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ABSTRACT

Corrosion is described as the degradation of materials over a period of time. Corrosion
occurs in all materials, including metals, polymers, and wood, as a result of their
reaction with the surroundings. Corrosion involves two processes, one when metal gets
converted in to its ionic form because of chemical reaction and second is movement of
ejected electrons towards another sites and this metal corrosion is caused by the loss of
these valence electrons of metal. Corrosion is affecting our life in many ways, like
threat to human safety, loss of energy, loss of time and economic loss is also there. It is
a significant problem that cannot be entirely eradicated. It is more practicable to use a
preventative strategy rather than attempting to eradicate, which is nearly impossible.
Corrosion can be reduced by number of ways, but the use of corrosion inhibitors is
becoming increasingly prevalent as a strategy that is safe, appropriate and monetarily
acceptable. The current study comprises the application of drug molecules as corrosion
inhibitors for mild steel in an acidic medium. The compounds studied are Baclofen,
Betahistine dihydrochloride, Isoxsuprine hydrochloride, Panthenol, Naphazoline,
Dicyclomine hydrochloride.

The aims and objectives of the present investigations are:

e Selection of nitrogen containing drug molecules as corrosion inhibitors.

e To determine inhibition efficiency of the selected molecules for corrosion
inhibition.

e To study various adsorption isotherms to identify the mechanism of corrosion.

e To calculate thermodynamic parameters like Enthalpy, Entropy, Gibbs Free
Energy and Activation Energy.

e To validate the above observed parameters by using quantum chemical
calculations.

The following methods were used to investigate the inhibitors' efficacy:

e Weight Loss Measurements.
e Study of Thermodynamics and Kinetics Parameters.

e Electrochemical Impedance Spectroscopy.



e Potentiodynamic Polarization Studies.

e Scanning Electron Microscopy.

e Atomic Force Microscopy.

e Computational Studies (Quantum Chemical Analysis and Molecular Dynamics
Simulations).

The following are the chapters that make up this thesis.
Chapter 1: Introduction

This chapter contains fundamental information on corrosion. It discusses the concept
of corrosion, including its types and consequences, as well as measurement and control
approaches, as well as the need of ongoing research into corrosion control and
prevention. Finally, this chapter provides an overview of the extent of the research
being conducted.

Chapter 2: Review of Literature

Throughout this chapter, a comprehensive overview of the inhibitory activity of
pharmaceuticals on the corrosion of metal in acidic media has been provided. The
structure and properties of inhibitors are summarized in this chapter. It describes the
electrochemistry of mild steel corrosion in an acidic media and provides the theoretical

underpinnings of the current investigation.
Chapter 3: Experimental Section

This section contains a description of the experimental protocols that were used in the
current investigation. It describes the experimental setups, apparatus, and chemicals
that were used for all of the techniques, which include weight loss studies,
electrochemical impedance spectroscopy, potentiodynamic polarization, scanning
electron microscopy, atomic force microscopy, and theoretical studies, which include

guantum chemical and molecular dynamics simulations.
Chapter 4: Results and Discussion

In accordance with the findings of preliminary investigations and literature review,

inhibitors were chosen for extensive corrosion inhibition study for mild steel in acidic
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medium. Weight loss study is a very basic and precise way to investigate the corrosion
inhibition efficiency of the drugs. In this technique the metal samples were exposed to
particular environment (acid with and without the presence of different drug molecules)
and are weighed before and after the exposure. The tests were carried out at various
inhibitor doses and at a temperature of 298 K. Inhibition efficiency, surface coverage,
corrosion rate were then calculated with further measurements of kinetic and
thermodynamic data, which validated the adsorption of drug molecules along with the
probable ways of adsorption adopted by different drugs as inhibitor.

An electrochemical workstation was used to carry out electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization studies (PDP). The Nyquist, bode
plot from EIS and Tafel plots from PDP were obtained along with various parameters
like charge transfer resistance (Rct), double layer capacitance (Ca), corrosion current
density (jcorr) corrosion potential (Ecorr) were calculated. These calculated parameters
(Ret and jeorr) Were then utilized to find out the value of inhibition efficiency, and further

confirms the corrosion mitigation by drug molecules.

Theoretical study including quantum calculations and molecular dynamics simulations
studies was also performed by employing the material studio version 7.0 software.
Various quantum chemical parameters were calculated in order to validate the

experimental results.

Scanning electron microscopy and atomic force microscopy are the two surface
morphological techniques employed in the current study to know more about the
inhibition process. Scanning electron microscopy gives two dimensional images of
sample and atomic force microscopy provides three dimensional topographs along with
roughness data. Both the techniques provide the information about the corroded surface
in pure acid solution and reduction of corrosion when drugs are used as inhibitors,

which confirmed the formation of protective layer on the metal.

Chapter 5: Conclusions
In this chapter the findings mentioned in the previous chapters are described and the

results discussed in the previous chapters are summarized.
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CHAPTER 1

INTRODUCTION



1 Introduction
Corrosion means destruction of substance by chemical reaction with its environment.
Few years back corrosion was related to only metals and alloys but now the term
corrosion is wrapping up all natural as well as synthetic materials. For example, decay
of plastic, wood etc. is also corrosion but generally it refers to metals (Nasab et al.,
2019). It is impossible to avoid the corrosive effects of the surrounding environment on
any kind of material. When a material's corrosion rate is low and it lasts for several
years before collapsing due to corrosion, such material is most valuable (Tait, 2018).
When the metal comes in contact with its surroundings, the main cause by which metal
decays is always corrosion. In general, metals degrade when they react with moisture,
acids, bases, salt, chemicals like ammonia and hydrogen sulphide (Raja et al., 2016).
So, while discussing about corrosion one cannot ignore environmental conditions.
Metals just as gold and platinum are not affected but metals like iron, copper etc.
deteriorates. Metals on exposure to surroundings changes to their oxides, carbonates
and sulphides etc. Different definitions of corrosion are given some of them are
following:
e The surface wastage and damage caused by metals being exposed to a reactive
environment is corrosion.
e Corrosion is a type of degradation that occurs as a result of a material's exposure
and reaction to its environment.
e Corrosion is an electrochemical reaction between the metal and the surrounding
environment. (Ahmad, 2006; Kadhim et al., 2021)
Metals ae generally get deteriorated due to corrosion and to understand the basic cause
of corrosion, we need to understand how metals exists in our surroundings. Commonly
two forms are there in which metals are present, one is native and another is combined
form. Few metals in free state are most stable and least prone to corrosion but maximum
of metals found in combined state are very much susceptible to corrosion, they react
with the surrounding environment and form compounds of oxides, sulphides etc. and
every element has the tendency to attain the state of minimum energy and maximum

stability and these compounds of metals (called as ores) are more stable as compare to



free metals. Therefore, metals form various compounds as shown in Figure 1.1 to attain

the stability and this process is called as corrosion.

Oxidation
Metal in Native Metal in Ore
Form Form
| ]
High Energy Low Energy
Less Stable Reduction Highly Stable

Figure 1.1 Cause of corrosion

Corrosion is broadly categorised in to dry and wet corrosion. The term "dry corrosion”
refers to the type of corrosion that happens in the absence of water and only gases or
air is present. This type of corrosion takes place at high temperature. Oxidation of silver
is example of dry corrosion. Wet corrosion on the other hand is the deterioration of
metal in the presence of water. In this type oxidation of metal and reduction of other
species in solution takes place at different places. Corrosion of steel in water is the most
seen example of wet corrosion (Zarras & Stenger Smith, 2015). Out of these types one
which is most common is wet corrosion.

1.1 Forms of corrosion

On the basis of physical appearance of metal because of corrosion in wet environment
it is further divided in to eight types. Knowing about these forms, cause and prevention
can be easily understood. Following are the main types of corrosion: (Landolt, 2007)
1.1a Uniform corrosion

In this corrosion material is lost uniformly over the whole Surface (as shown in
Figurel.2). This type of corrosion is visible with the naked eyes. The reaction starts

over the whole surface with same rate. Tarnishing of silver is its example.



Figure 1.2 Uniform corrosion

1.1b Galvanic corrosion

In an electrolyte, two metals combine to form an electrochemical cell (Figure 1.3),
which causes this phenomenon. Therefore, bimetallic corrosion is another term used to
describe this form of corrosion. When two metals or alloys are joined together in the
presence of electrolyte, due to the difference in electrode potential, ions start moving

from less noble metal. Galvanized iron is its example.

Cathodic Anodic Metal

Figure 1.3 Galvanic corrosion

1.1c Crevice corrosion

This type of corrosion occurs in very small areas where access of attacking reagent is
very less. It occurs in the gap of micrometres. The crevice corrosion is caused by active
galvanic cells that build on metal surface. It occurs under the protective film or covered
area on any metal but in crevices. Main cause of this type of corrosion is variation in

concentration. For example, covered area of any metal will have lesser supply of



oxygen as compared to uncovered area, therefore concentration cell will set up and

resulted in the deterioration of unexposed area (illustrated in Figure 1.4).

High concentration
of Oxygen

Low concentration
of oxygen

Figure 1.4 Crevice corrosion
1.1d Pitting corrosion
It is referred to as localised corrosion because it occurs only at a single location on the
metal, with the rest of the metal remaining undamaged (Figure 1.5). It is noticed on
metals when certain anions are present. Cavities in the tens of micrometres range are
created using this method. It is an autocatalytic process. Corrosion under the applied

protective layer on metal but on the plane, surface is an example of pitting corrosion.

Figure 1.5 Pitting corrosion

1.1e Intergranular corrosion

Microscopically the metals are having granular boundaries and when deterioration
occurs at these grain boundaries and bulk remains unaffected, it is called granular
corrosion (given in Figure 1.6). It affects mechanical strength of metal. It occurs when

there is local difference in composition because of high temperature. Weld decay of



stain less steel is its example or in steel sometimes chromium and carbon react and form

chromium carbide at the grain boundaries.

Figure 1.6 Intergranular corrosion

1.1f Erosion corrosion

There is increase in rate of deterioration on a metal surface because flowing liquid and
the metal surface are associated and it is the combination of an electrochemical reaction
and mechanical wear that led to the destruction of material (as given in Figure 1.7).

Water pipes are the best example of erosion corrosion.

Figure 1.7 Erosion corrosion

1.1g Stress corrosion
In stress corrosion (Figure 1.8) cracks appeared as a result of the two factors. One is

caused by corrosion, whereas the other is caused by mechanical force or stress. Its

example is dezincification of brass.

Figure 1.8 Stress corrosion



1.2 Corrosion chemistry
It is generally agreed that corrosion of metals in water comprises two processes: a
chemical reaction that transforms metal atoms into metal ions and the shift of metallic
valence electrons to some other molecule in its surrounding electrochemically so metal
corrosion in wet environment is called as electrochemical corrosion (Kutz, 2018).
In case of corrosion metal lose its electron or gets oxidised. After oxidation metal ion
leave metal surface. This oxidation of metal is called anodic half-cell and when
reduction of electrolyte or electrochemically active substance takes place, it is called
cathodic half reaction. Anodic and cathodic processes are required for the onset and
continuation of metallic corrosion. Mechanism of electrochemical corrosion can be
better understood with the help of iron as corroding metal.
Anodic electrochemical equation (oxidation)
Fe — Fe?t + 2e~ (1.1)

Cathodic half reaction (reduction)
Cathodic reactions depend upon pH of solution.
In acidic and deaerated solution

2H* +2e~ > H, (1.2)
In neutral solution

0, 4+ 2H,0 + 4e~ — 40H" (1.3)
In neutral solution

2H,0 + 2e~ - H, + OH™ (1.4)
Metal ion formed at anode combines with hydroxyl ion and form iron hydroxide, which
further oxidised to hydrated ferric oxide.

2Fe?* + 40H~ - 2Fe(0OH), (1.5)

2Fe(0H); + 50, + (x — 2)H,0 — Fe,03.xH,0 (1.6)

Clearly, removing one of the half cells will prevent corrosion from developing (Glass
et al.,1991).



1.3 Factors influencing corrosion

Corrosion is influenced by the nature of the metal or alloy as well as the surrounding
environment, and this is accomplished by chemical or electrochemical changes. Some
of the environmental variables which can influence corrosion rate are: (Stansbury &
Buchanan, 2000)

e Nature of the metal: The type of metal affects the corrosion rate. Metals having
low reduction potential have high reactivity and are more susceptible to
corrosion.

e pH: Lower the pH of the corrosion medium, higher is the corrosion rate. If the
pH< 3, corrosion can occur in absence of air due to evolution of hydrogen at
cathode region.

e Temperature: Generally, with increase in temperature, the rate of chemical
reaction increases which result in an increased corrosion.

e Impurities: Impurities in atmosphere set voltaic cell and thus corrosion rate
increase due to conducting species in atmosphere.

e Humidity: Generally, at low humidity, the speed of corrosion is low. With the

increase in humidity rate of corrosion also increases.

1.4 Chemistry involved in corrosion reactions
1.4a Thermodynamics of corrosion

We can find out whether corrosion is going to take place or not with the help of free
energy considerations. Free energy with negative value means a sudden reaction,
whereas a positive value of free energy means that the reaction is not going to proceed.

That means AG < 0, reaction is spontaneous (Elayaperumal & Raja, 2015).

The free energy change for corrosion reaction can be calculated if we know the value
of cell potential.

AG = —nEF .7

Where n - number of moles of electrons in an electrochemical reaction,

F - Faraday’s constant



E - Cell potential (V).
1.4b Kinetics of corrosion

Kinetics of corrosion generally relates with the rate with which corrosion takes place
and can be measured by different methods. Different parameters are calculated from
different methods, which ultimately used to find out the corrosion rate. For example,
most common used methods are weight loss, electrochemical method etc. Corrosion
rate can be evaluated with the help of weight change during the corrosion process in
case of weight loss study and corrosion current densities are used to find out the rate of

corrosion in electrochemical analysis (Olasunkanmi, 2021).

1.5 Importance of corrosion mitigation
Corrosion is needed to control in consideration of safety and economy. It has effect on
small screw to large machineries in day-to-day life. Estimates place the cost of
corrosion at approximately 4% of the nation's gross national product (Latanision,1987).
e To avoid personal injury because of any type of machinery failure.
e Replacing of corroded part of machine cause financial loss.
e Even only repair can be a costly affair.
e To limit the risk of life-threatening incidents, such as the release of poisonous
or explosive gases from pressure vessels or piping systems.
e Corrosion also brings about mechanical loss like breaking of large machinery
etc.

e Wastage of time, loss of production and profit.

Corrosion mitigation can be achieved by preventive measures rather than opting
maintenance. Deep and serious study should be done to check corrosion prevention

measures. Timely and routine inspection should be there.

1.6 Impact and cost of corrosion damage

Corrosion is inevitable and we can only plan to deal with it. Corrosion control

techniques are very necessary on one hand but on the other hand they consume a lot of



money (in the form of payments, expenditure on machinery), Labour, energy loss etc.
Every nation has to spend a lot on maintenance, different measures, and inventions. A
study was published in 1978 in U.S.by National Bureau of standards (National Institute
of Standard and Technology) and Battelle Columbus laboratories in which total cost of
$ 82billion, which was 4.95% of GNP. After twenty years report was updated corrosion
cost on the basis of documented data a total loss due to corrosion was $276 billion in
the U.S. which was about 3.1 % of GNP (Roberge & Eng, 2005). The total cost
including undocumented data was about $552 billion which was 6 % of the GNP. In
United Kingdom in 1969 a 25-member committee was framed to study corrosion cost
and it came out to be $ 3.2 billion, which was 3.5% of GNP. In Germany it was
documented in 1968-1969 and cost was six billion American dollars which was 3% of
GNP. Sweden mentioned it in1964, Finland in 1965, Soviet Union in 1969. Similarly,
Australia, Japan and India in 1973, 1977,1960-1961 documented the corrosion cost.
Loss of different countries is mentioned in table 1 and it is clear that different countries
are spending a huge amount on corrosion (Kruger, 2011). In 2013 various organizations
dealing with corrosion like NACE International, CORCON and GAIL India and
Outokumpu Institute gave a study “Impact India-Cost of Corrosion Study of India”. In
this study global cost of corrosion 2.5 trillion was give which was 3.4% of world GDP
and in India it was 4.25% of total GDP.

Table 1.1 Annual expenditure of different countries in different years on corrosion.

Countries Total Corrosion Cost in US GNP (%)
Dollars (Annually)
India $320 million 1.54%
USA 276 billion 2.1%
UK 3.2 billion 3.5%
Germany 6.0 billion 3%
USSR 6.7 billion 4.2%
Australia 550 million 1.5%
Japan 9.2 billion 1.8%
Finland 47-62 million -
Sweden 58-77 million -
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1.7 Methods of corrosion inhibition

Environmental modification, design enhancement, potential change, coating and
plating are five basic approaches for protecting metals and alloys from corrosion. Figure
1.9 illustrates a variety of corrosion-prevention methods (Rajeswari et al., 2017). First
and foremost is the design selection, because metals may have different standard
electrode potential, therefore the contact of metal should be avoided in order to prevent
the corrosion of more active metal. Weld should be replaced with bolts, proper flow of
air should be there, accumulation of dust should be avoided and extra stress should not
be there on machinery. Potential change comprises of cathodic and anodic protection.
Cathodic protection further classified as sacrificial anode and impressed current. A
wide variety of surface coatings can be used to protect a metal surface from corrosion.
Coating and plating can be done by various ways like inorganic, organic coatings. Hot
dipping, electroplating etc. can also be used. The eradication of corrosion causing
reagents such as the removal of dissolved oxygen accomplished by the addition
of hydrazine, neutralization is the process of removing acidity. And use of desiccants,
such as silica gel, are used to reduce humidity etc. are few examples that comes under
environment modification. Addition of corrosion reducing agents may also be preferred
in order to retard the corrosion. In the present study, corrosion inhibitors have been
selected to investigate their corrosion retardation tendency (Walsh,1993).
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Figure 1.9 Methods of corrosion protection

1.8 Disadvantages of different corrosion inhibition methods

Common methods employed for corrosion inhibition are very advantageous but having
few drawbacks. Few examples are like while doing the design improvement or alloying,
material can have difference in their potential resulting in deterioration of machinery.
Use of paints to protect the metal can cause pollution and chemicals added are harmful
even to humans. Cathodic protection is costly and needs regular maintenance.
Impressed current cathodic protection is not cost effective. In anodic protection
sometimes anodic current becomes uncontrollable. Acid pickling may cause the surface
roughness and cracking due to acid used. Corrosion inhibitors are the most opted and

successful to inhibit corrosion because of their high inhibition efficiencies.

1.9 Corrosion inhibitors

Corrosion inhibitors are chemicals that, when employed in modest concentrations and
in a corrosive condition, can avert or mitigate corrosion. There are many ways through
which an inhibitor protects the metal. The inhibitor is adsorbed on to the surface of the
metal, resulting in the formation of a compound by forming the chemical bonds and a

protective thin coating that has an inhibitory effect is formed. The inhibitor may also
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cause the growth of a film on the base metal which resulted in the oxide protection
or the inhibitor reacts with potential corrosive reagents present in aqueous media,
resulting in the formation of complex. If molecule which is behaving as inhibitor gets
adsorbed, its adsorption depends upon the nature of the metal, the adsorption mode, the
chemical structure of the inhibitor molecules, and the kind of electrolyte solution. Steel
corrosion in acidic media can be prevented by using an inhibitor, which is one of
the growing techniques of doing so currently available. (Dariva & Galio, 2014; Negm,
2012; Popova, 2007; Qiu et al.,2008; Lukovits et al., 2001). When it comes to inhibitors,
they can be either organic or inorganic, and they are frequently dissolved in aqueous
conditions (Palanisamy, 2019). Organic substances with double bond and heteroatoms
as well as inorganic compounds such as chromate, dichromate etc. are the most potent
and efficacious inhibitors (Gece, 2008; Gece, 2011; Lece et al.,2008; Obot ,2009a;
Samiento-Bustos,2008). However, due to the numerous harmful consequences that
these conventional compounds have had on the environment, the use of these
compounds has recently been called into question. As a result, the discovery of novel
corrosion inhibitors of natural origin and of the non-toxic type has been deemed to be
more vital and desirable and these characteristics of pharmacological molecules make
them desirable as corrosion-reducing agents in the future (Broussard et al., 1997,
Gece,2011; Newman & Cragg, 2007; Raja & Sethuraman,2008; Struck et al., 2008).
When selecting an inhibitor, however, there are a number of things to take into
consideration (Faltermeier, 1999).

e The inhibitor's price should not be too exorbitant.

e It is important to keep toxicity levels in mind while selecting a product as the

inhibitor's toxicity can have a negative impact on humans and animals.

e Selecting an inhibitor is influenced by how easily it may be procured.

e The inhibitor must be safe for the environment.

e The solubility of the inhibitor is a necessary aspect in its effectiveness. The

solvent in which the inhibitor is dissolved should be affordable, non-toxic, and

not detrimental to the environment.
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2 Literature survey

Throughout this chapter, a brief literature overview is presented, in which the
theoretical approach about corrosion inhibitors, behaviour of mild steel (MS) in
different environments, selected techniques for the present study are explored. The
previous corrosion-related researches have been studied and the results are documented
with special reference to the corrosion of MS and the inhibitors used to mitigate

corrosion in acidic medium.

2.1. A succinct overview of inhibitors

2.1.1 Corrosion inhibitors

Considering the detrimental effects of corrosion on quality of human life it becomes of
crucial necessity to minimize the corrosion process. Corrosion can't be totally
eliminated, but it can be slowed down and halted from continuing. By knowing about
corrosion and taking appropriate steps to reduce it, are the only two ways to somehow
reduce the loss caused by corrosion. Use of the corrosion inhibitors is an efficient
method of keeping corrosion under control. Over the year, a large number of corrosion
inhibitors have been explored and developed. A corrosion inhibitor is a chemical that
is introduced in to the corrosive medium in order to slow down the rate of corrosion.
On the basis of mechanism inhibitors are broadly divided in to cathodic, anodic and

mixed type of inhibitors as mentioned in Figure 2.1.
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Figure 2.1 Classification of corrosion inhibitors.

Further the inhibitors can also be classified on the basis of environment and their mode
of saving the metals. On the basis of way of protection, they are classified as chemical
passivators, Vapour phase inhibitors, precipitators, synergistic, adsorption film forming
and inhibitors safe to environment and acidic, alkaline and neutral inhibiting molecules

classification base on environment is also there (Obot et al., 2009b).
2.2 Effect of acids on steel

Variety of steel depends upon percentage of carbon present in the composition, and
various mechanical properties of steel like strength, ductility etc. depends upon the
carbon percentage. Depending upon the mechanical properties steel is used in a variety
of residential and commercial constructions, such as bridges, automobiles trains, ships
and storage tanks etc. Along with this usage of steel is also very important in oil and
gas industry (Dwivedi et al., 2017). There are numerous industrial procedures where
acid is employed, including descaling, oil-well acidizing, and acid pickling (Chauhan
& Gunasekaran, 2007; Prabhu et al., 2008; Shiva kumar & Mohana, 2012; Quraishi et
al., 2010). In the literature various examples were there explaining the effect of acids and
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other reagents on the steel samples. Presently the effect of carbonic acid and acetic acid on
MS extracted from the literature has been briefly discussed. Water molecules and carbon
dioxide reacted and form carbonic acid. At cathodic half- cell of corrosion cell on metallic
surface two reactions occurred (George & Nesic, 2007).

