71791 and PGSTAT 30) with a scan rate of 0.003V/sec. HEnenTafel
corrosion results, the inhibition efficiencies, corrosion rate and linear polarization resistance

were obtainedhe inhibition efficiencies wer calculated using equation83and 39

repectively

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

%I = —Rct(lnh) X = 39

whereicr andii, are the corrosion currents in the absence and presence of the inhibitor
respectivelyandR¢: and Rynny are the uninhibited and inhibited charge transfer resistance

respectively(Oguzieet al, 2012; Quraishet al, 2008 Cabotet al, 199)).
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3.3  Computational and Theoretical Considerations
3.3.1 Quantum chemical calculations

The eleatonic structure of isolatedompounds from thextracts, including the
distribution of frontier molecular orbitalsybvo and Eumo, 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 Migrfaunctional Theory (DFT) electronic
program DMof 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 pareters 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 Fuk
indices (FI) to assessite of nucleophlic and electrophilic attack (Khaled, 2010a

Enenebeaku, 2011; Oguaeal, 2012¢ Cardoscet 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 theMaterial Studio (MS) modelling.@ 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/Ahslab a
vacuum layer of 28 height. The Fe/Al crystal was cleaved along the (110) plette a
fractional depth of 3A. 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)esurkait
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relatively open structure$Ve have left ousolvent 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) surfae which wa subsequently enlarged into a 10 »x@®ercell 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 thaceudnd 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. Forciteniged structures of the constituentsnir
the plant extracteompounds 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 sigficantly bigger than the compound®cked in ordeto avoid
edge effects (Oguziet al, 2012a, b, cDai and Zhang, 201ZEnenebeaku, 201Thi and

Zhao, 2009Yurt et al,, 2005.

The binding energy (&g between the metal surface and the inhibitor molecules

was calculated using equation 3(@asewitet al.,1992a and 1992b);

Epina = Etotal — (Emot + Emetal) 3.10

where Enol, Emetas @Nd Eota 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 Screeningand Gas Chromatography Mass Spectrophotometry

of the Plants Extract

The phytochemical composition of ethanol extracttioé plants indicateshé
presence ofsaponnin, tannin, phlobatin, anthraquinone, cardiac glycosides, flavanoid,
terpene, and alkaloith most of theextracts as presented in TaHl&, hence thenhibition
efficiency of theextracsis attributed to the phytochemical constituent

Tables4.2 - 45 show the gas chromatographmass spectrophotometry of the
plants extracts which led to identification tfirteen components used for theoretical
studies.

4.2  Weight loss Measurementof Plant Extracts on the Corrosion of Mild Steeland
Aluminium

Figures 4.1 - 4.4 showthe variation of weightoss of aluminiumwith time for the
corrosion ofaluminium in 1.0 MHCI containing vamus concentrations of tlextracs. It is
evident from the plotsthat weight dss of aluminiumdecreasedwith increase in

concentration of the extradbut increasevith increasing period of contact.

Figures 45 - 4.8 show the variation of weight loss of mild steel with time for the
corrosion of mild steel in 1.0 M HGlontaining various concentrations of thetracts. It
shows from the plotghat weight dss of mild steel decreasewith increase in the
concentration of the extradbut increasedvith increasing period of contact. These indicate
that the corrosion rate of mild steel in H&@llution increasedith increasen the period of

contact but decreased with increase in the concentration of the ®xtract
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Table 4.1: Phytochemcial Screening of the Various Plant Eract

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

Phyllanthus |+ - + + - + + +

amarus

Paullinia + + - + + + + i

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 tained 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

ClOH 160

7.95

152

2,4-decadienal

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

1.70

C15H 24

9.65

204

1-ethenytl-methyt2,4-
bis(1-methylethenyh
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(159
147(20%), 161(12%), 1880%)

5.82

C7H 1406

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(149
133(23%), 147(20%), 148(17%), 161(30%)9(E0%),
194(10%)

