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ABSTRACT
Studies on the corrosion inhibition potentials of adenine (AD), guanine (GU),

hypoxanthine (HYP) and xanthine (XN) on mild steel and aluminium in 0.1 M solutions
of HCI, H,SO, and H3PO, were carried out using electrochemical impedance
spectroscopy (EIS), potentiodynamic polarisation and gravimetric techniques. The study
was carried out at 303 and 333 K respectively. The results obtained revealed that AD,
GU, HYP and XN had moderate inhibitive effects on corrosion of mild steel in the three
acid media in the decreasing order: AD> HYP> GU> XN in HCI; HYP> AD> GU> XN
in H,SO, and GU> AD> HYP> XN in H3PO,4 at 303 K. The results obtained also
showed that AD, GU, HYP and XN inhibited the corrosion of aluminium in HCI in the
order: GU> HYP> AD> XN. It was observed that only HYP inhibited the corrosion of
aluminium in H,SO4 solution while none of the purines inhibited the corrosion of
aluminium in HsPO,4 solution. Potentiodynamic polarisation studies showed that the
purines surpressed both the anodic and cathodic half reactions of the corrosion
processes, thereby acting as mixed inhibitors, while impedance data indicated that
inhibition was achieved via adsorption of the inhibitor species on the mild steel and
aluminium surfaces. Synergistic effects slightly increased the efficiency of the inhibitors
in the presence of iodide ions. Among several adsorption isotherms assessed, Langmuir
adsorption isotherm was found to best describe the adsorption behaviour of the
inhibitors on the metal surfaces. According to Langmuir isotherm, calculated values of
free energy of adsorption, AGa,qs°, for the corrosion of mild steel in the presence of AD,
GU, HYP and XN are as follows: -22.30 to -25.78 kJ mol™ and 5.38 to -28.33 kJ mol™
in HCI at 303 and 333 K respectively; -3.19 to -27.52 kJ mol™ and -11.12 to -21.19 kJ
mol™ in H,SO, at 303 and 333 K respectively; -6.70 to -27.52 kJ mol™ and -18.39 to

-30.25 kJ mol™ in H3PO, at 303 and 333 K respectively. Calculated AG,q° values for
the corrosion of aluminium in the presence of AD, GU, HYP and XN are as follows:

-10.12 to -24.04 kJ mol™ and -24.19 to 30.25 kJ mol™ in HCI at 303 and 333 K

respectively; -10.12 kJ mol™ and -11.12 kJ mol™ for HYP in H,SO, at 303 and 333 K
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respectively. Calculated activation energy (E;) values for the corrosion of mild steel in
the presence of AD, GU, HYP and XN and the blank are as follows: 49.02 to
60.81 kJmol™ and 49.02 kJmol™ (blank) in HCI; 18.99 to 33.90 ki mol™ and

34.86 kJ mol™ (blank) in H2SO4; 27.79 to 30.94 ki mol™ and 29.87 kJ mol™ (blank) in
H3PO,. Calculated E, values for the corrosion of aluminium in the presence of AD, GU,
HYP and XN and the blank are as follows: 61.51 to 88.98 k] mol™ and 52.13 kJ mol™
(blank) in HCI; 54.27 to 72.19 kJ mol™ and 50.54 k] mol™ (blank) respectively in
H,S04; 55.05 to 56.99 kJ mol™ and 52.08 kJ mol™ (blank) in HsPO,. Calculated values
of heats of adsorption, AQags, of AD, GU, HYP and XN on mild steel surfaces are as
follows: -3.86 to -10.58 kJ mol™ respectively in HCI; 2.31 to 10.47 kJ mol™ in HSOy;
0.66 kJ mol™, 0.40 to 9.27 kJ mol™ in H3PO,. Calculated AQags values for the adsorption
of AD, GU, HYP and XN on aluminium surfaces are as follow: -8.86 to -24.37 kJ mol™
in HCI. The negative AG,gs Values obtained in the study indicate the spontaneity of the
adsorption processes while the calculated values of activation energy (E,) for the
adsorption of the purines on the metal surfaces shows that the adsorption mechanism
may not be purely physisorption. The inhibition mechanisms, estimated from the
temperature dependence of inhibition efficiency as well from activation energy (E,) and
heat of adsorption (AQags) parameters show that the purines functioned via mixed
inhibition mechanism which was confirmed by polarization curves. The SEM
micrographs, FTIR and impedance spectra of the metals in the presence of the inhibitors
as well as molecular dynamics modeling of the adsorption of the single molecules on
the metal surface confirmed the presence of protective layers over the mild steel and
aluminium surfaces thereby providing evidence for the inhibition of the corrosion of the

metals.
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CHAPTER ONE

INTRODUCTION
1.1  Background to the Study
Corrosion of metals is an electrochemical process that occurs whenever a metal is in
contact with an aggressive medium such as acids, bases and salts. The susceptibility of a

metal to corrosion depends on the nature of the metal and the environment.

Despite the invention and over-usage of plastics in most industrial applications, metals
still rule manufacturing industries. Metals like steel (iron), aluminium, copper, zinc and
tin are commonly used in most industries. Mild steel is one of the best preferred
materials for industries due to its easy availability and excellent structural properties.
Aluminium on the other hand, is the most abundant metal in the earth’s crust (8.1%),
although it is not found free in nature. The versatility of aluminium makes it the most
widely used metal after steel. Most often, during industrial processes such as pickling
and etching, these metals come in contact with aggressive media such as acids, bases

and salts thereby exposing them to corrosion attack.

Corrosion can cause dangerous and costly damages to oil, gas and water pipelines,
bridges, public buildings, vehicles, water and waste water systems and even home
appliances. The effects of corrosion include large loss of products and resources, and

ecological damages (Giinter, 2009).

Corrosion of metals costs the United States excess of $276 billion per year (Denny,
2004).This loss to the economy is more than the Gross National Product of many
countries around the world. It has been estimated that 40% of U.S. steel production goes

1



to the replacement of corroded parts and products (Jorge and Leandro, 2005 ). Analysis
of oil pipeline failures in oil and gas industries in the Niger Delta area of Nigeria
showed corrosion as one of the major causes of failure (Achebe et al., 2012). SPE
(2008) stated in their report that Nigeria oil and gas industry suffered greatly between
2000 and 2004.The total pipeline breakage loss figure due to corrosion in 2004 alone
was 396,000 metric tons (about four super tankers) while the financial losses were

estimated to be #19.66 billions (US $154.4).

This menace of corrosion of metals in the oil, metallurgical and other industries has
been widely acknowledged and several researches have been carried out on the
protection of metals against corrosion. The results obtained revealed that one of the best
methods involves the use of inhibitors. However, owing to stringent environmental
regulations, organic compounds are preferred to inorganic compounds especially heavy
metals derivatives, as corrosion inhibitors. Organic compounds containing hetero atoms
such as N, S, P or O in conjugated or aromatic systems have been reported to be
effective corrosion inhibitors (Abdallah, 2004; Ashassi-Sorkhabi et al., 2006; Umoren
and Ebenso, 2008). The presence of polar functional groups (such as —\NH,, -COOH and
—OH) as well as n-electrons facilitates the adsorption of the inhibitor on the surface of

the metal (Ebenso et al., 2008; Eddy, 2008; Obot et al, 2009a).

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

will be inevitable.



1.2 Forms of Corrosion

Based on the appearance of the corroded metal, eight forms of corrosion have been
identified and are discussed below.

1.2.1 Uniform corrosion

Uniform corrosion is the attack of a metal at essentially the same rate at all exposed
areas of its surface. It is characterized by laterally constant speed of corrosion. For
example, in the atmospheric corrosion of galvanized steel, the speed of corrosion
depends on the thickness of the steel, as such, the thicker the steel coating, the longer
the service life of the metal. Uniform attack is the most common type of corrosion and
causes the greatest destruction of metals on a weight basis (Moore, 1996).

1.2.2 Galvanic corrosion

Galvanic corrosion is a type of corrosion by which metals are preferentially corroded.
This form of corrosion has the potential to attack junctions of metals, or regions where
one construction metal is changed to another. The extent of galvanic corrosion increases
with the potential difference of the metal. The relative size of the anode or cathode
significantly affects the relationship between the active and inert metals. Galvanic
corrosion can be prevented by keeping dissimilar metals apart or by the provision of
insulating materials between the metals in order to interrupt current flow (Oldfield,
1988; Baboian et al., 1990; Eddy, 2008).

1.2.3 Pitting corrosion

Pitting corrosion results from galvanic action, where the metal surface appears to have
pinholes. The pit is the anode while the surrounding surface is the cathode (Jones,
1982). Pitting may occur as a result of one of the following.

i.  Achange in the acidity of the pit area



ii.  Differential aeration may also be a contributing factor to the occurrence of
pitting corrosion because most solutions are in contact with air and because of
convection, transportation of oxygen through the solution leads to areas of high
or low oxygen concentration. Therefore, where the metal surface contains the
solutions, the variation may cause the area with the higher oxygen concentration
to become a cathode while an area of lower oxygen concentration becomes an
anode resulting in localized attacks (Moniz, 1986; Szklarska-Smialowska,
1986).

1.2.4 Crevice corrosion

Crevices are present in some equipment. They occur naturally around bolts, rivets etc.
They are also created by scratches on metal surfaces. Crevice corrosion absorbs and
draws solution toward the reactive area. Crevice corrosion is influenced by the same
factors that affect pitting corrosion and is indeed a specific form of pitting corrosion

(Fontana, 1986).

1.2.5 Intergranular corrosion

Intergranular corrosion occurs by localized attack at grain boundaries, which behave as

anode to the larger surrounding cathode grains (Moore, 1996). Metals usually are not

homogeneous. Impurities or alloying elements may segregate into grain boundaries.

Heat treatment or localized heating by welding may provoke change in composition

localized in or near grain boundaries.

1.2.6 Erosion corrosion

Almost all corrosive media can bring about erosion corrosion and nearly all metals and

alloys are susceptible to this except those metals or alloys that are capable of forming

hard, dense, adherent and continuous surface film (Staehle, 1989; Moore, 1996). The

extent of erosion corrosion increases as the velocity of the corroding medium increases.
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In some cases, 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 (Roberge, 1999; Sastri, 2011).

1.2.7 Cavitation corrosion

Formation and collapse of tiny gas bubbles in a liquid stream called cavitation may
mechanically destroy any protective layer, causing localized corrosion called cavitation
corrosion (Moore, 1996). Similarly when an object such as a propeller rotates in water,
the pressure on the trailing surface of the blade fluctuates continually. At some point,
very low pressures are produced which create tensile forces high enough to exceed the
interatomic binding forces of the liquid.

1.2.8 Interfilm corrosion

Coatings such as paints, conversion coating or metallic coating may lose their adhesion
with substrate due to diffusion through the actual coating or to a reaction starting from
defects like pinholes or scratches (Morgan, 1984). When this happens, residues of
soluble salts, acids or bases will attract water through a paint film because of osmotic
effect. The blister filled with water will be formed. Fill-form corrosion is a wormlike
delamination of a paint film driven by salt residue and high humidity.

1.2.9 Fretting corrosion

Fretting corrosion is a combination of mechanical wear and atmospheric oxidation
which frequently occurs between close fitting metal components (Moore, 1996 and
Roberge, 1999). For fretting corrosion to occur, the surface is usually under load and
subject to slight relative movement resulting in damage to the contact surface and
formation of an oxide debris such as FezO4 for iron.

In theory, the eight forms of corrosion are clearly distinct, in practice however, there are

corrosion cases that fit into more than one category.
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1.3 Corrosion Monitoring Techniques

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

1.3.1 Gravimetric technique

The weight loss technique is the simplest, and longest-established, method of estimating
corrosion losses in plants and equipment. A weighed sample (coupon) of the metal or
alloy under consideration is introduced into a medium, and later removed after a
reasonable time interval. The coupon is then cleaned of all corrosion products and
weighed. The weight loss is converted to an average corrosion rate using proper
conversion equations. The basic measurement which is determined from corrosion
coupons is weight loss; the weight loss over the period of exposure being expressed as
corrosion rate (Oguzie, 2005; Eddy et al., 2010; Olasehinde et al., 2012; Adejo et al.,

2012).

The technique is extremely versatile, since weight loss coupons can be fabricated from
any commercially available alloy. Also, using appropriate geometric designs, a wide
variety of corrosion phenomena may be studied. These include, but is not limited to the
following:

a) Stress-assisted corrosion

b) Bimetallic (galvanic) attack



c) Differential aeration
d) Heat-affected zones
Advantages of weight loss coupons are as follows:
I.  The technique is applicable to all environments - gases, liquids,
solids/particulate flow.

ii.  Visual inspection can be undertaken.

iii.  Corrosion deposits can be observed and analyzed.

iv.  Weight loss can be readily determined and corrosion rate easily calculated.

v.  Localized corrosion can be identified.

vi.  Inhibitor performance can be easily assessed.

The disadvantage of the coupon technique is that, if a corrosion upset occurs during the
period of exposure, the coupon alone will not be able to identify the time of occurrence
of the upset, and depending upon the peak value of the upset and its duration, may not
even register a statistically significant increased weight loss (NACE, 1999; Dean,
2003). Therefore, coupon monitoring is most useful in environments where corrosion
rates do not significantly change over long time periods. However, they can provide a
useful correlation with other techniques such as potentiodynamic polarisation technigue
(Oguzie et al., 2012a, 2012hb).

1.3.2 Gasometric technique

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

1.3.3 Thermometric technique

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

introducing the test solution.

The flask is well lagged to prevent heat losses. In the thermometric technique, the
progress of the corrosion reaction is monitored by determining changes in temperature
with time using a thermometer (0 - 100°C) (Eddy and Ebenso, 2008; Obot et al.,
2009b).

1.3.4 Potentiodynamic polarisation techniques

Polarisation techniques such as potentiodynamic polarisation, potentiostaircase and
cyclic voltammetry are often used for laboratory corrosion testing. These techniques can
provide significant useful information regarding the corrosion mechanisms, corrosion
rate and susceptibility of specific materials to corrosion in designated environments.
Polarisation methods involve changing the potential of the working electrode and
monitoring the current which is produced as a function of time or potential. It is
probably the most commonly used polarisation testing method for measuring corrosion
resistance and is used for a wide variety of functions (Van, 1998; Khaled, 2010a,

2010D).



1.3.5 Linear polarisation resistance (LPR)

The polarisation resistance of a material is defined as the slope of the potential-current
density (AEco/Aicorr) Curve at the free corrosion potential, yielding the polarisation
resistance Ry that can be related (for reactions under activation control) to the corrosion
current by the Stern-Geary equation (ASTM, 2001; Dean, 2003) .

1.3.6 Electochemical noise

The non-intrusive use of electrochemical noise (EN) for corrosion monitoring is very
attractive; examples are found in aircraft corrosion and gas scrubbing tower monitoring.
Fluctuations of potential or current of a corroding metallic specimen are a well known
and easily observable phenomenon. The extensive development in the sensitivity of the
equipment for studying electrochemical systems has rendered the study of oscillations
in electrochemical processes, that translate into measurable electrochemical noise, EN,
increasingly accesible. No other technique, electrochemical or otherwise is remotely as
sensitive as EN to system changes and upsets (Sastri, 2011) .

1.3.7 Electrochemical impedance spectroscopy (EIS)

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

parameters are assumed and analysed (Oguzie et al., 2012a, 2012b).



An important advantage of EIS over other laboratory techniques is the possibility of
using very small amplitude signals without significantly disturbing the properties being
measured. It is a non-destructive technique and so can provide time dependent
information about the properties but also about ongoing processes such as corrosion. It
is however, expensive and complex data analysis is required for quantification (NACE,
1999; Sastri, 2011).
1.3.8 Galvanic/potential monitoring
The galvanic monitoring technique, also known as Zero Resistance Ammetry (ZRA) is
another electrochemical measuring technique. With ZRA probes, two electrodes of
dissimilar metals are exposed to the process fluid. When immersed in solution, a natural
voltage (potential) difference exits between the electrodes. The current generated due to
this potential difference relates to the rate of corrosion occurring on the more active of
the electrode couple. Galvanic/potential monitoring is applicable to the following:

i.  Bimetallic corrosion

ii.  Crevice and pitting attack

iii.  Corrosion assisted cracking

iv.  Corrosion by highly oxidizing species

v.  Weld decay

Galvanic current measurement has found widest applications in water injection systems
where dissolved oxygen concentrations are a primary concern. Oxygen leaking into
such systems greatly increases galvanic currents and thus the rate of corrosion of steel
process components. Galvanic monitoring systems are used to provide an indication that

oxygen may be invading injection waters through leaking gaskets or deaeration systems.
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In any corrosion monitoring system, it is common to find two or more techniques
combined to provide a wide base for data gathering. The exact techniques which can be
used depend on the actual process fluid, alloy system, and operating parameters.
Corrosion monitoring offers an answer to the question of whether more corrosion is
occurring today compared to yesterday. Using this information, it is possible to identify
the cause of corrosion and quantify its effect. Corrosion monitoring remains a valuable
weapon in the fight against corrosion, thereby providing substantial economic benefit to
the user (ASTM, 2001) .

1.4 Common Methods of Corrosion Prevention

In most industrial situations, it is virtually impossible to prevent corrosion. The general
strategy is to use measures that reduce the corrosion rate to an economically sustainable
level. The most important corrosion mitigation procedures are as follows (Sastri, 1998;
2011):

(. Selection of materials and design against corrosion

(if).  Cathodic protection

(iii)  Protective coatings

(iv).  Chang of the environment

(v).  Addition of inhibitors

1.4.1 Selection of materials and design against corrosion

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

a. Features that trap dust, air and water
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b. Designs with inaccessible areas that cannot be re-protected, e.g., by maintenance
painting

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

Also, metal-metal or metal-non metallic contacting materials that facilitate corrosion
such as bimetallic couples, a metal in contact with absorbent materials that maintain
constantly wet conditions and contact with substances that give off corrosive vapours,
should be avoided.
1.4.2 Cathodic protection
Metals can be protected cathodically by making the interfacial (metal/solution) potential
sufficiently negative by means of either sacrificial anode or impressed current or by
making the interfacial potential sufficiently positive to cause passivation (formation of a
protective film on the metal). This method is used for metals that passivate in the
corrodent under consideration.
1.4.3 Protective coatings
Ideally, a protective coating should provide a complete barrier and exclude the corrosive
environment from having contact with the metal which it is designed to protect. This
can be achieved by the following techniques:

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

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

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

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

1.4.4 Environment modification and addition of inhibitors
For aqueous corrosion, the environment can be made less agressive by removing

constituents or modifying conditions that facilitate corrosion: decrease temperature,
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decrease velocity, prevent access of water and moisture, remove dissolved O, , increase
pH (for steel) while for atmospheric corrosion, the air is dehumidified and solid

particles removed (Roberge, 1999).

Where these methods are not applicable, then chemicals may be added to the

environment to interfere with the corrosion process, usually by forming a film of some

kind. These chemicals called corrosion inhibitors are substances which, when added in

small quantities to a normally corrosive environment, reduce the corrosion rate of the

metal, without significantly changing the concentration of corrosive species (Umoren et

al., 2009; Eddy et al., 2010; Akalezi et al., 2012).

1.5 Inhibitors

Inhibitors are chemicals that react with a metallic surface giving the surface a certain

level of protection. Inhibitors often work by being adsorbed on the metallic surface,

protecting the metallic surface by forming a film (Sastri, 2011). Inhibitors are normally

distributed from a solution or dispersion. Some are included in a protective coating

formulation. Inhibitors slow corrosion processes as follows:

I.  Increasing the anodic or cathodic polarization behaviour (Tafel slopes)
Il.  Reducing the movement or diffusion of ions to the metallic surface

I11.  Increasing the electrical resistance of the metallic surface

1.5.1 Classification of inhibitors

Inhibitors have been classified differently by various authors. Some authors prefer to

group inhibitors by their chemical functionality as follows (Jones, 1988):

a) Inorganic inhibitors. These are usually crystalline salts such as sodium
chromate, phosphate, or molybdate. Only the anions of these compounds are

involved in reducing metal corrosion. When zinc is used instead of sodium, the
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b)

zinc cation can add some beneficial effect. These zinc-added compounds are
called mixed-charge inhibitors.

Organic anionic.Sodium sulfonates, phosphonates, or mercaptobenzotriazole
(MBT) are used commonly in cooling waters and anti-freeze solutions.

Organic cationic.In their concentrated forms, these are either liquids or wax-like
solids. Their active portions are generally large aliphatic or aromatic compounds

with positively charged amine groups.

However, by far the most popular organization scheme consists of regrouping corrosion

inhibitors as follows (Hackerman and Snaveley, 1984):

(0.

Passivating (anodic) inhibitors

Passivating inhibitors cause a large anodic shift of the corrosion potential,
forcing the metallic surface into the passivation range (Enenebeaku, 2011).
There are two types of passivating inhibitors viz: (a) oxidizing anions, such as
chromate, nitrite, and nitrate, that can passivate steel in the absence of oxygen
and (b) the nonoxidizing ions, such as phosphate, tungstate, and molybdate, that
require the presence of oxygen to passivate steel. These inhibitors are the most

effective and consequently the most widely used (Thomas, 1994).

Chromate-based inhibitors are the least-expensive inhibitors and were used until
recently in a variety of applications (e.g., recirculation-cooling systems of
internal combustion engines, rectifiers, refrigeration units, and cooling towers).
Sodium chromate, typically in concentrations of 0.04 to 0.1%, was used for
these applications. At higher temperatures or in fresh water with chloride

concentrations above 10 ppm higher concentrations are required. If necessary,
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sodium hydroxide is added to adjust the pH to a range of 7.5 to 9.5. If the
concentration of chromate falls below a concentration of 0.016%, corrosion will
be accelerated. Therefore, it is essential that periodic colorimetric analysis be
conducted to prevent this from occurring (Roberge, 1999).

In general, passivation inhibitors can actually cause pitting and accelerate
corrosion when concentrations fall below minimum limits. For this reason it is
essential to monitor the inhibitor concentration.

Cathodic inhibitors

Cathodic inhibitors either slow the cathodic reaction itself or selectively
precipitate on cathodic areas to increase the surface impedance and limit the
diffusion of reducible species to these areas (Oguzie et al., 2012a). Cathodic
inhibitors can provide inhibition by three different mechanisms viz: (a) as
cathodic poisons, (b) as cathodic precipitates, and (c) as oxygen scavengers.
Some cathodic inhibitors, such as compounds of arsenic and antimony, work by

making the recombination and discharge of hydrogen more difficult.

Other cathodic inhibitors such as calcium, zinc, or magnesium ions may be
precipitated as oxides to form a protective layer on the metal. Oxygen
scavengers help to inhibit corrosion by preventing the cathodic depolarization
caused by oxygen. The most commonly used oxygen scavenger at ambient
temperature is probably sodium sulphite (Na,SO3).

Organic inhibitors

Both anodic and cathodic effects are sometimes observed in the presence of
organic inhibitors, but as a general rule, organic inhibitors affect the entire

surface of a corroding metal when present in sufficient concentration. Organic
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(IV).

inhibitors, usually designated as film-forming, protect the metal by forming a
hydrophobic film on the metal surface.Their effectiveness depends on their
chemical composition, molecular structure, and affinities for the metal surface.
Since film formation is an adsorption process, the temperature and pressure in
the system are important factors. Organic inhibitors will be adsorbed according
to the ionic charge of the inhibitor and the charge on the surface. Cationic
inhibitors, such as amines, or anionic inhibitors, such as sulphonates, will be
adsorbed preferentially depending on whether the metal is charged negatively or
positively. The strength of the adsorption bond is the dominant factor for
soluble organic inhibitors. These materials build up a protective film of adsorbed
molecules on the metal surface, which provides a barrier to the dissolution of the
metal in the electrolyte. Because the metal surface covered is proportional to the
inhibitor concentrations, the concentration of the inhibitor in the medium is

critical (Enenebeaku, 2011; Olasehinde et al., 2012; Adejo et al., 2012).

For any specific inhibitor in any given medium there is an optimal
concentration. For example, a concentration of 0.05% sodium benzoate or 0.2%
sodium cinnamate is effective in water at a pH of 7.5 containing either 17 ppm
sodium chloride or 0.5% by weight of ethyl octanol. The corrosion due to
ethylene glycol cooling water systems can be controlled by the use of
ethanolamine as an inhibitor (Mercer, 1994; Roberge, 1999).

Precipitation inhibitors

Precipitation-inducing inhibitors are film-forming compounds that have a
general action over the metal surface, blocking both anodic and cathodic sites

indirectly. Precipitation inhibitors are compounds that cause the formation of
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(V).

precipitates on the surface of the metal, therebyproviding a protective film. Hard
water that is high in calcium and magnesium is less corrosive than soft water
because of the tendency of the salts in the hard water to precipitate on the
surface of the metal and form a protective film.The most common inhibitors of
this category are the silicates and the phosphates. Sodium silicate, for example,
is used in many domestic water softeners to prevent the occurrence of brownish
water. In aerated hotwater systems, sodium silicate protects steel, copper, and
brass. However, protection is not always reliable and depends heavily on pH and
a saturation index that depends on water composition and temperature.
Phosphates also require oxygen for effective inhibition. Silicates and phosphates
do not afford the degree of protection provided by chromates and nitrites;
however, they are very useful in situations where non toxic additives are
required (Mercer, 1994; Roberge, 1999; Sastri, 2011).

