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Abstract: Corrosion is a major challenge in various industries and can cause significant damage to
metal structures. Organic corrosion inhibitors are compounds that are used to reduce or prevent
corrosion by forming a protective film on metal surfaces. The present review article focuses on natural
and synthetic organic corrosion inhibitors and their classifications, active functional groups, and
efficiency estimations. Furthermore, previous studies on the use of natural and synthetic organic
inhibitors are discussed, along with adsorption isotherms and mechanisms of organic corrosion
inhibitors. The kinetics of corrosion modeling are also discussed, providing insights into the effec-
tiveness of organic inhibitors at reducing corrosion. This review aims to provide a comprehensive
overview of the current knowledge on organic corrosion inhibitors, with the aim of promoting their

wider use in corrosion protection.
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1. Introduction

Corrosion inhibitors are substances used to prevent or reduce metal surface corro-
sion in corrosive environments. There are two types of corrosion inhibitors: natural
and synthetic [1]. Natural inhibitors, derived from plants and minerals, are eco-friendly,
biodegradable, and low in toxicity. Examples include vegetable oils, tannins, and salicylic
acid. However, they may have limited effectiveness and may be unsuitable for severe
corrosion environments. Furthermore, their costs can be higher compared to synthetic
inhibitors [2]. Despite these limitations, natural inhibitors are gaining popularity as sus-
tainable and eco-friendly alternatives to synthetic inhibitors that can be used in various
applications, such as in the o0il and gas industry and for preserving historical artifacts [3].
Natural inhibitors are renewable, biodegradable, and safe for human exposure, making
them appropriate for industries such as food and pharmaceuticals [4].

In contrast, synthetic inhibitors are chemically manufactured to provide high efficacy
in a range of corrosive environments. Amines salts, phosphates, and nitrites are examples
of synthetic inhibitors [5]. Synthetic inhibitors are more effective, have a wider range of
applications, are reliable, and have a longer shelf life than natural inhibitors [6]. Synthetic
inhibitors form a protective film on metal surfaces and react with corrosive substances to
prevent corrosion. They are particularly effective in harsh and corrosive environments
with high levels of impurities, salt, and other contaminants [7]. Synthetic inhibitors are
ideal for applications such as offshore platforms, pipelines, and nuclear power plants
where maintenance is challenging or costly. Nevertheless, synthetic inhibitors are more
expensive than natural inhibitors and require proper selection and dosing to prevent
environmental damage and interference with other chemical processes in the system [8].
In summary, synthetic inhibitors are widely used in various industrial applications due
to their effectiveness, but their potential environmental impact should be considered, and
their selection and dosing should be carefully managed [9,10].
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In conclusion, both natural and synthetic corrosion inhibitors play an important role

in preventing corrosion and extending the lifespan of metal surfaces. The choice of the
type of inhibitor to use will depend on the specific application, the severity of the corrosion
environment, and the desired level of efficacy.

2. Types of Corrosion

There are several types of corrosion, including [11]:

Uniform Corrosion: This is the most common type of corrosion and occurs evenly over
a large surface area of a material. It is caused by exposure to a corrosive environment,
such as water, air, or chemicals.

Pitting Corrosion: This type of corrosion is characterized by the formation of small
holes or pits on the surface of a material. It is caused by localized corrosion, often due
to the presence of impurities in the material or environmental factors, such as high
chloride levels.

Galvanic Corrosion: This type of corrosion occurs when two dissimilar metals are in
contact with each other and an electrolyte, such as saltwater, is present. One metal
becomes anodic and corrodes, while the other becomes cathodic and is protected
from corrosion.

Crevice Corrosion: This type of corrosion occurs in confined areas, such as crevices
or seams, where the flow of air and liquids is restricted. This leads to a buildup of
corrosive substances and the material corrodes from the inside out.

Intergranular Corrosion: This type of corrosion occurs along the grain boundaries of a
material, causing a loss of material and weakening of the structure. It is often caused
by the presence of impurities, such as sulfur or chlorine, in the material.

Erosion Corrosion: This type of corrosion occurs when a material is exposed to a
corrosive fluid that is flowing at a high velocity, causing the material to erode away.
This type of corrosion is common in pipelines, valves, and pumps.

Stress Corrosion Cracking: This type of corrosion occurs when a material is under
stress and exposed to a corrosive environment. It is often caused by high tensile stress,
high chloride levels, or high temperatures.

In conclusion, the type of corrosion as in Figure 1, that a material experiences is

dependent on many factors, including the material itself, the corrosive environment, and
the conditions under which the material is exposed. Understanding these factors is crucial
for developing effective strategies for preventing and mitigating material corrosion.
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Figure 1. Types of Corrosion.
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3. Classifications of Organic Corrosion Inhibitors

Corrosion inhibitors can be classified into two main categories [12]:

Inorganic corrosion inhibitors: These inhibitors contain metallic compounds such as
nitrates, phosphates, chromates, and molybdates. They work by forming a protective
film on the metal surface, which prevents the formation of corrosion cells.

Organic corrosion inhibitors: These inhibitors contain organic compounds such as
amino acids, alcohols, and amines. They work by adsorbing onto the metal surface
and forming a barrier between the metal and the corrosive environment. Organic
inhibitors are commonly used in industries such as oil and gas, petrochemical, and
marine applications.

Organic inhibitors can be classified into several types of inhibitors [13], as in Figure 2:

Nitrite inhibitors: These inhibitors contain nitrite ions as the active ingredient and are
commonly used in cooling water systems and boilers.

Phosphonic acid inhibitors: This type of inhibitor contains phosphonic acid or its
derivatives and is effective at preventing corrosion in high-temperature and high-
pressure systems.

Carboxylic acid inhibitors: Carboxylic acid inhibitors are commonly used in indus-
trial applications and contain compounds such as benzoic acid, salicylic acid, and
acetic acid.

Sulfonic acid inhibitors: Sulfonic acid inhibitors contain sulfonic acid and its deriva-
tives and are used in a wide range of industrial applications.

Thiophosphoric acid inhibitors: Thiophosphoric acid inhibitors contain thiophos-
phoric acid and its derivatives and are effective at preventing corrosion in high-
temperature systems.

Ethylenediamine inhibitors: This type of inhibitor contains ethylenediamine as the
active ingredient and is used in a variety of industrial applications.

Amines inhibitors: Amines inhibitors contain amine compounds as the active ingredi-
ent and are commonly used in water treatment and oilfield applications.

Phenol inhibitors: Phenol inhibitors contain phenol or its derivatives as the active
ingredient and are used in a variety of industrial applications.
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Figure 2. Organic inhibitors classifications.

4. Active Functional Groups in Organic Corrosion Inhibitors

Active functional groups play a crucial role in the effectiveness of organic corrosion

inhibitors. These functional groups interact with the metal surface and form a protective
layer, preventing further corrosion. Some of the most commonly used active functional
groups in organic corrosion inhibitors are as follows [14]:

Nitrogen-containing functional groups: These functional groups contain nitrogen
atoms, which can form chelating agents with metal ions. The most common nitrogen-
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containing functional groups used in corrosion inhibitors include amines, imides,
and guanidines.

e  Oxygen-containing functional groups: These functional groups contain oxygen atoms,
which can form a protective film on the metal surface, inhibiting further corrosion.
Some of the most common oxygen-containing functional groups used in corrosion
inhibitors include carboxylic acids, esters, and ethers.

e  Sulfur-containing functional groups: Sulfur-containing functional groups can form a
protective film on the metal surface, preventing further corrosion. Some of the most
commonly used sulfur-containing functional groups in corrosion inhibitors include
sulfonic acids and thiols.

e  Phosphorus-containing functional groups: Phosphorus-containing functional groups
can form a protective film on the metal surface, inhibiting further corrosion. Some
of the most commonly used phosphorus-containing functional groups in corrosion
inhibitors include phosphonic acids and phosphates.

e  Halogen-containing functional groups: Halogen-containing functional groups, such
as halogens (chlorine, fluorine, and bromine), can form a protective film on the metal
surface, inhibiting further corrosion.