2.61

CisH2a

10.35

204

1,6,10dodecatriene

41(100%), 53(20%), 55(20%), 67(20%), 68(10%),
69(80%), 77(13%), 79(20%31(17%), 91(17%),
93(40%), 120(20%), 133(21%), 161(11%)

1.89

ClSH 24

10.53

204

1,4,8cycloundecatriene

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

C14H 220

11.03

206

3,5-bis(1,2dimethylethyl}
phenol

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

2.07

ClSH 220

12.13

220

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

27(28%), 29(26%), 39(30%), 41(95%R(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(119
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Line

Concertration
(%)

Chemical
formula

Retention
time (s)

Molecular
weight
(gmol™®)

Name of Compound

Fragmentation Peak

111

ClOH 180

13.14

154

Bicyclo(3.1.1)heptat2-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

C18H 34

15.16

414.72

ujsitosterol

27(14%), 29(30%), 39(12%), 41(75%)3(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%), 41420%)

10

2.32

C1aH220

16.59

194

5,9%-undecadief?-one

41(40%), 43(100%), 69(55%), 93(10%N7(12%),
125(10%), 136(14%), 151(15%)

11

6.79

ClSH 3602

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(119884(10%)

12

26.76

CZOH 400

20.04

296

2-hexadeceti-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

9,12octadecadienoylchlorid

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%), A(16%), 123(10%)

14

4.66

CooHa00,

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

CSOH 50

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 htained 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 CeHsCIO 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 CgH180> 7.86 138 9-oxabicyclo[3,3,1]nona 27(18%), 39(19%), 50(10%), 51(12%), 53(14%),

3,6-dien2-one 77(60%), 78(10%), 79(50%), 94(20%), 107(1009

108(20%)

3. 1.53 C14H20 10.57 206 3,5-bis(1,2dinethylethyl} 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%), 2(2®%)

5 0.80 CiHog 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%), 680%), 69(40%), 70(14%),
71(20%), 81(100%), 82(50%), 83(30%), 95(40%
96(30%), 97(22%), 109(15%)

7 1.44 CogHg0O, 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%), 41710%)
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Line

Concentration
(%)

Chemical
formula

Retention
time (s)

Molecular
weight
(gmol™®)

Name of Compound

Fragmentation Peak

3.81

C18H 3602

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

C19H 3602

19.82

296

11-octadecenoic acid

27(16%), 29(32%), 39(17%), 41(85%), 42(16%),
43(52%), 53(10%), 54(209%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

CZOH 400

20.03

296

2-hexadecei-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

C19H 3802

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

CogHs500,

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 GGMS 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 C14H>0 11.03 206 3,5bis(1,2dimethylethyl} 41(15%), 57(70%)191(100%), 192(15%), 206(20%)
phenol

2 2.12 Ci7H3.0, 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(D0%), 89(14%), 101(55%), 157(132%

4 2.70 C;Hg0O, 19.73 126.11 1, 2, 3benzenetriol 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(30980(20%), 81(70%),
82(40%), 83(12%)93(11%), 95(40%), 96(25%),
126(20%)

5 5.57 CigH3002 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%), 27810%)

6 23.27 CoHaO 20.05 296 2-hexadeceri-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

ClQH 3802

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

CZOH 3802

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

Kaurart18-al

41(50%), 43(100%), 53(11%), 55(45%,(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

C1aH220

24.90

194

4-(2,2-dimethyl-6-
methylenecyclohexyl)butana|

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%@)23(11%), 135(12%),
150(20%), 161(11%), 179(10%)

11

12.53

CeHeO2

27.64

142.17

Thioisomaltol

41(50%), 55(10%), 67(10%), 68(13969(100%),
81(55%), 95(13%), 1420%)
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Table 4.5 Characterization of Peaks btained from GC-MS Spectrum of Ethanol Extract of Boscia senegalensis

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

1 1.82 CeHsCIO 6.86 128 3-chlorophenol 37(10%), 38(15%), 39(29%), 62(10%), 63(16%), 64(19%), 65(5(
73(10%), 100(18%), 128(100%), 130(10%)

2 6.86 CoHsO2 7.82 110 Hydroquinone 27(17%), 39(18%), 53(15%), 54(10%), 55(23%), 81(30%), 82(17
110(100%)

