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Abstract

Metallic materials have propelled human advancements for centuries. Nevertheless, the rapid degradation of metallic struc-
tures in corrosive environments is inevitable. To date, the demand for metal alloys in multiple sectors, including construc-
tion and transportation, continues to escalate, with the trend it is predicted to reach beyond 250% by 2050. Thus, the need
for corrosion inhibitors (CI) with qualities of high efficiency, excellent solubility, low toxicity, and inexpensiveness drive
researchers to examine various possibilities. Here, we review the novelty, methods, and outputs from the latest studies on
organic CI with the primary purpose of protecting mild steel and stainless steel in salt and acidic solutions. We reviewed
the effectiveness, synergism impacts, and technological availability of each inhibitor and also comprehensively discussed

related mechanisms of metallic corrosion and inhibition of CI.
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1 Introduction

Corrosion is a natural phenomenon that critically affects
most of the industrial sectors such as refining and transpor-
tation industries [1, 2], nuclear facilities [3], food processing
factories [4], marine infrastructures [5, 6], oil and gas build-
ings [7], industrial wastewater treatment system [8], metal-
lic implants fields [9], and others. The process involves an
electrochemical reaction between the metal surface and its
surrounding corrosive environments like oxygen and water.
Moreover, with the presence of corrosive agents, the oxida-
tion of metal can be accelerated, and more electrons will be
gained from the anodic site [10]. Numerous disadvantages
of corrosion are linked to economic loss, structural failure,
and catastrophic incidents. In 2019, a staggering amount of
614 pipelines incidents were reported in the United States,
with the total death count of 10 people and injuries of more
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than 30. Figure 1 shows the cause and percent distribution
of hazardous liquid line incidents from 2010 to 2019, as
reported by the U.S. Department of Transportation.

An accurate estimation of global economic loss because
of corrosion is difficult, but based on the information gath-
ered by the National Association of Corrosion Engineers
(NACE) International IMPACT, more than USD 2.5 tril-
lion is lost in 2013, with up to 40% is due to the microbio-
logically influenced corrosion (MIC) [12]. Nonetheless, the
severe effects of corrosion can be reduced if appropriate con-
trol methods are implemented from the early stages. An eval-
uation by NACE in 2016 suggested that a proper application
of the corrosion control method should be able to reduce
the economic loss from 15 to 35%, approximately between
USD 375 billion to USD 875 billion [13]. Among the avail-
able practices such as cathodic protection, coatings, design,
inhibitors, and material selection, inhibitors are the most
popular for closed-system application in a chloride-concen-
trated solution. Furthermore, compared to other methods,
the inhibitor does not need a high initial cost, does not need
complex preparation methods, is easier to remove, and is
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independent of external equipment. Corrosion inhibitor min-
imizes the degradation rate through an adsorption reaction
on the metal surface, forming a thin monomolecular film that
blocks direct contact with the surrounding aggressive ele-
ments [14]. Back in the day, synthetic organic CI and tradi-
tional inorganic CI were used without any concern on how it
may affect human and aquatic life. The famous examples of
hazardous inhibitors are tributyltin [15], cobalt octoate [16],
chromates [17], and lead [18]. However, since the restriction
imposed on these materials is legislated, it has prompted
researchers to evaluate the available natural resources as a
replacement with friendlier properties. This review paper
assesses the trilateral view of corrosion, including sources
of corrosion, corrosion mechanisms on mild and stainless
steel, and recent development of organic CI to reduce the
corrosion effects in chloride and acidic media.

2 Environmental Influences of Metallic
Alloys

Metallic materials have persistently impacted human history
and shaped our civilization. They have ushered in techno-
logical advancements with load-bearing applications for us
to explore the harshest environment. No known materials
have ever provided such a diversity of attributes in strength,
resistance, conductivity, ductility, joinability, magnetism,
and hardness. The versatility displayed by metallic materials
enables various infrastructure, transportation, communica-
tion, and health applications. Recently, the development of
metal alloys boosted the efficacy of several critical sectors
such as transportation with the introduction of alloys having
better strength and toughness, but low in weight [19, 20],
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a power station with a turbine that can operate efficiently
under high temperature [21], a nuclear industry with more
suitable components for safer waste disposal [22], biomedi-
cal implants for human with higher corrosion resistance
[23], and embrittlement-resistant alloys for spacecraft usage
[24]. The importance of metallic industries also signifies its
significant impact on the environmental crisis. The success
of these materials has pushed forward for large-scale indus-
trial production, causing its availability to drop significantly
over the years. Based on records and trends, the increasing
urbanization, electrification, and digitization will consume
more metallic materials when more than 60% of the popu-
lation lives in cities by 2025. Furthermore, the production
and usage of metal worldwide per year released up to 4.4
gigatons of carbon dioxide, CO, as a byproduct, equivalent
to 30% of all the industrial sectors combined [25]. These
factors proved that proper management to reduce the metal
usage and amount of byproducts with risky potential to
endanger the environment are crucial.

3 Mild Steel (MS)

MS (low carbon steel) is one of the most preferred metallic
materials for construction in offshore and onshore indus-
tries. The preferability is due to many advantages, includ-
ing availability, low price and high strength [26]. Carbon
steel is generally composed of a minor amount of carbon
(< 1.5%) with multiple other elements of manganese (Mn),
silicon (Si), phosphorus (P), and sulfur (S). By varying the
carbon content concentration, a MS can be categorized
as a low (<0.25% C), medium (0.25-0.70% C), or high
(0.70%-1.05% C) carbon steel. With a different composition
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of carbon, the steel will gain distinct mechanical charac-
teristics, making it suitable for multiple applications [27].
For example, MS grade 1018 has an exceptional welding
capability, while MS grade 1008 comes with an acceptable
ductility. Although its mechanical properties can be varied,
most carbon steels are exceptionally prone to corrosion when
exposed to acidic, alkaline, or other corrosive environments,
generally due to a passivation layer that has a low protective
power [28, 29]. These issues commonly occur during indus-
trial processing: pickling, acid cleaning, and descaling with
the use of more corrosive acid such as hydrochloric acid and
nitric acid. But, these methods proved to be impractical since
it can promote corrosion on other exposed infrastructures.