H,CO; + e~ = H + HCO; (2.1)

H*+e = H (2.2)
At anode

Fe = Fe?t + 2e” (2.3)

Similarly for the corrosion that takes place in the acetic acid as corrosive medium, at the
anodic half-cell metal loose its electrons and changes into its ionic form and at cathode
acetic acid reduced and both the reactions are mentioned below: (Tran et al.,2014)

Cathodic reaction
HAc,4s + €~ = Hygs + Ac™ (2.4)
Anodic reaction

Fe = Fe?* + 2e~ (2.5)

Use of corrosion inhibitors is an effective way among other several corrosion
protections measures. Any substance when added in small quantity and it inhibited the
corrosion, is termed as corrosion inhibitor. A number of chemicals like inorganic
complexes, organic molecules, natural products and rare earth elements were proved as
excellent corrosion inhibitors (Raja et al., 2016). Notably, since the nineteenth century,
corrosion inhibitors have been employed. Even in 1948 article about the inhibitors was
published in which different inhibitors, types of corrosion and different theories were
explained (Hackerman, 1948). Intensive work has already been done on surfactants,
polymers, inorganic compounds and organic compound as inhibitors (Arthur et al.,
2013; Singh et al., 2012; Sayin & Karakas, 2013; Zhu et al., 2017). Various agencies

from different parts of world restricted the application of toxic chemicals as corrosion
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mitigating agents and therefore environmentally friendly green compounds are
increasingly being favoured as inhibitors these days (EI-Enin & Amin,2015; Zaferani
et al.,2013). Corrosion mitigation involves the adsorption of the molecule (with
inhibiting capability) on the metallic surface (Nmai, 2004; Popova et al., 2007; Tebbji
et al., 2005). As a result, understanding of the adsorption phenomena is critical to
comprehending the process of corrosion inhibition (Chetouani et al.,2006). It was also
proved in the previous studies that the presence of heteroatoms, unsaturated bonds and
length of an alkyl chain in inhibitors have an inhibitory impact on metal dissolution and
due to that protecting efficiency was also boosted (Ai.J.et al., 2006). Literature also
confirmed the higher efficiency of inhibitors with heteroatoms and heterocyclic rings

in retarding the corrosion (Popova et al., 2003).
2.3 Drugs as inhibitor for corrosion retardation

In light of other hazardous inhibitors' detrimental effects on environmental health,
scientists around the world began looking at other compounds as potential corrosion
inhibitors. The hetero atoms, ring structure, and double bonds included in organic
compounds along with their low cost, which make them particularly useful in corrosion
mitigation, but environmental hazards make them unsuitable for this use. Alternatively,
the usage of ecologically friendly and benign inhibitors is being preferred in the recent
past. Commercial corrosion inhibitors and drug molecules are shown to share
significant chemical similarities. Because of their structural similarity, eco-friendly
nature medicines can be employed as a non-toxic substitute for corrosion inhibitors.
The cost and accessibility of drugs make them the primary choice of researchers. Also
due to the cheap raw ingredients, the presence of heteroatoms, the aromatic ring and
long chain, high water solubility and the easy manufacturability and purification of
pharmaceuticals, the use of drugs as corrosion inhibitors can be made more viable
(Gece, 2011; Shamnamol et al., 2020).

2.4 Review of literature

The use of medicines as inhibitors of metallic corrosion has received a great deal of
research interest in the last few decades and therefore a brief about the usage of drug

molecules as corrosion inhibitor in acidic solution has been discussed below.
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El- Haddad and Fouda (2021) investigated Curam drug for its inhibitive properties in
acidic medium by employing various methods like weight loss, electrochemical and
surface analysis and study also demonstrated that the outcomes of all the methods were
in agreement.

Hameed et al. (2021) studied Expired Megavit for steel in acidic solution and confirmed
effectiveness of inhibitor increases with the rise in drug concentrations, reaching 91.7%
at 300 ppm.

Geethamani et al. (2019) investigated efficacy of expired Ambroxol drug to retard the
metallic corrosion in hydrochloric acid. Techniques employed were weight loss,
electrochemical measurements and various surface morphological investigation
techniques. Result revealed that adsorption obeyed Langmuir’s and Temkin adsorption
isotherm. Polarization studies confirmed the suppression of both anodic and cathodic
reactions. The efficacy raised with the rise in concentration and exposure time.
Raghavendra (2019a) studied Amitriptyline for its corrosion reducing properties for MS
in acidic solution by employing potentiodynamic polarization, atomic absorption
spectroscopy techniques and scanning electron microscopy technique. Results depicted
rise in the corrosion inhibition efficiency with the rise in concentration of inhibitors.
Inhibitor supressed both cathodic and anodic reactions and adsorption followed
Langmuir adsorption isotherm.

El- Haddad et al. (2019) investigated Cephapirin for its corrosion reducing tendency for
steel samples in acidic solution. Various electrochemical methods and surface
morphological techniques were employed for investigation. Result revealed that
inhibition efficiency increased with the rise in concentration and showed a dip with the
increased temperature. Cephapirin supressed both cathodic as well as anodic reactions.
Adsorption was in accordance to Temkin adsorption isotherm.

Mohammadinejad et al. (2020) studied role of Metoprolol in retarding the steel
corrosion by employing various techniques and maximum inhibition was at 300 ppm
and inhibitor showed mixed type of inhibition.

Raghavendra (2019b) studied expired Lorazepam as inhibitor for MS in 0.5 M
hydrochloric acid and 3M hydrochloric acid. Methods employed were weight loss and
electrochemical. Result depicted drugs behaved as excellent corrosion inhibitor.

Inhibition efficiency showed a rise with increased concentration and decreased
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temperature. The adsorption was in accordance to Langmuir isotherm.
Potentiondynamic polarization experiments revealed that expired Lorazepam inhibited
corrosion by reducing both the electrode reactions.

Elabbasy and Gadow (2021) investigated Tenoxicam and confirmed its corrosion
mitigating capacity 81%, which further enhanced to 91.3% after the addition of KI.
Tempkin isotherm was obeyed and inhibition efficacy increased with the increased

amount of inhibitor.

Abeng et al. (2021) studied steel corrosion mitigation by employing Levofloxacin,
Moxifloxacin, Metolazone, and Nifedipine with the help of techniques like SEM, AFM
and electrochemical methods along with theoretical study and the results demonstrated

exceptional efficiency, and outcomes were agreed upon for all of the procedures.

Singh etal. (2019) studied modified Dapsone drug molecule for steel corrosion in acidic
solution by employing various experimental and theoretical studies and confirmed the
excellent inhibition efficiency, and even after modification done by the addition of

potassium iodide further enhanced the inhibition efficacy.

Maduelosi and Iroha (2021) investigated Spironolactone for steel sample in HCI and
mixed type of inhibition was proved with electrochemical study and the efficiency of
about 98% was confirmed with the help of weight loss technique. SEM and theoretical

study also proved the presence of drug on the metallic surface.

Hameed et al. (2020) explored the corrosion mitigation capacity of expired
Indomethacin by utilizing electrochemical, weight loss and SEM technologies and
proved the rise in efficiency with the increased concentration of drug and maximum

efficiency was 83% at 500 ppm.

Farahati et al. (2020) proved the D-penicillamine (PA) drug and Cysteine as excellent
inhibitors for retarding the MS corrosion, in acidic medium with the help of weight loss,
EIS, PDP and SEM techniques. Results revealed the retardation of both electrode

reactions and further theoretical study verified the experimental work.
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Qiang et al. (2021) investigated the behaviour of Losartan potassium for corrosion
mitigation of MS in acidic medium, by employing the experiments like electrochemical
and molecular dynamics along with density functional theory. Results revealed the hike
in inhibition efficiency with increased temperature. Surface study confirmed the
protection of metal, and presence of both physical and chemical adsorption was also

confirmed.

Fouda et al. (2021) performed research on Niclosamide and Dichlorphenamide drugs
for their capacity to inhibit the steel corrosion in acidic medium and proved the
efficiency of 99% and 98.8% respectively at 50 UM concentration and mixed inhibition

was also confirmed.

Bashir et al. (2019) investigated the corrosion mitigation capacity of Venlafaxine by
employing electrochemical, computational, surface morphological techniques. Drug
molecule proved to be excellent inhibitor with 86% of maximum corrosion mitigating
capacity at 4000 ppm and successfully reduced the corrosion rate of both anodic and

cathodic reactions.

Bashir et al. (2020) by utilising electrochemical, computational, and surface
morphological approaches, explored the corrosion abatement capacity of Acarbose. At
4000 ppm, a maximum inhibitory effectiveness of 96 % was observed. The application
of computational computations allowed for the acquisition of detailed theoretical
understanding.

Bashir et al. (2018) evaluated the corrosion mitigation capacity of Analgin using
electrochemical, and surface morphological techniques. In order to gain detailed
theoretical insights, computational studies were used. Analgin demonstrated 96.1 %
inhibitory efficiency at 4000 ppm and adsorption was in accordance to Langmuir

isotherm.

Singh et al. (2013) analysed the Phenobarbital for its effective ness to reduce the steel
corrosion in acidic medium by employing the weight loss and quantum chemical

methods and proved the 95% efficiency at 2000 ppm.
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Kumar and Bashir (2016) explored the Ethambutol on steel for its corrosion inhibiting
capacity by using weight loss, quantum chemical analysis and proved the 91.3%
efficiency, also the inhibition capacity increased with the increased amount and showed
a dip with the rise in temperature.

Bashir et al. (2019) used Phenylephrine drug molecule to search for the corrosion
reducing tendency on steel sample in the acid and the drug molecule proved to be an

excellent inhibitor with 88% efficiency.

Anaee et al. (2019) reported the extraordinary corrosion reducing tendency of
Etoricoxib and proved the 80.62 % of inhibition efficacy at 225 ppm and process was
predominantly anodic in nature. A good agreement was also seen in experimental and

theoretical data.

Anadebe et al. (2020) documented the exceptional corrosion reduction capability of
Dexamethasone drug by employing weight loss, electrochemical and MD simulation
methods and revealed the 80% of efficiency and retardation of both anodic and cathodic

reactions.

Fajobi et al. (2019) documented the significant corrosion control ability of Ibuprofen
drug when experiment was carried out with weight loss and electrochemical methods.
Efficiency increased with the increased amount of drug and was maximum 60 % was

achieved.

Gholamhosseinzadeh et al. (2019) demonstrated the corrosion inhibition of
Rosuvastatin drug for MS in acidic medium by using various methods and 92% of

efficiency was achieved at 600 ppm. Adsorption was in accordance to Langmuir.

G. Vengatesh and M. Sundaravadivelu (2019) studied Bisacodyl drug molecule in acid
for steel corrosion inhibition properties by employing various techniques. SEM, EDX
and AFM verified the formation of layer made up of drug molecule on metallic surface
and PDP confirmed the retardation of both anodic as well as cathodic reactions.

Adsorption followed both Langmuir and Temkin isotherms.
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Singh et al. (2017) worked on expired Atorvastatin for its anti- corrosive properties
with the help of weight loss, electrochemical and surface morphological techniques and
confirmed the increased charge transfer resistance with increased concentration of
inhibitor, along with protection of metallic surface through the adsorption of drug by

forming layer on the surface. Even the drug shown a excellent efficiency at 150 ppm.

Gupta et al. (2017) proved corrosion mitigating capacity of expired Atenolol and
Nifedipine. Results revealed 91.30 % and 93.91% at 200 ppm of Atenolol and
Nifedipine respectively. Mixed type of behaviour along with increased polarization
resistance with the increased drug concentration was also confirmed. Further surface

study technique like SEM and theoretical study also validated the experimental results.

Xu et al. (2017) investigated anti- corrosion property of Biotin drug by utilizing weight
loss, PDP, EIS and surface study techniques like SEM, contact angle, AFM etc. along
with quantum chemical study. There was excellent agreement between the
experimental and theoretical findings. Inhibiting molecule successfully reduce the

corrosion rate with the efficiency of 95.3% at 500 ppm with weight loss investigations.

Naseri et al. (2018) reported the anti- corrosion property of Clopidogrel drug in acidic
solution for metallic corrosion. Results depicted the replacement of water molecule by

inhibitor, presence of both physical and chemical adsorption.

Abd and Ali (2018) investigated Egy— dronate and proved the physical adsorption of
drug molecule on the steel sample under study and inhibitor molecule showed mixed
behaviour with anodic predominance. Techniques employed were EIS, PDP along with

various surface morphological investigations.

Ayoola et al. (2018) reported the drug Chloramphenicol in corrosion inhibition study,
and proved effective inhibition of corrosion by the use of gravimetry, open circuit

potential study and linear polarization study.

Fouda et al. (2017) reported the corrosion reducing property of Modazar in their study
and proved the successful mitigation of corrosion by employing the various

experimental techniques like weight loss, electrochemical and surface morphological
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methods. Maximum efficiency came out to be 92.3% at 300 ppm and inhibition efficacy
increased with the rise in the concentration and dip was there with the increased

temperature.

Dohare et al. (2017) studied in their investigation that expired Tramadol has corrosion-
reducing properties, and they demonstrated these properties through the use of
numerous experimental methodologies, such as weight loss, electrochemical,
theoretical and surface morphological methods. Results revealed the rise in inhibition

efficacy with the increased drug concentration.

Srivastava et al. (2017) studied the Irbesartan for metallic corrosion inhibition in acidic
solution by employing various electrochemical techniques. Results depicted that
adsorption obeyed Langmuir isotherm with suppression of both cathodic and anodic
reactions. Formation of thin layer of inhibitor on the surface of metal under
investigation was also validated by the SEM investigation.

Chitra and Anand (2017) studied Tetracycline and Neomycin tri sulphate by using
weight loss, SEM and FTIR. The outcomes demonstrated; use of these drugs provided

corrosion protection for the sample under investigation.

Vengatesh et al. (2017) reported the corrosion inhibition tendency of Ondansetron
hydrochloride by using weight loss, electrochemical study, SEM, EDX, AFM, FT-IR
spectroscopy. Results confirmed the protection of metallic sample by the adsorption of

ondansetron on the top of sample.

Fouda et al. (2018) investigated Ciprofloxacin drug molecule for its corrosion inhibition
property and maximum efficiency came out to be 91% at 300 ppm of drug
concentration. Techniques employed were various chemical, electrochemical and
surface morphological techniques. Suppression of both anodic and cathodic reactions

were confirmed. Protective layer formation because of adsorption was also confirmed.

Singh et al. (2019) performed the systematic study to find out the anti- corrosive
properties of Cefdinir drug for steel corrosion, by using the weight loss, surface study

methods, electrochemical analysis and theoretical analysis. Retardation of both
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cathodic and anodic reactions from PDP study, donor -acceptor interactions from

theoretical analysis and thin layer formation from surface study were verified.

Addoun et al. (2019) reported the piroxicam as corrosion inhibitor for steel corrosion
retardation with the maximum efficiency of 86.90 % at 600 ppm by using weight loss,
SEM and DFT study. Results further revealed adsorption of drug obeyed Langmuir
adsorption isotherm and physical adsorption was more prevailed.

In the past, a lot of work has already been done on organic, inorganic compounds, and
surfactants etc. Imidazolines, amides, amines, dimeric and trimeric acids, quaternary
amines, and surfactants are some examples of the types of corrosion inhibitors that are
frequently utilised in industrial settings. But all these compounds have a number of
significant drawbacks, including high prices, difficult synthesis, and high levels of
toxicity. Researchers have looked into many environmentally friendlier alternatives that
might be employed as corrosion inhibitors e.g. drugs, plant extracts, ionic liquids etc.
Therefore, it was decided to work on active pharmaceutical ingredients (API’s) of new
drugs and to check the extent to which they will be successful to inhibit the corrosion.
As the drugs are environmentally friendly inhibitors, for MS corrosion inhibition with
drug molecules in acidic medium is explored in this work, which makes use of a metal
environment modification method to achieve corrosion inhibition of MS. The drugs
used for this study consist of the active pharmaceutical ingredients (API’s) and these
drugs also have heteroatoms. The drugs that were employed in the current research are
listed below in Table 2.1.
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Table 2.1 List of selected Drug molecules

S.No. Name Structure of Drug Molecule
1 Baclofen o
MHz
4-amino-3-(4-chlorophenvl)butanoic acid
2 Betahistine T
dihydrochloride
\\\N N/
B
HCI HCI
MN-methyl- (_pn. r1d1n— -v)ethanamine dihydrochloride
3 Isoxsuprine
hydrochloride &
N
1 By dir oy -2 L o enos Ve o - amineXpropyl lphenol thydrochl o de
4 Panthenol %
2 4-dihyvdroxy-IN-(3-hvdroxvpropyl)-3.3-dimethylbutanamide
5 Naphazoline
H
. -
N
2 (naphthalen-1-vimethvl) 4.5 -dihvdro-1H-imidazole
6

Dicyclomine //
hydrochloride J/“\/

O

H——CI

2-(dicthylaminc)ethyl 1-cyclohexylcyclohexane-1-carboxylate:hydrochloride
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2.5 The objectives of the present study

e Selection of nitrogen containing drug molecules as corrosion inhibitors.

e To determine inhibition efficiency of the selected molecules for corrosion
inhibition.

e To study various adsorption isotherms to identify the mechanism of
corrosion.

e To calculate thermodynamic parameters like Enthalpy, Entropy, Gibbs Free
Energy and Activation Energy.

e To validate the above observed parameters by using quantum chemical

calculations.
2.6 Techniques determining the corrosion inhibition

Main techniques employed for corrosion study includes weight loss, electrochemical
analysis, surface morphological techniques and computational methods (as given in

Figure 2.2), a brief about these techniques is discussed as follows

Weight Loss

Measurement |

[ Electrochemical [ Techniques for { Surface \
\ Amnalysis ] \ Corrosion | | Morphological |
\ - \ Inhibition / \ Techniques |

Computational

Study )

Figure 2.2 Pictorial presentation of various techniques employed for corrosion

inhibition study.

2.6a Weight loss method
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This is the most fundamental, widely used, and inexpensive technology for determining
the corrosion efficiencies and corrosion rates of inhibitors. The samples were weighed
by keeping them in 1 M HCI solution without and with varying amounts of the inhibitor.
It is necessary to remove any solid reaction products from the samples prior to
weighing in order to acquire reliable outcomes from this procedure. (Geece,2011;
Usman & Okoro, 2015).

2.6b Electrochemical methods

When electrons from atoms on the metal's surface are transported to a suitable electron
acceptor in the presence of any medium, electrochemical corrosion occurs. To
investigate the electrochemical corrosion, researchers use electrochemical analysis
techniques, in which potentiostat is generally employed to get thorough knowledge of
corrosion process, also these electrochemical techniques are precise, fast, and reliable.
These are the techniques, where currents are measured as a function of changing

voltages over time.

2.6¢ Potentiodynamic polarization methods

These methods involve potentiodynamic polarization, potentio staircase, and cyclic
voltammetry, all of these approaches can be used for corrosion analysis, and they are
thoroughly explained in the scientific literature. Three types of polarization can take
place, anodic polarization, cathodic polarization and cyclic polarization. In anodic type,
potential is allowed to change at anode towards positive side, resulted in emission of
electrons and cathodic polarization involves addition of electrons causing movement of
polarization towards more negative side. In cyclic polarization both anodic and cathodic
polarization takes place in cyclic fashion. In the present study potentiodynamic
polarization has been used to get the data, in this technique potential of a particular
range is given to the corrosion cell, causing a oxidation or reduction process to occur
on the metal surface and, as a result, an appropriate current to be produced on the
electrode surface. Polarization curve is drawn in which potential is the function of log
of current value. From these measurements, the Ecorr and jcorr Values can be calculated
(Telegdi et al., 2018).
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2.6d Electrochemical impedance spectroscopy

EIS is quantitative method for assessing inhibitor anti-corrosion efficacy in a short
period of time and it measure impedance in a circuit. The alterations at the steel/solution
interface were investigated using the electrochemical impedance spectroscopy. A small
signal excitation (function of frequency) is applied to investigate the changes in the
sample and solution interface and impedance response is also measured (Hernandez et
al. 2020; Magar et al., 2021)

2.6e Surface morphological techniques

Surface morphology approaches for MS surfaces under corrosive conditions are used
to determine surface changes and prove metal shielding through the development of
thin layers of corrosion inhibitors. Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) were employed in the present study to investigate the surface
changes. SEM provides two dimensional pictures and AFM gives three dimensional

pictures along with roughness data (Sharma & Kumar, 2021).
2.6f Computational study

A theoretical investigation was conducted to compare the experimental findings with
the inhibitor's molecular structure and electronic characteristics (Dagdag et al., 2020).
Studies of corrosion inhibition processes utilising computational methods save time
because they don't require the use of laboratory tests. Quantum chemical calculations,
Fukui indices and Molecular dynamic simulations were employed in the present study
to understand the role of inhibitor compounds in inhibition mechanism (Sharma &
Kumar, 2021).
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CHAPTER 3
MATERIAL AND METHODS

30



3 Experimental techniques

This chapter comprises all the approaches used to study the corrosion-inhibiting
characteristics of selected drugs for MS. In this chapter, everything from solution
preparation to types of electrodes employed and a theoretical detail of the inhibitors
employed in this study are briefly described.

The first section focuses on the preparation of the solution and the preparation of metal
samples. The second section discusses the different types of electrodes and how they
are used in electrochemical procedures. After that he techniques and instrumentation

that were employed have been explored in detail in the third section.
3.1 Materials

3.1.1. Preparation of solution

All of the reagents used were from CDH fine chemicals, including hydrochloric acid
(HCI). Here HCI was employed as test solution (exposed to air at 298K) and the double
distilled water was used throughout for all the solution preparation. Selected
concentration of acid for all the measurements was 1M HCI. The inhibitors that were
used in the present study are drugs purchased from different suppliers like Yarrow
Chem Products (Baclofen, Panthenol, Naphazoline) Enal Drug Pvt. Ltd. (Betahistine
dihydrochloride), Jayco Chemical Industries (Isoxsuprine hydrochloride), Shreepati
Pharmaceutical Pvt. Ltd. (Dicyclomine hydrochloride) whose different properties

including name, molecular weight, structures are summed as follows

e Baclofen
Baclofen
Molecular formula | C10H12CINO? 0
Molecular weight 213.66 g/mol
Assay 98.7%
CAS NO. 1134-47-0 u OH
Physical state Solid NH

Solubility in water | Soluble
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e Betahistine dihydrochloride

Betahistine dihydrochloride

Molecular formula | CsH14CI2N2
Molecular weight 209.11 g/mol
Assay 98.5%

CAS NO. 5579-84-0
Physical state Solid
Solubility in water | Soluble

e Isoxsuprine hydrochloride

Isoxsuprine

hydrochloride

OH
Molecular formula Ci18H24CINOs
Molecular weight 337.8 g/mol 4>7NH
O
Assay 99.5%
CAS NO. 579-56-6 OH
Physical state Solid H—— C1
Solubility in water Soluble
e Panthenol
Panthenol
Molecular formula CoH19NO4
Molecular weight 205.25 g/mol
HO HN

Assay 98%
CAS NO. 16485-10-2

HO o] OH
Physical state Solid
Solubility in water Soluble
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e Naphazoline

Naphazoline
Molecular formula Ci14H14N2
Molecular weight 210.27 g/mol C‘
Assay >98% H
CAS NO. 835-31-4 \}“
Physical state Solid </L
Solubility in water Soluble

e Dicyclomine hydrochloride

Dicyclomine hydrochloride

Molecular formula C19H36CINO2
Molecular weight 345.9 g/mol
Assay 99.65%
CAS NO. 67-92-5 R WP
Physical state Solid ) ©
Solubility in water Soluble e

For the preparation of varied concentrations of inhibitors in 1 M HCI for investigating
the corrosion mitigation property for MS corrosion, stock solution of the amount 1000
ml was taken and from the stock solution other required concentrations of inhibitors

were prepared by diluting the stock solution.

3.2 Electrochemical Cell

For electrochemical study, a three-electrode assembly consisting of a counter electrode,
working electrode and reference electrode was used. Working electrode was made up
of the material selected for study (MS), counter electrode was constructed with
platinum, and the selected reference electrode was Ag|AgCI|3 M KCI. Volume of the

solution taken for analysis was 100 ml in order to avoid any alterations caused by
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corrosion in the results (ASTM G 31— 72 (2004) standards) (ASTM,2004). Here the
potentiostat mode is used in which the potential is controlled, the potential difference
between working and reference is measured, and current response between counter and

working electrode is measured.
3.2.1 Working electrode

MS was selected for analysis, therefore working electrodes (given in Figure 3.1) were
formed with MS and the composition of chosen MS is iron as major constituent along with
other constituents C (0.17%), Mn (0.46%), Si (0.26%), P (0.019%), S (0.017%) in small
guantities (Sharma et al., 2022). Basically, the working electrode is the electrode on which the
half redox reaction of interest is taking place at the time of measurement. When constructing
the working electrodes for electrochemical measurements, metallic rods of dimension 5 X 1 X
1cm (I X b X h) were combined with a adhesive (epoxy resin) to produce a surface area of
roughly 1 cm? on the electrode surface. After that emery papers with grades ranging from 100
to 2000 were used to scrap the surface of these WE's to achieve a homogeneous shinny surface.
After degreasing the electrodes with acetone, they were washed with double distilled water to

remove any remaining residue.