3 2.75 CuH20 11.03 206 3,5bis(1, Edimethylethyl} 41(14%), 57(65%), 191(100%), 192(11%), 206(21%)

phenol

4 0.80 CisHoe 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(49
70(35%), 71(18%), 83(25%), 84(20%), 98(12%)

5 1.17 CeHeOs 12.78 126 1,2,3benzenetriol 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 C7H106 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%)20P%), 73(22%),
83(12%), 85(10%), 88(100%), 89(12%), 97(10%), 101(70%),
143(10%), 157(12%), 194(10%)

7 14.02 CaooHaO 20.02 296 2-hexadeceti-ol 41(25%), 43(35%), 55(25%), 56(17%), 57(30%), 68(20%), 69(22
70(15%), 71(100%), 81(20%), 82(15%), 83(1599(11%),
97(10%), 123(20%)

8 34.10 C1gH3002 20.76 278 9,12,150ctadecatrienoic 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(3284]32%),
82(17%), 91(22%), 93(31%), 94(20%), 95(32%), 107(10%),
108(28%), 121(10%)

9 5.67 CaqH3604 24.76 390 Di-n-octylphthalate 27(10%), 28(14%), 29(20%), 41(30%), 43(30%), 55(20%), 56(1(
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 2,6,10,14,18,22etracosahexang 41(50%), 55(11%), 67(12%), 68(14%), 69(100%), 81(60%),

95(14%), 137(10%)
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Figures 49 - 4.12 show the variation of weight loss of mild steel with time for the
corrosion of mild steel in 0.5 M 430, containing various commtrations of thextracts.
The plots shows that degradation ofild steel decreasedvith increasd in the

concentration of the studied plant extract but increases withasicrg period of contact.

Tables 4.67 4.9 presentthe inhibition efficiencies and corrosion rates of mild steel
and aluminium in various acid media at various temperature. Tindisate that the ta of
corrosion of mild steel in HCI and,BO, solution increases with increase in the period of
contact but decreased with increasehia concentration of thextracs (Eddyet al, 201Q

Oguzieet al, 20123

4.3  Effect of Temperature

Figures 4.17 - 4.24 show the plot of logCR versus reciprotaof absolute
temperature, 1/Twith slope equal toE4/R, from which the activation enerdgpr the
corrosion process wasalculated.The activation energy pameter is depicted in Tables

4.1071 412

Figures4.25 - 4.32 show the [t of log CR/T versus reciprodaof absolute
temperature, 1/Twith slope equal tonHy2.303R and an intercept of {log R{N +
n §2.303R}, from such the activation parameters were cateal and presented in Alas

4.1371 4.14
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Table 4.6; Corrosion Rate of Aluminium and Inhibition Efficiencies of the Various

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 0.001% 0.00125 0.00147
0.2¢9/l 66.66 64.63 67.76 60.71 0.00118 0.0015 0.00114 0.00139
0.3 g/l 68.85 66.19 6885 65.72 0.0011 0.00120 0.0011 0.0012
0.4 g/l 72.61 68.85 69.01 67.60 0.00097 0.00111 0.00110 0.00115
0.549l 73.55 69.17 70.10 70.57 0.0009+ 0.00109 0.00106 0.00104
at 313K

Blank - - - - 0.005Z 0.0052 0.0052 0.0052
0.1 9/l 3425 4770 40.76 56.02 0.00342 0.00272 0.00308 0.0022
0.2 g/l 4578 52.18 4290 59.97 0.00282 0.0024 0.00297 0.00208
0.3 g/l 5410 5453 4599 64.25 0.002® 0.002F 0.0028 0.00186
0.4 g/l 5859 5421 47.70 66.70 0.002B6 0.00238 0.0022 0.00173
0.59ll 62.64 59.44 51.65 69.37 0.00194 0.00211 0.002%2 0.00159
at 323K