3.1 Corrosion Mechanism of Mild Steel

The most common forms of corrosion occurring on MS are
uniform corrosion and localized corrosion such as pitting and
crevice corrosion. In this section, the process of uniform cor-
rosion is described. The general mechanism of corrosion on
MS, when exposed to water and oxygen, is commonly under-
stood by the reaction of iron (Fe), as illustrated in Fig. 2 and
described by multiple studies [30, 31]. The process begins
when iron is oxidized at the anodic sites to form ferrous
ions (Fe*™) (Eq. 1) and released electrons that travel to the
cathodic site through an electronic path within the metal.
Upon reaching the cathodic region, these electrons consumed
the water and oxygen to form hydroxide ions (OH™) (Eq. 2).
If the solution is acidic in the absence of oxygen, then the
hydrogen ions (H") can be reduced to produce hydrogen
gas (H,) (Eq. 3). The electrochemical reaction of corrosion
occurred on a metal surface because of the potential differ-
ence yielded by the metal and the surrounding electrolytes.

Fe — Fe?* + 2¢~ (oxidation of iron)

ey

Anodic reaction :

Cathodic reaction :

0, +2H,0 + 4e™ — 40H" (reduction of oxygen)

2H* +2e™ - H, (reduction of hydrogen ions) 3)

The rate of corrosion is relatively understood according
to Faraday’s law, where it is dependent on the total flow of
electrons from anode to cathode, termed as the corrosion
current density i..,,. The corrosion current is presented in the
electrolytes (water) during this cycle and flows through ionic
conduction. Hence, when the conductivity of the electrolytes
is increased (e.g., by adding salt), it will boost the flow of
corrosion current and increase the overall rate of reaction.
After the reduction occurs at the cathodic site, the formed
OH~ will react with the Fe** and generate iron (II) hydrox-
ide, Fe(OH), (Eq. 4). The produced substance is considered
as solid corrosion debris, incomplete forms of rust with a
greenish color due to partial oxidation with the oxygen.

Fe’* + 20H™ — Fe(OH), @)

The corrosion debris can undergo further hydration and oxi-
dation reaction before forming a complete corrosion product,
a complex mixture known as the ferric oxide, Fe,O; (Eq. 5).

4Fe(OH), + O, — 2Fe,0; + 4H,0 (5)

4 Stainless Steel (SS)

SS is a prominent alloy with various applications for con-
struction, surgery tools, automotive, electrical machinery,
and vessels [32]. It is widely known as an iron-based alloy
with a higher corrosion resistance compared to most types of
steel. Its composition includes chromium (Cr) as the major
component with other materials of nickel (Ni), nitrogen (N),
niobium (Nb), titanium (Ti), and molybdenum (Mo) [33]. As
the primary material, Cr plays a crucial role in forming an
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oxide film on the SS surface to prevent harmful substances
from reaching the alloy during the early stage of exposure to
a corrosive environment. In fact, in the presence of an oxi-
dizing environment (therefore also in contact with the oxy-
gen contained in the air or dissolved in water) the surface of
the SS self-passivates, forming a very thin film of chromium
oxide, extremely adherent and compact which protects the
substrate. This invisible layer which has a thickness of a few
atomic layers (2—-10 nm) can regenerate itself in the case of
damage, not too extensive and penetrating, reconstituting a
barrier to the continuation of the attack. Essential conditions
for this layer to form are the presence of a minimum content
of 10.5% of Chromium (Regulation En 10,020) and the pos-
sibility of exchanging a sufficient quantity of oxygen with
the surrounding environment to ensure optimal passivation
conditions [34]. According to the American Institute of Steel
and Iron (AISI), there are four classifications of SS, which
are ferritic, martensitic, duplex, and austenitic [35]. In brief,
the Cr percentage contents of ferritic, martensitic, duplex,
and austenitic are 11-30%, 12—17%, 20-28%, and 16-30%,
respectively. The ferritic type is known to be cheaper since
it has a lower or no Ni content and can withstand high tem-
peratures above 1000 °C. The martensitic, however, has a
high carbon (C) amount that increases the steel strength and
durability. As for the duplex, it is unique from the rest since
the microstructure is made up of a balance combination
between both ferritic and austenitic. Due to this microstruc-
ture, the duplex provides many advantages usually found in
the class of ferritic and austenitic [36]. The austenitic family
is the largest group of SS and can be further categorized into
high-temperature austenitic grade, high-performance aus-
tenitic grade, Cr-Mn grade, Cr-Ni grade, and Cr—Ni—-Mo
grade [37]. The steel resistance against corrosion is good to
excellent, depending on which sub-groups and the types of
environment it is exposed to.

4.1 Corrosion Mechanism of Stainless Steel

The SS are commonly subjected to different forms of corro-
sion, such as pitting, crevice, intergranular, stress-corrosion
cracking, fretting corrosion or mechanical-assisted corrosion
(MAC), and uniform corrosion. During the exposure to a
chloride-concentrated solution, the apparent forms of cor-
rosion are mostly pitting and crevice corrosion. Although
the forms have different names, some researchers consid-
ered that these two are the same, in which pitting is just an
extended version of crevice [38]. The only main difference
is that pitting corrosion does not require any prior contact
with other material before it can be started. The description
of the pitting mechanism is based on Fig. 3. Pitting corro-
sion appears as a deep, tiny hole with rust on the tip. The
process begins with the oxidation of metal (Fe) naturally
(Eqg. 6) or due to its reaction with the acid (Eq. 7). For expla-
nation, hydrochloric acid (HCI) is used as an example. The
oxidation at the anode released electrons that can travel to
the reduction site while simultaneously reacting with HCI’s
hydrogen ions to form hydrogen gas (Eq. 3).

Fe — Fe?* + 2e” (6)

2H* + 2¢” —» H, (7

Similar to the process in Eq. 2, the released electrons,
upon reaching the cathodic site, caused the formation of
OH™. The presence of OH~ combined with Fe?* to produce
the oxide film (Eq. 8).