Figure 3.1 Working electrodes of selected sample with epoxy resin as additive.

3.2.2 Reference electrode

The reference electrode is an electrode that has a consistent and known electrode
potential. It is used as a point of reference in the electrochemical cell to control and

measure the potential of the cell. The current that flows through the reference electrode
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is kept as near to zero as possible. In the present system the Ag|AgCl|3 M KCI was taken

as reference electrode (Eco 8, 2011).
3.2.3 Counter electrode

The counter electrode (also known as auxiliary electrode), is an electrode which is used
to close the current circuit in the electrochemical cell. It is usually made of an inert
material, here platinum was used for electrode preparation and second half reaction
occurs here, and current is measured between auxiliary and working electrode (Eco 8,
2011).

3.3 Instrumentation

The weight loss technique was used to discover the corrosion mitigation study of MS,
and the measurements were carried out with the use of an analytical weighing machine
of brand ALN 220. Further, electrochemical analysis was performed by employing
Autolab equipment Metrohum model (PGSTAT 204) attached with software Nova 2.1
(Farahati et al., 2020; Gracia et al.,2013). Surface morphology for the present study
includes scanning electron microscopy (SEM) and atomic force microscopy (AFM).
SEM analysis was performed by using JEOL SEM instrument and gave two
dimensional pictorial presentations and AFM was performed by utilizing multimode 8,
make Bruker instrument, which gave three dimensional topographs. Figure 3.2 (a-c)
represents here the various instruments used in the study. Theoretical investigations
which include quantum chemical calculation and molecular dynamics (MD) simulation

were performed with the help of BIOVIA Material Studio software (version 7.0).

3.4 Experimental procedures

The measurements of weight loss were carried out in accordance with the standard
technique defined by the American Society for Testing and Materials (ASTM G1-
03(2017) el standard). Sample coupons were cut in to small pieces of dimensions 2 X
2 cm?. The experiment began with scraping the metal coupons with emery papers (100-
2000 grades), followed by degreasing, washing and air drying the metal samples. Using
an analytical balance, the MS samples were weighed twice: once before and once after
being exposed to test solution (1 M HCI), which included a variable amount (in ppm)
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of selected drug molecules as an inhibitor, respectively. The tests of weight loss were
carried out with varied concentration of inhibitors, by varying exposure time, and at
various temperature ranges. Experimentation was conducted out at optimal conditions,
which were room temperature (298 + 2 K) and for two hours, with the thermostat set to
maintain the desired temperature. In order to obtain credible results, triplicate tests were
averaged (Sharma et al., 2021; Sharma et al., 2022).

Prior to beginning of electrochemical experimentation, the working electrode was
scraped with various types of emery sheets to ensure that it was free of contaminants
(corrosion products). In order to establish open circuit potential, it was retained for half
an hour in the test solution. Quantitative measurements were carried out utilizing
electrochemical impedance spectroscopy (EIS) at a frequency ranging from 10° to 0.1
Hz with respect to open circuit potential (OCP) with an amplitude of 0.005 V. PDP
study was carried out in the potential ranging between £250 mV with respect to OCP
with particular scan rate. Corrosion current density values and charge transfer resistance
values extracted from PDP and EIS respectively, were then employed for the
calculation of inhibition efficacy (Sharma et al., 2021; Sharma et al., 2022).

Figure 3.2 (a-c) Representation of (a) analytical balance (b) electrochemical
workstation () scanning electron microscope.
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In the current investigation, surface modifications were analysed using JEOL make
scanning electron microscopy (SEM) instrument and atomic force microscopy (AFM),
(multimode 8, make Bruker) respectively. In scanning electron microscopy (SEM), an
electron beam is permitted to fall on the specific region of the sample that is being
investigated. In some instances, these electrons are responsible for dissociating the
atoms that make up the sample, which results in the release of electrons from the
sample. These electrons are called as secondary electrons and further studied. In case
of AFM, A cantilever with a sharp tip makes contact with the surface of the sample,
which enables the tip to feel the forces that are exerted between the surface of the metal
and the molecules of the tip. BIOVIA Material Studio software (version 7.0) was used
for theoretical investigation. Module employed was DMol®, which optimized the
geometry to get the lowest energy state the approximation (GGA) with Becke- Lee-
Yang- Parr (BLYP), double numeric basis sets plus polarization (DNP) were decided
for further calculations (Cao et al., 2014; Ciezak & Trevino, 2006). Fukui indices were
also kept in to consideration in order to get an idea about the role of different parts of

inhibitor molecule in donation or acceptance of electrons (Alibakhshi et al., 2018).
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CHAPTER 4
RESULTS AND DISCUSSION
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A total of six distinct inhibitors (Baclofen, Betahistine dihydrochloride, Isoxsuprine
hydrochloride, Panthenol, Naphazoline and Dicyclomine hydrochloride) were chosen
for comprehensive corrosion inhibition and adsorption investigations by employing
weight loss measurements for MS. All the findings are addressed in the following

sections.
Section 4.1: Weight loss measurements

Weight loss measurement is one of the oldest, very basic and the most convenient
method for determining corrosion parameters. The present study incorporates three
types of studies, including variations in temperature, variations in immersion time, and
variations in the concentration of the selected inhibitor, and the inhibitory efficiency
from each type of investigation determined in turn. Various plots and tables have also
been presented in the chapter to find out the relation of inhibition efficiency with
concentration (which was taken in ppm), immersion time (From one hour to four hours)
and temperature (four different temperatures 298-328 K) respectively. Weight loss
measurements were carried out in accordance with standard protocol prescribed by the
American Society for Testing and Materials (ASTM G1-03(2017) el standard) (Bashir
et al., 2020; Garcia et al., 2013). Testing was done on MS coupons with the selected
dimension of 2 X 2 cm?, and for each MS sample, we performed two weight checks:
one before and one after they were exposed to test solution under various experimental
conditions applied like changing the concentrations of selected inhibitors, at different
dipping time and at different temperatures. All the Experiments were thermostatically
controlled and carried out at optimized conditions of room temperature (298 + 2 K) and
two hours. In order to ensure the validity of the data, the results of three separate tests
were averaged together. Corrosion-reducing capacity, surface coverage, and corrosion
rate were all calculated using the equations 4.1.1-4.1.3 listed below: (Bashir et al., 2017;
Bashir et al., 2019; Sharma & Kumar, 2021)

Wo— W;

1.LE.(%) = x 100 (4.1.1)
()
_ Wo-w;
0= _Wo (4.1.2)
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87.6W
CR =
DAT

(4.1.3)

In the present investigation Wo, Wi denotes the reduction in weight of metal sample with
no inhibitor is in solution and with an inhibitor in the test solution respectively and 6
indicates the surface coverage (Ji et al.,2015). CR, W, and D denote corrosion rate
(mmpy), weight loss (g), density of coupon (g cm™), respectively. A and T denote the
area of coupon(cm?) and dipping time (hours), respectively. (Singh et al., 2020)

4.1.1 Determination of weight loss measurements for the MS corrosion at different

concentrations of acid

The weight loss of metal samples was calculated by varying concentrations of HCI
ranged from 1M to 4 M for MS. The purpose of this experiment was to determine the
acid content that would serve as an optimized concentration for all subsequent tests. All
the results were computed using equation 4.1.3 and are tabulated in Table 4.1.1. Results
depicted that 1M HCI has an effective corrosion rate, thus it was used as an optimized

concentration of acid for MS corrosion.

Table 4.1.1 Calculation of MS corrosion rate by varying acid concentrations.

Conc. Wo(g) Wi(g) Wo-Wi(Q) CR (mmly)
1M 1.28 0.40 0.88 2.45
2M 1.30 0.33 0.97 2.70
3M 1.28 0.15 1.13 3.15
4M 1.29 0.10 1.19 3.32

4.1.2 Measurements of weight loss in 1M HCI for the estimation of corrosion

parameters for MS, by employing Baclofen as inhibitor

Table 4.1.2-4.1.4 summarizes the results of the weight loss experiment using equations
4.1.1-4.1.3 to calculate inhibitory efficacy, surface coverage and corrosion rate. Figure
4.1.1(a-c) shows several graphs based on these data, including concentration vs.
inhibitory efficacy, time vs. inhibitory efficacy, and temperature vs. inhibitory efficacy.
According to the results, inhibitory efficiency in 1M HCI improved with increasing
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concentrations of Baclofen from 0 to 2000 ppm, with a peak of 96.71 % at 2000 ppm
of Baclofen as an inhibitor. The increased efficiency and reduces corrosion rate may be
attributed to the prevalence of heteroatom and ring structure in Baclofen, which
established a bonding with the metallic sample (Bashir et al., 2018).The various
calculated corrosion parameters by varying the concentration of Baclofen (0 to 2000
ppm) outlined in Table 4.1.2 and Figure 4.1.1(a) depicted the increased trend of efficacy
with concentration and for the optimal concentration of 2000 ppm of Baclofen as an
corrosion suppressor in a solution of 1M HCI at 298 K, the variation in inhibition
efficacy with time was also investigated (vide Table 4.1.3 and Figure 4.1.1b) and results
confirmed when the time period was extended from one to two hours, the inhibition
efficacy increased; however, as the temperature rose, the inhibition efficacy decreased.
Another investigation was carried out under optimum conditions, and an increase in
temperature from 298K to 328K (vide Table 4.1.4 and Figure 4.1.1c) resulted in a
decrease in inhibitory efficiency. The desorption of Baclofen from the sample, which
resulted in greater accessibility of MS surface to corrosive medium, may account for
the drop in inhibitory efficacy observed with increasing temperature (Abdallah et
al.,2019).

Table 4.1.2 Effect of variation of Baclofen concentration.

Inhibitor Inhibitor Surface Inhibition Corrosion Rate
Concentration Coverage Efficiency (CR)
(ppm) (6) (%) (mmy+)
Blank 2.12
100 0.77 76.97 0.49
Baclofen 500 0.83 82.89 0.38
1000 0.87 86.84 0.28
1500 0.92 92.10 0.17
2000 0.97 96.71 0.07
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Table 4.1.3 Effect of immersion time on inhibition efficiency of Baclofen as inhibitor for MS.

Inhibitor Time of Concentration  Corrosion Surface Inhibition
Immersion Rate (mmy?') Coverage (0) Efficiency
(Hours) (%)
1 Blank (1M HCI) 4.07
2000 ppm 0.25 0.94 93.83
Baclofen 2 Blank (1M HCI) 2.04
2000 ppm 0.07 0.96 96.57
3 Blank (1M HCI) 1.36
2000 ppm 0.10 0.92 92.46
4 Blank (1M HCI) 1.02
2000 ppm 0.10 0.90 89.72

Table 4.1.4 Effect of temperature on corrosion inhibition of MS using Baclofen.

Inhibitor Temperature Concentration Corrosion  Surface Inhibition
of Immersion Rate Coverage Efficiency
(K) (mmpy) C) (%)
298 Blank (1M HCI) 2.07
2000 ppm 0.06 0.97 96.64
Baclofen 308 Blank (1M HCI) 2.09
2000 ppm 0.13 0.93 93.28
318 Blank (1M HCI) 2.06
2000 ppm 0.23 0.88 88.59
328 Blank (1M HCI) 2.07
2000 ppm 0.34 0.83 83.22
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Figure 4.1.1(a-c) Percentage deviation of inhibition efficiency with concentration, time, and
temperature.

4.1.3 Measurements of weight loss in 1M HCI for the estimation of corrosion

parameters for MS, by employing Betahistine dihydrochloride as inhibitor

Betahistine dihydrochloride was analysed for its corrosion inhibition properties and the
for determining the effect of concentration on efficiency was investigated for the
concentration ranging from 50 to 1500 ppm. The results showed that increasing
concentration of Betahistine dihydrochloride had an effect on the corrosion inhibition
efficiency, which raised to 96.36 % at 1500 ppm of the inhibitor molecule (Fouda et
al.,2016). All the measured variables are tabulated in Table 4.1.5 and Figure 4.1.2a
shows the plot between inhibition efficiency and concentration of Betahistine
dihydrochloride dissolved in test solution. The effects of changing the dipping time
were investigated and reported in Table 4.1.6 using a 1500 ppm concentration of
Betahistine as an inhibitor in an acidic solution (of concentration 1M) at 298 K, and
graph (Figure 4.1.2b) was plotted to analyse the result as shown in the results. It was
found that the efficiency of inhibition decreased as immersion time grew above 2 hours,

and was maximum when dipping time reached 2 hours. Further, Table 4.1.7 and Figure
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4.1.2c summarise the results of testing 1500 ppm of Betahistine dihydrochloride in 1M

HCI at temperatures ranging from 298K to 328K to see the influence of the temperature

has on inhibitory efficacy and confirmed the reduced effectiveness of the inhibitor as

the temperature was raised because adsorption process was altering and also proved

physical adsorption was dominating (Fouda & Badawy, 2019).

Table 4.1.5 Effect of variation of Betahistine dihydrochloride concentration.

Inhibitor Inhibitor Surface Inhibition Corrosion Rate

Concentration Coverage Efficiency (CR)

(Ppm) (6) (%) (mmy+)
Blank 1.53
50 0.77 77.27 0.33
Betahistine 100 0.83 82.72 0.27
dihydrochloride 500 0.87 87.27 0.20
1000 0.92 91.82 0.13
1500 0.96 96.36 0.06

Table 4.1.6 Effect of immersion time on inhibition efficiency of Betahistine dihydrochloride.

Inhibitor Time of Concentration Corrosion Surface Inhibition
Immersion Rate Coverage Efficiency
(Hours) (mmpy) (0) (%)
1 Blank (1M HCI) 1.56
1500 ppm .08 0.95 94.64
Betahistine 2 Blank (1M HCI) 1.56
dihydrochloride 1500 ppm .05 0.96 96.42
3 Blank (1M HCI) .90
1500 ppm .05 0.94 93.81
4 Blank (1M HCI) g7
1500 ppm .06 0.92 91.82
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Table 4.1.7 Effect of temperature variation using Betahistine dihydrochloride as an

inhibitor.

Inhibitor Temperature Concentration Corrosion Surface Inhibition
(K) Rate Coverage Efficiency
(mmpy)  (8) (%0)
298 Blank (1M HCI) 1.04
1500 ppm 0.04 0.96 96.00
Betahistine 308 Blank (1M HCI) 0.99
dihydrochloride 1500 ppm 0.06 0.93 93.00
318 Blank (1M HCI) 1.04
1500 ppm 0.11 0.89 89.33
328 Blank (1M HCI) 0.91
1500 ppm 0.13 0.85 84.62
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Figure 4.1.2 (a) Plot of concentration variation vs inhibition effiiency (b) time vs inhibition

efficiency and (c) temperature vs inhibition efficiency.
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4.1.4 Measurements of weight loss in 1M HCI for the estimation of corrosion

parameters for MS, by employing Isoxsuprine hydrochloride as inhibitor

Weight loss analyses for metal coupons were carried out using a 1M HCI solution and
with different experimental conditions like by varying concentrations of Isoxsuprine
hydrochloride ranging from 0 to 2000 ppm, at different immersion times ranging from
1 hour to 4 hours at different temperatures, the values of inhibitory efficiency, corrosion
rate, and surface coverage were calculated and tabulated in Tables 4.1.8- 4.1.10, and
all the variations were graphically represented in Figure 4.1.3a- c. At a concentration
of 2000 ppm of Isoxsuprine hydrochloride, there was a significant rise in inhibitory
efficiency and the maximum level of inhibition efficiency and corrosion retardation was
obtained. Heteroatoms, electron clouds, and rings may all be present, increasing the
adsorption of Isoxsuprine hydrochloride on the sample, which could explain the
observed retardation (Berdimurodov et al., 2021). Further time variation studies and
temperature variation studies for selected samples dipped in 1.0 M HCI with dissolved
2000 ppm of Isoxsuprine hydrochloride as corrosion inhibitor confirmed that the
inhibition efficacy was maximum upon two hours of immersion time and also that the
maximum inhibitory efficiency was achieved at 298 K, and that the inhibitory
efficiency reduced as the temperature was further increased. Because of desorption of
adsorbed Isoxsuprine hydrochloride inhibitor particles from the metal surface, the
inhibition efficiency has decreased, which has resulted in higher corrosion rates
(Dhaundiyal et al.,2019). The enhanced adsorption and surface coverage of the inhibitor

at a certain temperature (298K) resulted in higher inhibition efficiency.
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Table 4.1.8 Effect of variation of Isoxsuprine hydrochloride concentration.

Inhibitor Inhibitor Surface Inhibition Corrosion Rate
Concentration Coverage Efficiency (CR)
(ppm) (6) (%) (mmy™)
Blank 1.66
100 0.86 85.71 0.24
Isoxsuprine 500 0.89 89.07 0.18
hydrochloride 1000 0.92 92.44 0.12
1500 0.95 94.96 0.08
2000 0.97 97.48 0.04

Table 4.1.9 Effect of immersion time on inhibition efficiency of Isoxsuprine hydrochloride as
inhibitor for MS.

Inhibitor Time of Concentration Corrosion Surface Inhibition
Immersion Rate Coverage Efficiency
(Hours) (mmpy)  (0) (%)
1 Blank (1M HCI) 2.15
2000 ppm 0.22 0.90 89.61
Isoxsuprine 2 Blank (1M HCI) 0.98
hydrochloride 2000 ppm 0.04 0.96 95.71
3 Blank (1M HCI) 0.66
2000 ppm 0.06 0.90 90.14
4 Blank (1M HCI) 0.42
2000 ppm 0.06 0.85 85.24
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Table 4.1.10 Effect of temperature variation using Isoxsuprine hydrochloride as an inhibitor.

Inhibitor Temperature Concentration Corrosion Surface Inhibition
(K) Rate Coverage Efficiency
(mmy?)  (0) (%)
298 Blank (1M HCI) 1.39
2000 ppm 0.04 0.97 97.00
Isoxsuprine 308 Blank (1M HCI) 1.37
hydrochloride 2000 ppm 0.05 0.94 94.00
318 Blank (1M HCI) 1.35
2000 ppm 0.12 0.91 90.67
328 Blank (1M HCI) 1.08
2000 ppm 15 0.86 85.90
(a) (b) °¢1
=% g
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Figure 4.1.3 (a) Plot of concentration variation vs inhibition effiiency (b) time vs inhibition

efficiency and (c) temperature vs inhibition efficiency.
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4.1.5 Measurements of weight loss in 1M HCI for the estimation of corrosion

parameters for MS, by employing Panthenol as inhibitor

Weight loss investigations were carried out by selecting the Panthenol as a new
corrosion inhibitor and different experimental conditions were applied to see the
behaviour of Panthenol. First investigation was by changing the amount of panthenol
from 0 to 400 ppm and all the results were complied in Table 4.1.11 and Figure 4.1.4a.
A clear increase in inhibition efficacy and reduction in corrosion rate was there with
the rise in the concentrtion and 90.71 % was the highest inhibition efficiency at 400
ppm of Panthenol (Idris et al.,2013). Further, two more studies were performed by
changing the dipping time of metal coupons and by altering the tempeature conditions,
all the data was summarized in Tables 4.1.12 and 4.1.13 along with plots showing the
trend of inhibiton efficacy in the Figure 4.1.4b,c. With the increase in immersion time
beyond two hours, corrosion rate increased and results depicted that inhibitor adsorbed
to metal surfaces lose inhibitory efficacy when the temperature raised and this indicated
that the adsorption—desorption equilibria has shifted toward desorption (Sovizi et al.,
2020; Umoren et al., 2007)

Table 4.1.11 Effect of variation of Panthenol concentration.

Inhibitor Inhibitor Surface Inhibition Corrosion Rate
Concentration Coverage Efficiency (CR)
(ppm) (6) (%) (mmy)
Blank 0.75
100 0.67 66.91 0.25
Panthenol 200 0.74 74.72 0.19
300 0.83 82.90 0.13
400 0.95 90.71 0.07

Table 4.1.12 Effect of immersion time on inhibition efficiency of Panthenol as inhibitor.
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Inhibitor Time of Concentration Corrosion  Surface Inhibition
Immersion Rate Coverage Efficiency
(Hours) (mmpy)  (0) (%)
Panthenol 1 Blank (1M HCI) 0.16
400 ppm 0.03 0.83 83.33
2 Blank (1M HCI) 0.49
400 ppm 0.05 0.90 90.28
3 Blank (1M HCI) 0.38
400 ppm 0.06 0.84 84.15
4 Blank (1M HCI) 0.39
400 ppm 0.08 0.78 78.57
Table 4.1.13 Effect of temperature variation using Panthenol as an inhibitor.
Inhibitor Temperature Concentration  Corrosion  Surface Inhibition
(K) Rate Coverage Efficiency
(mmy) (0) (%)
298 Blank (1M HCI) 0.47
400 ppm 0.04 0.91 91.00
Panthenol 308 Blank (1M HCI) 0.85
400 ppm 0.12 0.85 85.00
318 Blank (1M HCI) 1.29
400 ppm 0.30 0.76 76.34
328 Blank (1M HCI) 1.38
400 ppm 0.40 0.71 70.71
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Figure 4.1.4 (a) Plot of concentration variation vs inhibition effiiency (b) time vs inhibition

efficiency and (c) temperature vs inhibition efficiency.

4.1.6 Measurements of weight loss in 1M HCI for the estimation of corrosion
parameters for MS, by employing Naphazoline as inhibitor

Weight loss investigations with Naphazoline as corrosion inhibitor for MS were carried
out and corrosion parameters were summarised in Tables 4.1.14- 4.1.16 and trends were
plotted in Figure 4.1.5a-c. Results claimed the increased inhibition efficacy and
reduced corrosion rate values with the rise in the concentration of Naphazoline (Attia,
2015) and came out to be highest with the value 90.76% at 1500 ppm of Naphazoline,
and experimented again at different temperature and by varying time of exposure. As
the temperature rises, the protective film of Naphazoline formed on the metallic surface
becomes less stable because of desorption of some adsorbed drug molecules from the

surface at higher temperatures, exposing a larger area of the metal to the acidic
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environment, resulting in a decrease in inhibition efficiency (Al-Shafey et al.,2014;
Hameed et al., 2015).

Table 4.1.14 Effect of variation of Naphazoline concentration.

Inhibitor Inhibitor Surface Inhibition Corrosion Rate

Concentration Coverage Efficiency (CR)

(ppm) (6) (%) (mmy)
Blank 1.66
100 0.73 73.95 0.43
Naphazoline 500 0.77 77.31 0.38
1000 0.84 84.03 0.26
1500 0.91 90.76 0.15

Table 4.1.15 Effect of immersion time on inhibition efficiency of Naphazoline as inhibitor for
MS.

Inhibitor Time of Concentration Corrosion  Surface Inhibition
Immersion Rate Coverage Efficiency
(Hours) (mmy) (0) (%)
Naphazoline 1 Blank (1M HCI) 2.15
1500 ppm 0.31 0.86 85.71
2 Blank (1M HCI) 0.75
1500 ppm .07 0.91 90.74
3 Blank (1M HCI) .66
1500 ppm A1 0.83 83.09
4 Blank (1M HCI) A2
1500 ppm .09 0.77 77.05
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Table 4.1.16 Effect of temperature variation using Naphazoline as an inhibitor.

