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ABSTRACT

The inhibitory performance of an antibiotic drug in 0.5 M H2SO4 and psychotherapeutic
drugs in 1M HCl for mild steel protection has been investigated in the temperature range
of 303K-333K and variable concentration range by using gravimetric studies, linear po-
larization studies, potentiodynamic measurements, electrochemical impedance studies
and atomic force microscopic studies. The inhibition efficiency was found to increase
with increase in concentration of the drug and decreased with increase in temperature
whereas corrosion rate was decreased with increase in drug concentration and increased
with increase in temperature. The thermodynamic, kinetic and adsorption parameters
were evaluated using weight loss method. Change in enthalpy(∆H) of corrosion process
for all concentrations was found to be positive at all temperatures for all the experimen-
tal drugs indicating endothermic nature of corrosion process. Free energy Change (∆G)
values for corrosion phenomenon was found to be positive indicating instability of ac-
tivation complex formed during corrosion process. Langmuir adsorption isotherm was
followed and revealed adsorption of inhibitor as monolayer on mild steel surface for all
the drugs. Adsorption of inhibitor on mild steel was physiosorption or chemisorption
depending upon ∆Gads as computed from Langmuir adsorption isotherm. All the exper-
imental drugs showed physical as well as chemical adsorption on metal surface. Polar-
ization resistance was increased and corrosion current was decreased with increase in
concentration for all the drugs which shows effectiveness of drugs for protecting metal.
As per the electrochemical impedance spectroscopy data, the charge transfer resistance
(Rct) increased with a rise in inhibitor concentration, indicating a decrease in charge
transfer between metal and aggressive medium thereby showing decrease in corrosion
rate. Increases in drug concentration resulted in a drop in double layer capacitance (Cdl),
which may have been caused by increases in the thickness of the double layer showing
the adsorption of drug on the mild steel surface. The results obtained from potentio-
dynamic polarization analysis (Tafel plot) demonstrated that all the studied corrosion
inhibitors function as mixed type inhibitors. It shows inhibition of corrosion has oc-
curred at cathodic as well as anodic site. Surface roughness reduction of mild steel after
application of inhibitor as calculated from Atomic Force Microscope indicates effec-
tiveness of the drug in inhibiting the corrosion. Quantum chemical analysis was done
to compute energy of highest occupied molecular orbital (HOMO), energy of lowest
molecular orbital (LUMO), ionization energy(I), electron affinity(A), fraction of trans-
ferred electrons(∆N), dipole moment (µ), electronegativity(χ) and global hardness(h).
The study helped to examine how the molecular structure of each corrosion inhibitor
influenced the percentage of inhibition efficiency and values obtained from theoretical
calculations were in agreement with experiment results. The study revealed strong in-
teraction between metal and inhibitor molecule via chemical adsorption by donation of
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electron from inhibitor to mild steel.
Four drugs (Ethambutol, Sertraline, Paroxetine and Escitalopram) were recognized

as effective corrosion inhibitors owing to the presence of heteroatoms and pi electrons
and donation of electrons occurred from inhibitor to vacant orbital of metal thereby
forming strong interaction among them as protective coating of inhibitor was developed
over the surface of mild steel. Among four inhibitors, inhibition efficiency was found
to be maximum for Paroxetine due to presence of large number of heteroatoms along
with aromatic ring.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 OVERVIEW OF CORROSION

Advanced materials science offers a wide array of construction materials, encompass-
ing metals, alloys, plastics, ceramics, wood, and more. While many metals commonly
employed in construction may initially appear to possess remarkable strength, it is im-
portant to recognize that, except noble metals, they are inherently chemically unstable
when exposed to various environmental conditions. In practically every environment
where metals find application, the feasibility of their use in buildings, bridges, and
other applications depends on protective measures. In certain metal-environment sys-
tems, metals achieve protection through passivation, while in others, the metallic sur-
face remains active, necessitating the implementation of appropriate design strategies.
This is especially relevant in the case of mild steels, which represent a cost economical
and versatile metallic material. Corrosion refers to the degradation and consequent loss
of solid materials due to exposure to chemical or electrochemical surrounding[1]. This
process is the opposite of metal extraction (Figure 1.1). Initially, metal exists as min-
erals or ores, maintaining a stable state according to thermodynamics. Metallurgical
processes transform it into metal, causing it to become thermodynamically unstable as
it stores a significant amount of energy. When metal interacts with a compatible en-
vironment, it forms corresponding oxides, carbonates, sulfates, or sulfides, achieving
a state of stability. This occurrence is irreversible. The prevalent form of corrosion
seen in iron is rusting.While the methodology may appear elementary, it is essential to
recognize that the manifestations and impacts of this response exhibit significant varia-
tion when applied to different metals in diverse environmental conditions. Metals and
their alloys represent the foremost applicant materials for construction and manufactur-
ing endeavors, thus interpreting the issue of material deterioration due to corrosion as
a global concern of supreme importance. The corrosion-induced degradation of these
metals entails the deterioration of their mechanical properties, resulting in substantial
material losses. The economic toll exacted by corrosion is indeed substantial and ex-
erts a pronounced impact on national economies. To safeguard the economic stability
and industrial progress of nations, corrosion protection has emerged as a dynamically

1



evolving field of research, witnessing concerted efforts aimed at thwarting corrosion.

Figure 1.1: Corrosion and Extraction of metal

Despite the extensive body of research dedicated to comprehending the multifaceted
facets of corrosion, numerous practical scenarios involving metal degradation remain
subjects of contention and unresolved inquiries. Consequently, substantial research en-
deavors are currently directed toward the comprehensive investigation of the corrosion
process and the enhancement of materials’ durability.

1.2 EDUCATIONAL PURSUIT

Corrosion causes several problems related to economic loss, material conservation, hu-
man life and safety, and environmental safety and this forms the basis for the study of
corrosion and its methods of prevention (Figure1.2).

Figure 1.2: Corrosion Effects
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1.2.1 Material loss

Corrosion leads to significant material loss, causing a reduction in mechanical strength
and thinning of materials, ultimately leading to the failure of machines. It damages elec-
tronic equipment, buildings, bridges, and monuments. Monuments and statues which
are tourist attractions, are susceptible to environmental attacks, leading to substantial
deterioration, and eventually, they lose their original appearance. Damage to a turbine
engine occurred in England and a large amount of crude oil spilled in California due to
corrosion cracks in 2015[2].

1.2.2 Economic Loss

Corrosion incurs substantial expenses and significantly impacts the economies of na-
tions. The costs associated with corrosion can be categorized as direct or indirect.
Direct costs encompass infrastructure, utilities, transportation, production, and manu-
facturing. On the other hand, indirect costs consist of expenses related to labor involved
in corrosion management, the equipment required to address corrosion-related issues,
and the revenue loss due to disruptions in product supply[3]. As per estimates, the cost
of corrosion globally is US$2.5 trillion, or 3.4% of the global GDP (2013). It is more
than Rs. 2.0 lakh crores per annum in India[4]. In the United States alone, corrosion
generates a direct cost of about $276 billion annually, equivalent to 3.1% of the nation’s
gross domestic product (GDP). When factoring in the indirect costs, the total expense of
corrosion is estimated to reach $552 billion or potentially more. To tackle this issue and
reduce corrosion-related expenses, it is crucial to employ effective corrosion inhibition
methods to minimize the damage caused by corrosion[5].

1.2.3 Impact on Environment

The ecosystem is significantly harmed by corrosion. It results in the production of
a variety of corrosion byproducts, including metals and chemical compounds, which
pollute the air, soil, and water, producing pollution and possible risks to ecosystems and
species. The quality of human drinking water may be compromised because aquatic life
is particularly vulnerable. Additionally, corrosion-related failures in infrastructure, such
as pipes and storage tanks, can lead to spills and leaks that disturb the natural habitats of
plants and animals as well as destroy ecosystems and contaminate the soil. Corrosion
also increases the amount of energy needed for industrial processes, particularly for
pumping and other tasks. As a result of this increased energy use, greenhouse gas
emissions have increased.

3



1.2.4 Human life and safety

Due to its impact on many industries and infrastructure, corrosion poses several risks to
human life and safety. Buildings, bridges, and pipelines that have deteriorated can have
structural failures. People who are inside or close to these structures may face a risk
to their lives if this causes collapses. Corrosion on trains, planes, ships, and automo-
biles can jeopardize their mechanical systems, compromising their structural integrity,
potentially resulting in injuries or fatalities. Consuming contaminated drinking water
poses a health concern to consumers due to corrosion in water distribution networks.
Pipelines carrying gas and oil can corrode, leading to leaks that might result in fires, ex-
plosions, and environmental concerns that could be harmful to the populations nearby.
Corroded machinery can malfunction in industrial environments, causing mishaps that
could damage nearby people and the employees themselves.

1.3 FACTORS INFLUENCING THE RATE OF CORROSION

The corrosivity magnitude is fundamentally contingent upon the intrinsic properties of
the metals involved and the ambient conditions to which they are exposed. Key de-
terminants include the structural attributes of the metallic substrate, the characteristics
of the immediate environment, and the specific electrochemical processes transpiring
at the metal-environment interface, all of which essential effect on the corrosion phe-
nomenon. The extent of corrosion predominantly axes upon a constellation of factors
elucidated in Figure 1.3 and subsequently expounded upon below.

1.3.1 Nature of metal

i) Position in galvanic series: The galvanic series gives information on the elec-
trode potential of various elements. Corrosion is more to occur in metals with
negative electrode potential. For example, magnesium (Eo = -2.37 V) corrodes
faster than iron (Eo = -0.44).and that’s why magnesium serves as a sacrificial an-
ode during the protection of underground iron pipes. The corrosion rate upsurges
with the magnitude of the potential gap among the metals. The difference in
potential give impetus for the electrochemical reaction to take place.

ii) Physical state: The amount of corrosion is mostly determined by the physical
condition of the deteriorating metal. Metals that are exposed to a corrosive envi-
ronment and have a larger surface area tend to corrode more quickly. Powdered
metal corrodes to a larger extent as a consequence of higher surface area.

iii) Anodic and cathodic area: The degree of corrosion and cathodic to anodic area
proportion (Z) are intimately correlated. This relationship can also be expressed
as Z = cathode area/anode area. When Z is greater than one, the corrosion rate
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intensifies since all of the electrons produced at the anode are used at the cathode.
This causes the anodic reaction rate to accelerate, which in turn causes a metal’s
outer region to corrode more severely. Higher corrosion rates are associated with
greater cathodic areas than anodic areas.

Figure 1.3: Factors influencing the rate of corrosion

iv) Polarization: It is worth emphasizing that corrosion involves the simultaneous
occurrence of anodic and cathodic reactions, leading to electrode polarization.
The occurrence of corrosion is significantly impacted by the polarization of the
cathode or anode. Introducing complexing agents near the anode or employing
oxidizing substances around the cathode can diminish the impact of polarization,
resulting in an accelerated corrosion rate. Depolarizers are utilized to counter the
polarization effect and enhance the rate of corrosion.

v) Nature of protective layer formed after corrosion: Virtually all metals develop
a thin layer of metal oxide on their surfaces after corrosion when exposed to air.
The volume of this oxide layer varies based on the metal’s susceptibility to cor-
rosion and the surrounding conditions. The specific volume ratio refers to the
correlation between the quantities of metal oxide and the quantities of metal. In
general, a higher volume ratio results in an oxide layer that is impermeable, serv-
ing as a protective barrier against corrosion. Conversely, with a lower volume
ratio, this protective effect diminishes. The protective layer formed after the cor-
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rosion predicts the further rate of corrosion. A stable protective layer formed over
aluminum prevents its further corrosion. The formation of an unstable protective
layer in noble metals does not allow the metal to corrode. A volatile layer of
molybdenum dioxide formed after corrosion accelerates further corrosion.

vi) Hydrogen overvoltage: As the hydrogen gas is released at the cathode, low
hydrogen overvoltage metals are more at risk of corrosion.

1.3.2 Nature of Environment

i) Temperature: Metal corrosion is significantly influenced by the temperature. As
a result of an increase in temperature, the medium’s ionization or the reaction
gaining activation energy rises, speeding up the process of corrosion. A passive
metal transition into an active state takes place at excessive temperatures, and
corrosion accelerates with rising ambient temperature. As an illustration, let’s
examine the scenario of caustic brittle fracture occurring in high-pressure boilers.

ii) pH of the medium: The kind of cathode process that will occur depends on
the pH of the solutions. In most situations, acidic media tend to be more corro-
sive than alkaline/neutral media. Iron corrodes slowly until the pH of the water
reaches an acidic range, but when oxygen is present, the corresponding corrosion
rate increases considerably. Increasing the pH of the immediate surroundings
reduces the corrosion of metals that are vulnerable to acid attack.

iii) Presence of impurities in the environment: The air around industrial facilities
may contain corrosive gases such as SO2, CO2, H2S, and vapors of HCl, H2SO4

and other acidic gases. These gases cause a rise in the liquid concentrations,
electrical conductivity, and corrosive current. In the marine atmosphere, ions
make seawater more conductive and increase the rate of corrosion.

iv) Conductance of corrosive medium: The internal cell resistance, which in turn
depends on the conductance of the corrosive media, determines the corrosion
current. In a more conductive medium, there is severe to the age of material due
to corrosion.

v) Humidity: Humidity gives the metal’s substrate enough moisture to create con-
ductive electrolytes and accelerate ion mobility, which speeds up the process of
corrosion.

1.4 MECHANISM/ELECTROCHEMICAL THEORY OF CORROSION

The electrochemical theory suggests that the following modification occur when a metal
gets in touch with its surroundings(Figure 1.4).
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• The metal’s substrate forms tiny electrochemical cells with anodic and cathodic
regions.

• Presence of impurities within the metallic substance create anodic and cathodic
zones.

• The anode experiences oxidation, while the cathode undergoes reduction.

• Consequently, the anode corrodes, whereas the cathode remains unaffected.

At the anode, a process of oxidation occurs, where metals are transformed into metal
ions Metal → Metal ions + electrons

In the case of iron (Fe):

Fe → Fe2++2e−

At the cathode, reduction reactions take place by different ways, under different condi-
tions:

Case i) In an acidic medium and lack of oxygen:

2H++2e− → H2

Case ii) In neutral and alkaline medium and absence of oxygen:

2H2O+2e− → 2OH−+H2

Case iii) In an acidic medium and presence of oxygen:

4H++O2 +4e− → 2H2O

Case iv) In the neutral and alkaline medium and the presence of oxygen:

2H2O+O2 +4e− → 4OH−

In general, Fe2+ from the anode and OH− from the cathode diffuse and react to form
2Fe(OH)2 as precipitate

2Fe2++4OH− → 2Fe(OH)2

In the excess of oxygen 2Fe(OH)3 is formed

4Fe(OH)2 +O2 +2H2O → 4Fe(OH)3 (yellow rust) or Fe2O3.H2O
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In a limited supply of oxygen black anhydrous magnetite (Fe3O4) is formed.The acidic
solutions, particularly HCl and H2SO4 are used for pickling and etching processes,
particularly corrosive and pose challenges when they come into contact with MS (mild
steel). When equipment or apparatus are exposed to these corrosive media, they are sus-
ceptible to damage and lead to reduced efficiency and decreased lifespan of the original
metal as a consequence of corrosion.

Figure 1.4: Corrosion Mechanism

1.5 TYPES OF CORROSION

There are various types of degradation in different environments which are given below

1.5.1 Intergranular Corrosion

It is a kind of localized degradation that mostly attacks nearby regions or grain borders,
with only mild or no assault on the grains (Figure 1.5).

Figure 1.5: Intergranular Corrosion

Passive alloys subjected to certain aggressive environments experience the same
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type of localized degradation as in other types corrosion. Intergranular corrosion oc-
curs when certain metals and alloys attain high temperatures during heat treatment or
welding. The intergranular corrosion in austenitic stainless steel 316L was determined
with the use of electrolytic etching in oxalic acid and potent kinetic reactivation tests
along with analysis by electron microscopy armed with energy dispersive X-ray spec-
troscopy after annealing at 650°C[6].

1.5.2 Concentration cell corrosion

A specific type of corrosion known as a concentration cell happens when two different
sections of metal have varying species concentrations (Figure 1.6). When corrosive so-
lutions of varying concentrations come into contact with two or more portions of the
same metal surface, corrosion takes place. In the presence of a range of concentrations
of the same electrolyte, the same metal exhibits various electrical characteristics. Dif-
ferences in dissolved oxygen concentration cause localized corrosion of metal in areas
with differing polarities, such as anodic and cathodic zones, which are produced by
oxygen concentration cells, also known as differential aeration. The corrosion current
is determined using the oxygen concentration cell by polarizing the cathode and anode,
measuring the resistance of the transporting medium and metal, and figuring out the
circuit’s open-circuit potential[7].

Figure 1.6: Concentration Cell Corrosion

1.5.3 Crevice Corrosion

A metal surface is the target of crevice corrosion, which happens right where or very
close to the fissures created when two surfaces are linked (Figure 1.7). This kind of
corrosion happens when an electrolyte that is stationary and has little oxygen exposure
is exposed to the crevice. As water builds up inside the fissure, the process progresses,
possibly resulting in a differential in oxygen content between the lower and upper re-
gions of the crevice. Consequently, the corrosion process is started when the base of
crevice turns into an anodic area relative to the higher region [8].
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Figure 1.7: Crevice Corrosion

1.5.4 Pitting Corrosion

It refers to a kind of confined degradation that produces pits in smaller locations(Figure
1.8). It mainly affects passive metals and alloys like stainless steel, aluminium alloys
and other materials whereas their protective oxide film is either chemically or mechani-
cally compromised and fails to re-form. This leads to the formation of narrow and deep
pits, which quickly penetrate the metal’s wall thickness. The extent of pitting can be
assessed by pitting potentials through measurement[9].

Figure 1.8: Pitting Corrosion

1.5.5 Selective Corrosion

The way metals and alloys corrode can be influenced by their inherent arrangement,
potentially leading to specific elements dissolving. This process of dissolution mainly
takes place due to tiny galvanic corrosion processes, leading to the extraction of the
less resistant metal from the alloy in appropriate conditions (Figure 1.9). Alloys with
a notable divergence between the metals they consist of in the galvanic hierarchy, like
brass composed of copper and zinc, are especially prone to this occurrence, as seen in
cases like dezincification[10].
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Figure 1.9: Selective Corrosion

1.5.6 Erosion Corrosion

Disintegration of materials which is caused by the interaction of metal surfaces with
corrosive media while undergoing relative movement is referred as Erosion corrosion
(Figure 1.10). The extent of erosion-corrosion varies depending upon the speed of this
movement, leading to abrasion in some cases. This form of corrosion is recognizable by
the presence of grooves and surface irregularities. It is also related to the composition
and microstructure of the material[11]. To mitigate erosion corrosion and abrasion-
corrosion, one can decide on more resistant materials and enhance the design of the
components involved.

Figure 1.10: Erosion Corrosion

1.5.7 Cavitation Corrosion

When gas bubbles burst on a metal substrate, a specific type of erosion known as cav-
itation corrosion occurs, leaving pits in its wake. (Figure 1.11). This phenomenon is
frequently linked to sudden pressure fluctuations in water brought on by hydrodynamic
elements like propeller blades time. Pitting brought on by cavity collapses causes severe
wear on parts and can drastically reduce the lifespan of pumps or propellers. Although
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cathodic protection can slightly reduce cavitation, maintaining appropriate surface con-
ditions and ensuring proper water flow are the major strategies to counteract cavitation
erosion.

Figure 1.11: Cavitation Corrosion

1.5.8 Stress Corrosion

When a metal is subjected to both a corrosive environment and tensile stress at the same
time, stress corrosion cracking is the sort of failure that results (Figure 1.12). Stress
corrosion is characterized by highly localized attacks, even when overall corrosion is
minimal. Different corrosive agents, such as caustic alkalis and storing nitrate for mild
steel, traces of ammonia for brass, and acid chloride solutions for stainless steel, can
induce this type of corrosion.

Stress corrosion is frequently seen in fabricated items made of certain alloys like
high zinc brasses and nickel brasses, particularly when these materials are subjected to
stresses caused by processes like drawing, rolling, or insufficient annealing. However,
pure metals are relatively resistant to stress corrosion.

Figure 1.12: Stress Corrosion

The prevailing belief is that stress corrosion involves localized electrochemical cor-
rosion occurring along narrow paths, where certain areas become anodic compared to
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the larger cathodic areas of the metal surface. The presence of stress leads to strain,
resulting in localized areas of higher electrical potential. These areas become highly
chemically active and are susceptible to attack even by mild corrosive environments,
ultimately leading to the formation of cracks. Under sufficiently high tensile stress and
specific environmental conditions, almost all alloys are vulnerable to stress corrosion.

1.6 APPROACHES TO INHIBIT OR CONTROL THE CORROSION

The imperative to employ construction materials in a secure, cost-efficient manner,
while concurrently addressing the challenges arising from corrosion, has become a topic
of widespread deliberation across diverse industries. Corrosion and its amelioration
constitute global concerns, and the repercussions stemming from inadequate attention
to this domain are acutely discernible. From a global economic standpoint, it is imper-
ative to institute effective methodologies and strategies to curtail the losses inflicted by
corrosion. Compared to some recent reviews, articles, and prevention techniques, the
present study offers up-to-date knowledge of the different types of protective coatings
on metals (Figure 1.13).

Figure 1.13: Different Corrosion Prevention Methods

Among all the methods, using corrosion inhibitors is the best method for corrosion
prevention as it does not require any special equipment for its application.

1.6.1 Corrosion inhibitors

Some chemical compounds act as corrosion inhibitors that are added to the medium and
are capable of reducing corrosion. These serves as the most practicable, cost-effective,
and efficient approach to managing deterioration on the surface of the metal in differ-
ent mediums by preventing metal dissolution and acid consumption. These inhibitors
operate through the mechanism of molecular adsorption, wherein the compound exerts
corrosion inhibition by regulating both anodic and cathodic processes. The protonated
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entities adhere to cathodic sites on the surface, attenuating the liberation of hydrogen
gas. Consequently, the pace of corrosion diminishes correspondingly. Inhibitory agents
can be administered either in the form of solutions or as protective coatings, employ-
ing diverse methodologies. Corrosion inhibitors encompass compounds that engage
with the metal surface or ambient gases in order to curtail the electrochemical reactions
inherent to the corrosion process. These agents are harnessed to mitigate the impact
of corrosive surroundings upon metallic substrates. In different industries, the various
compounds including organic and inorganic substances are used as inhibitors. The com-
pounds generally containing atom having lone pair of electrons such as nitrogen (N),
oxygen (O), Sulphur (S) and phosphorus (P) and a mediately with an aromatic ring,
unsaturation, which has been demonstrated to be a key component of highly effective
inhibitors to reduce the pace at which metals corrode in harsh conditions. In general,
anti-corrosive potential of inhibitor hinges upon the proclivity for establishing strong
coordinate bonds with the metal substrates. Consequently, both phenomena adhere to
an analogous sequence, namely O<N<S<P. The risk inherent with these substances is
apparent during the fabrication of such products or in their utilization. Corrosion in-
hibitors have long been associated with stability and environmental issues that are of
worldwide significance. As a consequence, it is a great juncture to gain knowledge
about protection against corrosion using low-cost, readily accessible, and environment
benign inhibitors. Inhibitors are broadly classified into three categories as given in the
figure 1.14.

Figure 1.14: Different Classification of Corrosion Inhibitor

a) On the basis of partial electrochemical reactions occurring on cathode and
anode inhibitors are of three types

i) Anodic Inhibitor : On anode oxidation of metal occurs to liberate metal ions.
Anodic corrosion inhibitors protect the metal by suppressing anodic reaction and
forming a protective oxide layer over the surface of metal (Figure 1.15 (a)). They

14



induce a significant anodic shift, converting the metal into a passivated region.
Passivation aids in reducing the metal’s susceptibility to corrosion. In hydrochlo-
ric acid, it was discovered that the drug fluconazole was an anodic inhibitor for
steel protection. The Ecorr values were shifted to positive side depicting anodic
type inhibition of corrosion. Fluconazole protected the mild steel by getting ad-
sorbed on metal surface[12]. Examples of anodic corrosion inhibitors are chro-
mates, phosphate, nitrates, and molybdates[13].

ii) Cathodic Inhibitor : Cathodic inhibitors are employed to reduce the occurrence
of the cathodic reaction. They induce a significant cathodic shift (Figure 1.15
(b)). Examples of cathodic corrosion inhibitors are sulphite and bisulphite, which
react with oxygen to form suphates. Cathodic inhibitors shift the Ecorr toward
negative side depicting cathodic type inhibition of corrosion. Amisulpride acts
predominantly as cathodic inhibitor by preventing reduction reaction and evolu-
tion of hydrogen[14] .

iii) Mixed Inhibitors: Mixed corrosion inhibitors also create a thin layer of protec-
tive nature on the metal surface. They suppress reactions taking place at both ox-
idizing and reducing electrodes, achieved by forming a precipitate on the metal’s
surface. Corrosion potential values do not alter much by the addition of inhibitor
(Figure 1.15 (c)). Ecorr values shift by a factor not more than 85 mV for inhibitors
that suppress both anodic and cathodic reactions. Nitrofurantoin protected mild
steel at both the cathodic and anodic sites in 1 M Hydrochloric acid solution.
Silicates also act as mixed inhibitors[15].

Figure 1.15: Types of Corrosion Inhibitors on the basis of electrochemical reaction
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b) Inhibitors according to their method of inhibition and their surrounding
applicability

On the basis of application of inhibitor in the medium, inhibitors can be categorized
into various classes

Figure 1.16: Types of Corrosion Inhibitors on the basis of Application

i) Inhibitors in Acidic Medium

• Adsorption Inhibitors: Corrosion inhibitors used in acidic environment
are generally organic compounds as they have hetero atoms, aromatic ring,
heterocyclic ring which provide electrons for the donation to vacant orbital
of metal to be protected and get adsorbed. Efficiency of adsorption in-
hibitor depends upon functional group present in inhibitor, concentration
and strength of bond between metal and inhibitor.