Blank - - - - 0.0102 0.01042 0.0102 0.0102
0.1 9/l 27.57 30.56 38.82 21.38 0.007% 0.0073 0.00637 0.008B
0.2 g/l 32.16 3594 40.96 29.12 0.0070 0.00667 0.00615 0.00738
0.3g/l 3445 37.17 41.70 30.50 0.0068 0.006% 0.00607 0.00724
0.4 g/l 39.78 38.98 42.08 34.77 0.00627 0.0063 0.006B 0.00679
0.549ll 46.98 42.08 46.66 38.45 0.0053 0.00603 0.005% 0.00641
at 333K

Blank - - - - 0.01686 0.01686 0.01686 0.01686
0.1 4l 26.85 26.26 12.65 07.31 0.01233 0.01243 0.014B 0.0156
0.2 g/l 30.18 33.44 17.13 07.57 0.01177 0.0112 0.01397 0.01558
0.3 g/l 3212 3555 2121 21.38 0.01144 0.01087 0.01328 0.0135B
0.4 g/l 35.12 36.93 2243 23.65 0.0109% 0.0108 0.013@ 0.01287
0.5 g/l 4550 40.42 2250 30.87 0.0090 0.010@t 0.0130 0.011®%
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Table 4.7 Corrosion Rate of Aluminium and Inhibition E fficiencies ofthe Various
I nhibitors 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 8.33E05 8.33E05 8.33E05 8.33E05

0.1g/l 20.00 20.00 -6.66 13.33 6.67E05 6.67E05 8.89E05 7.22E05
0.2g/ 20.00 20.00 6.66 20.00 6.67E05 6.67E05 7.78E05 6.67E05
0.3g/l 20.00 20.00 6.66 20.00 6.67E05 6.67E05 7.78E05 6.67E05
0.4g/l 20.00 20.00 6.66 20.00 6.67E05 6.67E05 7.78E05 6.67E05
0.5g/ 40.00 40.00 6.66 33.33 0.00005 0.00005 7.78E05 5.56E05

at

313K

Blank 0.000b 0.000b 0.0006 0.000b
0.1g/l  0.00 -3.57 -714 -357 0.0006b 0.00016 0.000I7 0.00016
0.2g/l  0.00 0.00 -7.14  0.00 0.000b 0.000b O0O.00aL7 0.000b
0.3g/l  0.00 0.00 -3.57 7.14 0.000b 0.0006 0.00016 0.00014
0.4g/ 10.71 10.71 -3.57 3.57 0.000¥ 0.000¥ 0.00016 0.00015
0.5g/ 1428 1428 7.14 7.14 0.000B8 0.000B 0.00014 0.00014

at

323K

Blank 0.000® 0.0003 0.0000 0.00038
0.1g/l  0.00 -11.53 -11.53 -17.30 0.0003 0.0002 0.00032 0.00034
0.2g/l  0.00 -7.69 -11.53 -9.61 0.0003 0.0003 0.0002 0.00032
0.3g/ 1.92 -5.76 -3.84 -961 0.00028 0.0003 0.000® 0.0002
0.4g/l 192 0.00 -1.92 -9.61 0.00028 0.000B3 0.00029 0.00032
0.5g/ 7.69 7.69 0.00 -9.61 0.000Z 0.000Z 0.0003 0.00032

at

333K

Blank 0.000483 0.000B 0.000483 0.000483
0.1g/l -5.74 -33.33 -12.64 -26.43 0.000b 0.000644 0.000544 0.000611
0.2g/l -459 -33.33 -5.74 -26.43 0.0006b 0.000644 0.000511 0.000611
0.3g/l -459 -28.73 -3.44 -1494 0.0006 0.000622 0.000D0 0.000556
0.4g/l -229 -10.34 -5.74 -14.94 0.0001 0.000533 0.000511 0.000556
059/ -114 -919 -459 -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 Various
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 0.005® 0.0058 0.005® 0.005®
0.1g 60.44 30.55 61.30 40.90 0.00229 0.00402 0.00224 0.00342
0.2¢9 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 5871 7854 65.03 0.00115 0.00239 0.00124 0.00202
0.5g 83.52 66.47 8151 68.58 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
0.29 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 0.004%6
0.49 55.34 29.91 58.93 64.30 0.00531 0.00834 0.00488 0.00425
0.5¢g 61.03 39.80 65.05 65.32 0.00463 0.00716 0.00416 0.0041
at 323K