In conclusion, active functional groups play a crucial role in the effectiveness of organic
corrosion inhibitors. By interacting with the metal surface and forming a protective layer,
these functional groups can prevent further corrosion, thereby extending the lifespan of
metal components.

5. Estimating Organic Corrosion Inhibitors Efficiency

Organic corrosion inhibitors work by forming a protective layer over the metal surface,
preventing the formation of corrosion products and protecting the metal from degradation.
However, it is important to estimate the efficiency of these inhibitors to ensure that they are
working as expected and to determine if any changes need to be made to the system [15].
The efficiency of both natural and synthetic corrosion inhibitors can be estimated using
various methods.

5.1. Electrochemical Techniques

Electrochemical techniques such as potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) can be used to calculate the effectiveness of organic corrosion
inhibitors. These methods estimate the changes in current and voltage that occur in the
presence of inhibitors and provide information about the rate of corrosion [16].

5.1.1. Potentiodynamic Polarization

Potentiodynamic polarization is a reliable method for evaluating the effectiveness of
organic inhibitors at mitigating metal corrosion [17]. This technique involves applying a
controlled potential to the metal surface immersed in a solution containing the inhibitor
and a reference electrode. The current response is monitored at regular intervals and the
data are analyzed to determine the corrosion potential and current. The change in current
and potential provides information about the effectiveness of the inhibitor at reducing
the corrosion rate. The results of this method can help optimize the concentration of the
inhibitor and corrosion protection conditions.

Inhibitors can reduce the corrosion rate by slowing down the cathodic and anodic
reactions [18-21]. Cathodic reactions involve the reduction in oxidants, while anodic
reactions involve the oxidation of the metal. Inhibitors can reduce the cathodic reaction rate
by either blocking the reduction sites, reducing the driving force for the reduction reaction,
or competing with the oxidant for electrons. They can also reduce the anodic reaction
rate by either blocking the anodic sites, increasing the activation energy for the oxidation
reaction, or forming a passive layer on the surface of the metal that prevents the dissolution
of the metal. Inhibitors can be classified into three types based on their mode of action:
anodic inhibitors, cathodic inhibitors, and mixed-type inhibitors [22]. Anodic inhibitors
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reduce the anodic reaction rate by forming a passive layer on the surface of the metal that
prevents the dissolution of the metal. Examples of anodic inhibitors include chromates,
molybdates, and phosphates. Cathodic inhibitors reduce the cathodic reaction rate by
either adsorbing on the surface of the metal, forming a protective layer, or by competing
with the oxidant for electrons. Examples of cathodic inhibitors include nitrates, nitrites,
and amines. Mixed-type inhibitors can act on both the anodic and cathodic reactions by
forming a protective layer on the surface of the metal that reduces the anodic reaction
rate and also by competing with the oxidant for electrons, which reduces the cathodic
reaction rate. Examples of mixed-type inhibitors include benzotriazole, tolyltriazole, and
mercaptobenzothiazole [23].

In summary, inhibitors are chemical substances that can reduce the rate of corrosion
by acting on the anodic and/or cathodic reactions. They can be classified into anodic,
cathodic, or mixed-type inhibitors, depending on their mode of action. The selection of the
appropriate inhibitor depends on the nature of the metal and the environment in which it
is exposed to corrosion.

Figure 3 represents the typical polarization curves for mild steel (MS) corrosion in 1
Molar HCl, both without and with the addition of different concentrations of a terephtha-
laldehyde derivative as a synthesized organic inhibitor [24].
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Figure 3. Polarization curves for MS corrosion in 1 M HCl in the absence and presence of varying
concentrations of terephthalaldehyde derivative as synthesized organic inhibitors [24].

The technique of potentiodynamic polarization involves applying a potential ramp to
the metal and estimating the resulting current as a function of potential. The estimations
can then be used to calculate the corrosion current and potential, as well as to determine
the effectiveness of the inhibitor.

. d;
1 = lcorr + <l> * AE

dg
d;

where i is the total current, iy, is the corrosion current, <%> is the differential corrosion
current, and AE is the potential change.
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To perform a potentiodynamic polarization experiment, the metal is first immersed in
a solution containing the inhibitor. A potentiostat is used to apply a potential ramp to the
metal and estimate the resulting current.

A potentiostat is an instrument used to determine the corrosion potential of a metal. It
does this by applying a potential ramp to the metal and measuring the resulting current.
The ramp typically begins at a potential more negative than the corrosion potential (i.e.,
cathodic), passes through the corrosion potential (i.e., zero potential), and ends at a potential
more positive than the corrosion potential (i.e., anodic). The exact potential range used
depends on the specific metal and its corrosion properties. The ramp may start at a potential
more negative than the corrosion potential to ensure that the metal is fully reduced before
measurement. The corrosion potential is then determined by measuring the potential
at which corrosion begins as the ramp passes through it. Finally, the ramp is ended at a
potential more positive than the corrosion potential to ensure that the metal is fully oxidized.
It is important to note that the potential values may be positive or negative depending on
the direction of the ramp, but the potential range is typically defined as starting at a more
negative potential and ending at a more positive potential than the corrosion potential [25].
The current-potential curve obtained from the experiment can be used to calculate the
corrosion current and potential using the following equations:

icorr = (ip - im) /2
where i, and i, are the positive and negative half-wave currents, respectively.
Ecorr = (Ep + Em) /2

where E, and Ej, are the potentials corresponding to the positive and negative half-wave
currents, respectively.
The differential corrosion current can be calculated as:

(5;) — (ip—im)/ (Ep — En)

The presence of the inhibitor can be evaluated by comparing the corrosion current
and potential obtained in the presence of the inhibitor with those obtained in its absence. A
reduction in the corrosion current and potential in the presence of the inhibitor indicates
that the inhibitor is effective at reducing corrosion.

Note that these equations are general and may need to be modified depending on the
specific conditions of the experiment and the type of inhibitor used.

5.1.2. Electrochemical Impedance Spectroscopy (EIS)

EIS is a valuable, non-destructive method used to measure the impedance of a metal in
the presence of an organic inhibitor [24]. It involves applying a small sinusoidal voltage to
the metal surface and measuring the resulting current response to calculate the impedance
of the metal-inhibitor system [24]. By measuring the complex impedance of the system,
EIS provides a comprehensive understanding of the corrosion process, including the
effects of various inhibitors, corrosion rates and mechanisms, and interactions between
the metal surface and inhibitor molecules [24]. This method can be used in different
types of environments, such as aqueous or corrosive environments, and can also monitor
the effectiveness of inhibitors over time and identify potential breakdowns in protective
coatings [24].