• Film forming Inhibitors: Certain inhibitors work by covering the metal
substrate by a protective layer that prevents hostile substances from pene-
trating the metal. For example acetylenic corrosion inhibitors form protec-
tive film on iron and steel surface[16].

ii) Inhibitors in Neutral Medium

• Precipitation Inhibitors: Since protective surface coatings frequently de-
velop in neutral settings and leave the metal surface coated in an insoluble
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salt layer, inhibition can occur.These salt films tend to be thicker in com-
parison to the previously mentioned adsorbed films. Inhibitors that trigger
the formation of these insoluble salt films are typically cathodic inhibitors
because they restrict or block the diffusion of oxygen to the cathodic sites,
which in turn leads to film formation on the surface. As an instance, the
precipitation of materials like Zn, Mg, and Ni insoluble hydroxides[17].

• Passivation Corrosion Inhibitors: Corrosion inhibitors commonly bring
into play by passivation mechanism in neutralsolutions. In such instances,
the metal surface’s passivation can be initiated by oxidizing corrosion in-
hibitors such as chromates, nitrites, nitrates, and molybdates. This phe-
nomenon is particularly relevant when dealing with a metal that undergoes
passivation.

• Adsorption Inhibitors: Inhibitors designed for use in neutral conditions
can offer adsorption as the mechanism of corrosion protection. It’s impor-
tant to bring to light, that in a neutral environment, oxygen reduction typi-
cally serves as the dominant cathodic process, whereas in acidic solutions,
hydrogen evolution takes precedence as the dominant cathodic reaction. Ad-
ditionally, in neutral environments, metals often develop an oxide layer,
which is generally less stable when exposed to acidic conditions. Benzoates
and salicylate are typical inhibitors that operate in neutral medium through
mechanism of adsorption. The inhibition mechanism occurs by blocking
the corrosion processes by preventing the electrolyte from accessing certain
areas of the metal surface.

• Synergistic Corrosion Inhibitor: Synergistic effect occurs when mixture
of inhibitors is used for corrosion inhibition. Various mechanisms occur
for the protection of metal by strengthening of inhibitor metal interaction
and provide barrier between metal and aggressive medium. Synergistic ef-
fect has been observed due to organic compounds, inorganic compounds
and polymeric mixtures etc. Inhibitory action is more pronounced due to
combined cathodic and anodic inhibition[18].

• Film Precipitation Corrosion Inhibitors: Precipitate forms a film of pro-
tection over the metal surface, which serves the basis for the inhibitory
mechanism of precipitation inhibitors. For cathodic reactions, it serves as
an obstruction. Its examples include polyphosphates and organophosphates.

iii) Gas Phase Corrosion Inhibitors

• Volatile inhibitors: The majority of volatile inhibitors are organic sub-
stances with a high vapor pressure and low molecular weight which include
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aliphatic compounds, aromatic substances, cyclohexylamines, heteroalky-
lated lower amines and aminonitrobenzoates. These inhibitors reach from
the source to metal surface through evaporation being volatile. Adsorption-
based inhibition mechanism prevails for effective lowering of corrosion rates
with such inhibitors. Furthermore, the establishment of a hydrophobic film
can further enhance protection[19].

• Migrating Corrosion Inhibitors: These inhibitors are used to safeguard
steel bars embedded in concrete constructions. These migratory materi-
als have the capacity to permeate concrete structures and protect steel from
corrosion brought on by chloride exposure. The inhibitor’s migration oc-
curs through both liquid and gas phases. Liquid diffusion happens through
the moisture consistently found in concrete structures, while gaseous diffu-
sion is a result of the inhibitor’s elevated vapour pressure. Diffusion occurs
due to capillary action and microstructure of concrete. Migrating corrosion
inhibitors are amines and alkyl amine based with phosphorous inorganic
compounds[20].

c) Inhibitors on the basis of Reaction Mechanism
Several types of molecules have been examined for their capacity to prevent corro-

sion. (Figure 1.17).

Figure 1.17: Different types of Corrosion Inhibitor

1.6.2 Organic and Inorganic Compounds as Corrosion Inhibitors

Organic inhibitors are highly effective in preventing corrosion. The inhibition pro-
cess is facilitated by the presence of hetero atoms such as N, S, and O, as well as
high electron density groups in the organic compounds. Compounds containing amine,
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aldehyde groups, and high electron density structures exhibit exceptional corrosion-
inhibiting properties for various metals[21]. Even organic polymers can serve as corro-
sion inhibitors[22]. Various organic substances have been studied on different materials
in different media as corrosion inhibitors. Organic compounds demonstrate remarkable
inhibition efficiency, as they create a protective barrier after adsorption on the metal
surface, displacing water molecules. The effectiveness of organic inhibitors depends on
the compound’s structure, physical and chemical properties. Factors such as the size
of the molecule, chain length, aromaticity, bond strength, and solubility of the inhibitor
also influence its action. The inhibition efficiency is determined by the constancy of
the adsorbed layer formed on surface of the metal by action of the inhibitor. The Schiff
bases act as admirable corrosion inhibitors for mild steel in 0.5 M HCl. The standard
techniques were employed for the investigation of Schiff bases. Surface characteriza-
tion was done by SEM and IR spectroscopy.

However, a major drawback of these inhibitors is their toxicity to the environment.
On the other hand, inorganic compounds are also used as corrosion inhibitors for various
metals. Chromates, for instance, are efficient inhibitors as they form monoatomic or
polyatomic oxide layers on the metal surface. However, these inhibitors are toxic and
non-eco-friendly.

1.6.3 Natural/Green Inhibitors

Green or natural compounds are investigated to be excellent corrosion inhibitors. Green
inhibitors are like synthetic corrosion inhibitors in their action[23]. They also get ad-
sorbed on metal surfaces by physical or chemical adsorption. Natural inhibitors are
not only eco-friendly but also with high inhibition efficiency. Argemone Mexicana leaf
extract[24], Saraca Ashoka seed extract[25], Sida cordifolia[26], Myristica fragrans,
Ginkgo leaf extract[27], Parthenium hysterophorus plant extract [28], Xanthium stru-
marium [29], Pineapple stem extract[30], Prosopis juliflora [31], Pongamia pinnata leaf
extract[32], Ruta chalepensis [33] have been studied as corrosion inhibitors for various
metals in different corrosive media by employing corrosion techniques like weight loss,
electrochemical methods and surface analysis. Tulsi leaf extract can act as a corrosion
inhibitor not only for the protection of zinc in sulphuric acid[34] but also for the pro-
tection of mild steel[35], tin[36] and aluminum alloy in various media [37]. Natural
compounds are found to be very aggressive inhibitors but their method of extraction is
difficult and they are complex in structure.

1.6.4 Nanomaterials as Inhibitors

Nano particles have a size between 1-100 nm. Nowadays Nanoparticles are widely
used in various fields of science as they have unique characteristics in terms of mechan-
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ical strength, greater outward area and optical activity. Nanoparticles also have their
applications in the form of corrosion inhibitor coatings. Nano compounds inhibit the
reaction of surface and control the corrosion rate by blocking active sites of the metal
surface and also provide hardness, strength, durability, optical qualities and thermal
stability. Nano compounds also give hardness, durability, strength, thermal stability
and optical properties while inhibiting surface reaction and regulating corrosion rate
by blocking active areas on the metal surface. Smart anticorrosive coatings can also be
developed by incorporating Nano containers loaded with corrosion inhibitors into a pro-
tective layer. There is a controlled release of inhibitors depending upon stimulus such
as pH change. Hybrid sol-gel coatings prepared from modified silanes and corrosion in-
hibitors embedded with silica nanoparticles can also be used for the protection of alloys
and metals. Polymer-stabilized nanoparticles can also be used as effective corrosion
inhibitors. Metal along with metal oxides e.g. Ag[38], TiO2[39], Cu2O[40], ZnO[41],
ZrO2[42], SiO2[43], nanocrystals alloys e.g. Monel-type Ni–Cu nanocrystal alloy[44],
nanotubes, nanofibers, nanocomposites were found to be efficient corrosion inhibitors
as investigated by polarization and impedance studies. Nanocomposite is formed by
organic and inorganic constituents[45]. Inorganic constituent provides adhesiveness,
ductility and mechanical strength while organic component provides more flexibility,
improved compatibility and porosity reduction. Commonly used organic parts are alu-
mina polyurethanes[46] or zirconium phosphate polyururethanes[47], polystyrene[48],
polyvinyl alcohol[49], while inorganic component[50] includes metal nanoparticles
[51]. By forming the oxide layer, Nanocrystal alloys offer hardness, electrical resistiv-
ity, wear resistance, and high-temperature corrosion resistance. Nanotubes have hollow
tubular nanostructures in shape. They are suitable for use as coating materials to inhibit
corrosion. Nano containers are smart materials that release the inhibitor with respect
to changes in pH. Nanofibers are efficient corrosion inhibitors as they control cathodic
reactions. Nanocomposites are made up of inorganic and organic components. The
organic part provides flexibility and reduction of porosity while Inorganic components
provide high ductility, high mechanical strength and adhesiveness.

1.6.5 Drugs as corrosion inhibitors

Numerous methods are available to investigate the potential of drugs as corrosion-
inhibitory compounds. The techniques aided with Electrochemical Impedance Spec-
troscopy (EIS) is useful to ascertain the inhibitory efficacy by means of polarization
resistance. So as to evaluate the effectiveness of inhibition, potentiodynamic polariza-
tion (PDP) measurements are utilized for computing the corrosion potential and current
using the Tafel slope. By analyzing the shift in corrosion potential (Ecorr), the mech-
anism of inhibition is grouped as cathodic, anodic, or mixed type. In order to look
more closely at how drugs affect the metal surface, Mass loss measurement is helpful
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to find out corrosion rate and inhibition efficiency under specific conditions of temper-
ature, concentration, and immersion time. Surface morphology of the metal before and
after inhibition may be studied with latest microscopy techniques such as Transmis-
sion Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), and Atomic
Force Microscopy (AFM). Chemical analysis is carried out using FTIR and FTIR-ATR
to determine the drug molecule’s functional groups and the link between it and the
metal substrate. Additionally, Kinetic and Thermodynamic parameters are used for as-
sessing the feasibility of drug molecule. For a more in-depth understanding, Quantum
Chemical Calculation Method and Density Functional Theory (DFT) with high accu-
racy are applied to determine the optimized structure of inhibitors, electronegativity,
frontier orbitals (HOMO and LUMO), chemical hardness, and chemical softness. X-
ray Fluorescence (XRF) and Energy Dispersive X-ray analysis (EDAX) are employed
to identify the elemental composition of the materials under investigation. Furthermore,
The sort of transition occurring in the drug molecule and the establishment of an bar-
rier by drug are both demonstrated by UV-VIS spectroscopy. Through the utilization
of these diverse techniques, drugs from various categories have been investigated and
shown promise as effective corrosion inhibitors.

1.7 DIFFERENT VARIETY OF DRUGS AS CORROSION INHIBITOR

1.7.1 Corrosion protection by analgesic drugs

Analgesic drugs, primarily designed to alleviate pain, share structural properties simi-
lar to corrosion inhibitors, making them viable for corrosion control purposes. Several
analgesic medications have demonstrated effectiveness in corrosion control, success-
fully preventing corrosion in commonly used mild steel in industrial applications. For
instance,Voltaren proved to be a competent inhibitor in HCl, achieving a remarkable
96.1% performance based on weight loss, electrochemical techniques, scanning elec-
tron microscopy, and electron dispersive X-ray analysis. Similarly, Etricoxib was stud-
ied for its corrosion-inhibitory properties on carbon steel in phosphoric acid, exhibiting
high efficiency. A variety of analgesic drugs are listed in Table 1.1, showcasing their
potential as corrosion inhibitors.

1.7.2 Corrosion protection by Antibiotic drugs

Antibiotic medications are known for their efficacy in combating infections caused by
microorganisms, particularly bacteria. Owing to their conjugated electron system and
non-bonding electrons, these drugs may potentially be used as corrosion inhibitors. For
instance, Streptomycin was subjected to a study to assess its ability to inhibit corrosion
in mild steel when exposed to HCl-corrosive conditions.

21



Table 1.1: Analgesic drugs for the protection of various metals in various media

Analgesics Drug

Drug
Material

and
Medium

Techniques used
Followed Isotherm

and Mode
of inhibition

Inhibition
efficacy

(%)
Ref.

Voltaren
Al in

1M HCl

Weight Loss Study,
Electrochemical

Study

Langmuir
Mixed

89.7
[52]

Analgin
MS in

1M HCl

Quantum
Chemical Study,
Electrochemical

Study, Weight Loss

Langmuir
Mixed

96.1

[53]

Etoricoxib
Carbon Steel

in 0.5M
H3PO4

Electrochemical
Study, Weight

Loss, SEM, EDX

Langmuir
Anodic

80.6

[54]

Phenazone
Al in

1M HCl

Electrochemical
Study, Gasometry,Quantum

Chemical Study, SEM

Tempkin
Mixed

82
[55]

Tramadol
Al in

1M HCl

Weight Loss
Study,

Electrochemical
Study, Quantum
Chemical Study

Langmuir
Mixed

98

[56]

Table 1.2: Antibiotic drugs for the protection of various metals in various media

Antibiotics Drugs

Drug
Material

and
Medium

Techniques used
Followed Isotherm

and Mode of
inhibition

Inhi bi
tion effic
acy(%)

Ref.

Cefotaxime
MS in

0.1M HCl

Electrochemical
study,

Weight Loss

Langmuir
Mixed

95.8
[57]

Amodiaquine
MS in

0.1M HCl

Electrochemical
study, Weight
Loss Study

Langmuir
Mixed

44.33
[58]

EBT

2205 Duplex
Stainless

Steel
in 0.5M HCl

Weight Loss
Study,

Electrochemical
study

Langmuir
Mixed

98.3
[59]

MS in
2M HCl

Quantum Chemical,
Electrochemical,

SEM, Weight Loss

Langmuir
Mixed

91.3
[60]

MS in
0.5M HCl

Electrochemical
study, Weight
Loss study,

MD simulations

Langmuir
Mixed

95
[61]

Ciprofloxacin
Carbon steel
in 1M HCl

Electrochemical
study, Hydrogen
evolution, EFM,

SEM, Weight loss

Langmuir
Mixed

91

[62]
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Fluconazole Al in 0.1M HCl
Quantum Chemical
Study, Weight loss

Langmuir
Mixed

82
[63]

Clotrimazole Al in 1M HCl
Quantum Chemical
Study, Weight loss

Langmuir
Mixed

90.9
[64]

Piperacillin MS in 1M HCl
Electrochemical

Study, Weight Loss
Langmuir

Mixed
93

[65]

Streptomycin
MS in

1M HCl

Electrochemical
Study, Weight Loss,

Atomic Force
Microscopy

EI Awady
Mixed

88.5

[66]

Doxycyclin MS in 1M HCl

Weight Loss
Study,

Electrochemical
Study, AFM

Langmuir
Mixed

95

[67]

Ceftazidime
Copper in
1M HCl

Weight Loss Study
, Electrochemical
Study, SEM, EDX
, EFM Quantum
Chemical Study

Langmuir
Mixed

94.2

[68]

Meropenem
Cu in 1M

HNO3

Weight loss Study,
Electrochemical

Study, EFM, SEM,
EDX,Quantum
Chemical Study

Tempkin
Mixed

98.7

[69]

Isoniazid MS in 1M HCl
Weight loss,

Electrochemical
Study, Atomic Force

Microscopy, XPS

Langmuir
Mixed

96
[70]

Chloramphenicol
A315MS in
0.1M HCl

Weight loss
Study, LPR, OCP

Langmuir
Mixed

85.3
[71]

Chloroquine Al in 1M HCl
Quantum Chemical
Study, Weight Loss

Freundlich
Mixed

74.99
[72]

Nitrofurantoin MS in 1M HCl
Electrochemical

Study, Weight loss,
SEM, EDX

Langmuir
Mixed

97.6 [73]

Paromomycin Zn in 1M HCl
Electrochemical

Study, Weight Loss
Temkin
Mixed

91.96
[74]

Septazole Cu in 0.1M HCl
Electrochemical Study,

Quantum Chemical
Study, Weight Loss,

EFM, SEM

Langmuir
Mixed

97
[75]

Ampicillin Al in 3.5% NaCl

Electrochemical
Study, Quantum
Chemical Study,

Weight Loss, SEM

Langmuir
Mixed

85

[76]

Cloxacillin MS in 1N HCl

Electrochemical
Study, Weight Loss

, Hydrogen permeation
measurement, Diffused

reflectance Spectroscopy

Temkin
Mixed

81

[77]

23



Dicloxacillin Al in 0.5M HNO3

Electrochemical Study,
Quantum Chemical
Study,Weight Loss,

Optical Microscopy,SEM

Langmuir
Mixed

58.9

[78]

Cefadroxil Al in 1M HCl

Electrochemical
Study, Quantum
Chemical Study,

Weight Loss, SEM

Adsorption
Mixed

93.22

[78]

Metroni-
dazole

MS in Aqueous
Weight Loss Study,

Electrochemical
Study, FTIR

Langmuir
Mixed

83

[79]

Ofloxacin MS in 1N HCl Weight Loss Study Langmuir 92.13 [80]

Norfloxacin MS in 1N HCl Weight Loss Study Langmuir 91.54 [80]

Cipro-
floxacin

304 Stainless
Steel in

1.5% NaCl

Electrochemical
Study

Adsorption
Anodic

93
[81]

Cephalothin
API 5L X52
in 1M HCl

Weight Loss Study,
Electrochemical

Study, SEM

Langmuir
Mixed

87
[82]

Gentamicin
MS in

1M HCl

Electrochemical
Study, Weight Loss,

SEM

Langmuir
Mixed

89.3

[83]

Neomycin
Carbon Steel

in 0.1M H2SO4

Electrochemical
Study, Weight Loss,

AFM

Langmuir
Mixed

76.4
[84]

Moxifloxacin
Carbon Steel
in 1M HCl

Weight loss Study,
Electrochemical
Study, Hydrogen
Evolution, SEM

Langmuir
Mixed

92

[85]

Albendazole
MS in

0.1M HCl
Electrochemical

Study, Weight Loss
Langmuir

Mixed
96

[86]

Benzimidazole MS in HCl
Weight Loss Study,

Electrochemical
Study, SEM

Langmuir
Mixed

92
[81]

The investigation involved weight loss and electrochemical measurements, demon-
strating an inhibition efficacy of more than 88%.The research indicated that the drug
protected against corrosion by adsorbing onto the metal surface without altering the un-
derlying corrosion mechanism. Another antibiotic, Ampicillin, was also investigated for
its corrosion inhibition properties on mild steel, both in sulphuric acid and hydrochloric
acid environments, exhibiting significant effectiveness.Ampicillin also displayed cor-
rosion inhibition capabilities on zinc and stainless steel. Moreover, other antibiotics
such as Cetoxamine, EBT, Fluconazole, and Clotrimazole were tested for their ability
to inhibit corrosion on various materials exposed to different aggressive media. These
antibiotics proved to be effective corrosion inhibitors. Table 1.2 provides information
on some of the antibiotic drugs studied for their potential as corrosion inhibitors on
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different materials and in various corrosive environments.

1.7.3 Corrosion protection by Antihistamine drugs

Antihistamine medications have proven to be effective in treating allergies. These drugs
also demonstrate significant potential as corrosion inhibitors. For instance, Cetirizine
has been extensively studied and found to be a highly efficient corrosion inhibitor, with
an impressive inhibition efficacy of 95%. This effectiveness was assessed through var-
ious methods, including quantum chemical calculations, gravimetric and electrochem-
ical analysis. Cetirizine exhibited its protective effects on mild steel at both cathodic
and anodic sites, forming a monolayer on the metal surface. Similarly, Promethazine
and dioxopromethaxime have also been identified as effective corrosion inhibitors for
copper in sulphuric acid. Their corrosion prevention capabilities were notable, with
Promethazine showing a behavior of mixed type and an efficacy of 93.43%, while diox-
opromethaxime demonstrated an efficacy of 96.98%. Table 1.3 lists some of the anti-
histamine drugs that have been mentioned in the context of their corrosion inhibition
potential.

Table 1.3: Anti-histamine drugs for the protection of various metals in various media.

Anti-Histamine Drugs

Drug
Material

and Medium
Techniques used

Followed
Isotherm
and Mode

of inhibition

Inhibition
efficacy

(%)
Ref.

Cetirizine
Cu in 0.5M

H2SO4

Weight Loss Study,
Electrochemical
Study, Quantum

Chemical Study, XPS

Langmuir
Mixed

93

[87]

Promethazine
Cu in 0.5M

H2SO4

Electrochemical
Study, Weight Loss,
Quantum Chemical

Study, SEM

Langmuir
Mixed

96.98

[88]

Fexofenadine
MS in 1M

HCl

Quantum Chemical
Study,

Electrochemical
Study, Weight Loss

Langmuir
Mixed

97

[89]

Diphenahy
-dramine

-hydrochloride

MS in 1M
HCl

Electrochemical
Study, Weight Loss,

SEM

Langmuir
Mixed

91.4
[90]

Meclizine
Al in 1M

HCl

Weight Loss Study,
Electrochemical Study,

SEM

Langmuir
Mixed

95.4
[91]

Pheniramine
MS in 1M

HCl

Weight Loss Study,
Electrochemical Study,

SEM

Langmuir
Mixed

98.1
[92]
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1.7.4 Corrosion protection by antipyretic drugs

The antipyretic drugs are primarily used to bring down body temperature. Due to their
environmentally benign nature and favorable structural properties, these can be used as
corrosion inhibitors. Ibuprofen triazole has been investigated for its anticorrosive char-
acteristics in sulphuric acid with an inhibition efficiency of 97% by using gravimetric,
electrochemical techniques, and quantum chemical study. Paracetamol was also studied
for its anticorrosive behavior and its efficiency was found to be high for carbon steel,
copper and mild steel in acidic media. Aspirin is also found to be effective for mild
steel, copper and aluminum corrosion inhibition. Many antipyretic drugs have been
mentioned in table 1.4.

Table 1.4: Antipyretic drugs for the protection of various metals in various media

Antipyretics Drugs

Drug
Material

and Medium
Techniques used

Followed
Isotherm
and Mode

of inhibition

Inhibition
efficacy

(%)
Ref.

Ibuprofen

Mild Steel
in 0.5M H2SO4

Electrochemical,
Weight loss

Langmuir
Mixed

63.2
[93]

Al 6063 in
0.5M H2SO4

Electrochemical,
Weight loss

Langmuir
Mixed

80.58
[94]

430T1 Stainless
Steel in 0.5M

H2SO4

Electrochemical, Langmuir
Mixed

60.69
[95]

Weight loss

Cu in Acid
Mixture

Electrochemical,
Langmuir

Mixed
97.2

[96]
Weight loss,

Quantum chemical study

Paracetamol

Cu in Acid
Mixture

Electrochemical,
Langmuir

Mixed
96.3

[97]
Weight loss,

Quantum chemical
study, SEM

Low Carbon Steel
in 1M H2SO4

SEM, Weight loss,
Langmuir

Mixed
94

[98]
Electrochemical,

Quantum
chemical study

Carbon Steel in
0.5M H2SO4

Electrochemical,
Weight loss

Langmuir
Mixed

94
[99]

Carbon Steel
in 1M HCl

Electrochemical,
Weight loss study

Langmuir
Mixed

85
[99]

Aspirin
MS in 1M HCl SEM, Electrochemical, Langmuir

Mixed
80 [100]

Cu in 0.5M HCl
Electrochemical,

Weight loss,
Quantum chemical study

67 [101] [102]

1.7.5 Corrosion protection by antidepressant /Psychotherapeutic drugs

Drugs used for psychotherapy are very important in treating depression and anxiety.
One such medication is Fluxamine, which has been successfully evaluated for its capac-
ity to prevent corrosion in hydrochloric acid when mixed with polyethylene glycol and
glutathione. This combination demonstrated 85.6% corrosion inhibition efficacy, with
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the aid of both electrochemical and weight loss methods. Additionally, SEM micro-
graphs were employed to provide visual evidence of its inhibitory action. Another effec-
tive drug, Alprazolam, demonstrated a corrosion prevention efficiency of 86% in mild
steel, as determined by weight loss and electrochemical experiments. Moreover, several
other psychotherapeutic drugs, including Venlafaxine, Bezodiazepam, Lorazepam, and
barbiturates, have been identified as excellent corrosion inhibitors through various cor-
rosion testing techniques. Table 1.5 contains a list of numerous antidepressant drugs,
some of which have been discussed for their potential as corrosion inhibitors.

Table 1.5: Antidepressant drugs for the protection of various metals in various media

Anti-depressants Drugs

Drug
Material

and
Medium

Techniques used

Followed
Isotherm

and Mode of
inhibition

Inhibition
efficacy

(%)
Ref.

Alprazolam
Al in

3M HCl

Electrochemical,
Quantum Chemical

Study

Langmuir
Mixed

98.9
[103]

Venlafaxine
MS in

0.5M HCl

Electrochemical,
Langmuir

Mixed
86.1

[104]
Weight loss,

Quantum chemical
study, Atomic Force

Microscopy

Benzodiazepine
MS in

1M HCl
Electrochemical Study,

Weight Loss Study
Langmuir

Mixed
91

[105]

Lorazepam
MS in

1M HCl

SEM, Electrochemical,
Weight loss, Quantum

chemical study

Langmuir
Mixed

90
[106]

Ketosulphone
Zn in

0.1M HCl
Electrochemical study,

SEM
Langmuir

Mixed
96

[107]

Barbiturates
MS in

1M H3PO4

Electrochemical Study,
Weight loss Study,
Quantum chemical

study

Langmuir
Mixed

89.3

[108]

1.8 GENERAL MECHANISM OF ACTION OF DRUG INHIBITOR

The mechanism of drug as corrosion inhibitor on metal in acidic environment can be
explained based on thermodynamic, electrochemical and quantum chemical studies. In-
hibitor molecules get adsorbed on metal surfaces by displacing water molecules already
adsorbed on metal by a displacement reaction.

Drug(sol)+yH2O(ads) → Drug(ads)+yH2O(sol)

Gravimetric measurements justify the physical/chemical adsorption mechanism of
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inhibition. The drug molecules get protonated at active sites (N, O) having maximum
charge density which in turn adsorb negative ions and generate charge in acidic media.
Drug molecules get positively charged in acidic corrosive environment and metals get
oppositely charged because of same corrosive solution negative ions , these oppositely
charges causes interaction between the two, drug and metal , called physisorption.