Inhibitor Temperature Concentration Corrosion Surface Inhibition
(K) Rate Coverage  Efficiency
(mmpy) (0 (%)
Naphazoline 298 Blank (1M HCI) 0.96
1500 ppm 0.08 0.91 91.00
308 Blank (1M HCI) 0.92
1500 ppm 0.14 0.85 85.00
318 Blank (1M HCI) 1.03
1500 ppm 0.19 0.81 81.08
328 Blank (1M HCI) 0.91
1500 ppm 0.21 0.77 76.92
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Figure 4.1.5 (a) Plot of concentration variation vs inhibition effiiency (b) time vs inhibition

efficiency and (c) temperature vs inhibition efficiency.
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4.1.7 Measurements of weight loss in 1M HCI for the estimation of corrosion
parameters for MS, by employing Dicyclomine hydrochloride as inhibitor

Corrosion parameters like surface coverage, corrosion rate, inhibition efficacy were
calculated with the change in Dicyclomine concentration, with the change in immersion
time and with the variation in temperature conditions. All the measured values were
tabulated in the Tables 4.1.17- 4.1.19 and plotted graphs are shown in Figure 4.1.6a-c.
While investigating effect of concentration, results revealed increased inhibition
efficiency with enhancing drug concentration and efficiency was about 95.04% at 800
ppm of dicyclomine hydrochloride and this rise attributed to adsorption of drug
molecule on sample, the drug forms a barrier that keeps the metal's surface safe from
corrosion (Ameh & Sani, 2015), but while investigating the effect of temperature ,
results confirmed the decreased inhibition efficiency with the rise in temperature as
the desorption of dicyclomine has started (Chaubey et al., 2017; Diki et al., 2018).
Immersion time investigations also depicted the highest inhibition efficacy at two hours

and it started falling beyond two hours of dipping time.

Table 4.1.17 Effect of variation of Dicyclomine hydrochloride concentration.

Inhibitor Inhibitor Surface Inhibition Corrosion Rate

Concentration Coverage Efficiency (CR)

(ppm) (0) (%) (mmy™)
Blank 0.51
200 0.82 82.09 0.09
Dicyclomine 400 0.87 86.78 0.07
hydrochloride 600 0.90 90.08 0.05
800 0.95 95.04 0.02
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Table 4.1.18 Effect of immersion time on inhibition efficiency of Dicyclomine hydrochloride
as inhibitor for MS.

Inhibitor Time of Concentration Corrosion  Surface Inhibition
Immersion Rate Coverage  Efficiency
(Hours) (mmpy) (0) (%)
Dicyclomine 1 Blank (1M HCI) 2.26
hydrochloride 800 ppm 0.22 0.90 90.12
2 Blank (1M HCI) 0.95
800 ppm .04 0.95 95.59
3 Blank (1M HCI) .66
800 ppm .07 0.89 88.73
4 Blank (1M HCI) A2
800 ppm .07 0.84 83.61

Table 4.1.19 Effect of temperature variation using Dicyclomine hydrochloride as an

inhibitor.

Inhibitor Temperature Concentration Corrosion Surface Inhibition
(K) Rate Coverage Efficiency
(mmy*)  (8) (%)
Dicyclomine 298 Blank (1M HCI) 1.05
hydrochloride 800 ppm 0.05 0.95 95.00
308 Blank (1M HCI) 1.05
800 ppm 0.11 0.89 89.00
318 Blank (1M HCI) 1.05
800 ppm 0.17 0.84 84.00
328 Blank (1M HCI) 1.09
800 ppm 0.21 0.81 80.77
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4.1.8. Conclusions

e This research adopted several inhibitors, all of which inhibited MS corrosion
quite effectively.

e The corrosion inhibition efficiency of the examined inhibitors for MS at their
greatest concentration and 298K are as follows:
Isoxsuprine hydrochloride > Baclofen > Betahistine dihydrochloride >
Dicyclomine hydrochloride > Panthenol > Naphazoline.

e Allinvestigated inhibitors showed a significant increase in inhibitory efficiency
as the concentration of the inhibitor was raised.

e Temperature lowered the effectiveness of all the drugs as inhibitor used in
present study.

e As the immersion time increases, the inhibition efficiency decreases and it was
maximum up to two hours of immersion time beyond which inhibition efficacy
falls, which suggested the adsorption was maximum at two hours of dipping

time.
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4.2 Adsorption and Kinetic study of corrosion

This chapter focuses on the assessment of several kinetic and adsorption parameters
that are important in corrosion process. Thermodynamic and Kkinetic parameters are
necessary to understand the mode by which the inhibitor is adsorbed on the surface of
metal in order to achieve corrosion mitigation, and adsorption isotherms are used to
gather information on the mechanism of adsorption in order to achieve corrosion
mitigation (Ateya et al., 1984; Bockris, & Yang, 1999; Behpour et al., 2008;
Dabrowski, 2001; Emregul & Hayvali 2006; Noble et al., 2004; Mohammed et al.,
2012; Peme et al., 2015). The different types of adsorption isotherms that can be used
for the current investigations are discussed briefly in this chapter. Correlation has been
established between the parameters acquired from thermodynamic research and
corrosion inhibition properties in order to explain how inhibitors' inhibitory capabilities
are influenced by these factors. Adsorption is described as accumulation of adsorbate
substances on the surface of adsorbent, and the reason for adsorption is solid surface
have unsaturated forces capable of adhering to adsorbates and basically the adsorption
process occurs at the interface of every system undergoing adsorption (Dabrowski,
2001; Iskandar & Selim, 1999; Ismadji et al., 2015; Noble et al., 2004). The various types
of forces present on the solute surface balances the unsaturated forces present on the surface,
leading to greater concentration of molecules of solute in nearby proximity of solid
surface (Kanellopoulos, 2016; Negi & Anand, 1985). Adsorption of any molecule may
be of two types physical adsorption and chemical adsorption and to put it simply, the
binding forces between the adsorbate and its host are weaker dipole-dipole or VVan der
Waal forces in case of physical adsorption and strong chemical bonds are involved in
chemical adsorption (Bouklah et al., 2006; Mortimer et al., 2009).This distribution of
adsorbate and adsorbent on a surface can be explained by certain models of adsorption,

which are briefly explained as follows:

4.2.1 Adsorption isotherms

Adsorption isotherms can help us better understand the corrosion process. Adsorption
isotherms provide insight into the equilibrium between adsorbed and bulk inhibitors
(ltuen et al., 2017). In the study of the sample-inhibitor interaction, adsorption

isotherms are an important tool. Adsorption is validated if the surface coverage statistics
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fit in any isotherm (Awe et al., 2015; Gouy,1910). The isotherm should be illustrated
as a straight line on a graph and the regression coefficient should be unity, further
adsorption equilibrium constant (Kags) can be interpreted from the intercept of
adsorption isotherm which is employed to find out the value of free energy

(Akinbulumo et al.,2020). The general form of all isotherm is given below

f(6, x) exp (— 2a6) = KC (4.2.1)
Here f (6, x) represents configurational factor, # and C defines surface coverage and
inhibitor concentration respectively, x denotes size ration, a refers to molecular
interaction and K defines equilibrium constant of the adsorption process (Oguzie,2006;
Umoren et al., 2008). Above mentioned equation is the basic equation from which all
other isotherms utilized for the study of mechanism in corrosion process are derived.
Important Isotherms (vide Figure 4.2.1) which can be effectively employed for

corrosion studies, are as follows (Oguzie,2007).

Temkin
Adsorption
Isotherm

. Flory-
Langmlflr Huggins
Adsorption .
Adsorption
Isotherm
Isotherm

Adsorption
Isotherm

El-Awady
Adsorption
Isotherm

Freundlich
Adsorption
Isotherm

Frumkin
Adsorption
Isotherm

Figure 4.2.1 Adsorption Isotherms
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4.2.1a Langmuir adsorption isotherm

In 1916, Irving Langmuir presented adsorption isotherm which explained
relationship of adsorption with pressure. It gives the idea about the dynamic
equilibrium that exist between inhibitor (adsorbate) and metal surface (adsorbent).

Main assumptions of this isotherm are as follows (Atkin et al., 2018).

A particular number of adsorption sites with same size are present on the surface of
adsorbent. Only one molecule is allowed to adsorb and constant heat liberation is there.

Equilibrium is supposed to be dynamic in nature.

Langmuir suggested a quantitative relationship between the fractional surface coverage
(A) and inhibitor (adsorbate) concentration (C) as a result of a dynamic equilibrium
pertaining between adsorption and desorption processes between surface of metal and the
inhibitor molecules (Liu et al., 2019). and is given by the equation

Cinn/0 = 1/Kgaqs + Cinp (4.2.2)

‘Kaas' here refers to equilibrium constant in the adsorption process (El-Etre et al., 2016).

Graph is plotted between log C/6 versus log C and if adsorption obeyed Langmuir
isotherm, it should give a straight line with unity value regression coefficient (R?)
(Abdallah et al., 2016; Fouda et al., 2016; Hegazy et al.,2013; Yadav et al., 2016).

4.2.1b Freundlich adsorption isotherm

Heterogeneous adsorption can be characterised by the Freundlich adsorption isotherm,
which was first suggested by Freundlich in 1906. And in this isotherm s concentrations
of adsorbed inhibitor and inhibitor presented in solution are compared. Following
equation can be used to express it mathematically (Abdallah et al., 2016; Bockris et al.,
1998; John & Joseph, 2012; liu et al., 2019; Oguzie ,1998; Singh et al., 2019; Singh et
al., 2019; Shalabi et al., 2014; Timbola et al., 2007; Valek & Martinez 2007).

1

0= Ky Cn (4.2.3)

Here, n should be between Oand 1, further Kags, #and C denotes equilibrium constant,
surface coverage and concentration respectively. Equation on taking log can be written

as
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log0 = logK,4s + (4.2.4)

nlogC

Graph is drawn between log 0 vs log C and should be straight line with correlation
coefficient (R?) near to 1, if adsorption has to be in accordance with Freundlich
adsorption isotherm.

4.2.1c Frumkin adsorption isotherm

It is one of the oldest isotherms that deals with lateral interactions between the adsorbed

species and can be expressed as
0/1 — Bexp(—2a0) = Ky us.C (4.2.5)

Here ‘@’ is a term expressing interaction and can also measure steepness for adsorption
isotherm. Adsorption will obey only if graph gave a straight line (plot between log(6/C.(1-
0) and 6), with near to unity correlation coefficient value (Christov & Popova, 2004; EI-
Awady et al., 1992; Hosseini et al., 2003; Martinez & Stern, 2002; Abd EI- Rehim et
al., 2001; Volkova-Gugeshashvili et al., 2006; Yurt et al., 2004).

4.2.1d Temkin adsorption isotherm

Temkin isotherm divides the whole surface under investigation in to small patches and
then Langmuir adsorption isotherm was obeyed at each part if applied also it is
applicable on heterogeneous surface with no interactions are supposed to exist. Temkin

adsorption isotherm is expressed with the help of following equation
Exp(—2a0) = Kg4sC (4.2.6)

Where ‘@’ signifies inhomogeneity factor; Kags is adsorption equilibrium constant.

Equation can also be written as
6 = —2.303(logC)/2a - 2.303(logK,45)/2a (4.2.7)

Adsorption followed this isotherm if the plot between 6 vs log C resulted into a straight
line with R? value equal to one (Bansal & Goyal, 2005; Durnie et al., 2001; Horsman et
al., 2013; Khamis et al., 1991; Petchiammal et al., 2012; Abd EI- Rehim et al., 2001).
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4.2.1e Flory-Huggins adsorption isotherm

In this isotherm the size of the ions and dispersion forces has significant effect along
with the assumption that water molecules are replaced with inhibitor present in the

solution and is given by the expression as follows
0/C = K pn.(1-0) 11 (4.2.8)

Where 6 indicates coverage value, C refers to concentration; Krn defines equilibrium
adsorption constant and ¥ signifies number of desorbed water molecules. Another

form of isotherm can be written as
Log 0/C =log Krn + Xrn log(1-6) (4.2.9)

Straight line with R? equal to one, confirmed the adsorption of inhibitor obeyed follow
Flory-Huggins adsorption isotherm (Abdel-Gober et al.2009; El-Awady et al., 1992;
Karthikaiselvi & Subhashini, 2014; Oguzie et al.2004; Omotosho et al., 2016).

4.2.1f EI-Awady adsorption isotherm

The Langmuir isotherm was modified and was named as EI-Awady adsorption isotherm

and can be expressed as

Log8/(1—86) = logK + YlogC (4.2.10)

Where Y refers to adsorbed inhibitor molecules, & and C signifies coverage and
concentration respectively and K denotes equilibrium constant (Bentiss et al., 2005; Flis
& Zakroczymski, 1996; Obot et al., 2009; Shriver et al., 1994).

4.2.2 Calculation of thermodynamic and Kkinetic parameters from adsorption

study

Adsorption studies can be used to estimate thermodynamic and kinetic parameters.
Parameters that are calculated in this study are Enthalpy of Adsorption (4H%qs), Gibbs
Free Energy of Adsorption (4G%as), and Entropy of Adsorption (45%as) and the
Activation Energy (Ea) etc. First the behaviour of inhibitor molecule is estimated by

using various adsorption isotherm. Surface coverage measurements were used to
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determine the adsorption of inhibitors on the sample surface. Then the isotherm with
straight line and with regression coefficient nearly equal to zero is selected as best fit

isotherm.
4.2.2a Equilibrium constant of adsorption

Equilibrium constant of adsorption (Kags) can also be calculated from the surface

coverage data as follows

0

KadS = (1_9)C

(4.2.11)

Here 6 refers to surface coverage and C refers to concentration (Chaudhari & Patel,
2019; Eddy & Ebenso, 2010; Karthikeyan & Jeeva,2019).

4.2.2b Gibbs free energy of Adsorption

The value of Gibbs free energy has a direct impact on adsorption, as well. The formula

to calculate the Gibbs free energy has been given as follows
AGY,. = —RTIn (55.5K,45) (4.2.12)

where 55.5 M refers as molar concentration of water in the solution, R is gas constant
and T denote temperature (Ameh & Sani, 2015; Bashir et al., 2018).

4.2.2c¢ Calculation of activation energy

Activation energy by employing the Arrhenius equation

Where CR and Ea signifies corrosion rate and activation energy respectively, R and A
are the constants (gas and Arrhenius constant respectively) (Bashir et al., 2020; Desai
et al., 2015; Vinutha et al., 2018).

4.2.2d Enthalpy of the Adsorption

Enthalpy of the adsorption (AH%ads) was determined by utilizing Van’t Hoff equation,

which is as follows

din Kuus/dT = AHY,,/RT? (4.2.14)
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Equation can also be rewritten after taking the log as follows
logK,4s = —AHads/2.303RT + D (4.2.15)

Here, D denote disintegration constant, T and R refers to absolute temperature and gas
constant 8.314J/K/mol) respectively. The plot of log Kags vs 1/T with straight line and
slope is equal to 4H/2.303R, and from the value of slope enthalpy is calculated.

4.2.2e Entropy of Adsorption
Entropy values are calculated by using the following equation
AGogs = AHgas — TASqas (4.2.16)

Here AG,qs, AH,44s, are the free energy of adsorption and enthalpy (Bashir et al.,
2020; Desai et al., 2015; Vinutha et al., 2018).

4.2.3 Estimation of kinetic and adsorption variables for MS using Baclofen

Baclofen was employed as corrosion inhibitor and various thermodynamic and kinetic
parameters were measured by utilizing equations from 4.2.2- 4.2.16 and measured
values are summed up in Table 4.2.1 and various graphs were represented in Figure
4.2.2(a-d). Surface coverage data extracted from weight loss investigations was used
and various isotherm were checked to investigate adsorption of Baclofen on the surface
of the sample and results revealed that the adsorption was best fitted in Langmuir
adsorption isotherm (log (C/0) vs. log C, vide Figure 4.2.2a) as straight line with slope
0.93 and regression coefficient (R?) 0.99 was obtained. It was mentioned in the
literature that if the values of AG2;, <-20 kl/mol, the inhibitor is supposed to be
physically adsorbed on sample and if value lies higher than - 40 kJ/mol, inhibitor
follows chemisorption (Kumar et al., 2021; Obot et al., 2010). AGS4, measured in the

study of corrosion inhibitive property of Baclofen revealed the chances of physical
adsorption and the negative sign of AG2,, confirmed the spontaneity of reaction
(Abdallah et al., 2019; Chen et al., 2021). Langmuir fit also indicated the chances of
physical adsorption and the negative enthalpy values validates the exothermic nature of

the reaction (Abdallah et al., 2019). Baclofen inhibited solutions had the largest
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activation energy compared to the blank solution, which proved the presence of

Baclofen on the MS sample, which was reducing corrosion.
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Figure 4.2.2 (a- d) Graphical presentation of (a) Langmuir isotherm, (b) plot between 1/T vs
log CR (c) plot between log Kags vs 1/T, (d) plot of AGags VS T.

Table 4.2.1 Thermodynamic parameters calculated for Baclofen as inhibitor in MS

corrosion.
Metal  Inhibitor Temp. Kads AG%g¢s  AHags Ea ASads
Conc. (ppm) (K) KJmol™ KJmol? KJ KJ mol*
molt K
mild Blank 0.1
steel 298 34410  -24.43 0.25
308 95.24 104 004 4368
2000 ppm
318 35.30 -18.78
328 15.78 -16.79
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4.2.4 Estimation of kinetic and adsorption variables for MS using Betahistine

dihydrochloride as inhibitor.

Betahistine dihydrochloride was used as an inhibitor, and adsorption isotherms were
used to study the interaction between metal and the inhibitor. Isotherms given in Figure
4.2.3a, were constructed using weight loss data (surface coverage) and proved to be in
accordance with the Langmuir isotherm with the regression coefficient (R?) value 0.999
and slope value 0.942 which are almost unity (Shukla et al., 2009). Other calculated
variables and graphical presentations are mentioned in Table 4.2.2 and Figure 4.2.3.(b-
d).
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Figure 4.2.3 (a- d) Graphical presentation of (a) Langmuir isotherm, (b) plot between 1/T vs
log CR (c) plot between log Kags vs 1/T, (d) plot of AGags VS T.

Negative AG? ;. relates to the spontaneity of adsorption and as the value of free energy

of adsorption lies between -20 to -40 KJ/mol, presence of both physical and chemical
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adsorption but with the dominance of physical adsorption was confirmed (Hussin &
Kasim, 2011; Odewunmi et al., 2015a, b). In this study, both types are present but the
physical adsorption dominated the nature of adsorption. A rise in solvent entropy was
validated when the entropy value was found to be positive. Physical adsorption of
Betahistine dihydrochloride on the sample is indicated by the higher activation energy
of the inhibited solution compared to the blank solution (Chaudhari & Patel, 2019).

Table 4.2.2 Thermodynamic parameters calculated for Betahistine dihydrochloride.

Metal Inhibitor  Temp.  Kads AG%ds  AHags Ea ASads
Conc. (K) KJmol™ KJmol? KJ KJ
(ppm) molt  mol?
K-l
mild Blank 2.68
steel 298 573.52  -25.69
-0.03 37.72 0.23
308 190.49  -22.96
1500 ppm
318 75.02 -20.65
328 32.87 -18.61

4.2.5 Estimation of kinetic and adsorption variables for MS using Isoxsuprine

hydrochloride as inhibitor.

Various calculated parameters when Isoxsuprine hydrochloride was used as inhibitor
are summed up in Table 4.2.3 and Figure 4.2.4 (a-d). Adsorption isotherms were used
to evaluate how Isoxsuprine hydrochloride interacted with MS (Zhang et al., 2020).
Adsorption was according to Langmuir adsorption isotherms with regression
coefficient value (R?) 0.999 and slope value 0.959. Value of Kags decreased with the
rising temperature and was maximum at at 298 K, which depicted the high corrosion
reducing tendency of Isoxsuprine hydrochloride at (Albrimi et al.,2015; Dehghani et
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al.,2019; El- Deeb et al., 2018; Singh et al., 2013; Verma et al., 2019; Zheng et al.,
2018). At 298 K value of AG2,, confirmed the presence of both physical and chemical
adsorption. Further the negative value of enthalpy and positive entropy value confirmed
the exothermic and increased entropy respectively due adsorption of Isoxsuprine
hydrochloride (Popova, 2007). Increased activation energy value on the addition of

drug molecule also confirmed the slowing down of corrosion process.

Table 4.2.3 Thermodynamic parameters for Isoxsuprine hydrochloride investigation.

Sample Isoxsuprine  Temp. Kads AG%ds  AHags Ea ASads
Conc. (ppm) (K) KJmol™ KJmol? KJmol? KJ
mol?
K-l
mild Blank
-3.45
steel
298 772.65 -26.43 -0.03 36.0 0.23
2000 ppm 308 280.78 -23.92
318 99.52 -21.35
328 44.32 -19.35
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Figure 4.2.4 (a- d) Graphical presentation of (a) Langmuir isotherm, (b) plot between 1/T vs
log CR (c) plot between log Kags vs 1/T, (d) plot of AGags VS T.

4.2.6 Estimation of kinetic and adsorption variables for MS using Panthenol as

corrosion inhibitor.

Study was performed by using Panthenol as corrosion reducing agent in order to find
out the thermodynamic and kinetic parameters and all the calculated variables are
summed up in Table 4.2.4 and pictorial presentations are given in Figure 4.2.5 (a-d).
Adsorption was best fitted in Langmuir adsorption isotherm, which was confirmed from
the regression coefficient and slope value (Hossam et al.,2021) Further, the Value of
Kads Was highest at 298 K, which showed that on increasing the temperature the
corrosion mitigation capacity of Panthenol showed a downfall (Yadav et al., 2016).
Further negative value of AG2,, and negative value of AHags confirmed the spontaneous
and exothermic nature (Abdallah et al., 2021; Cao et al., 2019). Value of activation

energy calculated for acid and optimized concentration of Panthenol was higher than
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the value calculated for pure acid solution, which claimed the successful mitigation of

corrosion.

Table 4.2.4 Thermodynamic parameters for Panthenol used as inhibitor.

Metal Inhibitor Temp. Kads AG s AHags Ea ASads
Conc. (K) KJmol™ KJmol? KJ KJ
(ppm) molt  mol?
K-l
mild Blank 29.67
steel 298 24162  -23.55
- 0.05 62.99 0.26
308 45.14 -20.04
400 ppm
318 10.51 -16.84
328 5.97 -15.83

logC

3.0 3f1 3?2 313 3.4
1/TA0* K

300 310 320 330
Temperature (K)

Figure 4.2.5 (a- d) Graphical presentation of (a) Langmuir isotherm, (b) plot between 1/T vs
log CR (c) plot of AGagsvs T (d) plot between log Kagsvs 1/T.
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4.2.7 Estimation of kinetic and adsorption variables for MS using Naphazoline as

corrosion inhibitor.

Fifth drug molecule investigated for the corrosion inhibition properties was
Naphazoline and all the thermodynamic and kinetic parameter are summed up in Table
4.2.5 and graphically presented in Figure 4.2.6 (a-d). Adsorption was best fitted in
Langmuir isotherm with R? value of 0.99 and slope 0.93 (Tan et al. 2020). Further,
Values of Kags showed a dip with the increased temperature, which depicted the
decreased inhibition efficacy with the increased temperature. Again, by using the value
of Kags, the free energy values were calculated and at all the selected temperatures, the
values came out to be negative, which validated the spontaneous nature and also the
negative value of enthalpy of adsorption confirmed the exothermic nature (Abdallah et
al., 2021; Tasic et al., 2021). Further, the value of AGJ,, at 298 K lies between -
20KJ/mol to -40 KJ /mol, that confirmed that the naphazoline adsorbed on metallic
surface both physically and chemically. Arrhenius equation was employed to find out
the value of activation energy, which came out to be higher in case of Naphazoline
dissolved in the test solution as compare to the activation energy value of pure acid
solution. This showed the formation of layer of Naphazoline on the top of metal, which

mitigates the corrosion of sample.

Table 4.2.5 Thermodynamic parameters for Naphazoline used as inhibitor.

Metal Inhibitor  Temp.  Kags AG%ds  AHads Ea ASads
Conc. (K) KJmol™ KJmol? KJ KJ
(ppm) molt  mol?
K-l
mild Blank -0.48
steel 298 386.33  -24.71
-0.02 25.27 0.14
308 112.31 -22.38
1500 ppm
318 49.76 -20.95
328 32.50 -20.44
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Figure 4.2.6 (a- d) Graphical presentation of (a) Langmuir isotherm, (b) plot between 1/T vs
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4.2.8 Estimation of kinetic and adsorption variables for MS using Dicyclomine

hydrochloride as corrosion inhibitor.