Blank 0.01764 0.01764 0.01764 0.01764
0.1g 5.76 15.74 9.44 13.09 0.01668 0.014 0.01597 0.01533
0.29 12.21 18.35 30.41 27.20 0.0154 0.0144 0.01227 0.01284
0.3¢g 16.82 21.31 40.52 35.29 0.01468 0.01388 0.01049 0.0112
0.49 23.17 28.11 43.01 40.74 0.013% 0.01268 0.01005 0.01046
0.5¢g 30.38 40.93 56.83 44.67 0.01228 0.01042 0.00761 0.00976
at 333K

Blank 0.025@ 0.02563 0.02563 0.02563
0.1g 4.76 12.11 6.01 0.10 0.0244 0.022%2 0.02408 0.025®
0.29 5.26 12.87 14.26 1.40 0.0248 0.022328 0.02197 0.025Z
0.3g 15.73 18.46 17.64 7.54 0.02159 0.020894 0.02110 0.02369
0.49 21.65 24.25 18.38 7.91 0.020@B 0.019411 0.02091 0.023®
0.5¢g 23.28 32.84 18.81 10.03 0.01966 0.017211 0.02080 0.023@®
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Table 4.9 Corrosion Rate of Mild Steeland Inhibition E fficiencies ofthe Various
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 0.013&8 0.01384 0.013&% 0.013&1
0.1g/! 51.42 28.62 41.67 37.09 0.00672 0.0098 0.00807 0.00871
0.2g/1 67.96 36.33 56.08 50.46 0.00443 0.00881 0.006@B 0.006&%
0.3g/! 73.34 46.96 66.84 55.92 0.003® 0.00734 0.004® 0.00610
0.44g/1 77.23 49.97 74.67 59.65 0.00315 0.00692 0.0035L 0.00558
0.5g/I 79.00 55.92 80.29 65.47 0.0029 0.00610 0.00273 0.0048
at 313K

Blank 0.01998 0.01998 0.01998 0.01998
0.1g/! 15.98 28.63 13.51 31.77 0.016/@ 0.01426 0.01728 0.01363
0.2g/1 16.29 31.72 29.21 45.01 0.01673 0.0136¢ 0.01414 0.010%®
0.3g/! 38.33 34.80 44.28 50.26 0.0122 0.01338 0.01113 0.00991
0.4qg/1 44,75 37.89 52.93 56.43 0.011@ 0.01241 0.0094. 0.0087
0.5¢g/I 53.96 40.58 57.10 60.18 0.009D0 0.01187 0.00857 0.007%
at 323K

Blank 0.03018 0.03018 0.03018 0.03018
0.1g/! 7.69 22.06 11.87 9.88 0.02786 0.02352 0.026@ 0.027D
0.2g/1 11.33 30.25 15.57 22.28 0.02676 0.02105 0.02548 0.023%6
0.3g/! 16.74 34.51 27.31 30.70 0.02513 0.01977 0.02194 0.02092
0.4qg/1 23.49 36.38 30.75 38.83 0.02309 0.0192 0.0209 0.01846
0.5¢g/I 26.24 38.43 31.51 41.08 0.02226 0.01858 0.02067 0.01778
at 333K

Blank 0.037® 0.0370 0.0370 0.03779
0.1g/1 3.94 11.46 9.20 0.02 0.0363 0.0334 0.0343. 0.0006a
0.2g/! 7.04 12.27 10.48 1.59 0.03513 0.03315 0.03383 0.0006a
0.3g/! 15.21 17.21 14.95 4,78 0.0321 0.03128 0.03214 0.000%
0.4qg/! 20.64 23.37 17.36 5.39 0.0299 0.028% 0.0318 0.000%
0.5g/1 23.43 28.55 21.75 8.61 0.02838 0.0200 0.029% 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 T emperature
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
1.0M 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
1.0M 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 T emperature
in 0.5M H,S0O, Containing Various Concentration of (a) PP (b) PA
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Fig. 4.18. Variation of log (Corrosion Rate) of Aluminium with | nverse Temperature
in 0.5M H,S0O, 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
0.5M H,S0O, 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
0.5M H,S0O, 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 S urface in 1.0M HCI