[Drug]+H+ → [DrugH]+

M+X− → [MX]−

[DrugH]++[MX]− → Electrostatic interaction

The movement of electrons from a drug molecule to metal substrate in order to
generate a coordinated interaction is the process of chemisorption. Electrochemical
measurements suggest mixed/cathode/anodic type behavior of inhibitors for materials
in acids. The inhibitor prevents corrosion at the anodic site by reducing the evolution
of hydrogen and at the cathodic site by adsorbing directly on the metal surface (Figure
1.18).

Figure 1.18: Mechanism of Adsorption of Inhibitor

1.9 CONSIDERATIONS TO APPLY DRUGS AS CORROSION INHIBITORS

Traditionally several approaches like metal coatings and cathodic protection have been
used, but a highly efficient method to combat corrosion involves using corrosion in-
hibitors for metals and alloys. The chemical molecules that act as inhibitors comprise
atoms having non-bonded electrons. Although a number of inhibitors of deterioration
have been investigated, economical, innovative, and potentially effective inhibitors are
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needed in order to effectively decrease the extent of corrosion and maybe prolong the
lifespan of materials. So, the present work focuses on exploring new drugs and then
assessing their efficiencies for corrosion control through weight loss, electrochemical,
quantum chemical and surface studies.

1.9.1 Selection of material for the study

Corrosion in iron and steel which are commonly employed metals, can occur in vari-
ous environments, especially outdoor settings. Their selection is often based on factors
other than corrosion resistance, such as strength, ease of production, and affordability.
These differences are evident in the rate at which the metals are corroded. Mild steel
is extensively utilized in engineering and construction worldwide, and corrosion can
be found in diverse settings, ranging from homes to workplaces. MS enables the pro-
duction of various items, including vehicles, protective gear, refrigerators, cargo ships,
and medical surgery tools. It is also applied in marine, chemical processing, oil re-
fining, and metal-processing equipment, among other industries. Despite advances in
corrosion science and technology, corrosion continues to pose significant challenges
for global businesses. Therefore, it has become technologically significant to analyze
how mild steel deteriorates in circumstances containing acid environment and how to
safeguard it as a result.

1.9.2 Selection of Acids for the Study

The current effort intends to investigate the effectiveness of antibacterial and antide-
pressant medications as mild steel corrosion inhibitors in acidic conditions. Drugs are
not utilized in the ratio of their synthesis and a major amount of drug is left without
their usage.

1.10 OBJECTIVES OF THE STUDY

Drugs are not utilized in the good ratio of their synthesis and a major amount of drug is
left without their usage. The present study intends to conceptualize efficient corrosion
inhibitors in the form of antibacterial and antidepressant drugs for mild steel in acidic
media. The objectives of the study are as follows

i) To study of drugs as efficient corrosion inhibitors because they have required
structural properties.

ii) To assess the relationship between the concentration of the inhibitor and the rate
of corrosion of metal in corrosive media.

iii) To study the effect of temperature on corrosion rate and inhibition efficiency of
metal in corrosive media.
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iv) To determine kinetic parameters of corrosion phenomenon.

v) To determine thermodynamic parameters and adsorption isotherms of the phe-
nomenon.

vi) To perform the electrochemical analysis of the phenomenon.

vii) To do the surface analysis of the metal sample

1.11 METHODOLOGY ADOPTED

The following methodology was adopted for the investigation of drugs as efficient cor-
rosion inhibitors.

1.11.1 Weight loss method

The weight loss method is widely used for the determination of corrosion rates and cor-
rosion inhibition efficiencies of compounds at various temperatures and with different
immersion timings. This method is based on the measurement of the weight of a metal
sample before and after its immersion in corrosive media for a particular immersion
time at a particular temperature. Metal samples of known dimension were abraded with
emery papers of various grades to remove impurities of the metal surface, cleaned using
double distilled H2O, decontaminated using (CH3)2CO, and then dried in hot air. The
standard balance was used to weigh the metal samples before they were submerged in
varying quantities of corrosive and inhibitor solutions. Then the metal samples were
withdrawn after a particular immersion time, cleaned, and weighed again. We used the
following formulas to compute the inhibition efficiency and corrosion rate as a propor-
tion of the surface covering.

Cr(mpy) = 534×W
A×t×D

θ = Wo−Wi
Wo

IE% =

(
Wo −Wi

Wo

)
×100

Where; IE- Inhibition efficiency; θ - surface coverage; Cr - Corrosion rate; W0 –
weight loss of metal sample in corrosive solution without inhibitor; Wi− a weight loss
of inhibited metals using the inhibitor,

W- Weight loss in mg ; A- sample surface area in cm2; t- immersion time in hours;
D- sample density in gm/cm3.

Thermodynamic and kinetic parameters are important to understand corrosion phe-
nomena. Kinetic factors involve activation energy, Ea, and corresponding pre-exponential
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factor, A, of the process. Generally, low activation energy and high exponential factor
accelerate the process. Arrhenius’s equation helps in the calculation of kinetic factors.

logCr =
−Ea

2.303RT + logA

Thermodynamic factors involve free energy change (∆G), enthalpy change(∆H) and
entropy change(∆S) or the process. The transition state equation helps in the calculation
of these factors.

Cr =
RT
Nh exp

(
∆S
R

)
exp

(−∆H
RT

)
(h: Planck’s constant; N: Avogadro’s number; R: Molar gas constant)

1.11.2 Electrochemical study

The metal specimen under study serves as the working electrode in the corrosion cell,
and the saturated calomel or Ag/AgCl electrode is the most commonly used reference
electrode. The electrochemical investigations were conducted on an electrochemical
workstation (Gamry Potentiostat - IFC1010E-28152) with a three-electrode system.
The metal specimen was scrubbed with multiple types of emery paper to prepare it
to serve as the working electrode. It was then cleaned with double-distilled H2O, de-
contaminated using (CH3)2CO, and dried. Open circuit potential was stabilized for 1
hour before actual electrochemical measurements for each concentration.

i) Linear polarization study: Linear Polarization Resistance is the sole technique
for monitoring corrosion that enables direct measurement of corrosion rates. The
potential is set within a particular range and scanning rate of 1mV/s for linear
polarization resistance measurements. When a metal or alloy electrode is placed
in an electrolytic solution, it undergoes corrosion through an electrochemical pro-
cess. This process encompasses two simultaneous cathodic and anodic reactions.
The corrosion rate can be determined by employing a modified form of Fara-
day’s Law, the degree of corrosion is calculated using the corrosion current (Icorr),
which results from the electrons flow across the anodic and cathodic zones.

Cr =
Icorr ×E
A×D

×128.67

The relationship between inhibition efficiency and linear polarization resistance
is depicted as

IE% =
R′

p−R◦
p

R◦
p

×100
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Where; Icorr - Corrosion current, E - Equivalent weight of the metal, R0
p - Polar-

ization resistance in blank solution, R′
p - Polarization resistance with inhibitor

ii) Potentiodynamic Polarization studies: Potentiodynamic polarization is an elec-
trochemical investigative technique where a current is conducted between a spe-
cific metal specimen and an inert electrode in a provided solution. This process
is carried out to modify the electrochemical potential (V) of the sample under
examination, followed by the recording of the current density associated with a
particular potential. To examine the impact of corrosion on metal, a Tafel plot
with a scan rate of 1 mV/s was created and placed in the potential between -250
to +250 mV. It provides details on the corrosion suppression process. Greater
changes imply the use of cathodic or anodic type inhibitors, whilst changes of be-
low 85 mV indicate the usage of a mixed type inhibitor. The formula mentioned
below was employed to get the corrosion inhibition efficiency (IE%) based on the
corrosion current densities (Icorr)

IE% =
I◦corr−I′corr

I◦corr
×100

Where I◦corr and I′corr are corrosion current density in blank solution and solution
with inhibitor, respectively.

iii) Electrochemical Impedance: The process of corrosion inhibition and surface
characteristics were examined using Electrochemical Impedance spectroscopy.
In order to generate the Nyquist plot, the EIS was performed using AC signals,
employing a frequency range of 105 Hz to 0.2 Hz using an amplitude of 10 mV.
Charge transfer resistance (Rct) data were used to calculate the drug’s effective-
ness of inhibition.(Rct) values.

IE% =
R
′
ct−R◦

ct
R′

ct
×100

Where, R′
ct and R◦

ct are charge transfer resistance with inhibitor and in blank
solution, respectively.

1.11.3 Quantum Chemical Study

Quantum chemical study is utilized to explore the relationship between drug molecule
composition and inhibition efficacy, as well as the method of inhibition, and to charac-
terize different quantum molecular properties. Using Spartan 20 software, theoretical
calculations were carried out to assess the quantum chemical parameters[109]. The op-
timized structure and the corresponding highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) were taken using DFT calculations
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on basic set 6-31 G* with method ωB97X-D. It has been reported to provide reliable
results to describe the energy of HOMO as well as of the LUMO; electronegativity (χ)
and other molecular properties like electron affinity (A), Ionization potential (I), chemi-
cal hardness (η), and fraction of transferred electrons(∆N) can be calculated from these
parameters[110].

A =−ELUMO

A =−EHUMO

χ = I+E
2

η = I−A
2

∆N = χFe−χinh
2(γFe+γinh)

Where χ Fe and ηFe are electronegativity and global hardness of iron (χ Fe =7 ev/mol,
ηFe =0).

Figure 1.19: System for Quantum Chemical Study

1.11.4 Surface study

Surface study gives important information regarding the protection of metal surfaces by
measuring surface roughness.

Figure 1.20: Bruker Atomic Force Microscope

Atomic force microscopy is a prevailing technique for the imaging of any type of surface
including polymer, glass, metal etc. For the present study, an Atomic Force Microscopic
(AFM) scan was run for the surface characterization in which the specimen was dipped
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inside the blank and inhibited corrosive media separately for 4 hours before surface
characterization. AFM scans have been performed using Atomic Force Microscope by
Bruker and analysis was done on the area of 10 X 10 µm by using Nanoscope 7.
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CHAPTER 2

ANTI-TUBERCULOSIS DRUG ETHAMBUTOL AS
EFFECTIVE CORROSION INHIBITOR

2.1 INTRODUCTION

Owing to its versatility and affordability mild steel also known as carbon steel with low
carbon content, finds an extensive range of applications. It is commonly used in the con-
struction industry for structural components such as beams, columns, and reinforcement
bars, thanks to its strength and durability. Mild steel is also employed in the automotive
sector for the production of vehicle chassis and body panels, owing to its formability
aning protected. Extensive research and testing are typically required to identify and
optimized weldability. Additionally, it is used in the manufacturing of pipes, tubing,
and containers due to its corrosion resistance. Its malleability makes it suitable for
fabrication in various forms, including sheets and wires, making it essential in the pro-
duction of consumer goods, industrial machinery, and household appliances. Overall,
mild steel’s adaptability makes it a fundamental material in diverse industries, con-
tributing to its widespread use.To fight the effects of rust and corrosion, these industries
frequently utilize HCl and H2SO4, sometimes in varying concentrations, either alone or
in blends. However, corrosion is a significant concern in various industries and applica-
tions. Mild steel, while versatile and cost-effective, is vulnerable to corrosion due to its
iron content. Corrosion occurs when the metal reacts with moisture, oxygen, and other
environmental factors, leading to the formation of oxides of iron, commonly called as
rust. This corrosion process weakens the steel’s structural integrity and aesthetic appeal,
making it crucial to implement preventive measures such as coatings, paints, or galva-
nization. In marine environments or areas with high humidity, mild steel is particularly
susceptible to rapid corrosion. Regular maintenance and the use of corrosion-resistant
coatings are essential to extend the lifespan and maintain the performance of mild steel
components in various industries, including construction, automotive, and manufactur-
ing. Corrosion inhibitors have emerged as a practical ecological solution, owing to
their economical usage requirements, ready accessibility, and remarkable effectiveness
in corrosion control. These inhibitors exhibit an inherent affinity for substantial adsorp-
tion onto the metal substrate through physicochemical interactions, thereby enhancing
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their corrosion-mitigating capabilities. Notably, previously untapped pharmaceutical
agents are being repurposed to address the need for solid waste containment, offering
environmentally-centric alternatives for corrosion prevention.
Numerous kinds of substances have already been explored as inhibitors of corrosion
for distinct metallic substrates and alloys in different environments[111]. Pharmaceu-
tical compounds generally have one or other required structural properties like het-
eroatoms (N, O, S), aromatic ring, conjugation and π-electrons to show anticorrosive
characteristics[112]. The area of employing such chemicals to serve as anti-corrosion
agents is an emerging field and tablets, even in expired form can also be used as cor-
rosion inhibitors, as many groups remain active sometimes even after a long time of
expiry[113]. Pharmaceutical compounds of different classes such as analgesics, an-
tibiotics, antipyretics, tranquilizers, sulfa drugs antihistamines and bronchodilators etc.
have proven to be efficient and safe corrosion inhibitors[114] .
Ethambutol (EBT) is 2, 2’(Ethylenediimino)-di-butanol is available in the form of di-
hydrochloride salt (Figure 2.1), a medication primarily used in the treatment of tuber-
culosis (TB) and is often included as part of a combination therapy regimen to combat
the disease effectively. It works by restraining the growth of the bacteria responsible for
TB, specifically Mycobacterium tuberculosis. EBT interferes with the synthesis of the
bacterial cell wall, which weakens the cell structure and makes it more susceptible to the
body’s immune system and other anti-TB drugs. It is usually administered orally, and
its dosage depends on factors such as the patient’s age, weight, and the severity of the
TB infection. EBT is typically used in combination with other anti-TB drugs, as using
a combination of drugs helps reduce the risk of drug resistance and improves treatment
outcomes. Using drug molecules as corrosion inhibitors is an innovative approach in
the field of corrosion science and materials protection. Certain drug molecules, due
to their chemical properties and structural characteristics, can exhibit corrosion inhibi-
tion properties when applied to metal surfaces in corrosive environments. These drug
molecules often contain functional groups that can interact with metal surfaces, forming
a protective layer which hinders the corrosion process. The choice of drug molecule as
a corrosion inhibitor may depend on factors such as its chemical composition, solubil-
ity, and compatibility with the metal being protected. Extensive research and testing
are typically required to identify and optimize drug molecules for use as corrosion in-
hibitors in practical applications. Additionally, safety considerations and environmental
impacts should be thoroughly evaluated when repurposing drug molecules for industrial
corrosion protection.
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Figure 2.1: Structural information of EBT

In our current study, we have undertaken a comprehensive evaluation of EBT’s capac-
ity to prevent mild steel (MS) from corroding in an acidic atmosphere containing 0.5 M
H2SO4. This study employs various corrosion assessment techniques, including weight
loss analysis, potentiodynamic polarization methods and electrochemical impedance
spectroscopy (EIS). The selection of EBT as a corrosion inhibitor is grounded in several
key considerations: (i) EBT molecules possess electron-rich atoms with non- bonding
electrons within their molecular structure, making them highly conducive to adsorption
onto the mild steel (MS) surface; (ii) The presence of electron-donating groups like
-CH3 further facilitates the interaction of EBT molecules with metal. To gain insights
into the impact of these inhibitors, surface analyses with Atomic Force Microscopy
(AFM) were carried out. Additionally, computational studies were conducted to estab-
lish a connection among theoretical calculations and experimental results, that enhance
the understanding of the corrosion inhibition mechanisms.

2.2 EXPERIMENTAL AND METHODS

2.2.1 Preparation of metal sample and test solutions

Mild steel with composition Mn (0.54%), Si (0.20%), C (0.17%), P (0.16%), and
Fe (98.7%) was resized into a specimen of dimensions 2cm× 5cm× 0.02cm for the
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present study. Test specimens were scoured with emery papers of grades 200 to 1000
and finished to a mirror surface, cleaned by double distilled H2O and decontaminated
by CH(3)2CO and dried. For this work, double-distilled H2O was employed for dilution
of analytical grade 18 M sulfuric acid (Sigma Aldrich) to 0.5 M. EBT is a water-soluble
drug and was taken in tablet form as EBT Dihydrochloride (Brand Name - Combutol
800; from Lupin Ltd.) with a molecular mass of 204.31 g/mol, purchased from the local
market, extracted in pure form, and afterward used as an inhibitor. The stock solution
of 1000 ppm of the inhibitor was made by dissolving 1000 mg of the drug in 1L of solu-
tion and further diluted to prepare the desired inhibitor concentrations (200-1000 ppm)
for experimental study. EBT tablet was characterized by FT-IR spectrum performed
on Perkin Elmer FT-IR Spectrophotometer (model: Spectrum 2) at the range 4500-500
cm−1.

2.2.2 Weight Loss Study

When assessing the amount of substance loss resulting from corrosion, a basic and
popular technique for the weight loss analysis is used. In this procedure, a metal or
material specimen is exposed to an atmosphere that is corrosive for a predetermined
amount of time, and its decrease in weight is then measured following the exposure.
Standard procedures were followed while measuring weight loss using a Mettler Toledo
analytical balance (ME 204) with a minimum count of 0.1 mg. MS coupons were
abraded with emery paper of various grades, weighed before and after the immersion
in corrosive media of 0.5M H2SO4 with 4 hours immersion time at 303K, 313K, 323K,
and 333K.
The formula was utilized to compute the EBT inhibition efficiency, surface coverage,
and rate of corrosion.

IE% = Wo−Wi
Wo

×100

θ = Wo−Wi
Wo

Cr(mpy) = 534×W
A×t×D

Where; IE: Inhibition efficiency; θ : Surface coverage; Cr: Corrosion rate; W0: Weight
loss of metal coupon in blank solution; Wi: Weight loss of inhibited metals, W: Weight
loss (mg); A: Sample surface area (cm2); t: Immersion time (hours), D – Sample density
(g/cm3).

2.2.3 Electrochemical Study

Electrochemical studies were completed on an electrochemical workstation (Gamry
Potentiostat - IFC1010E-28152) on MS sample in 0.5M H2SO4 with three electrode
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systems using Ag/AgCl electrode as reference electrode and platinum wire as counter
electrode, and metal specimen of the bare dimension of 1 cm × 1 cm was working
electrode in corrosion cell. The working electrode is prepared by scrubbing the metal
specimen with emery papers of grades 200-1000, was then cleaned using double dis-
tilled H2O, decontaminated using (CH3)2CO and then dried in hot air to make it suitable
for use as the working electrode. Open circuit potential was stabilized for 1 hour prior
to actual electrochemical measurements for each concentration. The potential was set
within the range of -0.02 to +0.02V with a scanning rate of 1mV/s for linear polariza-
tion resistance measurements. The relationship between inhibition efficiency and linear
polarization resistance is depicted as:

IE% =
R

′
p−R

◦
p

R◦
p

X 100

Where, R◦
p is the polarization resistance in blank solution, and R′

p is the polarization
resistance with inhibitor.
In order to obtain Nyquist plots, EIS was carried out using AC signals with an amplitude
of 10 mV and frequencies from 105 – 0.2 Hz. The EBT effectiveness was assessed using
the provided formula:

IE% =
(

1− R◦
ct

R′
ct

)
×100

Where, R◦
ct and R

′
ct represents charge transfer resistance in blank solution and inhib-

ited respectively.
Scan rate of 1mV/s was set in a potential range of -250 to +250 mV for Tafel plot for
the study of corrosion on metal. The corrosion inhibition efficiency (IE%) was assessed
from the corrosion current densities (Icorr) using the formula: -

IE% =
I◦corr−I′corr

I◦corr
×100

Where, I◦corr is corrosion current density in blank solution; I’corr is corrosion current
density with inhibitor.
Each experiment was run in triplicate and then the mean value of corrosion parameters
is reported.

2.2.4 Quantum Chemical Study

DFT was used to explore the relationship between EBT molecular framework and anti-
corrosion performance as well as the way inhibition works and to characterize a variety
of quantum molecular characteristics. The optimized structure and different DFT vari-
ables of EBT in different phase i.e., in both aqueous and gas phase were taken using
DFT calculations on basic set 6-31 G* with method ωB97X-D in Spartan 20 software.
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DFT has been reported to provides reliable results to describe some important molec-
ular parameters like EHOMO, ELUMO, electronegativity (χ) and these variables may be
used to derive other molecular features. Ionization potential (I) represents the tendency
of a chemical species to lose electrons and related to the EHOMO by the equation:

I =−EHOMO

ELUMO is connected with electron affinity (A), which is a chemical species proclivity
for obtaining electrons.:EHOMO as follows:

A =−ELUMO

Electronegativity is the tendency of an atom to attract electrons and can be computed
using a formula that described below:

χ = (I+E)/2

Chemical hardness (η) is an assessment of an atom’s resistance to a transfer of charge,
and it may be computed using the formula:

η = (I−A)/2

The fraction of transferred electrons in a chemical reaction is given by the equation:

∆N = χFe−χinh
2(γFe+γinh)

Where χFe− electronegativity of iron (7 ev/mol), ηFe− global hardness of iron (0). The
values have been reported in the literature[115] .

2.2.5 Surface Study

Surface characterization was conducted through Atomic Force Microscopic (AFM)
analysis, involving the immersion of the specimen in two distinct conditions: one with
the presence of EBT and the other without it, both in a 0.5M H2SO4 solution. The im-
mersion duration was set at 4 hours prior to the commencement of surface characteriza-
tion. The AFM scan was executed employing a cutting-edge Atomic Force Microscope
by Bruker.

2.3 RESULT AND DISCUSSIONS

2.3.1 Characterization

To verify that the experimental drug had specific groups, an FT-IR spectra was obtained.
Based on the investigation, peaks corresponding to N-H, O-H, C-H, and C-N stretching
were identified. (Figure 2.2)[59].
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Figure 2.2: FT-IR spectrum of EBT

2.3.2 Weight Loss Study

a) Effect of inhibitor concentration on Corrosion rate and Inhibition efficiency
A crucial component of corrosion mitigation schemes is the impact of concentration
of EBT drug on the extent of corrosion and its effectiveness for corrosion prevention.
Generally, as the inhibitor concentration increases, corrosion rate tends to decrease,
leading to higher inhibition efficiency. This trend occurs because a higher concentration
of inhibitors provides more active sites for adsorption onto the metal surface, forming a
protective barrier that hinders corrosion processes. However, there is often an optimal
concentration range where inhibition efficiency is maximized, beyond which increasing
the inhibitor concentration may yield diminishing returns. In order to conduct weight
loss investigations and determine Inhibition efficiency (IE), corrosion rate (Cr), and
surface coverage (θ ) (Table 2.1, 2.2), a mild steel sample specimen was subjected to
various inhibitor concentrations (200-1000 ppm) at temperatures 303-333 K in 0.5M
H2SO4.Experimental data has shown that raising the inhibitor concentration depresses
the corrosion rate at all temperatures and it is because of a protective layer formed
over the MS, which ultimately reduces rate of corrosion (Figure 2.3). It has also been
learned from the experimental data that for all concentrations of EBT, corrosion rate
increases as the temperature rises which may be attributed to active desorption with
enhancing temperature. At the concentration of 1000 ppm the inhibitor showed best of
its efficiency in 0.5M H2SO4 at 313K (Figure 2.4) and may be ascribed to the increased
surface area covered by the adsorbed molecules over the metal surface[116] .
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Figure 2.3: Rate of Corrosion of MS in 0.5M H2SO4 with 200-1000 ppm of EBT at
303-333 K
.

Figure 2.4: IE of EBT against MS in 0.5M H2SO4 at 303-333K with 200-1000 ppm of
EBT
.

The desorption process from the metal surface is triggered by a reduction in surface area
as the temperature rises. This resulted in the inference that higher temperatures result in
a lessening in strength of the adsorption process, signifying the inhibitor’s physisorption
onto the metal surface.
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Table 2.1: IE, Cr, and θ of EBT with mild steel at 303K and 313K temperature with
different concentration range

.

Temp. (K) 303 313

Conc. (ppm)
Cr

(mpy)
θ I.E. (%)

Cr

(mpy)
θ I.E. (%)

BLANK 348.14 - - 583.05 - -

200 124.64 0.65 72.82 64.41 0.83 82.61

400 99.43 0.72 77.18 57.74 0.87 82.61

600 80.84 0.78 82.52 54.22 0.89 88.99

800 65.77 0.79 86.41 47.32 0.90 90.43

1000 35.49 0.83 89.81 23.42 0.93 92.78

Table 2.2: IE, Cr, and θ of EBT with mild steel at 323K and 333K temperature with
different concentration range

.

Temp. (K) 323 333

Conc. (ppm)
Cr

(mpy)
θ I.E. (%)

Cr

(mpy)
θ I.E. (%)

BLANK 638.82 - - 958.23 - -

200 192.66 0.75 69.84 332.93 0.69 65.26

400 160.55 0.80 74.87 282.23 0.71 70.55

600 136.89 0.82 78.57 236.6 0.75 75.31

800 114.92 0.85 82.01 197.73 0.79 79.37

1000 91.26 0.88 85.71 165.62 0.83 80.95

b) Kinetic and Thermodynamic Parameters
The study primarily focused over justifying the deterioration properties of mild steel
while concurrently investigating impact from temperature variations, with the goal of
discriminating trends in inhibition efficiency and corrosion patterns across a temper-
ature range spanning from 30◦C to 60◦C. This analysis was conducted in an acidic
environment involving 0.5 M sulphuric acid (H2SO4), with the addition of corrosion in-
hibitors. The fluctuations in temperature induce various changes on the metal substrate,
encompassing processes such as the adsorption, desorption, rearrangement, along with
dissociation of inhibitors. Temperature’s influence plays a significant role in corrosion
phenomena and can be leveraged to get familiar with the underlying mechanisms of
drug inhibition. By drawing the plot of logCrversus 1/T (Figure 2.5), values of ac-
tivation energy (Ea) and Arrhenius factor (A) can be calculated (Table 2.3) from the
intercept and slope of a straight line respectively employing the following Arrhenius
equation:
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logCr =
−Ea

2.303RT + logA

Where, Ea: Apparent effective activation energy,
R: Molar gas constant
A: Arrhenius pre-exponential factor.

Figure 2.5: Arrhenius plot: logCr vs 1
T at varying EBT concentrations.

reflected that the values of ‘Ea’ and ‘A’, showed an increment with increasing EBT
concentration. The table revealed that the Ea values rise when EBT is incorporated as
compared to the blank solution.