Fe’* + 20H™ — Fe(OH), (8)

Fig.3 Localized corrosion of
pitting on stainless steel [48]
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The pitting is initiated when Fe(OH), starts to break-
down, forming a tiny hole with the shape of either hemi-
spherical or cup, as shown in Eq. 9:

Fe(OH), + 2Cl~ — FeCl, + 20H" ©)

Since the FeCl, is soluble in water, more tiny holes are
formed, with each hole continues to dig down deeper until it
reaches the metal surface. The formation of each hole caused
corrosion to occur only on the exposed site inside the area
of the breakdown. This is the primary reason why pitting
corrosion is more dangerous than uniform corrosion; it is
harder to detect, and from the outside, the accumulation of
tiny holes makes the surface look rough, just like an ordinary
form of uniform corrosion. Inside the pit, oxidation of metal
continues to occur, releasing more electrons that reduce both
the limited quantity of oxygen and water. When the amount
of oxygen reaches zero, electrons will start to travel to the
new cathodic site at the outer part of the oxide film. The
depletion of oxygen also creates a potential gradient in the
pit that forces corrosion to occur faster [39]. As more Fe>*
are accumulated, the pit becomes positively charged and
attracts the negatively charged CI™ ions from the outer part
to diffuse into as a means to achieve electroneutrality [40].
Simultaneously, the Fe?* can also react with H,O, producing
more H* (Eq. 10) that increases the acidity of the solution,
rendering the pit to be more corrosive.

Fe’* + 2H,0 — Fe(OH), + 2H* (10)

In the worst-case scenario, the increase in potential and
corrosivity of the solution makes the corrosion progress
inside the pit to be almost unstoppable. Nonetheless, if the
minimum surrounding factors during the early stage of pit-
ting corrosion are not fulfilled, then the newly formed pits
will just be instantly re-passivated [41]. On the other hand,
it is also worth mentioning that when the formed oxide film
on SS is disrupted by mechanical factors, it can induce MAC
to occur. Similar to pitting corrosion, MAC is difficult to
discern, with the surface appearing to be smooth. Hence,
the damage needs to be observed through a microscope to
identify the surface composed of sharp grooves and rough
pits [42, 43].

In the composition of SS, the amount of chromium is a
critical factor in determining the oxidation and corrosion
resistance properties. When a SS starts to corrode, the pro-
cess of corrosion is associated with the formation of the
chromium oxide (Cr,053) layer. The formation rate of Cr,04
is relatively slow, but a complete form of Cr,0; is capable of
blocking any outward diffusion of other alloy elements and
inward diffusions of corrosive agents. It is reported that the
oxide films of SS are commonly made up of two layers; inner
and outer layers. The reason for these circumstances is due
to the simultaneous oxidizing (oxygen or hydrogen peroxide)

and reducing (excess H,) conditions that take place when a
SS is subjected to an aggressive medium. Accordingly, the
inner layer is composed of a fine grain oxide enriched in
chromium, whereas the outer layer is constituted of a coarse
layer enriched in iron. There are different types of Cr,0;
layers dictated by the dissimilar chromium content of a SS.
For a SS with a low amount of chromium, such as stainless
steel 304, the formed oxide layer is named as spinel oxide
(FeCr,0,) and has a limited resistance against aggressive
solutions. Two separate studies on this topic performed by
Kuang et al. [44], and Ziemniak and Hanson [45] point out
that the spinel oxide is a two-layer oxide film with an outer
layer loosely and disorderly packed with a crystal size of
5 to 10 pum, formed through precipitation process. In con-
trast, the inner layer is identified to include nanocrystalline
spinel oxide with a crystal size of 5 to 10 nm. Generally, as
the amount of chromium is increased, the alloy will have
greater resistance. For example, a SS with a chromium con-
tent above 13% displayed a much slower rate of oxidation
with the inner oxide layer consisting of Cr,0;, (Cr, Fe),0;,
or Cr-rich (Cr, Fe Mn);0, and an outer layer composed of
Fe,05 [46, 47].

5 Corrosion Control Practices

Preventing corrosion is a vital maneuver to sustain the integ-
rity and esthetic values of a structure. Since corrosion is
dependent on the characteristics of both environment and
metal, any changes that occur to these factors will directly
impact the overall process. For example, the changes can
be as simple as storing metal inside a warehouse to avoid
any contact with the rain and sunlight or the procedures of
polishing and grinding [49]. In short, by understanding and
manipulating the surrounding environmental condition, cor-
rosion can be reduced significantly. Generally, five corro-
sion prevention techniques are widely acceptable, namely
cathodic protection, coatings, material selection, design
selection, and corrosion inhibitors.

Cathodic protection extends the shelf life of a metallic
structure by applying a regulated electrical current to polar-
ize the metal surface and reduce the corrosion progress. It is
achieved by subjugating the protected metal to function as in
an electrochemical cell where it acts as a cathode in which
a sacrificial metal will be reduced in its place. The two most
common forms of cathodic protection are sacrificial anode
cathodic protection (SACP) and impressed current cathodic
protection (ICCP) [50-53]. The second alternative for cor-
rosion protection is coating. A coating is considered the first
line of defence that separates a metal from its surrounding.
In today’s world, the coating is present virtually on almost
any human-made structure. Due to the numerous types of
coatings available on the market, a selection of coating is
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generally determined by the environmental condition (such
as highly corrosive, moderately corrosive, and lightly cor-
rosive) or types of polymer used. Although coatings seem
like an ideal protection method, two limiting factors are the
cost of materials and the extensive requirement of surface
preparation. It is also necessary to consider that when we
talk about coating, we really mean a “coating system” that
consists of several layers, sometimes even of different types
(e.g., gel-coat, primer, top coat, etc.) [54-59]. In contrast,
material selection occurs during an earlier phase compared
to the other prevention methods. It highlights the selection of
materials which has the highest compatibility with the envi-
ronment. Technically, for most industries, the resistant alloy
would be the optimum choice [60]. However, severe prob-
lems with resistant alloys are the high initial cost, difficulty
to manufacture, and, most importantly, inability to meet the
engineering demand. Due to these disadvantages, material
selection as the only prevention method on any structure is
not practical [61]. Design decreases the corrosion by avoid-
ing a particular structure from trapping dust and moisture
for an extended period while ensuring an accessible path
for regular maintenance to be conducted regularly. Finally,
among these prevention techniques, the corrosion inhibi-
tor is appraised as the cheapest, sensible, eco-friendly, and
convenient method to manage corrosion in an aqueous envi-
ronment [62—-64].