Volatile corrosion inhibitors

Volatile corrosion inhibitors (VCIs), also called vapour phase inhibitors(VPIs),
are compounds transported in a closed environment to the site of corrosion by
volatilization from a source. In boilers, volatile basic compounds, such as
morpholine or hydrazine, are transported with steam to prevent corrosion in
condenser tubes by neutralizing acidic carbon dioxide or by shifting surface pH
toward less acidic and corrosive values. In closed vapour spaces, such as
shipping containers, volatile solids such as salts of dicyclohexylamine,
cyclohexylamine,and hexamethylene-amine are used. On contact with the metal
surface,the vapour of these salts condenses and is hydrolyzed by any moistureto
liberate protective ions. It is desirable, for an efficient VVCI, to provide inhibition

rapidly and to last for long periods. Both qualities depend on the volatility of
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these compounds and fast action requiring high volatility, whereas enduring
protection requires low volatility (Miksic, 1993; Fiaud, 1994; Roberge, 1999).
1.6 Adsorption Isotherms
Adsorption isotherms are very important in understanding the mechanism of inhibition
of corrosion of metals and alloys. The most frequently used adsorption isotherms are
Langmuir, Freundlich, Temkin, Flory-Huggins and Frumkin isotherms. All these

isotherms can be represented as follows (Oguzie et al., 2012b):
f @, x &xp €?°=kC

1.1

where £(6, x) is the configuration factor which depends upon the physical model and the
assumptions underlying the derivation of the isotherm, & is the degree of surface
coverage, C is the inhibitor concentration in the electrolyte, x is the size ratio, a is the
molecular interaction parameter and k is the equilibrium constant of the adsorption

process (Ebenso et al., 2008; Oguzie et al., 2012b).

The heat of adsorption (Qags) of the inhibitor on the surface of the metal can be

calculated using equation 1.2

Q.. = 2.303R| log % —log 2! T xT, kJmol ™ 1.2
1-6, 1-6, )\ T,-T,

where 0; and 0, are the degrees of surface coverage at the temperatures T; and T,

respectively (Ogoko et al., 2009). At constant pressure, the values of Qags approximate

enthalpy of adsorption (AHags)
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1.6.1 Langmuir adsorption isotherm
The Langmuir adsorption isotherm assumes monolayer adsorption onto a surface
containing a finite number of identical sites and absence of lateral interactions between

the adsorbed species. It can be written as follows

where k is the adsorption equilibrium constant and @ is the degree of surface coverage of
the inhibitor. By plotting values of C/0 versus values of C, straight line graphs are
obtained (Eddy and Ebenso, 2010; Akalezi et al., 2012).

1.6.2 Freundlich isotherm

Freundlich suggested an empirical equation which describes adsorption on heterogenous
surfaces. His isotherm is based on the assumption that adsorption sites are distributed
exponentially with respect to energy of adsorption and that the surface sites are
subdivided into several types, each possessing a characteristic heat of adsorption

(Odoemelam et al., 2009). Freundlich equation is presented as equation 1.5,

where 0 = surface coverage.
C = concentration of inhibitor in solution, M.
k = adsorption equilibrium constant.
n = Freundlich isotherm constant ( with 0 <n < 1)
1.6.3 Temkin adsorption isotherm
According to Temkin adsorption isotherm, the degree of surface coverage (6) is related

to the inhibitor’s concentration (C) in the bulk electrolyte according to equation 1.6:
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where k is the equilibrium constant of adsorption, 6 and ‘o’ is the molecular interaction

parameter. Rearranging and taking logarithm of both sides gives equations 1.7 and 1.8

_ -2.303logk  2.303logC
20 20

0 1.7

or —2a6 =2.3034gk +logC _ 1.8
a plot of & versus log C gives a linear plot provided the assumptions of Temkin isotherm
are valid (Eddy and Ebenso, 2010; Adejo et al., 2012).

1.6.4 Flory-Huggins adsorption isotherm

The assumptions of Flory-Huggins adsorption isotherm can be expressed as equation

1.9:

Iog(%): logk + xlog (-6 1.9

where ‘X’ is the number of inhibitor molecules occupying one site (or the number of
water molecules replaced by one molecule of the inhibitor). A plot of log(6/C) versus
log(1- 6) is linear confirming the application of Flory-Huggins (Eddy and Ita, 2010).
1.6.5 EI-Awady et al. kinetic-thermodynamic adsorption isotherm

The Kinetic-thermodynamic model can be expressed as equation 1.10:

where K is a constant which is related to the adsorption equilibrium constant, k

expressed as equation 1.11:
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where y is the number of the inhibitor molecules occupying one active site and 1/y = x
which is the number of active sites of the surface occupied by one molecule of the
inhibitor. It has been found that values of x greater than unity indicate that a given
inhibitor molecule will occupy more than one active site. Also, values of y > 1 imply
the formation of multilayers of inhibitor on the surface of the metal, while y < 1
indicates that a given inhibitor molecule will occupy more than one active site (Noor,
2009; Lietal., 2010; Adejo et al., 2012).

1.6.6 Frumkin adsorption isotherm

The assumptions of Frumkin isotherm can be expressed as equation 1.12:

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

2010).

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

related to the free energy of adsorption AG,gs as according to equation 1.13:

where R is the molar gas constant, T is the absolute temperature and 55.5 is the

concentration of water in solution expressed in M.

Generally, AGags values with magnitude much less than 40 kJ mol™ have typically been

correlated with the electrostatic interactions between organic molecules and charged
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metal surface (physisorption), whilst those of magnitude in the order of 40 kJ mol™ and
above are associated with charge sharing or transfer from the organic molecules to the
metal surface (chemisorption) (Popova et al., 2003; Eddy and Ita, 2010; Oguzie et al.,
2012h).
1.7  Purines
A purine is a heterocyclic aromatic organic compound, consisting of a pyrimidine ring
fused to an imidazole ring. They are kinds of nitrogen-containing bases (nucleotides)
which form the building blocks of nucleic acids. Purines, including substituted purines
and their tautomers, are the most widely distributed kind of nitrogen-containing
heterocycles in nature. The following purines have been chosen for the present study:

i.  Adenine

ii.  Guanine

iii.  Hypoxanthine

iv.  Xanthine
Their chemical structures are presented in Figure 1.1.
1.7.1 Adenine
In older literatures, adenine is called vitamin B, . It is no longer considered a true
vitamin or part of the Vitamin B complex. However, two B vitamins, niacin and
riboflavin, bind with adenine to form the essential cofactors nicotinamide adenine
dinucleotide (NAD) and flavin adenine dinucleotide (FAD), respectively. Numerous
references to its use occur in biochemical literature (Parker et al., 2010). Adenine has
been tested for use in cell cultures. Natural sources of adenine include raw
unadulterated honey, bee pollen, royal jelly, propolis, most fresh vegetables and fruits.

It is believed that all complex carbohydrates contain varying amounts of adenine.
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1.7.2 Guanine

Guanine is a derivative of purine, consisting of a fused pyrimidine-imidazole ring
system with conjugated double bonds. Guanine is found in integumentary system of
many fish such as sturgeon. It is also present in the reflective deposits of the eyes of
deep-sea fish and some reptiles such as crocodiles (Fox, 1979; Wilson et al., 1982). In
the cosmetics industry, crystalline guanine is used as an additive to various products
(e.g., shampoos), where it provides a pearly iridescent effect. It is also used in metallic
paints and simulated pearls and plastics. It provides shimmering luster to eye shadow
and nail polish.

1.7.3 Hypoxanthine

Hypoxanthine is a naturally occurring purine derivative. It is occasionally found as a
constituent of nucleic acids, where it is present in the anticodon of tRNA in the form of
its nucleoside inosine. Hypoxanthine is a necessary additive in certain cell, bacteria, and
parasite cultures as a substrate and nitrogen source (WWARN, 2012).

1.7.4 Xanthine

Xanthine is a purinebase found in most human body tissues and fluids and in other
organisms. A number of stimulants are derived from xanthine, including caffeine and
theobromine (Spiller, 1998).

1.8  Statement of the Problem

Due to strict environmental regulations, the continued usage of non environmentally
friendly chemical compounds as corrosion inhibitors has faced relentless condemnation.
Consequently, large numbers of organic compounds, principally those containing
heteroatoms like oxygen, nitrogen or sulphur groups in conjugated systems are being
investigated as corrosion inhibitors for the corrosion of different metals in various

aggressive media.
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Although some plants extracts have been found to be useful as eco-friendly inhibitors
(Oguzie, 2005; Eddy et al., 2009), the actual constituents of the extracts that are
responsible for inhibition have been difficult to determine making it difficult to
elucidate the specific mechanism for corrosion inhibition. Hence, the challenge for
search of corrosion inhibitors, whose actual chemical structures and eco-friendliness
have been established are on the increase. Purines are organic compounds with hetero
atoms like O and N in their aromatic rings. They are non toxic and can therefore be used

as eco-friendly inhibitors against the corrosion of metals in various aggressive media.

1.9 Justification for the Choice of Purines as Corrosion Inhibitors

Organic compounds containing C, N, S and or O in a conjugated system are known to
be effective corrosion inhibitors (Eddy, 2008). Purines have hetero atoms like O and N
in their aromatic rings. Therefore, they are expected to be good corrosion inhibitors.
They are relatively cheap and commercially available. They are non- toxic and can
therefore compete with eco-friendly inhibitors. The molecular and electronic structures
of the selected purine derivatives have close similarities with those of conventional

organic inhibitor molecules hence, they can be investigated as corrosion inhibitors.
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Figure 1.1 Chemical structures of (a) Adenine (b) Guanine (c) Hypoxanthine and
(d) Xanthine
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1.10

Aims of the Research

This research aims at investigating some selected purines as eco-friendly inhibitors for

the corrosion of mild steel and aluminium in 0.1 M HCI, H,SO,4 and H3PO, (a low acid

concentration) at 303 and 333 K respectively.

1.11

Objectivesof the Research

The objectives of the research are as follows:

a.

To carry out a comparative study of the effect of adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) on the corrosion of mild steel and
aluminium in 0.1 M HCI, H,SO,4 and H3PO,4 using gravimetric technique at 303
and 333 K respectively.

To investigate the adsorptive properties, thermodynamics and kinetic parameters
of the purines from weight loss measurements.

To establish the effect of each purine derivative at 303 K on the current density
and corrosion potentials of mild steel and aluminium in HCI, H,SO,4 and H3zPO,
at 303 K, using potentiodynamic polarisation measurements.

To evaluate the interaction of each purine derivative with the mild steel and
aluminium surfaces in HCI, H,SO, and H3PO, at 303 K, by electrochemical
impedance spectroscopy.

To investigate the synergistic effects of iodide ions ( using [KI]= 0.005 M) on
the adsorptive behaviour of the selected purines on mild steel and aluminium in
the different acid media at 303 K.

To carry out quantum chemical calculations in order to get useful theoretical

information about the selected purines. Molecular dynamics simulations will be
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employed to understand the interactions of the inhibitors with the Fe (1 1 0) and

Al (1 1 0) surfaces.
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CHAPTER TWO
LITERATURE REVIEW
2.1  Corrosion Inhibitors
Corrosion inhibitors are compounds that can reduce the rate of corrosion of a metal
through the mechanism of adsorption, which may be physical (i.e, involving the transfer
of charges from charged inhibitor to a charged metal surface) or chemical adsorption
(which involves the transfer of electrons from the inhibitor to the vacant d-orbital of the

metal).

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

properties (Eddy et al, 2010):

(. Possession of hetero atoms in aromatic rings or long carbon chain
(). Possession of polar functional groups such as -COOH, -NH,, etc as well as 7-
electrons.

Based on the above criteria, several organic inhibitors have been investigated including
triazoles, benzotriazoles, organic dyes, amino acids, schiff bases, imidazoles and
purines.

2.1.1 Triazoles and benzotriazoles derivativesas corrosion inhibitors

Li et al. (2011) synthesized two triazole derivatives [1-phenyl-2-(5-(1,2,4) triazol-1-
ylmethyl-(1,3,4) oxadizaol-2-ylsulphanyl)-ethanone (PTOE) and 2-(4-tert-butyl-
benzylsulphanyl)-5-(1,2,4) triazol-1-ylmethyl-(1,3,4) oxadiazole (TBTO)] as new
corrosion inhibitors for the corrosion of mild steel in 1 M hydrochloric acid. The
inhibition efficiencies of the different inhibitors were evaluated using weight loss and
electrochemical techniques such as electrochemical impedance spectroscopy (EIS) and
polarization curves. The results obtained from electrochemical investigation revealed

28



that these compounds acted as mixed-type inhibitors retarding the anodic and cathodic
corrosion reactions and did not change the mechanism of either hydrogen evolution
reaction or mild steel dissolution. The adsorption of the inhibitors obeyed the Langmuir
adsorption model.The effect of molecular structure on the inhibition efficiency of the
inhibitors was investigated using ab initio calculations while electronic properties such
as the energy of the highest occupied molecular orbital (HOMO), the energy of the
lowest unoccupied molecular orbital (LUMO), dipole moment () and molecular orbital

densities were also calculated.

Khadom et al. (2009) investigated the adsorption of 4-amino-5-phenyl-4H-1, 2, 4-
triazole-3-thiol (APTT) as a corrosion inhibitor for mild steel in hydrochloric acid (HCI)
solution using the weight loss technique. The degree of surface coverage by APTT was
used to calculate the free energy of adsorption, using Bockris-Swinkels isotherm. The
dependence of free energy of adsorption, on the surface coverage, was ascribed to the
surface heterogeneity of the adsorbent. The adsorption of APTT molecules on the

surface occurred without modifying the kinetics of the corrosion process.

Gopi et al.(2007) studied the corrosion inhibition of mild steel by means of newly
synthesized triazole phosphonates 3-vanilidene amino 1,2,4-triazole phosphonate
(VATP), 3-anisalidene amino 1,2,4-triazole phosphonate (AATP) and 3-paranitro
benzylidene amino 1,2,4-triazole phosphonate (PBATP) together with cetyl trimethyl
ammonium bromide (CTAB) in natural aqueous environment using weight loss,
potentiodynamic polarisation and AC impedance measurements. Addition of molybdate
was noticed to increase the inhibition efficiency of triazole in a synergistic manner.

Results from experimental observations indicated VATP as a better corrosion inhibitor
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for mild steel in aqueous solution. Additionally the formulation consisting of VATP,

sodium molybdate and CTAB offered good corrosion inhibition efficiency.

Matheswaran and Ramasamy (2010) studied benzotriazole as an inhibitor for the
corrosion inhibition of mild steel in 1 N citric acid using weight loss method. The
results obtained indicated that the corrosion inhibition efficiency of the benzotriazole
varied with the temperature and acid concentrations. Also, it was found that the
corrosion inhibition behaviour of benzotriazole was better when the concentration of

inhibitor was increased. Kinetic treatment of the results showed first order kinetics.

Selvi et al. (2003) also synthesized some benzotriazole derivatives (namely, N-[1-
(benzotriazolo-1-yl)alkyl] aryl amine (BTMA), N-[1-(benzotriazolo-1-ylaryl] aryl
amine (BTBA), and 1-hydroxy methyl benzotriazole (HBTA) and found that these
compounds possess excellent inhibition properties for corrosion of mild steel in 0.5 M
H,SO, at room temperature. Potentiodynamic polarization and AC impedance studies
were used to investigate the inhibition mechanism. Benzotriazole derivatives were
found to act as mixed type inhibitors. Among the compounds studied, HBTA exhibited
the best inhibiting performance giving more than 95% IE. They also found that R
values increased while Cy values tend to decrease with increase in the concentration of
benzotriazole. The observed trend was attributed to the adsorption of benzotriazole on
the metal surface.

2.1.2 Dyes as corrosion inhibitors

The inhibitive properties of some organic dyes have been investigated by some
researchers. For instance, Abdeli et al. (2009) studied the inhibiting behaviour of nile

blue and indigo carmine organic dyes on corrosion of mild steel in 1 M HCI, using
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weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy
techniques. Polarization curves indicated that both inhibitors are mixed anodic—cathodic
in nature, and Langmuir isotherm was found to be the best isotherm that described the

adsorption behaviour.

Gravimetric method was used by Oguzie et al. (2004) to study the inhibitory properties
of congo red (CR) dye for the corrosion of mild steel in aerated sulphuric acid solution
between 30-60°C. The effect of addition of halide salts viz KCI, KBr and KI was also
investigated. Inhibition efficiency was found to increase with increase in the
concentration of CR but decreased with increase in temperature. Corrosion activation
energies of 82.98 and 96.92 kJ mol™* were observed in the absence and presence of CR,
respectively. The observed corrosion data suggested that inhibition of mild steel
corrosion is due to physical adsorption of the CR molecules on the metal surface. The
adsorption of CR obeyed the follow Flory—Huggins isotherm. Inhibition antagonism and
synergism (KCI < KBr <KI ) were observed at 30 and 60°C respectively on addition of
halide salts to inhibited systems containing CR. The inhibition efficiency of CR in the
presence of halides increased with rise in temperature and corrosion activation energy in
these systems decreased to 40.63 kJ mol™’. These observations indicate a chemical
adsorption mechanism, thus suggesting that the halide ions reversed the mechanism of
CR adsorption within the concentration range studied. The calculated values of heat of
adsorption confirm physisorption and chemisorption mechanisms respectively for CR

adsorption in the absence and presence of halides.
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2.1.3 Amino acids as corrosion inhibitors

Some amino acids have been found to be good inhibitors for the corrosion of mild steel
in HCI (Silva et al., 2006; El-Rabiee et al., 2008). Amino acids are molecules that
contain both amino and carboxylic acid functional groups. These acids are non toxic,
natural and contain —NH; and -COOH functional groups. Amino acids are completely
soluble in aqueous media and can be produced with high purity at reduced costs (Eddy,
2010). They are therefore expected to be good inhibitors for the corrosion of mild steel

in acid solutions.

Olivares-Xometl et al. (2006) investigated the potentials of new compounds of
alkylamides derived from amino acids as corrosion inhibitors for carbon steel in an
aqueous solution of hydrochloric acid. Electrochemical testing was carried out using
polarization scans and weight loss measurements. Polarization scans indicated that the
compounds acted as mixed corrosion inhibitors with an efficiency of 80-90% which
was similar to the results obtained from gravimetric measurements, when dissolved in

the test solution ( >50 ppm).

Zhang et al. (2008) investigated the inhibition effect of four amino acids (aspartic acid,
glutamic acid, asparagines and glutamine) for the corrosion of copper in 0.5 M
hydrochloric acid using potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS). Both potentiodynamic and EIS measurements indicated that the
amino acids have some protective effect against copper corrosion in 0.5 M HCI
solution. The inhibition efficiency of these compounds was found to increase in the
order GIn > Asn > Glu > Asp and tends to increase with increase in the concentration of

the inhibitors. Addition of iodide ions into 10 mM glutamine solution gave an
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improvement of the protection efficiency, up to a maximum value of 93.74 % for 5 mM
KI. Physical adsorption mechanism was proposed for the studied amino acids and the
adsorption was consistent with the Langmuir adsorption model.

2.1.4 Schiff bases as corrosion inhibitors

Weight loss and thermometric methods were used by Upadhyay et al. (2007) to study
the inhibitory effect of synthesised Schiff’s bases (including:N-(furfurilidine) — 4-
methoxy aniline (SB1), N-(furfurilidine) — 4- methylaniline (SB2), N- (salicylidine) — 4-
methoxy aniline (SB3), N-(cinnamalidine) — 4 —methoxy aniline (SB4) and N-
(cinnamalidine) - 2-methylaniline (SB5)) for the corrosion of mild steel in sulphuric
acid solutions. The results obtained by both methods were in good agreement with each
other and that the inhibition efficiency depended upon the concentration of inhibitor and
that of the acid. Maximum inhibition efficiency was shown at highest concentration of

Schiff’s bases at the highest concentration of acid.

The corrosion inhibition of mild steel in 0.5 M sulphuric acid by two newly synthesized
Schiff bases namely 4-X-2-{[2-(2-pyridin-2-yl-ethylsulfanyl) ethylimino] and methyl}-
phenol [X =-NO, and -OMe] have been investigated in the temperature range
298-318 K using Tafel polarization and electrochemical impedance spectroscopy (EIS)
methods (Hosseini et al., 2009). The Temkin isotherm was found to provide an accurate
description of the adsorption behaviour of the Schiff bases.

2.1.5 Imidazoles as corrosion inhibitors

Gasparac et al. (2000a) investigated the efficiency of imidazole derivatives for
corrosion inhibition of copper in 0.5 M hydrochloric acid using impedance
spectroscopy. Imidazole and its derivatives 4-methylimidazole, 4-methyl-5-
hydroxymethylimidazole, 1-phenyl-4-methylimidazole, 1-(p-tolyl)-4-methylimidazole
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were investigated. The study showed that 1-(p-tolyl)-4-methylimidazole was the best
inhibitor in the series and that it acted as a mixed inhibitor. Similar studies using
potentiodynamic methods have shown that 1-(p-tolyl)-4- methylimidazole has the best
inhibitory efficiency (Gasparac et al., 2000b).

2.1.6 Purines as Corrosion Inhibitors

The non-toxic and biodegradable nature of purine derivatives like adenine, guanine,
hypoxanthine and xanthine make the investigation of their inhibiting properties
significant in the context of the current priority to produce ‘green’ or environmentally

friendly inhibitors.

Scendo (2007a, 200b; 2008) investigated the inhibitive actions of purine and adenine on
copper corrosion in 0.5 M Na,SO, (pH 6.8), 0.5 M NaNO;3 (pH 1.0) and 1.0 M NacCl at
pH 6.8. It was found that purine and adenine were adsorbed chemically on the surface

of copper thereby inhibiting the corrosion of copper in these aqueous media.

Sayed et al. (2008) studied the effect of various concentrations of adenine (AD) on the
corrosion of low carbon steel (LCS) in aerated 4.0 M H,SO,4 using weight loss,
potentiodynamic polarization, impedance and electrochemical frequency modulation
(EFM) methods. Variation of open- circuit potential (OCP) as a function of time was
also investigated. Results obtained revealed that AD alone did not exhibit very good
inhibition performance but together with iodide ion, AD was an effective corrosion
inhibitor for LCS corrosion in H,SO, solutions. Synergism between iodide ions and AD
was therefore proposed. Moreover, potentiodynamic polarization studies showed that
AD alone and the mixture of AD and iodide ions acted as mixed-type inhibitors for the

corrosion of LCS in 4.0 M H,SO, solution. The inhibition mechanism involved the
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electrostatic adsorption of protonated AD molecules on the LCS surface charged with a
negative layer of chemisorbed I" ions. The results obtained from chemical and

electrochemical measurements were in good agreement.

Amin et al. (2008) investigated the synergistic effect of I ions and purine on the
corrosion of aluminium in 1.0 M phosphoric acid using polarization and impedance
measurements, complemented with EDX examinations of the electrode surface. Their
results indicated that purine alone showed a poor inhibition effect but due to synergistic
interaction with I'ions, better inhibition efficiencies were obtained. The synergistic
effect was attributed to enhanced adsorption of purine by the adsorbed I%ions.
Potentiodynamic polarization studies showed that purine and the mixture of purine and

I'ions acted as mixed-type inhibitors for the corrosion of Al in 1.0 M H3PO..

Yan et al. (2008) also carried out studies on corrosion inhibition properties of some
purines for the corrosion of mild steel in 1M HCI acid using weight loss measurements,
electrochemical tests and quantum studies. The compounds studied were guanine,
adenine, 2,6-diamiopurine, 6-thioguanine and 2,6-dithiopurine. Increase in inhibition
efficiency was in the following order 2,6 dithiopurine > 6 thioguanine > 2,6-
diaminopurine > adenine> guanine,with the highest efficiency of 80% for 10° M 2,6-
dithiopurine. Results obtained from quantum chemical calculation indicated that the
adsorption of the purines is physical in nature which might arise from the n- stacking

between the n-electrons of the purines and the metal surface.

Li et al. (2009a, 2009b, 2009c, 2009d) studied the inhibition effect of 6 benzylamino

purine (BAP) on the corrosion of cold rolled steel in 1.0-7.0 M H,SO, solution and in
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1.0 M HCI solution at 25-50 °C using weight loss and potentiodynamic methods.
Polarisation curves obtained from the studies showed that BAP acted as a mixed-type
inhibitor in both sulphuric acid and hydrochloric acid solutions. They also investigated
the synergistic inhibition effect of red tetrazolium (RT) and uracil (Ur) on the corrosion
of cold rolled steel in 1.0-10 M H3PO, solution and in 1.0-5.0 M H,SO, using weight
loss, electrochemical and atomic force microscopy (AFM) approaches at 20-50 °C. The
results obtained revealed that RT had a moderate inhibitive effect, and that the
adsorption of RT obeyed the Freundlich adsorption isotherm. Polarisation curves
showed that RT was a mixed type inhibitor in both acidic media. Ur was found to have
a poor inhibition effect, and acted as a cathodic inhibitor in both acidic media. However,

synergistic combination of RT with Ur resulted in enhancement of inhibition efficiency.
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CHAPTER THREE
MATERIALS AND METHODS

3.1  Material Preparation

Mild steel sheet of composition {wt.%: Mn (0.6), P (0.36), C (0.15), Si (0.03) and Fe
(98.86)} and aluminium sheet (AA 1060 type) of purity 98.5%, were mechanically
press-cut to form coupons, each of dimensions, 5 cm x 4cm x 0.15 cm for gravimetric
studies and 2 cm x 2 cm x 0.15 cm for electrochemical studies. The coupons were wet
polished with different grades of SiC abrasive paper (#400 to #1200), washed with
distilled water, rinsed with absolute ethanol, cleaned in acetone and allowed to dry in
the air before being preserved in a desiccator prior to corrosion testing. The reagents
HCI, H,SO4, H3PO4 and KI used in the study were analar grades. Distilled water was
used for their preparations. Acid concentrations of 0.1 M HCI, H,SO4 and H3PO,4 were
used for gravimetric (weight loss) and electrochemical studies respectively. The
concentration of the halide (KI) used for inhibitive synergistic studies was 0.005 M
while the concentration range for the inhibitors was 2 x 10 to 1 x 10°M respectively.
3.2 Gravimetric Method

Previously weighed mild steel and aluminium metal coupons were completely
immersed in 150 cm?® of the test solutions (0.1 M HCI, H,SO, and HsPO,) in an open
beaker placed in a water bath maintained at 303 and 333 K respectively. After every 24
hours, the corrosion products were removed by washing each coupon (withdrawn from
the test solutions) in a solution containing 40% NaOH and 100 g/L of zinc dust for mild
steel coupons while aluminium coupons were dipped in 70% nitric acid for 2 mins and
later washed with distilled water using bristle brush and rinsed with distilled water. The
washed coupons were rinsed in acetone and dried in air before re-weighing. The
difference in weights for a period of 120 hours was taken as the total weight loss. From
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the weight loss results, the inhibition efficiency (IEey) of the inhibitor, the degree of
surface coverage (0) and the corrosion rate (CR) of mild steel and aluminium were

calculated using equations 3.1 to 3.3 respectively (Eddy and Ebenso, 2010).