Table 2.3: Kinetic and Thermodynamic parameters of EBT with MS at different tem-
peratures and inhibitor concentration range

.

Conc.
(ppm)

Ea

(kJ/mol)
A

(105)
∆H

(kJ/mol)
-∆S

(kJ/mol/K)
∆G(kJ/mol)

303 (K) 313 (K) 323 (K) 333 (K)
Blank 26.28 1.24 23.64 0.014 27.882 28.022 28.162 28.302

200 33.24 4.43 30.61 0.051 46.063 46.573 47.083 47.593

400 34.21 5.39 31.57 0.062 50.356 50.976 51.596 52.216

600 34.28 5.71 32.62 0.074 55.042 55.782 56.522 57.262

800 35.64 5.99 34.01 0.077 57.341 58.111 58.881 59.651

1000 49.59 23.14 46.95 0.079 70.887 71.677 72.467 73.257

As the temperature rises, an increment in activation energy tends to decrease the adsorp-
tion of the inhibitor. Due to the increased surface area exposure to the HCl solution, the
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noticeable drop in adsorption rate promotes the extent of corrosion.The value of pre-
exponential factor (A) is also high in inhibited solution in comparison with uninhibited
medium. Physisorption is suggested by a rise in pre-exponential factor and activation
energy values together with a positive shift in EBT concentration. This results in a re-
duction in interaction and an increase in the degree of corrosion.From the plot of log
(Cr/T) versus 1/T (Figure 2.6), apparent entropy of activation ∆S and enthalpy of acti-
vation ∆H may be derived by applying the transition state equation based on the slope
as well as the intercept of the lines, respectively.:

Cr =
RT
Nhexp

(
∆S
R

)
exp

(−∆H
RT

)
(h: Planck’s constant; N: Avogadro’s number)

Figure 2.6: Plot of log Cr/T vs 1/T at different concentrations of EBT

The higher value of ∆H for the solution with EBT compared to the blank solution in-
dicated a harder time for the degradation process to happen, which ultimately suggests
greater shielding when an inhibitor is included. Interaction of inhibitor with MS sur-
face increases the value of ∆H and resulting in drop in Cr value. Ea showed the trend in
matching with ∆H for each concentration at every temperature (Figure 2.7). Also, the
values of ∆S for EBT are extremely high in the uninhibited system when compared to
the inhibited system, demonstrating that a decreasing pattern in disorder occurs while
progressing from the reagent to the activated complex, illustrating that the activated
complex is an attachment rather than a division in the rate-determining phase.
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Figure 2.7: Plot of activation parameters, Ea and ∆H vs. concentration of EBT

Activation free energy, ∆G at each temperature of corrosion process was calculated
using the formula:

∆G =∆H – T∆S

Positive values of ∆G showed the negligible variation with temperature, suggested that
the conception and stability of activated complex reduced fairly with upsurge in tem-
perature. However, ∆G values shown that the corrosion-activated complex became less
durable with the inclusion of the drug.
c) Adsorption Isotherms
The adsorption isotherm is crucial to understanding the process of deterioration because
it provide light on the characteristics of the connection among the drug and the MS. the
adsorption isotherm is important in explaining the mechanism of corrosion. The adsorp-
tion isotherms proposed by Temkin, Freundlich, Langmuir, Parsons, Floary-Huggins,
Frumkin, and Bockris-Swinkels are the most widely used isotherms. The isotherms
were then fitted with the data computed from the various inhibitor concentrations. The
Langmuir isotherm’s fit to the experimental data was examined using the following cal-
culation:

C
θ
= 1

Kads
+ C

‘C’ symbolizes inhibitor concentration.
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Figure 2.8: Langmuir adsorption isotherm for EBT.

Plot of C/θ against C as straight lines (Figure 2.8) on graph and the values of the re-
gressive coefficient approaching almost close to unity confirmed Langmuir adsorption
isotherm fitment with experimental data at all temperature range.

Kads =
1

1X106 exp(−∆Gads
RT )

This equation can also be expressed as:

∆Gads = 2.303RTlog(1X106Kads)

Kads value was calculated from the intercept of adsorption isotherm (Figure 2.8). R2

and ∆Gads of EBT at different temperatures were computed using adsorption isotherm
and tabulated (Table 2.4).

Table 2.4: EBT Langmuir adsorption isotherm parameters at 303-333 K.

Temp. (K) Slope R2 Kads ×103 ∆Gads (kJ/mol)
303 1.042 0.998 14.08 -24.07

313 1.021 0.999 22.2 -26.05

323 1.098 0.998 11.84 -25.19

333 1.151 0.999 11.19 -25.82

∆Gads the adsorption free energy and Kads adsorption-desorption equilibrium constant
have the following relation: Higher values of Kads indicate inhibitor-metal surface
strong interactions and hence result in superior inhibition efficiency. A negative value
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for ∆Gads indicates spontaneous adsorption, which also indicated the persistence of the
adsorbed inhibitor on the MS surface. ∆Gads values equal or lower than -20 kJ mol−1

are in good agreement with physisorption while the values larger than -40 kJ/mole in-
dicate chemisorption . For the EBT, the values of ∆Gads lie between -20 to -40 kJ/mol,
indicating physical as well as chemical adsorption of drug on MS surface.

2.3.3 Electrochemical Study

a) Linear Polarization Resistance
For MS surface in 0.5M H2SO4 in an uncontrolled and inhibited solution comprising
varied concentrations, the values of polarization resistance (Rp) were calculated and are
shown in Table 2.5 where in a sudden increase in value from 26.95 to 70.91 is seen on
introduction of inhibitor and reaches to a maximum of 131.2 for 1000 ppm. IE% also
confirms the direct relation with concentration.

Table 2.5: Linear polarization resistance variables of MS with EBT in 0.5M H2SO4

Conc. (ppm) Ecorr (mV (Ag/AgCl)) Icorr (µA/cm2) IE (%) Rp (Ωcm2) IE (%)

Blank -443.5 966.67 - 26.95 -

200 -429.7 374.9 61.22 70.91 61.99

400 -429 305.4 68.41 82.59 67.37

600 -434.9 226.5 76.57 115 76.57

800 -426.9 212 78.07 122.9 78.07

1000 -428.9 198.5 79.47 131.2 79.46

b) Potentiodynamic Polarization:
PDP curves (Fig 2.9) (Tafel plots) are obtained for MS incorporating different EBT con-
centrations (200-1000 ppm) into 0.5M H2SO4 solution, and important electrochemical
parameters were computed in Table 2.6, including Ecorr (Corrosion Potential), Icorr (cur-
rent density), and βa and βb (Tafel constants). Icorr is found to fall from 813 µA/cm2 to
234 µA/cm2 with the introduction of the inhibitor and achieve a value of 99.6 µA/cm2

at 1000 ppm of the inhibitor. Values of Ecorr suggest that the inhibitory action is most
likely caused by a mixed-type inhibitor.
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Figure 2.9: Curves of Potentiodynamic polarization for MS in 0.5M H2SO4 solution
with 200-1000 ppm of EBT

Table 2.6: Tafel polarization variables of MS with EBT in 0.5M H2SO4.

Conc. (ppm) β a (mV/dec) β c (mV/dec) Ecorr (mV (Ag/AgCl)) Icorr (µA/cm2) IE (%)

Blank 95.3 -113.6 -436 813 -

200 45.3 -86.7 -423 234 71.22

400 51 -119.9 -423 205 74.78

600 50.9 -140.5 -428 151 81.43

800 44.3 -131.3 -427 137 83.15

1000 46 -76.7 -420 99.6 87.75

c) Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy is performed to simulate how surface inter-
acts with the solution, with or without the studied drugs, for mild steel under 0.5M
H2SO4, and the obtained Nyquist plot is shown in Figure 2.10. The imperfection of the
semicircles in the Nyquist plots may be caused by dislocation, surface roughness, or
inhibitor molecule adsorption.Nyquist plots (Figure 2.10) were validated with data fit-
ment to basic electrical equivalent circuit (Figure 2.11) comprising solution resistance
(Rs), charge transfer resistance (Rct) and constant phase element (CPE).
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Figure 2.10: Nyquist plots for MS in 0.5M H2SO4 solution containing 200-1000 ppm
of EBT

Figure 2.11: Equivalent Circuit Scheme

Impedance of constant phase element, ZCPE may be calculated as follows:

ZCPE = Y−1
o (iω)−n

Where; Yo - CPE constant; ω - angular frequency (rad s−1)

i = (−1)1/2 and n - exponent to CPE[117] . Value of n defines the nature and units of
CPE.
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The following formula was used to compute the double layer capacitance, Cdl at varied
concentrations.

Cdl = (Y0R1−n
ct )1/n

A decrease in double layer capacitance, Cdl value, at the acid-metal interface with a
gradual rise in drug doses may be used to examine how introducing an inhibitor altered
the surface electrode property.
It is apparent from various parameters computed via EIS (Table 2.6) revealed as the
EBT concentration rise, the Rct values increased. As an accurate representation of
electron transport across the surface, the Rct value provides an inverse image of the rate
of corrosion. A lower Cdl value implies the thickening of the adsorbed layer of inhibitor
or protective layer. The fall of Cdl value with the increasing surface modulus shows that
EBT inhibitor adsorption over the metallic surface reduces the roughness of the metal
surface.

Table 2.7: EIS Parameters for Mild Steel with EBT in 0.5M H2SO4

.

Conc. (ppm) Rs
(Ωcm2)

Rct
(Ωcm2)

Y0
(10−6 Ω−1 cm2) n Cdl

(µF cm−2)
I.E.
(%)

Blank 15.54 12.15 241.8 0.916 502.9 -
200 12.24 45.36 176.9 0.924 370.56 73.21
400 12.47 68.18 158 0.918 362.11 82.18
600 12.91 98.66 112.7 0.953 178.42 87.68
800 13.03 106.33 85.8 0.955 131.85 88.57

1000 13.95 120.43 74.6 0.979 90.68 89.91

2.3.4 Quantum Chemical Study

EHOMO measures the compound’s propensity to donate electrons, ELUMO measures its
propensity to gain electrons. For a molecule to act as an efficient inhibitor, it should
have elevated EHOMO and lower ELUMO values, resulting in a small energy gap. The
experimental compound has a higher EHOMO and lower ELUMO (∆E= 8.84), making it
an efficient inhibitor.
The dipole moment gives the polarity, and a molecule with higher polarity tends to
have dipole-dipole attractions. The dipole moment is related to inhibition efficiency.
The number of electrons transferred (∆N) provides information about the electron ac-
ceptance or donation property. A positive and higher value of ∆N indicates electron do-
nation, while a negative and lower value indicates electron acceptance. For a molecule
with a fraction of transferred electrons (∆N) less than 3.6, there is an increased efficacy
with a rise in electron-giving capability. A larger fraction of transferred electrons is
associated with increased inhibition efficiency, while the least value of the fraction of
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transferred electrons is associated with lower inhibition efficacy. For the present in-
hibitor, the ∆N value is less than 3.6, indicating its high electron donation capacity,
making it an efficient corrosion inhibitor[118]. Chemical hardness is an imperative fac-
tor to indicate the propensity of the molecule for electrons acceptance. Positive value
of chemical hardness of EBT indicates its electron donation characteristic resulting in
lesser dissolution of the metal. The chemical hardness value for the compound is in
agreement with experimental results. The various quantum chemical parameters of
EBT have been mentioned in table 2.8 and the optimized structure and corresponding
HOMO and LUMO for EBT are shown in Fig 2.12.

Table 2.8: Quantum Chemical parameters for EBT

EHOMO
(eV)

ELUMO
(eV) I (eV) A (eV) χ (eV) η (eV) ∆E (eV) µ (D) ∆N

-7.94 4.31 7.94 -4.31 1.815 6.125 12.25 3.45 0.423

Figure 2.12: Optimized Structure(a) and the corresponding HOMO (b) and LUMO (c)
for EBT
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2.3.5 Surface Study: Atomic Force Microscopy (AFM)

The surface study of MS specimen was carried out in 0.5M H2SO4, with or without
EBT at the dosage of 1000 ppm with an immersion period of 4 hours by atomic force
microscopic technique. The surface analysis quantified the surface roughness on a 10
µm x 10 µm areal scale. The average surface roughness values of MS without the use of
EBT were calculated to be 226.6 nm, and with the inhibitor, they were 89.3 nm (Figure
2.13). It clearly shows that the mild steel surface appeared to be fractured in the absence
of the inhibitor with a corrosive medium, whereas with the inhibitor, the surface was
less disintegrated due to protective film formation.

Figure 2.13: (a) & (b) are 2D, 3D images of polished metal (reference); (c) & (d) are
2D, 3D images of MS surface immersed in 0.5M H2SO4 (blank); (e) & (f) are 2D, 3D
images of MS immersed in 0.5M H2SO4 with EBT
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2.4 MECHANISM OF INHIBITION

Electrochemical and weight loss studies over on mild steel have been done for the in-
depth analysis of the inhibitory behaviour of EBT in H2SO4 acid. Electrochemical stud-
ies illustrate the mixed type via preventing both anodic and cathodic reactions behavior
of inhibitor in H2SO4. Thermodynamic and kinetic parameters derived from weight
loss measurement justify the physisorption of EBT on MS surface in sulphuric acid so-
lution. Electrochemical interactions between adsorbent and adsorbate are the driving
force for physisorption. Metal surface in H2SO4 solution remain negatively charged
due to adsorbed sulphate ions on it. Water molecules are adsorbed on metal substrate
which are displaced from EBT molecules from the metal by displacement reaction as
the dipole moment of inhibitor is greater than water.

Inhibitor (sol) + yH2O (ads) −→ Inhibitor (ads) + yH2O (sol)

The inhibitor EBT having electron rich heteroatoms (O and N), which are the sites for
active adsorption; in sulphuric acid get easily protonated and prevail as neutral species
as well as in protonated form existing in equilibrium with each other.

M + SO2−
4 −→ [M SO4]2−

[EBT] + xH+ −→ [EBHx]x+

[EBTHx]x++ + [M SO4]2− −→ Electrostatic interaction

The interaction amongst protonated EBT molecules and oppositely charged MS re-
sults in physisorption and thus inhibition occurs at anodic site. The pronated inhibitor
molecule may also compete with H+ ions of acid and get adsorbed directly on cathodic
sites and hence inhibit corrosion at cathodic site by reduction of evolution of hydrogen
gas[119]. Chemical quantum chemical study reveals strong interaction between metal
and inhibitor through donation of electron from inhibitor to metal.

2.5 CONCLUSION

The suppression of mild steel corrosion by EBT in 0.5M H2SO4 was studied at a con-
centration range of 200-1000 ppm at 303-333 K temperature range, and the following
conclusions were drawn

1. EBT inhibited corrosion of mild steel in 0.5M H2SO4 quite effectively, and as
concentration rises, so does the EBT’s effectiveness and the pace at which corro-
sion occurs.

2. EBT effectiveness drops with rise of temperature and it was found to be of maxi-
mum value of 92.78% at 313K.
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3. Thermodynamic parameters of inhibitor’s adsorption revealed spontaneous, exother-
mic and physisorption of EBT on metal.

4. Langmuir adsorption isotherm is followed at all temperature ranges by EBT in-
hibitor.

5. Potentiodynamic polarization experiments demonstrated the existence of mixed-
type inhibition mechanisms for EBT and the co-existence of anodic and cathodic
types of responses.
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CHAPTER 3

ANTIDEPRESSANT DRUG SERTRALINE AS AN
EFFICIENT CORROSION INHIBITOR FOR MILD

STEEL

3.1 INTRODUCTION

Mild steel (MS) is a crucial component of engineering materials used in oil and gas
refinement and extraction, boilers, process industries, water pipelines and petrochemi-
cal industries. Among various acids and a mixture of acids, hydrochloric acid is most
commonly used at various concentrations to clean and remove rust or other corrosion-
resulting products in many industries. Materials undergo severe regression due to corro-
sion in acidic media by adsorption of compounds physically or chemically[120]. There
is an immediate need to resolve this problematic situation because it results in mate-
rial, time, and financial losses. Towards this end, a variety of corrosion inhibitors have
been investigated for corrosion prevention[121]. Presently, corrosion inhibitors have
emerged as an environmentally sustainable approach to control corrosion, primarily due
to their minimal usage requirements, ready availability and exceptional performance ef-
ficiency. These inhibitors demonstrate the ability to achieve substantial adsorption on
the metal surface through physical or chemical interactions, thereby enhancing their
corrosion control capabilities[122]. Formerly unused medications are currently being
used to deal with the problem of solid waste storage concerns and additionally to offer
an alternative harmless inhibitor for preventing energy. The entire expense of making
or transporting chemical inhibitors that prevent corrosion leads to approximately 7% of
the entire income allocated to the prevention of corrosion of metals and alloys usage in
industry[123]. In general, pharmaceuticals belong to a number of prominent and widely
adopted chemicals, since they are consumed on a regular and constant basis in our res-
idences. Expired pharmaceuticals are wiped out in certain nations by placing them in
pits beyond towns in arid regions, contaminating substances that are outdated medical
pharmaceutical components in groundwater supplies. It contaminates the groundwa-
ter via these pharmaceuticals. All of these issues prompted interest and awareness in
looking for innovative uses for outdated pharmaceuticals and drugs. An extensive study
on the application of expired medicinal products as corrosion preventatives for certain
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metals and alloys is now underway. Considerable endeavors have been dedicated to
exploring the potential of expired pharmaceuticals for mitigating corrosion on metal
surfaces, resulting in the development of a potent new class of corrosion inhibitors.
These innovative inhibitors not only exhibit remarkable cost-effectiveness but also of-
fer significant environmental advantages.

Figure 3.1: Structural information of Sertraline

Sertraline [(1S,4R)-4-(3,4-dichlorophenyl)-N-methyl-1,2,3,4,4a,8a-hexahydronaphthalen-
1-aminehydrochloride] (SRT) in stereoisomeric cis form is a widely prescribed medi-
cation belonging to the class of selective serotonin reuptake inhibitors (SSRIs). It is
primarily used as an antidepressant to treat various mood disorders, including major
depressive disorder, obsessive-compulsive disorder (OCD), panic disorder, and social
anxiety disorder. Sertraline works by increasing the levels of serotonin, a neurotransmit-
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ter in the brain, which can help improve mood, reduce anxiety, and alleviate symptoms
of depression. It is typically administered orally in the form of tablets or liquid and
is considered safe and effective when prescribed and monitored by healthcare profes-
sionals. Sertraline’s broad spectrum of applications and relatively favorable side effect
profile have made it one of the most commonly prescribed antidepressant medications
globally, providing relief and improved quality of life for millions of individuals strug-
gling with mental health conditions. The present study aims to present the efficient
anti-corrosive properties of the SRT containing active centers along with lone pair of
electrons and delocalized aromatic π-electrons by virtue of which the compound shows
the potential of being used as corrosion inhibitor over mild steel in 1M HCl media. The
anti-corrosive property of SRT for the corrosion of mild steel in acidic media was eval-
uated using gravimetric analysis at various temperatures, electrochemical studies (Tafel
and EIS) and surface topography (AFM). Also, utilizing Density Functional Theory
(DFT), quantum chemical calculations were undertaken to examine the interactions and
energy levels between the corrosion inhibitor and mild steel surface.

3.2 EXPERIMENTAL AND METHODS

3.2.1 Preparation of metal sample and test solution

Mild steel coupons, measuring 10cm2 and 0.1mm thick, were employed for the mass
reduction trials. The chemical composition of the mild steel was nickel (0.10%), car-
bon (0.14%), copper (0.14%), manganese (0.15%), silicon (0.20%), and the rest iron
(wt.%). The coupons were consecutively polished with 200-1200 grit sizes emery pa-
per to achieve a smooth specimen surface. Subsequently, they underwent a series of
treatments, including washing with double-distilled water, sonicating, degreasing with
acetone, followed by desiccation in air, and final drying in an oven in all experimental
studies. Sertraline (SRT), an anti-depressant drug, was used in tablet form as Sertraline
hydrochloride (brand name- Zoloft) purchased from the local market. It was extracted
and utilized as a corrosion inhibitor. Dilution of HCl (1M) with double-distilled water
was done to prepare the test solutions with different inhibitor concentrations of the SRT.
The SRT tablet was characterized through Fourier Transform Infrared (FT-IR) spec-
troscopy using a Perkin Elmer FT-IR Spectrophotometer (model: Spectrum 2) in the
wavenumber range of 4500−500cm−1.

3.2.2 Weight Loss Study

Gravimetric approach was used in this study because it is the most efficient and feasible
method for estimating inhibition efficiency and corrosion rate. The chosen material
for this investigation was mild steel, characterized by a density of 7.86 g/cm3 and
an area of 10 cm2. Gravimetric investigations were carried out with varying inhibitor
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concentrations along with a blank solution. The mild steel coupons were immersed
at 308-338 K temperatures and carried out for 3 hours of immersion time. All the
experiments have been done in triplicate, and average outcomes have been taken. The
IE%, θ , and Cr have been used to quantify the inhibitory performance utilizing the
calculation:

IE% = Wo−Wi
Wo

×100

θ = Wo−Wi
Wo

Where; IE (%): Inhibition efficiency; θ : Surface coverage; Wo: Weight loss of metal
specimen uninhibited solution ; Wi: Weight loss of metal specimen inhibited solution;

Cr =
534×W
A×t×d

Where W - weight loss (mg); t - time of immersion (hours); Cr - Corrosion rate; A -
Surface area of the coupon cm2; d – density of metal g/cm3.

3.2.3 Electrochemical Study

For electrochemical studies, a Gamry Interface Potentiostat (IFC1010-28152) was used.
These measurements were conducted using a three-electrode cell assembly on a mild
steel (MS) surface with a contact region of 1cm2 at room temperature. Platinum wire,
Ag/AgCl, and the mild steel (MS) coupon were used as the counter electrode, reference
electrode, and working electrode, respectively. To improve an unstable or marginally
stable cell system and avoid noise during the electrochemical process, keep the cell
with the tested solution steady according to their positions. Afterward, the open cir-
cuit potential (EOCP) vs. time (0-600s) was measured to determine the exact stability
of the inhibitors, which aids in noise reduction and output stabilization. It also helps
to determine the charge process transitions from unstable to stable behavior as well
as demonstrate the inhibitors’ adsorptive nature in comparison to an uninhibited solu-
tion. The drug molecule compares the uninhibited solution to the positive and negative
OCPs, adsorbing and shifting them. After the EOCP measurements, electrochemical and
potentiodynamic polarization were performed using linear polarization resistance and
the Tafel plots, which were extrapolated anodically or cathodically to obtain corrosion
current and potential, Icorr and Ecorr respectively. These measurements were done by
simply scanning the electrode potential from −0.02V to +0.02V and from +250mV
to −250mV correspondingly, with a rate of scan of 1mV/s with regard to the corrosion
potential[124]. The relationship between linear polarization resistance and inhibition
efficiency is shown as :
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IE% =
(R

′
p−R

◦
p)

R◦
p

X 100

Where R0
p: polarization resistance in blank solution, R‘

p: polarization resistance with
inhibitor To get Nyquist plots, the EIS was performed using AC signals by the use of
105 Hz to 0.2 Hz of frequency range with amplitude of 10 mV. Using provided formula,
the inhibition efficiency of inhibitor was determined by using charge transfer resistance
(Rct) values.

IE% =
(R

′
ct−R

◦
ct)

R′
ct

X 100

Where, R′
ct : charge transfer resistance with inhibitor and R◦

ct : charge transfer resistance
in blank solution. Calculating the values of Icorr from the extrapolation of the anodic and
cathodic Tafel plot curves. This method gave significant understanding into the corro-
sion characteristics of the substance under investigation through accurately estimating
the corrosion current densities. The inhibitory performance (IE%) of the inhibitor was
calculated using current densities (Icorr) by the formula:

IE% =
I◦corr−I′corr

I◦corr
×100

Where I◦corr is the corrosion current density in 1 M HCl, and I′corr is the corrosion current
density at various concentrations of the inhibitor.

3.2.4 Quantum Chemical Study

Using Gaussian 16 software, theoretical analyses were employed to assess the DFT
variables. The optimized structure of Sertraline and its associated HOMO and LUMO
were obtained using DFT calculations with the B3LYP method and the 6-31 G* ba-
sis set. This study determined various parameters like highest occupied orbital energy
(EHOMO), lowest unoccupied orbital energy (ELUMO), the dipole moment (µ), and en-
ergy barrier (∆E) evaluated. Also, other parameters like Ionization Potential (I), Elec-
tron Affinity (A), number of transferred electrons (∆N), Electronegativity (χ), Global
hardness (η) using the following equations[125]: Ionization potential (I) measures the
tendency of a chemical species to lose electrons and is related to the (EHOMO) by the
expression:

I =−EHOMO
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Electronegativity is the atom’s propensity for grabbing electrons and can be calculated
using the following equation:

χ = (I+E)/2

Electron affinity (A) is the tendency of a chemical species to gain electrons and is asso-
ciated with ELUMO by the expression:

A =−ELUMO

The formula for calculating chemical hardness (η), which expresses an atom’s ability
to resist a charge exchange, is as follows:

η = (I−A)/2

The portion of electrons that are transferred during a chemical process is given by the
equation:

∆N = χFe−χinh
2(γFe+γinh)

Where γFe –electrnegativity of iron(7 ev/mol), ηFe− global hardness of iron(0). The
values have been reported in the literature.

3.2.5 Surface Study

The surface study was carried out using Atomic Force Microscope (AFM) with Peak
Force Tapping technology and a sharp tip 5 m tall and less than 10 nm in diameter at the
apex. The specimen was submerged in 1 M corrosive media and with inhibitor solution
in corrosive media (50 ppm) for 4 hours prior to surface characterization.

3.3 RESULTS AND DISCUSSION

3.3.1 Characterization

The Infrared spectra of the compound was studied between 4000-500 cm−1 and after
close scrutiny of the spectrum (Figure 3.2). The peaks at 2916 cm−1 (aliphatic C-
H stretching), 2682 and 2461 cm−1 (N-H stretching), 2244 cm−1 (C-N stretching),
1584 cm−1 (C=C stretching), 1454 cm−1 (aliphatic C-H deformation), 1042 cm−1 (C-
H stretching), 781 cm−1 (aromatic C-H stretching), which are the characteristics of
Sertraline. These results are in good agreement with earlier studies[124].
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Figure 3.2: FT-IR Spectrum of SRT

3.3.2 Weight Loss Study

a) Effect of temperature and concentrations:
The efficacy of SRT over MS in hydrochloric acid with and without concentrations
ranging (10-50 ppm) of inhibitor was evaluated at various temperatures (303-333K)
using the gravimetric study.