EIS is widely used in the study of corrosion and the development of corrosion in-
hibitors, making it a useful tool for material engineers, corrosion scientists, and industrial
scientists [26]. It is also employed in the design of corrosion-resistant materials and coat-
ings [26]. Therefore, EIS is a powerful and versatile method for studying corrosion and
preventing it in metal systems [24,26].
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To illustrate a typical EIS measurement, Figure 4 shows a Nyquist plot obtained by
examining mild steel in 1 M H,SOy at 30 °C using a newly synthesized thiosemicarbazone
organic inhibitor at various concentrations. The equivalent circuit used in this study
includes Rs, which represents the electrolyte solution resistance, in series with a parallel
combination of a constant phase element (CPE) and Rct, which models the system of the
metal substrate, adsorbed inhibitors, and electrolyte solution [27].

Blank
250 e ) 0001 M
— ().0002 M
e () 0003 M
) / N ———0.0005 M
"’ 4 \,
% \
E /I ":'4‘)
(&Y 50 - f \v_,«‘;
g "”'%.,‘
£ \
N \
| a
.00 - \
: \
50 _lg’? \t*\\
- T | 5 T T T T T T T - 1
0 100 200 300 400 500 600

—Z,.(Qcm?)

Figure 4. Nyquist plot of MS in 1 M sulphuric acid solution at 303 K for varying synthesized organic
inhibitor concentrations [27].

The impedance is a complex quantity that can be represented by the equation:
Z=R+jX

where R is the resistance and X is the reactance.
The impedance can be converted into a magnitude, Z', and phase angle, ©, by the equations:

Z= 7<R2+X2>

6 = arctan(X/R)

The magnitude and phase angle of the impedance can be plotted against frequency
to give the impedance spectrum. In the presence of an organic inhibitor, the impedance
spectrum will be altered and can be used to quantify the corrosion current and the potential
of the metal. The corrosion current can be obtained by fitting the impedance data to a
Randles equivalent circuit, which consists of a series combination of an electrode resistance,
a constant phase element, and a Warburg impedance. The equation for the Warburg
impedance is:

ZW = (Ry/27f)*?



Lubricants 2023, 11, 174

8 of 29

where Ry, is the Warburg resistance and f is the frequency. The Warburg resistance is pro-
portional to the corrosion rate, so the corrosion current can be calculated from the equation:

icorr = 27Tf Ry

The corrosion potential can be obtained from the impedance spectrum by measuring
the frequency at which the magnitude of the impedance is at the minimum. This frequency
corresponds to the maximum penetration of the organic inhibitor into the metal surface
and is directly proportional to the corrosion potential. The equation for the corrosion

potential is:
kT
Ecorr = Eo - 7 1n(f/f0)

where E, is the standard potential of the metal, k is the Boltzmann constant, T is the
temperature, g is the electron charge, f is the frequency, and f, is a constant.

In conclusion, EIS can be used to estimate the corrosion current and potential of a
metal in the presence of an organic inhibitor by applying an alternating voltage at a range
of frequencies and measuring the resulting impedance. The impedance data can be fitted to
a Randles equivalent circuit to obtain the corrosion current, and the minimum magnitude
of the impedance can be used to obtain the corrosion potential. Both potentiodynamic
polarization and EIS are valuable tools for evaluating the performance of organic corrosion
inhibitors. These techniques can provide information on the inhibition efficiency, activation
energy, and diffusion coefficient of the inhibitor, which are important parameters for
optimizing the corrosion protection performance of organic inhibitors.

5.2. Weight Loss Tests

This type of test provides an accurate estimation of the corrosion rate and the protec-
tive performance of the inhibitors. The test also allows for a comparison between different
inhibitors, which can help to determine the most effective one for specific corrosive envi-
ronments [28]. The weight loss test is typically performed over a specified time period and
the metal specimens are exposed to different corrosive environments such as salt spray,
humidity, and acid or alkaline solutions [28]. The specimens are then weighed to determine
their initial weight, and then they are exposed to the inhibitor. After the exposure time, the
specimens are re-weighed to determine their final weight and the weight loss is calculated.
The results are then compared to the control specimen, which is the metal specimen without
contact with the inhibitor [28]. The weight loss test is a simple, cost-effective, and reliable
way to evaluate the performance of organic corrosion inhibitors. It provides valuable infor-
mation on the protective properties of the inhibitors and helps to identify the most effective
one for specific corrosive environments. This information can be used to improve the
design of protective coatings, enhance the performance of existing coatings, and develop
new and improved inhibitors. An investigation for examining mild steel in 1 m HCl at
30 to 60 °C K by means of a new antipyrine derivative, namely N-2-methylbenzylidene-4-
antipyrineamine, with different concentrations as a synthesized organic inhibitor is shown
in Figure 5. The published article describes a study that evaluated the corrosion rate and
protection efficiency of an inhibitor at different concentrations and temperatures. The
results showed that the protection efficiency increased with the increasing inhibitor con-
centration and decreased the corrosion rate at all concentrations. The highest protection
efficiency of 91.8% was achieved with a concentration of 0.5 mM and a temperature of 30 °C.
The results also revealed that the inhibition efficiency increased with time but decreased
after 24 h. The corrosion rate increased slightly with longer exposure time in the acidic
solution [29].
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Figure 5. Mild steel corrosion plot in 1.0 M HCI with different inhibitor concentrations synthesized

organic inhibitors at various immersion times [29].

Temperature highly affects the corrosion rate and the inhibition efficiency, and with
increasing temperature, the rate of corrosion increases exponentially in an acidic envi-
ronment. To understand the protection performance of the N-2-methylbenzylidene-4-
antipyrineamine at various temperature degrees, 30-60 °C, the corrosion rate and inhibition
efficiency were investigated (Figure 6). N-2-methylbenzylidene-4-antipyrineamine revealed
the highest inhibition efficiency at 30 °C, which regularly declined with an increase in
temperature. The tested inhibitor exhibited lower protection performance at the maximum
temperature. This result attends to the fact that the rise in temperature did not support
physisorption (physical interactions), therefore reducing the protection performance [29].
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Figure 6. Mild steel corrosion plot in 1.0 M HCl with different N-2-methylbenzylidene-4-
antipyrineamine (synthesized organic inhibitor) concentrations at various temperatures [29].
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The technique used for weight loss tests (WLTs) to estimate the corrosion current and
potential of a metal in the presence of an organic inhibitor involves the following steps and
equations [30]:

e  Preparation of specimens: The metal specimens are prepared and cleaned thoroughly.

Then, they are coated with a thin layer of the organic inhibitor under study:.

o  Weight loss measurements: The weight loss of the metal specimens is measured after
exposing them to a corrosive environment for a specified period of time. The weight
loss is calculated using the following equation:

AW =W, — W;
where AW = weight loss, W, = initial weight, and W; = weight after exposure to corrosive environment.

e  Corrosion current density (icorr): The corrosion current density (icorr) is calculated
using the following equation:

icorr = AW/ At X nF

where At = surface area of the specimen, n = number of electrons involved in corrosion
reaction, and F = Faraday’s constant (96,485 C/mol).

e  Corrosion potential (Eyr): The corrosion potential (E.or) is estimated using a corro-
sion potential meter. The potential is recorded as a function of time and the steady-state
corrosion potential (Ecor) is determined.

e  Comparison with control specimens: Control specimens without the organic inhibitor
are prepared and the weight loss and electrochemical estimations such as corrosion
potential and polarization resistance are obtained to evaluate the corrosion behavior
of the metal [31]. The results obtained from the control specimens are compared with
the results obtained from the specimens with the organic inhibitor. The presence of
an organic inhibitor in the corrosive environment leads to a decrease in the corrosion
current density and an increase in the corrosion potential compared to the control
specimens. The efficacy of the organic inhibitor can be determined by comparing the
results obtained with the inhibitor with the control specimens. This WLT technique is
an effective method to estimate the corrosion current and potential of a metal in the
presence of an organic inhibitor. The results obtained from this test provide valuable
information on the corrosion protection properties of the organic inhibitor.