System Ea(kJmol™) Qads (kJmol™)
Blank 44.94 -
0.1g/l 62.61 41.87
PP Al 0.2g/l 65.67 -42.84
0.3g/l 67.72 -39.35
0.4gl 69.96 48.19
0.5¢/1 66.25 -33.65
0.1g/1 60.75 -36.36
PA Al 0.2g/l 63.43 -36.11
0.3g/l 64.03 -35.43
0.4g/l 65.29 -37.15
0.5g/1 64.64 -33.44
0.1g/l 68.16 -71.09
BS Al 0.2g/l 69.10 -64,86
0.3g/l 69.06 -58.88
0.4g/1 69.01 -57.08
0.5¢/1 69.79 -58.43
0.1g/l 69.98 -80.65
PP1Al  0.2g/ 71.13 -82.13
0.3g/l 71.36 -54.62
0.4g/l 72.07 -53.34
0.5¢/l 72.24 -47.06

85



Table 4.1t Thermodynamic Parameters for the Adsorption of Various
Concentration of the Inhibitor on Mild Steel Surface in 1.0M HCI

System Ea (kJ/mol) Qads (kJ/mal)
Blank 41.55 -
0.1g/1 66.12 -95.59
PP steel 0.2g/l 73.64 -104.15
0.3g/l 74.49 -76.24
0.4g/1 79.85 -74.87
0.5g/1 84.58* -78.75
0.1g/l 47.56 -32.41
PA steel  0.2g/l 52.71 -46.69
0.3g/l 55.66 -44.96
0.4g/1 56.58 -41.70
0.5g/1 58.42 -39.15
0.1g/l 64.12 -89.80
BS steel 0.2g/l 69.48 -74.65
0.3g/l 73.93 -74.82
0.4g/1 77.35 -77.98
0.5¢/1 79.84 -82.38
0.1g/l 56.75 -180.62
PP1steel 0.2g/l 60.98 -119.77
0.3g/l 68.78 -85.81
0.4g/1 69.24 -86.00
0.5¢/I 71.04 -83.17

* chemisorpbn 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

0.5M H,S0O,
Al Steel
System E (kJmol™) Quads (kJmol-1) E.(kJmol™)
Blank 49.46 28.8
0.1g/! 51.91 -90.92 47.01
0.2g/1 59.22 -93.20 56.56
PP 0.3g/! 52.64 -76.34 60.85
0.4qg/1 54.03 -71.83 63.40
0.5g/1 55.64 -70.17 65.69
0.1g/1 58.32 -31.61 41.32
0.2g/l 70.17 -39.31 39.75
PA 0.3g/! 58.02 -40.53 40.18
0.4qg/1 60.08 -33.18 36.95
0.5g/1 62.3 -32.31 34.89
0.1g/1 46.11 -54.61 40.29
0.2g/l 51.03 -66.82 48.40
BS 0.3g/! 43.08 -68.22 54.91
0.4qg/1 49.44 -73.87 62.02
0.5/l 52.35 -75.07 67.74
0.1g/1 58.32 -229.48 40.52
0.2g/l 51.49 -115.81 46.64
PP1 0.3g/1 44.42 -90.3 48.60
0.4qg/! 42.93 -91.04 50.64
0.59/l 46.03 -83.94 54.17
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Fig. 4.21:Variation of log CR/T of Aluminium with I nverse Temperaturein 1.0M
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 1.0M
HCI Containing Various Concentration of (a) BS(b) PP1
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Fig. 4.23:Variation of log CR/T of Mild Steelwith Inverse Temperaturein 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 Steelwith Inverse Temperaturein 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 Temperaturein 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 Temperaturein 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 Steelwith Inverse Temperaturein 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 Steelwith Inverse Temperaturein 0.5 M
H,SO, Containing Various Concentration of (a) BS(b) PP1
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Table 413 Thermodynamic Parameters for the Enthalpy and Entropy of Activation
of Various Concentration of the Inhibitor on Mild Steel and Aluminium
Surface in 1.0M HCI