Figure 3.3: Corrosion Rate (mpy) of mild steel surface in 1 M HCl at 10-50ppm con-
centration of SRT and 303-333K temperature
.
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Figure 3.4: Inhibition efficiency (%) of mild steel surface in 1 M HCl at 10-50ppm
concentration and 303-333K temperature

It is revealed from Table 3.1, 3.2 that with the rise in SRT dosage from 10-50 ppm
concentration range, inhibition efficiency (%) increases (Figure 3.4), and corrosion rate
decreases (Figure 3.3). On the other hand, as the temperature rises, the extent of cor-
rosion also increases, and inhibition potential declines. Furthermore, it is clear that
although surface coverage (θ ) of SRT diminishes with higher temperatures, it expands
with concentration (10–50 ppm). At 50 ppm at 313 K, the highest possible inhibitory
effectiveness is determined to be 93.37%. This finding suggests that chemisorption on
MS substrate is reinforced by an intense chemical interaction that takes place through
the exchange of electrons or transmission of charge from SRT to the vacant d-orbital of
MS.

Table 3.1: IE, Cr, and θ of Sertraline with mild steel at 303K and 313K temperature
with different concentration range

.

Temp. 303 K 313 K

Conc. (ppm) Cr (mpy) θ I.E. (%) Cr (mpy) θ I.E. (%)

Blank 956.54 - - 1428.05 - -

10 611.78 0.48 48.23 539.11 0.62 62.25

20 451.23 0.66 66.46 326.17 0.77 77.16

30 245.05 0.78 78.54 165.62 0.88 88.4

40 179.14 0.83 83.96 126.75 0.91 91.12

50 135.2 0.87 87.08 94.64 0.93 93.37
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Table 3.2: IE, Cr, and θ of Sertraline with mild steel at 323K and 333K temperature
with different concentration range

.

Temp. 323 K 333 K

Conc. (ppm) Cr (mpy) θ I.E. (%) Cr (mpy) θ I.E. (%)

Blank 1622.4 - - 2485.99 - -

10 839.93 0.46 46.04 1553.11 37.53

20 544.18 0.58 58.83 1210.04 0.51 51.33

30 348.14 0.74 74.38 875.42 0.65 64.79

40 260.26 0.81 81.27 623.61 0.75 74.92

50 209.56 0.86 85.87 493.48 0.8 80.15

b) Activation and Adsorption Parameters
Temperature influences corrosion substantially, and this effect could potentially utilized
to clarify the process of deterioration prevention. Correlation between temperature and
corrosion rate is given by Arrhenius equation[126].

logCr =
−Ea

2.303RT + logA

Where Ea: apparent energy of activation, A: Arrhenius pre-exponential factor and R:
molar gas constant

Figure 3.5: Arrhenius Plot in blank and with different concentrations of SRT in 1 M
HCl for mild steel corrosion.

The intercept of graph of the log of corrosion rate against inverse of temperature (Fig-
ure 3.5) provided a pre-exponential component (A), while the slope of curve provided
apparent activation energy (Ea). According to Table 3.3, the inclusion of SRT into
the corrosive medium resulted in increased A (pre-exponential factor) and Ea (activa-
tion energy) values and when compared to the alone corrosive solution. These findings
indicate that the presence of SRT influenced the corrosion process, leading to higher
activation energies and pre-exponential factors, which may imply enhanced corrosion
inhibition properties. In addition, it also shows binding of the SRT on MS substrate and
this attainability of adsorption rate makes the weight loss method efficient.
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Figure 3.6: Transition state plot in blank and with different concentrations of Sertraline
in 1 M HCl for mild steel corrosion.

Table 3.3: Activation and thermodynamic parameters of corrosion in different sertraline
concentrations in 1 M HCl

Conc. (ppm)
Activation

energy,
Ea (kJ/mol)

Pre-exponential
factor, A (×103)

Enthalpy of
Activation,

∆H (kJ/mol)

Entropy of
Activation,

-∆S (kJ/mol/K)
Blank 25.07 20.43 22.43 0.115

10 26.75 20.37 24.11 0.115

20 28.5 27.22 25.86 0.112

30 37.54 50.71 33.9 0.092

40 38.04 273.79 35.01 0.083

50 38.57 422.81 35.93 0.095

Table 3.4: Free energy of activation of Sertraline with MS at different temperatures and
inhibitor concentration range

Conc. (ppm)
Free Energy of Activation, ∆G(kJ/mol)

303 (K) 313 (K) 323 (K) 333 (K)
Blank 57.28 58.43 59.58 60.73

10 58.96 60.11 61.26 62.41

20 59.8 60.92 62.04 63.16

30 61.78 62.7 63.62 64.54

40 60.16 60.99 61.82 62.65

50 64.72 65.67 66.62 67.57

The transition state equation calculates the ∆H and ∆S[127].
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Cr =
RT
Nh exp

(
∆S
R

)
exp

(
−∆H

RT

)
Where ∆H: Apparent enthalpy of activation , Nh: product of Avogadro’s number and
Plank’s constant, ∆S: Apparent entropy of activation.
Log Cr/T against 1/T was plotted, and it was observed to be a straight line (Figure 3.6).
The ∆H values (enthalpy change) and ∆S values (entropy change) were determined by
evaluating the slope and the intercept of the curve, and these values were subsequently
recorded in table 3.3. This methodology allowed for the quantitative characterization of
the thermodynamic parameters associated with the studied process. It is evident that the
suppressed system has a higher enthalpy of activation values that the free acid solution
with SRT, indicating a higher protection efficiency. The value of enthalpy of activation
(∆H) are positive, which leads to an endothermic process, which signifies attributing
nature to chemisorption. In contrast, the negative value leads to an exothermic process,
indicating either physisorption or chemisorption. These results suggest that the adsorp-
tion rate is high on the metal substrate, elevating the heat transfer and reaction rate and
increasing their efficiency. The lower value of entropy of activation for SRT at all con-
centration than the uninhibited solution, suggesting the formed activated complex is an
association instead of a dissociation in the rate-determining step. By using following
formula, the change in free energy of activation at all temperature ranges for corrosion
process can be determined.

∆G = ∆H−T∆S

The adsorption by SRT was purely chemisorption as ∆G values are higher than -40kJ/mol
across the series (Table 3.4). These results indicate the instability of activated complex
and with increase of concentration of inhibitor, values increased indicating non proba-
bility of formation of activated complex.
The interaction of metal with inhibitors examined with the aid of adsorption isotherm.
Various experimental adsorption data were applied to different isotherm adsorption
models such as Freundlich, Temkin, Langmuir, El-Awady isotherms of adsorption pro-
cess. SRT inhibitor follows with Langmuir adsorption isotherm (Figure 3.5) indicating
monolayer adsorption. The surface coverage (θ ) is directly linked to the adsorption
isotherms, depicting the relationship between surface coverage, inhibitor concentration
(C) and equilibrium constant (Kads) as follows:

C
θ
= 1

Kads
+C

The plot of C
θ

vs. C yields straight lines at all studied temperatures, specifying that the
experimental results fit the isotherm with an estimated regression coefficient (R2) value
around 1 (Figure 3.7). The equilibrium constant values were calculated by the inverse
of the intercept of the fitted lines, and with an increase in temperature, the equilibrium
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constant value decreases. The extent of interaction between SRT and MS is represented
by Kads, implying that larger values of Kads shift the adsorption in a positive direction,
showing that the fitted isotherm was unfavorable at higher temperatures. Values of
∆Gads evaluated by the given expression are reported in Table 3.4.

Figure 3.7: SRT adsorption on mild steel surface using the Langmuir isotherm in 1 M
HCl

∆Gads =−2.303RTlog(1×106Kads)

where, ∆ Gads, R, T are Gibbs free energy of adsorption, gas constant, and temperature
(Kelvin), and 106 shows the concentration of water in ppm. The values of Gibbs free
energy are negative, indicating the stability and spontaneity of the chemical reaction
occurring at the interface of the MS substrate. Values close to −20kJ/mol or below are
often indicative of physical adsorption with electrostatic interactions, whereas values
over −40kJ/mol are representative of chemisorption with chemical bonding. The stud-
ied inhibitor SRT is favorable to physisorption, as well as chemisorption.

Table 3.5: Parameters of adsorption computed from Langmuir isotherm of adsorption

Temp. (K) Slope R2 Kads ×103 ∆Gads (kJ/mol)
303 0.9117 0.999 85.48 -28.61

313 0.9326 0.995 147.06 -30.97

323 0.877 0.994 68.77 -29.92

333 0.865 0.993 51.15 -30.02
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3.3.3 Electrochemical Study

a) Linear Polarisation Resistance
The inhibition efficiency and polarization resistance (Rp) in presence and absence of
varied Sertraline dosage in acidic solution for MS substrate were measured and enu-
merated in Table 3.6. The Rp at 50 ppm inhibitor concentration was maximum and
increased from 50.35 of the uninhibited to 71.80, 84.54, 89.32 and 91.92 suggesting
that as concentration of SRT increases, so does its ability to stop corrosion.

Table 3.6: Linear polarization resistance variables of mild steel in blank and in the
presence of Sertraline inhibitor at various concentrations in 1 M HCl.

Conc. (ppm)
Ecorr

(mV (Ag/AgCl)
Icorr (µA/cm2) I.E. (%)

Rp

(Ω cm2)
I.E. (%)

Blank -754.1 1157 - 22.51 -

10 -443.1 574.6 50.34 45.34 50.35

20 -430.3 326.4 71.79 79.82 71.8

30 -438 178.9 84.54 145.6 84.54

40 -436.9 123.6 89.32 210.8 89.32

50 -443.7 93.56 91.91 278.5 91.92

b) Potentiodynamic Polarization (Tafel)
PDP analysis was performed to study the passivity and passive stability of the MS, com-
pactness of the passive film, corrosion potential, and corrosion resistance ability of the
material. In this investigation, polarization curves were generated when exposed to 1M
HCl, both in the uninhibited and inhibited of diverse amount (ranging from 10 to 50
ppm) of SRT (Figure 3.8). The electrochemical variables, like Tafel constants (βa and
βc), Ecorr, Icorr, values were then estimated using the graph. Furthermore, the inhibition
efficiency of SRT was evaluated and compiled in Table 3.7. This comprehensive anal-
ysis allowed for a detailed assessment of the inhibitive properties of SRT in mitigating
the degradation of MS in the aggressive environment.
This analysis revealed that SRT behaved as mixed-type inhibitors when bonded on the
MS substrate, suppressing both the reduction and oxidation process due to their mini-
mal changes on such reactions, with the Ecorr remaining relatively close to that of the
uninhibited sample. It is observed that the SRT adsorbed on MS at geometrical sites
and formed a protective layer, causing a remarkable shift in the Ecorr to a more negative
side and lowers current densities by altering the anodic and cathodic Tafel curves. This
curve starts with an anodic reaction having an active region, and on rising the concen-
tration of SRT, the Icorr values increase, and an oxidation reaction takes place. At the
mid-point, this current density starts to decline, and the corrosion potential rises to have
the material’s passive region[128]. It is seen from the result that the inhibited solution
caused a significant reduction in Icorr value compared to that of the uninhibited solution.
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By rising doses of the SRT from 10-50 ppm, the Icorr value further reduced, and thus,
I.E. (%) increased. At 50 ppm, the efficacy of SRT reaches to 88.36%. From this study,
it is concluded that the SRT gives better handling to MS surface and highest inhibition
efficiency.

Figure 3.8: Tafel plot for mild steel in 1N HCl solution containing various Concentra-
tions of SRT

Table 3.7: Tafel polarization parameters of mild steel in the presence of Sertraline in
1M HCl

Conc. (ppm) β a (mV/dec) β c (mV/dec) Ecorr (mV (Ag/AgCl)) Icorr (µA/cm2) IE (%)

Blank 93 117.4 -432 635 -

10 69.3 95.1 -428 204 67.87

20 77.7 108.2 -418 182 71.34

30 82.7 113.3 -427 105 83.46

40 89.5 125.9 -428 89.3 85.94

50 92 112.9 -439 73.9 88.36

c) Electrochemical Impedance Spectroscopy
EIS was utilized to examine the working process of SRT and the surface characteristics.
The mild steel Nyquist graph in acidic medium uninhibited and inhibited different SRT
doses (Figure3.7) and these spectra were recorded throughout a range of frequency from
1,00,000Hz to 0.2Hz at open network voltage.
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Figure 3.9 displays the Nyquist plots of mild steel immersed in tested corrosive media
with exclusion and inclusion of various concentrations of SRT. The perfection of semi-
circles showing the optimal position, surface uniformity, specimen surface consistency
and penetration of inhibitor[129]. The concentration of SRT enhanced the dimensions
of the impedance plots, indicating that the prohibitive components of the SRT produced
a layer of coating on the MS substrate in corrosive media. These studies focused on
whether the investigated inhibitor formed a preventing layer over mild steel surface. The
rising value of Rct (Charge Transfer Resistance) and falling values of Cdl (Double Layer
Capacitance) signified the presence of coating formed on the substrate by the SRT. If
both Cdl and Rct values rise at any point when moving from low to high concentration
of inhibitor, represent a decreasing trend for the formation of an oxide layer on the
substrate and an increment trend for the effectiveness of the developed coating as a
protective layer respectively[130].
Uncoated sample with the tested solution gave Rct value of 18.32 Ωcm2 in HCl and Cdl

value of 438.91 µFcm−2 in HCl and Rs value of 4.32 Ωcm2 which shows ion migration-
induced resistance value to current flow through the solution. The introduction of SRT
into the tested solution gave significant results at 50 ppm with respect to double-layer
capacitance having 74.03 µFcm−2 and charge transfer resistance 273.34 Ωcm2 at 50
ppm. The SRT showcases better efficiency of the developed coating on the substrate in
1M HCl due to it achieving the lowest Cdl value to 74.03 µFcm−2 and the highest Rct

value to 273.34 Ωcm2.

Figure 3.9: Nyquist plot of the EIS for mild steel in 1M HCl solution containing various
concentrations of SRT
.
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To simulate how mild steel interacts with the solution, with or without the studied in-
hibitor, the obtained electrochemical impedance spectroscopy (EIS) data was meticu-
lously associated with a suitable electrical equivalent circuit (illustrated in Figure 3.10).
Instead of using a constant phase element, the capacitance found at the interface be-
tween the metal sample and the SRT was employed for a more accurate adapting EIS
data.

Figure 3.10: Equivalent Circuit model of the EIS for mild steel in 1M HCl solution
containing various concentrations of SRT
.

Within the impedance formulation, CPE (Constant Phase Element) is utilized to repre-
sent a phase displacement that remains constant across different frequencies, accurately
expressing the relationship between the transmitted AC voltage and its corresponding
current, as seen in expression below:

ZCPE = 1
Yo( jω)n

Where, the symbol Y◦ signifies the value of the Constant Phase Element (CPE), while
the symbol ω represents the angular frequency. The symbol j denotes the imaginary
unit, and the parameter n corresponds to the deviation index value. These symbols and
parameters play crucial roles in the scientific analysis and characterization of complex
impedance and electrical behavior in the system under investigation. The equation uti-
lized to determine the value of Cdl is described below.

Cdl =
(

YoR(1−n)
ct

) 1
n

The unique value assigned to the parameter "n" imparts varying interpretations to the
Constant Phase Element (CPE) in accordance with the fitted data. Specifically, when
n assumes a value of 0 or 1, the CPE represents pure resistance and pure capacitance,
respectively. Conversely, for n values of -1 and 0.5, the CPE signifies inductance and
Warburg impedance, respectively. These distinct interpretations of the CPE based on the
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value of "n" are essential in the analysis and understanding of the complex impedance
behavior exhibited by the studied system.

Table 3.8: Electrochemical Impedance Variables of Mild Steel in blank and in presence
of variable concentrations of Sertraline in 1M HCl

Conc.
(ppm)

Rsc

(Ω cm2)
Rct

(Ω cm2)
Y0

(10−6 Ω−1 cm−2)
n

Cdl

(µF cm−2)
I.E. (%)

Blank 4.32 18.32 186.8 0.905 438.91 -

10 5.11 42.21 111.2 0.878 359.97 56.6

20 5.2 80.62 89.4 0.887 277.2 77.28

30 5.26 148.74 65.7 0.894 195.27 87.68

40 5.2 214.2 54.9 0.927 114.84 91.45

50 5.36 273.34 41.8 0.942 74.03 93.3

The estimated results obtained from EIS plots are summarized in table and this table
elaborates that elevating the concentration of SRT enhanced the impedance of the sup-
pressed system despite lowering the values of in tested acid media. The above decrease
in the value of Double capacitance layer, is due to significant diminution in the value
of local dielectric constant (ε ) or an enhancement in the thickness value of the dual
layer, implying that the molecules of inhibitor prevent the degradation of metal through
the adsorption process at the metal/solution contact. A uniform and efficient protective
layer emerges on the mild steel/solution contact as the SRT replaces the water molecules
present on the surface of low-carbon steel. As a result, the portion of low-carbon steel
electrode constantly prone to acid solutions is diminished. In accordance with the re-
sults of the preceding interpretation, more the water molecules eliminated by SRT at
the mild steel/solution interface, greater the inhibition efficiency and therefore the more
apparent decrease in the value of double layer capacitance.

3.3.4 Quantum Chemical Study

DFT analysis can be used to evaluate the adsorptive action of materials. The designa-
tions HOMO and LUMO indicate various regions with different tendencies for giving
electrons to electron-donating species and accepting electrons from protonated species,
respectively. The optimized structures, HOMO and LUMO of SRT used in the calcu-
lations are displayed in Figure 3.11. The EHOMO and ELUMO are critical parameters
used to determine each structure’s ability to be used for anti-corrosive properties. The
highest occupied molecular orbital (HOMO) exhibits exclusive localization on the an-
ion moiety, indicating that upon interaction with the metal surface, the inhibitor engages
in bonding with the metal through electron donation from the anionic unit. Across all
studied dyes, the lowest unoccupied molecular orbital (LUMO) consistently demon-
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strates a pronounced π∗ (antibonding) nature. Nevertheless, electron acceptance within
this orbital is hindered due to the aromatic constraints imposed by the ring structure.

Table 3.9: Quantum Chemical parameters for Sertraline

EHOMO (eV) ELUMO (eV) ∆E (eV) I (eV) A (eV) χ (eV) η (eV) ∆N
-4.84 -0.83 4.01 4.84 0.83 2.84 2.01 1.98

The E is a measure of the affinity of the molecule to interact with the mild steel (MS)
substrate, and the lower energy barrier in sertraline (SRT) (4.01 eV), given in Table
3.9 facilitates its higher adsorption tendency on the metal surface. A lower value of
electronegativity also confirms high inhibition efficiency.
For a molecule to be an efficient inhibitor, it must donate electrons to the unoccupied
orbitals of MS and accept electrons from MS. Consequently, during the process of ad-
sorption, it is probable for the adsorbate to interact preferentially with the region of
the molecule where softness attains its maximum value. The electron-donating charac-
teristic of the molecule is directly proportional to the number of electrons donated. A
positive value of ∆N and the chemical hardness of SRT indicate its electron-donation
characteristic, resulting in lesser dissolution of the metal.

Figure 3.11: Optimized Structure(a) and the corresponding HOMO(b) and LUMO(c)
for SRT
.
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3.3.5 Surface Study: Atomic Force Microscopy (AFM)

AFM scan is conducted to do surface characterization on an MS specimen in 1 M cor-
rosive solution and in 50 ppm solution Sertraline in corrosive medium over a 4-hour
immersion time. On an area of 10 µ m x 10 µ m, the surface analysis (Figure 3.12)
assessed the surface roughness. Without using an inhibitor, the average roughness of
surface of mild steel were calculated to be 221 nm in blank solution while using an
inhibitor, it was found to be 50 nm. It is evident that mild steel surfaces with corrosive
medium scrutinized to be splintered in the uninhibited but in inhibited solution, the sub-
strate surface were less disintegrated because the inhibitor protected the surfaces from
corrosion.

Figure 3.12: (a) & (b) - 2D and 3D scan of reference material (polished metal), (c) &
(d) - 2D and 3D scan of 1M HCl immersed metal surface (blank), (e) & (f) - 2D and 3D
scan of 50 ppm SRT in 1 M HCl immersed metal surface.

3.4 MECHANISM OF INHIBITION

Electrochemical and mass loss investigations were conducted on MS to undertake a
comprehensive analysis of the process of inhibition of SRT, MS was immersed in acidic
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environment. These studies allowed for a thorough examination of the effectiveness of
SRT as an anti-corrosion agent, providing valuable insights into its protective capabil-
ities and its potential application in mitigating corrosion-related issues in acidic con-
ditions. Water molecules are adsorbed on MS substrate which are displaced by SBT
molecules from the metal by displacement reaction.

Inhibitor (sol) + yH2O (ads) −→ Inhibitor (ads) + yH2O (sol)

Based upon the atoms with non-bonding electronand delocalized ring electrons, the fol-
lowing mechanism has been proposed. Gravimetric measurements proclaimed physical
adsorption mechanism. The drug molecule may get protonated at active centre hav-
ing lone pair of electrons to generate charge in acidic media and there exist dynamic
equilibria in protonated and neutral species. Chloride ions of hydrochloric acid gets ad-
sorbed on charged metal surface to give rise to negative charge and negatively charged
metal and pronated inhibitor undergo electrostatic interaction giving rise to physical ad-
sorption.

[SRT] + H+ −→ [SRTH]+

M + Cl− −→ [MCl]−

[SRTH]+ + [MCl]− −→ Electrostatic interaction

The Langmuir adsorption isotherm indicates that the drug develops a monolayer on the
MS substrate. The electrochemical measurements show that the SRT exhibits suppres-
sion of both anodic and cathodic processes when interacting with MS in hydrochloric
acid solution. Inhibitor prevents corrosion at anodic site by reducing evolution of hy-
drogen as well as at cathodic site by adsorbing directly on metal surface. Theoretical
quantum chemical investigations have elucidated that inhibitors exhibiting lower band
gap energy, hardness, and electronegativity tend to be more efficient. This propen-
sity arises from their reduced tendency to facilitate electron transfer from metal ions
to inhibitor species, leading to the production of stronger interactions between the MS
substrate and SRT molecules. These findings shed light on the underlying mechanisms
governing the corrosion inhibition process and provide valuable guidelines for design-
ing and selecting effective inhibitors for metal protection in various environments.

3.5 CONCLUSION

The anti-corrosive effectiveness of MS substrate using Sertraline (SRT) in 1N HCl was
examined in the concentration range of 10-50 ppm at 303-333K temperature range using
weight loss, electrochemical study, quantum chemical studies and surface analysis .

1. Sertraline successfully prevented degradation of MS in 1 M HCl and with the
increase in the concentration of inhibitor, the inhibitory performance improves
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and its corrosion rate declines. Inhibition efficiency declined from 93% at 303 K
as temperature increased.

2. The value of activation energies rises along with the rise in SBT drug concen-
tration. Rise in value of activation enthalpy with temperature demonstrated the
endothermic nature of the phenomenon of degradation. Thermodynamic mea-
surements of the inhibitor’s adsorption on mild steel revealed spontaneous, en-
dothermic, and physisorption of the drug.

3. The SRT develops monolayer as followed Langmuir adsorption isotherm.

4. SRT behaved as a mixed-type indicator according to electrochemical measure-
ments.

5. The quantum chemical analysis is consistent with the experimental and electro-
chemical results due to SRT having higher EHOMO, lower ELUMO, and lower band
gap energy values that are showing a lesser number of electrons transferred from
the metal surface to SRT, and hence the corrosion process slows down. How-
ever, SRT could develop a rather persistent molecule single layer at the mild
steel/solution interface in 1 M HCl, thereby preventing mild steel degradation in
a specific range of temperature.
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CHAPTER 4

ANTI-DEPRESSANT DRUG PAROXETINE AS
EFFICIENT CORROSION INHIBITOR FOR MILD

STEEL

4.1 INTRODUCTION

Mild steel, also known as low carbon steel, is a widely used form of carbon steel charac-
terized by its relatively low carbon content, typically ranging from 0.05% to 0.25%. Its
popularity can be attributed to its versatility, cost-effectiveness, and ease of fabrication.
Mild steel finds extensive applications in various industries, notably in construction and
manufacturing. In construction, it serves as a primary material for structural compo-
nents, such as beams, columns, and reinforcing bars, due to its excellent strength and
ductility. In the manufacturing sector, mild steel is employed for the production of
automotive parts, machinery, pipes, and sheet metal components. Its ability to be eas-
ily welded and formed makes it a preferred choice in these applications. Additionally,
mild steel is utilized in the fabrication of household appliances, furniture, and even in
the production of cookware. Overall, mild steel’s widespread usage is a testament to
its indispensable role in modern engineering and construction. It is susceptible to cor-
rosion due to its iron content and relatively low carbon content, which makes it prone
to oxidation when exposed to moisture and oxygen. Corrosion of mild steel can occur
in various environments, including outdoor exposure to moisture and air, as well as in
industrial settings where chemicals and acids are present[131]. To lessen corrosion, sev-
eral methods are employed, such as coating the steel with protective layers (e.g., paint
or zinc coatings), using corrosion-resistant alloys, and employing cathodic protection
systems. Different methods have been recommended in restraining corrosion, among
which the usage of inhibitors is cost effective and practical means.
Drugs as corrosion inhibitors represent a fascinating intersection between pharmaceuti-
cal science and materials engineering. Certain pharmaceutical compounds have shown
the ability to function as effective corrosion inhibitors in various industrial applications.
These drugs possess chemical properties that enable them to interact with metallic sur-
faces and form protective layers, mitigating the corrosive effects of environmental fac-
tors. Their use as corrosion inhibitors has been explored in industries such as oil and
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gas, where pipelines and equipment are exposed to harsh conditions, as well as in the
field of medical implants to enhance their corrosion resistance within the human body.
Also, due to their availability and less toxic effect, can be the substitute for toxic old
anticorrosive inhibitors[132]. Drugs typically have heteroatoms such as nitrogen, oxy-
gen, phosphorous, and sulphur, aromatic ring which attracted researchers to use drugs
as corrosion inhibitors[133]. Recently drugs of various categories have also been used
as corrosion inhibitor due to their favorable structure and environmentally benign na-
ture. Many antibiotics, analgesics, antihistamines, antipyretics and antidepressant drugs
were found to be suitable for prevention of corrosion[134].