Dicyclomine was selected as inhibitor molecule to investigate its capacity to mitigate
the corrosion of MS. Adsorption of Dicyclomine hydrochloride was according to
Langmuir adsorption isotherm as regression coefficient value (0.99) was nearly equal
to unity (Guo et al., 2019). All the calculated parameters are summed up in Table 4.2.6
and graphs are shown in Figure 4.2.7 (a-d). Further Kags value was highest at 298 K and

decreased with the rise in temperature, it confirmed the decreased inhibition efficacy
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with the increase in temperature. Also, on the basis of Kags, free energy values were
calculated, the value was -26.12 KJ /mol, which confirmed that Dicyclomine
hydrochloride was present on the metal through physical forces as well as chemical
forces. Further negative free energy value, negative enthalpy of adsorption value, and
positive entropy value confirmed the spontaneity, exothermic nature and increased
entropy respectively (Popova, 2007). Activation energy calculations depicted the high
value of inhibitor containing solution, which confirmed the formation of thin layer of
Dicyclomine hydrochloride on the metal, resulted in excellent reduction in corrosion
(Chaudhari & Patel,2019).

Table-4.2.6 Thermodynamic and kinetic parameters for Dicyclomine hydrochloride
used as inhibitor.

Metal Inhibitor  Temp.  Kads AG%ds  AHads Ea ASads
Conc. (K) KJmol™ KJmol? KJ KJ
(ppm) molt  mol?
K-l
mild Blank 0.76
steel 298 681.75  -26.12
-0.03 39.63 0.18
308 140.39 -22.95
1500 ppm
318 58.06 -21.36
328 32.50 -20.44
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4.2.9 Conclusions

. The conclusions that can be drawn from the above discussion are as follows

e Langmuir isotherm was obeyed by adsorption of all the six investigated drug
molecules. A straight line with the regression coefficient almost equal to unity
which shows the formation of monolayer on metal surface.

e High values of Kags gave an idea about strong interaction between sample under
investigation and inhibitor molecules, which resulted in high corrosion
mitigation of sample.

e AGPqs values suggest that almost all the inhibitor molecules adsorbed
physically as well as chemically on the metallic surface; their negative sign
depicted the spontaneity of process.

e Enthalpy value came out to be negative, which suggested the exothermic nature
of adsorption.

e The adsorption of all the six inhibitors on metal surface is favoured by entropy
(positive value). Therefore, spike in system randomness is caused by the
adsorption of inhibitor molecules onto metal surfaces as well as desorption of
water from metal surfaces.

e Higher activation energy values suggest the when inhibitors are there in the test
solution, confirmed rise in energy barrier formation, therefore more energy will be

required in order to continue the corrosion.
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4.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is one of the most potent techniques for
assessing the electrical characteristics of metallic materials. In this chapter main
parameters like charge transfer resistance, double layer capacitance are evaluated by
employing EIS and were used to find out the inhibition efficiency of the selected
inhibitors. A comprehensive explanation of the overall electrochemical mechanism

involved in the process of corrosion of metals is provided in this chapter.

EIS is a very effective, non-destructive measurement technique to find out the electric
nature of sample under study by applying the low amplitude AC voltage (which is a
function of frequency). Therefore, the basic principle of EIS is that external potential is
applied to check the behaviour of electrochemical cell under investigation. Three
electrode assembly is used which includes working, counter and reference electrodes,
and voltage is applied, after that quantitative data produced is then used to get insight
in to mechanism of the process (Barsoukov& Macdonald,2018; Lasia, 2002; Prakash
et al., 2006). Based on the following postulates, Impedance explains the complicated

nature of working electrode (Magar et al., 2021)

e Itis not possible to apply Ohm's law at all voltages and currents.

e Impedance is the frequency dependent resistance value.

e Impedance is the proportionality factor between AC current and voltage signals.
Current produce after the application of AC voltage, is again comes in the form of
sinusoidal wave (vide Figure 4.3.1) of same frequency but the phase and amplitude may
vary (Fliu,2020).

-
VOLTAGE

Time

a
CURRENT L

Time

Figure 4.3.1 Current and voltage waves as a function of time. Source: Adapted from the

reference (Fliu, 2020).
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The excitation signals are given as follows

E; = Eysin (wt) (4.3.1)
w = 2nf (4.3.2)
I; = Iy sin(wt + ¢) (4.3.3)

Where E; refers to potential at time t, Eo define amplitude, « and f refers to radial
frequency and frequency. It is current shifted to phase (p) with amplitude, lo.

Further, Impedance which is a complex number and is calculated as follows

Z(w) = = = Zoexp (j¢) = Zo(cos ¢ + jsin ) (4.3.4)

Here equation 4.3.4 comprises of real and imaginary parts and when real part is taken
on x-axis and imaginary part is taken on y-axis for a plot (as given in Figure 4.3.2), then
this plot is called as Nyquist Plot (Ins, 2007).

"

Izl

T o d

Figure 4.3.2 Nyquist Plot

Unavoidably, there is a flaw in Nyquist plots. There is no way to tell by looking at the
plot which frequency was applied to record any particular data point. The data obtained

is then fitted in to the electric circuit as mentioned in Figure 4.3.3.
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CPE

Figure 4.3.3 Simplest circuit diagram.

In order to overcome the limitation of Nyquist plot, another type of plots can be drawn
and that are called as Bode plot. In the Bode plots the frequency is taken on the x-axis
and log |Z| on the y-axis and second time phase angle on the y-axis as given in the
Figure 4.3.4 (a-b) (Ins,2007).

(a) (b)
Rs+Rp
L")
j &
N
& <
- Rp é
-9
4

Log F Log F

Figure 4.3.4 (a-b) Pictorial presentation of Bode Plots.
4.3.1 Electrochemical impedance spectroscopic (EIS) measurements

Electrochemical impedance spectroscopy is important technique while executing
electrochemical operations and examining the adsorption of chemicals on metal
coupons (Baig et al., 2019). EIS Plots of various drug molecules study (Baclofen,
Betahistine dihydrochloride, Isoxsuprine hydrochloride, Panthenol, Naphazoline,
Dicyclomine hydrochloride) used in the present are explained below. The EIS may be

used to quantify corrosion kinetics characteristics including charge transfer resistance
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and double-layer capacitance and the charge transfer resistance value can be substituted

in equation 4.3.5 to evaluate corrosion mitigation capacity.

R'ct—R¢t

IE(%) = x 100 (4.3.5)

ct

where Rt and Rt are the charge transfer resistance when selected inhibitor is mixed
with test solution and when selected inhibitor is not present in the test solution
respectively (Bedir et al., 2021; Kumar et al., 2018). Double layer capacitance of every
investigation including different drug molecules as inhibitors can be measured with the

help of following equation 4.3.6.
Cdl = 1/27Tfmacht (436)

Here, Cal, Ret, fmax Specify double-layer capacitance and charge transfer resistance and
frequency value when imaginary impedance is at its maximum respectively (Fouda et
al. 2019).

4.3.2 EIS investigations of corrosion inhibition properties of Baclofen for MS in

acidic medium

Figure 4.3.5 displays the Nyquist plots, which were obtained with regard to the OCP,
at 298 K with varied amounts (0-2000 ppm) of Baclofen in 1M HCI, and the data
derived from the measurement was then fitted in the simple Randel’s circuit (Figure
4.3.5b) (Ahamad and Quaraishi, 2010). The plots show that the concentration of 2000
ppm of Baclofen expanded the capacitive loop's diameter to its maximum, validating
the sample's surface protection and it also confirmed increased Baclofen deposition
layer's thickness on the MS surface (Fouda et al., 2018). Furthermore, even with the
increasing amount of inhibitory molecules, semi-circular loops of the same type were
present, confirming that the reaction's mechanism remained unchanged and only
impedance increased and values of increased impedance are given in Table
4.3.1(Khaled & Amin, 2009). It was also visible in the diagram that semi-circular loops
are not proper and are bit depressed, because of the roughness and inhomogeneity of

electrode surface, which resulted in an inaccurate double layer therefore, constant phase
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element (CPE) is inserted in place of double layer capacitance in the circuit diagram
given in Figure 4.3.5b (Edison et al., 2018). Value of CPE/ Cq (Cui calculated by
employing equation 4.3.6) showed a dip in the values with the enhanced concentration
of Baclofen due of the MS's good adsorption of the inhibitory drug molecule (Singh et
al., 2020). Itis seen from Table 4.3.1 that inhibition efficiency (calculated by employing
equation 4.3.5) increased with increased amount of Baclofen in selected acidic medium
and was maximum 97.12% at 2000 ppm (Khaled,2008). Figure 4.3.6 (a,b) shows that
phase angle and impedance rise with increasing inhibitor concentration, confirming the
corrosion mitigation of MS with increased Baclofen concentration (Elabbasy &
Gadow.2021).

Table 4.3.1 Electrochemical parameters calculated for varied concentration of Baclofen.

Inhibitor Inhibitor CPE.Yo CPE Cul Ret Rs X IE
Concentration (uFem™@) N (uFem™@) (Qem?)  (Qcm?) (%)
(Ppm)

Baclofen Acid  without 1010 0.80 393.11 12.77 1.18 0.18
inhibitor
100 720 0.79 200.66 31.59 141 0.14 59.57
500 460 0.82 190.27 41.95 2.02 0.09 69.56
1000 250 0.85 90.91 69.73 2.10 0.15 81.68
1500 340 0.79 98.86 127.93 1.85 0.19 90.01
2000 120 0.80 56.88 443.66 3.93 0.62 97.12
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Figure 4.3.5 (a) Nyquist impedance diagram for metal in acid with different amount of

Baclofen. (b) Electrical equivalent circuit.
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Figure 4.3.6 (a) Bode phase angle and (b) Bode modulus plots for metallic sample in acidic

solution in the varied amount of Baclofen.
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4.3.3 EIS investigations of corrosion inhibition properties of Betahistine

dihydrochloride for MS in acidic medium

Semi- circular depressed circular loops resulted in the Nyquist plot (vide Figure 4.3.7a)
confirmed the presence of charge transfer process and imperfection in the loops were
resulted because of irregularity, inhomogeneity and roughness of electrodes surface
(Dagdag et al., 2019; Fouda et al., 2017; Singh & Quraishi, 2011). Furthermore, with
the increased amount of inhibitory drug Betahistine dihydrochloride, the increased loop
size was confirmed (vide Figure 4.3.7a) and the maximum impedance value was
confirmed at 1500 ppm of drug concentration (Dagdag et al., 2019; Singh & Quraishi,
2011). The Nyquist plots are then fitted in electrochemical circuit as indicated in Figure
4.3.7b. Multiple circuits can be used to fit Nyquist plots, hence no one circuit can be
deemed the best match. A value of y?indicates that the fitting deviation is derived from
both the fitted and the actual data sets (Zhang et al., 2021). Resistance value showed a
rise, Ca levels dropped and the decrease in the constant phase element value was
computed and summed up in Table 4.3.2 as a result of increasing concentration of drug
from 50 to 1500 ppm. That was attributable to a decreased dielectric constant value,
replacement of adsorbed water molecule with inhibitor molecules and increased width
of double-layer, which proved the reduction of corrosion owing to the coverage of the
metallic surface by a thin layer of drug molecules (Ashassi-Sorkhabi et al., 2005,2008;
Ansari et al., 2016). The Bode curves are shown in Figure 4.3.8(a, b). Capacitive
behaviour (vide Figure 4.3.8b) was explained in which the phase angle is smaller than
90°, which suggests that pure capacitive behaviour is lacking due to surface irregularity.
However, when Betahistine concentration was increased, the value of phase angle rose,
indicating that the creation of a layer of inhibitor molecules on the exposed electrode
surface had successfully mitigated corrosion (Haque et al., 2017; Sundaram et al.,
2021).
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Figure 4.3.7 (a)Nyquist plots for metallic sample in acid solution with different amount of

Betahistine dihydrochloride (b) Equivalent electrochemical circuit diagram.
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Figure 4.3.8 (a) Bode Phase angle and (b) Bode modulus plots for metallic sample in acidic

solution in the varied amount of Betahistine dihydrochloride.
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Table 4.3.2 Impedance parameters for mils steel soaked in varying amounts of Betahistine as

an inhibitor.

Inhibitor Inhibitor CPE.Yo CPE Cul Ret Rs b a IE
Concentrat (uFem™@) ,n (uF em™)  (Q cm?) (Q cm?) (%)
ion (ppm)

Betahistine Blank 1010 0.80 390.35 12.77 1.18 0.18

dihydrochloride 50 290 0.85 188.60 53.30 2.17 0.16 76.04
100 470 0.76  130.03 77.31 3.16 0.19 83.48
500 310 0.83 135.06 117.9 2.02 0.11 89.17
1000 280 0.82 123,52 128.91 1.90 0.10 90.09
1500 230 0.74 74.85 337.15 1.38 0.61 96.21

4.3.4 EIS investigations of corrosion inhibition properties of Isoxsuprine

hydrochloride for MS in acidic medium

Nyquist vide Figure 4.3.9(a,b) and Bode plots vide Figure 4.3.10(a,b) were generated
by immersing metal electrodes in an acidic solution containing Isoxsuprine
hydrochloride (ranging from 0 to 2000 ppm) as an inhibitor. As the concentration of
inhibitor was raised, the size of the semicircles grew (vide Figure 4.3.9a); the larger the
semicircle's diameter, the more inhibition there was. However, these semicircles were
imprecise because to the dispersed frequency and roughness of the exposed surface in
Figure 4.3.9a (Cao et al., 2019; Tasic et al., 2021). Nyquist data was further fitted in to
electric circuit shown in Figure 4.3.9b. Values incorporated in Table 4.3.3 depicted the
increased value of Rct with the concentration rise of Isoxsuprine hydrochloride from 0
to 2000 ppm and decreased CPE values verified the presence of an investigated drug
molecule as a barrier on the surface of coupon (Hao et al., 2017; Khaled & Qahtani,
2009). On the basis of equation 4.3.5 and 4.3.6 the corrosion reducing efficiency along
with double layer capacitance values were calculated and maximum efficiency depicted
as 96.72% at 2000 ppm of inhibitor and also decreased Cqi confirmed the adsorption of
Isoxsuprine hydrochloride on metal under investigation (Elkadi et al., 2000; Hameed et
al., 2020).
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Figure 4.3.9 (a) Graphical presentation of Nyquist plot for MS with Isoxsuprine as
corrosion inhibitor. (b) Equivalent circuit for electrochemical study.

Table 4.3.3 Parameters identified for wvaried concentration of Isoxsuprine
hydrochloride with electrochemical analysis.
Inhibitor Inhibitor CPE.Yo CPE,n Cu Ret Rs x° IE
Concentration (uF pFem™?) (Qcm?) (Qcm?) (%)
(Ppm) cm™?)
Isoxsuprine Acid without
hydrochloride Inhibitor 1010 0.80 313.22 12.77 1.18 0.18
100 525 0.74 129.34 155.05 2.83 0.44 91.76
500 379 0.77 122.23 164.07 2.20 0.19 92.22
1000 469 0.72 87.41 229.42 2.96 0.60 94.43
1500 320 0.73 64.78 389.54 5.38 0.56 96.72
2000 259 0.75 54.05 588.03 6.11 0.89 97.83
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Figure 4.3.10 (a,b) Bode graphs for metal under study in HCI containing Isoxsuprine
hydrochloride (0 to 2000 ppm) as inhibitor.

4.3.5 EIS investigations of corrosion inhibition properties of Panthenol for MS in

acidic medium

EIS investigations were carried out to find out the inhibition efficacy of the Panthenol
drug molecule, the equation 4.3.5 and 4.3.6 are employed to find out the values of
inhibition efficiency and double layer capacitance. All the calculated variables are
summed up in the Table 4.3.4 and Nyquist (vide Figure 4.3.11a, b) and Bode plots (vide
Figure 4.3.12a, b) were also drawn with the help of data drawn from the measurements.
Highest value of efficiency was 89.81% at 400 ppm of Panthenol. Also Figure 4.3.11a
demonstrated the increase in the diameter of the semi-circular rings with the rise in
concentration from 0 to 400 ppm, also the imperfection of these semi-circular rings was
because of dispersed frequency and some surface roughness issues and because of that
Cai was replaced with CPE value in electric circuit drawn (Figure 4.3.11b) analogous
to Nyquist data. Increased value of phase angle and impedance was also confirmed from
Figure 4.3.12 (a, b) which further validated the protection of metal surface through the
formation of defensive layer of drug molecules (Aslam et al., 2020; Berdimurodov et
al., 2021; Xu et al., 2014).
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Figure 4.3.11 (a) Representation of Nyquist Plot with varied amount of Panthenol as inhibitor

and (b) Equivalent circuit diagram.
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Figure 4.3.12 (a, b) Bode graphs for metal under study in HCI containing Panthenol (0 to 400

ppm) as inhibitor.
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Table 4.3.4 Parameters calculated from EIS for MS sample and Panthenol as inhibiting

molecule.

Inhibitor Inhibitor CPE.Yo CPE Ca Ret Rs xX? IE
Concentrat (uFem™) ,n (uF ecm™)  (Q cm?) (Q cm?) (%)
ion (ppm)

Panthenol Blank 1010 0.80 390.35 12.77 1.18 0.18
100 540 0.82 169.02 37.52 1.60 0.15 65.96
200 380 0.86 154.48 41.05 1.72 0.12 68.89
300 300 0.85 142.06 89.03 1.76 0.09 85.66
400 190 0.87 100.92 125.32 1.55 0.15 89.81

4.3.6 EIS investigations of corrosion inhibition properties of Naphazoline for MS

in acidic medium

As shown in Figure 4.3.13 (a, b), varying quantities of Naphazoline (0 -1500 ppm) in
1M HCI were used to generate the Nyquist plots and equivalent circuit diagram
respectively at 298 K (Gao et al., 2020), Figure 4.3.14 (a, b) represented the bode plots
and all the calculated parameters are summarized in Table 4.3.5. Trends of different
variables like increased value of Rct, decreased value of Cq, decreased value of CPE
confirmed the formation of thin layer of naphazoline on the metal surface, which
protected it from corrosion (Goyal et al., 2020). Also, the size of the semi-circular rings
formed in the Nyquist plot increased with increased amount of Naphazoline from 0 to
1500 ppm, which also confirmed the increased inhibition efficiency and was 89.10% at
1500 ppm. Increased phase angle value and increased impedance in the bode plots also
verified the formation of protective naphazoline layer on the metal surface (Zhang et
al., 2021).
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Table 4.3.5 Parameters calculated from EIS for MS sample and Naphazoline as inhibiting

molecule.

Inhibitor Inhibitor CPE.Yo CPE Cul Ret Rs b a IE
Concentrat (uFem™@) ,n (uF em™)  (Q cm?) (Q cm?) (%)
ion (ppm)

Naphazoline Blank 1010 0.80 390.35 12.77 1.18 0.17
100 664 0.82 19145 41.69 1.44 0.11 69.37
500 564 0.81 101.85 62.26 1.11 0.16 79.49
1000 374 0.82 92.69 86.11 1.72 0.29 85.17
1500 343 0.78 85.77 117.21 1.53 0.19 89.10

(a)
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O 1000 ppm
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CPE

Figure 4.3.13 (a) Representation of Nyquist Plot with varied amount of Naphazoline as

inhibitor and (b) Equivalent circuit diagram.
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Figure 4.3.14 (a, b) Bode graphs for metal under study in HCI containing Naphazoline (0 -
1500 ppm) as inhibitor

4.3.7 EIS investigations of corrosion inhibition properties of Dicyclomine
hydrochloride for MS in acidic medium

When varied amount Dicyclomine hydrochloride (0-800 ppm) in 1M HCI were
investigated with EIS technique, the resulting Nyquist plots are shown in Figure 4.3.15a
and the data of Nyquist was then fitted in to the simple Randel's circuit with the help of
software (Figure 4.3.15b) (Liang et al., 2019). It was clear from the pictorial
presentation that with the continuous increase in the concentration of dicyclomine
hydrochloride, the size of the semi-circular rings (imperfect rings caused by frequency
dispersion, inhomogeneity) were also increasing and further by employing the
equations 4.3.5 and 4.3.6, the values of inhibition efficiency and Cq were measured and
IE was 95.70 % at 800 ppm of Dicyclomine hydrochloride (Dagdag et al., 2019;
Sebhaoui et al., 2019). Figure 4.3.16 (a,b) depicted the bode plots, which shows
increased phase angle and impedance values, which verified the corrosion mitigation.
All the parameters measured from the study are tabulated in Table 4.3.6, the rise in the
Ret, dip in the Cq), and decreased CPE values also confirmed the successful mitigation

of corrosion by employing the Dicyclomine hydrochloride as inhibitor.
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Figure 4.3.15 (a) Representation of Nyquist Plot with varied amount of Dicyclomine

hydrochloride as inhibitor and (b) Equivalent circuit diagram.
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Figure 4.3.16 (a, b) Bode graphs for metal under study in HCI containing Dicyclomine

hydrochloride (0 - 800 ppm) as inhibitor
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Table 4.3.6 Parameters calculated from EIS for MS sample and Dicyclomine as inhibiting

molecule.

Inhibitor Inhibitor CPE.Yo CPE Cul Ret Rs b a IE
Concentrat (uFem™@) ,n (uFem™) (Qcm?) (Q cm?) (%)
ion (ppm)

Dicyclomine Blank 1010 0.69 313.22 12.77 1.18 0.18

hydrochloride 200 939 0.68 171.72 46.48 1.97 046 7252
400 657 0.71 127.33 78.9 2.70 0.38 8381
600 501 0.77 101.53 124.57 1.53 0.69  89.75
800 229 0.75 84.94 297.09 1.35 0.44  95.70
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4.3.8 Conclusions

Drugs (Baclofen, Betahistine dihydrochloride, Isoxsuprine hydrochloride, panthenol,
Naphazoline, Dicyclomine hydrochloride) have been investigated for their corrosion
mitigation tendencies for MS in 0 1M HCI by using EIS technique. Following are some

conclusions drawn from the present study:

e The increased diameter of capacitive loops on addition of drug molecules as
compared to blank solution confirms the effective inhibition of metal surface and
rise in the inhibition efficiency value.

e The formation of a thicker monolayer by the inhibitor molecules is evidenced by
a larger Rt value.

e The decrease in Cq values observed after the addition of the inhibitor, verifies
the formation of a preventative layer of inhibitor on the metal surfaces

e The findings of the Bode plots demonstrated that the phase angle values
significantly increased with the increased amount of inhibitor, which validated
the reduction in roughness of metal surface due to the formation of inhibitor
layer on the metallic surface.

e The general trend for the overall inhibitory efficacy of inhibitors on the MS in
1M HCI: Isoxsuprine hydrochloride > Baclofen > Betahisine

hydrochloride > Dicyclomine hydrochloride >Panthenol > Naphazoline.
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4.4 Potentiodynamic Polarization technique

Potentiodynamic polarization measurement (PDP) is one of the most extensively used
DC electrochemical approach in corrosion investigations. Potential is applied to the
electrode and current is generated due to the reactions take place at cathode and anode.
Here in this case the potential behaves as a function of log of current. Graphical
presentation of potential and log I, called as Tafel plot or polarization plots as shown in
Figure 4.4.1, from which the values of corrosion potential along with Tafel slopes
(determination of corrosion rate) can be measured (Telegdi et al., 2018; Instrument,
2019). On applying the Potential, the current developed is a measure of rate of
corrosion occurring on working electrode in calculated as current per unit area, known

as current density (Keshavamurthy et al., 2021).
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Figure 4.4.1 Tafel plot.
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In order to study and measure the kinetics involved in the corrosion study, the most
popular is the Butler—\VVolmer equation, written as follows (McCafferty, 2005; Okajima
etal., 2010)

i = icorr [eomF(E—ECOrr )/RT __ e—(l—a)nF(E—ECOrr )/RT] (4.4.1)

Where, i specify the Current Density (A/m?) at electrode, E and Ecorr denote Applied
Potential and Corrosion Potential respectively, # equal to E — Ecorr, icorr refers to Corrosion
Current Density, Ba and Pc denotes Tafel Slope (anodic and Cathodic), F is Faraday’s
Constant (value 96580 C), R and T are Universal Gas Constant and Temperature
respectively. Equation 4.4.1 is the basic behind the Tafel exploration. While studying
Butler-Volmer Equation two conditions can arise first when potential on the electrode
is more negative, that means rate of cathodic reaction has increased and anodic current
showed a dip, therefore, the equation 4.4.1 has changed and the first part is removed
from it, the new modified equation (known as cathodic Tafel equation) is as follows

log(—Ic) = loglcorr — (B.nFn/2.303RT) (4.4.2)

Second situation arises, when metal electrode potential is shifting towards positive,
that is the situation when anodic reaction is faster as compare to cathodic reaction. At
highly positive overpotential, anodic current rises and cathodic current showed a dip.
In this case again, equation 4.4.1 is altered (known as anodic Tafel equation) by
removing the second part and is as follows

log(—Ia) = loglcorr + (B,nFn/2.303RT) (4.4.3)
4.4.1 Potentiodynamic polarization investigation of MS in presence of 1M HCI

Potentiodynamic polarization technique was employed to investigate the corrosion
behaviour of MS in 1 M HCI at 298K. Prior to this measurement, the open circuit
potential was measured against the Ag/AgCI electrode. Further the current density
values extracted from the PDP measurements, are substituted in the following equation
to find out the inhibition efficiency (Farahati et al., 2020)

z _ sinh
IE (%) = Zerer % 100 (4.4.9)

Jcorr
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where jeorr and j*. are expressing the corrosion current densities in test solution and

an acidic solution containing an inhibitor, respectively.