Inhibitors

I

6 Corrosion Inhibitors (Cl)

Corrosion inhibitor is a chemical substance that reduces the
corrosion rate when present in a corrosive system at suitable
concentrations, without significantly changing the corrosive
environment (ISO). The working mechanism of organic and
inorganic corrosion inhibitors differs through their inhibi-
tive action, where an organic inhibitor lowers the corrosion
rate by the adsorption process and the inorganic inhibitor
by reacting with the formed anodic and cathodic sites [65,
66]. Figure 4 shows the general classification for organic
and inorganic corrosion inhibitors [67]. The classification
of inhibitors is also discussed based on their inhibitive
mechanism such as anodic and cathodic inhibitive actions.
Concerning the anodic corrosion inhibitor, it can be fur-
ther divided into oxidizing and non-oxidizing anions. For
oxidizing anions, the inhibitive action is by promoting the
formation of an oxide layer over the metal surface in the
absence of oxygen. Contrarily, the non-oxidizing anions
reduce the corrosion rate by passivating the metal from
initiating the redox reaction in the presence of oxygen. As
for the cathodic inhibitor, it works through a precipitation
process on the cathodic site causing the rate of hydrogen
evolution to diminish and slow down the occurrence of cor-
rosion [68]. Moreover, it can inhibit corrosion as an oxygen
scavenger or cathodic poison by reducing the number of cor-
rosive agents present in the environment. Cathodic inhibitor

Organic

Adsorption
(mixed type)

* Amines
*  Amino salts
* Imidazolines

Fig.4 General classifications of corrosion inhibitors
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generally provides an optimum inhibition when deployed
in neutral and alkaline solutions by performing a cathodic-
oxygen reduction process. Several critical parameters need
to be taken into consideration before an inhibitor is selected,
which are (i) the inhibitor solubility in the selected medium,
(i1) compatibility with the environment, (iii) stability with
pH and temperature variation, (iv) cost, and (v) efficiency.
Throughout the years, a considerable amount of effort in
finding the best organic corrosion inhibitor for various cor-
rosive media has been conducted compared to the inorganic
CI. This preferability is because organic inhibitors have
excellent solubility in water, lower toxicity, and are relatively
inexpensive. Furthermore, since the increase of awareness
for “greener” products in society to limit the discharge of
contaminated substances to the environment has skyrock-
eted, more study has shifted towards developing organic
and eco-friendly (green-based) inhibitors [69]. The organic
CI inhibits corrosion through the adsorption process that is
divided into three different pathways of physical, chemical,
and film-forming.

An organic CI is commonly identified by the presence
of heteroatom in its structure. These heteroatoms include
oxygen (O), nitrogen (N), sulfur (S), and phosphorus (P),
with the properties of high basicity and electron density
[70]. Although many studies centered their discussion on the
effects of heteroatom, the key player in combating corrosion
is the functional group. Hence, each organic inhibitor must
possess at least one functional group that provides an overall
adsorption strength through its charge [71]. Multiple works
of literature also reveal that the presence of heteroatom with
the characteristics of low electronegativity and high polar-
izability gives the functional groups its ability to cover a
larger surface area and easier electron transfer process [72,
73]. According to the previous studies, organic inhibitors are
known to initiate their protective mechanism by displacing
the electrolyte’s molecules and adsorbing to the metal sur-
face, resulting in a monomolecular barrier-like structure that
blocks the metal from having direct contact with the corro-
sive agents. In general, the inhibition efficiency of organic
inhibitors is based on the heteroatoms with a sequence of
O <N < S <P. The performance of organic inhibitors is
also attributed to (i) chain length, (ii) size of the inhibitor
molecules, (iii) cross-linkage formation, (iv) solubility in
electrolytes, and (v) types of bonding. The most explored
chemical groups of organic inhibitors are polymers [74, 75],
fatty amides [76—79], azoles [80—82], pyridines [83, 84], and
imidazolines [85, 86].

The importance of organic inhibitors becomes apparent
when discussed in its usage for acid cleaning procedures
on an industrial scale. At the initial phase of the cleaning
process, a metal (e.g., iron, magnesium, zinc, and copper)
is exposed to acid to remove unwanted solids formed on its
surface. However, the process causes the metal to undergo

a severe corrosion reaction, resulting in a considerable loss
of some parts. As such, to counter this problem, an organic
inhibitor is usually included in the cleaning process to
enhance the metal resistance towards the corrosive agents
and reduce the degradation that may occur [68]. Besides the
acid, the inhibitor employment against salt solution is also
frequent. Infrastructure like pipelines, desalination plants,
vessels and pulps, oil storage tanks, and ballast tanks require
the inhibitor to increase their shelf life [87].

7 Organic Clin Corrosive Solutions
7.1 Organic Corrosion Inhibitors in Salt Solution

Wang et al. [88] studied the inhibition efficiency of an inter-
nal blending organic CI in chloride-contaminated simulated
concrete pore solution for the protection of MS using the
weight loss (WL) test, electrochemical impedance spec-
troscopy (EIS), and scanning electron microscope (SEM).
The inhibition effectiveness improved with increasing con-
centration, and the highest efficiencies 88.73% (WL) and
89.08% (EIS) were recorded at 4% of inhibitor concentra-
tion. Decreasing the value of the pH medium also revealed
a significant drop in the impedance arc radius, indicating a
faster corrosion rate occurred in a lower pH condition. Based
on the surface analysis, the authors reported that an absence
of inhibitor caused severe pitting corrosion with distinct
rough layers on the steel surface. In contrast, the presence
of an inhibitor was observed to form a compact and uniform
monomolecular film on the steel surface, preventing it from
initiating any visible corrosion reaction.