Figure 4.1: Structural information of Paroxetine
.

Paroxetine is a widely prescribed medication classified as a selective serotonin reup-
take inhibitor (SSRI) (Figure 4.1). it is commonly used to treat various mental health
conditions, notably depression, generalized anxiety disorder, social anxiety disorder,
and obsessive-compulsive disorder. Paroxetine works by increasing the levels of sero-
tonin, a neurotransmitter in the brain that plays a crucial role in regulating mood and
emotions. By doing so, it helps alleviate the symptoms associated with these disorders,
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such as persistent sadness, anxiety, and intrusive thoughts. Paroxetine is available in
different forms, including tablets, extended-release tablets, and oral suspension, allow-
ing for tailored treatment plans to meet individual patient needs. While it can be highly
effective in managing mental health conditions, it should be used under the guidance
of a healthcare professional, as it may have side effects and potential interactions with
other medications. Regular monitoring and dose adjustments are essential to ensure its
safe and optimal use. In this context, the current investigation focuses on the examina-
tion of paroxetine as a anti-corrosion agent utilizing mass loss analysis, electrochemical
assessments, quantum chemical approaches, and atomic force microscopy. Paroxetine
drug available in the form of tablets. Paroxetine is the derivative of phenylpiperidine
and belongs to selective serotonin reuptake inhibitor (SSRI). Paroxetine is an antide-
pressant drug used in treatment of panic disorders, depression, post-traumatic stress
disorders and chronic headache[? ]. Because of its structural characteristics, such as
active sites, a lone electron pair, and electrons distributed throughout its aromatic ring,
the drug has the properties which can be utilized to act as effective inhibitor.

4.2 EXPERIMENTAL AND METHODS

4.2.1 Preparation of metal sample and test solutions

The MS sample of the same size (2cm×5cm) has been utilized for the present experi-
mental study. MS coupons were abraded mechanistically with emery papers of various
kinds to get the smooth shiny surface and cleaned with double-distilled H2O, decon-
taminated with (CH3)2CO, and dried in air. The gravimetric composition of the metal
coupon was C (0.17%), Fe (98.7), Mn (0.54), Si (0.20%), P (0.16%). The corrosive
medium of 1M HCl was prepared by adding double-distilled water to analytical grade
37% HCl. The 10 mg tablet of paroxetine drug (Brand-Part-10; Ipca Laboratories) was
purchased from a local pharmacy and contained paroxetine hydrochloride hemihydrate
(10 mg) and titanium dioxide. The paroxetine was in pure form, extracted, and the in-
hibitor solutions of different concentrations (5-20 ppm) were made by dissolving the
drug in aggressive media[135].

4.2.2 Weight Loss Study

To examine how temperature influences the ability of paroxetine in 1 M HCl to protect
MS, both uninhibited and inhibited with varying drug amounts (ranging from 5 to 20
ppm) at temperatures between 303 K and 333 K, mass loss analysis is widely regarded
as the primary means of assessing the effectiveness of inhibition. Metal coupons were
weighed both before and after being immersed for 4 hours in the corrosive environment
and in inhibitor solutions with different concentrations[136]. IE% θ , and Cr were mea-
sured utilizing the expression:
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IE% = Wo−Wi
Wo

×100

θ = Wo−Wi
Wo

Cr(mpy) = 534×W
A×t×D

Where; A - sample surface area (cm2); IE - Inhibition efficiency; Cr - Corrosion rate;
W0 – Weight loss of metal coupon in blank solution; Wi - weight loss of inhibited
metals, W - Weight loss (mg); θ - surface coverage; t - immersion time (hours), D -
sample density (g/cm3).

4.2.3 Electrochemical Study

3-electrode system used for the electrochemical measurements on an electrochemical
workstation (Gamry Potentiostat - IFC-1010E). Data fitting was done with the help of
Echem Analyst 5 software. The installation of the three-electrode system was done
carefully in the system, and 300 ml solutions were used for electrochemical testing.
Mild steel coupon was used as the working electrode, which was polished using emery
papers of different kinds, cleaned, and decontaminated with (CH3)2CO prior to use[137].
Platinum wire was used as a counter electrode while Ag/AgCl was used as reference
electrode. Before electrochemical testing, solutions were stabilized for an hour. Elec-
trochemical tests were performed on stabilized OCP with high frequency of 100 KHz
and low frequency of 0.1 Hz with 5mV drive signal. The linear polarization resistance
was studied with the potential setting between -0.02 and +0.02V with a 1mV/s scanning
rate. The equation below shows the relationship between linear polarisation resistance
and inhibitory effectiveness.

IE% =
(R′

p −R◦
p)

R◦
p

×100

Where R◦
p is polarization resistance in the blank solution, R′

p is polarization resistance
with inhibitor.
To get Nyquist plots, the EIS was performed using AC signals with a frequency range
of 0.2 Hz to 105 Hz and an amplitude of 10 mV. Using the provided formula, the drug’s
effectiveness was determined from the charge transfer resistance (Rct) values[138].

IE% =
R
′
ct−R◦

ct
R′

ct
×100

Where, R◦
ct is the charge transfer resistance in the blank solution, and R′

ct is the charge
transfer resistance with the inhibitor.
With a potential range of −250 to +250 mV and a rate of scan of 1 mV/s, a plot was
produced to assess the effects of corrosion on metal. To determine corrosion current
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densities, the linear Tafel plot’s cathodic and anodic curves were extrapolated to obtain
the corrosion potential. Using current densities, the inhibitor’s inhibitory performance
(IE%) was estimated using the following formula[139].

IE% =
I◦corr−I′corr

I◦corr
×100

where I◦corr is the corrosion current density in 1 M HCl, I′corr is the corrosion current
density at various concentrations of the inhibitor. All electrochemical experiments were
repeated three times to acquire reproducibility.

4.2.4 Quantum Chemical Study

DFT was used to describe various quantum molecular features and to determine the
connection between inhibition potential and drug molecular characteristics, as well as
the inhibition mechanism. The optimized structure and DFT variables of paroxetine
in both gas and aqueous phases were obtained using DFT calculations on the basic set
6-31 G* with the B97X-D method in Spartan 20 software. DFT has been documented
to offer dependable outcomes in characterizing diverse molecular attributes, including
calculations of the Lowest Unoccupied Molecular Orbital (LUMO) energy, Highest
Occupied Molecular Orbital (HOMO) energy, electronegativity (χ), and various other
variables derived from these parameters[140].
Ionization potential (I) characterizes the disposition of a chemical entity to give up
electrons, and its relation with EHOMO is elucidated by the equation:

I =−EHOMO

Electron affinity (A) is the tendency of a chemical species to gain electrons and corre-
lated to EHOMO as follows:

A =−ELUMO

Electronegativity is the tendency of an atom to attract electrons and can be calculated
using the following equation:

χ = (I+E)/2

Chemical hardness (η) is the measures of the resistance of an atom to a charge transfer
and can be calculated by using the equation:

η = (I−A)/2

The fraction of transferred electrons in a chemical reaction is given by the equation:

∆N = χFe−χinh
2(γFe+γinh)

Where χFe− electronegativity of iron (7 ev/mol), ηFe− global hardness of iron (0). The
values have been reported in the literature.
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4.2.5 Surface Study

In order to figure out the impact of the drug on safeguarding the MS substrate, the
surface was characterized by Bruker Atomic Force Microscopeafter submerging the
MS samples in both the uninhibited (1 M HCl) and inhibited 20 ppm solution for a
duration of 4 hours.

4.3 RESULT AND DISCUSSIONS

4.3.1 Characterization

a) UV-Vis Study
The UV spectra for the drug was studied and maximum absorption was observed at 293
nm which is the landmark for paroxetine[141] (Figure 4.2).

Figure 4.2: UV spectrum of Paroxetine

b) FT-IR Study
I R spectrum of the drug was studied and the peaks at 3323 cm−1(O-H stretching), 2912
cm−1( aliphatic C-H stretching), 2749 cm−1 (ammonium N-H stretching) 1645 cm−1

(aromatic C-C stretching), 1232 cm-1 (ether C-O-C asymmetric stretching), 1218 cm−1

(fluoro aromatic C-F stretching), 1097 cm−1 (ether C-O-C symmetrical stretching), 980
cm−1 (acetal C-O-C stretching), 836 cm−1 (aromatic C-H out of plane bending) were
observed which are characteristics of paroxetine[142](Figure 4.3).
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Figure 4.3: FT-IR spectrum of Paroxetine

4.3.2 Weight Loss Study

a) Effect of inhibitor concentration on Corrosion rate and Inhibition efficiency
Weight loss study was performed to calculate (% I.E), (θ ) and (Cr) of MS in 1 M HCl.
The MS specimen was immersed under inhibitor solutions of variable concentrations
ranging from 5 to 20 ppm in an acidic environment for 4 hours in the temperature
between 303 to 333 K. Weight loss experimental results such as weight loss, corrosion
rate, average surface coverage, and inhibitory performance have been summarized in
Table 4.1, 4.2 Corrosion rate was highest in 1 M corrosive medium, but decreased
corrosion rate was observed with the enrichment of the inhibitor, indicating inhibitor
particles’ binding on the MS substrate. Meanwhile, a rise in the extent of corrosion
was seen when the temperature increased from 303 to 333 K, indicating desorption and
the occurrence of degradation reactions at a faster rate (Figure 4.4). The maximum
inhibitory performance (96.47%) was observed at 303 K and 20 ppm concentration
as a result of a spike in the accessible surface area for drug adsorption, but inhibition
efficacy decreased with an increase in temperature (Figure 4.5) due to a lack of energy
to overcome adsorption and increased desorption of the inhibitor.
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Figure 4.4: Effect of Paroxetine concentration on rate of corrosion of mild steel in 1 M
HCl at various temperatures (303-333K).

Figure 4.5: Inhibition Efficiency of Paroxetine versus concentrations (5-20 ppm) at
different temperatures
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Table 4.1: IE, Cr, and θ of Paroxetine with mild steel at 303K and 313K temperature
with different concentration range

.

Temp. 303 K 313 K

Conc. (ppm) Cr (mpy) θ I.E. (%) Cr (mpy) θ I.E. (%)

Blank 956.54 - - 1428.05 - -

5 221.39 0.77 76.86 387.01 0.73 72.90

10 175.76 0.82 81.63 307.58 0.78 78.46

15 104.78 0.89 89.05 226.46 0.84 84.14

20 33.8 0.96 96.47 158.86 0.89 88.88

Table 4.2: IE, Cr, and θ of Paroxetine with mild steel at 323K and 33K temperature
with different concentration range

.

Temp. 323 K 333 K

Conc. (ppm) Cr (mpy) θ I.E. (%) Cr (mpy) θ I.E. (%)

Blank 1487.2 - - 2485.99 - -

5 476.58 0.68 67.95 924.43 0.63 62.81

10 403.91 0.73 72.84 795.99 0.68 67.98

15 319.41 0.79 78.52 677.69 0.73 72.74

20 236.6 0.84 84.09 537.42 0.78 78.38

b) Kinetic and Thermodynamic Studies
By examining how temperature affects corrosion, the process of inhibition may be iden-
tified. The relationship between temperature and corrosion rate can be studied with the
help of Arrhenius equation[143].The graph of Log Cr Versus 1/T was plotted (Fig 4.6)
and pre-exponential component (A) was calculated from the intercept and apparent ac-
tivation energy Ea from the slope of straight-line curve.

logCr =
−Ea

2.303RT + logA

where A is the Arrhenius pre-exponential factor, Ea is the apparent energy of activation,
and R is the molar gas constant.
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Figure 4.6: Arrhenius Plot in blank and with different concentrations of Paroxetine in 1
M HCl for mild steel corrosion.

Table 4.3: Kinetic and Thermodynamic parameters of Paroxetine with MS at different
temperatures and inhibitor concentration range

.

Conc.
(ppm)

Ea

(kJ/ppm)
A(Sec−1)

∆H
(kJ/mol)

-∆S
(kJ/mol/K)

∆Gact (kJ/mol)

303K 313K 323K 333K

Blank 24.30 1.49×101 21.66 0.12 57.43 58.61 59.79 60.97

5 37.63 6.84×103 35.00 0.09 61.00 61.85 62.71 63.57

10 40.21 1.49×103 37.57 0.08 61.58 62.37 63.16 63.95

15 49.84 4.23×104 47.20 0.05 62.67 63.18 63.69 64.20

20 73.29 1.84×108 70.65 0.02 64.73 64.54 64.34 64.15

Transition state equation helps in calculation of other activation parameters and this
equation is also an alternative form of Arrhenius equation[141].

Cr =
RT
Nh exp

(
∆S
R

)
exp

(−∆H
RT

)
Where Nh is the product of Avogadro’s number and Planck’s constant, ∆S is the appar-
ent entropy of activation, and ∆H is the apparent enthalpy of activation.
The graph of log (Cr/T) versus 1/T was plotted, and a straight line was discovered from
there (Fig. 4.7). From the slope and the intercept of the graph, ∆H values and ∆S values
were determined respectively and mentioned in Table 4.3. It is revealed using the values
that the energy of activation for corrosion of the inhibited sample was higher in contrast
to the uninhibited sample, signifying the drug binding on the MS surface.
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Figure 4.7: Transition state plot in blank and with different concentrations of Paroxetine
in 1 M HCl for mild steel corrosion.

Because of the higher drug binding on the metal substrate, the ∆H rises as the drug
concentration increases, suggesting greater metal shielding. The binding of the drug
with MS raises the values of ∆H of the degradation phenomenon, which slows the rate
of corrosion. The entropy of activation was very high without the drug, as the rate-
determining step of the phenomenon is more ordered. However, when the inhibitor was
added, the rate-determining step, which is the disposal of H+ at the anodic part to ad-
sorb, was reduced as the inhibitor covered the surface of the metal. The system then
passed to a more random arrangement, resulting in an increase in entropy with the addi-
tion of the inhibitor. Activation energy along with enthalpy of corrosion increased with
the addition of the inhibitor due to increased coverage of the surface by the enhanced
binding tendency of the drug on MS (Figure 4.8).

Figure 4.8: Variation of activation energy and enthalpy versus concentration of Paroxe-
tine
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Activation energy along with enthalpy of corrosion increased with the addition of the
inhibitor due to increased coverage of the surface by the enhanced binding tendency of
the drug on MS (Figure 4.8). The equation may be used to connect the change in free
energy of activation for the phenomenon of degradation to ∆H and ∆S:

∆G = ∆H −T ∆S

Calculated ∆G values have been mentioned in Table 4.3, and these values were observed
to become positive with the rise in drug amount and decrease with an increase in tem-
peratures, depicting the unstable nature of the activated complex and the improbability
of the formation of the activated complex.
c) Adsorption Isotherms
The isotherm gives the relationship between the extent of adsorption against the con-
centration at constant temperature. Isotherm provides basic information regarding the
interaction between metal and the inhibitor. All the drugs act through surface adsorp-
tion at the interface between metal and aggressive solution to control corrosion. To
find a suitable isotherm, data were fitted into various isothermal models. The data
best fit various adsorption isothermic models such as Tempkin, Freundlich, El-Awady,
and Langmuir adsorption isotherms. The most appropriate fit was observed with the
Langmuir adsorption isotherm (Figure 4.9) with a correlation coefficient (R2 > 0.99),
as mentioned in Table 4.4. This indicates monolayer adsorption of Paroxetine in 1 M
hydrochloric acid on the mild steel surface. The Langmuir isotherm for adsorption is
given as:

C
θ
= 1

Kads
+C

Where, Kads is an equilibrium constant for adsorption process, C is inhibitor concentra-
tion and θ is degree of surface coverage

Figure 4.9: Adsorption isotherm of drug Paroxetine on mild steel surface in 1 M HCl at
various temperatures.
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The equilibrium constant and standard free energy can be related by the following equa-
tion:

Kads =
1

106 exp(−∆Gads
RT

)

where Kads is Equilibrium adsorption constant, T is Temperature in Kelvin, ∆Gads is
standard free energy and R is molar gas constant.

Table 4.4: Parameters of adsorption computed from Langmuir isotherm of adsorption.

Temp. (K) Slope R2 Kads ×10−3 ∆Gads (kJ/mol)
303 0.95 0.98925 441.50 -37.47

313 1.10 0.99633 505.14 -37.13

323 1.05 0.99302 429.14 -37.55

333 1.07 0.99822 391.09 -37.78

4.3.3 Electrochemical Study

a) Analysis of Linear Polarization Measurements (LPR)
The polarization resistance (Rp) and inhibition efficiency in absence and with varied
concentration of paroxetine in 1 M HCl for mild steel were calculated and enumerated in
the Table 4.5. After close observation, it has been concluded that Rp at 20 ppm inhibitor
concentration was maximum and it was increased from 22.51 of the uninhibited to
109.7, 147, 248.2 and 298.5 for varied concentration of inhibitor indicating increased
effectiveness of paroxetine in corrosion inhibition with increasing concentration.

Table 4.5: Linear polarization resistance data for mild steel in blank and in the presence
of Paroxetine inhibitor at various concentrations.

Conc. (ppm) Ecorr(mV(Ag/AgCl)) Icorr (µA/cm2) IE(%) Rp ( cm2) IE(%)
Blank -754.1 1157 - 22.51 -

5 -443.1 273.5 76.36 109.7 79.48

10 -430.3 176.1 84.78 147 84.69

15 -438 105 90.92 248.2 90.93

20 -443.7 93.56 91.91 298.5 92.46

b) Analysis of Potentiodynamic Polarization Curves
The PDP curves provide information about the cathodic and anodic reactions of the
metal in the solution. Iron (Fe) undergoes ionization at the anodic part, while at the
cathodic part, H2O is produced.

CathodicReaction : O2 +4H++4e− → H2O
AnodicReaction : 2Fe → Fe2++4e−
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Figure 4.10 shows PDP curves of MS in acidic both in uninhibited and inhibited states
using varied doses of paroxetine. To analyze the kinetic information of cathodic and
anodic reactions in the corrosion process, Tafel curves were utilized to obtain corrosion
current density, cathodic slope (βc), anodic slope (βa), corrosion potential (Ecorr), and
are enumerated in Table 4.6.

Figure 4.10: Tafel plot for mild steel in 1M HCl solution containing various Concentra-
tions of Paroxetine

Table 4.6: Tafel polarization parameters of mild steel in the presence of Paroxetine in
1M HCl.

Potentiodynamic Polarisation Parameters
Conc.
(ppm)

βa

(mV/dec)
βc

(mV/dec)
-Ecorr

(Ag/AgCl)
Icorr

(µA/cm2)
IE (%)

Blank 93 117.4 432 635

5 104 115 435 146 77.01

10 102 117 431 126 80.16

15 50.9 47 422 31.5 95.04

20 58.2 49.1 424 23.5 96.30

After close scrutiny of Table 4.5, it is observed that as the doses of drug was increased
from blank to 20 ppm, the Ecorr value decreased. Since the Ecorr value does not change
significantly with the addition of the inhibitor, it indicates a mixed-type behavior of the
inhibitor used. The inhibitor protects the metal by preventing the formation of water
at the cathode and inhibiting the dissolution of the metal at the anode. Icorr value of
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blank solution was decreased with the addition of inhibitor as well as with increase
in concentration of paroxetine, which may be because of the development of an drug-
binded coating over MS substrate, which shows that the drugs’s ability to stop corrosion
is becoming stronger as it is concentrated.
c) Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy provides information about the interface of
metal and solution, indicating corrosion of the metal. Figure 4.11 shows the Nyquist
plot of mild steel in blank and in variable concentrations of the inhibitor. Semicircle
loops in the Nyquist plot for mild steel in 1 M HCl are observed, and the diameter of
semicircles increased with an increase in the concentration of the inhibitor, showing
enhancement of the inhibition efficiency of the inhibitor for controlling corrosion. Im-
perfections in semicircles indicate roughness in mild steel due to frequency distribution.

Figure 4.11: Nyquist plots for mild steel in 1M HCl solution with various concentrations
of Paroxetine

.

Figure 4.12 represents the equivalent circuit of the electrochemical impedance spectra.
The impedance of double layers changes with frequency, so Cdl is replaced by CPE
(common phase element). The impedance of the constant phase element, ZCPE , is cal-
culated as follows.

ZCPE = Y−1
0 (iω)−n

Where; Y0 - CPE constant, n is the CPE exponent (phase shift), ω is the angular fre-
quency.
The double-layer capacitance was calculated by using the equation:
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Figure 4.12: Equivalent Circuit Model of the EIS
.

Cdl = (Y0R1−n
ct )1/n

Inhibition efficiency from electrochemical impedance data was calculated using charge
transfer resistance (Rct):

IE% =
100(R′

ct−R0
ct)

R′
ct

Where, R0
ct is the charge transfer resistance in the blank solution; R′

ct is the charge
transfer resistance with the inhibitor.

Table 4.7: Electrochemical Impedance Variables of Mild Steel in blank and in presence
of variable concentrations of Paroxetine

.

Conc. (ppm)
Rs

(Ω cm2)
Rct

(Ω cm2)
Y◦

(10−6Ω−1cm2)
n

Cdl

(µF cm−2)
I.E (%)

Blank 4.3 30.7 185.5 0.878 616.8

5 6.2 110.6 80.7 0.859 359.2 72.24

10 6.6 144.7 72.4 0.863 314.7 78.79

15 5.9 244.3 67.3 0.879 256.1 87.43

20 5.7 332.1 51.2 0.886 179.3 90.76

Table 4.7 provides unambiguous evidence that an increase in the inhibitor concentration
in the 1 M corrosive solution results in improved Rct values and reduced Cdl values. The
increase in Rct values is likely linked to a slower extent of corrosion, possibly by the
formation of a layer on the metal substrate. Conversely, the decrease in Cdl values
might be attributed to either an increase in double-layer thickness or a reduction in
dielectric constant, indicating the binding of drug molecules on MS. Electrochemical
impedance spectroscopy data confirms that inhibition efficiency increases with greater
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drug concentrations, supporting the idea that Paroxetine in an acidic environment is an
effective agent for inhibiting MS corrosion. The results from EIS and PDP curves are
in strong alignment.

4.3.4 Surface Study: Atomic Force Microscope (AFM)

Over the course of a 4-hour immersion period, a surface study of an MS specimen in
1 M corrosive solution and 20 ppm paroxetine solution in the corrosive medium was
carried out using an AFM scan. The surface analysis determined the surface roughness
on a 10m× 10m area. The mean surface roughness of MS decreased from 220 nm in
blank to 92 nm in the inhibitor solution (Figure 4.13). It is clear that the mild steel
surfaces exposed to the corrosive medium were found to be shattered in the blank,
but when an inhibitor was present, the surfaces were less likely to splinter because of
protection from corrosion.

Figure 4.13: (a) and (b) are 2D and 3D scan of polished metal (reference), (c) and (d)
are 2D and 3D scan of MS surface immersed in 1 M HCl (blank), (e) and (f) are 2D and
3D scan of MS immersed in 20 ppm Paroxetine in 1 M HCl.
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4.3.5 Quantum Chemical Study

The EHOMO signifies the tendency to provide electrons to electron-deficient species,
while ELUMO is the molecule’s propensity to gain electrons. For a molecule to act as
an efficient inhibitor, it should have higher EHOMO and lower ELUMO values with a
small energy gap. The experimental compound has a higher EHOMO and lower ELUMO

(∆E = 8.84), making it an efficient inhibitor.
The dipole moment gives the polarity, and a molecule with higher polarity has the ten-
dency for dipole-dipole attraction. The dipole moment is related to inhibition efficiency.
The number of electrons transferred (∆N) provides information about electron accep-
tance or donation property. The positive and higher value of ∆N indicates its electron-
donation property, while a negative and lower value indicates the electron-acceptance
property of a compound. For the molecule, a fraction of transferred electrons (∆N)
less than 3.6 shows increased efficacy with a rise in electron-giving ability with MS. A
larger fraction of transferred electrons is associated with increased inhibition efficiency,
while the least value of the fraction of transferred electrons is associated with lower
inhibition efficacy. For the present inhibitor, the ∆N value is less than 3.6, indicating its
high electron-donation capacity, which makes it an efficient corrosion inhibitor.
Chemical hardness is an important factor to indicate the propensity of a compound
to take electrons. A positive value of chemical hardness of paroxetine indicates its
electron-donation characteristic resulting in lesser dissolution of the metal. The chem-
ical hardness value for the compound agrees with experimental results. The various
quantum chemical parameters for gas and aqueous phase paroxetine have been men-
tioned in Table 4.9, and the optimized structure and corresponding HOMO and LUMO
for Paroxetine are shown in Fig 4.14.

Table 4.8: Quantum Chemical parameters for Paroxetine for gas and aqueous phase .

EHOMO

(eV)
ELUMO

(eV)
I

(eV)
A

(eV)
χ

(eV)
η

(eV)
∆E

(eV)
µ

(D)
∆N

Gas -7.23 1.61 7.23 -1.61 2.81 4.42 8.84 0.89 0.473

Aqueous -7.35 1.66 7.35 -1.66 2.845 4.505 9.01 1.04 0.461

After the close observation, it can be said that the values of quantum chemical pa-
rameters for aqueous phase are greater than the gaseous phase paroxetine indicating
protonation of the inhibitor and protonated inhibitors have greater tendency of donation
of electrons and thereby increase adsorption capacity of a compound on metal surface.
The higher dipole moment of the compound in aqueous phase than the gaseous phase
makes it capable to interact with metal electrostatically due to protonation indicating
physical adsorption[144]. Quantum chemical parameters support both physisorption
and chemisorption of the drug on metal, which also supports experimental results. The
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optimized structure, distribution of HOMO and LUMO of gaseous and aqueous phase
paroxetine, have been given in Figure 4.14.

Figure 4.14: Optimized Structure and the corresponding HOMO and LUMO for Parox-
etine in Gas (a,c,e) and Aqueous phase (b,d,f)
.