5.3. Optical Microscopy

Optical microscopy [32] is a technique that utilizes light and lenses to magnify the
image of a sample, making it useful in corrosion studies [33]. It allows researchers to exam-
ine the surface of metal specimens before and after exposure to a corrosive environment,
providing information on the presence and location of corrosion products, thickness of
protective layers, and overall surface condition. This information is valuable in develop-
ing new corrosion protection strategies or improving existing ones. Additionally, optical
microscopy can be used to observe the real-time formation of corrosion, aiding in the
optimization of protective coatings and alloys [34]. However, while optical microscopy
can reveal information on the surface features of a material, it cannot provide information
about its electrochemical properties, such as its corrosion current and potential, which
are important parameters in describing the likelihood and the rate of corrosion [29]. To
determine these parameters, electrochemical measurements such as potentiodynamic or
EIS are necessary [31]. The combination of optical microscopy and electrochemical measure-
ments can provide a comprehensive understanding of the corrosion behavior of a material,
including identifying the locations of corrosion initiation and propagation [32]. Thus, while
optical microscopy is a powerful tool for investigating the microstructure of materials,
electrochemical measurements are necessary to accurately determine their electrochemical
properties [32]. This technique is based on the principle of electrochemistry, which is the
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study of the relationships between electrical and chemical processes. The basic equation
for the corrosion current, icorr, is given by the following expression:

icorr = (MEA)/(d x 1)

where n is the number of electrons involved in the reaction, F is the Faraday constant
(96,485 C/mol), A is the surface area of the metal, d is the thickness of the metal, and t is
the time over which the metal is corroding. The units for icorr are typically in amperes (As).
The potential of a metal in the presence of an organic inhibitor can be calculated using
the Nernst equation:
E = E°In(icorr /1°)

where E° is the standard potential, R is the gas constant (8.31 J/mol K), T is the temper-
ature in Kelvin, i° is the exchange current, and n is the number of electrons involved in
the reaction.

The corrosion rate can then be calculated using the following equation:

d(t) = d° — (icorr X t x M)/ (nFA)

where

d(t) is the remaining thickness of the metal after time t;

d° is the initial thickness of the metal;

icorr is the corrosion current density (in A/ cm?);

t is the exposure time (in hours);

M is the atomic weight of the metal;

n is the number of electrons transferred in the corrosion reaction;
F is the Faraday constant (96,485 C/mol);

A is the surface area of the metal (in cm?).

In order to perform optical microscopy, a metal sample is coated with an organic
inhibitor and placed in a solution. The metal is then subjected to a current and the potential
of the metal is measured using an electrode. The corrosion rate can then be determined by
measuring the decrease in thickness of the metal over time. By combining these equations,
it is possible to accurately estimate the corrosion current and the potential of a metal in
the presence of an organic inhibitor using optical microscopy. This information is valuable
for understanding the protective properties of the organic inhibitor and for optimizing the
design of metal-based systems.

5.4. XPS

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique
that provides information on the elemental composition, oxidation state, and chemical
environment of the outermost surface layers of a material. In the context of corrosion
inhibition studies, XPS can be used to investigate the interaction between a protective
coating or inhibitor and the surface of a metal [35]. By analyzing the chemical composition
of the surface before and after exposure to the inhibitor, researchers can gain insights into
the mechanism of corrosion inhibition.

The principle of XPS involves exposing a material surface to X-rays and analyzing the
emitted electrons to determine their binding energy, which is related to the chemical identity
of the atoms from which they originated. By scanning the X-ray beam across the surface
of the material and measuring the binding energies of the emitted electrons at each point,
a two-dimensional image of the surface composition can be generated [33]. To perform a
corrosion inhibition study using XPS, the sample is first prepared by cleaning and polishing
the surface to remove any contaminants or oxide layers [36]. The sample is then exposed to
the inhibitor under controlled conditions, such as immersion in a corrosive solution, and
subsequently analyzed using XPS [37]. By comparing the XPS spectra of the inhibited and
uninhibited surfaces, researchers can identify any changes in the elemental composition,
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oxidation states, or chemical bonding that occur as a result of the inhibitor treatment [34].
XPS is a valuable technique for investigating the corrosion inhibition properties of materials.
It provides information on the surface chemistry of the material that is not accessible by
other analytical methods. By gaining a better understanding of the mechanism of corrosion
inhibition, researchers can develop more effective coatings and inhibitors to protect metal
surfaces from degradation [38].

5.5. Scanning Electron Microscopy (SEM)

SEM is an advanced imaging technique that produces high-resolution images of metal
surfaces and allows for detailed analysis of corrosion products, protective layers, and
underlying metal surfaces [39]. The technique involves emitting a beam of electrons onto
the sample, which interact with the surface and produce secondary electrons that are
collected to create a high-resolution image [40]. One of SEM’s advantages is its ability to be
used in different environments, such as high vacuum, low vacuum, and environmental
chambers, enabling the study of corrosion processes under various conditions [41]. SEM can
also be combined with other techniques, including energy-dispersive X-ray spectroscopy
(EDS), for the elemental analysis of corrosion products to determine the type of corrosion
and its cause. Overall, SEM is a crucial tool for corrosion study and the analysis of protection
methods, providing valuable information about the metal surface, corrosion products, and
protective layers to enhance protection strategies and extend metal structures’ lifespan.
In one study, a new organic corrosion inhibitor was synthesized, and SEM testing was
conducted to evaluate its effectiveness. The results showed that the mild steel surface
experienced significant corrosion due to HySOy attack, resulting in a rough and unsmooth
surface, as shown in Figure 7. However, the mild steel surface was protected from corrosion
when the corrosion inhibitor was used, preventing severe corrosion from occurring due to
H,S0Oy, as shown in Figure 8 [42].

SEM is a powerful technique that can provide high-resolution imaging of the surface
of a metal sample, allowing for the characterization of its topography, morphology, and
composition. However, SEM is not typically used for the direct estimation of the corrosion
current and the potential of a metal in the presence of an organic inhibitor. Instead,
electrochemical techniques such as EIS or potentiodynamic polarization are typically used
to measure the corrosion current and potential. These techniques involve applying a small
AC or DC voltage to the metal sample and estimating the resulting current and potential
responses. The data obtained from these measurements can be used to characterize the
corrosion behavior of the metal in the presence or absence of an inhibitor and to evaluate
the effectiveness of the inhibitor in reducing corrosion [43-45]. The technique involves the
following steps:

1.  Preparation of the sample: The metal sample is prepared for SEM by first cleaning it
and removing any surface contaminants. This is typically performed using a solvent
cleaning process or an etching process.

2. Deposition of the organic inhibitor: The organic inhibitor is then deposited onto
the metal surface. This can be performed using various methods, such as chemical
deposition, electrodeposition, or physical adsorption.