IE,,, = [1— %}aoo 3.1
WZ
g-1-"1 3.2
W2
cR@hem2 = AW 33
At

where Wy and W, are the weight losses (g) for metal in the presence and absence of the
inhibitor respectively, 0 is the degree of surface coverage of the inhibitor, A is the area
of the metal coupon (in cm?), t is the period of immersion (in hours) and AW = W5 - W,
is the weight loss of metal after time, t.

3.3  Electrochemical Impedance Spectroscopy (EIS)

EIS tests were performed at 303 + 1K in a three electrode cell using a VERSASTAT
400 complete DC voltammetry and corrosion system, with V3 Studio software over a
frequency range of 100 kHz - 10 mHz, with a signal amplitude of 5 mV. A graphite rod
was used as counter electrode and saturated calomel electrode (SCE) was used as the
reference electrode. The latter was connected via a Luggin’s capillary. Measurements
were performed in aerated and unstirred solutions after 30 minutes immersion in the test
solutions. All potentials were reported vs. SCE. The working electrodes were prepared
from square sheets of mild steel and aluminium respectively with 1cm? of the area

exposed to the test solution.
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E®

The charge transfer resistance values were obtained from the diameter of the semi
circles of the Nyquist plots. The inhibition efficiencies of the inhibitors were calculated

from the charge transfer resistance values using equation 3.4

3.4

where Re and Reginny are the charge transfer resistance in absence and in presence of
the inhibitor, respectively (Oguzie et al, 2010; Khaled, 2010a and 2010b).

3.4  Potentiodynamic Polarisation

Potentiodynamic polarization studies were carried out at a potential range of + 250 mV
for mild steel and in the potential range of -1000 to 2000 mV for aluminium, versus
corrosion potential at a scan rate of 0.33 mV/s at 303 K . Each test was run in triplicate.
Measurements were performed in 0.1 M acid solutions containing 0.01 M concentration

of the test inhibitors. The inhibition efficiencies were calculated using equation 3.5
e 3.5

where icorr and iin, are the corrosion currents in the absence and presence of the inhibitor
respectively (Oguzie et al, 2010; Quraishi and Singh, 2010).

3.5  Synergistic Effects

Synergistic studies were carried out with the combination of each of the inhibitors
(within the range of concentrations stated earlier) with0.005M potassium iodide (KI)
respectively. lon-pair interactions between the organic cations and the halide ions will
result in increased surface coverage (Oguzie et al., 2007; Umoren, 2007; Eddy et al.,
2010).

3.6  Fourier Transform Infrared Spectrophotometery(FTIR)

IR analyses of the inhibitor and that of the corrosion products (in the presence and

absence of the respective inhibitors) were carried out using a SHIMADZU, FTIR-8400S
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Fourier Transform Infrared Spectrophotometer. Two coupons were separately dipped in
250 mL of 0.01 M inhibitor concentration for 2 days to form an adsorbed layer after
which they were retrieved, dried and scraped with a sharp blade. The scrappings were
collected for analysis. The samples were prepared using KBr and the analysis was
done by scanning the sample through a wave number range of 400-4000 cm™
(Eddy and Odoemelam, 2008; Eddy et al., 2009; Enenebeaku, 2011).

3.7 Scanning Electron Microscopy (SEM)

Surface morphologies of the mild steel and aluminium coupons before and after
inhibition were studied using a JSM-5600 LV scanning electron microscope of JEOL,
TOKYO, Japan. 1 cm x 1 cm coupons were dipped in blank solutions and 0.01 M
inhibitor solutions for 2 days. The coupons were retrieved, rinsed with distilled water
and dried in the air. Each sample was mounted on a metal stub and sputtered with gold
in order to make the sample conductive. Scanned images were taken at an accelerating
voltage of 2.00 and 15.00 kV (Enenebeaku, 2011).

3.8 Computational and Theoretical Considerations

3.8.1 Quantum chemical calculations

The electronic structure of the purines, including the distribution of frontier molecular
orbitals Enomo and ELumo, Fukui indices were assessed, with a view to establishing the
active sites as well as local reactivity of the molecule. The simulations were performed
by means of the Density Functional Theory (DFT) electronic program DMol® using the
Mulliken population analysis in the Material Studio 4.0 software. DMol® permits
analysis of the electronic structures and energetics of molecules, solids and surfaces
using DFT. Electronic parameters for the simulations include restricted spin polarization
using the DND basis set and the Perdew Wang local correlation density functional.

Local reactivity of the studied compounds was analysed by means of the Fukui indices
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(FI) to assess regions of nucleophilic and electrophilic behaviour (Khaled, 2009; Eddy,

2010; Enenebeaku, 2011; Oguzie, 2011).

3.8.2 Molecular dynamics simulation

In order to sample many different low energy configurations and identify the low
energy minima, molecular dynamics (MD) simulation of the interactions between a
single molecule of interest and Fe/Al surface was performed using Forcite quench
molecular dynamics in the Material Studio (MS) modelling 4.0 software. Calculations
were carried out using COMPASS forcefield and Smart algorithm in a simulation box
17A x 12 A x 28 A with a periodic boundary condition, to model a representative part
of the Fe/Al slab and a vacuum layer of 20 A height. The Fe/Al crystal was cleaved
along the (110) plane with a fractional depth of 3.0 A. The (110) plane was chosen
because it is more densely packed and has the most stabilisation compared to Fe/Al

(111) and Fe/Al (100) surfaces with relatively open structures.

The geometry of the bottom layers were constrained before optimizing the Fe/Al (110)
surface which was subsequently enlarged into a 9 x 7 supercell to avoid edge effects.
Temperature was fixed at 350 K which represents a trade off between a system with too
much Kinetic energy where the molecule desorbs from the surface and a system with not
enough Kinetic energy for the molecule to move around the surface. Temperature was
fixed with the NVE (microcanonical) ensemble with a time step of 1 fs and simulation
time 5 ps. The system is quenched every 250 steps. Forcite optimised structures of the
purine compounds and the Fe/Al surfaces were used to sample the different interactions
of the molecule with the surfaces. The slab of iron and aluminium constructed for the
docking were significantly bigger than the purin molecules docked in order to avoid

edge effects (Oguzie, 2011; Enenebeaku, 2011).
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CHAPTER FOUR
RESULTS

4.1  Gravimetric Measurements

Figures 4.1 - 4.16 show the variation of weight loss (g) with time (hrs) at 303 and 333 K
for the corrosion of mild steel and aluminium in 0.1 M HCI, H,SO4 and H3PO4 acids in
the presence of various concentrations of adenine (AD), guanine (GU), hypoxanthine
(HYP) and xanthine (XN). The plots on Figures 4.1 — 4.16 were obtained from the data
on Appendices | —VII1. From the plots (Figures 4.1 — 4.8), it is evident that weight loss
of mild steel in the different acid media decreased in the presence of AD, GU, HYP and
XN indicating that the purines retarded the corrosion of mild steel in HCI, H,SO, and
H3PO,. It can also be deduced from the plots that although the weight loss of mild steel
increased over time, the corrosion rates of mild steel coupons in the presence of the

inhibitors decreased with increasing inhibitor concentrations.

Figures 4.2, 4.4, 4.6 and 4.8 show that the weight loss of mild steel in the test solutions
both in the absence and presence of the inhibitors increased with time at 333 K
compared to that at 303 K. Corresponding values of corrosion rates of mild steel and
inhibition efficiencies, 1E%, of the inhibitors in the various media which were derived

from the plots are presented on Tables 4.1 and 4.2 respectively.

Figures 4.9-16 show the variation of weight loss with time at 303 and 333 K for the
corrosion of aluminium in 0.1 M HCI, H,SO,4 and H3PO, in the absence and presence of
various concentrations of AD, GU, HYP and XN while Tables 4.3 and 4.4 present
calculated rates of corrosion of aluminium and inhibition efficiencies of the purines in

the various media at 303 and 333 K respectively.
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Figure 4.1. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO4 and (c) H3PO, containing various concentrations of
adenine (AD) at 303 K
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Figure 4.2. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of
adenine (AD) at 333 K.
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Figure 4.3. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of
guanine (GU) at 303 K.



04 1 (a) —o—Blank
0.35 - ==0.002 M
03 4 ~4—0.004 M
® —=>=0.006 M
§0-25 7 =¥=0.008 M
= 0.2 - =0-0.01 M
-
20.15 -
= 0.1 -
0.05 -
O T T T T T T 1
0 20 40 60 80 100 120 140
Time (hrs)
04 1 (b) == Blank
0.35 - ——0.002 M
- 03 - ‘/0""/‘ —#—0.004 M
8 ~3=0.008 M
2 021 ~=9-0.01M
= 0.15 -
3 0.1 -
0.05 -
O T T T T T T 1
0 20 40 60 80 100 120 140
Time (hrs)
(c) =—@—Blank
0.45 - == 0.002 M
0.4 - ‘/‘ : : =r=0.004 M
0.35 - =4=(0.006 M
0 0.3 - =i=(0.008 M
_'En 0.2 -
9 0.15 -
= 0.1 -
0.05 -
0 T T T T T T 1

0 20 40 60 80 100 120 140
Time (hrs)

Figure 4.4. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of
guanine (GU) at 333 K.
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Figure 4.5. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of
hypoxanthine (HYP) at 303 K.
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Figure 4.6. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of
hypoxanthine (HYP) at 333 K.
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Figure 4.7. Variation of weight loss with time (hrs) for the corrosion of mild steel in
0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of

xanthine (XN) at 303 K.
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Figure 4.8. Variation of weight loss with time (hrs) for the corrosion of mild steel

in 0.1 M (a). HCI (b). H,SO, (c). H3PO,4 containing various concentrations of
xanthine (XN) at 333 K.
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Figure 4.9. Variation of weight loss with time (hrs) for the corrosion of aluminium
in 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various concentrations of
adenine (AD) at 303 K.
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Figure 4.10. Variation of weight loss with time (hrs) for the corrosion of
aluminiumin 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various
concentrations of adenine (AD) at 333 K.
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Figure 4.11. Variation of weight loss with time (hrs) for the corrosion of
aluminium in 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various
concentrations of guanine (GU) at 303 K.
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Figure 4.12. Variation of weight loss with time (hrs) for the corrosion of aluminium
in 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various concentrations of
guanine (GU) at 333 K.
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Figure 4.13. Variation of weight loss with time (hrs) for the corrosion of aluminium
in 0.1 M (a). HCI (b). H,SO,4 and (c). H3PO, containing various concentrations of
hypoxanthine (HYP) at 303 K.
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Figure 4.14. Variation of weight loss with time (hrs) for the corrosion of aluminium

in 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various concentrations of
hypoxanthine (HYP) at 333 K.
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Figure 4.15. Variation of weight loss with time (hrs) for the corrosion of aluminium
in 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various concentrations of
xanthine (XN) at 303 K.
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Figure 4.16: Variation of weight loss with time (hrs) for the corrosion of
aluminium in 0.1 M (a). HCI (b). H,SO, and (c). H3PO, containing various
concentrations of xanthine (XN) at 333 K.



Table 4.1: Corrosion rates of mild steel in the absence and presence of various
concentrations of adenine (AD), guanine (GU), hypoxanthine (HYP)
and xanthine (XN) in 0.1 M HCI, H,SO, and H3PO, at 303 and

333 K.
Inhibitor Concentration Corrosion rate X 10™ (gh™'cm?)
(M) HCI H,50, H3PO,
303K 333K 303K 333K 303K 333K
Blank 1.16 6.68 1.86 6.46 2.87 8.34
AD 0.002 0.65 431 1.19 3.47 1.82 4.89
0.004 0.57 3.66 1.12 3.34 1.68 4.63
0.006 0.481 3.23 1.04 3.08 1.56 4.33
0.008 0.41 3.16 0.97 2.94 1.42 4.05
0.01 0.34 2.94 0.93 2.78 1.30 3.88
GU 0.002 0.93 5.85 1.14 2.89 1.56 11.18
0.004 0.90 5.79 1.11 2.78 1.36 9.88
0.006 0.87 5.61 1.09 2.41 1.16 8.57
0.008 0.85 5.46 1.05 2.25 1.05 7.84
0.01 0.83 5.36 1.02 2.01 0.91 6.88
HYP 0.002 0.67 4.63 1.04 2.98 1.88 5.56
0.004 0.53 410 0.89 2.66 1.74 511
0.006 0.46 3.78 0.87 2.64 1.67 4.96
0.008 0.37 3.44 0.83 2.59 1.63 4.85
0.01 0.34 3.29 0.79 2.46 1.57 4.74
XN 0.002 1.00 6.67 1.86 5.99 3.02 8.13
0.004 0.95 6.63 1.78 5.78 3.00 7.86
0.006 0.90 6.25 1.69 5.73 2.94 7.71
0.008 0.88 6.01 1.67 5.59 2.83 7.54
0.01 0.87 5.64 1.63 5.07 2.72 7.34
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Table 4.2: Inhibition efficiencies (IE%) of various concentrations of adenine
(AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN) on the
corrosion of mild steel in 0.1 M HCI, H,SO4 and H;PO, at 303 and

333 K.
Inhibitor Concentration Inhibition Efficiency (IE%)
(M) HCI H,SO, HsPO4
303K 333K 303K 333K 303K 333K
AD 0.002 44.17 3547 36.09 46.34 36.48  41.40
0.004 51.34 4526  40.11  48.28 4135 4447
0.006 58.68 51.68  44.36 52.34 4548  48.14
0.008 65.12 52.71  47.82 54.37  50.57 51.46
0.01 71.20 56.05  50.06 57.04 5478  53.49
GU 0.002 19.86 12.50  38.77 55.33 4548 4941
0.004 22.54 1343  40.33 57.01 5253 5531
0.006 25.76 16.05 4156 62.78 59.49  61.23
0.008 27.01 18.27 4346 6526 63.34 64.51
0.01 28.80 19.86 4514 6890 68.35 68.88
HYP 0.002 42.58 30.70  44.02 53.98 3460 33.35
0.004 54.56 38.65 5218 58.81 3953 38.75
0.006 60.29 43.42  53.52 59.23 4171  40.52
0.008 68.33 4847 5564 60.00 43.09 41.84
0.01 70.84 50.81 57.88 6194 4538  43.22
XN 0.002 13.77 0.19 0.22 7.41 -5.33 2.52
0.004 18.60 4.86 4.80 10.67  -4.67 5.80
0.006 22.90 6.45 9.27 1144  -2.42 7.54
0.008 24.15 10.07 10.50 13.47 1.28 9.62
0.01 25.76 1565 12.74  21.56 5.34 11.94
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Table 4.3:  Corrosion rates of aluminium in the absence and presence of
various concentrations of adenine (AD), guanine (GU), hypoxanthine
(HYP) and xanthine (XN) in 0.1 M HCI, H,SO, and HsPO, at 303

and 333 K
Inhibitor Concentration Corrosion rate X 10™ (gh™'cm?)
(M) HCI H,SO, Hs;PO,
303K 333K 303K 333K 303K 333K
Blank 1.26 8.11 0.42 2.56 0.48 3.09
AD 0.002 0.35 4.20 0.78 6.00 1.36 9.97
0.004 0.31 3.51 0.76 5.67 1.33 9.62
0.006 0.23 3.21 0.74 5.15 1.28 9.36
0.008 0.17 2.49 0.73 491 1.24 9.12
0.01 0.12 2.23 0.72 4.64 1.21 8.90
GU 0.002 0.23 3.06 0.68 4.82 1.13 7.98
0.004 0.18 2.74 0.66 451 1.08 7.71
0.006 0.13 2.52 0.64 4.32 1.02 7.39
0.008 0.09 2.43 0.60 4.11 0.99 7.05
0.01 0.04 2.15 0.56 3.89 0.94 6.73
HYP 0.002 0.22 3.59 0.10 1.26 0.75 5.56
0.004 0.17 3.22 0.09 1.16 0.75 541
0.006 0.14 2.85 0.09 1.09 0.73 5.30
0.008 0.12 2.61 0.08 1.03 0.69 5.14
0.01 0.10 2.35 0.08 0.99 0.68 4,99
XN 0.002 0.90 6.73 0.59 4.24 1.17 8.53
0.004 0.84 6.53 0.55 4.09 1.12 8.22
0.006 0.74 6.41 0.52 3.89 1.05 7.89
0.008 0.69 5.92 0.50 3.70 0.99 7.64
0.01 0.63 5.66 0.47 3.43 0.96 7.32
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Table 4.4:

Inhibition efficiencies (IE%) of various concentrations of adenine
(AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN) on the
corrosion of aluminium in 0.1 M HCI, H,SO, and H3PO,at 303 and

333 K.

Inhibitor Concentration

AD

GU

HYP

XN

(M)

0.002
0.004
0.006
0.008
0.01

0.002
0.004
0.006
0.008
0.01

0.002
0.004
0.006
0.008
0.01

0.002
0.004
0.006
0.008
0.01

Inhibition Efficiency (IE%)

HCI H,SO4 HsPO4
33K 333K 303K 333K 303K 333K
71.73  48.27 -85.64 -133.79 -181.82 -222.81
75.70  56.74  -80.69 -121.04 -176.19 -211.61
8149 6041 -76.24 -100.65 -166.67 -203.04
86.28  69.29 -73.27 -91.06 -158.01 -195.34
90.58 7258 -69.80 -82.12 -151.52 -188.26
81.65 62.28 -60.40 -87.81 -135.50 -158.50
85.95 66.26 -57.43 -75.79 -123.38 -149.80
89.92 6891 -5248 -68.40 -112.55 -139.34
9289 70.06 -44.06 -60.11 -105.63 -128.27
96.53 7350 -33.17 -51.75 -95.67 -117.88
82.84  55.79 76.23 50.69 -56.28 -80.03
86.54  60.36 78.21 5491 -5498 -75.10
89.22  64.88 79.70 57.35 -52.81 -71.66
90.72  67.83 80.69 59.79 -43.29  -66.53
9223 71.01 82.18 6149 -41.56 -61.74
28.76 1712 -39.11 -65.15 -143.72 -176.25
33.06 1951 -30.69 -59.62 -132.03 -166.19
4099 2100 -2426 -51.75 -117.32 -155.53
45.12 27.01 -18.32 -4427 -106.49 -147.37
50.08 30.27 -11.88 -33.71 -98.70 -137.04
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4.2 Half Lives (ti2) of Mild Steel and Aluminium in the Test Solutions

The kinetics of corrosion of mild steel and aluminium in 0.1 M HCI, H,SO, and H3PO,
solutions was studied at 303 and 333 K by fitting data obtained from weight loss
measurements into different equations. The test revealed that the corrosion of mild steel
and aluminium in solutions of HCI, H,SO,4 and H3sPO, is consistent with a first order

Kinetics presented in an earlier report (James et al., 2006),
—_— 4.1

where AW = weight loss after time (t) = (Wo — W;). Wo Initial weight of the metal, W; =
weight of metal left after time( t) and k; = is the first order reaction rate constant. Re-
arrangement of equation 4.2 and its integration yields equation 4.3,

- 4.2

4.3
where C = constant of integration. At time (t) = 0, AW = W, = initial/original weight of
metal.

4.4

Half lives values of mild steel and aluminium deduced from the plots at 303 and

333 K are presented on Tables 4.5-4.8 respectively.
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Table 4.5: Kinetic parameters of the corrosion of mild steel at 303 K in the
absence and presence of various concentrations of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) in 0.1 M HCI,
H>SO, and H3PO.,.

Inhibitor Concentration HCI H,SO, H3PO,

(M) R? tie R tie R tie

Blank 0.909 47 0.979 42 0.925 38

AD 0.002 0.933 85 0.982 64 0.995 65

0.004 0.981 89 0.926 68 0.993 76

0.006 0.934 98 0.941 72 0.987 81

0.008 0.902 121 0.987 78 0.962 81

0.01 0.972 125 0.988 80 0.982 83

GU 0.002 0.938 47 0.989 51 0.990 91

0.004 0.954 50 0.987 55 0.997 98

0.006 0.951 57 0.993 57 0.994 98

0.008 0.948 61 0.996 63 0.964 99

0.01 0.954 69 0.986 69 0.987 125

HYP 0.002 0.948 82 0.979 63 0.986 65

0.004 0.891 82 0.992 67 0.990 73

0.006 0.842 95 0.986 67 0.977 73

0.008 0.758 112 0.983 89 0.973 77

0.01 0.943 119 0.994 92 0.968 77

XN 0.002 0.941 41 0.985 30 0.995 37

0.004 0.933 45 0.991 30 0.993 37

0.006 0.956 47 0.992 33 0.987 38

0.008 0.951 47 0.985 41 0.962 38

0.01 0.948 53 0.984 47 0.982 41
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Table 4.6: Kinetic parameters of the corrosion of aluminium at 303 K in the
absence and presence of various concentrations of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) in 0.1 M HCI,
H>SO, and H3PO.,.

Inhibitor Concentration HCI H,SO, H3PO,
(M) R? tie R tie R ti
Blank 0.911 26 0.963 48 0.933 32
AD 0.002 0.935 189 0.972 30 0.941 17
0.004 0.927 189 0.966 10 0.944 18
0.006 0.916 191 0.968 11 0.943 18
0.008 0.941 191 0.969 12 0.938 19
0.01 0.975 193 0.967 12 0.940 19
GU 0.002 0.952 198 0.963 12 0.946 19
0.004 0.961 210 0.969 14 0.940 20
0.006 0.981 211 0.967 14 0.943 21
0.008 0.947 211 0.972 16 0.946 21
0.01 0.989 231 0.970 16 0.954 21
HYP 0.002 0.933 198 0.968 159 0.941 21
0.004 0.900 198 0.976 161 0.939 21
0.006 0.942 202 0.969 163 0.940 21
0.008 0.910 202 0.987 175 0.938 22
0.01 0.920 229 0.968 177 0.939 22
XN 0.002 0.965 65 0.977 12 0.958 18
0.004 0.965 65 0.976 14 0.950 18
0.006 0.967 71 0.972 14 0.955 19
0.008 0.960 71 0.968 18 0.953 19
0.01 0.980 77 0.972 19 0.961 19
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Table 4.7: Kinetic parameters of the corrosion of mild steel at 333 K in the
absence and presence of various concentrations of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) in 0.1 M HCI,
H>SO, and H3PO.,.

Inhibitor Concentration HCI H,SO, H3PO,
(M) R’ te R® te R® tip
Blank 0.988 18 0.977 24 0.842 17
AD 0.002 0.954 58 0.966 48 0.874 29
0.004 0.915 58 0.986 51 0.866 33
0.006 0.850 63 0.861 53 0.803 36
0.008 0.879 67 0.827 60 0.765 39
0.01 0.941 68 0.986 60 0.929 39
GU 0.002 0.960 20 0.997 54 0.995 38
0.004 0.975 20 0.999 56 0.998 40
0.006 0.984 20 0.998 61 0.975 41
0.008 0.975 21 0.977 61 0.970 43
0.01 0.996 21 0.991 63 0.952 44
HYP 0.002 0.994 56 0.773 54 0.877 29
0.004 0.994 57 0.719 58 0.953 33
0.006 0.970 57 0.681 60 0.953 33
0.008 0.982 59 0.682 60 0.981 35
0.01 0.993 63 0.687 61 0.984 37
XN 0.002 0.763 19 0.992 28 0.989 25
0.004 0.802 19 0.985 28 0.986 25
0.006 0.745 20 0.991 30 0.976 28
0.008 0.744 20 0.978 34 0.979 28
0.01 0.797 21 0.976 34 0.983 31
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Table 4.8: Kinetic parameters of the corrosion of aluminium at 333 K in the
absence and presence of various concentrations of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) in 0.1 M HCI,
H>SO, and H3PO.,.