4.4.2 Potentiodynamic polarization study of corrosion reducing tendency for MS in

1M HCI by using Baclofen as inhibitor

Corrosion mitigation property of Baclofen drug molecule was also investigated for MS
with potentiodynamic polarization method. In Figure 4.4.2 the Tafel curves produced
without and with the different concentrations of Baclofen (0 to 2000 ppm) are shown
and these plots are further used to extract corrosion parameters such as anodic (bs) and
cathodic (bc) Tafel slopes, corrosion current density (jcorr), corrosion potential (Ecorr),
and all the calculated parameters are tabulated in Table 4.4.1. Baclofen's effect on both
cathodic and anodic reactions can be detected by the change in ba and b¢ following the
addition of the drug (EI- Arrouji et al., 2020). Higher values of b validated that the
inhibitor controlled the cathodic reaction more as compared to anodic reaction and
negative shift in the Ecorr values also confirmed the suppression of cathodic reaction
(Soltaninejad & Shahidi, 2018). Decreased corrosion current density (jeorr) With the
increased amount of Baclofen from 0 to 2000 ppm also confirmed the mitigation of
corrosion. Further on substituting the jeorr Values in equation 4.4.4, the inhibition

efficacy was determined and was 92.65% at the 2000 ppm of Baclofen.

Table 4.4.1 Potentiodynamic parameters for MS when Baclofen was employed as inhibitor.

Inhibitor Inhibitor ba (V be (V Eorr (V)  joor (A IE (%)
Concentration(ppm) dec™) dec™) cm™)

Baclofen Blank 0.177 0.212 -0.436 1360 -
100 0.119 0.140 -0.449 500 63.23
500 0.100 0.158 -0.449 460 66.18
1000 0.103 0.140 -0.451 220 83.82
1500 0.104 0.140 -0.450 140 89.70
2000 0.18 0.160 -0.673 100 92.65
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Figure 4.4.2 Tafel plots with varied concentration of Baclofen containing in acid solution.

4.4.3 Potentiodynamic polarization study of corrosion reducing tendency for MS in
1M HCI by using Betahistine dihydrochloride as inhibitor

Analysis was carried out in a test solution containing various concentrations of
Betahistine dihydrochloride dissolved in an acidic solution and Figure 4.4.3 illustrated
the polarisation curves that were produced and various polarization descriptors are
compiled in Table 4.4.2. lllustrations in Figure 4.4.3 and tabulated values in Table 4.4.2
shown that at 1500 PPM, the inhibition efficiency is maximum. and jcorr decreased as
inhibition efficiency rose. This study predicted the cathodic predominance because the
inhibitor molecules alter the values of both ba and be, but the changes in bc are more
prominent. (Haque et al., 2017). This has been stated in literature that both cathodic and
anodic processes will be hindered if Ecorr values are less than 85 mV as compared to
the value of blank solution, and in the present investigation shift of the Ecorr values came
out to be 37 mV, therefore Betahistine dihydrochloride was depicted as a mixed type
inhibitor, but with cathodic predominance due to the negative shift of Ecorr (Farahati et
al., 2019; Farahati et al., 2020; Haque et al., 2017; Kowsari et al., 2016, Yadav et al.,
2013).
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Figure 4.4.3 Representation of Tafel plot with varying concentrations of Betahistine

dihydrochloride as inhibitor.

Table 4.4.2 Potentiodynamic parameters for MS using Betahistine dihydrochloride as a

corrosion inhibiting molecule

Inhibiting Concentration of ba be Ecorr Jeorr IE (%)

Molecule Betahistine (ppm)  (V/dec) (V/dec) V) (RA cm ™)

Betahistine Blank 0.177 0.212 -0.436 1360 -

dihydrochloride 50 0.095 0.143 -0.449 260 80.88
100 0.116 0.155 -0.456 220 83.82
500 0.091 0.132 -0.452 198 85.44
1000 0.088 0.128 -0.450 152 88.82
1500 0.097 0.122 -0.473 50 96.32
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4.4.4 Potentiodynamic polarization study of corrosion reducing tendency for MS in

1M HCI by using Isoxsuprine hydrochloride as inhibitor

In order to acquire insight into the electrochemical kinetics of the inhibitor,
potentiodynamic polarisation (PDP) studies are needed and this study was carried out
for MS samples and Isoxsuprine hydrochloride was considered as a new inhibitor.
Varied concentrations ranging from 0 to 2000 ppm are considered for analysis and Tafel
plots are illustrated in the Figure 4.4.4. Ecorr and jeorr Values, are determined by
extrapolating the anodic and cathodic corrosion current curves, values extracted after
the analysis of graphs are Tabulated in Table 4.4.3 (Chauhan et al., 2020). Results
revealed dip in the jeorr With the rise in the concentration of Isoxsuprine hydrochloride
(Feng et al., 2018). Results also revealed highest inhibition efficacy of 97.26 % at 2000
ppm of Isoxsuprine hydrochloride. In addition, the Ecorr Values in Figure 4.4.4 shift
slightly toward the cathodic region, confirming that the inhibitor's principal role in
affecting cathodic reaction, but the shift is 37mV towards cathodic region, which also
confirmed the suppression of both cathodic and anodic reactions. It was already given
in the previous studies that if the shift in the Ecorr values is less than £85mV, then the
inhibitor will retard both cathodic and anodic reactions. (Bashir et al., 2018; Baig et al.,
2019; Chauan et al. 2018, Rahimi et al. 2021). Tafel slopes (bc) values are high as
compare to anodic Tafel slopes (ba) in in Table 4.4.3, it revealed that the former was
higher also confirmed the cathodic reaction reduction is higher as compare to anodic
(Chauhan et al., 2018).
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Figure 4.4.4 Potentiodynamic polarization plots for metallic samples submerged in the
1M HCI solution with the varied concentration of Isoxsuprine hydrochloride from 0 to
2000 ppm.

Table 4.4.3 Computed Tafel parameters for corrosion of MS when Isoxsuprine

hydrochloride inhibitor is introduced.

Inhibitor Concentration ba (Vdec™?) be(Vdec?) Ecor(V) jeorr IE (%)
Name (ppm) (A cm™?)
Blank 0.177 0.212 -0.436 1360.00 -
Isoxsuprine 100 0.103 0.123 -0.462 120.38 91.15
hydrochloride 500 0.116 0.124 -0.477 104.74 92.30
1000 0.097 0.123 -0.461 83.71 93.84
1500 0.109 0.127 -0.475 55.35 95.93
2000 0.096 0.122 -0.473 37.31 97.26

100



4.4.5 Potentiodynamic polarization study of corrosion reducing tendency for MS in
1M HCI by using Panthenol as inhibitor

Analysis was conducted in a test solution with varying amounts of Panthenol in ppm
dissolved in acidic solution as a safe corrosion inhibiting substance. The polarization
curves obtained are elaborated in Figure 4.4.5 and all the variables calculated are
tabulated in the Table 4.4.4. 1t was clear from the tabulated results that with the rise in
concentration of Panthenol, the jeorr Values showed a decrease (Galai et al., 2021), on
substituting the jcorr value in equation 4.4.4, th inhibition efficiency was calculated and
at 400 ppm the efficacy value was maximum ( 89.41%). Graphical presentation (Figure
4.4.5) was showing the Ecorr values change slightly toward the cathodic region,
confirming that the inhibitor's primary role in affecting cathodic reaction, but the shift
in the Ecorr value with respect to the value of test solution was only 16 mV, which is
less than £85mV. Therefore, Panthenol behaved as mixed type of inhibitor but with
slight cathodic predominance (Cahuhan et al. 2018; Rahimi et al., 2021; Galai et al.,
2017).
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Figure 4.4.5 Potentiodynamic polarization plots for metallic samples submerged in
the 1M HCI solution with the varied concentration of Panthenol.
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Table 4.4.4 Computed Tafel parameters for corrosion of MS when Panthenol inhibitor

is introduced.

Inhibitor Concentration ba(Vdec?) be(Vdec?)  Ecorr(V) jeorr IE (%)
Name (ppm) (A cm™?)
Blank 0.177 0.212 -0.436 1360.00 -
Panthenol 100 0.130 0.140 -0.453 486.00 64.26
200 0.110 0.162 -0.439 451.00 66.84
300 0.120 0.146 -0.452 219.00 83.90
400 0.092 0.127 -0.452 144 89.41

4.4.6 Potentiodynamic polarization study of corrosion reducing tendency for MS in

1M HCI by using Naphazoline as inhibitor

Using PDP experiments, we can learn more about the inhibitor's electrochemical
kinetics. The PDP plots of drug Naphazoline obtained from the acidic solution with the
different concentration of Naphazoline ranging from 0 to 1500 ppm are described in
Figure 4.4.6 and various corrosion parameters derived from plot are tabulated in Table
4.4.5. Results revealed that with the rise in Naphazoline concentration, the jcorr Values
decreased and by using the current values the inhibition efficiency was calculated and
was maximum (89.56%) at 1500 ppm. Shift of Ecorr Values towards the negative side
depicted the cathodic supression by inhibitor but as per the literature, the difference
between Ecorr Values of blank and inhibited solution was less than £85mV, therefore
inhibition was of mixed nature but slightly cathodic predominance. These findings
imply that the adsorption of inhibitor molecules on metal substrates takes up active
sites, which can be interpreted as a process of substitution between the inhibitors and
pre adsorbed H2O molecules at the iron/solution interface (Deyab,2018; Tan et al.,
2020a; Tan et al., 2020b).
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Figure 4.4.6 Potentiodynamic polarization plots for metallic samples submerged in the

1M HCI solution with the varied concentration of Naphazoline.

Table 4.4.5 Computed Tafel parameters for corrosion of MS when Naphazoline

inhibitor is introduced.

Inhibitor Concentration ba (V dec™?) be(Vdec™?)  Ecor (V) jeorr IE (%0)
Name (ppm) (A ecm™)
Blank 0.177 0.212 -0.436 1360.00 -
Naphazoline 100 0.100 0.151 -0.442 428.00 68.53
500 0.110 0.147 -0.451 218.00 83.97
1000 0.127 0.160 -0.452 198.00 85.44
1500 0.109 0.156 -0.456 142 89.56
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4.4.7 Potentiodynamic polarization study of corrosion reducing tendency for MS in

1M HCI by using Dicyclomine hydrochloride as inhibitor

Potentiodynamic polarisation (PDP) experiments are required to understand the
detailed insight in to corrosion reactions and Tafel plots by utilizing the data obtained
from PDP measurements are represented in Figure 4.4.7 and corrosion descriptors are
tabulated in Table 4.4.6. Results from the calculations revealed that the inhibition
efficacy was 95.37 % at 800 ppm of dicyclomine hydrochloride and current density
values decreased with the rise in inhibitor’s concentration. Also, the variation of Ecorr
values of inhibited solution to blank solution is less than £85mV, therefore the inhibitor
is successfully supressing the cathodic and anodic reaction rates. This suppression of
both the reactions may be attributed to the fact that dicyclomine hydrochloride
molecules are attracted to the active sites of the sample (Ansari et al., 2017; Fouda et
al., 2019; Saji et al., 2019).
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Figure 4.4.7 Potentiodynamic polarization plots for metallic samples submerged in the
1M HCI solution with the varied concentration of Dicyclomine hydrochloride from 0

to 800 ppm.
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Table 4.4.6 Computed Tafel parameters for corrosion of MS when Dicyclomine

hydrochloride inhibitor is introduced.

Inhibitor Concentration ba (V dec™?) be(Vdec?) Ecor(V) jeorr IE (%0)
Name (ppm) (A cm™?)
Blank 0.177 0.212 -0.436 1360.00 -
Dicyclomine 200 0.129 0.162 -0.466 374.00 72.5
hydrochloride 400 0.140 0.155 -0.460 209.00 84.63
600 0.132 0.157 -0.492 133.00 90.22
800 0.136 0.163 -0.472 63.00 95.37
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4.4.8. Conclusions

Baclofen, Betahistine dihydrochloride, Isoxsuprine hydrochloride, Panthenol,
Naphazoline Dicyclomine hydrochloride are the six drug molecules selected for the
present study and potentiodynamic polarization study was also carried out. Different

corrosion descriptors such as lcorr, Ecorr, Tafel slopes were also determined.

e Arrise in inhibition efficiency can be detected with an increase in the inhibitor

concentration.
e Ecorr value suggested the suppression of both cathodic and anodic reactions.

e The Tafel anodic and cathodic slopes changed irregularly, showing that the
effect of corrosion abatement is not only due to the adsorption, but also because

of the combined effect of blocking active sites on metals.

e The overall order of corrosion inhibition efficiency of inhibitors for MS is
Isoxsuprine hydrochloride > Betahistine dihydrochloride > Baclofen >

Dicyclomine hydrochloride > Naphazoline > Panthenol.
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4.5 Scanning electron microscopy

In scanning electron microscopy (SEM), electron beam is allowed to fall on the
particular area of sample under investigation, and is scanned across it, sometimes these
electrons dissociate the atoms of sample, which cause the liberation of electrons from
the sample. These electrons are called as secondary electrons. In SEM these secondary
electrons are also studied to get the two- dimensional images of sample. SEM can even
measure the surface topography of any sample up to < 1 nanometre spatial resolution.
In the present SEM study is very useful to understand the surface changes that occurs
when inhibitor being added in the test solution (Inkson,2016; Kuo, 2007; Stokes,2016).

4.5.1 Application of SEM in the present study

For the present study JEOL make SEM instrument was employed for surface study. Different
mild steel coupons of the dimensions 1 c.m. X 1 ¢.m. X 0.1 mm were taken for analysis.
Optimized time for exposure was two hours and chosen concentration of acid was 1 M
HCI. Six drug molecules were considered for study, out of which maximum
concentration of 2000 ppm was considered for Baclofen, and Isoxsuprine
hydrochloride. For Betahistine dihydrochloride, Naphazoline, 1500 ppm of maximum
concentration was selected. For Panthenol 400 ppm and for Dicyclomine hydrochloride
800 ppm concentration was selected for analysis. With the help of SEM analysis 2-
dimensional images of the samples were obtained. For this analysis three type of
samples were prepared, in the first type metallic coupons were cleaned sample without
any external exposure, second samples were immersed in 1 M HCI acidic solution and
third samples were immersed in acidic solution with optimized concentration of

different drug molecules. The results are discussed as follows:
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4.5.2 Scanning electron microscopy analysis for Baclofen as inhibitor

As shown in Figure 4.5.1(a—c), scanning electron microscopy pictures of the surface of
MS after it has been subjected to the optimal acid solution (1 M HCI) and subsequently
treated with 2000 ppm of Baclofen in acid for two hours are presented. Figure 4.5.1a
presents the clear polished surface of the sample, MS is corroded on the surface in
Figure 4.5.1b as a result of being immersed in 1 M HCI solution. This image shows
more fractures and flaws because of the damage caused by the acid to metallic surface.
Figure 4.5.1c shows the surface of MS dipped in the acid with 2000 ppm of Baclofen.
Figure 4.5.1c shows a surface that seems cleaner and with less damage, which is quite
similar to the clean surface shown in Figure 4.5.1 a, which verifies the presence of an

inhibitor on the surface of the sample in the form of a thin layer that acts as a barrier

between the MS sample and the acidic solution (Dhaundiyal, 2019; Faradian et al.,
2021; Parveen et al., 2019).

Figure 4.5.1 (a-c) SEM images of (a) polished metallic sample (b) sample submerged in 1M
HCI (c) sample submerged in 1 M HCI with an optimized concentration of Baclofen.
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4.5.3 Scanning electron microscopy analysis for Betahistine dihydrochloride as
inhibitor

For two hours, the MS surface was subjected to the optimized acid solution (1 M HCL)
and also treated to the solution with 1500 ppm of Betahistine dihydrochloride in acid.
Figure 4.5.2a shows the polished surface of the sample in its natural state without any
exposure. When MS is immersed in 1 M HCI solution, the outcome is a corroded surface
as seen in Figure 4.5.2b. Because of the damage caused by the MS sample in the acid
solution, there are more degradation of surface is evident in this photograph. Surface
quality improved and damage is reduced in Figure 4.5.2c. SEM analysis reveals that
inhibitor is available on the sample’s surface as a fine layer, protecting it from corrosion
(Kumar et al., 2013).

Figure 4.5.2 (a- ¢) SEM Micrograph: (a) Clear MS sample (b) Without Inhibitor (c) with

Betahistine dihydrochloride as corrosion inhibitor.
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4.5.4 Scanning electron microscopy analysis for Isoxsuprine hydrochloride as
inhibitor

scanning electron microscopy images of MS surfaces subjected to different
experimental conditions are shown in Figure 4.5.3 (a—c). These images include the
unexposed sample given in Figure 4.5.3a, metal in acid solution without inhibitor
shown in Figure 4.5.3b and metal in acid solution containing Isoxsuprine hydrochloride
as an inhibitor presented in Figure 4.5.3c. Figure 4.5.3b shows the corroded surface
with high level of roughness. Figure 4.5.3c shows a smooth finish with less breakage.
It confirmed that the sample's surface is blanketed with a thin coating of corrosion
inhibitor, preventing it from rusting (Guruprasad et al., 2020; ma et at., 2020;
Palaniappam et al., 2019).

w ’ ‘\«'A",,'__. N LAY . ]
- 104m JEOL  4/8/2021 ‘ 10 - 10pm JEOL  4/8/2021
10.0kV SEI ™ WD 15,0mm 15:02:11 00 WD 15.0mm 13:16:2( X 500 10,0kv SEI ™ WD 15.0mm 15:09:45

Figure 4.5.3 (a-c) SEM pictures of (a) steel sample without any exposure (b) sample
treated with acidic solution (c) sample expose to acidic solution with 2000 ppm of
Isoxsuprine hydrochloride.
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4.5.5 Scanning electron microscopy analysis for Panthenol as inhibitor

Figure 4.5.4 (a—c) shows scanning electron microscopy images of MS exposed to
optimised acid solution (1 M HCI) and then 400 ppm Panthenol drug as inhibitor in
acid for two hours. Figure 4.5.4a depicts the sample's smooth polished surface. Figure
4.5.4b illustrates a corroded surface caused by acid attack on the metal surface and more
damage is clearly evident in this image. Figure 4.5.4c depicts a surface that appears to
be better and less deteriorated and was very much similar to the surface present in
Figure 4.5.4a. Study verified the presence of Panthenol as inhibitor on top, preventing
rust from forming on the sample's surface (Du et al., 2017; Derfouf et al.2019; Nasr et
al.,2018).

Figure 4.5.4 (a-c) SEM pictures of (a) steel sample without any exposure (b) sample

treated with acidic solution (c) sample expose to acidic solution with 400 ppm of
Panthenol.
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4.5.6 Scanning electron microscopy analysis for Naphazoline as inhibitor

Figure 4.5.5 (a—c) shows scanning electron microscopy images of MS surfaces
subjected to different experimental conditions including three different conditions
unexposed sample, metal subjected to pure acid solution and metal kept in acid
containing Naphazoline as inhibitor. Additional pits and cracks are evident in the Figure
4.5.5b as a result of the MS sample being damaged in the acid solution. Less damage
and deterioration were there in Figure 4.5.5c¢, it established that the sample's surface is
protected from oxidation by a thin layer of Naphazoline (El- Etre & Ali, 2017; Kumar
etal., 2011; Ragul et al., 2018).

— 100pm JEOL 8/16/2021 L
20.0kV SEI 73 WD 15.0mm 13:44:23 20.0XV SEX WD 15.0mm 11:54:56

Figure 4.5.5 (a-c) SEM pictures of (a) steel sample without any exposure (b) sample
treated with acidic solution (c) sample immersed in acidic solution with 1500 ppm of
Naphazoline.
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4.5.7 Scanning electron microscopy analysis for Dicyclomine hydrochloride as
inhibitor

It is demonstrated in Figure 4.5.6 (a-c) that scanning electron microscopy pictures of
MS that were subjected to the acid solution (1 M HCI) and subsequently to the
Dicyclomine (800 ppm) in acid solution for two hours. the surface of the sample shown
in Figure 4.5.6a is clear, unexposed and polished. Figure 4.5.6b displays a corroded MS
surface after exposure in a 1 M HCI solution and more damage can be seen because the
sample in the acid solution had been compromised. Figure 4.5.6¢ illustrates a surface
that appeared cleaner and less degraded and is fairly comparable to the clean surface
depicted in Figure 4.5.64a, it proved that the sample's surface is protected from rusting
by the presence of Dicyclomine on the metal (Dhaundiyal, 2019; Faradian et al., 2021;
Parveen et al., 2019).

Figure 4.5.6 (a-c) SEM pictures of (a) steel sample without any exposure (b) sample

treated with acidic solution (c) sample dipped in acid with 800 ppm of Dicyclomine
hydrochloride.
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4.5.8 Conclusions

SEM helped to investigate the surface of polished metals and by subjecting metal

samples to acidic solutions and drug such as Baclofen, Betahistine dihydrochloride,

Isoxsuprine hydrochloride, Panthenol, Naphazoline, and Dicyclomine hydrochloride

containing acid solution. Three different samples were investigated: pure metal without

any external treatments, pure metal exposed to acid, and finally pure metal exposed to

acid with an optimal concentration of inhibiting molecule. The following are some of

the conclusions that were made as a result of this research:

According to the SEM experiments conducted for the corrosion MS, the highest
roughness and deterioration were found in blank solution (In Fig.b of every drug
molecule), indicating that the greatest amount of corrosion in blank solution.

Optimized concentration of drug molecules was 2000 ppm for Betahistine
dihydrochloride and Isoxsuprine hydrochloride. For Baclofen, Naphazoline the
optimized concentration was 1500 ppm, for dicyclomine hydrochloride it was
taken as 800 ppm and for Panthenol 400 ppm of drug was considered as
optimized concentration. These were the concentrations on which maximum
inhibition was reported in other experiments, hence same concentration of drug

molecule was taken for SEM analysis.

When selected drug molecules are added as corrosion inhibitors, the damage
and roughness was compensated and the cracks and pits reduced extensively,
which proved the formation of a preventative layer on the metal.
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4.6 Atomic force microscopy

Atomic force microscopy (AFM) is a well-known and widely acknowledged method
for studying inhibitor film development at the nano to microscale and for determining
the roughness of metal surfaces (Chen et al., 2020; Sundaram et al., 2016). It is a type
of scanning probe microscopy and was first used in 1985, mainly used to study surface
topography (Shinato et al., 2020). The main advantages of using AFM technology is
that it can be used in different environments like vacuum, liquid etc. Sample preparation
is also not required as conducting and nonconducting, any type of the sample can be
analyzed. But scanning speed and issue of unavoidable artifacts is also there (Shinato
et al., 2020).

4.6.1 Principle

AFM is a specific form of SPM, with a proven resolution of the order nanometer
(Shinato et al., 2020). A sharp cantilever tip connects with the sample surface, allowing
the tip to sense the forces between the surface of metal and molecules of the tip. It is
very much different from conventional microscope, as light is not being used but
samples are being touched by cantilever and images are taken (Trache et al., 2018). The
main parts of the commercial AFM instrumentation are AFM probe, optical lever,
feedback loop, the piezoelectric scanner and a conversion system. The probe is a
pointed tip set on a flexible cantilever. Optical lever that enables for the measurement
of cantilever displacements, feedback loop monitored interaction forces, piezoelectric
scanner is used moves the tip in 3-dimensional pattern and used to convert the data

obtained in to images (Trache et al., 2018).
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4.6.2 The AFM's operational modes

Following are the different modes of operations of AFM instrument (Jalili &
Laxminarayana, 2004; vahabi et al., 2013; Yosakau, 2020).