3. SEM imaging: The sample is then placed in the SEM and imaging is performed.
The SEM uses a high-energy electron beam to scan the sample and produce a high-
resolution image. This image can be used to determine the distribution of the organic
inhibitor on the metal surface.

4. Current-potential estimation: Current-potential estimations are performed by apply-
ing a potential difference between the metal sample and a reference electrode. This
creates an electric field, which causes the metal ions to migrate towards the reference
electrode. The rate of ion migration is proportional to the corrosion current, which is
calculated from equations rather than directly measured.
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5. Analysis of the data: The corrosion current density and potential are then calculated
from the current-potential estimation using appropriate equations. The corrosion
potential, Ecorr, can be determined from the Nernst equation:

Ecorr = Eo — (RT/HF) ln(i/icorr)

where E, is the standard potential, R is the gas constant, T is the temperature, n is the
number of electrons transferred in the reaction, F is the Faraday constant, i is the estimated
current, and i,y is the corrosion current.

Note: The value of icorr, the corrosion current, is typically obtained through various
electrochemical techniques, such as Tafel extrapolation, linear polarization resistance,
or electrochemical impedance spectroscopy. These techniques involve applying a small
perturbation to the system and estimating the resulting current response to extract the value
of icorr. The choice of technique depends on the specific experimental setup and the desired
accuracy of the measurement. Once the value of icorr is determined, it can be used in the
Nernst equation along with other measured parameters to calculate the corrosion potential.

6. Interpretation of results: The corrosion current and potential can be used to evaluate
the efficacy of the organic inhibitor. A lower corrosion current and a more positive
corrosion potential indicate that the organic inhibitor is effectively reducing corrosion.

SEM is a useful tool for studying the surface morphology and elemental composition
of metal samples. However, it is not suitable for directly measuring corrosion current
or potential. To determine these electrochemical parameters, techniques such as poten-
tiodynamic or potentiostatic polarization measurements, EIS, or other electrochemical
methods are typically used [46]. Nevertheless, SEM can still play an important role in
understanding the corrosion behavior of a material. It provides information about the
morphology and topography of the corroded surface, as well as the types and distribution
of corrosion products that form during the corrosion process. This information can be used
in conjunction with electrochemical measurements to gain a more complete understanding
of the corrosion behavior of the material. For example, SEM can be used to examine the sur-
face of a corroded metal sample before and after electrochemical measurements are taken.
By comparing the images obtained before and after the electrochemical measurements,
researchers can gain insights into how the corrosion process has affected the surface of
the material and how the electrochemical parameters are related to the observed corrosion
behavior [47].

In summary, while SEM cannot directly measure corrosion current and potential, it
can provide valuable information about the morphology and topography of corroded
surfaces, as well as the types and the distribution of corrosion products. This information
can be used in combination with electrochemical measurements to gain a more complete
understanding of the corrosion behavior of a material [46,47].

Estimating the efficiency of organic corrosion inhibitors is critical to ensuring the
longevity and integrity of metal systems. Different techniques can be used to estimate
the effectiveness of these inhibitors, and it is important to select the appropriate methods
depending on the specific requirements of the system [48].
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Figure 7. The SEM micrographs for mild steel in 1.0 M H,SO,4 without the corrosion inhibitor at
30 °C: (a) 100x; (b) 500 () 1000 (d) 3000 (e) 5000 [42].
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Figure 8. The SEM micrographs for mild steel in 1.0 M HpSO4 with 0.25 mM of the corrosion inhibitor
at 30 °C: (a) 100x; (b) 500; (c) 1000x; (d) 3000 x; (e) 5000 [42].

6. Previous Studies on Using Natural and Synthetic Organic Inhibitors

Organic inhibitors are compounds that are used to control the corrosion of metals in
different industrial applications. These inhibitors can be of two types, namely natural and
synthetic. Natural inhibitors are derived from plants and animals, while synthetic inhibitors
are man-made chemicals. Both types of inhibitors have been extensively studied over the
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years, and their effectiveness at controlling corrosion has been documented in several
studies [49]. Studies on natural inhibitors have focused mainly on the use of extracts from
plants and animals to inhibit corrosion. For instance, extracts from different types of herbs
and spices, such as basil, clove, and cinnamon, have been shown to be effective at controlling
corrosion in a range of metals, including iron, aluminum, and copper. The mechanism
of action of natural inhibitors has been attributed to their ability to form protective films
on the metal surface, which prevent corrosion. In addition, natural inhibitors have been
found to contain antioxidants that can neutralize the harmful effects of corrosive agents on
metals [50]. Studies on synthetic inhibitors have focused on the design and synthesis of
new chemicals that are effective at controlling corrosion. Synthetic inhibitors have been
found to be more effective at controlling corrosion compared to natural inhibitors, mainly
due to their higher solubility in corrosive environments. However, synthetic inhibitors also
pose environmental and health risks, which have led to concerns over their widespread
use [51]. Herein are some examples of previous studies on using natural and synthetic
organic inhibitors.

1.  Natural organic inhibitors:

a. Using chitosan as a natural inhibitor in the inhibition of the corrosion of mild
steel in seawater [52].

b. The use of cinnamon extract as an inhibitor for the corrosion of aluminum in
acidic media [53].

c. The application of tannic acid as a natural inhibitor for the corrosion of carbon

steel in an aqueous solution [54].

Natural corrosion inhibitors have gained significant attention in recent years due to
their eco-friendly, cost-effective, and sustainable nature. They are derived from various
natural sources such as plants, animals, and microorganisms, and have been found to
exhibit excellent corrosion inhibition properties in different environments.

Several studies have been conducted to investigate the effectiveness of natural corro-
sion inhibitors in different industries. For instance, Adewuyi and others [55] evaluated the
corrosion inhibition efficiency of crude extracts of Vernonia amygdalina and Mangifera
indica leaves in hydrochloric acid (HCl) using weight loss and electrochemical techniques.
They found that both plant extracts were effective at inhibiting corrosion, and their in-
hibition efficiency increased with increasing concentration. Similarly, Mohd Sani and
others [56] investigated the effectiveness of Piper nigrum extract as a natural corrosion
inhibitor in a 3.5% NaCl solution using electrochemical impedance spectroscopy and po-
tentiodynamic polarization techniques. They found that the extract exhibited significant
inhibition efficiency and was more effective than some of the commercial inhibitors used for
the same purpose. In another study, Bhat and Nayak [57] evaluated the corrosion inhibition
efficiency of a polysaccharide extracted from the marine algae Padina tetrastromatica in
a 3.5% NaCl solution using weight loss and electrochemical techniques. They found that
the polysaccharide exhibited excellent corrosion inhibition properties, and its effectiveness
increased with increasing concentration. Furthermore, some studies have investigated the
synergistic effects of natural corrosion inhibitors and other additives. For example, Ebenso
and others [58] evaluated the effectiveness of Azadirachta indica and Moringa oleifera
extracts in combination with sodium molybdate as a corrosion inhibitor for mild steel in
hydrochloric acid. They found that the combination of the extracts and sodium molybdate
exhibited better inhibition efficiency than the individual inhibitors.