Deyab and Guibal [89] tested the Taraxacum officinale
extract (TOE) as a corrosion inhibitor for cooling systems
in desalination plants. The evaluation was carried out on
carbon steels in a seawater environment and character-
ized using WL, EIS, and potentiodynamic polarization
(PP). An increase in the TOE concentration corresponded
with the increase in efficiency. The results from WL con-
firmed that the highest inhibition efficiency of TOE 94%
was obtained at 400 mgL~"! of inhibitor concentration after
7 days of immersion, and an extended testing period beyond
24 days revealed an efficiency of 91%. These findings also
agree with the results of EIS and PP, in which the optimum
TOE concentration produced 90.4% and 88.2% efficiencies,
respectively, when assessed at 298 K, significantly higher
than other concentrations (100, 200, and 300 mgL_'). The
author summarized the inhibitive actions of extract to work
predominantly as an anodic inhibitor. Comparative research
by Fouda et al. [90] explored the inhibition effects of Med-
icago sativa (Alfafa) on MS in a solution containing 3.5%
NaCl and 16 ppm of sodium sulfide (Na,S) using the char-
acterizations of WL, EIS, and PP. As the concentration of
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Alfafa increased, the inhibition efficiency also increased.
The optimum concentration of Alfafa at 300 ppm yields
efficiencies of 74.5%, 92.7%, and 98.5% for WL, EIS, and
PP, respectively, after 120 min of immersion at 25 °C. The
effects of temperature are observed using WL from 25 to
45 °C, in which a decreased inhibition efficiency of optimum
Alfafa was recorded from 74.5 to 69.6%, respectively. The
author concluded that the adsorption of Alfafa molecules
followed the Temkin isotherm, and its inhibitive action is
a mixed-type. The fruit shell extract of Juglans regia was
researched by Haddadi et al. [91] as an organic corrosion
inhibitor on MS in 3.5% NaCl solution through both means
of computational and experimental. The theoretical char-
acterizations performed were molecular dynamics, Monte
Carlo (MC), and quantum mechanics computation of den-
sity functional theory (DFT). Meanwhile, the experimental
analysis was EIS, PP, and field emission scanning electron
microscope (FESEM) coupled with an energy-dispersive
X-ray (EDX). The theoretical study points out the adsorp-
tion affinity between the inhibitor molecules and the surface
of MS. According to the author, out of all species presented,
myricetins provide the highest adsorption level as suggested
by the molecular simulator, with its lowest computed nega-
tive energies being — 279.63 kcal/mol. Other theoretical
analyses also proposed that the reactive sites of all phenolic-
based compounds have excellent affinity for the adsorption
process through the donor—acceptor interaction. In regard to
the experimental examination, the best efficiency obtained
was 94.2% for the concentration of 1000 ppm after 48 h
of the exposure period. The extract was also discovered to
be a mixed-type inhibitor since it retards both anodic and
cathodic reactions. Additionally, the protective function of
the extract is evident based on the surface study, where a
uniform layer of inhibitor was found to cover the metal sur-
face, and fewer corrosion products were detected. Several
previous studies are also in agreement with the findings
using different plant extracts of Allium sativum, Ferula asa-
foetida, Leucaena leucocephala, Olea sp., and Andrographis
paniculata [92-95].

In another study, Loto et al. [96] examined the different
concentrations of calcium gluconate (CGN) as a non-toxic
Cl in artificial seawater (3.5% NaCl) for MS protection using
PP, open circuit potential (OCP), WL, and optical micros-
copy. The CGN was confirmed as a mixed-type inhibitor
with a dominant anodic. The inhibitor with an optimum
concentration of 1.75% yields an efficiency of 85.14% and
97.87% for PP and WL studies, respectively. The optical
microscopy revealed that chloride ions aggressively promote
pits on the MS surface via an autocatalytic oxidation process
in the absence of an inhibitor. In the presence of CGN, the
surface displayed a lower morphological degradation and a
complete absence of pits. They concluded that the excellent
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performance of CGN is due to its strong attraction and coor-
dinated reaction onto the MS surface.

The inhibition properties of amino-based protic ionic lig-
uids such as N-methyl-2-hydroxyethylamine (M-2HEAOL)
and bis-2-hydroxyethylamine (B-HEAOL) oleate were ana-
lyzed for MS (AISI 1020) protection in a naturally aerated
chloride solution (0.01 mol/L), using OCP, PP, SEM, and
optical interferometry [97]. Besides, both inhibitors were
identified as a mixed-type with a predominant anodic inhibi-
tion effect and produced a similar efficiency of 97% accord-
ing to the PP analysis when used at 5 mmol/L concentration.
The retardation is through an adsorption reaction (followed
Langmuir isotherm) of physisorption and chemisorption
mechanisms. The presence of M-2HEAOL and B-HEAOL
also modified the hydrophilic surface property to hydro-
phobic, and this is evident from the surface analysis, which
displayed imperceptible corrosion marks, even though the
study was conducted in an accelerated condition.

Another exciting research by Moradi et al. [98] used
the Pseudoalteromonas piscicida (P. piscicida) to inhibit
corrosion through the formation of a biofilm on A36 MS
immersed in artificial seawater for 14 days. The immersion
was conducted in two different hydrodynamic conditions of
orbital shaking incubator and flat plate bioreactor, in which
characterizations included were EIS, PP, FESEM, and con-
focal laser scanning microscope (CLSM). The polarization
study confirmed the inhibitory effect of P. piscicida in the
first week of exposure, while the lowest corrosion rates of
0.009 mpy and 0.027 mpy were recorded after 14 days for
orbital shaking conditions and flat plate bioreactor, respec-
tively. As for the EIS evaluation, although an identical result
was obtained for the orbital shaking condition after 14 days
of immersion (R, =70,250 Q cm?), a different finding
was displayed for flat-plate bioreactor condition, where an
increase of R was only recorded for the first week, and an
increase of exposure to 2 weeks reduced it to 9854 Q cm?.
According to the author, the difference is due to the forma-
tion of heterogeneous biofilm beyond a week of exposure in
the flat plate bioreactor, causing a severe corrosion reaction
on MS. The surface analysis revealed a uniform and compact
multilayer of biofilm on the steel surface under the orbital
shaking condition. In contrast, the biofilms formed in flat
plate bioreactor conditions were heterogeneous, mushroom-
like with various sizes and open gaps. The finding, thus,
supported the data recorded in the EIS study.