The mulliken charges for gas and aqueous phase paroxetine as computed from quantum
chemical study have been mentioned in the table 4.8. After close observation maximum
charges were found on N1(-0.62), O1(-0.56),O2(-0.56) and O3(-.56) The charge present
on the atoms indicate active centres for adsorption[144].

Table 4.9: Mulliken Charges for gas(g) and aqueous phase(aq) Paroxetine .

Charge Charge Charge
Atom

Gas Aqueous
Atom

Gas Aqueous
Atom

Gas Aqueous
C1 -0.28 -0.31 C18 -0.24 -0.26 H14 0.32 0.345

C2 0.339 0.333 C19 -0.25 -0.26 H15 0.164 0.174
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C3 0.32 0.314 C20 0.388 0.372 H16 0.14 0.138

C4 -0.23 -0.25 C21 -0.17 -0.17 H17 0.166 0.17

C5 -0.25 -0.27 F1 -0.31 -0.32 H18 0.159 0.173

C6 0.377 0.369 H1 0.193 0.211 H20 0.159 0.181

C7 0.167 0.149 H2 0.186 0.213 H22 0.17 0.195

C8 -0.07 -0.09 H4 0.201 0.192 H24 0.167 0.199

C10 -0.18 -0.18 H5 0.166 0.202 H26 0.186 0.21

C12 -0.17 -0.18 H6 0.152 0.18 H28 0.186 0.209

C13 -0.31 -0.32 H7 0.17 0.198 N1 -0.58 -0.62

C14 -0.21 -0.21 H8 0.186 0.216 O1 -0.54 -0.56

C15 0.142 0.129 H10 0.168 0.171 O2 -0.55 -0.56

C16 -0.21 -0.24 H11 0.137 0.15 O3 -0.54 -0.56

C17 -0.21 -0.23 H12 0.182 0.175

4.4 MECHANISM OF INHIBITION

Corrosion inhibition mechanism of paroxetine on MS can be explained by thermo-
dynamic, electrochemical, and quantum chemical studies in hydrochloric acid. Drug
molecules get bonded on MS surface by dislodging H2O molecules already adsorbed
on the metal by a displacement reaction. Thermodynamic, electrochemical, and quan-
tum chemical investigations may be used to learn about the working of paroxetine’s
inhibition nature on MS in hydrochloric acid. By dislodging water molecules that have
previously been adsorbed on the metal via a displacement process, drug molecules are
bonded over the MS surface.

PAX(sol) + yH2O(ads) ⇌ PAX(ads) + yH2O(sol)

Weight loss measurements justify physical adsorption mechanism of inhibition. The
paroxetine molecules get protonated at active sites (N, O) having maximum charge
density(Table 9) and generate charge in acidic medium. Chloride ions of hydrochloric
acid gets adsorbed on charged metal surface to generate negative charge thereby causing
electrostatic attraction between negatively charged metal and pronated inhibitor hence,
physical adsorption.

[Drug]+H+ → [DrugH]+

M+Cl− → [MCl]−

[PAXH]++[PAXCl]− → Electrostatic interaction

Monolayer adsorption of the drug on the MS surface is defined by the Langmuir ad-
sorption isotherm. Electrochemical calculations suggest a mixed-type behavior of the
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drug for MS in an acidic atmosphere. The drug prevents corrosion at the anodic site by
reducing the evolution of hydrogen as well as at the cathodic site by interacting directly
on the MS surface and preventing oxidation. Quantum chemical study suggests the do-
nation of electrons from the active site of the inhibitor to the metal, thereby proving a
strong interaction between paroxetine and the metal surface.

4.5 CONCLUSION

1. The corrosion inhibitory performance of paroxetine on mild steel in 1 M HCl
has been analyzed by weight loss, electrochemical techniques, quantum chemical
study, and atomic force microscopy.

2. The studied medication proved to be an excellent corrosion inhibitor, and its ef-
ficacy improved with a rise in concentration and decreased as the temperature
increased. The maximum efficacy of 96% was observed at a 20 ppm concentra-
tion and 303 K.

3. Langmuir Adsorption isotherm was obeyed with a regression coefficient of 0.99,
which is quite near 1, showing the effectiveness of the compound.

4. The Tafel plot reveals mixed-type behavior of the inhibitor. The observations
from weight loss study, potentiodynamic polarization, and electrochemical impedance
are correlated with each other.

5. Decrease in average roughness of the surface also justifies surface protection by
the inhibitor. Quantum chemical study reveals the donation of electrons from the
active site of the inhibitor to the metal, thereby proving paroxetine as an efficient
corrosion inhibitor.
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CHAPTER 5

ANTI-DEPRESSANT DRUG ESCITALOPRAM AS
EFFICIENT CORROSION INHIBITOR FOR MILD

STEEL

5.1 INTRODUCTION

Mild steel (MS) holds paramount significance within engineering applications, occu-
pying a pivotal role in critical sectors such as oil and gas refinement, extraction, boil-
ers, process industries, water pipelines, and petrochemical domains. In these sectors,
hydrochloric acid, either in isolation or within mixtures, is ubiquitously employed,
wielded at varying concentrations to mitigate rust and corrosion-derived manifesta-
tions. Nonetheless, exposure to acidic media precipitates profound material deterio-
ration, instigating consequential material, temporal, and fiscal detriments. In response
to this formidable challenge, researchers have undertaken an exhaustive exploration of
diverse corrosion inhibitors, poised to counteract the pernicious repercussions of corro-
sion. Corrosion inhibitors have emerged as an ecologically prudent panacea, stemming
from their parsimonious usage requisites, facile accessibility, and remarkable efficacy
in corrosion governance. These inhibitors evince an innate proclivity for substantial ad-
sorption onto the metal substrate via physicochemical interactions, thereby potentiating
their corrosion-mitigative prowess. Notably, so far untapped pharmaceutical agents are
being repurposed to address solid waste containment exigencies, proffering ecocentric
alternatives for corrosion abrogation. The economic outlay associated with the synthe-
sis or conveyance of chemical inhibitors for corrosion prophylaxis approximates 7% of
the aggregate expenditures earmarked for safeguarding metals and alloys against corro-
sive vicissitudes in the industrial milieu.
The investigation of pharmaceutical chemicals as potential corrosion inhibitors for met-
als exposed to corrosive environments has attracted significant attention in the academic
community. This heightened attention stems from the fact that a predominant propor-
tion of pharmaceutical agents encompass aromatic ring structures, heteroatomic moi-
eties, and conjugated double bonds. Owing to the confluence of these intricate func-
tional groups within the molecular architecture, pharmaceutical agents have garnered
recognition as efficacious agents for corrosion inhibition[145].
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Figure 5.1: Structural information of Escitalopram
.

Escitalopram is predominantly recommended for managing general anxiety disorder,
which involves excessive and uncontrollable worry about various aspects of life, and
severe depressive disorder, characterized by a chronically depressed attitude, a decline
in interest or enjoyment, and other emotional and physical symptoms. It falls into the
category of pharmaceuticals known as Selective Serotonin Reuptake Inhibitors (SSRIs).
The mechanism of action for SSRIs involves elevating serotonin, a neurotransmitter,
within the brain. This elevation can lead to mood enhancement, anxiety reduction, and
the alleviation of specific symptoms associated with depression. Its function involves
the inhibition of serotonin reuptake in the brain, resulting in heightened serotonin lev-
els within the synaptic cleft, the gap between nerve cells. This heightened serotonin
activity is believed to contribute to the therapeutic effects in treating depression and
anxiety. Generally, drug molecules have become the focus of increased interest as po-
tential corrosion inhibitors because of their capacity to create protective coatings on
metal surfaces. These compounds possess unique chemical structures and functional
groups that allow them to interact with metal surfaces, forming protective layers that
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inhibit corrosive reactions. Extensive research is ongoing to explore the corrosion-
inhibiting properties of various drugs, including their efficiency, mechanism of action
and compatibility with different metal substrates. Using drugs as corrosion inhibitors
holds promise in providing environmentally friendly and cost-effective solutions for
corrosion protection in various industrial applications. However, further research and
investigation are necessary to understand the mechanisms of drug-metal interactions
fully and to tailor these compounds for specific corrosion protection applications. Nev-
ertheless, this emerging field holds great promise for advancing corrosion inhibition
techniques with the utilization of pharmaceutical compounds. The current investigation
is centered around the evaluation of escitalopram, an antidepressant, as a potential alter-
native anticorrosive agent for mild steel. The assessment encompasses the utilization of
weight loss measurement along with electrochemical methodologies to determine the
degree of inhibition efficacy, rate of corrosion, and the underlying mechanism of action.
Additionally, FT-IR technique and UV analysis have been performed to facilitate com-
prehensive characterization. The inquiry also delves into the impact of temperature on
the inhibitive effectivenesse of escitalopram. To gain deeper insights into the protective
attributes of escitalopram on the surface of test metal, the morphological examination of
the safeguarded metal is performed using atomic force microscopy. Furthermore, cer-
tain quantum chemical computations have been executed to elucidate the experimental
findings derived from this investigation, thereby providing enhanced understanding into
the inhibitory effectiveness of escitalopram on the surface of mild steel.

5.2 EXPERIMENTAL AND METHODS

5.2.1 Preparation of metal sample and test solutions

Identical mild steel specimens, each measuring 10 cm², were employed for the current
experimental investigation. The mild steel samples underwent a systematic prepara-
tion process involving abrasion with emery papers of varying grades (200, 400, 600,
and 800) to attain a polished and lustrous surface. Subsequently, they were carefully
washed using double-distilled water, then subjected to a degreasing process with ace-
tone, and ultimately dried using hot air. The mild steel’s elemental composition was
determined as follows: Carbon (C) of 0.17%, Silicon (Si) of 0.20%, Manganese (Mn)
of 0.54%, Phosphorus (P) of 0.16%, and Iron (Fe) of 98.7%. A corrosive environment
was established by preparing a 1M solution of an aggressive medium, hydrochloric acid
(HCl), employing high-purity AR-grade 37% HCl dissolved in double-distilled water.
Inhibitor solutions with varying concentrations ranging from 5 to 20 ppm were formu-
lated by dissolving precise quantities of the inhibitor in the aggressive medium.
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5.2.2 Weight Loss Study

The weight loss methodology stands as the most widely employed mode of assessment
for examining inhibition in the context of temperature influence. To comprehensively
explore the temperature effect on the efficacy of escitalopram in safeguarding mild steel
against corrosive processes within a 1 M hydrochloric acid solution, a meticulous in-
vestigation was conducted. This entailed exposing mild steel samples to a range of
temperatures, spanning from 303 K to 333 K, under different inhibitor concentrations
(5 ppm to 20 ppm), both with and without inhibitors. Prior to experimentation, the mild
steel samples underwent a series of thorough preparatory steps. These steps included
the achievement of a polished mirror-like surface through the sequential utilization of
emery papers with varying degrees of abrasiveness. Post-abrasion, the samples were
subjected to a rigorous cleansing process involving acetone and double-distilled water,
followed by thorough drying utilizing a hot air stream.
The evaluation of inhibitory efficiency, surface coverage, and corrosion rate was exe-
cuted employing the subsequent formulations[146].

IE% = Wo−Wi
Wo

×100

θ = Wo−Wi
Wo

Cr =
534×W
A×t×D

Where, the notation employed is as follows: IE signifies the Inhibition Efficiency, the
symbol θ represents the fraction of surface coverage, and Cr stands for the Corrosion
Rate (expressed in mpy) . The parameters W0 and Wi respectively stand for the Weight
Loss of the metal sample with exclusion and inclusion of the drug. Here, W signifies
the overall weight loss in milligrams, while ’A’ pertains to the specimen surface area in
cm2; the symbol ’t’ represents the duration of immersion in hours, while ’D’ stands for
the density of the sample, measured in grams per cubic centimeter.

5.2.3 Electrochemical Study

Nyquist impedance curves and Tafel polarization curves were acquired through the em-
ployment of an Electrochemical Workstation Gamry Potentiostat, specifically the IFC-
1010E model. The experimental setup included three electrodes: the working elec-
trode of Mild steel sheet with an exposed area measuring 1 cm²; reference electrode
as Ag/AgCl electrode, and the platinum wire as a counter electrode. The procedure
involved immersing the working electrode into diverse sample solutions. All electro-
chemical assessments were performed under steady-state conditions at a temperature
of 303 K, utilizing 300 ml of electrolyte composed of 1 M hydrochloric acid (HCl).
Before each PDP and EIS test, the working electrode experienced a corrosion phase,
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during which its open circuit potential (OCP) was assessed. To attain Nyquist plots,
EIS was accomplished with AC signals in a frequency range of 100 kHz to 0.2 Hz and
an amplitude of 10 mV. Through the utilization of the furnished equation, the judgment
of the effectiveness of the inhibitor was based on the values of charge transfer resistance
(Rct).

IE% =
(

1− R0
ct

R′
ct

)
×100

Here, Rct and R′
ct represent the charge transfer resistance when the inhibitor is excluded

and when the inhibitor is included.
The PDP curves were systematically captured within a voltage range spanning from
−250 to +250 mV vs. the standard electrode (Ag/AgCl), comparative to the measured
OCP. A scanning rate of 1 mV/s was employed for these measurements. By exploiting
current densities (Icorr), the inhibitory efficacy of the inhibitor was assessed through the
application of the subsequent formula:

IE% =
I◦corr−I′corr

I◦corr
×100

Where I0
corr and I′corr are current density in the absence of inhibitor and at various con-

centrations of inhibitor, respectively.
The mean value of each parameter is reported after running the experiment in triplicate.

5.2.4 Quantum Chemical Study

Density Functional Theory (DFT) was made use of for analyzing various quantum
molecular characteristics with the goal of establishing a connection between the effec-
tiveness of inhibition and the molecular structure of the drug, while also investigating
the mechanisms of inhibition. The optimized configuration and quantum chemical pa-
rameters of escitalopram were computed in both gaseous and aqueous phases through
DFT calculations employing the ωB97X-D method and the basic set 6-31 G* within
the Spartan 20 software platform. DFT has been recognized for furnishing dependable
outcomes in describing a spectrum of molecular properties, including ELUMO, EHOMO

and electronegativity. These attributes can be computed from the aforementioned pa-
rameters.
Ionization potential (I) characterizes the disposition of a chemical entity to give up
electrons, and its relation with (EHOMO) is elucidated by the equation:

I =−EHOMO

Electron affinity (A) signifies a chemical species’ propensity to acquire electrons, and
its correspondence with ELUMO is delineated through the equation:

A =−ELUMO
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Electronegativity is intrinsic inclination of an atom to allure electrons, and its quantifi-
cation can be achieved utilizing the subsequent formula:

χ = I+E
2

Chemical hardness (η) evaluates an atom’s resistance to a transfer of charge and can be
computed via the equation:

η = I−A
2

The equation expresses the proportion of electrons transferred in a chemical reaction.

∆N = χFe−χinh
2(γFe+γinh)

Where χFe –electrnegativity of iron(7 ev/mol), γFe− global hardness of iron(0).

5.2.5 Surface Study

To find out how the inhibitor affects the preservation of metals, an analysis of the surface
was conducted subsequent to immersing the metal samples separately in the unaltered
medium (1 M HCl) and a solution containing a 20 ppm inhibitor concentration for a
duration of 4 hours. This investigation was facilitated through the utilization of an
Atomic Force Microscope (specifically, the Bruker Atomic Force Microscope).

5.3 RESULT AND DISCUSSIONS

5.3.1 Characterization

a) UV-Vis Study
In order to carry out the characterization of the drug, a drug solution was meticulously
prepared at a concentration of 100 mg/ml. Subsequently, the electronic spectra of the
drug solution were obtained using a Shimadzu UV-Vis spectrophotometer (UV-3600
plus). The discerned outcome indicated a prominent peak of maximal absorption at a
wavelength of 238 nm, a distinctive feature aligned with the spectral profile of escitalo-
pram (Figure 5.2)[147]. b) FT-IR Analysis
To verify that specific groups really exist, in the experimental drug, Fourier Transform
Infrared (FT-IR) spectroscopy was utilized, employing a Perkin Elmer Fourier Trans-
form Infrared spectrophotometer. The spectral analysis revealed distinct peaks at spe-
cific wavenumbers: 3336 cm−1 for -N-H stretching, 2882 cm−1 denoting aliphatic -C-H
stretching, 2249 cm−1 corresponding to -CN stretching, 1240 cm−1 indicative of -C-N
stretching, 1102 cm−1 representing aliphatic -C=O deformation, 1022 cm−1 signifying
-C-F stretching, and 766 cm−1 relating to -C=C bending. These observed spectral fea-
tures align precisely with the characteristic vibrational patterns of Escitalopram (Figure
5.3)[147].
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Figure 5.2: UV spectrum of Escitalopram
.

Figure 5.3: FT-IR Spectrum of Escitalopram
.

5.3.2 Weight Loss Study

a) Effect of inhibitor concentration on Corrosion rate and Inhibition efficiency
A comprehensive investigation through weight loss analysis was undertaken to evalu-
ate variables like inhibition efficacy (IE), rate of corrosion (Cr), and surface coverage
(θ ). This examination entailed subjecting a mild steel specimen to an array of inhibitor
concentrations spanning from 5 to 20 ppm within a corrosive medium, conducted over
a temperature ranging from 303 K to 333 K. From the presented data of Table 5.1, 5.2 it
has been concluded how the incorporation of the drug into the aggressive environment
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yields a notable enhancement in inhibition efficiency along with a concurrent reduction
in the magnitude of corrosion. Specifically, the IE% exhibited an escalation from 85.7%
to 96% as the inhibitor concentration was augmented from its base value to 20 ppm. On
the other hand, a decrease in effectiveness from 96% to 80.27% was seen when the drug
dosage was maintained at 20 ppm at the elevated temperature of 333 K.
The binding of the drug onto the MS surface causes a rise in surface protection, which,
in turn, causes a decline in the degree of corrosion and a rise in prevention efficacy.
In contrast, with the enhancement of concentration, the corrosion rate declines (Figure
5.3), and inhibition efficiency increases (Figure 5.4), since the drug develops a layer of
protection over the MS sample, reducing or eliminating the likelihood of corrosion. It’s
evident that as the inhibitor concentration rises, the surface protection by the studied
drug also rises.

Figure 5.4: Rate of Corrosion of MS in 1M HCl with 5-20 ppm of EST at 303-333K
.

Figure 5.5: Inhibition Efficiency of Escitalopram for mild steel protection in 1 M HCl
at 303-333K with 5-20 ppm of EST.
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Table 5.1: IE, Cr, and θ of Escitalopram with mild steel at 303K and 313K temperature
with different concentration range

.

Temp.
(K)

303 313

Conc.
(ppm)

Cr (mpy) θ I.E. (%) Cr (mpy) θ I.E. (%)

0 934.57 - - 1526.07 - -

5 133.51 0.86 85.71 277.16 0.82 81.84

10 104.78 0.89 88.79 239.98 0.84 84.27

15 70.98 0.92 92.41 201.11 0.87 86.82

20 37.18 0.96 96.02 162.24 0.89 89.37

Table 5.2: IE, Cr, and θ of Escitalopram with mild steel at 323K and 333K temperature
with different concentration range

.

Temp.
(K)

323 333

Conc.
(ppm)

Cr

(mpy)
θ I.E. (%)

Cr

(mpy)
θ I.E. (%)

0 1749.15 - - 2347.41 - -

5 452.92 0.74 74.11 723.32 0.69 69.19

10 397.15 0.77 77.29 696.28 0.7 70.34

15 324.48 0.81 81.45 561.08 0.76 76.1

20 236.6 0.86 86.47 463.06 0.8 80.27

b) Thermodynamic and Kinetic Parameters
Present investigation focused on the mild steel protection against corrosion, coupled
with an examination of the temperature’s influence, aiming to delineate the trends in
inhibition efficiency and corrosion behavior across a temperature spectrum of 308 K to
338 K. This analysis was carried out within an acidic milieu comprising 1N hydrochlo-
ric acid (HCl), facilitated by the introduction of inhibitors. Fluctuations in temperature
lead to various changes on the MS substrate, including processes such as adsorption,
desorption, rearrangement, and dissociation of the drug. The influence of tempera-
ture holds a notable sway over corrosion phenomena, a facet that can be harnessed to
elucidate the mechanisms underpinning corrosion inhibition. The connection between
temperature and corrosion rate is understood by applying the principles of the Arrhe-
nius equation[97].

log Cr =− Ea
2.303RT + logA
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Where, Ea: Apparent effective activation energy,
R: Molar gas constant
A: Arrhenius pre-exponential factor.

Figure 5.6: Arrhenius plot for log Cr vs 1/T for mild steel variable concentrations of
Escitalopram.

The pre-exponential factor (A) was determined by finding the intersection point on
the graph that illustrates the log Crvs1/T (Figure 5.5). On the other hand, Ea was
found using the gradient or slope of this curve. The dataset presented in Table 5.3
demonstrates a conspicuous contrast in activation energy between the inhibited and
uninhibited samples. This difference suggests that the inhibited sample demonstrates a
significantly greater activation energy, indicating a substantial binding of drug onto the
mild steel surface, which in turn leads to a decrease in the extent of corrosion.

Table 5.3: Kinetic and Thermodynamic parameters of Escitalopram with MS at differ-
ent temperatures and inhibitor concentration range

.

Conc.
(ppm)

Ea

(kJ/mol)
A

(×103)(Sec−1)
∆ H

(kJ/mol)
-∆ S

(kJ/mol/K)
∆ G (kJ/mol)

303 (K) 313 (K) 323 (K) 333 (K)
Blank 24.41 1.61 ×103 21.77 0.117 57.34 58.51 59.69 60.86

5 46.75 1.62 ×104 44.11 0.059 62.02 62.61 63.2 63.8

10 51.99 1.03 ×108 49.35 0.044 62.55 62.99 63.42 63.86

15 56.26 4.06×108 53.62 0.032 63.32 63.64 63.96 64.28

20 67.01 1.69×1010 64.38 0.001 64.55 64.55 64.56 64.56

The transition state equation, an alternative representation of the Arrhenius equation,
was employed to compute the remaining activation parameters[148].
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Cr =
RT
Nh exp

(
∆S
R

)
exp

(
−∆H

RT

)
(h: Planck’s constant; N: Avogadro’s number)

Upon constructing the graph of the logarithm of corrosion rate (logCr) divided by tem-
perature (T) against the reciprocal of temperature (1/T), a linear relationship was ev-
ident, as depicted in Figure 5.6. Through analysis of the intercept and slope of this
straight line curve, the values of ∆H and ∆S were computed and subsequently docu-
mented in Table 5.2. The inhibitor’s presence impedes the onset of corrosion, as evi-
denced by the observed increase in the ∆H value related to the phenomenon of corro-
sion. The presence of negative entropy of activation values suggests that as the reaction
progressed with higher inhibitor concentrations, there was a reduced degree of disorder
or entropy involved.

Figure 5.7: Transition state plot for mild steelprotection in blank and at variable con-
centrations of Escitalopram in 1 M HCl.

From Figure 5.8, a discernible trend is evident where both activation energy and cor-
rosion enthalpy exhibit an augmentation as the inhibitor concentration is heightened.
This phenomenon can be ascribed to an amplified surface coverage stemming from the
elevated propensity for inhibitor adsorption onto the metal surface.
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Figure 5.8: Variation of activation energy and enthalpy versus concentration of Esci-
talopram.

By using following formula, the free energy change of activation for corrosion phe-
nomenon can be determined.

∆G = ∆H−T∆S

The Gibbs free energy (∆G) reflects the spontaneity of a chemical process. A positive
∆G indicates a non-spontaneous process, implying that energy input is required to ini-
tiate the reaction. As temperatures rise, the trend of ∆G values becoming more positive
indicates a growing energy barrier for the reaction, implying a reduced likelihood of
the reaction taking place. The Gibbs free energy for adsorption values, which are doc-
umented in Table 5.3, are characterized by their positive nature. Notably, there exists
a subtle alteration in these values as temperatures are elevated, indicating a degree of
instability associated with the activated complex.
Furthermore, when investigating the impact of increasing the inhibitor concentration, it
is evident that the ∆G values undergo an increase. This upsurge in values signifies a
reduced probability of the activated complex formation. The impact of the inhibitor’s
concentration on ∆G is significant. A higher ∆G value with a rise in dosages of the drug
indicates that the presence of the drug reduces the spontaneity of the reaction, making
it less likely to occur on its own. This supports the idea that the inhibitor is introducing
an energy barrier, deterring the creation of the activated complex, and thus decreasing
the likelihood of the corrosion process.
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c) Adsorption Isotherms
The exploration of metal-inhibitor interactions is facilitated through the utilization of
adsorption isotherms. Diverse sets of experimental adsorption data were subjected to
several adsorption isotherm models, encompassing the Freundlich, Temkin, Langmuir,
and El-Awady isotherms. Out of these models, the Langmuir adsorption isotherm dis-
played the highest degree of agreement, indicating the dominance of monolayer adsorp-
tion phenomena. This result emphasizes the tendency of the Escitalopram inhibitor to
participate in monolayer adsorption on the MS substrate in acidic environment. The
mathematical form of Langmuir isotherm for adsorption is given as:

C
θ
= 1

Kads
+C

Where, Kads: adsorption equilibrium constant, θ : degree of surface coverage, and
C: Inhibitor concentration.

Figure 5.9: Langmuir Isotherm of adsorption for Escitalopram.

A plot of C/θ against C was constructed, revealing a slope that closely approximated
unity across different experimental temperatures within the context of 1 M hydrochlo-
ric acid (HCl), as depicted in Figure 5.9 Subsequently, through the application of the
isotherm model, both R2 (the coefficient of determination) and values of ∆Gads (Gibbs
free energy of adsorption) pertinent to the current inhibitor were computed and cata-
loged in Table 5.3. The relationship of equilibrium constant with standard free energy
is given as
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Kads =
1

1×10−6 exp
(
−∆Gads

RT

)
Where Kads: - Equilibrium adsorption constant, T: -Temperature in Kelvin, ∆Gads : -
standard free energy, R-molar gas constant.

Table 5.4: Parameters of adsorption as computed from Langmuir isotherm of adsorp-
tion.