Al Steel
o H (kJ/mol) o $(kJ/mol) o H (kJ/mol) op gkJI/mol)
Blank 42.32 -0.152 38.22 -0.161
0.5¢/I 63.61 -0.093 84.18* -0.029
PP 0.44/l 67.32 -0.081 77.62 -0.043
0.3¢/I 65.08 -0.087 71.27 -0.062
0.2g/I 63.03 -0.093 68.03 -0.071
0.1g/I 59.97 -0.102 61.81 -0.089
0.5¢/I 62.00 -0.097 55.78 -0.111
0.44/l 62.65 -0.095 53.94 -0.115
PA 0.39g/l 61.39 -0.099 53.02 -0.118
0.2¢g/l 60.81 -0.100 50.07 -0.126
0.1g/I 58.11 -0.108 44.12 -0.142
0.5¢/I 67.15 -0.081 77.22 -0.046
0.44/l 66.36 -0.083 74.73 -0.053
BS 0.39g/l 66.44 -0.083 71.28 -0.063
0.2¢g/l 66.46 -0.082 66.84 -0.076
0.1g/I 65.52 -0.065 61.48 -0.091
0.5¢/I 69.60 -0.074 68.39 -0.072
0.44l/l 69.43 -0.074 66.59 -0.077
PP1 0.3g/l 68.72 -0.075 66.13 -0.078
0.2¢g/l 68.49 -0.075 58.34 -0.101
0.1g/l 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 Inhibit or on Mild Steel and aluminium

Surface in 0.5M H,SOy

PP

PA

BS

PP1

Blank
0.5g/1
0.44/l
0.3g/!
0.2¢9/l
0.1g/

0.5g/I
0.44/l
0.3g/!
0.2¢g/l
0.1g/!l

0.5g/I
0.44/l
0.3g/!
0.2¢g/l
0.1g/!l

0.5g/I
0.44/l
0.3g/!
0.2¢g/l
0.1g/!

Al Steel
o H (kJ/mol) o $(kJ/mol) o H (kJ/mol) op gkJI/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 Qgs are also presented in Table 4.41@.12. The values are negative;
indicating that the adsorption of the plant extracts studied on both aluminium and mild steel
surface is2xothermic. It should be noted that since the corrosion reactions were carried out
at constant pressure, calculated values Qfdpe expected to be approximately equal to the

enthalpies of adsorption.
4.4  Thermodynamic/adsorption Sudy

The degree o$urface coverage for tharious concentration of the extraett the
various temperatugewere tested with foudifferent isotherm equations aruots are
presented inLangmuir (Figure 4.297 4.34), Freundlich (Figuse4.357 4.40), Temkim
(Figures 4.417 4.46), EI-Awady (Figure 4.47 71 4.52). It is evident from # plot and
values of R obtianed thaboth aluminiumand mild steeLangmuirisothermis best fitin
both acid mediat room temperaturehile at elevated temperatunaild steel is lest fit for

Freundlich isotherm

4.5 Electrochemical Measurement

The results of a typitaLPR (anodic and cathodic) curves for the corrosion of
aluminium and mild steel in 1.0 M HCI and 0.5 WSOy solution in the presence and
absence of the various concentrasiohthe inhibitors are presestt in kgures 4.53- 4.64.
The parameters derived from these plots also presented in Table 4.15 and 4.Tthe
IE% obtained from elémchemical measurements followimilar trend asthat in

gravimetric methogdindicatingthat theextracts inhibit both mild steel and aluminium
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Fig. 4.29:Langmuir Isotherm for PP Adsorption on Mild Steel Surface in (a) 1.0M