A novel application of gemini surfactants prepared by
the reaction of Bis[2-(N, N-dimethylamino)ethyl] ether
and chloroesters, such as N2OES (3-oxa-1,5-pentamethyl-
ene—bis(N-octyl-2-chloroacteate-N, N-dimethylammonium
chloride) and N20OE10 (3-oxa-1,5-pentamethylene—bis(N-
decyl-2-chloroacteate-N, N-dimethylammonium chloride)
were evaluated by Pakiet and coworkers [99] on MS in
a solution of 50 mM NaCl, using both experimental and



Journal of Bio- and Tribo-Corrosion (2022) 8:37

Page90of18 37

theoretical studies of DFT, PP, EIS, and linear polarization
resistance (LPR). The theoretical analysis implied that both
inhibitor’s structures are thermodynamically stable and
adsorb on the metal surface via the physisorption mecha-
nism. Furthermore, the N2OES8 showed a more exceptional
softness, o than N20OE10, indicating a higher tendency
for donor—acceptor interaction and possibly a more reli-
able bond formation. In regard to the experimental analy-
sis, the addition of inhibitors shifted the potential towards
more positive regions and acted as a mixed-type inhibitor
with a predominant anodic effect. The highest efficiencies
obtained according to the PP analysis were 79% for 8.5 mM
of N2OES8 and 62% for 1.7 mM of N2OE10. These results
are also in agreement with both EIS and LPR characteriza-
tions, in which the N2OES exhibited a higher efficiency than
N2O0E10, even when CMC (Critical Micelle Concentration)
parameter is included. Further comparison between these
gemini surfactants inhibitors with a commercial 1H-benzo-
triazole displayed a significant output, for which both sur-
factants were shown to have higher protective capabilities
after an extended immersion test.

Wang et al. [100] elucidate the inhibitive effects of a
modified chitosan-oligosaccharide (MCO) at different con-
centrations and sodium silicate (SA) at a fixed concentration
for MS in 3.5 wt% of NaCl solution, using WL, EIS, PP, and
SEM/EDX analysis. The test was conducted for a maximum
of 48 h, with the effects of temperatures were also included.
Based on the WL study at 300 K, the MCO at 700 ppm
concentration gave the highest efficiency of 80.78%, and SA
at 350 ppm concentration yielded an efficiency of 84.70%.
Similar findings were also recorded by EIS and PP stud-
ies, where both MCO and SA, at an optimum concentra-
tion, have retained a similar trend with the efficiencies of
81.42% and 85.64% for EIS, and 81.45% and 82.60% for
PP, respectively. The inhibitive mechanism of the inhibitors
was also identified as a mixed-type. Besides, the author dis-
cussed the synergistic effects by combining both inhibitors
at a fixed concentration of 350 ppm. The efficiency outputs
of this combination were 94.31%, 92.95%, and 96.71% for
the characterizations of WL, EIS, and PP, respectively. As
for the surface morphology study, although the presence of
inhibitors, as an individual, has significantly reduced the
corrosion, the presence of localized attacks was still dis-
cernible. In comparison, the mixed inhibitors of both MCO
and SA provided a much more superior inhibitive action,
in which the displayed steel surface was markedly smooth.

Somers et al. investigated the inhibition efficiency and
synergistic effects of a new and environmentally friendly
rare earth (RE) 3-(4-methylbenzoyl)propanoate (mbp) car-
boxylate (RE =Lanthanum (La), Cerium (Ce), Neodymium
(Nd), and Yttrium (Y)) as corrosion inhibitors tested on MS
immersed in 0.01 M NaCl. After 30 min of immersion in
0.25 mM, all the compounds started to show some inhibition

effect. From the electrochemical measurements, Y(mbp);
showed the highest corrosion efficiency (IE) at nearly
90%, while La(mpb), has the lowest inhibition efficiency
with the concentration of 0.25 mM. From the polarization
study, the effect of Y(mbp); on i, was greater than oth-
ers, demonstrating the synergistic effects between RE and
mbp ligand. Furthermore, based on the SEM/EDX result, the
highest level of RE observed was on the exposed samples
of Y(mbp);. After 6 h of immersion in NaCl, the level of
effectiveness is concluded as Y(mbp); > Nd(mbp); > Ce(m
bp);>La(mbp); [101]. Similarly, Peng et al. [102] also stud-
ied rare-earth 3-(4-methylbenzoyl)-propanoate compounds
as CI for AS1020 MS in NaCl solutions using PP and EIS
techniques. The three types of CI employed were (La(4-
OHcin);, La(mbp);, and Y(mbp);). In PP results, Y(mbp),
caused a shift of corrosion potential (E,,.) towards more
positive potential with the highest IE of 97%, in compari-
son to La(4-OHcin); and La(mbp); with the IE of 93% and
82%, respectively. The findings indicate that both 97% and
93% IE demonstrated a better inhibition performance in
0.25 mM concentration. To conclude, at the concentration
of 0.25 mM, the Y(mbp); compound achieved the highest
efficiency in both short (30 min) and the extended (24 h)
immersion time, indicating that it could be a promising cor-
rosion inhibitor for MS in aqueous salt solutions.