Inhibitor Concentration HCI H,SO, H3PO,
(M) R? tie R tie R ti
Blank 0.962 15 0.715 31 0.684 28
AD 0.002 0.965 29 0.826 18 0.743 11
0.004 0.979 35 0.816 18 0.761 11
0.006 0.976 35 0.811 18 0.742 11
0.008 0.951 41 0.825 21 0.866 12
0.01 0.974 43 0.819 25 0.872 13
GU 0.002 0.951 49 0.872 21 0.878 14
0.004 0.963 49 0.874 21 0.875 14
0.006 0.981 51 0.889 23 0.860 16
0.008 0.978 55 0.875 23 0.863 17
0.01 0.979 58 0.845 25 0.850 17
HYP 0.002 0.958 49 0.896 25 0.878 15
0.004 0.974 54 0.875 51 0.875 15
0.006 0.988 54 0.896 54 0.860 16
0.008 0.976 57 0.879 54 0.805 17
0.01 0.981 58 0.856 57 0.799 17
XN 0.002 0.981 38 0.845 21 0.859 12
0.004 0.979 41 0.841 22 0.850 12
0.006 0.984 41 0.834 22 0.854 12
0.008 0.989 44 0.840 23 0.899 12
0.01 0.988 48 0.859 25 0.898 14
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4.3 Electrochemical Tests at 303 K
The features of mild steel and aluminium dissolutions in HCI, H,SO4 and H3PO4 and in

the presence of the purines were also confirmed by electrochemical studies at 303 K.

Figures 4.17 and 4.18 depict the characteristic impedance responses at the metal/acid
interfaces for the corrosion of mild steel and aluminium in the absence and in the
presence of 0.01 M inhibitors in 0.1 M HCI, H,SO, and HsPO, solutions. The
impedance spectra for the Nyquist plots of mild steel and aluminium in the different
acid solutions in the absence and presence of the purines were appropriately analyzed
by fitting to the equivalent circuit model Ry(CgRc:), which has been previously used to
model the metal/acid interface (Zucchi and Omar, 1985; Mu and Li, 2005). The

corresponding electrochemical parameters are shown on Tables 4.9 and 4.10.

Typical potentiodynamic polarization (anodic and cathodic) curves for the corrosion of
mild steel and aluminium in 0.1 M solutions of HCI, H,SO4 and H3PO, in the absence
and presence of 0.01 M of AD, GU, HYP and XN are shown in Figures 4.19 and 4.20.
Electrochemical parameters derived from the polarization curves are summarized on

Tables 4.11 and 4.12.

The IE % values obtained from electrochemical measurements (Tables 4.9- 4.12),

follow the same trend as the gravimetric data indicating the corrosion inhibiting efficacy

of the purines.
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Figure 4.17. Impedance spectra of the corrosion of mild steel in 0.1 M HCI, H,SO,
and H3PO, in the absence and presence of 0.01 M adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) at 303 K.
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Figure 4.18. Impedance spectra of the corrosion of aluminium in 0.1 M HCI,
H,SO,4 and H3PO, in the absence and presence of 0.01 M adenine (AD), guanine
(GU), hypoxanthine (HYP) and xanthine (XN) at 303 K.
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Figure 4.19. Polarisation curves of the corrosion of mild steel in 0.1 M HCI, H,SO,
and H3;PO, in the absence and presence of 0.01 M adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) at 303 K.
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curves of the corrosion of aluminium in 0.1 M solution of

HCI, H,SO, and H3PO, in the absence and presence of 0.01 M adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) at 303 K.
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Table 4.9: Impedance data for the corrosion of mild steel in 0.1 M HCI, H,SO,
and HsPO, in the absence and presence of 0.01 M adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) at 303 K.

System Ret ( em?) Ca (pQ'S"cm®) N IE%
HCI (Blank)  231.4 3.50 0.87

AD 698.67 0.39 0.82 66.88
GU 2925 1.25 0.87 20.88
HYP 689.8 0.39 0.82 66.45
XN 283 1.51 0.92 18.23
H,SO, (Blank) 62.56 5.90 0.88

AD 115.4 2.70 0.84 45.79
GU 96.36 2.50 0.86 35.08
HYP 137 2.00 0.85 54.33
XN 69.45 4.70 0.85 9.92
HsPO, 37.28 23.80 0.89

AD 76.70 7.30 0.82 48.60
GU 119.4 7.31 0.87 68.78
HYP 65.13 9.80 0.94 42.76
XN 38.42 19.31 0.92 2.97
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Table 4.10: Impedance data for the corrosion of aluminium in 0.1 M HCI, H,SO4
and H3PO, in the absence and presence of 0.01 M adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) at 303 K.

System Ret (2 em?) Ca(p'S"em?®) N IE%
HCI (Blank) 101 21.89 0.99

AD 907 3.72 0.92 88.87
GU 1756.52 2.51 0.91 94.25
HYP 1175.80 2.68 0.98 91.41
XN 187.6 7.51 0.96 46.16
H,SO, (Blank) 591.7 14.90 0.96

AD 337.2 9.70 0.94 -75.47
GU 423 5.50 0.92 -39.88
HYP 2301 3.00 0.93 74.29
XN 505.50 4.88 0.98 -17.05
HsPO, 432.1 21.22 0.95

AD 163.7 8.11 0.94 -163.95
GU 230.1 6.90 0.92 -87.79
HYP 280.2 5.41 0.96 -54.21
XN 211.4 7.33 0.98 -104.40
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Table 4.11: Polarization data for the corrosion of mild steel in 0.1 M HCI, H,SO,
and H3POy4 in the absence and presence of 0.01 M adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) 303 K.

System Ecorr (MV VS SCE)  icorr (A cm™) IE%
HCI (Blank) 512.13 173.1

AD -468.23 52.10 69.90
GU -493.58 129.82 25.0
HYP -459.78 57.59 66.73
XN -529.74 141.54 18.23
H,SO04 (Blank) -528.64 212.35

AD -499.10 114.39 46.13
GU -492.30 132.17 37.76
HYP -482.4 97.45 54.11
XN -529.74 195.7 7.84
H3PO, (Blank) -568.31 229.27

AD -550 124.38 45.75
GU -560.1 73.80 67.81
HYP -528.38 134.53 41.32
XN -568.57 222.12 3.12
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Table 4.12: Polarisation data for the corrosion of aluminium in 0.1 M HCI,
H,SO, and H3PO, in the absence and presence of 0.01 M adenine
(AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN) at

303 K.
System Ecorr (MV VS SCE)  icorr (RA cM) IE%
HCI (Blank) 703 26512
AD -685.93 29.56 88.85
GU -707.72 14.93 94.37
HYP -703.05 23.28 91.22
XN -702.16 145.74 45.03
H,SO04 (Blank) 661.12 109.13
AD -747.48 191.96 -75.61
GU -716.50 152.92 -40.13
HYP -703.11 27.42 74.87
XN -679.02 127.79 -17.10
H3PO, (Blank) -837.33 157.35
AD -750.15 182.70 -161.09
GU -745.58 295.93 -88.07
HYP -739.16 243.98 -55.06
XN -716.43 173.45 -102.33
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4.4  Synergistic Considerations

The influence of 0.005 M KI on the corrosion of mild steel and aluminium in 0.1 M
HCI, H,SO,4 and H3PO, containing 0.01 M AD, GU, HYP and XN, corresponding to
[KI]/[INH] ratio of 1.2, is depicted on Tables 4.13 and 4.14 by weight loss, polarization

and impedance measurements.

The inhibition efficiencies obtained from the different techniques are again, closely
similar.

4.5 Infrared Spectroscopy Analysis

The FTIR spectra of AD, GU, HYP and XN powder as well as scrapings from the
inhibitor films on the surface of mild steel specimens immersed for 2 days in 0.1 M
HCI, H,SO,4 and H3PO, containing 0.1 M AD, GU, HYP and XN are presented in
Figures 4.21-4.28. The Appendices XVI — XXVII present the various peaks intensities
and the corresponding functional groups responsible.

4.6  Scanning Electron Microscopy

The surface morphologies of mild steel and aluminium in solutions of HCI were studied
using scanning electron microscopy. Figures 4.29-4.30 show the micrographs of the
corroded mild steel and aluminium at xX5000 magnification in the absence and presence
of adenine (AD), guanine (GU) and hypoxanthine (HYP) respectively.

4.7  Quantum Chemical Calculations

Quantum chemical calculations were performed in order to gain insights at the
molecular level, electron distribution of the different purine molecules as well as to
understudy the nature of their interactions with the metal surfaces. The first
consideration was to assess the electronic structures of the molecules, including the

distribution of frontier molecular orbitals and Fukui indices, with a view to establish the
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active sites as well as local reactivity of the molecules. The simulations were performed
by means of the density functional theory (DFT) electronic structure program DMol®
available in Material Studio 4.0 (Accelrys Inc., San Diego, CA, USA) (Delley, 1990,
2000; Xia et al., 2008; Khaled, 2010a, 2010b). Electronic structures parameters for the
simulation include restricted spin polarization using the DND basis set and the Perdew-
Wang local-correlation density functional. The molecular structures were initially

subjected to geometry optimization using the COMPASS force field.

Figures 4.31 — 4.34 illustrate the total electron density, the highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO), as well as the
optimised structures of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine
(XN) respectively. The corresponding quantum chemical parameters are presented on
Tables 4.15 and 4.16.

4.8  Molecular Dynamics

Figure 4.35 shows representative snapshots of the crosssection of the lowest energy
adsorption configurations for the single molecules on the Fe (110) surface while Figure
4.36 shows the representative snapshots for the single molecules on the Al (110)
surface. A detailed analysis of the on-top view of the adsorbed molecules on Fe (110)

and Al (110), are presented in Figures 4.37 and 4.38 respectively.

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

calculated using equation 4.35 (Casewit et al., 1992a and 1992b);

78



where Enol, Emetal and Eiorar COrrespond to the total energies of the molecule, metal (110)
slab and the adsorbed molecule/metal (110) couple respectively. (metal = Fe/Al).

The obtained values are given on Tables 4.17 and 4.18.
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Table 4.13:  The effect of 0.005 M potassium iodide (K1) on inhibition efficiency
for mild steel corrosion in 0.1 M HCI, H,SO, and HsPO, in the
absence and presence of 0.01 M adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) at 303 K using weight loss,
impedance and polarization techniques.

SYSTEM INHIBITION EFFICIENCY (IE%)
WEIGHT LOSS  POLARISATION  IMPEDANCE
HCI
Kl 81.36 75.41 77.15
AD 71.20 69.90 66.88
AD + Kl 80.40 79.50 79.20
GU 28.80 25.00 20.88
GU + Kl 90.52 90.11 88.89
HYP 70.84 66.73 66.45
HYP + Kl 79.25 80.21 77.18
XN 25.76 18.23 18.23
XN + Kl 91.41 86.11 87.78
H,SO4
Kl 92.84 94.63 95.87
AD 50.06 46.13 45.79
AD + Kl 87.50 88.68 88.35
GU 45.14 37.76 35.08
GU +KI 90.52 93.81 94.34
HYP 57.88 54.11 54.33
HYP + Kl 92.79 94.52 94.25
XN 12.74 7.84 9.92
XN + Kl 90.17 93.31 92.11
H3PO4
Kl 60.38 63.50 63.52
AD 54.78 45.75 48.60
AD + Kl 57.32 56.70 56.27
GU 68.35 67.81 68.78
GU +KI 78.01 74.05 74.64
HYP 45.38 41.32 42.76
HYP + Kl 50.13 48.21 46.46
XN 5.34 3.12 2.97
XN + Kl 89.76 84.25 84.08
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Table 4.14:  The effect of 0.005 M potassium iodide (K1) on inhibition efficiency
for aluminium corrosion in 0.1 M HCI, H,SO, and HsPO, in the
absence and presence of 0.01 M adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) at 303 K using weight loss,
impedance and polarization techniques.

SYSTEM INHIBITION EFFICIENCY (IE%)
WEIGHT LOSS  POLARISATION IMPEDANCE

HCI
Kl 93.55 92.78 92.14
AD 90.58 88.85 88.87
AD + Kl 92.73 90.13 90.69
GU 96.53 94.37 94.25
GU + Kl 93.06 92.04 91.98
HYP 92.23 91.22 91.41
HYP + Kl 96.53 94.77 94.96
XN 50.08 45.03 46.16
XN + KI 89.15 88.61 88.10
H,SO4
Kl 1.05 -0.38 -0.30
AD -69.80 -75.61 -15.47
AD + Kl 45 43.51 43.00
GU -33.17 -40.13 -39.88
GU +KI 58 53.21 53.45
HYP 82.18 74.87 74.29
HYP + Kl 37 30.54 30.43
XN -11.88 -17.10 -17.05
XN + Kl 72 76.11 76.15
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Figure 4.21. FTIR spectra of (a). adenine (AD) powder alone and (b). corrosion
product of mild steel obtained in the presence of adenine (AD) in 0.1 M HCI
solution.
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Figure 4.22. FTIR spectra of (a). adenine (AD) powder alone and (b). corrosion
product of aluminium obtained in the presence of adenine (AD) in 0.1 M HCI
solution.



Figure 4.23. FTIR spectra of (a). guanine (GU) powder alone and (b). corrosion
product of mild steel obtained in the presence of guanine (GU) in 0.1 M HCI
solution.



(b)

Figure 4.24. FTIR spectra of (a). guanine (GU) powder alone and (b). corrosion
product of aluminium obtained in the presence of guanine (GU) in 0.1 M HCI.
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Figure 4.25. FTIR spectra of (a). hypoxanthine (HYP) powder alone and (b).
corrosion product of mild steel obtained in the presence of hypoxanthine (HYP) in
0.1 M HCl solution.
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Figure 4.26. FTIR spectra of (a). hypoxanthine (HYP) powder alone and (b).

corrosion product of aluminium obtained in the presence of hypoxanthine (HYP)
in 0.1 M HCL
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Figure 4.27. FTIR spectra of (a). xanthine (XN) powder alone and (b). corrosion
product of mild steel obtained in the presence of xanthine (XN) in 0.1 M HCI.
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Figure 4.28. FTIR spectra of (a). xanthine (XN) powder alone and (b). corrosion
product of aluminium obtained in the presence of xanthine (XN) in 0.1 M HCI.
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Figure 4.29. Micrographs of mild steel after dipping in 0.1 M HCI solution for 2
days at x 5,000 magnification (a). mild steel alone and in the presence of
(b). adenine (AD) (c). guanine (GU) and (d). hypoxanthine (HYP).
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Figure 4.30. Micrographs of aluminium after dipping in 0.1 M HCI solution for 2
days at x5,000 magnification (a). aluminium alone and in the presence of
(b). adenine (AD) (c). guanine (GU) and (d). hypoxanthine (HYP).
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(i) Electron density (i) HOMO (iii)LUMO

(iv) Electrophilic (f-) (v) Nucleophilic (f+) (vi) Geometry optimized

Figure 4.31. Electronic structure properties of adenine (AD).
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(i) Electron density

(iv) Electrophilic (f-) (v) Nucleophilic (f+) (vi) Geometry optimised

Figure 4.32. Electronic structure properties of guanine (GU).
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(i) Electron density (i) HOMO

(iv) Electrophilic (f-) (v) Nucleophilic (f+) (vi) Geometry optimized

Figure 4.33. Electronic structure properties of hypoxanthine (HYP).
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(i) Electron density (i) HOMO (iif) LUMO

(iv) Electrophilic (f-) (v) Nucleophilic (f+) (iv) Geometry optimized

Figure 4.34. Electronic structure properties of xanthine (XN).
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Table 4.15. Computed quantum chemical parameters of the studied compounds.

Molecule Enomo (V) ELumo (eV) AE Dipole
moment(Debye)

AD -9.107 -4.506 4.601 7.003

GU -9.300 -4.109 5.191 2.387

HYP -9.237 -4.604 4.633 3.980

XN -8.780 -4.139 4.641 4.201

Table 4.16 Fukui indices calculated with PBR/DND

Molecules Nucleophilic (F") Electrophilic (F)
Mulliken Hirshfeld | Mulliken Hirshfeld
Atom Value| Atom Value |Atom Value | Atom Value
Hypoxanthine | O( 10) [0.173 | O (10] 0.169 [ N(9) | 0.136] N(9) [0.154
Guanine O(11) [0.137 | 0(11)] 0.131 [ O(11) | 0.113] N(9) [0.130
Adenine C(8) [0.124 |Cc(8) | 0.134 [N(3) | 0.158] N(3) [0.186
Xanthine O(8) [0.126 |0(8) | 0.121 [0O(13) | 0.127] 0(13)0.123
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adenine(AD)

guanine(GU)

hypoxanthine(HYP)

xanthine(XN)

Figure 4.35. Adsorption of single molecules of adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) on a Fe (110) surface.
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guanine(GU)

hypoxanthine(HYP)

xanthine(XN)

Figure 4.36. Adsorption of single molecules of adenine (AD), guanine (GU),
hypoxanthine (HYP) and xanthine (XN) on Al (110) surface.
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-

xanthine(XN)

Figure 4.37. Representative snapshots of the on-top views of adenine (AD), guanine
(GU), hypoxanthine (HYP) and xanthine (XN) on Fe (110) surface.

99



adenine(AD

hypoxanthine(HYP

xanthine(XN)

Figure 4.38. Representative snapshots of the on-top views of adenine (AD), guanine
(GU), hypoxanthine (HYP) and xanthine (XN) on Al (110) surface.
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Table 4.17. Caculated binding energies of the adsorption of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) molecules
on Fe (110) using Forcite quench molecular dynamics.

Molecule Total P.E Emolecule Ere Binding Energy
(kcal mol™)  (kcal mol™) (kcal mol™) (kcal mol™)

AD -93.08 -20.61 0.00 -12.47
GU -326.73 -242.90 0.00 -83.82
HYP -125.08 -58.11 0.00 -66.97
XN -257.27 -172.73 0.00 -84.53

Table 4.18  Calculated binding energies of the adsorption of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN) molecules
on Al (110) using Forcite quench molecular dynamics.

Molecule TotalP.E Emolecule Ere Binding Energy
N 4 4 (kcal mol™)
(kcal mol™) (kcal mol™)  (kcal mol™)
AD -51.23 -20.64 0.00 -30.60
GU -282.63 -242.93 0.00 -39.69
HYP -92.80 -57.80 0.00 -34.82
XN -210.82 -172.63 0.00 -38.19

101



CHAPTER FIVE
DISCUSSION

51  Gravimetric Measurements

From the plots obtained (Figures 4.1 — 4.16) it is evident that the degradation of mild
steel in the absence of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine
(XN) is highest in H3PO, at both 303 and 333 K, while the rate of corrosion of
aluminium appeared to be highest in HCI at both temperatures. The observed difference
in the behaviours of mild steel and aluminium in 0.1 M HCI, H,SO,4 and H3PO, can be
explained on the basis of the different nature of the metals and their relative positions on
the galvanic series (Appendix 1X). The Galvanic series provides a guide to the corrosion
resistance of metals and alloys. It is clear from the Galvanic series on Appendix 1X that
aluminium with a more negative potential should corrode more readily than mild steel.
This may be responsible for higher corrosion rates for aluminium compared to those of
mild steel in HCI solutions (Tables 4.1 and 4.3). However, higher corrosion rates were
observed for mild steel in H,SO,4 and H3PO4 than those for aluminium in the same acid

solutions (Tables 4.1 and 4.3).

The high resistance to corrosion of aluminium media may be due to the naturally
formed oxide film on aluminium surface which protects it in air or neutral solutions.
Even upon immersion in acidic and alkaline media, this film is preserved for long
periods of time (Pourbaix, 1974). Since the potential of zero charge (pzc) for aluminium
oxide (Al,O3) occurs from pH 9.0 to 9.1 (Cabot et al., 1991; Fouda et al., 2000),
chloride or any aggressive anion is likely to be adsorbed at pH values <9.0. This leads
to localization of the corrosion attack by preferential adsorption at weak sites on the

passive film. The lower corrosion rates observed for aluminium in H,SO4 and H3PO4
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solutions are indications that these media do not readily dissolve the passive oxide film

on the aluminium surface, so that the corrosion rates are lower.

Solubility of the corrosion products is another factor that may be responsible for the
different behaviours of mild steel and aluminium in the different acid media. From the
knowledge of chemical equilibria, a soluble corrosion product signifies more dissolution
of the metal in the acid medium resulting in higher corrosion rates and lower inhibition

efficiencies.

The nature of the different counter-anions of the different acids may also interact with
the corroding Fe/Al atoms in different ways at the metal/solution interface thus
influencing the overall corrosion process in different ways (Oguzie, 2008; Lashgari et

al. 2010).

It can also be deduced from Figures 4.1 — 4.16 that the weight loss of mild steel and
aluminium hence, the corrosion rates, increased with immersion time at the higher
temperature of 333 K compared to 303 K. This could be attributed to increase in the
rates of ionisation and diffusion of the aggressive ions to the electrodes thereby

accelerating the corrosion reaction.

From Figures 4.1 — 4.8 and Table 4.1, it is evident that weight loss, hence corrosion rate
of mild steel in the presence of AD, GU, HYP and XN was reduced indicating the
inhibiting action of the compounds. It was also observed that weight loss of mild steel
varied linearly with immersion time and concentration of the purines at both 303 and

333 K. However, weight loss was more pronounced at 333 K in the different acids.
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From Figures 4.9 — 4.16 and Table 4.3, it was observed that the corrosion rate of
aluminium decreased with increase in concentrations of AD, GU, HYP and XN only in
HCI, and in the presence of HYP in H,SO, signifying the ability of these compounds to
reduce the rate of corrosion of aluminium in HCI and only HYP in H,SO,4. The other
purines namely AD, GU, XN (with the exception of HYP ) were observed to promote
the corrosion of aluminium in H,SO.. Moreover, none of the purines showed any
inhibiting property against the corrosion of aluminium in H3PO,, rather, they acted as
catalyts by enhancing the corrosion process with a resultant increase in weight loss of

the aluminium coupons.

In general, the chemical stability of a metal exposed to a solution is a function of the
potential of the metal with respect to the pH of the solution. This also explains the
difference in weight losses hence corrosion rates of mild steel (a ferrous metal) and
aluminium (a non ferrous metal) in 0.1 M HCI, H,SO, and H3PO,4. The inhibition
efficiencies (IE%) obtained for AD, GU, HYP and XN for the corrosion of mild steel
and aluminium in the three acid media are presented on Tables 4.2 and 4.4. From Table
4.2, it was observed that IE% of the purine derivatives for the corrosion of mild steel
increased with increasing concentrations in the three acid media in the order: AD >
HYP > GU > XN in HCI; HYP > AD > GU > XN in H,SO4 and GU > AD > HYP >
XN in H3PO,. This is an indication that AD, HYP, GU and XN inhibited the corrosion
of mild steel in HCI, H,SO4 and H3PO4 while in the case of aluminium, from Table 4.2,
it can be observed that IE% of all the purine derivatives increased with concentration in
HCI in the order: GU > HYP > AD and XN. Although negative inhibition efficiencies

(IE%) were obtained in H,SO, and H3PO, at both temperatures, however, the addition
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of HYP to aluminium in H,SO, retarded the corrosion of aluminium with an IE% of

about 82 and 61 at the optimum concentration of 0.01 M at 303 and 333 K respectively.

Negative inhibition efficiencies (IE%) have been obtained by other researchers such as
Chen et al. (2000) in the application of imidazoline at high temperature/pressure
corrosion inhibition of mild steel in brine. Phanasgaonkar et al. (1997) also obtained
negative inhibition efficiencies (IE%) for 0.01 M sodium nitrite as corrosion inhibitor
for concrete in marine environments. Better inhibitions were however obtained with

higher concentrations of sodium nitrite.

From the plots of weight loss as a funtion time and inhibition efficiencies (IE%)
obtained, it can be inferred that the inhibition process depended on the amount of
inhibiting species present in the system resulting in increased surface coverage, 0, due
to the increase in the number of adsorbed molecules on the mild steel surface and the

stability of the corrosion products formed.

Higher inhibition efficiencies (IE%) signify higher surface coverage by the purine
derivatives on the metal surface as well as better stability of the corrosion products
formed. The driving force for the corrosion of a metal is the thermodynamic instability
of the metal in its surrounding environment. A metal tend to corrode faster when its
dissolution potential is negative. In the absence of any surface active compound, the
oxidation of the metal is the primary anodic reaction. The fact that some of the selected
purines functioned as catalysts with negative inihibition efficiencies (IE%) in
aluminium systems could mean that their corrosion products were not

thermodynamically stable leading to their solubilities and formations of chemical
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species that actually enhanced the anodic oxiation or dissolution of the aluminium
electrode instead of inhibiting it.

5.2  Half Lives (ti2) of Mild Steel and Aluminium in the Test Solutions

The plots of / versus time are linear and are presented in

Figures 5.1 — 5.16.

From Figures 5.1 — 5.8 and Tables 4.5-4.6, it is evident that the half lives of mild steel
in solutions of HCI, H,SO, and HsPO, containing various concentrations of the
inhibitors are higher than the half lives of mild steel in the blank solutions indicating
thatAD, GU, HYP and XN increased the half life of mild steel in solutions of HCI,
H,SO, and H3PQO, thereby, reducing the rate of dissolution of the mild steel coupons at

303 and 333 K.

In the case of aluminium, it was observed that only aluminium coupons in HCI solutions
containing various concentrations of the purines and H,SO, solutions containing HYP,
had higher half lives values compared to aluminium coupons in the blank solutions of
HCI, H,SO, and H3PO, (Figures 5.9 — 5.16, Tables 4.7-4.8). This implies that
aluminium in H,SO, in the presence of AD, GU and XN had lower half lives than
aluminium coupons in the absence of these purines. A similar observation was made for
the calculated half lives of aluminium in H3PQO, in the presence of AD, GU, HYP and
XN in H3PO,4. Lower half lives were obtained compared to those for aluminium
coupons in blank solutions of H3PO,4. These signify the inability of the purines to inhibit

the corrosion of aluminium in these media.
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Figure 5.1. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO,4 and H3PO, containing various concentrations of adenine
(AD) at 303 K.