2. Synthetic organic inhibitors:

a. The effectiveness of benzotriazole as a corrosion inhibitor for aluminum alloys
in acidic media [59].

b. The use of triazole derivatives as corrosion inhibitors for mild steel in acidic
environments [60].

c. The inhibition performance of imidazoline derivatives in the corrosion of

copper in aerated seawater [61].
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In conclusion, the studies on using natural and synthetic organic inhibitors have
provided valuable insights into the mechanisms of corrosion and the efficacy of inhibitors
in controlling it. While natural inhibitors have been found to be less effective compared
to synthetic inhibitors, they are considered to be safer and more environmentally friendly.
Further research is needed to improve the efficiency of natural inhibitors and to reduce the
negative impacts of synthetic inhibitors.

One study compared the corrosion inhibition efficiency of a synthetic inhibitor,
2-mercaptobenzothiazole (MBT), with that of a natural inhibitor, catechin, on mild steel
in an acid solution. The results showed that both inhibitors were effective, but catechin
was more effective at lower concentrations. The researchers suggested that catechin’s
superior performance may be due to its higher molecular weight and ability to form a
protective film on the metal surface [62]. Another study compared the performance of
several synthetic inhibitors, including benzotriazole (BTA), tolyltriazole (TTA), and mer-
captobenzothiazole (MBT), with that of a natural inhibitor, tannic acid, on carbon steel
in an acidic media. The results showed that tannic acid was the most effective inhibitor,
followed by TTA and BTA, with MBT being the least effective [63]. A third study compared
the corrosion inhibition performance of a synthetic inhibitor, 2-mercaptobenzimidazole
(MBI), with that of a natural inhibitor, vanillin, on mild steel in acidic media. The results
showed that vanillin was a more effective inhibitor than MBI, possibly due to its ability to
form a thicker protective film on the metal surface [64]. One study by Li and [65] compared
the inhibitory effect of three natural inhibitors (extracts of tea, black pepper, and cinnamon)
and three synthetic inhibitors (benzotriazole, imidazole, and mercaptobenzimidazole) on
the corrosion of carbon steel in acidic solutions. The results showed that all six inhibitors
were effective at reducing corrosion, with the natural inhibitors performing slightly better
than the synthetic ones. The authors suggested that this may be due to the presence of
multiple active components in natural inhibitors, which can provide a synergistic effect.
Another study by El-Etre and others [66] investigated the inhibitory effect of a natural
inhibitor (pomegranate peel extract) and a synthetic inhibitor (sodium benzoate) on the
corrosion of mild steel in a 1 M HCl solution. The results showed that both inhibitors
were effective at reducing corrosion, but the natural inhibitor was more effective, with a
corrosion inhibition efficiency of 91.6% compared to 87.1% for the synthetic inhibitor. The
authors suggested that this may be due to the presence of tannins and phenolic compounds
in the natural inhibitor, which can form a protective film on the metal surface. In contrast, a
study by Mekidiche and others [67] compared the inhibitory effect of a synthetic inhibitor
(4-methoxybenzylidene-4-butanoylthiosemicarbazide) and a natural inhibitor (rosemary
essential o0il) on the corrosion of mild steel in a 1 M HCI solution. The results showed
that the synthetic inhibitor was more effective, with a corrosion inhibition efficiency of
98.8% compared to 84.9% for the natural inhibitor. The authors suggested that this may
be due to the higher concentration of active components in the synthetic inhibitor [62-74].
Overall, these studies suggest that natural inhibitors can be as effective or more effective
than synthetic inhibitors in preventing metal corrosion. However, the performance of
inhibitors can vary depending on the specific metal and environment being studied, and
further research is needed to fully understand the mechanisms of corrosion inhibition.

7. Adsorption Isotherms of Organic Corrosion Inhibitors

Adsorption isotherms refer to the relationship between the amount of a substance
adsorbed onto a surface and the concentration of that substance in the surrounding en-
vironment. In the context of organic corrosion inhibitors, adsorption isotherms provide
important information about the effectiveness of these inhibitors in preventing corro-
sion [75]. There are several commonly used models for describing the adsorption isotherms
of organic corrosion inhibitors, including the Langmuir, Freundlich, and Temkin isotherms.
The Langmuir isotherm assumes that the adsorption of the inhibitor occurs on a surface
with a fixed number of adsorption sites and that the adsorption process is monolayer.
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Langmuir isotherm: The Langmuir isotherm equation is given by:
Q=(KLxC)/(1+KLxC)

where Q = the adsorption capacity (mg/g); C = the concentration of the inhibitor in the
solution (mg/mg); KL = the Langmuir constant (mg/mg).

Freundlich isotherm: The Freundlich isotherm assumes that the adsorption is depen-
dent on both the concentration of the inhibitor and the surface area.

Freundlich isotherm: The Freundlich isotherm equation is given by:

InQ = InKf + (%) x InC

where Q = the adsorption capacity (mg/g); C = the concentration of the inhibitor in the solution
(mg/L); Kf = the Freundlich constant (mg/g (L/mg)"(1/n)); n = the Freundlich exponent.
The Temkin isotherm considers the adsorption process to be influenced by the heat of
adsorption and the entropy of the adsorbent-adsorbate system [76].
Temkin Isotherm: The Temkin isotherm equation is given by:

Q = bInC + AlnC )

where Q = the adsorption capacity (mg/g); C = the concentration of the inhibitor in the
solution (mg/L); A = the Temkin constant (L/mg); b = the Temkin constant (mg/g).

The shape of the adsorption isotherm can offer valuable insights into the mechanism
of inhibitor adsorption and can help evaluate the performance of various inhibitors. For
instance, a Langmuir isotherm suggests that the inhibitor adheres to the metal surface in
a monolayer and is expected to be highly effective at preventing corrosion. On the other
hand, a Freundlich isotherm indicates that the adsorption of the inhibitor depends on
both the concentration of the inhibitor and the surface area, which can result in reduced
efficacy at higher inhibitor concentrations [42]. Al-Amiery [42] provides an example of the
adsorption isotherm study, which explores the interactions between inhibitor molecules
and metal surfaces.

The surface coverage (6) was calculated at various inhibitor concentrations in 1 M
hydrochloric acid solution. The most commonly used isotherms are the Temkin and
Langmuir models. An analysis of weight loss measurement data showed that the data best
fit the Langmuir model. The linear regression parameter (R2) between Cinh/0 and Cinh
was 0.9995, as shown in Figure 9, which confirms that the adsorption of 4-benzyl-1-(4-oxo-
4-phenylbutanoyl)thiosemicarbazide molecules on mild steel follows Langmuir isotherms.
However, the slope of the Cinh/0 against the Cinh plot was different from unity, indicating
non-ideal simulation and unexpected behavior from Langmuir isotherms. This may be due
to interactions between adsorbed 4-benzyl-1-(4-oxo-4-phenylbutanoyl)thiosemicarbazide
molecules on the tested metal surface. A AGoads value of —37.1 k] mol—1 was determined,
indicating a combination of chemical and electrostatic interactions between the inhibitor
and mild steel in 1 M HCl solution at 303 K. A negative AGoads value confirms that the
adsorption of 4-benzyl-1-(4-oxo-4-phenylbutanoyl)thiosemicarbazide molecules on mild
steel is a spontaneous process.