4.6.2a Contact mode imaging

In this technique AFM tip has come into contact with the sample. This is also called
repulsive mode and the interactions that are occurring between sample and tip of

cantilever are repulsive in nature.
4.6.2b Lateral force microscopy

In this method the tip of the probe is tested over the sample in contact mode, a parallel
deflection of the probe cantilever is measured. This mode measures the frictional force
zones that are higher and the zones with lower frictional force.

4.6.2c Nanocontact mode

When operating in this mode, the cantilever tip is approximately 50—150 A° above the
sample surface, allowing for the detection of the attractive van der Waals forces acting
between the tip and the sample surface, respectively. Topographic images are created
by scanning the tip of the instrument above the surface.

4.6.2.e Dynamic force\ intermitted contact

Itis also commonly known as tapping mode. the AFM tip strikes or contacts the surface,
and the tip is much closer as compare to nanocontact mode. In intermittent contact
method the tip taps the surface and it sometimes have attractive and sometimes have
repulsive interactions. This type of AFM investigation is bit advanced and even can be

used for soft samples.
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4.6.3 Application of AFM in the present study

For the present study different clean and polished MS coupons of the dimensions 1 ¢.m.
X 1 c.m. X 0.1 mm were taken for analysis by employing atomic force microscopy.
AFM with multimode 8, make Bruker was employed for analysis. The optimizes time
period for analysis was taken as 2 hours and selected concentration of acidic solution
was 1 M HCI. Six drug molecules were considered for study, out of which maximum
concentration of 2000 ppm was considered for Baclofen, Isoxsuprine hydrochloride.
For Betahistine dihydrochloride, Naphazoline, 1500 ppm of maximum concentration
was selected. For Panthenol 400 ppm and for Dicyclomine hydrochloride 800 ppm
concentration was selected for analysis. With the help of AFM analysis along with 2-
dimensional and 3-dimensional images, the quantitative roughness data was also
obtained and is summed up in Table 4.6.1. For this analysis three type of samples were
prepared, in the first type metallic coupons were cleaned sample without any external
exposure, second samples were immersed in 1 M HCI acidic solution and third samples
were immersed in acidic solution with optimized concentration of different drug

molecules.
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Table 4.6.1 Roughness data calculated from AFM investigation.

Name of Concentration Type of samples Average Root mean
the Inhibitor (ppm) roughness  square
(Ra) roughness
(Ro)

Baclofen 2000 ppm Polished MS sample 16.1 24.4
MS Immersed in 1M HCI 213 286
MS Immersed in HCI and 9.37 125
Baclofen

Betahistine 1500 ppm Polished MS sample 17.2 23.1

dihydrochloride MS Immersed in 1M HCI 357 454
MS Immersed in HCI and 15.9 24.2
Betahistine

Isoxsuprine 2000 ppm Polished MS sample 22.6 28.6

hydrochloride MS Immersed in 1M HCI 411 571
MS Immersed in HCI and 405 48.9
Baclofen

Panthenol 400 ppm Polished MS sample 28.7 36.1
MS Immersed in 1M HCI 401 518
MS Immersed in HCI and 56.9 825
Panthenol

Naphazoline 1500 ppm Polished MS sample 14.8 19.1
MS Immersed in 1M HCI 451 548
MS Immersed in HCI and 23.8 31.2
Naphazoline

Dicyclomine 1500 ppm Polished MS sample 30.4 42.0

hydrochloride MS Immersed in 1M HCI 547 768
MS Immersed in HCI and 32.3 43.4

Dicyclomine hydrochloride
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4.6.4 AFM examinations evaluating the application of Baclofen for the reduction
of corrosion of MS in 1 M HCI

The AFM technique was here employed to validate the conclusions of other
experimental approaches (Verma et al., 2018). Figure 4.6.1 (a-c) are the pictorial
representation of the unexposed sample, sample coupon exposed to optimized acid
solution, and MS dipped in 1 M HCI containing 2000 ppm of Baclofen as an inhibitor
for two hours. With the help of this technique, quantitative data like average roughness
(Ra) and root mean square roughness (Rq) was also calculated and summed up in Table
4.6.1. Results revealed that R, and Rq for MS sample dipped in 1 M HCI solution in
absence and presence of 2000 ppm of Baclofen came out to be 16.1, 213, 9.37 nm and
24.4, 286, 12.5 nm respectively (Sharma et al., 2021). It is clear from the data that
roughness values are maximum for metallic sample kept in pure acidic solution as
compare to the calculated roughness values for sample kept in acid including Baclofen
as inhibiting molecule, which confirmed the presence of Baclofen on the sample surface
(Bashir et al., 2020).

Figure 4.6.1 (a-c) Surface morphology (a) plain and unexposed metal sample (b) metal
surface soaked in test solution (c) metal kept in acid with 2000 ppm Baclofen.
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4.6.5 AFM examinations evaluating the application of Betahistine
dihydrochloride for the mitigation of MS corrosion in 1 M HCI

The AFM micrographs and various parameters like average roughness (Rz), root mean
square roughness (Rq) are given in Figure 4.6.2 (a-c) and in Table 4.6.1. The values of
Raand Rq came out to be 17.2 and 23.1 nm for clean surface, 357 and 454 nm for sample
soaked in 1M HCI solution and 15.9 and 24.2 nm in test solution containing Betahistine
as inhibitor. Higher values of roughness parameters confirmed the more damage caused
by 1M HCI solution to sample as compared to polished and Betahistine dihydrochloride
contained acid as given in Table 4.6.1. and in Figure 4.6.2 (a-c). Formation of thin layer
of inhibitor molecules was also confirmed through the AFM, which protected the MS
sample and resulted in the lower value of Ra and Rq values (Galai et al., 2021; Sharma
etal., 2022).

Figure 4.6.2 (a-c) Surface morphology (a) of polished sample surface (b) metal dipped in
acid (c) metal in acidic with 1500 ppm Betahistine dihydrochloride.
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4.6.6 AFM examinations evaluating the application of Isoxsuprine hydrochloride
to prevent corrosion of MS in 1 M HCI

Figure 4.6.3 (a-c), illustrates the two- and three-dimensional presentation of a polished
steel specimen, steel panel after being dipped in acid solution for 2 hours at room
temperature (298 K) without and with 2000 ppm of Isoxsuprine hydrochloride drug
respectively (ElI-Haddad & Fouda et al., 2021). Figure 4.6.3a strongly demonstrates that
the specimen has a smooth finish, Figure 4.6.3b shows extremely high roughness on
the metallic surface and Figure 4.6.3c demonstrated the lesser roughness as compare to
the Figure 4.6.3b (Bashir et al., 2020). The Ra and Rq of steel panels came out to be
22.6, 411, 40.5 nm and 28.6, 571, 48.9 nm respectively and is summed up in Table
4.6.1. This pictorial presentation and obtained quantitative data validated the
Isoxsuprine hydrochloride substance superficially on MS, which protected it from

further corrosion.

(a)
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Figure 4.6.3 (a-c) Surface morphology (a) polished surface (b) metal submerged in acid (c)

metal in acid containing 2000 ppm of ppm Isoxsuprine hydrochloride.
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4.6.7 AFM examinations evaluating the application of Panthenol to prevent
corrosion of MSin 1 M HCI

AFM images of cleaned metallic panels, metallic panels immersed in blank solution,
and metallic samples soaked in 400 ppm Panthenol drug molecule containing acidic
solution are given in Figure 4.6.4 (a-c). It is clearly mentioned in the quantitative data
mentioned in Table 4.6.1 and also visible in the Figure 4.6.4(a-c) the roughness of
sample b (specimen dipped in test solution) came out to be maximum. Average
roughness (Ra) of sample b was 401 nm, which is higher than values of sample a (28.7
nm) and sample ¢ (56.9 nm) and root mean square roughness (Rq) values of sample b
was also highest (518 nm) as compare to the values of sample a (36.1 nm) and sample
¢ (82.5 nm). Lowering in roughness values after the addition of Panthenol in the acid
reduced the corrosion products, which ultimately confirmed the protection of metal

panel (Goyal et al., 2020).
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Figure 4.6.4 (a-c) Surface morphology of (a) clean metal (b) surface morphology of
metal soaked in acid solution (c) surface morphology of metal soaked in Panthenol

contained acid solution.
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4.6.8 AFM examinations evaluating the application of Naphazoline to prevent
corrosion of MSin 1 M HCI

By utilizing Naphazoline AFM experiments were conducted on metal under
investigation for corrosion mitigation in acidic solution. Figure 4.6.5(a-c) and data
summed up in Table 4.6.1 depicted the reduced roughness of sample ¢ as compare to
sample b. Ra (nm) of the samples came out to be 14.8, 451 and 23.8 nm respectively
and Rq came out to be 19.1, 548, and 31.2 nm respectively. On the basis of these
parameters, results depicted that the surface has become smoother in case of
Naphazoline used with acid, in comparison to sample dipped in pure acid solution.
Molecular clusters formed spontaneously on the steel surface by drug molecules in the
test solution can be attributed to the decreased roughness values and protection of metal
surface (Khan et al., 2016).
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Figure 4.6.5 (a-c) Surface morphology of (a) clean metal (b) surface morphology of
metal soaked in acid solution (c) surface morphology of metal soaked in Naphazoline

contained acid solution.
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4.6.9 AFM examinations evaluating the application of Dicyclomine
hydrochloride to prevent corrosion of MS in 1 M HCI

Dicyclomine was used in AFM experiments for corrosion mitigation of MSin 1 M HCI.
The end outcome was illustrated in Figure 4.6.6 (a-c) and Table 4.6.1 verified the
maximum roughness in case of sample soaked in pure acid solution as compare to
polished and the sample dipped in acid containing Dicyclomine hydrochloride as
inhibiting molecule. Average Roughness values (hnm) for sample a-c were 30.4, 547,
32.4 respectively and root mean square value (nm) for samples a-c were 42.0, 768 and
43.4 respectively. It was clear from the results that Figure 4.6.6b was with more cracked
surface and higher roughness because of high rate of corrosion (Shukla & Quraishi,
2010).
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Figure 4.6.6 (a-c) Surface morphology of (a) clean metal (b) surface morphology of
metal soaked in acid solution (c) surface morphology of metal soaked in Dicyclomine
hydrochloride contained acid solution.
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4.6.10 Conclusions

AFM investigated the topology of polished metals and by subjecting metal samples to
acidic solutions and drug such as Baclofen, Betahistine dihydrochloride, I1soxsuprine
hydrochloride, Panthenol, Naphazoline, and Dicyclomine hydrochloride containing
acid solution. Average roughness (Ra) and root mean square roughness (Rq) were the
parameters utilized to validate the corrosion retardation of the metal sample by
employing various drug molecules. Three different samples were investigated: pure
metal without any external treatments, pure metal exposed to acid, and finally pure
metal exposed to acid with an optimal concentration of inhibiting molecule. The

following are some of the conclusions that were made as a result of this research:

e According to the AFM experiments conducted for the corrosion MS, the highest
average roughness value and root mean square values were found in blank

solution, indicating that the greatest amount of corrosion in blank solution.

e When selected drug molecules are added as corrosion inhibitors, the values of
average roughness and root mean square roughness drop, showing the formation

of a preventative layer on the metal.

e Optimized concentration of drug molecules considered for study, was maximum
concentration of 2000 ppm for Baclofen, Isoxsuprine hydrochloride. For
Betahistine dihydrochloride, Naphazoline, 1500 ppm of maximum
concentration was selected. For Panthenol 400 ppm and for Dicyclomine
hydrochloride 800 ppm concentration was selected for analysis. These were the
concentrations on which maximum inhibition was reported and roughness

values were therefore compared by selecting these respective concentrations.

e The overall order of decrease in the average roughness values and root mean
square values in the present study:
Average roughness and Root mean square roughness values decreased as
follows:
Baclofen > Betahistne dihydrochloride > Naphazoline > Dicyclomine
hydrochloride > Isoxsuprine hydrochloride > Panthenol.
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4.7 Computational Study

The computational analyses in the present research work were conducted by
incorporating the quantum chemical calculations and molecular dynamics simulation
research. These theoretical studies are becoming extremely popular for modelling the
corrosion inhibition performances of molecules because experimental approaches
utilized to evaluate the anticorrosive properties and mechanism of compounds are
overall pricey and laborious (Erdogan et al., 2017) Also, these theoretical studies

validate the experimental work.

4.7.1 Quantum chemical analysis

Researchers use quantum chemical techniques to assess experimental findings and
attempt to establish the anticorrosive capability of the inhibitors in a smaller duration
of time. Calculations based on quantum chemical principles are extremely valuable in
the study of corrosion inhibitors because they allow researchers to identify inhibitors
with better degrees of corrosion resistance (Abd El-Raouf et al., 2018; Gece, 2008). In
order to assert corrosion inhibiting potential, a corrosion inhibitor must typically be
adsorbed onto the required metallic surface and electronic characteristics and molecular
structure of compounds are what determine whether or not they will adhere to a given
surface to behave as desired inhibitors (Singh et al., 2019). When it comes to optimizing
the structure of inhibitors as well as determining their electronic characteristics, DFT
has shown to be an invaluable tool (Yadav & Quraishi, 2012). The DFT study
investigates all of the conceivable interaction between donor and acceptors. BIOVIA
Material Studio software (version 7.0) was used for quantum chemical study. DMol®
module was employed for the quantum chemical calculations. DFT calculations were
carried out using generalized gradient approximation (GGA) and
Becke—Lee—Yang—Parr (BLYP) with double numeric polarization (DNP) basis set
(including d as well as p orbital polarization functionals) in the COSMO implicit
solvent model (Cao et al., 2014; Ciezak et al., 2006; Ndukwe et al., 2012). For these

theoretical investigations, first and foremost, the geometry optimization of all of the

126



molecules by employing Computer simulations was achieved and after it was
determined that the geometry was the most ideal, additional experiments were carried
out in order to obtain more information about molecular orbitals.
The adsorption capacity of a molecule, which is closely related to its D—A capability,
is significantly rely on the frontier molecular orbitals (FMOs) present in that molecule
And, so far as orbitals are concerned, there are two major FMOs to take into
consideration.: the highest-occupied molecular orbital (HOMO) and lowest-unoccupied
molecular orbital (LUMO).
Following are the formulas to calculate the different parameters: (Abdallah et al., 2021;
Hsissou, 2021).]

AE = Erymo — Enomo (4.7.1)
ELumo and Enomo are the energy levels values associated with the lowest unoccupied
molecular orbital and the highest occupied molecular orbital respectively. EHomo and
ELumo are attributed to the related electron’s donating tendency and electron gaining
tendency of the molecule. The following is how Koopman's theorem confirmed the
relationship between HOMO and LUMO and the ionisation potential and electron
affinity (Issa et al., 2008; Javadian et al., 2017; Murulana et al., 2012; Zhang et al.,
2012)

IP = _EHOMO (472)

EA = _ELUMO (473)
Other important parameters such as electronegativity (y), absolute hardness (n), and

global softness (o) can also be measured by utilizing the FMO’s energy, as follows (EI-
Tabei et al., 2022; Lukovits, 2001):

y = “’;EA (4.7.4)
= ”’;EA (4.7.5)

1
o=1 (4.7.6)

In order to determine the inhibitor-metal exterior interaction, one of the crucial

characteristics is the quantity of electrons that are carried from the inhibitor
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molecule to metallic surface and can be calculated as follows (Anupama et al.,
2016):

_ XFe—Xinh
AN(FET) "~ 2(Mpet i) (4.7.7)

Here yre and yinh Specifies the electronegativities of metal and inhibitor molecule
under investigation, while zre and 7inn denotes the hardness of the iron and
inhibitor molecule, respectively. Theoretical values of yre = 7 €V and #re = 0 eV
are generally used for the calculation of the AN value (John et al., 2013;
Kovacevic & Kokalj, 2011).

Recent literature suggests the non-acceptance of yre = 7 €V value, due to the
improper consideration of electron-electron interactions, and is solely considered
free electron gas Fermi energy of iron (Saha & Banerjee, 2015). Because of this,

researchers are recently utilizing work function (¢) for relevant and true

measure of electronegativity of iron (Obot et al., 2015; Saha, et al., 2015; Saha
& Banerjee, 2018). Therefore, Equation 4.7.7 can be written in another way as
follows:
AN = 9= Hm _ (4.7.8)
2(17e + Mion)
In Density functional theory, the ¢ values for Fe (111), Fe (110) and Fe (100)

surfaces are mentioned as 3.88, 4.82 and 3.91 eV, respectively (Obot et al., 2015;
Saha, et al., 2015a; Saha & Banerjee, 2018). Fe (110) surface is the only surface
that has been chosen for this work because of its densely packed surface and
higher stabilization energy. Furthermore, electron transfer from the inhibitor to
the metal surface will take place only if AN > 0 and vice versa (Awad et al.,
2010; Saha et al., 2015b; Saha, et al., 2016). Also, in one of the previous studies,
it was mentioned that when the calculated AN value is less than 3.6, capacity to
donate electron of inhibitor increased (Awad et al., 2010). For theoretical study
six drug molecules Baclofen, Betahistine dihydrochloride, Isoxsuprine
hydrochloride, Panthenol, Naphazoline and Dicyclomine hydrochloride are
considered. All the parameters calculated for selected drug molecule by utilizing
the above-mentioned equations are summed up in Table 4.7.1. When these
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characteristics are considered together, it is possible to determine the

effectiveness of inhibitor adsorption on metal surfaces.

Table 4.7.1. Quantum chemical parameters of the investigated drug molecules

Quantum Baclofen  Betahistine  Isoxsuprine  Panthenol  Naphazoline Dicyclomine
chemical

Parameters

Enomo (eV) -5.698 -4.920 -4.989 -5.792 -4.918 -4.647
ELumo (eV) -1.232 -1.345 -0.934 -0.694 -1.737 -0.798
AE (eV) 4.466 3.575 4.055 5.098 3.181 3.849
I=—FEnowmo (eV) 5.698 4.920 4.989 5.792 4918 4.647
A=-Elmo(eV) 1232 1.345 0.934 0.694 1.737 0.798
v (eV) 3.46 3.132 2.96 3.24 3.33 2.72

n (eV) 2.23 1.79 2.02 2.54 1.59 1.92
o (eV?) 0.45 0.56 0.49 0.39 0.63 0.52
AN 0.79 0.47 0.46 0.31 0.46 0.55

Figure 4.7.1 to Figure 4.7.6 are demonstrating the optimized, HOMO and LUMO
shapes of Baclofen, Betahistine, Isoxsuprine, Panthenol, Naphazoline and Dicyclomine
respectively. The HOMO and LUMO of the inhibitor molecule provide information
about the molecule's electron donating and electron - accepting sites, respectively. A
larger value of HOMO indicates a greater potential that the inhibitor will be able to
donate electrons to the metal surface, while a lower value of LUMO indicates a greater
chance that the inhibitor will be able to accept electrons away from the filled d-orbitals
of the metal under analysis. (Abdallah et al., 2021; Liangtian et al., 2020).

Higher inhibitory efficacy is generally related with lower energy gap (AE) and the

obtained values as given in Table 4.7.1 are very good as compare to the other

investigations present in literature (Matad et al., 2014; Obot et al., 2015; Sliem et al.,
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2019). In all the selected drug molecules Betahistine has lowest AE value. Another key
metric is electronegativity (), which describes the tendency of to attract electrons, and
the high values of electronegativity (as mentioned in Table 4.7.1) confirms the tendency
of the inhibitor molecule to accept the electron from the metallic sample under study.
Further softness (o) which is reciprocal to (1) another parameter explaining capacity of
inhibitor to get adsorbed on the metallic surface. According to the Hard and Soft Acids
Bases (HSAB) principle, metallic samples are regarded as soft acids, whereas inhibitor
chemicals are regarded as soft bases in the current investigation. The tendency of the
inhibitor to give electrons is represented by softness values, which confirm the
adsorption. Further on calculating AN for different drug molecules by using equation
4.7.8 and value of ¢ for Fe (110) surface is 4.82 eV was substituted for the calculation.
All the calculated values for drugs (Table 4.7.1) comes out to be greater than 0, which
confirmed the donation of electrons from the inhibitor to metal, and proving the

successful mitigation of corrosion from the selected drugs.

Figure 4.7.1(a-c) Pictorial presentation of (a) optimized structure, (b) HOMO and (c)
LUMO of Baclofen.
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Figure 4.7.2 (a-c) Representation of (a) optimized geometry (b) HOMO and (c) LUMO
of Betahistine.

Figure 4.7.3 (a-c) Representation of (a) optimized structure, (b) HOMO and (c) LUMO
of Isoxsuprine.
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Figure 4.7.4 (a-c) Representation of (a) optimized structure, (b) HOMO and (c) LUMO
of Panthenol.

Figure 4.7.5 (a-c) Representation of (a) optimized structure, (b) HOMO and (c) LUMO
of Naphazoline.
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Figure 4.7.6 (a-c) Representation of (a) optimized structure, (b) HOMO and (c) LUMO
of Dicyclomine.

4.7.2 Fukui functions

Fukui functions are estimated in order to gain an understanding of the nucleophilic and
electrophilic adsorption sites available to the molecule under inquiry, and are calculated
on the basis of Hirshfeld population analysis. In the present investigation the Fukui
indices are summed up in the Table 4.7.2- 4.7.7. This is the most significant way to
find out the behaviour of different sites, whether they are electron donating or behaving
as electron acceptors. The highest value fi* determining the appropriate sites for a
nucleophilic attack, while the fi” highest value talks about ideal sites for an electrophilic
attack (Masroor et al., 2017) and can be calculated as follows:

fi = a(N+1)—qr(N) (4.7.8)
fr =a(N) —qr(N—1) (4.7.9)

Here gk define to charge on the atoms, and (N), (N+1), (N-1) refers to total electrons in
neutral, cationic, or anionic forms (Dagdag et al., 2020; Jafari et al., 2013; Zarrok et al.,
2017). When electrons are taken or released by the inhibitor molecule, the electron

density of the inhibitor molecule changes accordingly, and values of fi* determines the
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electron density on electron acceptance and fi is the determines the electron density,

when electrons are donated.

Table 4.7.2 depicted that the C(1), C(2), C(3), C(4), C(5), C(6), and CI (26) atoms are
the sites in Baclofen with electron accepting tendency as those atoms possess high
values of f . similarly the high value of f,”are associated with C(1), C(2), C(3), C(4),
C(5), C(6), C(9), O(12), O(13), CI(26) atoms and which have the high electron

donating tendency as compare to other atoms present in the molecule.

Table 4.7.3 explains that in Betahistine molecule, C (1), C (2), C (3), C (4), N (5) and
C (6) atoms have comparatively higher f* values, therefore are suitable and for are most
favoured places for the nucleophilic attack. On the contrary, C (8), N (9) and C (10)
atoms are well- liked for electrophilic attack, because have the highest fi values. It is
now obvious from these Fls values that the inhibitor molecule's pyridine unit is
responsible for electron intake, whereas the methylamine unit is incharge of electron

donation.

Table 4.7.4 revealed C(1), C(3), C(4), C(6), C(15), C(16),C(17), C(18), C(19) have
high values of ff and C(2), O(7), N(11), O(21) have the higher f,~ values in

Isoxsuprine molecule.

Table 4.7.5 for Panthenol explains that C(4), C(5), O(7), N(8), has high value of fi*,
therefore comparatively has higher chances of electron acceptance and O(1), C(2),
0(6), O (7), O(12) has higher chances of electron donation because of larger highest fi

value.

Table 4.7.6 for Naphazoline illustrated that C(1) to C(10) has high fi* values resulting
in greater chances of electron acceptance at these sites and C(12), N(13), C(14), C(15),
N(16) has highest f;, resulted in higher probability of electron donation from these

sites.
Table 4.7.7 for Dicyclomine C(3), C(7), C(8), C(9), C(13), O(14), O(15), C(16) with

high f™ values are more susceptible for electron acceptance and C(17), N(18), C(19),
C(20), C(21), C(22) has more tendency to donate the electrons because of highest f;; .
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The finding is in agreement with the electron density distribution on the HOMO and
LUMO atoms.