107



©0.002M ©0.002M
HCl at333 K M 0.004M H,S0, 333 K W 0.004M
A 0.006M A 0.006M
% 0.008M X 0.008M
1.2 X 0.01M 1.4 X0.01M
® Blank ® Blank
i 1.2
clil = > $
Zos - g !
- =038
0.6 - )
x o
2 04 50° H\H\g
8 ®0.4
—
' 0.2 -+ '0.2
0 T T T T 1 O T T T T T 1
0O 20 40 60 80 100 120 0O 20 40 60 80 100 120
Time (hrs) Time (hrs)
©0.002M
H,PO, 333 K 0.004M
A 0.006M
1 - X 0.008M
_ X 0.01M
8 0.8 - ® Blank
2
— 0.6 -
=
o
(] .
g 04 s - o
o
802 -
O T T T T T 1
0O 20 40 60 8 100 120
Time (hrs)

Figure 5.2. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO,4 and H3PO, containing various concentrations of adenine

(AD) at 333 K.
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Figure 5.3. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO,4 and H3PO, containing various concentrations of guanine
(GU) at 303 K.
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Figure 5.4. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO,4 and H3PO, containing various concentrations of guanine
(GU) at 333 K.
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Figure 5.5. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
hypoxanthine (HYP) at 303 K.
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Figure 5.6. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
hypoxanthine (HYP) at 333 K.
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Figure 5.7. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO, and H3;PO, containing various concentrations of
xanthine (XN) at 303 K.
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Figure 5.8. Plots of —log weight loss (g) versus time (hrs) for the corrosion of mild
steel in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of

xanthine (XN) at 333 K.
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Figure 5.9. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
adenine (AD) at 303 K.
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Figure 5.10. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
adenine (AD) at 333 K.
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Figure 5.11. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of

guanine (GU) at 303 K.
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Figure 5.12. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
guanine (GU) at 333 K.
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Figure 5.13. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
hypoxanthine (HYP) at 303 K.

119



©0.002M ©0.002M
HClat333K  |m0.004m H,SO, at 333 K M 0.004M
A 0.006M A 0.006M
16 - X 0.008M 2 7 X 0.008M
14 X0.01M 1.8 - X 0.01M
= . ® Blank w@ 1.6 - ® Blank
212 - g 1.4 1
[ i [«]
S 1 - 1.2 1
S 08 - ® 1 P
‘o Q08 -
206 - > 0.6
[-T) . 7]
S 04 - 3 0.4 -
' 0.2 - 0.2 -
0 T T T T T 1 0 T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (hrs) Time (hrs)
0.002M
H,P0,at333K  |m0.004M
A 0.006M
1.2 - % 0.008M
W () X 0.01M
@ 1 - ® Blank
o |
= i o
£ o8 \Q‘\‘
(]
S i
2 06 [
K]
T 0.4 -
0.2 -
O T T T T T 1

0 20 40 60 80 100 120
Time (hrs)

Figure 5.14. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
hypoxanthine (HYP) at 333 K.
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Figure 5.15. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
xanthine (XN) at 303 K.
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Figure 5.16. Plots of —log weight loss (g) versus time (hrs) for the corrosion of
aluminium in 0.1 M HCI, H,SO, and H3PO, containing various concentrations of
xanthine (XN) at 333 K.

122



@ i

The ability of the inhibitors to increase the half lives (t.,) of mild steel and aluminium in
any of the acid media is a good indicator of their inhibitive properties as good corrosion
inhibitors, therefore, the purine derivatives functioned as good corrosion inhibitors for
mild steel in solutions of HCI, H,SO4 and H3PO,4. However, for aluminium, all the
purine derivatives inhibited the corrosion of aluminium in HCI while only HYP retarded
the rate of aluminium dissolution in H,SO4. In H3PO, solution, the purine derivatives
acted as corrosion catalysts, accelerating the rate of corrosion of aluminium at both 303

and 333 K.

5.3  Effect of Temperature /Thermodynamics Study

A given inhibitor functions through a specific mechanism, depending on the type and
composition of metal and corrodent, inhibitor structure and concentration as well as
temperature. To assess the effect of temperature on corrosion and corrosion inhibition
processes of mild steel and aluminium in HCI, H,SO, and H3PO, gravimetric
experiments were performed at 303 and 333 K in the absence and presence of inhibitors
in acid solutions containing 0.002- 0.01 M of the selected purines. The results obtained
from weight losses, corrosion rates and 1E% had been presented in Figures 4.1- 4.16 and
Tables 4.1-4.4 which showed that corrosion rates in the absence and presence of

inhibitors in acids increased at the higher temperature of 333 K. This implies that,

The effect of temperature on the inhibition of any metal by inhibitors is highly complex,

because many changes may occur on the metal surface including rapid etching,
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desorption of the inhibitor, and the inhibitor may undergo decomposition and/or

rearrangement (Obot et al., 2012).

From the results presented on Tables 4.1- 4.4 and Figures 4.1- 4.16, it is evident that
corrosion rates in acid solutions and in the presence of inhibitors increased at the higher
temperature of 333 K. Figures 4.1 — 4.8 showed that all the purine compounds were
observed to maintain their inhibiting effects at both temperatures in all the acid media
for mild steel systems while for aluminium systems (Figures 4.9-4.16), with the
exception of hypoxanthine (HYP) in H,SO4, the other purines functioned as catalysts in
H,SO, and all the purines increased the corrosion of aluminium in H3PO, solutions at

both temperatures hence, resulting in negative inhibition efficiencies (%IE).

It is obvious from Figures 4.1 and 4.8 that corrosion rates were higher at 333 K for all
systems. This is because a rise in temperature exponentially accelerates the rates of
corrosion processes in media where hydrogen gas evolution accompanies corrosion,
resulting in higher dissolution rates of metals. Higher rates of hydrogen gas generation
increasingly agitate the metal/corrodent interface and could hinder inhibitor adsorption
or perturb already adsorbed inhibitor, especially when the interaction between the metal
and the inhibitor is relatively weak (Oguzie, 2012a,b). As a result, the efficiency of a
considerable number of organic inhibitors is significantly reduced when the temperature
of the system is increased, a trend often attributed to physical rather than chemical
adsorption of the inhibiting species on the corroding metal surface (Eddy et al., 2010;
Adejo et al., 2012). Figures 4.1-4.16 clearly show that the efficiency of the selected
purines decreased at all concentrations studied with a rise in temperature in HCI acid for

mild steel and aluminium systems, while the efficiencies of the purines improved at 333
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K in H,SO4 and H3PO,4 acid for only mild steel systems. This means that the interaction
between each of AD, GU and XN with mild steel surface in H,SO,4 and H3PO, scaled up
at a higher temperature. Improvement in inhibition efficiency with increasing
temperature has been attributed to a change in the nature of adsorption, wherein the
inhibitor is physically adsorbed at lower temperatures whilst chemisorption is favoured

at higher temperatures (Popova et al., 2003).

The rate of a reaction is dependent on the rate constant, k. The higher the value of k, the
higher the reaction rate. A modified form of the Arrhenius-type relationship between the
corrosion rate (CR) of a metal in acidic media and temperature (T), which can be written

according to equation 5.3 (Eddy et al, 2009),

was used to determine the activation energies (Ei) of the corrosion and corrosion
inhibition processes of mild steel and aluminium in the different acid media where CR
is the corrosion rate of the metal, A is the Arrhenius or pre-exponential factor, E, is the
activation energy (i.e the minimum energy needed before the corrosion reaction of the
metal can proceed), R is the universal gas constant and T is the absolute temperature of
the system in Kelvin (K).

Taking logarithm of both sides of equation 5.3, equation 5.4 is obtained,

If the corrosion rates of the metal at two temperatures, T; (303 K) and T, (333 K) are
known, (i.e CR; and CR;, respectively), then equation 5.4 can be transformed to equation

5.5,
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The activation energies calculated from equation 5.5 are presented on Tables 5.1 and
5.2 for mild steel and aluminium respectively.

From Tables 5.1 and 5.2, activation energies (E.) have been observed to increase in
solutions of HCI acid containing inhibitors for both mild steel and aluminium systems
and decreased in solutions of H,SO4 and H3PO4 acids containing inhibitors for mild
steel systems only compared to systems without inhibitors (blanks). The occurence of
decreasing and increasing inhibition efficiencies at higher temperatures are evidence of
specific physisorptive and chemisorptive interactions respectively, between the purine
species and the metal surfaces (Oguzie et al., 2005; Popova, 2007; Ekanem et al.,

2010).

This reasoning is corroborated by Yurt et al (2006), who suggested that the corrosion
process in the presence of weak inhibitors is characterised by higher activation energies
compared to that in the absence of the inhibitor while powerful inhibitors are
characterized by lower activation energies compared to that in the absence of the
inhibitor. Nevertheless, the adsorption of an organic molecule may not strictly be
physical or chemical adsorption. A wide spectrum of conditions ranging from the
dominance of chemisorption or electrostatic effects from other adsorption experimental
data (Moretti et al., 2004; Ahamad et al., 2010; Doner et al., 2011). Szauer and Brand
(1981) explained that the increase in activation energy can be attributed to an
appreciable decrease in the adsorption of the inhibitor on the mild steel surface with

increase in temperature.
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Table 5.1: Calculated activation energies (E,) and heats of adsorption (Qags) for
the corrosion of mild steel in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN).

Inhibitor Concentration Activation Energy, E, Heat of Adsorption, Qags

(M) (kJ mol™) (kJ mol™)
HCI H,SO, H3;PO, HCI H,SO, H3PO,

Blank 49.02 3486  29.87

AD 0.002 5296 29.96  27.67 -3.86 4.49 2.19
0.004 53.23 3059 2838  -2.58 351 1.35
0.006 53.32 3040 2858  -3.00 3.39 1.13
0.008 5745 3096 2934  -5.46 2.78 1.08
0.01 60.81 30.63  30.62 -7.00 2.98 0.66

GU 0.002 5140 26.04 2788 -5.82 7.10 1.84
0.004 5205 25.70  28.36 -6.64 7.12 0.72
0.006 5234 2221 2876  -6.30 9.13 0.70
0.008 5207 2134 29.11 -5.33 9.44 0.64
0.01 52.26 18.99  29.87 -5.18 10.47 0.40

HYP 0.002 5293 29.47 3036 -3.98 3.98 -0.58
0.004 52.34 3059  30.16  -2.50 2.50 -0.35
0.006 5146 3118 3048  -1.68 1.68 -0.52
0.008 5551 31.96  30.53 -3.88 3.88 -0.54
0.01 55.70 31.05 3094  -3.86 3.86 -0.92

XN 0.002 53.21 3215  27.73 -19.39 9.81 -38.63
0.004 53.29 3298  26.97 -15.83 9.11 -29.48
0.006 5432 34.18  26.99 -15.43 2.48 -26.49
0.008 53.83 33.83 2744  -11.05 2.99 12.27
0.01 49.02 3390 27.79 -10.58 2.31 9.27
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Table 5.2:

Calculated activation energies (E,) and heats of adsorption (Qags) for

the corrosion of aluminium in 0.1 M HCI, H,SO4 and H3POq, in the
absence and presence of various concentrations of adenine (AD),
guanine (GU), hypoxanthine (HYP) and xanthine (XN).

Inhibitor Concentration Activation Energy, E,

(M)

Blank
AD 0.002
0.004
0.006
0.008
0.01
GU 0.002
0.004
0.006
0.008
0.01
HYP 0.002
0.004
0.006
0.008
0.01
XN 0.002
0.004
0.006
0.008
0.01

Heat of adsorption, Qags

(kJ mol™) (kJ mol™)

HCI H,SO, HsPO, HCI H;SO, H3PO,
5213 50.54 52.08

69.10 58.67 5578 -10.58 NIL NIL
68.31 59.67 5540 -9.15

7344 58.04 5571  -11.20

7466 57.83 5580 -10.84

7894 6119 55.88  -12.28

7234 5504 5473  -10.48 NIL NIL
7639 5368 55.03 -12.01

7746  53.38 5545  -14.72

8239 5360 54.96 -18.18

8455 5427 5505  -24.37

7869 7094 56.01 -1419 -12.03 NIL
82.35 71.05 5547 -1523 -11.43
8518 7130 5531 -1586 -11.33
86.93 7109 5622 -16.21 -10.93
88.98 7219 5576 -16.69 -11.21
56.39 5546 55.62 -7.08  NIL NIL
57.28 56.17 55.81  -7.52

60.29 56.18 56.47  -10.15

60.10 56.15 57.10 -8.44

6151 5559 5699 -8.86

NOTE:

NIL- No surface coverage (ie, 0 = negative values)
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However, Vracar and Drazic (2002) opined that the criteria of adsorption type obtained
from the change of activation energy cannot be conclusive due to competing adsorption
of water molecules, whose removal from the metal surface also involves some
activation energy. In other words, the so-called physical adsorption process may contain
chemisorption process simultaneously and vice versa as reported by other investigators

(Doner et al, 2011; Obot et al., 2012; Oguzie et al., 2012a).

Another thermodynamic parameter which can further be used to verify adsorption
mechanisms in a corrosion inhibition process is the heat of adsorption, Qags. Its
relationship with the degree of surface coverage, 0 , IS given by

equation 5.6

where 0; and 0, are values of the degree of surface coverage at temperatures T; and T»,

respectively.

From the calculated values of Q.qs presented on Tables 5.1 and 5.2, negative Qags Values
indicate an exothermic process with a decrease in inhibition efficiency at a higher
temperature while positive Qags Values indicate an endothermic process resulting in an
increase in the inhibition efficiency with a rise in temperature (Khaled, 2003; Oguzie et

al., 2012h).

Negative Qags Values were obtained for the inhibition of steel and aluminium by the
following selected purines: AD, GU, HYP and XN in HCI acid for both mild steel and

aluminium systems (Tables 5.1 and 5.2), HYP in H,SO, acid for mild steel and
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aluminum systems (Tables 5.1 and 5.2), and HYP in H3PO, acid for mild steel (Table
5.1). This implies that the inhibition efficiencies of these purines decreased at 333 K in
these media which is a good indication of an electrostatic kind of interaction between
these purines and the metal surfaces. Chemisorption was observed for the inhibition

mechanism of AD, GU and XN in H,SO, and H3PO, acids on mild steel.

The purine compounds functioned as catalysts in H,SO,4 (except for HYP in H,SO,)
and H3PO, solutions for aluminium systems hence, there was no surface coverage of the
aluminium surface by these compounds resulting in negative inhibition efficiencies.

5.4  Adsorption Study

Assuming a direct relationship between inhibition efficiency and the degree of surface
coverage (0) for different inhibitor concentrations, data obtained from gravimetric
measurements were used to determine the fit to some well-known adsorption isotherms
including the Langmuir, Freundlich, Temkin, Flory—Huggins, the Kinetic—
thermodynamic model of EI-Awady (EI-Awady et al., 1992) and Frumkin isotherms.
The generalised expression for the common adsorption isotherms is of the form of
equation 5.7 (EI-Awady et al., 1992; Martinez, 2003; Ashassi-Sorkhabi et al., 2008;

Oguzie et al., 2012b):

where f(0, x) is the configuration factor, which depends on the physical model adopted
and the assumptions made to derive isotherm equations. The parameter x is the size ratio
which represents the relative size of the adsorbed molecule to the solvent molecule.
Specifically, in the case of corrosion inhibitors in aqueous solutions, x represents the
number of water molecules replaced by adsorbed inhibitor as shown in equation 5.8
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where a is the molecular interaction parameter which accounts for the lateral interaction
between adsorbed species (Shibli and Saji, 2005), whilst the quantity C is the inhibitor
concentration and k is the adsorption equilibrium constant. The functional and linear

forms of the isotherm equations tested in this study are given in Appendix X.

The degrees of surface coverage, 0, at various concentrations of the selected purines at
303 and 333 K were the data used for plotting the isotherms. The data were tested with
the different adsorption isotherm equations viz Langmuir (Figures 5.17 — 5.22),
Freundlich (Figures 5.23 -5.28), Temkin (Figure 5.29 — 5.34), Flory-Huggins (Figures
5.35 — 5.40), ElI-Awady (Figures 5.41 — 5.46) and Frumkin models (Figures 5.47 —
5.52). Appendices XI -XV show the parameters of linearisation of each adsorption

model.

The surface coverage obtained from IE% values fitted all the adsorption models since
the values of the regression coefficient, R? were greater than 0.9 (Saratha et al., 2009).
The calculated values of the adsorption equilibrium constant, Kkags, Were very high
especially for the Temkin isotherm reflecting the high adsorption ability of the purines

on the aluminium and mild steel surfaces.

Sometimes, it may be sufficient to confirm inhibitor adsorption from data which fit the
isotherms. Often times, it is also desirable to extend the scope to include deduction of
thermodynamic parameters associated with the adsorption process using the relationship
between the adsorption equilibrium constant (K.s) and the standard free energy of
adsorption, AG,gs® Using equation 5.9
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Figure 5.17. Langmuir isotherm for the adsorption of adenine (AD) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.18. Langmuir isotherm for the adsorption of guanine (GU) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.19. Langmuir isotherm for the adsorption of hypoxanthine (HYP) on mild
steel surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.20. Langmuir isotherm for the adsorption of xanthine (XN) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.21. Langmuir isotherm for the adsorption of adenine (AD), guanine (GU)
and xanthine (XN) on aluminium surface in 0.1 M solution of HCI, H,SO, and
HsPO, at 303 and 333 K.
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Figure 5.22. Langmuir isotherm for the adsorption of hypoxanthine (HYP) on
aluminium surface in 0.1 M solutions of HCl and H,SO,at 303 and 333 K.
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Figure 5.23. Freundlich isotherm for the adsorption of adenine (AD) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.24. Freundlich isotherm for the adsorption of guanine (GU) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.25. Freundlich isotherm for the adsorption of hypoxanthine (HYP) on
mild steel surface in 0.1 M solutions of HCI, H,SO,4 and H3PO, at 303 and 333 K.
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Figure 5.26. Freundlich isotherm for the adsorption of xanthine (XN) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.27. Freundlich isotherm for the adsorption of adenine (AD), guanine
(GU) and xanthine (XN) on aluminium surface in 0.1 M solutions of HCI at 303

142



#303K
0 - W333K
-0.05 - ‘/’/0/’/‘
_0 1 A
[«»]
éo-o 15 -
-0.2 -
-0.25 -
'0.3 T T T T 1
-2.8 -2.6 2.4 2.2 -2 -1.8
LogC
#303K
-0.06 1 m333K
-0.09 - /
-0.12 -
[«»]
w0 -0.15 - H
—
-0.18 -
021 - u
[ |
'0.24 T T T T 1
-2.8 -2.6 2.4 2.2 -2 -1.8
LogC

Figure 5.28. Freundlich isotherm for the adsorption of hypoxanthine (HYP) on
aluminium surface in 0.1 M solutions of HCI and H,SO, at 303 and 333 K.
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Figure 5.29. Temkin isotherm for the adsorption of adenine (AD) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.30. Temkin isotherm for the adsorption of guanine (GU) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.31. Temkin isotherm for the adsorption of hypoxanthine (HYP) on mild
steel surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.32. Temkin isotherm for the adsorption of xanthine (XN) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.33. Temkin isotherm for the adsorption of adenine (AD), guanine (GU)
and xanthine (XN) on aluminium surface in 0.1 M solutions of HCl at 303 and
333 K.
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Figure 5.34. Temkin isotherm for the adsorption of hypoxanthine (HYP) on
aluminium surface in 0.1 M solutions of HCI and H,SO, at 303 and 333 K.
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Figure 5.35. Flory Huggins isotherm for the adsorption of adenine (AD) on mild
steel surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.36. Flory Huggins isotherm for the adsorption of guanine (GU) on mild
steel surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.37. Flory Huggins isotherm for the adsorption of hypoxanthine (HYP) on
mild steel surface in 0.1 M solutions of HCI, H,SO, and H3;PO,4 at 303 and 333 K.
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Figure 5.38. Flory Huggins isotherm for the adsorption of xanthine (XN) on mild
steel surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.39. Flory Huggins isotherm for the adsorption of adenine (AD), guanine
(GU) and xanthine (XN) on aluminium surface in 0.1 M solutions of HCI at 303
and 333 K.
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Figure 5.40. Flory Huggins isotherm for the adsorption of hypoxanthine (HYP) on
aluminium surface in 0.1 M solutions of HCI and H,SO, at 303 and 333 K.
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Figure 5.41. EI-Awardy isotherm for the adsorption of adenine (AD) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.42. EI-Awardy isotherm for the adsorption of guanine (GU) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.43. EI-Awardy isotherm for the adsorption of hypoxanthine (HYP) on
mild steel surface in 0.1 M solutions of HCI, H,SO,4 and H3PO, at 303 and 333 K.
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Figure 5.44. EI-Awardy isotherm for the adsorption of xanthine (XN) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.45. EI-Awardy isotherm for the adsorption of adenine (AD), guanine (GU)

and xanthine (XN) on aluminium surface in 0.1 M solutions of HCI at 303 and
333 K.
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Figure 5.46. EI-Awardy isotherm for the adsorption of hypoxanthine (HYP) on
aluminium surface in 0.1 M solutions of HCI and H,SO, at 303 and 333 K.
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Figure 5.47. Frumkin isotherm for the adsorption of adenine (AD) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.48. Frumkin isotherm for the adsorption of guanine (GU) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO,4 at 303 and 333 K.
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Figure 5.49. Frumkin isotherm for the adsorption of hypoxanthine (HYP) on mild

steel surface in 0.1 M solutions of HCI, H,SO, and H;PO, at 303 and 333 K.

164




303K €303K
HCI H,SO,
-1 W333K 1 Wm333K
2
m 2

-3 4
—_ [ ] -3 A
© | )
= -4 - !
< - -4 -
o) ~
o o
w® D L 5.
S B g ¢

-6 - 6 -

-7 - -7

_8 T T 1 -8 T T 1

0 0.1 0.2 0.3 0 0.1 0.2 0.3
0 0
H3Po4 333K
1 -
2 A

Log(CcO/1-0)
A W

0 0.05 0.1 0.15

Figure 5.50. Frumkin isotherm for the adsorption of xanthine (XN) on mild steel
surface in 0.1 M solutions of HCI, H,SO, and H3PO, at 303 and 333 K.
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Figure 5.51. Frumkin isotherm for the adsorption of adenine (AD), guanine (GU)

and xanthine (XN) on aluminium surface in 0.1 M solutions of HCI at 303 and
333 K.
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Figure 5.52. Frumkin isotherm for the adsorption of hypoxanthine (HYP) on
aluminium surface in 0.1 M solutions of HCI and H,SO, at 303 and 333 K.
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Negative AGags Values indicate spontaneity of the adsorption process (Avci, 2008;
Bahrami et al., 2010). Generally, AGggs values with magnitude much less than 40 kJ
mol™ have typically been correlated with the electrostatic interactions between organic
molecules and charged metal surface (physisorption), whilst those of magnitude greater
than 40 kJ mol™ are associated with charge sharing or transfer from the organic

molecules to the metal surface (chemisorption) (Popova, 2003).

The standard free energy of adsorption, AG,gs Values were evaluated from the different
isotherms at 303 and 333 K for selected purines at various concentrations. The
corresponding results are presented in Appendices XI-XV. Except for the Frumkin
isotherm, all the other isotherms gave negative AGggs Values, implying that the
adsorption of the purines on both mild steel and aluminium surfaces in HCI, H,SO, and
H3PO, was a spontaneous process. Also, from Appendices XI-XV, it is evident that
more negative AGags Values were obtained in HCI, H,SO,4 and H3PO4 acids for mild steel
systems than aluminium systems at 333 K, suggesting that the higher temperature was
more favourable for the adsorption of AD, GU, HYP and XN on mild steel. However,
only the Temkin isotherm gave the highest AGaqs values for the purines in H,SO,4 and
H3;PO, acids at 333 K, which is within the range of values often expected for the
chemisorptive interactions suggested by the experimental data (> -40 kJ mol™). AGags

from all the other tested isotherms were well below this value, implying that they do not
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adequately describe the experimental data in this regard. This is despite the relatively

good linear fit to all the isotherms (R= 0.9).

As far as corrosion inhibition studies are concerned, a large number of experimental
adsorption data fit the Langmuir isotherm [ ], at least qualitatively (i.e.

good linear fit). Similar linear fit has been obtained for AD, GU and HYP on mild steel
and aluminium at 303 and 333 K (Figures 4.38 - 4.43). Often, however, the linear fits
intercept the y-axis (C/0) or the x-axis (C) and the slope deviates substantially from
unity, contrary to the isotherm prediction. Similar results have been reported by Yan et
al. (2008) for purines in 1 M HCI solution, including studies by Doner et al. (2011).
This anomaly may be attributed to interactions between adsorbate species on the metal
surface as well as changes in the heat of adsorption with increasing surface coverage,
factors that might not have been taken into consideration in derivation of the isotherm.
A number of modifications to the Langmuir equation have been suggested, with the
molecular interaction term included (Villamil et al., 1999). Nonetheless, the possibility
of adapting the Langmuir isotherm to describe chemisorption and physisorption

processes (at least qualitatively) may account for its widespread applicability.