An article published by Walczak M.S. et al, and his colleagues evaluates the practice
of using inhibition efficiency to determine the standard Gibbs energy of adsorption for
a corrosion inhibitor in acidic solutions. It suggests that the assumption that inhibition
efficiency is a good proxy for fractional surface coverage may not always be valid, and,
therefore, the accuracy of the Gibbs energy of adsorption value obtained from such data
is doubtful. The article argues that even a more direct measurement of fractional surface
coverage may still not allow for an accurate estimate of the Gibbs energy of adsorption [77].
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Figure 9. Langmuir adsorption isotherm model for the adsorption of 4-benzyl-1-(4-oxo-4-
phenylbutanoyl)thiosemicarbazide in 1 M HCl on the surface of mild steel [42].

In conclusion, adsorption isotherms of organic corrosion inhibitors provide valuable
information about the effectiveness of these inhibitors in preventing corrosion. Under-
standing the adsorption behavior of these inhibitors can help in the design and selection of
effective corrosion inhibitors for different applications.

8. Mechanisms of Organic Corrosion Inhibitors

Organic corrosion inhibitors are chemical compounds that help prevent the corrosion
of metals in harsh environmental conditions. There are several mechanisms through which
organic corrosion inhibitors work [78]:

1.  Adsorption: Adsorption is the most frequently observed mechanism of organic corro-
sion inhibitors. These inhibitors attach themselves to the surface of the metal, creating
a protective layer that serves as a barrier between the metal and the corrosive environ-
ment. Several factors, including the concentration of the inhibitor, the surface area,
and the presence of other species in the solution, can affect this process [79,80].

2. Film formation: Organic corrosion inhibitors can also form a film on the metal surface,
which protects it from corrosion. This film acts as a barrier, preventing the corrosive
agents from reaching the metal surface.

3. Electrostatic repulsion: Organic corrosion inhibitors can use electrostatic repulsion
to prevent corrosion. These inhibitors can be charged, which allows them to repel
corrosive agents. For example, inhibitors with a positive charge can repel negatively
charged corrosive ions, while inhibitors with a negative charge can repel positively
charged ions [81,82].

4. Complex formation: Organic corrosion inhibitors can form complex compounds with
the corrosive agents, thereby reducing their effectiveness. This results in a reduction
in the corrosion rate as the corrosive agents are neutralized.

5. pH adjustment: Organic corrosion inhibitors can also adjust the pH of the solution to
a neutral or slightly alkaline level. This helps to reduce the concentration of corrosive
agents in the solution, which in turn reduces the rate of corrosion.

6. Cathodic protection: Organic corrosion inhibitors can act as cathodic inhibitors by
reducing the cathodic reaction rate, thus reducing the rate of corrosion.

7. Oxygen scavenging: Organic corrosion inhibitors are compounds that can reduce
the rate of corrosion by scavenging oxygen from the solution. By removing oxygen,
the formation of corrosive agents that would otherwise cause corrosion is prevented.
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These inhibitors function by creating a protective barrier on the metal surface, which

prevents the corrosive agents from coming into contact with the metal [83,84].

The chemical adsorption of 3-(4-ethyl-5-mercapto-1, 2, 4-triazol-3-yl)-1-phenylpropanone
molecules on mild steel is indicated by the interaction of the donor/acceptor from the unre-
acted electrons of nitrogen, sulfur, and oxygen atoms of the molecule with the unoccupied
d-orbitals of the iron atoms on the mild steel surface. The AG/,. for the tested inhibitor
was found to be -35.73 k] /mol, indicating that both the physisorption and chemisorption
mechanisms are involved in the adsorption process. The anticorrosion mechanism of mild
steel in a corrosive environment can be explained based on the adsorption of the 3-(4-ethyl-
5-mercapto-1, 2, 4-triazol-3-yl)-1-phenylpropanone molecules on the steel surface. These
molecules act by adsorbing onto the steel surface and preventing the active positions by
displacing water molecules and creating a barrier to block the corrosion process. Figure 10
represents the proposed inhibition mechanism of the molecule on the mild steel surface in

a 1 M HCl solution [85].

Chemisorption HM Y
(Coordination bond)

1

1

!

Iron d-orbital i Physisorption
!

Figure 10. The suggested inhibition mechanism of tested inhibitor on the mild steel surface in 1 M
HCl solution [85].

9. Computational Methods
Computational methods have become increasingly important for corrosion inhibition
studies in recent years. Here are some applications of computational methods for corrosion

inhibition studies [86-90]:

1.  Molecular dynamics (MDs) simulations: MD simulations can provide insights into
the interaction between inhibitors and metal surfaces at the atomic scale. These
simulations can be used to study the adsorption behavior of inhibitors, the effect of
the molecular structure on inhibitor performance, and the effect of environmental
factors such as pH and temperature on inhibitor efficacy [86].

2. Density functional theory (DFT): DFT calculations can be used to study the electronic
properties of inhibitors and their interaction with metal surfaces. This approach can be
used to predict the adsorption energy of inhibitors and to identify the most effective
inhibitors for a particular metal surface [76].

3. Monte Carlo simulations: Monte Carlo simulations can be used to predict the cov-
erage and distribution of inhibitors on metal surfaces. This approach can provide
insights into the mechanism of inhibitor action and can be used to optimize inhibitor
concentrations and application methods [87].

4. Machine learning: Machine learning algorithms can be trained on large datasets of
corrosion inhibition data to predict the performance of new inhibitors. This approach
can accelerate the discovery of new inhibitors and reduce the cost and time required
for experimental screening [35,88].

Overall, computational methods have become an essential tool for corrosion inhibition
studies, allowing researchers to gain insights into the mechanism of inhibitor action and to
optimize the design and application of corrosion inhibitors.
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10. Comparison Studies

In this study, we compared the inhibitory efficiencies of several published synthesized
organic corrosion inhibitors [89-121]. To do this, we evaluated the inhibition efficiencies of
these synthesized inhibitors and summarized our findings in Figure 11.

Inhibitor concentration 0.5 mM;
Mild steel; 1 M HCI solution;
Immersion time 5 h.
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Figure 11. Comparison between several synthesized organic corrosion inhibitors.

Figure 11 summarizes the comparison of inhibition efficiencies of several synthesized
organic corrosion inhibitors. The graph shows the inhibitors” inhibition efficiencies as
percentages, with higher percentages indicating more effective inhibition. The inhibitors
are labeled on the x-axis, and the y-axis represents the inhibition efficiency percentage.

The comparison shows which synthesized organic corrosion inhibitor is the most
effective at inhibiting corrosion. This information can be useful for selecting the best
inhibitor for a specific application, such as in the petroleum, chemical, or manufacturing
industries. Additionally, the study may provide insight into the mechanisms of corrosion
inhibition and inform future research and development of corrosion inhibitors. Organic
inhibitors are chemical compounds that can be used to prevent or reduce the corrosion
of metals. There are two main types of organic inhibitors: natural inhibitors, which are
derived from plant extracts or animal products; and synthetic inhibitors, which are man-
made. Several studies have been conducted to investigate the effectiveness of natural and
synthetic organic inhibitors in corrosion prevention. Here, we review some of these studies
and compare the performances of natural and synthetic inhibitors [112-126].

Natural corrosion inhibitors can be obtained from various sources, including plant
extracts, animal extracts, and minerals. Plant extracts contain various organic compounds,
such as tannins, alkaloids, and flavonoids, that have been found to inhibit corrosion.
Animal extracts, such as chitosan and collagen, have also been studied as natural corrosion
inhibitors. Minerals, such as molybdate, chromate, and nitrate, are commonly used as
corrosion inhibitors in the industry. These minerals can be obtained naturally from rocks
and soil [127,128].