Temp. (K) Slope R2 Kads × 103 ∆Gads

303 1.00 0.9993 952.032 -34.93

313 1.08 0.99964 1172.33 -35.54

323 1.01 0.99817 605.484 -38.45

333 1.07 0.99747 532.497 -40.00

The spontaneous nature of the adsorption phenomenon is quite obvious with the ad-
sorption parameters presented in Table 5.4 yielding free energy with negative values,
which is also indicative of the establishment of a stable adsorbed layer for the drug onto
the surface of MS. The ∆Gads values, below −20kJ/mol, indicate a situation of physical
adsorption, whereas values exceeding −40kJ/mol imply chemical adsorption. In the
context of the current investigation, the ∆Gads values fall towards −40kJ/mol, imply-
ing the chemical adsorption mechanisms for the escitalopram inhibitor on the substrate.
The parameter Kads represents the intensity of the binding between the MS and the drug.
Higher positive Kads values indicate a more effective binding between the substance
being adsorbed and the surface it adheres to, ultimately leading to higher inhibition
efficiency. Additionally, Kads diminishes with escalating temperature, highlighting the
reduced feasibility of the adsorption process under higher temperature conditions.

5.3.3 Electrochemical Study

a) Analysis of Linear Polarisation Measurements (LPR)
The linear polarization resistance method presents a straightforward and expeditious
approach for swiftly determining corrosion rate, corrosion current, and polarization re-
sistance, thus promptly assessing inhibition efficiency. Using this method, we deter-
mined the polarization resistance (Rp), corrosion current (Icorr), and inhibition rate in
the inhibited solution of various concentrations of escitalopram in acidic media (HCl)
for MS. These values are documented in Table 5.5. Upon meticulous analysis, it can
be inferred that the Rp values exhibited an elevation while the corrosion current values
registered a decline. These trends collectively underscore the heightened efficacy of
escitalopram in terms of corrosion inhibition, a potency that strengthens as the concen-
tration of the inhibitor increases.
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Table 5.5: Linear polarization resistance characteristics of mild steel with Escitalopram.

Conc. (ppm) Ecorr (mV (Ag/AgCl)) Icorr (µA/cm2) IE (%)
Rp

(Ω cm2)
IE (%)

Blank -754 1157 - 38.11 -

5 -443.2 87.44 92.44 487.5 92.18

10 -439.1 67.43 94.17 617 93.82

10 -429.3 56.53 95.11 713.3 94.66

20 -436.9 41.99 96.37 930.9 95.91

b) Analysis of Potentiodynamic Polarization Curves
The potentiodynamic polarization curve, commonly known as a Tafel plot, illustrates
the current response generated within an electrochemical cell as well as the electrode
potential of a specific metal under controlled circumstances. This graphical represen-
tation, as depicted in Figure 5.10 furnishes insights into the corrosion potential and the
ensuing current. Essentially, it elucidates the impact of corrosion on the metal under
investigation. The phenomenon of corrosion is fundamentally the metal dissolution
through oxidative breakdown at the metallic surface, concomitant with reduction reac-
tions transpiring within an aqueous environment.
Anodic reaction- M → Mn++ne−

Cathodic reaction- H2O+ e− → H2 +OH−

2H++2e− → H2

The Tafel parameters, denoted by βa and βb, alongside the corrosion current and cor-
rosion potential, have been observed and documented in Table 5.6. A significant ob-
servation derived from the illustrated figure is the noticeable shift downward at all con-
centrations in the cathodic and anodic segments of the potential curves. Moreover, with
the augmentation of inhibitor concentration, this shift towards lower current densities
becomes more distinct. This trend substantiates the occurrence of inhibition, facilitated
through the establishment of a layer adsorbed onto the metal surface. The corrosion
potential values (Ecorr) did not exhibit anomalous variations, signifying the mixed-type
behavior for the Escitalopram inhibitor. The corrosion of the metal is clearly inhibited
by its ability to impede both the anodic and cathodic processes, leading to a significant
reduction in the rates of these processes[149].
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Figure 5.10: Tafel graph depicting mild steel in a 1M HCl with varying concentration
of Escitalopram.

Table 5.6: Tafel polarization characteristics of mild steel when exposed to Escitalopram
in a 1M HCl environment

.

Conc.
(ppm)

βa

(mV/dec)
βc

(mV/dec)
Ecorr

(mV (Ag/AgCl))
Icorr

(µA/cm2)
IE (%)

Blank 93 117 -432 311

5 126 119 -430 25.4 91.83

10 122.1 109.3 -427 23.2 92.54

15 166.7 139.9 -428 18.1 94.18

20 97.7 90 -420 11.6 96.27

c) Electrochemical Impedance Spectroscopy (EIS)
The EIS data was thoroughly examined in both 1 M HCl alone and when exposed
to varying levels of escitalopram, specifically concerning mild steel corrosion. The
Nyquist plot (depicted in Figure 5.11) distinctly illustrates how the resistance exhibited
by mild steel against corrosion underwent modification upon the introduction of esc-
italopram. The impedance spectrum displays distinct capacitance semicircles, which
are significantly enhanced by virtue of the presence of the inhibitor as compared to the
blank solution. This enhancement in semicircle size is emblematic of the inhibitor’s
efficacy. As the inhibitor concentration escalates, the semicircles’ dimensions mature,
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indicative of an escalated proficiency for the inhibitor in governing the phenomenon of
corrosion. The deviations within these semicircles are ascribed to frequency dispersion,
stemming from the unevenness in MS surface influenced by the drugs binding[150].
At the interface between the MS and the aggressive medium, an electrical double layer
is established, leading to the emergence of capacitance. This capacitance is subject to
alteration in reaction to alternating current (AC).

Figure 5.11: Nyquist Diagrams depicting mild steel in a 1 M HCl with varying concen-
tration of Escitalopram.

As a result, the capacitive component (Cdl) has been replaced with a constant phase
element (CPE). The representation of the electrochemical impedance spectra through
an equivalent circuit is visually illustrated in Figure 5.12.

Figure 5.12: Equivalent Circuit model of the EIS
.
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Where, CPE:-phase element, Rct: charge transfer resistance and Rs: solution resistance
and. The Z of CPE may be represented as

ZCPE = Y−1
0 (jω)−n

Where Yo is CPE constant, Ω represents angular frequency in rad s−1, i = (−1)1/2 and n
is the represents phase shift, the measure of degree of irregularities in the metal surface.
The calculation of double layer capacitance is done by using the equation;

Cdl = (Y0R1−n
ct )1/n

The information in Table 5.7 makes it abundantly evident that as the drug’s dosage rises
in the aggressive medium, total impedance (Rct) values rise while double layer capaci-
tance (Cdl) values drop. The observed increase in (Rct) values is probably explained by
the development of a shielding layer on the exposed surface of the metal. Conversely,
a rise in the double layer’s thickness or a drop in the dielectric constant might be the
cause of the (Rdl) values decline. Based on the insights gathered from the Electro-
chemical Impedance Spectroscopy data, there is a significant improvement in the rate
of inhibition when the dosage of the drug is raised. This finding supports the assertion
that escitalopram can function as an effective corrosion inhibitor against mild steel in
an acidic medium. The outcomes of electrochemical impedance spectroscopy and po-
tentiodynamic polarization are in good agreement, further confirming their consistency
and reliability.

Table 5.7: EIS Characteristics of Mild Steel in the varying concentrations of Escitalo-
pram

.

Conc. (ppm)
Rs

(Ω cm2)
Rct

(Ω cm2)
Y0

(10-6 Ω−1 cm-2)
n

Cdl

(µ F cm-2)
I.E.
(%)

Blank 4.34 30.70 186.00 0.88 618.74 -

5 6.64 475.45 82.30 0.87 383.26 93.54

10 7.39 582.29 74.60 0.88 315.64 94.73

15 8.04 692.22 69.50 0.89 266.57 95.56

20 7.77 930.32 54.20 0.89 203.16 96.70

5.3.4 Quantum Chemical Study

The Energy of HOMO (EHOMO) represents a compound’s tendency to provide electrons
to electron-deficient species, whereas ELUMO signifies the molecule’s propensity to re-
ceive electrons. For a molecule to be an effective inhibitor, it should possess elevated
EHOMO and diminished ELUMO values, alongside a narrow energy gap. The experimen-
tal compound under scrutiny exhibits higher EHOMO and lower ELUMO values, substan-
tiating its efficacy as an efficient inhibitor.
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The dipole moment of a molecule corresponds to its polarity, with higher polarity imply-
ing an inclination for dipole-dipole attractions. This attribute is intertwined with inhibi-
tion efficiency. The parameter ∆N gauges a molecule’s capacity for electron acceptance
or donation. A positively elevated ∆N value signifies electron donation propensity,
whereas a negatively lower value indicates an electron-accepting nature. If the fraction
of transferred electrons (∆N) remains below 3.6, the compound demonstrates amplified
efficacy with increasing electron donation towards the metal surface. A greater fraction
of transferred electrons correlates with heightened inhibition efficiency, while a lower
fraction corresponds to reduced inhibition efficacy.
In the case of the present inhibitor, the ∆N value lies below 3.6, highlighting its strong
electron donation potential, a quality that contributes to its efficiency as a corrosion in-
hibitor. Computed ∆N values align with the experimental findings. Chemical hardness
is a critical parameter indicating a molecule’s readiness to accept electrons. Molecules
with lower chemical hardness can serve as effective inhibitors. The calculated chemical
hardness value for the compound concurs with experimental results. These evaluations
have been made with a computational approach utilizing the Density Functional Theory
(DFT), widely employed in quantum chemistry to predict molecular properties. DFT
calculations for both the aqueous and gas phases of escitalopram are detailed in Table
5.8, elucidating the diverse quantum chemical parameters pertinent to the compound.

Table 5.8: Quantum Chemical parameters for Escitalopram for gas and aqueous phase.

EHOMO

(eV)
ELUMO

(eV)
I (eV) A (eV) χ(eV) η(eV) ∆E (eV) µ(D) ∆N

Gas -7.6 0.28 7.6 -0.28 3.66 3.94 7.88 3.38 0.464467

Aqueous -7.63 0.4 7.63 -0.4 3.615 4.015 8.03 4.3 0.465187

Upon thorough examination, it is evident that the quantum chemical parameters in the
aqueous phase surpass those in the gaseous phase for escitalopram. This phenomenon
suggests the occurrence of protonation, as protonated inhibitors tend to exhibit an aug-
mented propensity for electron donation, thus enhancing the capability for the adsorp-
tion of the compound over the surface of the metal. The higher dipole moment observed
for the compound in the aqueous phase signifies its capacity for electrostatic interaction
with the metal, a trait attributed to protonation and indicating a form of physical ad-
sorption. Quantum chemical parameters collectively corroborate the potential for both
physisorption and chemisorption of the drug onto the metal substrate. This alignment
between theoretical quantum insights and experimental outcomes underscores the valid-
ity of the findings. Figure 5.13 illustrates the optimized structural configuration, along
with the distribution of HOMO and LUMO of both the gaseous as well as aqueous
phases of escitalopram.
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Figure 5.13: Optimized Structure and the corresponding HOMO and LUMO for Esci-
talopram in the Gas phase (a, c, e) and Aqueous phase (b, d, f).

The computed Mulliken charges for both gaseous and aqueous phases of escitalopram
have been detailed in Table 5.9 through the quantum chemical investigation. A thorough
scrutiny of these values reveals that the atoms N2 (-0.42), N3 (-0.54), and O1 (-0.56)
exhibit the highest charges. These charged entities on specific atoms are indicative of
active centers that hold significance for the adsorption process.
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Table 5.9: Mulliken Charges for gas(g) and aqueous phase(aq) Escitalopram.

Atom
Charge

Atom
Charge

Atom
Charge

Gas Aqueous Gas Aqueous Gas Aqueous
C1 -0.22 -0.22 C17 -0.15 -0.17 H14 0.132 0.145

C2 0.087 0.061 C18 -0.34 -0.36 H15 0.178 0.179

C3 -0.18 -0.18 C19 -0.34 -0.36 H16 0.16 0.179

C4 -0.23 -0.24 C20 0.247 0.278 H17 0.154 0.164

C5 0.101 0.091 C21 0.176 0.193 H18 0.161 0.171

C6 0.057 0.05 F1 -0.3 -0.32 H19 0.159 0.158

C7 -0.11 -0.12 H1 0.203 0.233 H20 0.154 0.164

C9 0.102 0.099 H2 0.186 0.225 H21 0.13 0.144

C10 0.393 0.377 H5 0.162 0.202 H22 0.169 0.174

C11 -0.19 -0.22 H6 0.203 0.229 H23 0.166 0.174

C12 -0.2 -0.22 H7 0.192 0.209 H24 0.166 0.175

C13 -0.24 -0.26 H8 0.181 0.197 H25 0.169 0.175

C14 -0.25 -0.26 H11 0.194 0.203 N2 -0.38 -0.42

C15 -0.3 -0.32 H12 0.189 0.212 N3 -0.46 -0.54

C16 -0.33 -0.33 H13 0.189 0.214 O1 -0.53 -0.56

5.3.5 Surface Study: Atomic Force Microscopy (AFM)

AFM was used to conduct a comprehensive surface characterization of a mild steel
specimen under two different conditions: immersion in acid (HCl) and in the 20 ppm
amount of the drug, over a 4-hour period. Within a 10 µm× 10 µm area, the surface
was meticulously examined to quantify the level of surface roughness. The computed
mean surface roughness measurements for mild steel were found to be 224 nm when
exposed to the corrosive environment and 39.88 nm when the inhibitor was present
(Fig 5.14). Clearly, when inspecting the mild steel surfaces exposed to the corrosive
environment without an inhibitor, they exhibited a fragmented appearance. In contrast,
when the inhibitor was present, the surfaces showed reduced fragmentation, which can
be supported by the protective effect of the drug effectively safeguarding the MS surface
from degradation.
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Figure 5.14: (a) & (b) are 2D and 3D scan of polished metal (reference), (c) & (d) are
2D and 3D scan of MS surface immersed in 1 M HCl(blank), (e) & (f) are 2D and 3D
scan of MS immersed in 20 ppm Escitalopram in 1 M HCl
.

5.4 MECHANISM OF INHIBITON

It is possible to comprehend the mechanism by which escitalopram inhibits MS corro-
sion in acidic solution by doing a comprehensive analysis that includes thermodynamic,
electrochemical, and quantum chemical investigations. This procedure involves the at-
tachment of drug molecules to the substrate, achieved through a displacement reaction
that replaces water molecules that had previously adhered to the metal surface.

EST(sol) + yH2O(ads) → EST (ads)+ yH2O(sol)

The weight loss measurements substantiate the coexistence of mechanism of physisorp-
tion and chemisorption underlying the method of inhibition. Within this context, the es-
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citalopram molecules, upon interacting with active sites primarily located on nitrogen
(N) and oxygen (O) atoms, undergo protonation, thereby attaining heightened charge
density. Consequently, these protonated sites serve as docking points for chloride ions,
thereby leading to a generation of charges within the acidic environment. In the pres-
ence of hydrochloric acid, chloride ions binds onto the charged metal surface, results
in the formation of a negatively charged area. This situation promotes the electrostatic
attraction between the protonated drug molecules and the negatively charged metal sur-
face. This combined interaction mechanism leads to a type of physical adsorption,
providing an explanation for the intricate interaction between charged species in the
corrosive environment.

[EST]+H+ → [ESTH]+

M+Cl− → [MCl]−

[ESTH]++ [ESTCl]− → Electrostatic interaction

The monolayer adsorption process of the drug onto the MS surface is accurately ex-
plained by employing the Langmuir adsorption isotherm model. Electrochemical eval-
uations indicate a mixed-type behavior of the drug where the inhibitory effect is mul-
tifaceted, manifested both at the anodic zone where it curbs H2 emission and at the
cathodic zone where it directly adheres to the metal surface. Insights gathered from the
quantum chemical study illuminate the mechanism of adsorption, where escitalopram
participates in giving electron to vacant orbitals within the MS. This composed electron
donation engenders strong chemical interactions, facilitating the formation of bonds be-
tween the metal surface and inhibitor molecule.

5.5 CONCLUSION

The effectiveness of Escitalopram as a corrosion inhibitor against mild steel in a 1M
hydrochloric acid (HCl) environment was methodically assessed over a concentration
range of 5-20 ppm and temperatures ranging from 303K to 333K. This comprehensive
investigation encompassed weight loss analysis, electrochemical examinations, quan-
tum chemical investigations, and surface analyses.

1. Increasing the inhibitor concentration resulted in a simultaneous enhancement of
the effectiveness of inhibition and a decrease in the rate of corrosion. The peak of
inhibition efficiency, registering at 96.02%, was achieved at a temperature of 303
K and an inhibitor concentration of 20 ppm.

2. The observed trend of activation energies increasing alongside increasing in-
hibitor concentration underscored the inhibitor’s influence on the corrosion pro-
cess. Notably, the rise in activation enthalpy with escalating temperature reaf-
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firmed the inhibitory role of the compound, especially with higher inhibitor con-
centrations.

3. The observed adherence to the isotherm for Langmuir adsorption signified the
occurrence of monolayer adsorption, reflecting a controlled surface interaction.
A comprehensive examination of the thermodynamic characteristics related to
the adsorption of the inhibitor on mild steel clarified that the adsorption process
is spontaneous, encompassing aspects of both physical and chemical interactions.

4. Electrochemical analysis revealed Escitalopram’s character as a mixed-type in-
hibitor, an insight that supported the multi-layered mode of inhibition observed
experimentally.

5. Quantum chemical exploration revealed the involved electronic interaction be-
tween Escitalopram and the metal surface. Through the mechanism of electron
donation, Escitalopram established a strong chemical interaction with the metal,
reinforcing its inhibitory role through the formation of strong chemical bonds.

121



CHAPTER 6

CONCLUSION

In this study, effectiveness of Ethambutol, Sertraline, Paroxetine and Escitalopram as
corrosion inhibitor for on mild steel (MS) protection in acidic media has been examined
by Weight loss method, Linear Polarization Technique, Electrochemical Impedance
method and Potentiodynamic Polarization study. Additionally, surface characteristics
of mild steel was examined to assess corrosion inhibitory performance of experimental
drugs to protect the metal. To gauge the significance of structural attributes and sub-
stantiate the experimental outcomes, theoretical quantum chemical calculations were
executed. Here are the key and significant conclusions derived from this current study:

i. In weight loss was measured at various concentrations of the drug in acidic me-
dia and at various temperatures. It was noticed that inhibition efficiency was en-
hanced, and the corrosion rate declined with an enhancement in drug concentra-
tion, but reverse behavior was observed with the rise of temperature. The highest
inhibition effectiveness was noticed at the concentration of 1000 ppm, reaching
an inhibition efficiency of 92.78% for the EBT drug in 0.5 M H2SO4, 93.3% at
50 ppm for Sertraline drug at 313 K, 96.4% at 20 ppm for Paroxetine, and Esci-
talopram exhibited an inhibition efficiency of 96.2% at a concentration of 20 ppm
in 1 M HCl at a temperature of 303 K.

ii. Based upon the thermodynamic study, it appears that Ea (activation energy of
corrosion) values in the inhibited sample were found to be high as compared
to uninhibited indicating a decrease in the corrosion rate when inhibitors were
applied, and it was also observed that the corrosion rate increased as the concen-
tration increased for all investigated drugs. The enthalpy change (∆H) associated
with the corrosion process exhibited a positive trend for all concentrations, signi-
fying the endothermic nature of the corrosion process. Furthermore, these values
demonstrated an upward trend as the inhibitor concentration increased, under-
scoring the corrosion rate reduction achieved through inhibitor usage. Change in
free energy(∆G) values for corrosion phenomenon were found to be +ve for in-
hibited as well as uninhibited sample indicating instability of activation complex
formed during corrosion process.
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iii. The Adsorption Isotherm provides a comprehensive understanding of the inhi-
bition activity of investigated drugs as corrosion inhibitor on the metal surface.
It not only reveals the interaction between the interface of metal and corrosive
medium but also offers valuable insights into corrosion inhibition. In the present
research, various adsorption isotherms such as Langmuir, Freundlich, Frumkin,
Flory-Huggins and Temkin were employed for the analyze of the adsorption be-
havior for all the investigated corrosion inhibitors. Among these, the Langmuir
isotherm of adsorption, represented by a linear curve, was found to be best fitted
on the experimental results. Langmuir isotherm of adsorption reveals monolayer
adsorption of inhibitor on the surface of mild steel.

iv. The Gibbs free energy values for adsorption of inhibitor on metal surface are
negative as computed from Langmuir adsorption isotherm, indicating the stability
and spontaneity of drug adsorption occurring at metal surface and corrosive media
interface. The ∆Gads values were found to be between -20 to -40 KJ/mole for all
the drugs showing physical as well as chemical adsorption of drug on metal.

v. The linear polarization resistance experiment was employed to calculate rate of
corrosion, corrosion current and polarization resistance and thereby inhibition ef-
ficiency instantly. The polarization resistance (Rp), corrosion current (Icorr) and
inhibition efficiency in absence and with variable concentration of drug in acidic
medium for mild steel were computed and it was concluded that Rp values in-
creased and corrosion current values decreased for all the drug inhibitors indicat-
ing improved efficacy of drug towards corrosion inhibition with rise in inhibitor
concentration.

vi. The electrochemical impedance behavior on the mild steel (MS) sample was stud-
ied in acidic solution both with and without various concentrations of each in-
vestigated drug inhibitor at 298 K. The impedance information was presented
through Nyquist plots, where it was observed that the impedance plots formed
single semicircles depicting that the mechanism of inhibition is not influenced by
adding the inhibitor. The size of these semicircles expanded as the concentration
of each corrosion inhibitor in the acidic solution rose, indicating an enhanced
inhibitor effectiveness. Nonetheless, the loops exhibited deviations from perfect
semicircular shapes because of the dispersion of interfacial impedance at various
frequencies. This dispersion is linked to surface roughness, irregularities, and the
adsorption behavior of the corrosion inhibitor on the metal surface. The find-
ings from electrochemical impedance spectroscopy (EIS) suggested that as the
inhibitor concentration increased, there was a corresponding rise in the charge
transfer resistance (Rct), effectively regulating the corrosion process. At the same
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time, there was a reduction in the double-layer capacitance (Cdl), which signified
the adsorption of corrosion inhibitors onto the surface of mild steel. The de-
cline in Cdl as the inhibitor concentration rose implied either an expansion in the
electrical double layer’s thickness or a reduction in its dielectric constant. This
observation suggested that each corrosion inhibitor molecule interacted with the
MS surface through adsorption.

vii. Polarization analysis has been employed to investigate the response of mild steel
by behavior of all the drug inhibitors used, concerning both anodic and cathodic
corrosion reactions. Basically, it was used to depict the effect of corrosion on
metal and to determine kinetics of corrosion process. The results obtained from
potentiodynamic polarization analysis (Tafel plot) demonstrate that all the stud-
ied corrosion inhibitors function as both anodic and cathodic inhibitors. Polariza-
tion measurements revealed that when corrosion inhibitors were introduced into
the acidic solution, the cathodic plots shifted to more negative potential values,
while the anodic plots shifted to more positive potential values compared to the
solution without inhibitors. Consequently, the corrosion rate was significantly re-
duced. This can primarily be attributed to the adsorption of corrosion inhibitor
molecules on the metal surface, where electrons are donated from the heteroatoms
of the drug molecules. This confirms that the cathodic and anodic reactions are
attenuated at various concentrations of all the examined corrosion inhibitors in
an acidic environment, indicating that these drugs acted as mixed-type corrosion
inhibitors. Moreover, as the drug concentration increased, the corrosion current
densities shifted towards lower values, signifying that the studied drugs were ad-
sorbed onto the MS surface and inhibited charge transfer reactions.

viii. Quantum Chemical analysis was acknowledged for the substantial contribution in
comprehending the reactivity of corrosion inhibitor molecules and their various
connections to the metal surface. These analyses were performed to look into
how the molecular makeup of each corrosion inhibitor impacted the extent of
inhibition efficiency. The study reveals a strong interaction between metal and
inhibitor molecule by the donation of electrons from the inhibitor to mild steel
due to chemical adsorption.

ix. Atomic Force Microscopic studies showed that surface roughness was reduced
from 226.6 to 89.3 nm for EBT, 221 to 50 nm for Sertraline, 220 to 92 nm
for paroxetine and 220 to 39.88 nm justifying protection of mild steel by drugs
against corrosion. A decline in surface roughness indicates the drug’s effective-
ness in preventing corrosion.

Four medications, namely Ethambutol, Sertraline, Paroxetine, and Escitalopram, were
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found to be effective in inhibiting corrosion due to the presence of atoms with non-
bonded electrons and conjugated pi electrons. This resulted in the transferring of elec-
trons from the inhibitor to the unfilled orbital of the metal, creating a strong interaction
between them. As a result, a coating of inhibitor layer formed on the MS surface.
Among the four inhibitors, inhibition efficiency was found to be maximum for Parox-
etine due to the presence of a large number of heteroatoms along with an aromatic
ring.The inhibition efficacy, corrosion rate, and corresponding concentration and tem-
perature have been mentioned in Table 6.1 and figure 6.1.

Table 6.1: Effectiveness of experimental drugs against corrosion .

Name of
the drug

Concentration

(ppm)

Optimum

temperature(K)

Corrosion
rate

(mpy)

%Inhibition
efficacy

EBT 1000 313 74.36 92.78

Sertraline 50 313 170.69 93.3

Paroxetine 20 303 30.42 96.4

Escitalopram 20 303 37.4 96

Figure 6.1: Plot showing % Inhibition efficiency versus drug used under study
.
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Future scope of work
The work reported in the thesis may be further extended in the future to study the
following points:

i. The comparative study of experimental drugs for their inhibitory performance can
be done.

ii. The expired drugs as corrosion inhibitor can be compared with fresh drugs.

iii. The derivatives of the drugs can be synthesized, and the derivatives of these drugs
can be researched for their potential as corrosion inhibitors.

iv. The corrosion phenomenon can be explored in different aggressive environments.

v. To study the drugs for other materials like aluminum, copper, nickel, brass, and
stainless steel.

vi. Additional surface analysis methods, including XRD (X-ray diffraction), SEM
(Scanning Electron Microscopy), and TEM (Transmission Electron Microscopy),
can be utilized to evaluate how these corrosion inhibitors interact with the surface
of mild steel (MS).
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