The adsorption of uncharged molecules on a heterogeneous surface is appropriately

described by the Temkin isotherm , Where @ is a linear function of

‘InC” (Fuchs-Godec and Zerjav, 2009). This isotherm contains a factor (f=-2a) that
clearly takes into account adsorbent-adsorbate interactions and considers the fact that
the heat of adsorption of all molecules in the layer decreases with coverage due to the
adsorbate—adsorbent interaction. This makes the isotherm quite suitable for systems

where chemical interaction of inhibiting species with the metal surface is more
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pronounced as observed for the purines on mild steel surface in H,SO,4 and H3PO, acids
at 333 K in this study. The linear plots of 6 versus log C shown in Figures 5.29-5.34 are
well in agreement with the Temkin equation. More importantly, the trend of AGags
values obtained from the Temkin isotherm with temperature for mild steel systems in
H,SO, and H3PO, acids is evident that the observed improvement in inhibition
efficiency at the higher temperature may have resulted from a change in the nature of
adsorption from physisorption at the lower temperature (303 K) to chemisorption at the
higher temperature (333 K). This corresponds to an improvement in the rate of
chemisorption of non-protonated species with increasing temperature suggested earlier.
Therefore, whereas all the tested isotherms qualitatively describe the experimental data
by provided proofs of the adsorption of the purines on the mild steel and aluminium
surfaces, only the Langmuir and Temkin isotherms have provided exact (quantitative
per say) interpretation, whereoff the regression coefficients, R?, the trend of the free
energy values, AGags and adsorption equilibrium constants, kags corroborate the
experimental data.

5.5 Electrochemical Tests

5.5.1. Electrochemical impedance measurements

Impedance measurements were undertaken to provide insight into the characteristics
and kinetics of electrochemical processes occurring at the metal/acid interface. The
impedance responses of these systems are given in Figures 4.17 - 4.18 as Nyquist plots.
The Nyquist plots generally have the form of only one depressed semicircle in the high
frequency region, which shows that the process is under charge-transfer control
(Martinez and Stern, 2001). The depression of the Nyquist semicircle with center under
the real axis is typical for solid metal electrodes that show frequency dispersion of the

impedance data. The transfer function can be represented by a solution resistance R,
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shortned by a capacitor (C) placed parallel to the charge transfer resistance R
according to equation 5.10 (Quraishi, 2004)

-1
Z.,, =R, +(i+ ja)C] 5.10
R

ct

where Z,,= a combination of real and imaginary impedance, j= (-1)"?

is an imaginary
number, o is the angular frequency in rad s™, (o = 2xf), when f is the frequency in Hz
(Quraishi, 2004). This transfer function is however only applicable for homogeneous
systems with one time constant when the centre of the semicircle lies on the abscissa
and cannot account for the depression of the capacitive loop. When a non ideal
frequency response is present, the capacitor is replaced by a constant phase element
(CPE). The use of such a CPE accounts for the deviations from ideal dielectric

behaviour and is related to surface inhomogeneities. The impedance, Z of the CPE is

given by Kliskic et al (2000) as equation 5.11

Zepe = QM (jo)™ 5.11

where Q and n stand for the CPE constant and exponent respectively The impedance
spectra for the Nyquist plots were appropriately analyzed by fitting the data into the
equivalent circuit model Rs(CgqR¢), which has been previously used to model the
metal/acid interface (Zucchi and Omar, 1985; Mu and Li, 2005; Oguzie et. al., 2009,
2010).The corresponding electrochemical parameters derived from the impedance

spectra are presented on Tables 4.5 and 4.6.

Impedance measurements revealed how the kinetics of the electrochemical processes at
the metal/acid interface was modified by the presence of the purines. Nyquist plots for
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mild steel and aluminium corrosion in 0.1 M solutions of HCI, H,SO4 and H3PO, in the
absence and presence of 0.01 M AD, GU, HYP and XN had been given in Figures 4.17

and 4.18.

The corresponding impedance parameters are presented on Tables 4.5 and 4.6. The
increase in R values in inhibited systems which signifies an increase in the diameters
of the Nyquist semicircles with a corresponding decrease in the double layer
capacitance (Cq), confirms the corrosion inhibiting properties of the purines . The
observed decrease in Cq values, which normally corresponds to alteration of the double-
layer thickness can be attributed to the adsorption of the purines (with lower dielectric
constant compared to the displaced adsorbed water molecules) on the metal/acid

interface, thereby protecting the metals from the corrosive effect of the aggressive acids.

The magnitude and trend of the obtained inhibition efficiencies %IE presented are in
agreement with those determined from gravimetric measurements.

5.5.2 Potentiodynamic polarization measurements

The corrosion current is a function of the reactivity of a metal in an aqueous
environment. The higher the values of icor, the higher the dissolution of the metal and

vice versa.

Typical potentiodynamic polarization curves for mild steel and aluminiumin 0.1 M
solutions of HCI, H,SO,4 and H3PO, in the absence and presence of 0.01 M AD, GU,
HYP and XN are shown in Figures 4.19 - 4.20 while the electrochemical parameters
derived from the polarization curves and inhibition efficiencies are summarized on

Tables 4.7 and 4.8.
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Addition of the purines is seen to affect the anodic as well as the cathodic partial
reactions, shifting the corrosion potential (Ecorr) slightly toward more positive (anodic)
values and reducing the anodic and cathodic current densities and the corresponding
corrosion current density (icorr). This is an indication of a mixed-type corrosion
inhibition mechanism. However, the anodic inhibiting effect of AD and HYP is slightly
more pronounced for mild steel in HCI system, whereas the cathodic inhibiting effect is
more pronounced for aluminium in HCI system for all the inhibitors (Figures 4.19 -
4.20). Polarisation curves in Figure 4.76 show that only HYP reduced the corrosion
current density for aluminium in H,SO,4 system while none of the inhibitors inhibited

the corrosion process for aluminium in HzPO, system.

The obtained IE% values presented on Tables 4.7 and 4.8 follow the same trend as the
gravimetric and impedance data confirming the corrosion inhibiting efficacy of the
purines.

5.6 Synergistic Considerations

Purines are organic bases which depending on the pH, can be present in aqueous
solutions as protonated cationic species, neutral molecules, or dissociated anionic
species. Literature findings reveal that the protonated cationic forms are in solution
within the pH range of 0-2 while the neutral molecules are the dominant species in the

pH range of 5-9 (Katritzky, 1984; Scendo, 2007a, 2007b; Amin et al., 2009).

The results obtained on addition of iodide ions to the test solutions indicate that the
iodide ions slightly enhanced the inhibition efficiencies of GU, XN, AD and HYP in
HCIl and GU and XN in H3PO,4 for mild steel (Table 4.9) while for aluminium,

synergism was evidence with only AD, GU and XN in H,SO, solutions (Table 4.10).
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It is well-known that the protective properties of a cation type of an inhibitor in any
aggressive environment can be improved with the addition of halide ions to the solution
(Hackerman, 1962; Obot et al, 2009a; Umoren et al, 2009). Corrosion inhibition
synergism results from increased surface coverage arising from ion-pair interactions
between the protonated purine species and the iodide ions (Oguzie, 2004). The acid
anions might however compete with iodide ions for active sites on the metal surface
leading to a lower synergistic effect depending on the pH of the bulk solution and that

which is obtainable at the metal/acid interface (Oguzie et al., 2007; Amin et al., 2009).

lodide ion (I") is characterized by its strong adsorbability onto the metal surface due to
its large ionic radius. This process changes the electrical double layer at the solution
side of the interface from positive to negative. This change in the electrical double layer
facilitates physical adsorption of the inhibitor cations. Thus, the protonated purine
molecules are able to be electrostatically adsorbed on the electrode surface covered
primarily by adsorbed I ions. From the results obtained (Tables 4.9 and 4.10), it is
obvious that I ions probably promoted the physical adsorption of purine on the metal
surfaces particularly in HCI and H3PO, solutions for mild steel and only in H,SO,
solution for aluminium. This was not the case for aluminium in HCI media; this may be
because of repulsion between CI" and I" ions (excess negative charge) at the
oxide/solution interface in HCI media resulting in relatively lower IE% values. The
inhibition efficiencies obtained from the different techniques are very similar (Tables

4.9 and 4.10).
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5.7 Infrared Spectroscopic Analysis

From Figures 4.21- 4.28 and Appendices XVI - XXVII, it can be observed that most of
the peaks for the purine powders were also noticed in the surface films of the inhibitors
on the mild steel surface, suggesting that most of the functional groups within the purine
powders are also present in the surface film. This further confirms the fact that the
purines were actually adsorbed on the metal surfaces. Moreover, some of the peaks for
the adsorbed film diminished or even vanished indicating that the functional groups
responsible for these peaks could have been used for the formation of the inhibitor-

metal complex which further protected the metal from corrosion.

Examination of the spectra of AD and that of the products of corrosion of mild steel in
the presence of AD show that the C-H “oop” aromatic at 722.37cm™ shifted to
717.54 cm™, the C-N stretch at 1276.92 cm™ due to aromatic amines shifted to
1369.5 cm™, the C-C stretch in the ring at 1425.44 cm™ shifted to 1482.34 cm™, N-H
bend at 1600.97 cm™ and 3262.7 cm™ shifted to 1634.73 cm™ and 3211.59 cm™
respectively while, O-H stretch at 2804.59 cm™ and 3598.33 cm™ shifted to
2790.12 cm™ and 3533.71 cm™ respectively. The missing functional groups in the
spectrum of the corrosion products include C-H “oop” at 894.04 cm™, C-N stretches at

1031.95 cm™and 1146.72 cm™ and O-H stretches at 2576.98 cm™ and 2677.98 cm™.

For the corrosion products of aluminium in the presence of AD, C-H “oop” at 894.04
cm™ shifted to 828.45 cm™ and C-N stretches at 1031.95 cm™ and 1276.92 cm™
shifted to 1022.31 cm™ and 1323.21 cm™ respectively. The C-H wag and stretch at
1146.72 cm™ and 3076.56 cm™ shifted to 1177.58 cm™ and 3196.15 cm™ respectively,

the C-C stretch in the ring at 1425.44 cm™ shifted to 1419.66 cm™, N-H bend at
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1600.97 cm™ shifted to 1604.83cm™ while the O-H stretches at 2576.98 cm®,
2677.29cm™, 2804.59 cm™, 2893.32 cm™, 3262.7 cm™, and 3358.18 cm™ shifted to
2522.01 cm™,2639.67cm™, 2740.94 cm™, 2859.56 cm™, 3196.15 cm™ and 3380.36 cm™
respectively. Functional groups that were absent in the spectrum of the corrosion
products of aluminium in the presence of AD include C-H “oop” at 722.37 cm™and

O-H stretch at 3598.33 cm™.

For the spectra of GU, C-H “oop” at 857.39 cm™ shifted to 733.94 cm™, C-O stretch at
1220.02 cm™ shifted to 1153.47cm™, N-O stretch at 1367.58cm™ shifted to 1372.4 cm™,
the C-N stretch due to aromatic amines at 1367.58 cm™ shifted to 1372.4 cm™, C-C
stretch at 1599.04 cm™ shifted to 1629.9 cm™, C-H stretches at 2445.82 cm™ and
3034.13 cm™ shifted to 2399.53 cm™ and 3086.21 cm™ respectively while the O-H
stretches at 2665.71 cm™, 2834.49 cm™ and 3357.22 cm™ shifted to 2673.43 cm™,
2812.31 cm™ and 3396.76 cm™ respectively. The missing functional groups include
C=0 stretching frequency at 1730.21 cm * and the O—H stretching frequencies at

2579.88 cm *and 3153.72 cm .

For the corrosion products of aluminium in the presence of GU, C-H “oop” at 857.39
cm™ shifted to 890.18 cm™, C-O stretch at 1220.02 cm™ shifted to 1021.34 cm™, C-N at
1367.58 cm™ shifted to 1313.57 cm™, C-C in the ring stretch at 1599.04 cm™ shifted to
1407.12 cm™, C=0 stretch at 1730.21 cm™ shifted to 1605.79 cm™, C-H stretches at
2445.82 cm™, 2665.71 cm™, 2834.49 cm™ and 3034.13 cm™ shifted to 2442.93 cm™,
2650.28 cm™, 2851.85 cm™ and 3080.42 cm™ respectively. The O-H stretch at 3357.22
cm™ also appeared at 3357.22 cm™. The missing functional groups include C-Br stretch

at 645.21 cm™tand C-H stretch at 3153.72 cm™.
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For the corrosion products of mild steel in the presence of HYP shows C-H “oop” at
886.32 cm™ shifted to 700.18 cm™, C-O stretch at 1132.25 cm™ shifted to 1010.73 cm™,
N-O stretch at 1362.75 cm™ shifted to 1373.36 cm™, C-C stretch in the ring at 1449.55
cm™ and 1606.76cm™ shifted to 1487.17 cm™ and 1654.01cm™ respectively, C-H stretch
at 3049.56 cm™ shifted to 3056.31 cm™ while O-H stretch at 3459.45 cm™ shifted to

3382.29 cm™.

For the corrosion products of aluminium in the presence of HYP, C-H “oop” at 886.32
cm shifted to 822.67 cm™, C-O stretches at 1194.94 cm™ and 1362.75 cm™ shifted to
1164.08 cm™ and 1312.6 cm™ respectively.The C-C in-ring stretches at 1449.55 cm™
and 1606.76 cm™ shifted to 1428.34 cm™ and 1600.01 cm™ respectively while the C=0
stretches at 1672.34 cm™ and 1844.97 cm™ shifted to 1755.28 cm™ and 1898.98 cm™.
The O-H stretches at 2475.72 cm™, 2580.84 cm™, 2648.35 cm™, 2796.88 cm™,
2902.96 cm™ and 3459.45 cm™ shifted to 2417.85 cm™, 2508.51 cm™, 2605.92 cm™,
2753.48 cm™, 2949.26 cm™ and 3403.51 cm™and C-H stretch at 3049.53 cm™
shifted to 3068.85 cm™. Missing functional groups include C-Br stretch at 538.16 cm™

and 636.53 cm™.

For XN, examination of the spectra of its powder together with the products of
corrosion in the presence of mild steel reveals that C-H “oops” at 755.16 cm™ and
872.82 cm™ shifted to 745.51 cm™ and 838.1 cm™, C-N stretch at 1149.61 cm™ shifted
to 1155.40cm™, C-C stretches at 1415.80 cm™ and 1600.97 cm™ shifted to 1475.59 cm™
and 1634.73 cm™, O-H stretches at 2521.05 cm™, 2681.14 cm™ and 3216.41 cm™ shifted

to 2591.45 cm™, 2701.40 cm™ and 3282.95 cm™ respectively. The missing functional
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groups include C-Br stretch at 499.58 cm™, C-N stretch at 1351.18 cm™, C=0 stretch at

1776.50 cm™, and O-H stretches at 2867.28 cm™and 3139.25 cm™.

The spectra of the corrosion products of aluminium in the presence of XN show that
C- H “oop” at 872.82 cm™ shifted to 800.49 cm™, C-N stretches at 1149.61 cm™ and
1351.18 cm™ shifted to 1171.79 cm™and 1299.1 cm™, C-C stretches at 1415.80 cm™ and
1600.97 cm™ shifted to 1398.44 cm™ and 1598.08 cm™, O-H stretches at 2681.14 cm™,
2867.28 cm™and 3216.41 cm™ shifted to 2600.13 cm™, 2865.35 cm™and 3265.59 cm™
respectively. Again, the missing functional groups include C-Br stretch at 499.58 cm™,
C-H “oop” at 755.16 cm™, C=0 stretch at 1776.50cm™, O-H stretches at 2521.05 cm™
and 3139.25 cm™.

5.8  Scanning Electron Microscopy

The surface morphologies of mild steel and aluminium in solutions of HCI were studied
using scanning electron microscopy. Figures 4.29 and 4.30 show the scanning electron
micrographs of mild steel and aluminium (at xX5000 magnification) in the absence and
presence of adenine (AD), guanine (GU) and hypoxanthine (HYP) respectively. From
Figures 4.29(a) and Figure 4.30(a), flakes showing corrosion products of mild steel and
aluminium in the absence of the purines indicate that the surfaces were strongly
damaged but in the presence of AD, GU and HYP on mild steel (Figures 4.29(b), (c)
and (d)), it can be seen that the damaging effect of the acid on the mild steel is greatly
reduced giving rise to more ordered corrosion products as surface coatings. It can also
be seen from Figures 4.30(b)-(d) that the surface of the aluminium electrode was
modified by AD, GU and HYP through the formation of a thin protective layer (Oguzie,

2012a).
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The results obtained from the scanning electron micrographs of AD, GU and HYP are
consistent with those obtained from the FTIR spectra of the corrosion products of the
metals and impedance spectra of mild steel and aluminium in the presence of these
purines, showing that these compounds inhibited the corrosion of mild steel and
aluminium to varying degrees through the mechanism of adsorption (Enenebeaku, 2011;
Oguzie et al., 2012a).

5.9 Quantum Chemical Calculations

Figures 4.31 — 4.34 illustrate the highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), as well as the total electron density of adenine
(AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN); while the corresponding
quantum chemical parameters are presented in Tables 4.15 and 4.16. Interestingly, the
HOMO-LUMO locations are actually almost identical for all the molecules, which
should lead to some similarities in their adsorption characteristics. The region of highest
electron density, HOMO, are the sites at which electrophiles (metal surface) attack and
represents the active sites with the utmost ability to bond to the metal surface, whereas
the LUMO orbital can accept electrons from the 3d orbital of the Fe atom or 3p orbital
of the aluminium, to form feedback bonds. The HOMO energy (Exomo) expresses the
intrinsic electron donating tendency to an appropriate acceptor i.e., any molecule with
lower HOMO energy and empty molecular orbital; while the energy of LUMO (E_umo)
is directly related to the electron affinity and characterizes the susceptibility of the
molecule toward attack by nucleophiles (Martinez, 2003; Rodriguez-Valdez, 2005; Chi
and Zhao, 2009). Low values of the gap (AE = ELumo - Homo), Will render good
inhibition efficiencies since the energy to remove an electron from the last occupied

orbital will be minimized.
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The Enomo and ELumo Vvalues do not vary significantly for all the molecules, probably
because the functional groups that comprise their HOMO and LUMO locations are
comparable. The AE values again do not vary so much which means that any observed
differences in their adsorption strengths would result from molecular size parameters
rather than electronic structure parameters. The seemingly low values of AE
(approximately 5 eV) suggest that interaction of the molecules with the metal surface
would likely involve electron transfer processes (Enenebeaku, 2011). The Mulliken
charges were calculated and the charges of representative atoms are listed in Table 4.12.
5.10 Molecular Dynamics Simulations

The adsorption of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine
(XN) molecules on the mild steel and aluminium surfaces were analyzed at a molecular
level by molecular dynamics simulations, using Forcite quench molecular dynamics to
sample many different low energy configurations and to identify the low energy minima
(Casewit et al., 1992a,1999b). Optimised structures of AD, GU, HYP and XN were
used for the simulation. Solvent and charge effects were neglected in all the simulations
and calculations were performed at the metal/vacuum interface. Although this is clearly
an oversimplification of the actual situation, it is adequate to qualitatively illustrate the
differences in the adsorption behaviour of the molecules and provide sufficient insight

to the study objectives.

Figure 4.35 shows representative snapshots of the crosssection of the lowest energy
adsorption configurations for the single molecules on the Fe (110) surface from the
simulations, while Figure 4.36 shows the representative shapshots for the single
molecules on the Al (110) surface. The molecules can be seen to maintain a flat-lying

adsorption orientation on the metal surfaces thereby maximizing contact and enhancing
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the degree of surface coverage. This parallel adsorption orientation also facilitates
interaction of m - electrons of the pyrimidine and imidazole nucleus and the hetero-

atoms (N and O) in the molecules with the metal surfaces.

The binding energy (Eping) between the metal surface and the inhibitor molecules are
presented on Tables 4.17-4.18. In each case, the potential energies were calculated by
averaging the energies of the five structures of lowest energy. As can be seen from the
data, the binding energies are all negative suggesting stable adsorption structures
however, the magnitude of the calculated binding energies is < 100 kcal mol™ this is
despite the fact that the simulations did not take into consideration the specific covalent
interactions between the molecules and the Fe surface. This value has been reported by

Akalezi et al. (2012) to be in the range of physisorptive interactions.

From Tables 4.17 and 4.18, it is observed that the binding energies for the purine
molecules on Fe (110) slab are of higher magnitude (-66.97 to -84.53 kcal mol™) than
those obtained for Al (110) slab (-30.60 to -39.69 kcal mol™). This implies that the

molecules are more strongly adsorbed on Fe than Al.

A detailed analysis of the on-top view of the adsorbed molecules on Fe (110) and Al
(110) emphasizing the soft epitaxial adsorption mechanism with accommodation of the
molecular backbone in characteristic epitaxial grooves on the metal surface are
presented in Figures 4.37- 4.38. The on-top view reveal a very clear trend in the
adsorption configuration in which polarizable atoms along the molecular backbone
appear to align with vacant sites on the face-centered cubic lattice atop the metal

surface. In other words, the pyrimidine and imidazole nucleus seem to avoid contact
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with the Fe atoms on the surface plane (larger spheres on the Fe/Al slab) and is
preferentially accommodated in characteristic epitaxial grooves on the metal surface.
Such epitaxial adsorption configuration, which is associated with a minimum free
energy of adsorption, has also been reported for some compounds like amino acids,
peptides, etc. (Heinz et al., 2009; Feng et al., 2010; Feng et al., 2011) and accounts for
the stable adsorption structures (Dai and Zhang, 2011).

5.11 Mechanism of Inhibition

Results from impedance studies, infra red spectroscopy scanning electron microscopy
and molecular dynamics show that some of the inhibitors are adsorbed to varying
degrees on the mild steel and aluminium surfaces. In acid solutions, organic inhibitors
may interact with the corroding metal surface and affect the corrosion reaction in more
than one way, sometimes simultaneously. It is therefore often difficult to assign a single
general inhibition mechanism, since the mechanism may change with experimental
conditions. The adsorption mechanism for a given inhibitor depends on such factors as
the nature of metal, surface charge, corrosive medium, pH of the metal/solution
interface, the concentration of the inhibitor as well as the functional groups in the

inhibitors, since different groups are adsorbed to different extents.

Physical adsorption requires the presence of both electrically charged surface of the
metal and charged species in the bulk solution. Chemisorption process involves charge
sharing or charge-transfer from the inhibitor molecules to the metal surface to form a
coordinate type of bond. The presence of a transition metal, having vacant, low-energy
electron orbital and of an inhibitor molecule having relatively loosely bound electrons
or hetero atoms with lone pairs of electrons is necessary for this to occur (Reinhard and

Rammet, 1985; Obot et al, 2009a, 2009b).
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It has been reported that purines exist in protonated forms in acidic media (Katritzky,
1984; Ould-Moulaye et al., 2001). Therefore AD, GU, HYP and XN can exist as
protonated species (cations) as well as molecular species (neutral molecules) in acidic
medium, depending on the concentration (pH) of the acid. Katritzky (1984) reported
that protonated cationic species of purines, are the dominant inhibiting species in the

range of pH of 0-2.

where Inh corresponds to AD, GU, HYP and XN.

If physisorption is the dominant adsorbtion mechanism, one expects the electrostatic
interaction involving protonated species to be more significant. This may have been the
case in the adsorption of AD, GU, HYP and XN on the metal surfaces in HCI. Increased
activation energy in inhibited solutions compared to the blank suggests physisorption
while either unchanged or lower E, in the presence of inhibitor suggests chemisorptions
(Popova et al., 2003; Obot et al., 2009). From Tables 4.3 and 4.4, E, values were higher
in the presence of AD, GU, HYP and XN compared to their absence in the corrosion of
mild steel in HCI. On the other hand, if chemisorption is dominant, one expects electron
transfer or sharing involving molecular species to be the most important. Also, from
Tables 4.3 and 4.4, it can be observed that E, values for the corrosion of mild steel in
0.1 M H,SO,4 and H3PQO, in the presence of AD, GU and HYP were higher than the
values obtained for the blank. It can therefore be concluded that the corrosion inhibition
of mild steel in 0.1 M H,SO, and H3PO,4 by AD, GU and HYP is afforded by adsorption
of neutral molecules on the steel surface rather than protonated species. Similar results
have been reported by Oguzie (2007) and Umoren (2007).
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B3

The cathodic hydrogen evolution reaction may be given by equations 5.13-5.15

This implies that the protonated inhibitor molecules may have also been adsorbed at
cathodic sites of mild steel/aluminium in competition with hydrogen ions reduced to H,
gas (Lagrenee et al., 2002; Yurt et al., 2004; Solmaz et al., 2008). The adsorption of
protonated purine molecules at the cathode may have therefore reduced the rate of
hydrogen evolution reaction. The adsorption of the purines on the mild steel/aluminium
surface at both anodic and cathodic sites on the metal surface may therefore account for

mixed-type inhibition mechanism observed from the polarization curves.

In addition, the chemical structures of AD, GU, HYP and XN indicate the presence of
carbonyl (-C=0) group in GU, HYP and XN and amino (—NH;) group for all the
compounds. The purines may be adsorbed on the mild steel/aluminium surface by the
formation of an iron—nitrogen or aluminium-nitrogen coordination bond. Also, the
unshared electron pairs on N and/or O atoms of the purines may interact with vacant d-
orbitals or p-orbitals of iron and aluminium respectively, to provide a protective
chemisorbed/physisorbed film. This is seen from the on-top view of the adsorbed
molecules on Fe (110) and Al (110), as presented in Figures 4.37 and 4.38. From

Figures 4.37 and 4.38, the adsorption configuration is such that the polarizable atoms
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along the molecular backbone appear to align with vacant sites on the face-centered

cubic lattice atop the metal surface.