The effectiveness of natural corrosion inhibitors depends on various factors, such
as the type and concentration of the inhibitor, the nature of the metal surface, and the
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environmental conditions. Additionally, the mechanism of inhibition can differ between
natural inhibitors, as some may form a protective film on the metal surface, while others
may interact with the electrolyte solution to reduce the corrosion rate [129,130]. Natural
corrosion inhibitors are compounds that occur naturally in nature and can be used to
protect metal surfaces from corrosion. They are an eco-friendly alternative to synthetic
inhibitors and can be obtained from a wide range of sources, including plants, animals, and
minerals. Herein, we explore the differences between natural corrosion inhibitors. Table 1
represents the differences between natural inhibitors based on the source of the inhibitor
and the mechanism of inhibition, in addition to its applications.

Table 1. Represents the differences between natural corrosion inhibitors.

Source Iﬂgsguilt‘glrs M‘;;}lllzgi::::; of Applications Advantages Disadvantages Ref.
Formation of a .. .
Tannins protective layer on the Inhibiting Renewable, ng:tergcfgiegs‘g?zss’
. metal surface, corrosion of . 4 g e
Plants flavonoids, . . biodegradable, time, sensitivity to [127-129]
. adsorption of the metals in aqueous - )
alkaloids s . low toxicity environmental
inhibitor molecules on solutions conditions
the metal surface
Formation of a barrier Protection of Limited stability,
Lignin, chitosan, film, adsorption of the metals against Low cost, sensitivity to
Fungi g, L S P 1gatl biodegradable, . y [130-132]
polysaccharides inhibitor molecules on corrosion in hieh officienc environmental
the metal surface aqueous solutions & y conditions
Formation of a
protective layer on the Inhibiting Renewable, Limited stability,
Bacteria, yeasts metal surface, corrosion of biodegradable, sensitivity to
Microorganisms teria, i ! production of organic . & ’ . [133]
actinomycetes acids. adsorption of the metals in aqueous effective at low environmental
; nhib,itor mglecules on solutions concentrations conditions
the metal surface
Castor oil Formation of a barrier Protection of Low cost. readil Limited effectiveness,
Natural oils sovbean oii film, adsorption of the metals against availz;ble y sensitivity to [134]
co}(l:onut oil’ inhibitor molecules on corrosion in biodegra dat’>1e environmental
the metal surface aqueous solutions & conditions
Formation of a barrier Protection of . Limited stability,
Polvsaccharides )iz?::ageig?’ film, adsorption of the metals against Bl?g;gf;i?:le’ sensitivity to [135]
y st;grch ’ inhibitor molecules on corrosion in cost-e ffectiV,e environmental )
the metal surface aqueous solutions conditions
Abundant Performance may
Plant extracts - Adsorption Metal protection eco-friendly, low vary depench'ng on [136-138]
cost the plant species and
extraction method
Good
Film formation, Oil and gas antimicrobial and Strone odors ma
Essential oils - adsorption, industries, metal antifungal limi‘ojr their use y [139,140]
complexation surface protection properties,
biodegradable
. . Adsorption, Metal surface 'Non—t0x1c, le'lted effectiveness /
Amino acids - complexation rotection biodegradable, at high temperatures [141]
P b low cost and low pH
. X Metal su.rface Eco-friendly, Can be
. Adsorption, film protection, . . . ,
Polysaccharides - formation concrete non-toxic, and time-consuming to [142]
reinforcement biodegradable prepare and to apply
Proteins ) Adsorption, Metal surface Biodegradable, (r:r?: bceai);re)igls;l‘ilﬁ arjf [143]
complexation protection non-toxic Y cau 5
certain systems
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11. Future Outlooks

The use of corrosion inhibitors is an essential strategy for protecting metals and
alloys from degradation in various industries. Organic inhibitors have been widely used
due to their effectiveness, availability, and economic viability. The review paper entitled
“Corrosion Inhibitors: Natural and Synthetic Organic Inhibitors” provides a comprehensive
overview of both natural and synthetic organic inhibitors, their mechanisms of action, and
recent advances in their development [145-149].

The future outlook for this topic is promising, and several areas of research are
expected to contribute to the development of more effective and environmentally friendly
corrosion inhibitors. Here are some potential future outlooks:

1. Green corrosion inhibitors: With increasing concern about the environmental impact of
chemical inhibitors, there is a growing interest in the development of green corrosion
inhibitors. These inhibitors are derived from renewable resources, are biodegradable,
and are less toxic to the environment. Researchers are exploring natural sources such
as plant extracts, essential oils, and biopolymers as potential green inhibitors.

2. Nanotechnology: Nanotechnology has shown promising results in the development
of corrosion inhibitors due to its ability to enhance the protective properties of coatings
and films. Researchers are exploring the use of nanoparticles as corrosion inhibitors
or as carriers of inhibitors to enhance their efficiency.

3. Computational studies: Computational studies have become an essential tool in the
design and development of new inhibitors. With advances in computing power
and molecular simulation techniques, researchers can better understand the inter-
actions between inhibitors and metal surfaces and optimize inhibitor structures for
maximum effectiveness.

4.  Synergistic effects: Combining different inhibitors to create synergistic effects is a
promising area of research. Researchers are exploring the use of natural and synthetic
inhibitors together, as well as the combination of inhibitors with other corrosion
protection strategies such as coatings and cathodic protection.

5. Application-specific inhibitors: Different industries and applications have specific
requirements for corrosion inhibitors. In the future, more research is expected to
focus on developing inhibitors tailored to specific industries, such as oil and gas,
automotive, or aerospace, to optimize performance and cost-effectiveness.

In conclusion, the development of corrosion inhibitors is an active area of research,
and the future outlook is promising. Researchers are exploring new materials, technologies,
and methods to develop more effective, environmentally friendly, and application-specific
inhibitors. The review paper provides a valuable resource for researchers and engineers
working in this field.

12. Conclusions

Corrosion is a complex process that can occur in various forms and have different
causes. The use of organic corrosion inhibitors has been widely studied and recognized as
an effective solution for preventing metal corrosion. In this review article, various types
of corrosion and classifications of organic corrosion inhibitors were discussed. The active
functional groups in organic inhibitors were also discussed and their role in the inhibition
of corrosion was emphasized. Estimating the efficiency of organic inhibitors is an important
aspect in the selection and application of corrosion inhibitors. Several methods have been
used for this purpose, including electrochemical techniques and surface analysis methods.
Previous studies have shown that natural and synthetic organic inhibitors can be used
effectively to prevent corrosion. However, the efficiency of these inhibitors depends on
the type of metal, the environment, and the type of inhibitor used. Adsorption isotherms
of organic inhibitors have also been studied, and they provide important information on
the interaction between the inhibitor and the metal surface. The mechanisms of organic
corrosion inhibitors were also discussed, and it was found that the inhibition of corrosion
is related to the adsorption of the inhibitor on the metal surface. Finally, the kinetics of
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corrosion modeling was discussed, and it was found that this method provides important
information on the kinetics of corrosion processes and the inhibition of corrosion by organic
inhibitors. In conclusion, organic corrosion inhibitors play a crucial role in preventing
metal corrosion. Further research is needed to better understand the mechanisms of organic
inhibitors and to improve their efficiency. The development of new and improved organic
inhibitors will help to reduce the impact of corrosion on metal surfaces and increase the
lifespan of metal structures.
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