Talebian et al. [103] evaluated the inhibitive effect of
sodium (E)-4-(4-nitrobenzylideneamino) benzoate (SNBB)
on three different types of metals which are pure iron,
copper, and low alloy carbon steel (grade F111) in a neu-
tral 10 mM NaCl solution. Three different concentrations
(1 mM, 5 mM, and 10 mM) of SNBB and control samples
were tested at 25 °C. The IE keeps increasing as the concen-
tration increases, in which the highest recorded IE was 91%
with 10 mM for F111 steel, while 81% of IE was measured
for Fe. From PP analysis, pure iron and F111 steel displayed
a remarkable decrease in corrosion rate, except copper.
Additionally, the use of SNBB on iron and F111 was found
to obey the Langmuir adsorption isotherm. The subsequent
thermodynamic analysis revealed that the adsorption mode
was both physisorption and chemisorption. The summary
of different types of organic corrosion inhibitors in the salt
solution, as discussed in the section, is presented in Fig. 5.

7.2 Organic Corrosion Inhibitors in Acidic Solution

Dehghani et al. [104] explored the aqueous Chinese goose-
berry fruit shell (CGFS) as a green and cheap corrosion
inhibitor for MS in HCI solution. Several concentrations of
CGFS (0 ppm, 400 ppm, 600 ppm, 800 ppm, and 1000 ppm)
were used in the study. According to EIS, after 2.5 h of
immersion, the highest recorded IE was 92% when using
1000 ppm concentration, while 400 ppm gave the lowest
IE at 85.8%. Correspondingly, with the increase of CGFS
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Fig.5 Summary of organic corrosion inhibitors in the salt solution

extract concentration, the IE and resistance values also
increased. The improved resistance is evident from the sur-
face analysis that showed a steady formation of a protective
layer on MS, causing the surface to become smoother. Simi-
lar findings were displayed in polarization measurement, in
which i and E_, parameters decreased as the CGFS con-
centration increased. Also, the inhibition of CGFS was found
to be a mixed type with a predominant cathodic suppression.
Based on the wettability evaluation, the contact angle of
the water droplet continues to increase with concentration,
and the highest angle was 79° at 1000 ppm concentration.
The DFT theoretical analysis also highlighted that the flat
structure of N-containing compounds provides more inhibit-
ing strength than sucrose and maltose due to its oxygenated
polar centers. Fernandes et al. [105] discussed Ircinia stro-
bilina crude extract (ISCE) as a corrosion inhibitor for MS
in HCl medium. The corrosion behavior was analyzed using
WL, PP, and EIS. In this study, different concentrations of
ISCE (0.5 gL', 1.0 gL7!, 1.5 gL', and 2.0 gL.™") were
inserted in the 1 molL~! of HCI. From the WL study, the
increased concentration of ISCE was found to increase the
surface coverage of the passive film. The maximum value
of IE 82.3% was achieved at 2 gL.~! inhibitor concentration.
Meanwhile, the lowest IE was 49.5% by 0.5 gL ™! concen-
tration. According to PP evaluation, with the addition of
inhibitor in HCI solution, both anodic and cathodic parts
of the curve displayed decreasing values of i, signifying
a lower corrosion rate. The shift in E, . from 20 to 51 mV
towards more negative potential region is below 85 mV,
proving that ISCE is a mixed-type inhibitor. Consequently,
Divya et al. [106] also performed a similar analysis using
the flower extract of Tithonia diversifolia (TDFE). The study
employed conventional characterizations of WL, EIS, and
PP to evaluate the effects of TDFE inhibitor on the pro-
tection of MS. An initial analysis by exposing the MS in
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HCI at 30 °C displayed an optimum efficiency of 94.55%
at 0.7% concentration. Next, a further evaluation by vary-
ing the immersion period and temperature was conducted.
The prolonged immersion period for 24 h provided stable
data on 0.7% concentration, where for each subsequent 1, 3,
6, and 24 h, the concentration showed constant efficiencies
above 90%. As for the temperature variation, with increasing
values from 305 to 355 K, the TDFE of 0.7% concentration
gave the highest IE until 355 K, where it drops a bit lower
than other concentrations at 91.76%. In addition, several
recent studies using the plant extracts of Thymus algeriensis
[107], Urtica dioica [108], lychee fruits [109], Glycyrrhiza
glabra [110], and coffee husk [111] also displayed promising
results for the same protection purpose.

In another research, Singh et al. [112] investigated the
potential of a modified expired drug Dapsone and its result-
ing product (Schiff base (SB)) as a corrosion inhibitor on
MS sheet in H,SO, solution. The study deployed four types
of inhibitors without (SB-1 and SB-2) and with potassium
iodide, KI (SB-1+KI and SB-2 + KI) at different concen-
trations ranging from 0.0548 to 0.219 mM to evaluate its
synergistic effects. Several characterizations included are
WL, EIS, PP, SEM, atomic force microscopy (AFM), and
DFT. The result from WL measurement indicated that the
individual usage of SB-1 and SB-2 gave the IE of 95.67%
and 94.23% at 0.219 mM concentration, respectively. Inter-
estingly, with the addition of KI, a positive synergistic
impact was observed where both SB-1+KI and SB-2 +KI
displayed a higher IE at 99.03% and 97.98%, respectively.
The findings were supported by EIS analysis, in which the
IE for SB-1 and SB-2 reached maximum values of 95.12%
and 92.53%, respectively. Correspondingly, both SB-1 + KI
and SB-2 + KI reached maximum values of IE 98.70% and
97.41%, respectively, at the same concentration. The polari-
zation investigation revealed that the inhibitors act as mixed-
type inhibitors with predominant cathodic action. Following
the DFT calculation, SB-1 showed a higher proton affinity
than SB-2, indicating a higher reactivity and better adsorp-
tion ability, which supported the experimental results.
Also, the surface observation of SEM and AFM illustrated
a smooth surface for the immersed MS with the inhibitors.