It is generally accepted that the presence of halide ions in acidic media yield
enhancement of inhibition efficiencies of some organic compounds (Umoren et al,
2006). It is also assumed that the halide ions are able to improve adsorption of organic
cations by forming intermediate bridges between the positively charged metal surface
and the positive end of the organic inhibitor thereby increasing surface coverage of the

inhibitors (Obot et al, 2009a).

The addition of I" ions to the test solutions may have changed the charge on the
electrical double layer from positive to negative. This change in the charge of the
solution side of the interface facilitates physical adsorption of the purine cations. Thus,
protonated purine molecules may have been electrostatically adsorbed on the electrode
surface covered primarily by adsorbed I ions justifying the mechanism of physisorption
with accompanying higher %IE values. Lower %IE values in the presence of I" ions
on the other hand could imply that the neutral molecular species are dominant in the

system thereby favouring chemisorption.
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CHAPTER SIX

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1  Summary and Conclusions

The results from the study show that some of the purines studied possess good
inhibition properties for the corrosion of mild steel and aluminium in 0.1 M HCI, H,SO4
and HsPO4. The inhibition efficiencies increased with increasing concentrations of the
inhibitors. The inhibition efficiencies of purines for the corrosion of mild steel in 0.1M
HCI, H,SO, and H3PO, solutions decreased in the order: AD > HYP > GU > XN (in
HCI); HYP > AD > GU > XN (in H,SO,); and GU > AD > HYP > XN (in HsPO,),
respectively. For aluminium in 0.1 M HCI, H,SO, and H3PO, solutions, the inhibition
efficiencies decreased in the order: GU > AD > HYP > XN (in HCI). However, only
HYP inhibited the corrosion of aluminium in H,SO4 solution. Their was no evidence of
corrosion inhibition by AD, GU and XN in H,SO,4 or any of the purines in H3PO,
solutions as they rather enhanced the corrosion of aluminium thereby functioning as
corrosion catalysts. It was also observed that the inhibition efficiencies decreased with
inmersion time for all the systems and for some of the systems at 333 K. Moreover,
IE% of the selected purines was slightly enhanced in the presence of Kl for some of the

systems investigated.

The results obtained revealed that AD, GU, HYP and XN are good corrosion inhibitors
for the corrosion of mild steel in HCI, H,SO, and H3PO,4. All the purines inhibit the
corrosion of aluminium in HCI while only HYP inhibit the corrosion of aluminium in

H2S0..
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Impedance measurements show that the inhibitors functioned by adsorption of the
purines on the metal/corrodent interface while polarization measurements show that the
adsorbed purines inhibited the corrosion process via mixed inhibition mechanism,
affecting both the anodic metal dissolution reaction and the cathodic hydrogen evolution

reaction.

Furthermore, the inhibition efficiencies of the purines obtained from gravmetric,

polarization and impedance studies were observed to be similar and in good agreement.

From the activation energies (E,), heats of adsorption (Q.gs) and standard free energies
of adsorption (AGags) obtained from the study, it is evident that the inhibitors are
adsorbed on the steel and aluminium surfaces through both physical and chemical
interactions suggesting that both molecular as well as protonated purine species were
responsible for the observed inhibiting actions of the compounds in the different acid
media. Adsorption characteristics of the purines fitted both the Langmuir and Temkin

isotherms.

SEM micrographs, FTIR and impedance spectra showed the presence of protective
layers over the mild steel and aluminium surfaces, providing evidence for the corrosion
inhibitory effects of the inhibitors. While DFT-based quantum chemical computations
of parameters associated with the electronic structures of the purine molecules
confirmed their inhibiting potential, which was further corroborated by molecular

dynamics modeling of the adsorption of the single molecules on the metal surface.

187



6.2

RECOMMENDATIONS

Further study is required to assess the following:

Use of purine derivatives as corrosion inhibitors in coatings on metallic implants
in the field of medicine should be explored under in vitro and in vivo conditions.
Synergistic studies involving two or more of the studied purine derivatives
should be undertaken.

Corrosion inhibition studies by purines should be carried out under field
conditions to simulate operational conditions including the effects of flow,
pressure, a wider temperature range and pH of the aqueous systems so as to
explore the possibility of using them as inhibitor formulations in industries.
Quantum chemical calculations and molecular dynamics involving a rigorous
modeling of inhibitor-metal surface, water-metal surface, and inhibitor-water
interactions should be investigated. This is because inhibition effectiveness

depends on the interplay between them.
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APPENDICES

Appendix |I: Data for average weight loss as a function of time (hrs) for the
corrosion of mild steel in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of adenine (AD) at
303 and 333 K respectively.

System  Acid Time Weight Loss (g)
(0.1M)  (hrs) Blank 0.002M 0.004M 0.006 M 0.008M 0.01 M

HCI 24 0.0246  0.0091 0.0209 0.0081  0.0061  0.0058
48 0.0440 0.0182 0.0248 0.0168 0.0144  0.0108

f) 72 00596 00333 0.0265 0.0234 0.0198 0.0154

S 96 00704 00433 0.0307 0.0285 0.0257 0.0195

o 120  0.0809 00521 0.0331 0.0387 0.0315 0.0290

% H,SO0, 24 00555 0.0492 0.0436 0.0421 0.0381 0.0248

5 48 00711 00544 00519 00483 0.0426 0.0333

= 72 00925 00572 0.0538 0.0498 0.0471 0.0451

< 96 01046 00601 0.0570 0.0523 0.0511 0.0536

S 120 0.1238 00651 0.0617 0.0565 0.0544  0.0667
(@)

< H,PO, 24 01267 00664 0.0618 0.0541 0.0573  0.0493

48 01294 00744 00703 00659 0.0611 0.0522

72 01346 00877 0.0773 0.0744 0.0692 0.0623

96 01417 00987 0.0902 0.0825 0.0708 0.0686

120 0.1564 01103 0.1044 0.0986 0.0821 0.0791

HCl 24 02997 01089 0.1031 0.0904 0.0883 0.1079

48 03115 0171 01611 01473 0.1381 0.1313

72 03213 02076 0.1711 01597 0.1586  0.1453

v 96 03281 02414 02021 01758 0.1771  0.1509

& 120  0.3434 03061 0.2406 0.2018 0.1964  0.1696

; H,SO0, 24 02824 01117 0.1074 00715 0.0668 0.1098

& 48 03015 0.1461 01347 01308 0.1283 0.1219

< 72 03113 01695 0.1625 01574 0.1523 0.1351

= 96 03205 0.1844 0.1837 0.1765 0.1702  0.1413

= 120 0.3358 02208 02142 02033 0.1904 0.1584
=

2 HaPO, 24 03611 01552 0.1431 01366 0.1243  0.1501

48 0.3901 0.2205 0.2104 0.202 0.1914 0.1701
72 04126 0.2453 0.2305 0.2181 0.2066  0.1928
9% 04176 0.2622 0.2504 0.2342 0.2191 0.2076
120 0.4201 0.2898 0.2771 0.2471 0.2301 0.2104
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Appendix Il: Data for average weight loss as a function of time (hrs) for the
corrosion of mild steel in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of guanine (GU) at
303 and 333 K respectively.

System  Acid Time  Weight loss (g)
(0.1M) (hrs) Blank  0.002M 0.004 M 0.006 M 0.008M 0.01 M
HCI 24 0.0246  0.0177 0.0163 0.0156 0.0148 0.0141
48 0.0440 0.0328 0.0311 0.0299 0.0289  0.0278
72 0.0596  0.0475 0.0456  0.0429 0.0434 0.0431
96 0.0704 0.0603 0.0579  0.0567 0.0561  0.0557
120 0.0809 0.0719 0.0728 0.0714 0.0698  0.0677
X H,SO, 24 0.0555 0.0303 0.0285 0.0271  0.0247  0.0238
§ 48 0.0711 0.0424 0.0391 0.0368 0.0348  0.0329
= 72 0.0925 0.0573 0.0562 0.0532 0.0506  0.0499
_ 96 0.1046  0.0679  0.0711 0.0665 0.0653  0.0601
% 120 0.1238 0.0924 0.0875 0.0866  0.0891  0.0805
% HsPO, 24 0.1267 0.0493 0.0426 0.0361 0.0327  0.0271
< 48 0.1294 0.0564 0.0518 0.0418 0.0364  0.0319
= 72 0.1346  0.0753 0.0642 0.0542 0.0446  0.0397
D 96 0.1417 0.0887 0.0756 0.0675 0.0603  0.0551
O 120 0.1564 0.1114 0.0955 0.0844 0.0831 0.0675
HCI 24 0.2997 0.2429 0.2331 0.2204 0.2143  0.2075
48 0.3115 0.2671  0.2511 0.2473 0.2381  0.2329
72 0.3213 0.2876  0.2711 0.2697 0.2686  0.2591
96 0.3281 0.2974 0.2921 0.2858 0.2771  0.2801
120 0.3434 03461 0.3381 0.3288 0.3191 0.3111
H,SO, 24 0.2824  0.0937 0.0904 0.0831 0.0768  0.0698
Vv 48 0.3015 0.1141 0.1087 0.1008 0.0983  0.0849
® 72 0.3113 0.1385 0.1291 0.1229 0.1213  0.1001
™ 96 0.3205 0.1624  0.1537 0.1435 0.1322  0.1213
® 120 0.3358 0.1908 0.1842 0.1733 0.1614 0.1594
g
2 HsPO, 24 0.3611 0.1492 0.1291 0.1106  0.1003  0.0801
E 48 0.3901 0.1705 0.1504 0.1382 0.1214  0.1081
s 72 0.4126  0.2003  0.1755 0.1591 0.1366  0.1348
:;) 96 0.4176  0.2312 0.2004 0.1742 0.1781  0.1476
o 120 0.4201 0.2568 0.2301 0.2001 0.1871  0.1704
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Appendix I11: Data for average weight loss as a function of time (hrs) for the
corrosion of mild steel in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of hypoxanthine
(HYP) at 303 and 333 K respectively.

System  Acid Time

Weight loss (g)

(01M) (hrs) Blank 0.002M 0.004 M 0.006 M 0.008M 0.01 M

HCI 24 0.0246 0.0123 0.0106 0.0091  0.0097  0.0071

48 0.044 0.0234 0.0211 0.0198 0.0178  0.0119

72 0.0596 0.0313 0.0262 0.0232 0.0186  0.017

v 96 0.0704 0.0421 0.0316 0.0265 0.0193  0.021

2 120 0.0809 0.0514 0.0375 0.0324 0.0231  0.0245
o

= H,SO, 24 0.0555 0.0287  0.0237 0.0229  0.0218  0.0201

& 48 0.0711  0.038 0.0315 0.0311 0.0298  0.0271

2 72 0.0925 0.0513 0.0426  0.042 0.0403  0.0371

g 96 0.1046  0.0602 0.0516 0.0501  0.0479  0.0457

E 120 0.1238 0.0723 0.0646 0.0619 0.0587  0.0585
s

T H3PO, 24 0.1267 0.0761 0.0696 0.0677 0.0671  0.0655

48 0.1294 0.0815 0.0742 0.0712 0.0702  0.0694

72 0.1346 0.0881 0.0831 0.0794 0.0767 0.0735

96 0.1417 0.0961 0.0891 0.0853 0.0833  0.0787

120 0.1564 0.1087 0.1005 0.0979  0.0947  0.0891

HCI 24 0.2997 0.1328 0.1108 0.1093 0.0912  0.0887

48 0.3115 0.2207 0.1921 0.1812 0.1634  0.1538

72 0.3213 0.2343  0.2024 0.1938 0.1792  0.1652

Y 96 0.3281 0.2523 0.2286 0.2031 0.1873  0.1802

0 120 0.3434 0.2714 02501 0.2201 0.2054  0.2011
o

= H,SO, 24 0.2824 0.0833 0.0708 0.0687 0.0668  0.0633

3 48 0.3015 0.1417 0.1374 0.1346 0.1297  0.1267

% 72 0.3113 0.1501 0.1463 0.1405 0.1343  0.1331

< 96 0.3205 0.1604 0.1532 0.1494 0.1409  0.1398

E 120 0.3358 0.1785 0.1713 0.1593 0.1538  0.1526
S

T HsPO, 24 0.3611 0.2122 0.2065 0.1937 0.1888 0.1771

48 0.3901 0.2872 0.2626  0.2465 0.2298  0.2183

72 0.4126 0.2988 0.2786 0.2687  0.2464  0.2397

96 0.4176  0.3297 0.3195 0.2948 0.2798  0.2778

120 0.4201 0.3561 0.3488 0.3318 0.3192  0.3106
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Appendix IV: Data for average weight loss as a function of time (hrs) for the
corrosion of mild steel in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of xanthine (XN) at
303 and 333 K respectively.

System  Acid Time

Weight loss (g)

(01M) (hrs) Blank 0.002M 0.004 M 0.006 M 0.008M 0.01 M

HCI 24 0.0246  0.0195 0.0186 0.0173 0.0166  0.0156

48 0.044 0.0359 0.0349 0.0319 0.0312  0.0302

< 72 0.0596 0.0499 0.0481  0.044 0.0441 0.0431

= 96 0.0704 0.0619 0.0581 0.0581 0.0571  0.0561

& 120 0.0809 0.0767 0.0727 0.0727 0.0719  0.0709
3

= H,SO, 24 0.0555 0.0489  0.0476 0.0454 0.0438  0.0418

= 48 0.0711 0.0684 0.0667 0.0638 0.0608  0.0588

= 72 0.0925 0.0928 0.0898 0.0821 0.0821  0.0819

= 96 0.1046  0.1137 0.1057 0.0997 0.0987  0.098

g 120 0.1238 0.1469 0.1328 0.1292 0.1212  0.1167

H;PO, 24 0.1267 0.1231 01201 0.1141 0.1103  0.1103

48 0.1294 0.1328 0.1271 0.1241 0.1178 0.1178

72 0.1346  0.1448 0.1428 0.1405 0.1297  0.1297

96 0.1417 0.1594 0.1571 0.1566 0.1466  0.1466

120 0.1564 0.1861 0.1833 0.1821 0.1751  0.1751

HCI 24 0.0246 0.0195 0.0186 0.0173 0.0166  0.0156

48 0.0440 0.0359 0.0349 0.0319 0.0312  0.0302

72 0.0596 0.0499 0.0481  0.044 0.0441  0.0431

96 0.0704 0.0619 0.0581 0.0581 0.0571  0.0561

f) 120 0.0809 0.0767 0.0727 0.0727 0.0719  0.0709
&

& H,SO, 24 0.0555 0.0489  0.0476 0.0454 0.0438  0.0418

g 48 0.0711 0.0684 0.0667 0.0638 0.0608  0.0588

= 72 0.0925 0.0928 0.0898 0.0821 0.0821  0.0819

= 96 0.1046  0.1137 0.1057 0.0997 0.0987  0.098

< 120 0.1238  0.1469 0.1328 0.1292 0.1212  0.1167
=

Z H;PO, 24 0.1267 0.1231 01201 0.1141 0.1103  0.1103

48 0.1294 0.1328 0.1271 0.1241 0.1178 0.1178

72 0.1346  0.1448 0.1428 0.1405 0.1297  0.1297

96 0.1417 0.1594 0.1571 0.1566 0.1466  0.1466

120 0.1564 0.1861 0.1833 0.1821 0.1751  0.1751
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Appendix V: Data for average weight loss as a function of time (hrs) for the
corrosion of aluminium in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of adenine (AD) at
303 and 333 K respectively.

System Acid Time Weight Loss (g)
(01M)  (hrs) Blank 0.002M 0.004M 0.006 M 0.008 M 0.01 M
HClI 24 0.0321  0.0069 0.0057 0.0025 0.0015  0.0005
48 0.054 0.0135 0.0118 0.0075 0.0041  0.0022
72 0.0601  0.0167 0.0134 0.0104 0.0064  0.0048
X 96 0.0694 0.0205 0.0167 0.0143 0.0104 0.0076
g 120 0.0869  0.0279  0.0259 0.0213 0.0191  0.0137
@
E H,SO, 24 0.0046  0.0072 0.0071 0.0069 0.0065  0.0061
= 48 0.0104 0.0174 0.0171 0.0171 0.0157 0.0153
§ 72 0.0196 0.0348 0.0342 0.0336 0.0329  0.0311
G 96 0.0243  0.0462 0.0451 0.0442 0.0431  0.0412
% 120 0.0421 0.0878 0.0836 0.0827 0.0796  0.0754
2 H3PO, 24 0.0041  0.009 0.0088 0.0086 0.0081 0.0078
48 0.0135 0.0343 0.0329 0.0322 0.0314  0.0302
72 0.0202 0.0583 0.0561 0.0544 0.0528  0.0507
96 0.0296 0.0916 0.0889 0.0868 0.0857  0.0815
120 0.0481 0.1585 0.1542 0.1494 0.1415 0.1391
HCI 24 0.1847 0.0815 0.0681 0.0591  0.0445 0.0386
48 0.3026 0.1505 0.1191 0.1081 0.0951  0.0764
72 0.3872 0.1988 0.1671 0.1472 0.1282  0.1044
96 0.4717 02521 02131 02081 0.1681  0.1512
f, 120 0.6013 03591 03126 02776 02411 0.2119
&
© H,SO, 24 0.0577 0.1068  0.1008 0.0891  0.0853  0.0823
§ 48 0.1244 02574 0.2479 0.2223 02111  0.2082
E 72 0.1328 03167 0.3033 0.2769 0.2592  0.2382
3 96 0.1417 0.3547 0.3435 0.3109 0.2868  0.2694
f_—f 120 0.1589  0.4383 0.4133 03719 0.3655 0.3518
=
a) H3PO, 24 0.0767 0.1298 0.1265 0.1221  0.1198  0.1171
< 48 0.1515 0.2642 0.2546 0.2465 0.2418  0.2666
72 0.1616 0.2902 0.2816 0.2687 0.2637  0.3227
96 0.1697 03137 0.3055 0.2898 0.2828  0.3825
120 0.1815 0.3451 0.3402 0.3199 0.3102  0.4904
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Appendix VI: Data for average weight loss as a function of time (hrs) for the
corrosion of aluminium in 0.1 M HCI, H,SO, and H3PO, in the
absence and presence of various concentrations of guanine (GU) at
303 and 333 K respectively.

System  Acid Time Weight loss (g)
(0.1M)  (hrs) Blank  0.002M 0.004 M 0.006 M 0.008M 0.01 M
HCI 24 0.0321 0.0038 0.0027 0.0022 0.0012 0.0006
48 0.0540 0.0084 0.0059 0.0042 0.0029 0.0011
V 72 0.0601 0.0104 0.0086 0.0061 0.0046  0.0017
pos 96 0.0694 0.0141 0.0116 0.0081  0.0056  0.0027
% 120 0.0869 0.0223 0.0172 0.0141 0.0095  0.0058
©
g H,SO, 24 0.0046  0.0066  0.0064 0.006  0.0057 0.0054
f= 48 0.0104  0.0157 0.0152 0.0144 0.0134 0.0127
g 72 0.0196 0.0311 0.0304 0.0287 0.0265  0.0249
G 96 0.0243  0.0405 0.0391 0.0372 0.0352  0.0326
% 120 0.0421 0.0738 0.0731 0.0677 0.0645 0.0594
8 HsPO, 24 0.0041 0.0086 0.0081 0.0078 0.0075 0.0071
48 0.0135 0.0295 0.0289 0.0274 0.0259  0.0242
72 0.0202 0.0469 0.0452 0.0421 0.0415 0.0377
96 0.0296 0.0739  0.0691 0.0654 0.0637  0.0605
120 0.0481 0.1251  0.1202 0.1143 0.1113 0.1111
HCI 24 0.1847 0.0625 0.0511 0.0459 0.0401 0.0360
48 0.3026  0.1195 0.0998 0.0841 0.0745 0.0675
72 0.3872 0.1688 0.1461  0.1221  0.1142  0.1042
¢ 96 0.4717 02151 0.1931 0.1711 0.1519  0.1508
@ 120 0.6013 0.2791 0.2626  0.2366  0.2201  0.2042
(a2
g H,SO, 24 0.0577 0.0871 0.0805 0.0771 0.0745 0.0743
é’ 48 0.1244  0.2004 0.1886 0.1778 0.1719 0.1701
g 72 0.1328 0.2507 0.2289 0.2141 0.2061  0.1971
:__5 96 0.1417 0.2868 0.2698 0.2611  0.2509  0.2299
*g 120 0.1589 0.3807 0.3583 0.3468 0.3191 0.2878
D
© HsPO, 24 0.0767 0.1298 0.1265 0.1241 0.1318 0.1374
48 0.1515 0.2642  0.2579 0.2565 0.2878  0.2882
72 0.1616  0.2952  0.2916  0.2887 0.3531  0.3524
96 0.1697 0.3547 0.3455 0.3358 0.4208  0.3985
120 0.1815 0.4451  0.4342 0.4201 0.5005 0.4784
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Appendix VI1:

Data for average weight loss as a function of time (hrs) for
the corrosion of aluminium in 0.1 M HCI, H,SO, and H3PO,
in the absence and presence of various concentrations of
hypoxanthine (HYP) at 303 and 333 K respectively.

System  Acid Time Weight loss (g)

(01M)  (hrs) "Blank 0.002M 0.004M 0.006 M 0.008 M 0.01 M

HCI 24 0.0321  0.0045 0.0028 0.0017 0.0013  0.0011

48 0.054 0.0094 0.0064 0.0041 0.0036  0.0031

72 0.0601  0.0102 0.0082 0.0064 0.0058  0.0045

96 0.0694 0.0121 0.0101 0.0081 0.0072  0.0061

120 0.0869  0.0157 0.0132 0.0123 0.0102  0.0087

H,SO, 24 0.0046  0.001 0.0008 0.0007 0.0005  0.0004

v 48 0.0104 0.0023 0.0019 0.0018 0.0014  0.0012

= 72 0.0196 0.0047  0.004 0.0038 0.0028  0.0031

I 96 0.0243  0.0059 0.0054 0.0051 0.0049  0.0046

= 120 0.0421 0.0111 0.0104 0.0098 0.0101  0.0089
C

E H3PO, 24 0.0041  0.0062 0.0061 0.0058 0.0057  0.0056

S 48 0.0135  0.021 0.0206 0.0196 0.0194 0.0188

E 72 0.0202 0.0324 0.0317 0.0301 0.0298  0.0288

< 96 0.0296 0.0492 0.0479 0.0455 0.0448  0.0432

I 120 0.0481 0.0831 0.0801 0.0763 0.0751  0.0725

HCI 24 0.1847 0.0705 0.0611 0.0534 0.0485  0.0368

48 0.3026 0.1275 0.1081 0.0908 0.0868  0.0675

72 0.3872 0.1688 0.1471 0.1301 0.1182  0.1044

gf) 96 0.4717 02151 01931 01731 01519 0.1512

§ 120 0.6013 0.2791 0.2626 0.2366 0.2211  0.2046
©

§ H,SO, 24 0.0577 0.0229 0.0208 0.0194 00181 0.0171

g 48 0.1244  0.0524 0.0497 0.0448 0.0433  0.0428

2 72 0.1328  0.0627 0.0583 0.0537 0.0512  0.0492

£ 96 0.1417 0.0738 0.0678 0.0639  0.0598  0.0594

= 120 0.1589  0.1077 0.0973 0.0919 0.0861  0.0788
S

= H3PO, 24 0.0767 0.1298 0.1265 0.1241  0.1218  0.1201

48 0.1515 0.2642 0.2579 0.2565 0.2528  0.2436

72 0.1616 0.2952 0.2916 0.2887 0.2841 0.2724

96 0.1697 0.3547 0.3455 0.3358  0.3158  0.3005

120 0.1815 0.4451 0.4342 0.4201 0.3695  0.3484
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Appendix VIII: Data for average weight loss as a function of time (hrs) for
the corrosion of aluminium in 0.1 M HCI, H,SO,4 and H3PO4
in the absence and presence of various concentrations of
xanthine (XN) at 303 and 333 K respectively.