HCl and (b) 0.5M H,S0O, Solution at Various Temperature
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Fig. 4. 30:Langmuir | sotherm for PA Adsorption on Mild Steel Surface in (a) 1.0M
HCI and (b) 0.5M H,S0O, Solutions at Various Temperature

100



log C¥

' 4 333K
W 323K

313K
X 303K

log C/

, #333K
0.2  m323K

313K
% 303K

-0.8 -

(b)

Fig. 4.31: Langmuir | sotherm for BS Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H,S0O, Solutions at Various Temperature
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Fig. 4.32: Langmuir | sotherm for PP1Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H»S0O, Solutions at Various Temperature
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Fig. 4.33:Langmuir Isotherm for the A dsorption of (a) PP and(b) PA on Aluminium
Surface in 1.0 M HCI Solution at Various Temperature
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Fig. 4.34: Langmuir | sotherm for the Adsorption of (a) BSand (b) PP1on Aluminium
Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.35: Freundlich Isotherm for PP Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H»S0O, Solutions at Various Temperature
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Fig. 4.36: Freundlich Isotherm for PA Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H»SO, Solutions at Various Temperature
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Fig. 4.37:Freundlich I sotherm for BS Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H»S0O, Solutions at Various Temperature
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Fig. 4.38: Freundlich Isotherm for PP1 Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5 M H,SO, Solutions at Various Temperature
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Fig. 4.39: Freundlich Isotherm for the Adsorption of a) PP andb) PA on Aluminium
Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.40: Freundlich Isotherm for the Adsorption of (a) BSand (b) PP1on
Aluminium Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.41: Temkin | sotherm for PP Adsorption on Mild Steel Surface in (a) 1.0M HCI
and (b) 0.5M H SO, Solutions at Various Temperature
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Fig. 4.42: Temkin | sotherm for PA Adsorption on Mild Steel Surface in (a) 1.0M HCI
and (b) 0.5M H,SO, Solutions at Various Temperature
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Fig. 4.43: Temkin | sotherm for BS Adsorption on Mild Steel Surface in (a) 1.0M HCI
and (b) 0.5M H SO, Solutions at Various Temperature
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Fig. 4.45: Temkin Isotherm for the Adsorption of (a) PP and(b) PA on Aluminium
Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.46 Temkin Isotherm for the Adsorption of (a) BSand (b) PP1on Aluminium
Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.47: El-Awady | sotherm for PP Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H,SO, Solutions at Various Temperature
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Fig. 4.48: El-Awady | sotherm for PA Adsorption on Mild Steel Surface in (a) 1.0M
HCI and (b) 0.5M H,SO, Solutions at Various Temperature
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Fig. 4.49: El-Awady | sotherm for BS Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H,SO, Solutions at Various Temperature
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Fig. 4.50: EI-Awady | sotherm for PP1Adsorption on Mild Steel Surface in (a) 1.0M
HCl and (b) 0.5M H»SO, Solutions at Various Temperature
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Fig. 4.51: El-Awady Isotherm for the Adsorption of (a) PPand (b) PA on Aluminium
Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.52: EI-Awady Isotherm for the Adsorption of (a) BSand (b) PP1on Aluminium
Surface in 1.0M HCI Solution at Various Temperature
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Fig. 4.53 Polarization Curve for the Corrosion of Mild Steel in 1.0 M HCl in the
Presenceand Absence of \arious CGoncentrations of PP at 303K
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Fig. 4.54 Polarization Curve for the Corrosion of Mild Steel in0.5M H,S0O, in the
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Fig. 4.55 Polarization Curve for the Corrosion of Mild Steel in 1.0 M HCl in the
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Fig. 4.56 Polarization Curve for the Corrosion of Mild Steel in0.5M H,S0O, in the
Presenceand Absence of \arious Goncentrations of PA at 303K
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Fig. 4.57 Polarization Curve for the Corrosion of Mild Steel in 1.0 M HCl in the
Presenceand Absence of Various ©ncentrations of BS at 303K

127



0.8 -

log I (A)

—e—Blank

—=—0.1g/| BS
——0.2g/I BS
——0.3g/I BS
—»—0.4g/| BS
——0.5¢/I BS
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