Table 4.7.2 Calculated Fukui indices of the Baclofen inhibitor.

Atoms I fr
C (1) 0.049 0.059
C (2) 0.121 0.049
C @) 0.068 0.041
C (4) 0.058 0.059
C (5) 0.109 0.043
C (6) 0.079 0.042
C() -0.013 0.016
C (8) -0.007 0.023
C (9) 0.014 0.047
C (10) -0.009 0.010
N (11) 0.000 0.028
0 (12) 0.010 0.055
0 (13) 0.017 0.173
Cl (26) 0.108 0.138
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Table 4.7.3 Fukui indices of Betahistine as inhibiting molecule.

Atoms fir fic
C @) 0.087 0.011
C () 0.153 0.010
C @) 0.102 0.009
C (4) 0.077 0.006
N (5) 0.139 0.019
C (6) 0.119 0.010
c @) 0.016 0.013
C(8) 0.006 0.051
N (9) 0.005 0.331
C (10) 0.003 0.067
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Table 4.7.4 Fukui indices for Isoxsuprine hydrochloride.

Atoms of i i
Isoxsuprine
C (1) 0.045 0.022
C(2) 0.028 0.045
C@3) 0.050 0.025
C (4) 0.041 0.029
C (5) 0.022 0.030
C (6) 0.049 0.032
O (7) 0.011 0.049
C (8) 0.004 0.013
C (9) 0.002 0.017
C (10) 0.001 0.018
N (11) 0.003 0.136
C(12) 0.002 0.018
C (13) 0.005 0.007
C (14) 0.032 0.020
C (15) 0.069 0.015
C (16) 0.082 0.026
C(17) 0.040 0.029
C (18) 0.077 0.024
C (19) 0.081 0.019
O (20) 0.008 0.015
O (21) 0.028 0.039
C (22) 0.003 0.010
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Table 4.7.5 Fukui indices for Panthenol.

Atoms of Panthenol i [k
o) 0.017 0.119
C () 0.011 0.028
C(3) 0.011 0.023
C (4) 0.031 0.028
C () 0.203 0.032
0 (6) 0.044 0.112
0 (7) 0.198 0.116
N (8) 0.104 0.055
C(9) 0.024 0.016
C (10) 0.013 0.009
C (11) 0.008 0.016
0 (12) 0.007 0.064
C (13) 0.005 0.008
C (14) 0.004 0.009
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Table 4.7.6 Fukui indices for Naphazoline.

Atoms fi¥ fic
C (1) 0.064 0.032
C(2) 0.070 0.037
C(3) 0.030 0.014
C (4) 0.032 0.015
C (5) 0.086 0.048
C (6) 0.071 0.033
C(7) 0.088 0.039
C (8) 0.067 0.032
C (9) 0.073 0.032
C (10) 0.086 0.039
C (11) 0.014 0.014
C (12) 0.000 0.042
N (13) 0.003 0.116
C (14) 0.003 0.029
C (15) 0.003 0.027
N (16) 0.010 0.118
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Table 4.7.7 Fukui indices for Dicyclomine hydrochloride.

Dicyclomine hydrochloride fr fx
C(@) 0.005 0.000
C(2) 0.004 0.000
C@®) 0.010 0.000
C@4 0.009 0.000
C(5) 0.006 0.000
C (6) 0.003 0.000
C() 0.016 0.001
C(8) 0.015 0.001
C©9 0.011 0.001
C (10) 0.004 0.000
C (11) 0.007 0.001
C(12) 0.005 0.000
C (13) 0.221 0.005
O (14) 0.233 0.011
O (15) 0.104 0.009
C (16) 0.023 0.018
C(17) 0.008 0.044
N (18) 0.004 0.265
C (19) 0.002 0.044
C (20) 0.001 0.020
C(21) 0.002 0.041
C (22) 0.001 0.030
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4.7.3 Molecular dynamic simulation

MD simulation has been used to comprehend the inhibition of MS corrosion by using
selected drug molecules as inhibitor molecules in a more realistic way. With the help
of DFT, researchers only work upon the molecular properties of the inhibitor but
interactions between metal and inhibitor were not taken in to account. Every species
(H20, H30+, CI" and iron surfaces) that were involved in the corrosion process were
taken into consideration in the MD simulation. The MD simulation is conducted with
the aid of the software BIOVIA Material Studio software (version 7.0), which is used
to simulate and then explore the inhibitor's adsorption behavior. Metal surfaces with Fe
crystal cleaved along the three planes (110), (100), and (111) were considered, but Fe
(110) is believed to have a well-packed density surface and is the most stable, thus it is
included in the analysis. Using a three-dimensional simulation box (39.64 39.64 75.63
mm) with periodic boundary conditions to avoid any arbitrary boundary effects, MD
simulations of the inhibitor molecule are performed. The inhibitor molecule will only
engage in non-bonding interactions with metal surfaces. therefore, only three layers are
considered out of them the first layer contains Fe slab, consist of the eleven layers of
iron and the second layer consisted of solution slab having water molecule along with
molecular ions like H3O*, CI" and the layer of vacuum is to be left within the box after
these two layers. A dynamic simulation was conducted out once the simulation box was
constructed by using COMPASS force field, which optimize the geometry to its most
stable and low energy state (Saha et al., 2015) and by employing canonical ensemble
(NVT) with a time step of 1.0 fs and a simulation time of 100 ps at 298 K.

MD simulation has been carried out to find out the equilibrium adsorption configuration
of the inhibitor on the Fe surfaces as mentioned in Figure 4.7.7- Figure 4.7.12. Parta
and c of every pictorial presentation depicts the side view and b part is illustrating the
top view of the Equilibrium adsorption configurations of selected drug molecules on Fe
(110) surface obtained by MD simulations. It can be understood from the diagrams that
selected molecules adsorbs with planar orientation on the Fe (110) surfaces, and this
parallel adsorption was shown by molecules because of formation of the coordinate as
well as back bonding with surface atoms of metal under study. All the investigated drug

molecules have n-electrons, heteroatoms and aromatic rings, because of which
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molecules can easily donate electrons towards vacant d-orbital of Fe atom. On the other
hand, n-antibonding orbitals of an aromatic ring (if present in the molecules ) is capable
to accept electrons coming from 4s or 3d orbitals of metal surface atoms. In this way,
maximize contact between the inhibitor molecules and the iron surfaces was obtained,
therefore, iron dissolution in the test solution is minimized. This could be one of the
factors contributing to the remarkable corrosion inhibition efficacy achieved by the
chosen inhibitor molecules, among other things. Further, interaction and binding
energy between the Fe (110) surface and inhibitor molecules is also useful to analyze

the adsorption ability of the studied inhibitor

Quantitatively the interaction energy has been calculated as follows (Berdimurodov et
al., 2021) and summarized in Table 4.7.8.

E (4.7.9)

interaction — Etotal - (Esurface +H,0 + Hz0" +CI" + Einhibitor)

Here Ewta represents energy value which was related with concocted system,
Esurface+water+c1” the energy of the iron exterior containing H20, Hz0", CI- and the energy
value inhibitor drug molecule, which is adsorbed on the surface of the metal represented
as Einnibitor.

The binding energy of the studied inhibitor molecule is the negative of the interaction
energy and presented as follows : (Guo et al., 2018; Kaya et al.,2016).

Ebinding = - Einteraction (4.7.10)

Negative value of interaction energy resulted in the spontaneous and strong adsorption
of inhibitor molecule on the metal under study (Musa et al., 2012). A larger binding
energy value validated the easy and strong capacity of the corrosion inhibitor to bond
with the iron surfaces and facilitates excellent corrosion inhibitive performance. Strong

interaction is validated by the high negative value of interaction energy.
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Table 4.7.8 Energy values calculated from MD simulation on Fe (110) surface

when different drug molecules are adsorbed.

Investigated Einteraction Ebinding
Interaction (kJ/mol) (kJ/mol)
Fe- Baclofen -365.95 365.95
Fe- Betahistine -215.53 215.53
Fe-Isoxsuprine -757.634 757.634
Fe- Panthenol -557.078 557.078
Fe- Naphazoline -535.485 535.485
Fe- Dicyclomine -665.247 665.247

Figure 4.7.7(a-c) Equilibrium adsorption configuration of Baclofen inhibitor on the
Fe (110) plane. (a,c) side view and (b) top view.
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Figure 4.7.8(a-c) Stable low energy equilibrium configuration, (a and c)
representing side view, (b) showing top view of Betahistine interacting on the
surface of Fe (110).

Figure 4.7.9(a-c) Low energy configurations of Isoxsuprine on Fe (110) surface

obtained by MD simulations. (a & c) side view, (b) top view
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Figure 4.7.10(a-c) Low energy configurations of Panthenol on Fe (110) surface

obtained by MD simulations. (a & c) side view, (b) top view.

Figure 4.7.11(a-c) Low energy configurations of Naphazoline on Fe (110) surface

obtained by MD simulations. (a & c) side view, (b) top view
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Figure 4.7.12(a-c) Adsorption configurations of Dicyclomine hydrochloride (low
energy) on Fe (110) surface obtained by MD simulations. (a & c) side view, (b) top

view.

4.7.4 Conclusions

To establish the relation between corrosion inhibition efficiency and structure of an
inhibitor, computational studies were used. On the basis of molecular/electronic
properties, we can predict the efficiency of an inhibitor molecule. Following conclusions

that were drawn based on these computational methods:

e The negative value of interaction energies for all the six drug molecules
suggested the stability of these drug molecules as inhibitors.

e The relationship between AE, and observed inhibition efficiency was
complementing one another.

e Quantum chemical calculation showed that Panthenol has the lowest AN value,
which means in comparison to other drug molecules Panthenol has least corrosion

inhibition efficiency.
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SUMMARY AND CONCLUSIONS
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5 Summary and Conclusions

In a wide range of applications, such as nuclear power plants, construction activities,
the refineries and manufacture of petroleum products, transportation and marine
equipment, MS alloys are quite useful. Owing to their prolonged exposure to an
aggressive environment, the degradation of metal takes place and this deterioration or
corrosion resulted in to a huge direct or indirect loss. As a result, it is critical to devise
effective strategies for halting this corrosion. The various ways which can be employed
to protect the metals and reduce the effects of corrosion include: design improvements,
cathodic and anodic protection, coatings and modification in the properties of metals
and utilizing corrosion inhibitors. The current research is concerned with the prevention

of corrosion through the use of medicines as corrosion inhibitors.

The techniques that have been employed in the present work to complete the study

are as follows:

o

Weight loss measurements

b. Electrochemical impedance spectroscopy
c. Potentiodynamic polarization Study.

d. Thermodynamics and Kinetics studies.

e. Computational studies.

f. Surface studies (SEM and AFM)

The inhibitors used in the present work are:
a. Baclofen
b. Betahistine dihydrochloride
c. Isoxsuprine hydrochloride
d. Panthenol
e. Naphazoline

f. Dicyclomine hydrochloride

148



All the inhibitors were investigated for their corrosion inhibition performance at 298 K.
Six drug molecules were considered for study, out of which maximum concentration of
2000 ppm was considered for Baclofen, Isoxsuprine hydrochloride. For Betahistine
dihydrochloride, Naphazoline, 1500 ppm of maximum concentration was selected. For
Panthenol 400 ppm and for Dicyclomine hydrochloride 800 ppm concentration was
selected for analysis. All the drug molecules have either heteroatom, & electrons or ring
structure, which were favouring the adsorption of drug on the metal surface and
resulting in successful mitigation of corrosion. Literature also suggested the possibility
of substitution process between the molecules of the inhibitor and the water molecules,
which causes the adsorption of the inhibitor. Along with adsorption, other critical
parameters that effect the corrosion inhibition process include a charge on the surface
of the sample, temperature, the concentration of the inhibitor that is utilised, and the
surrounding environment. When it comes to the process of physical adsorption,
protonated inhibitors and other species that are already present on the surface of the
sample are subject to weak electrostatic forces. Because of this, the inhibitor might slow
down the cathodic as well as the anodic reactions. Physical adsorption requires the
presence of charged species that can form complex structures. In case of chemical
adsorption, formation of coordination bond is observed and sometimes reterodonation
is also there. After investigating the drug molecules for anticorrosive properties by

employing the above-mentioned techniques the following conclusions were drawn:

e All of the drug molecules were found to be efficient corrosion inhibitors for MS
in acidic medium.

e Present study found the increase in inhibition efficiency with the rise in
concentration of inhibitors and dip in the efficiency was there with the rise in
temperature.

e As the quantity of inhibitor was raised, it was observed that the surface coverage
increased as well.

e It was discovered that all dug molecules followed the Langmuir adsorption
isotherm, which was supported by the values of the regression coefficient (R?),
which were close to one.

e Various calculated thermodynamic parameters were also supporting the fact
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that drugs adsorbed on the metallic surface successfully. Negative value of free
energy of adsorption, negative value of enthalpy, large values of activation
energy etc. confirmed the spontaneous, exothermic nature of adsorption along
with formation of preventive layer of inhibitor.

e Electrochemical impedance spectroscopy also proved the successful protection
of metal by employing drug molecules as corrosion inhibitors, and it was proved
with the increased values of Rt and decreased value of Cq with the rise in drug

concentration.

e Potentiodynamic polarization techniques were in accordance to
Electrochemical impedance spectroscopy measurements in terms of their
outcomes. All the drugs were clearly shown mixed type of behaviour and that

was proved by analysing the values of Ecorr.

e  Scanning electron microscopy prove the formation of thin layer of drug molecules

on the metal under study, which reduce the corrosion effectively.

e When comparing the roughness values obtained for inhibitors from atomic force
microscopy, the results revealed that the inhibitors were more successful at

preventing metal corrosion.
e Theoretical investigations were complementing the experimental studies.

e The Tafel slopes that varied in an irregular way indicated that adsorption is not
the only mechanism involved in inhibition but a combination of many

mechanisms of the inhibitors and their anions presents in the corrosive medium.

e The decrease in Cq values on addition of inhibitors is because of adsorption of

inhibitors leading to the formation of a preventive film on the surface of metal.

Outcomes of the present work

e The inhibitors under investigation are effective corrosion inhibitors for MS,
and their capabilities can be further studied and enhanced by applying them to

other metals as well.

e Additional investigations can be carried out by evaluating binary combinations
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of these drugs as inhibitors for different metals.

At higher and extreme temperatures, these drugs could be tested for their

effectiveness as corrosion inhibitors.

The synergism, by combining the drug molecules with other compounds like
with halides etc. can also be conducted to study the after effects on inhibition

efficacy of these drugs.
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Abstract

This analysis includes studies targeting different compounds as inhibitors to corrosion
for different metals in different solutions. The article tries to include various types of
organic compounds like Drug molecules, Plant extract  and oils, surfactants, ionic
liquids which had already been there in the literiww=. A brief about research
methodology along with a literature review is also me “icaed so the information will
be beneficial to readers. The Experimental sectior inc udes the most frequently used
techniques like weight loss. Electrochemical imp.dance Study., Thermodynamic
parameters, Adsorption isotherms. It was very .-uch clear from the literature that due
to the presence of heteroatoms and nt electren cloud in conjugation, the inhibition
efficiency of organic compounds came out to "¢ exzeptionally good.
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ABSTRACT ARTICLE HISTORY

The effect of Baclofen on the retardation of mild steel corrosion Received 23 September 2021
was examined by employing the weight loss, electrochemical Revised 18 October 2021
techniques and theoretical calculations. Inwvestigations depicted Accepted 26 October 2021

the increased inhibition efficiency with the increased amount of
Baclofen as a corrosion inhibitor and maximum inhibition effi- Baclofen: mild steel:
ciency was obtained ~97% at the concentration of 2000ppm of corrosion inhibition; HCL
Baclofen. Potentiodynamic polarization study showed that electrochemical technigues;
Baclofen as an inhibitor controlled both the anodic and cathodic surface moarphology
reactions but with cathodic predominance. Electrochemical

analysis showed a clear decrease in the walues of double layer

capacitance. Adsorption of Baclofen on the surface of mild steel

followed Langmuir adsorption isotherm. Experimental results were

validated with the help of guantum chemical, molecular dynamic

simulation, and surface morphological study.

KEYWORDS

1. Introduction

In different sectors, there is extensive use of mild steel, for example in the oil and gas
industry, downhole or tubing, flow lines, and transmission or distribution pipes. Scaling,
oxidized film formation, and rusting are common concerns with mild steel. Utilizing cor-
rosion inhibitors to resolve the problem of corrosion is a low-cost and efficient alternative
in comparison to the uses of expensive harardous protective measures [1-3]. Various
kinds of organic molecules are now being employved as corrosion inhibitors. Literature
reveals that organic inhibitors having hetero atoms, conjugated pi bonds, and aromatic
rings behave as excellent corrosion inhibitors. Although, most of the organic molecules
have a negative impact on the environment [4-9] whereas, pharmaceutical drugs are the
substances that also comes under the general classification of organic compounds [10]
and mnowadays research is orienting towards the application of pharmaceutical
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Article history: This study evaluated the corrosion retardation of mild steel with the use of Betahistine dihydrochloride
Receved 30 October 2021 drug as a sustainable inhibitor in HCl solution and various techniques like weight loss measurements,
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electrochemical analysis was used to understand the inhibition process. The thermodynamic and adsorp-
tion parameters were calculated and discussed on the inhibition behaviour. The corrosion inhibition (%
IE) gave a sharp rise with the increased concentration of the Betahistine dihydrochloride drug and
reduced efficiency was observed with increased temperature and increased immersion time,

::}t:;'i:fne dihydrochloride Approximately 96% corrosion inhibition efficiency was attained with optimized conditions of
Hel 1500 ppm of Betahistine dihydrochloride, 2 h, 1 M HCl at 298 K temperature. Inhibitor adsorption to mild
Corrosion [nhibition steel abided by the Langmuir adsorption isotherm, Electrochemical impedance spectroscopy revealed the
SEM reduction in the value of constant phase element, dip in the values of double-layer capacitance and
MD Simulations increase in the charge transfer resistance with increased concentration of Betahistine dihydrochloride

drug. Furthermore, potentiodynamic polarization experiments substantiated the mixed type of beha-
viour, The techniques like scanning electron microscopy, atomic force microscopy, along with ultravio-
let-visible spectroscopy, fourier fransform infrared spectroscopy, were employed for surface
morphology and theoretical models like quantum chemical and molecular dynamics simulations authen-
ficated the experimental observation.

© 2021 Elsevier B.V. All rights reserved.
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ABSTRACT

This review article outlines the set of observations and findings from some previous publica-
tions that addressed the different techniques used for understanding and evaluating metal-
lic corrosion and its retardation by using different inhibitors. The main emphasis is on the
different electrochemical characterization technigues and surface analysis methods used for
studying corrosion inhibition. A brief about polarization, electrochemical noise, electrochem-
ical frequency modulation, impedance study for electrochemical characterization technigues
and contact angle, scanning electrochemical microscopy, atomic force microscopy, and scan-
ning electron microscopy methods, x-ray photoelectron spectroscopy, etc. are included for a
better understanding of corrosion inhibition phenomenon. The literature suggests that cor-
rosion of metals and alloys is effectively controlled by the use of inhibitors having heteroa-
toms such as nitrogen, oxygen, or sulfur. In this article, the papers from the last sixteen
years ie, from 1996 to 2021 are considered to get an insight into current methods for
retarding cormosion. General introduction, mechanisms of corrosion along with factors affect-
ing corrosion has also been described in the present article. Data collected in this review
will be advantageous for researchers to get an idea about the basics and the recent techni-
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ques used in corrosion study.

Introduction

In our periodic table, we have about 80 metals
that react with other metals to form a large num-
ber of alloys. These metals or alloys have differ-
ent and specific functions, which depend upon
their properties. But many times, because of
deterioration by corrosion they fail to work
appropriately (Verma et al. 2018a). The corrosion
of metals is a major problem that adversely
affects many fields. Long-term exposure to envir-
onmental actions (chemical, biological and phys-
ical environment), induces metal degradation and
this malfunctioning on large scale compels the
researchers to work in this field (Nwosu and
Muzakir 2016). On exposure to the external
environment, the rate of metal disintegration
increases, and this deterioration is termed as cor-
rosion. Corrosion may also be called as reverse
process of the metallurgical extraction (Ahmad

2006; Palanisamy 2019). Corrosion is a spontan-
eous and thermodynamically stable process that
involves anodic and cathodic reactions, at anode
metal ions go into the test solution, and at the
cathode, electrons come from the specimen there-
fore at cathode electron acceptor should be pre-
sent (Raja and Sethuraman 2008; Devi et al.
2017). This inevitable loss related to corrosion
can be either direct or indirect. Direct here
means replacing the deteriorated machinery, pro-
tection cost. Indirect loss refers to wastage of
energy, retardation in productivity, most danger-
ous is the unexpected cessation of plants. Even
there can be a threat to human safety also. Figure
1 is illustrating some of the aftereffects of corro-
sion (Revie 2008; Xhanari and Finsgar 2019). The
effects of corrosion are so slow that they appear
to be insignificant and unimportant, but in real-
ity, they are as dangerous as natural disasters like
earthquake, flood, ete. (Kesavan et al. 2012).
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Abstract

This study investigates the impact of Isoxsuprine
hydrochloride drug on mild steel corrosion ina 1.0 M HCI
solution by employing weight loss, electrochemical
methods, surface morphological techniques, and finally
validated with theoretical studies like guantum calculation
and MD simulation. Inhibitory efficacy of Isoxsuprine
hydrochloride came out to be ~ 97 % at 2000 ppmn
concentration. The analysis demonstrated the increase in
the inhibition efficiency with the rising concentration of’
inhibitor and decreasing eflfectiveness with increased
temperature. Thermodynamic parameters were also
investigated by utilizing the data obtained from
temperature. Potentiodynamic polarization validated that

the Isoxsuprine hydrochloride retarded the cathodic as well
as anodic reactions. During the adsorption process, the
Isoxsuprine hydrochloride molecules followed the
Langmuir adsorption isotherm. Theoretical calculations
like quantum chemical calculation and molecular dynamics
simulation also confirms excellent adsorption of
[soxsuprine hydrochloride on the metallic sample. The
results from all of the different methods were consistent.
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Abstract

The use of chemical inhibitors is crucial to keep corrosion in check. Various
inorganic and organic compounds are used as inhibitors, although their usage
is being phased out in favors of newer and less toxic inhibitor types that
produce desired results. For this purpose, the drugs are considered an
excellent alternative to the toxic inhibitors, as the drug molecules contain
heteroatoms oxygen, nitrogen, and sulfur, and they are less hazardous to the
environment. Drugs are successfully inhibiting the corrosion of various metals
like Steel, Zn, Cu, Al, etc. and generally, their corrosion inhibition efficiency is
verified by employing the Weight Loss Technique, Electrochemical Analysis,
and surface morphology are investigated by Scanning Electron Microscopy,
Atomic Force Microscopy, etc. In this review article majority of the literature's
past studies on the usage of drugs as corrosion inhibitors for different metals
like Steel, Zn, Cu, Al etc. and generally, their corrosion inhibition efficiency is
verified by employing the Weight Loss Technique, Electrochemical Analysis,
and surface morphology are investigated by Scanning Electron Microscopy,
Atomic Force Microscopy, etc. In this review article majonity of the literature’s
past studies on the usage of drugs as corrosion inhibitors for different metals

are summarized along with the main techniques used for corrosion inhibition

study.
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Abstract

Drug molecule expired Irmocam was studied for its
corrosion reducing tendency for mild steel in 1 M

hydrochloric acid. Weight loss, electrochemical analysis, and

scanning electron microscopy were used to investigate the
alterations in the metallic samples, which revealed the
successful mitigation of corrosion and maximum inhibition
efficiency was 80% at 600 ppm of Expired Irmnocam at 298 K.
Corrosion mitigation efficiency of expired Irnocam
increased with increasing concentration of inhibitor and
the inhibitor Irnocam slows down cathodic as well as anodic
processes. Scanning electron microscopy proved corrosion
inhibition because of protection given by inhibiting
molecule in the form of thin layer on the exterior of
metallic surface.

Keywords
Corrosion Inhibitor; Irmnocam; Weight Loss; Electrochemical

Analysis; Scanning Electron Microscopy
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