System  Acid Time Weight loss (g)

(0.1M)  (hrs) Blank 0.002M 0.004M 0.006 M 0.008M 0.01 M

HCI 24 0.0321 00181 00169 00132 00121 0.0101

48 0.054 00332 0.0312 00262 0.0239 0.0199

72 0.0601  0.042 0.0379 0.0335 0.0338 0.0278

9 96 0.0694 0.0538 0.0504 0.0454 0.0426  0.0396

0 120 0.0869 0.0773 0.0715 0.0685 0.0621  0.0601
o

e H,SO, 24 0.0046 0.0054 0.0051 0.0049 0.0045  0.0042

2 48 0.0104 0.0129 00122 00119 00116 0.0101

§ 72 0.0196 0.0267 0.0249 0.0241 0.0232  0.0221

E 96 0.0243 00365 0.0341 00321 0.0311  0.0292

g 120 0.0421 0.0706 0.0654 0.0611 0.0584  0.0554
P

X HPO, 24 0.0041 0.0085 0.0081 0.0076 0.0071  0.0066

48 0.0135 0.0289 0.0284 0.0261 0.0249  0.0232

72 0.0202 0.0479 0.0466 0.0429 0.0408  0.0378

9% 0.0296 0.0787 0.0742 0.0691 0.0659  0.0651

120 0.0481 0.1398 0.1303 0.1241 0.1183  0.1205

HCI 24 0.1847 01282 01228 0.1191 0.1092  0.1036

48 03026 02301 0.2202 02112 0.1907 0.1845

72 0.3872 03172 03092 0.2972 0.2678  0.2584

v 96 04717 04375 04095 0.4055 0.3767  0.3612

® 120 0.6013 0.6085 0.5856 0.5776 0.5502  0.5399
o

e H,SO, 24 0.0577 0.0828 0.0788 0.0755 0.0723  0.0683

= 48 0.1244 0.1875 0.1801 0.1724 0.1642  0.1542

E 72 01328 02141 02067 0.1972 0.1872  0.1792

E 96 0.1417 02482 02422 02298 0.2178  0.2084

g 120 0.1589 03143 0.2993 0.2814 0.2718  0.2698
2

X HPO, 24 0.0767 01767 0.1748 0.1671 0.1488  0.1451

48 0.1515 0.3642 0.3606 0.3466 0.3166  0.3046

72 0.1616  0.4474 04241 03987 0.3767  0.3597

96 0.1697 0.4987 04763 0.4652 04635  0.4445

120 0.1815 0.6152 0.5858 0.5603  0.5963  0.5634
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Corrosion Potentials in Flowing Seawater (8-13 ft/s),

Appendix IX:
Temperature Range 10-27 °C.
Volts vs
+0.6 +0.4 +0.2 1} -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 Std. Hydrogen
+0.2 1] -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 Sat. CuICuSO4
+0.02 0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 Sat. Calomel*
I
Magnesium [1
[1 Zinc
0 |Beryllium
L Aluminium Alloys
O Cadmium
1 Mild Steel, Cast Iron
g LowAlIclw Steel
1 Austenitic Nickel Cast Iron
C—1 Aluminium Bonze
[ Naval Brass, Yellow Brass, Red Brass
0 Tin
-
[ copper
—3 F'_b‘—S_nSnIderl(SCIISEI)
C—JAdmiralty, Aluminium Brass
[J Manganese Bronze
[0 Silicon Bronze
=tcon
[ Tin Bronzes (G & M)
— | I |Stainless Steel -Type 410, 416
O Nickel Silver
[J190-10 Copper Nickel
1 80-20 r Nickel
— B [Stainless Steel - Type 430
[ Lead
1 70-30 Copper Nickel
[ Nickel-Aluminium Bronze
o Nickel Chromium Alloy 600
[ silver Braze Alloys
[ Nickel 200
[ silver
O I | Stainless Steel - Types 302, 304, 321, 347
[ Nickel-Copper Alloys 400, K-500
1
- Stainlpiss Steel - Types 316 317
[ Alloy “20" Stainless Steels. Cast and Wrought
[C]1 Nickel-Iron-Chromium Alloy 825
O | Ni-Cr-Mo-Cu-Si Alloy B
(I Titaniun:_
—_—
[ Ni-Mo-Cr Alloy C
[ Platinum
[ ] Graphite |
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Appendix X: Functional and linear forms of adsorption isotherm equations

tested.
Isotherm Functional form Linear form
Langmuir _ _
Freundlich
with O<n<1
Temkin
with

Flory-Huggins
El-Awady

Frumkin
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Appendix XI:

concentrations of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN).

Adsorption isotherm parameters obtained from the corrosion data for mild steel in 0.1 M HCI containing various

Isotherm Inhibitor 303 K 333K
Intercept  Slope Log R? AGags(kJmol™®)  Intercept Slope Log R? AGag5(kJmol™)
Kads Kads

. 1176 -25.78 0.002 1537 270 0998 -28.33
§ 3.058 -24.04 0.010 4,137 2.00 0.969 -23.87
% 1.160 -25.78 0.003 1.624 2.52 0.996 -27.19
— 3.011 -22.30 -1.257 166.6 -0.90 0.489 -5.38
0.295 -12.63 0.323 0.282 0.323 0.972 -13.18
% 0.233 -9.68 -0.122 0.297 -0.122 0.924 -10.34
s 0.320 -13.01 0.344 0.317 0.344 0.997 -13.31
qu 5 0.398 a -11.41 4576 2.620 a 4,576 0.897 -40.30
0.381 -3.02 -32.19 1.149 0.292 -3.943  3.934 0.983 -36.20
-_\E< 0.128 -9.00 -34.65 0.405 0.107 -10.762 3.785 0.902 -35.25
= 0.410 -2.81 -31.78 1.088 0.291 -3.957 3.739 0.994 -34.96
= 0.174 -6.62 -30.43 0.528 0.199 -5.786  2.653 0.897 -28.03
" AD 2.668 1.609 2.668 0.886 -25.60 2.827 2.987 2.827 0.972 -29.14
$\.§7 GU 2.930 10.12 2.930 0.968 -27.12 2.312 10.92 2.312 0.814 -25.86
s 2 HYP 2.675 1.550 2.675 0.968 -25.64 2.666 3.138 2.666 0.986 -28.12
u T XN 2.243 6.273 K 2.243 0.973 -23.13 0.397 -13.95 K’ 0.397 0.565 -13.65
AD 1.725 0.691 53.09 250 0.951 -24.62 1.151 0.518 14.16 2.222 0.982 -25.29
2 GU 0.216 0.307 1.64 0.700 0.987 -14.18 0.079 0.352 1.20 0.225 0.920 -12.55
N § HYP 1.873 0.746 74.64 2.510 0.988 -24.68 1.077 0.531 11.94 2.028 0.996 -24.05
w < XN 0.538 0.491 345 1.096 0.986 -16.48 4.823 2.714 66,527 1.775 0.906 -22.44
- AD 4.659 4,344 4.659 0.988 -37.15 -4.794 5.139 -4.794 0.993 19.45
= GU -5.250 10.01 -5.250 0.987 20.34 -4.878 11.66 -4.878 0.942 19.98
S HYP -4.625 4,234 -4.625 0.997 16.71 -4.642 5.242 -4.642 0.997 18.48
L XN -4.650 8.474 -4.650 0.995 16.86 -4.864 16.23 -4.864 0.8 19.89
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Appendix XII:

Adsorption isotherm parameters obtained from the corrosion data for mild steel in 0.1 M H,SO, containing various

concentrations of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN).

Isotherm Inhibitor 303 K 333K
Intercept  Slope Log R*  AGus(kJmol™) Intercept Slope Log R’ AG,gs(kImol™)
Kads Kads

N 1.781 -25.78 0.001 1.643 1.00 0.996 -17.50
g 2.123 -27.52 0.001 1.352 1.00 0.994 -17.50
2 1.609 -27.52 0.000 1575 0.00  0.999 -11.12
- 17.44 -3.19 0.026 3.034 1.58 0.571 -21.19
0.207 -10.76 0.009 0.130 0.009 0945 -11.18
= 0.091 -9.13 0.106 0.138 0.106 0.917 -11.80
S 0.320 -13.01 0.344 0.317 0.344 0.997 -13.31
gs 2.476 a -34.95 0.380 0.567 a 0.380 0.861 -13.54
0.203 -5.67 -35.83 0.866 0.153 -7.526 5.660 0.936 -47.21
£ 0.087 -13.23 -51.31 1.064 0.195 -5.905 5456  0.908 -45.91
£ 0410 -2.81 -31.78 1.088 0.291 -3.957 3739  0.994 -34.96
= 018  -6.40 -25.79 0.504 0.164 -7.021 3.073 0.731 -30.71
" AD 3.155 4.916 3.155 0.954 -28.42 3.836 5.803 3.836  0.904 -35.58
R GU 4.884 12.63 4884 0.900 38.45 3.504 3.389 3.504 0.858 -33.46
59 HYP 2.675 1.550 2.675 0.968 -25.64 2.666 3.138 2.666  0.986 -28.12
LT XN 0.324 -1695 K 0.324 0.665 -12.00 1.517 2.473 K’ 1517  0.248 -26.89
AD 0.715 0.362 5.19 1.975 0979 -21.58 0.639 0.267 435 239 0.935 -26.36
2 GU 0.214 0.156 1.64 1.377 0.927 -18.11 1.036 0.360 10.86 2.88 0.901 -29.48
. S HYP 1.873 0.746 74.64 2510 0.988 -24.68 1.077 0.531 11.94 2.028 0.996 -24.05
w < XN 4.505 2560 31,988 1.761 0.883 -20.33 0.630 0.650 427 0.970 0.844 -17.30
- AD -5.273 6.590 -5.273  0.986 20.47 -6.309 7.848 -6.309 0.960 29.11
= GU -7.591 12.34 -7.591  0.943 33.92 -6.092 6.501 -6.092 0.952 27.72
g HYP -4.625 4.234 -4.625 0.997 16.71 -4.642 5.242 -4.642 0.997 18.48
L XN -5.082 19.42 -5.082  0.913 19.37 -4.183 8.092 -4.183 0.863 15.55
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Appendix XI11I:

Adsorption isotherm parameters obtained from the corrosion data for mild steel in 0.1 M H3PO, containing various
concentrations of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN).

Isotherm Inhibitor 303 K 333K
Intercept  Slope Log R’ AGags(kJmol™)  Intercept Slope Log R’ AG,g5(kImol™)
Kads Kads
N 1.709 -25.78 0.001 1.714 3.00 0.996 -30.25
g 1.274 -25.78 0.001 1.305 3.00 0.995 -30.25
2 2.047 -27.52 0.001 2.153 3.00  0.999 -30.25
- 58.05 -6.70 0.072 1.155 1.14 0.381 -18.39
0.214 -10.91 0.081 0.178 0.081 0.992 -11.63
= 0.205 -11.52 0.333 0.252 0.333 0.992 -13.24
§ 0.162 -10.01 -0.045 0.157 -0.045 0.974 -10.83
S 0.942 a -15.75 a

0.215 -5.36 -35.50 0.907 0.189 -6.092 4798 0.985 -41.71
£ 0.323 -3.56 -33.72 1.226 0.274 -4.202 4474 0979 -39.65
= 0.147 -7.83 -39.55 0.709 0.137 -8.405 5.175 0.983 -44.11
= 0.142 -8.11 -22.94 0.368 0.128 -8.996 2.875 0.971 -29.45
- AD 2.84 3.356 2.840  0.894 -26.59 3.505 5.444 3505 0.935 -33.47
R GU 2.871 2.167 2871  0.945 -26.77 3.096 2.579 3.096 0.945 -30.86
59 HYP 3.668 7.754 3.668  0.987 -31.40 3.754 8.558 3.754  0.980 -35.06
w T XN K’ 1.139 1.054 K’ 1.139 0.275 -18.38
AD 0.594 031 392 1914 0958 -21.22 0.664 0.307 461 2162 0.963 -24.90
2 GU 1.465 0.580 29.17 2.526 0.976 -24.77 1.314 0.498 20.61 2.639 0.973 -27.95
. S HYP 0.453 0.269 2.84 1.685 0.991 -19.89 0.394 0.254 248  1.553 0.980 -21.02
w < XN 1.142 1.002 13.87 1.140 0.989 -18.39
- AD -5.312 6.593 -5.312 0.985 20.70 -5.565 6.831 -5.565 0.994 24.36
= GU -4.939 4.836 -4.939 0.993 18.54 -5.329 5.384 -5.329 0.992 22.86
g HYP -5.930 8.529 -5.930 0.995 24.29 -6.024 8.992 -6.024 0.990 27.29
L XN -4.558 15.09 -4.558 0.964 17.94
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Appendix XIV: Adsorption isotherm parameters obtained from the corrosion data for aluminium in 0.1 M HCI containing various
concentrations of adenine (AD), guanine (GU), hypoxanthine (HYP) and xanthine (XN).

Isotherm Inhibitor 303 K 333K
Intercept  Slope Log R®  AGus(kJmol™) Intercept Slope Log R*  \Gags(kJmol™)
Kads Kads

N 1.038 -10.12 0.002 1.534 2.70 0.993 -28.33
g 0.989 -10.12 0.001 1.275 3.00 0.998 -30.25
g 1.052 -10.12 -0.001 1.630 -3.00 0946 801
- 1.582 -24.04 0.009 2.591 2.05 0.908 -24.19
. 0.140 -11.43 0.152 0.195 0.152  0.963 -12.09
§ 0.101 -11.18 0.140 0.138 0.140 0.992 -12.01
3 - 0.066 -10.69 0.145 0.149 0.145 0.987 -12.04
Lo 0.351 a -12.39 0.144 0.347 a 0.144 0.881 -12.04
0.257 -4.48 -41.67 1.025 0.224 -5.141 4576  0.953 -40.30
£ 0.207 -5.617 -48.80 1.145 0.209 -551 5479  0.987 -46.05
£ 0.134 -8.59 -61.58 1.133 0.216 -5.331 5245 0.979 -44.56
= 0.306 -3.763 -30.88 0.643 0.181 -6.362 3.552  0.838 -33.77
- AD 3.137 1.269 3.137 0.876 -28.32 3.176 3.769 3.176  0.916 -31.34
= GU 3.063 0.798 3.063 0.822 -27.89 3.611 3.109 3.611 0.965 -34.14
58 HYP 4.021 1.889 4021 0978 -33.45 3.505 3.163 3505 0.951 -31.29
LT XN 2.467 2.676 K’ 2467  0.872 -24.43 2.18 4.769 K’ 2.180 0.659 -25.02
AD 2.345 0.740 22131 3.169 0.911 -28.50 0.919 0.393 8.30 2.338  0.953 -26.03
2 GU 3.35 1.034 2,238.72 3.239 0.853 -28.91 1.236 0.406 17.22  3.044 0.979 -30.53
. S HYP 2.151 0.550 14158 3.910 0.982 -32.80 1.180 0.406 15.13 2906 0.972 -29.65
w < XN 1.114 0.570  13.00 1.954 0.955 -21.45 0.493 0.450 3.11 1.095 0.869 -18.10
- AD -6.980 6.611 -6.980 0.990 30.38 -5.329 5.988 -5.329  0.975 22.86
= GU -10.10 9.855 -10.10 0.997 48.48 -6.434 6.674 -6.434  0.994 29.90
g HYP -11.58 11.54 -11.58 0.999 57.06 -6.137 6.419 -6.137  0.991 28.01
L XN -4.438 7.053 -4.438 0.915 15.63 -4.427 4.938 -4.427 0975 17.11
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Appendix XV: Adsorption isotherm parameters obtained from the corrosion data for mild steel in 0.1 M H,SO, containing various
concentrations of hypoxanthine (HYP).

Isotherm  Inhibitor 303 K 333K
Intercept Slope Log R®  AGus(kJmol™) Intercept Slope Log R? AG,g5(kImol™)
Kads Kads
Langmuir 1.194 -10.12 0.000 1.348 0 0.997 -11.12
Freundli- 0.045 -10.13 0.040 0.098 0.040 0.932 -11.38
ch
Temkin 0.081 - -80.37 0.918 0.153 - 6.000 0.994 -49.38
14.216 7.526
Flory- HYP 5.895 5.393 5.895 0.963 -44.32 4.135 5.724 4135 0.987 -37.48
Huggins
El-Awady HYP 1.080 0.215 12.02 5.023 0.969 0.740 0.271 550 2.732 0.993
Frumkin HYP -13.29 14.60 -13.29  0.987 66.98 -6.853 8.251 -6.853  0.997 32.57
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Appendix XVI: Frequencies, intensities and functional groups associated with
adsorption of IR by adenine (AD) powder.

Frequency (cm™) Intensity Assignments

722.37 29.6969 C-H “oop” aromatic
894.04 24.2767 C-H “oop” aromatic
1031.95 30.7365 C-N stretch

1146.72 24.72 C-H wag

1276.92 22.1414 C-N stretch aromatics
1425.44 22.2724 C-C stretch aromatics
1600.97 22.0731 N-H bend

1899.95 46.2814 C=0 stretch

2576.98 22.1412 O-H stretch

2677.29 22.1993 O-H stretch

2804.59 21.1172 O-H stretch

2893.32 22.139 O-H stretch

3076.56 22.4901 C-H stretch

3262.70 24.2595 O-H stretch

3358.18 25.2162 O-H stretch

3598.33 42.2905 O-H stretch
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Appendix XVII: Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of mild steel in the
presence of adenine (AD) as an inhibitor.

Frequency (cm™) Intensity  Assignments

717.54 33.62 C-H “oop” aromatics
1369.50 45.49 N-O symmetric stretch
1482.34 42.66 C-C stretch (in-ring)
1634.73 35.36 N-H bend

2790.12 24.79 O-H stretch

2939.61 23.94 C-H stretch aromatics
3068.85 24.38 C-H stretch aromatics
3211.59 25.62 N-H stretch

3339.86 26.34 N-H stretch

3448.84 28.13 O-H stretch

3533.71 29.70 O-H stretch

3798.93 39.01 O-H stretch
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Appendix XVIII:  Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of aluminium in
the presence of adenine (AD) as an inhibitor.

Frequency (cm™) Intensity Assignments
650.03 37.61 C-Br stretch

828.45 33.28 C-H “oop” aromatics
1022.31 31.96 C-N stretch

1177.58 31.04 C-H wag

1323.21 30.27 C-N stretch aromatics
1419.66 30.89 C-C stretch(in-ring) aromatics
1604.83 29.70 N-H bend

1795.79 31.48 C=0 stretch

1998.32 32.32 C=0 stretch

2095.73 30.79 C-N stretch

2271.26 30.25 C-N stretch

2428.46 28.20 O-H stretch

2522.01 29.18 O-H stretch

2639.67 29.40 O-H stretch

2740.94 28.64 O-H stretch

2859.56 28.78 O-H stretch

3002.30 28.83 C-H stretch

3196.15 30.36 O-H stretch

3380.36 33.70 O-H stretch

3497.06 33.81 O-H stretch

3608.93 34.14 O-H stretch

3788.32 36.93 O-H stretch

3957.10 34.79 O-H stretch
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Appendix X1X: Frequencies, intensities and functional groups associated with
adsorption of IR by guanine (GU).

Frequency (cm™) Intensity  Assignments

645.21 40.47 C-Br stretch
857.39 30.83 C-H “oop” aromatics
1220.02 25.72 C-O stretch
1367.58 24.56 C-N stretch
1599.04 25.24 C=0 stretch
1730.21 24.63 C=0 stretch
2445.82 24.59 C-H stretch
2579.88 23.27 O-H stretch
2665.71 24.03 O-H stretch
2834.49 24.26 O-H stretch
3034.13 26.12 C-H stretch aromatics
3153.72 25.96 C-H stretch aromatics
3357.22 29.59 O-H stretch
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Appendix XX: Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of mild steel in the
presence of guanine (GU) as an inhibitor.

Frequency (cm™) Intensity  Assignments

733.94 29.58 C-H “oop” aromatics
1016.52 36.58 C-O stretch
1153.47 44.20 C-O stretch
1372.40 36.41 C-N stretch
1473.66 34.92 C-C stretch (in-ring)
1629.90 28.94 N-H bend
1684.88 28.76 C=0 stretch
1995.43 29.20 C=0 stretch
2237.50 28.99 C-N stretch
2399.53 26.35 C-N stretch
2673.43 22.85 O-H stretch
2812.31 25.03 C-H stretch
2879.82 24.41 C-H stretch
2998.44 24.79 C-H stretch
3086.21 24.27 C-H stretch
3269.45 25.29 O-H stretch
3396.76 26.81 O-H stretch
3494.17 26.83 O-H stretch
3664.87 31.13 O-H stretch
3797.96 31.35 O-H stretch
3957.10 30.22 O-H stretch
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Appendix XXI: Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of aluminium in
the presence of guanine (GU) as an inhibitor.

Frequency (cm™) Intensity  Assignments

890.18 32.38 C-H “oop” aromatics
1021.34 28.22 C-O stretch
1313.57 26.68 C-N stretch
1407.12 28.21 C-C sretch (in-ring)
1605.79 25.88 C=0 stretch
1809.29 27.11 C=0 stretch
1931.77 26.73 C=0 stretch
2093.80 26.14 C-C stretch
2257.75 26.26 C-N stretch
2442.93 26.66 C-H stretch
2650.28 27.04 C-H stretch
2747.69 28.38 C-H stretch
2851.85 28.03 C-H stretch
2948.29 28.49 C-H stretch
3080.42 28.14 C-H stretch
3357.70 31.72 O-H stretch
3452.70 31.78 O-H stretch
3627.26 33.33 O-H stretch
3796.04 36.04 O-H stretch
3932.02 32.75 O-H stretch
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Appendix XXII: Frequencies, intensities and functional groups associated with
adsorption of IR by hypoxanthine (HYP) powder

Frequency (cm™) Intensity  Assignments

538.16 60.53 C-Br stretch

636.53 63.22 C-Br stretch

886.32 34.38 C-H “oop” aromatics
1132.25 39.95 C-O stretch

1194.94 47.03 C-O stretch

1362.75 41.58 N-O symmetric stretch
1449.55 41.35 C-C stretch aromatics
1606.76 27.63 C-C stretch aromatics
1672.34 25.88 C=C stretch

1844.97 44.43 C=0 stretch

2475.72 23.65 O-H stretch

2580.84 23.13 O-H stretch

2648.35 23.49 O-H stretch

2796.88 23.95 O-H stretch

2902.96 24.03 O-H stretch

3049.56 25.66 C-H stretch aromatics
3459.45 62.67 O-H stretch
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Appendix XXIII:  Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of mild steel in the
presence of hypoxanthine (HYP) as an inhibitor.

Frequency (cm™) Intensity  Assignments

700.18 32.85 C-H “oop”
1010.73 63.89 C-O stretch
1373.36 55.57 N-O stretch
1487.17 51.90 C-C stretch aromatics
1654.01 39.12 C=C stretch
3056.31 24.49 C-H stretch
3202.91 24.38 O-H stretch
3290.67 25.27 O-H stretch
3382.29 23.91 N-H stretch
3512.49 25.68 O-H stretch
3825.93 45.59 O-H stretch
3971.56 4411 O-H stretch
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Appendix XXIV:  Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of aluminium in
the presence of hypoxanthine (HYP) as an inhibitor

Frequency (cm™) Intensity Assignments

822.67 35.34 C-H “oop” aromatics
962.51 30.61 C-H bend
1164.08 31.58 C-O stretch
1312.60 29.85 C-O stretch
1428.34 30.52 C-C stretch
1600.01 30.40 C-C stretch
1755.28 30.07 C=0 stretch
1898.98 28.38 C=0 stretch
2030.15 28.04 C-C stretch
2140.09 29.02 C-C stretch
2263.54 28.73 C-N stretch
2417.85 29.18 O-H stretch
2508.51 28.48 O-H stretch
2605.92 28.63 O-H stretch
2753.48 29.81 O-H stretch
2858.6 30.82 O-H stretch
2949.26 31.51 O-H stretch
3068.85 31.25 C-H stretch
3139.25 31.17 C-H stretch
3256.91 32.93 N-H stretch
3403.51 33.51 N-H stretch
3489.34 33.47 N-H stretch
3688.98 38.21 O-H stretch
3791.21 36.01 O-H stretch
3918.52 38.27 O-H stretch
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Appendix XXV: Frequencies, intensities and functional groups associated with
adsorption of IR by xanthine (XN) powder

Frequency (cm™) Intensity Assignments

499.58 49.52 C-Br stretch

755.16 35.70 C-H “oop” aromatics
872.82 35.12 C-H “oop” aromatics
1149.61 30.35 C-N stretch

1351.18 30.54 C-N stretch

1415.8 30.00 C-C stretch aromatics
1600.97 28.96 C-C stretch aromatics
1776.50 28.81 C=0 carbonyls
2521.05 28.36 O-H stretch

2681.14 28.44 O-H stretch

2867.28 28.83 O-H stretch

3030.27 30.42 C-H stretch aromatics
3139.25 31.37 C-H stretch aromatics
3216.41 31.03 O-H stretch
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Appendix XXVI:  Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of mild steel in the
presence of xanthine (XN) as an inhibitor

Frequency (cm™) Intensity  Assignments

646.17 41.29 C-Br stretch
745.51 37.34 C-H “oop” aromatics
838.10 40.51 C-H “oop” aromatics
1011.70 48.92 C-N stretch
1155.40 57.79 C-N stretch
1475.59 45.79 C-C stretch aromatics
1634.73 34.17 C-C stretch aromatics
2026.29 42.12 C-N stretch aromatics
2210.50 40.56 C-N stretch
2591.45 32.39 O-H stretch
2701.40 29.59 O-H stretch
2787.23 28.57 O-H stretch
2906.82 28.84 C-H stretch aromatics
3092.96 29.65 C-H stretch aromatics
3282.95 32.17 O-H stretch
3379.40 32.86 N-H stretch
3504.77 33.25 O-H stretch
3708.27 41.96 O-H stretch
3812.43 43.42 O-H stretch
3942.63 40.01 O-H stretch
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Appendix XXVII:  Frequencies, intensities and functional groups associated with
adsorption of IR by the corrosion product of aluminium in
the presence of xanthine (XN) as an inhibitor

Frequency (cm™) Intensity  Assignments

800.49 31.799 C-H “oop” aromatics
1052.20 26.59 C-N stretch
1171.79 27.72 C-N stretch
1299.10 25.49 C-N stretch aromatics
1398.44 26.29 C-C stretch
1598.08 25.44 C-C stretch
1973.24 24.62 C-N stretch
2152.63 24.65 C-C stretch
2226.89 24.67 C-N stretch
2419.78 25.30 O-H stretch
2600.13 24.25 O-H stretch
2757.33 25.65 O-H stretch
2865.35 26.02 O-H stretch
3093.92 26.86 C-H stretch
3265.59 28.86 O-H stretch
3362.04 28.96 N-H stretch
3466.20 29.86 O-H stretch
3687.05 33.56 O-H stretch
3784.46 33.01 O-H stretch
3942.63 31.67 O-H stretch
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