Espinoza et al. [65] reported the corrosion inhibition
of MS (API 5L X52) using fluconazole (1) and its frag-
ments (1,2,3-triazole (2) and 1-bromo-2,4-difluorobenzene
(3)) in the 1 M HCI solution. The experimental evaluations
involved were EIS, PP, and SEM, while the theoretical study
was DFT. The electrochemical measurements displayed a
steady increase in IE as the concentration of fluconazole
was increased. The best performance was recorded at the
highest concentration of 200 ppm, with 90.6% efficiency. In
contrast, the highest IE recorded for fragments 2 and 3 were
slightly lower than fluconazole at an average of 83% IE (at
30 ppm concentration) and 80% (at all concentrations). The
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isotherm behavior was also different where fluconazole fol-
lowed Langmuir mode of chemisorption and physisorption
process, whereas 2 and 3 a physisorption mode. A prolonged
investigation on fluconazole (100 ppm) efficiency was dis-
covered to be limited up until 168 h of immersion, in which
the IE started to decrease below 22% after 336 h. The DFT
evaluation suggests that fluconazole has the most prominent
energy of the highest of occupied molecular orbital, Eygno
at-6.516 eV, indicating an easier electrons donation during
the bonding formation process between inhibitors and the
steel. The condition provides a faster adsorption process for
the inhibitors to cover the steel surface and prevent the pen-
etration of corrosive substances. Conclusively, both experi-
mental and theoretical analyses are in agreement.

Verma et. al. [113] performed an experimental and
theoretical assessment on the inhibitive action of three
choline-based ionic liquids, specifically 2-hydroxyethyl-tri-
methyl-ammonium chloride [Chl][Cl], 2-hydroxyethyl-tri-
methyl-ammonium iodide [Chl][1], and 2-hydroxyethyl-tri-
methyl-ammonium acetate [Chl][Ac]. The experiments were
conducted on MS in HCl medium with multiple characteri-
zations of WL, EIS, OCP, PP, and SEM/EDX. As for the the-
oretical study, the DFT calculation and MC were employed.
The WL demonstrated that all inhibitors showed an increase
in efficiency with the increase of concentration. On aver-
age, the order of lowest to highest efficiencies are [Chl]
[CI] < [Chl][1] < [Chl][Ac] at 92.04%, 96.02%, and 96.59%,
respectively, at the same concentration of 17.91 x 10~ M.
Furthermore, the electrochemical measurements of EIS, PP,
and OCP also supported the results from the WL analysis
with the inhibitors were determined to act as a mixed-type.
Based on DFT simulation, the inhibitors were proposed to
form the bonds with MS through donor—acceptor interac-
tion, where the electron donor is the anionic component,
and the acceptor is the cationic component. Also, the MC
analysis suggests that the efficiency of inhibitors primarily
depends on the characteristics of anionic moieties to enhance
the spontaneous adsorption process. The outputs of DFT and
MC support the experimental findings with a similar order
of efficiencies by the inhibitors.

Evaluation of chitosan as a green inhibitor was investi-
gated by Rabizadeh & Khameneh [114] using the approach
of WL, EIS, PP, thermodynamic, adsorption isotherm, and
AFM/EDX. The experiment was conducted on MS in HCI
solution by varying the inhibitor concentrations from 0.3 to
1.8 mM. An increase in concentration produced a higher IE
up to 92.1% for 1.8 mM in the WL analysis, after 24 h of
immersion at 298 K. A further increase in the temperature to
328 K, however, caused an adverse effect where the perfor-
mance of 1.8 mM of chitosan rapidly reduced to 67%. The
adsorption mechanism followed the Langmuir isotherm, a
typical standard by many organic inhibitors. Based on the
electrochemical findings, chitosan was determined to be a

mixed-type inhibitor with a predominant anodic tendency.
Also, compared to the blank sample, 1.8 mM of chitosan
managed to significantly increase the resistance values from
88.55 t0 973.9 Q cm?. The surface characterization of AFM
showed that the MS immersed with an optimum chitosan
concentration yielded a smooth surface, almost similar to
the condition of a freshly polished MS. The data provided by
EDS also supported the analysis where the oxygen intensity
was recorded to drop sharply with no chlorine peak, imply-
ing that less corrosion process has occurred. The summary
of organic corrosion inhibitors in acidic solution, as dis-
cussed in the section, is presented in Fig. 6.

8 Mechanism of Organic Cl

From a careful analysis of previous literature, the primary
mechanism of organic inhibitors in inhibiting corrosion on
a metal surface is through the donor—acceptor interaction
or adsorption. Although there are other models presented
to describe the working principles of organic inhibitors, the
model of adsorption is the most widely accepted as of now
[115-119]. According to this model, the inhibiting process
is initiated by a displacement reaction where the inhibitors
will remove or displace the adsorbed water molecules pre-
sented on the metal surface, as shown in Eq. 11. The reaction
displayed is not purely considered as physical or chemical; it
can be both with a dominant action of chemical adsorption.
In short, physical interaction is based on a charge differential
between the inhibitor and metal surface, while a chemical
interaction is associated with the mentioned donor—acceptor
interaction.

Org o + aHyO45) < Orgygq) + aH, 0o (11
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Fig.6 Summary of organic corrosion inhibitors in acidic solution
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Most of the reported studies showed that the heteroatom
within the side chain or aliphatic ring(s) is responsible for
establishing bonding with the metal surface. There are four
methods of adsorption performed by the inhibitors, which
are derived from both physical and chemical reactions, i.e.,
electrostatic or charge differential adsorption (physisorp-
tion), back bonding (retro-donation), chemisorption, and
organometallic complex reaction [120, 121].

To describe the adsorption process, consider the fol-
lowing description based on Fig. 2. When an inhibitor is
placed in a container containing a corrosive acidic (e.g.,
HCI and H,SO,) solution, the heteroatoms with lone pair
electrons will undergo a protonation reaction causing it to
be in the cationic forms. Simultaneously, the metal surface
exposed to acid also undergoes a rapid corrosion process,
changing its neutral condition to be positively charged. This
state of the metal surface attracts the surrounding negatively
charged ions formed from the acid, such as chloride and
sulfate ions. These negative ions then adsorb on the metal
surface and change its state from positively charged to nega-
tively charged. As the protonated inhibitors have an oppo-
site charge, they will be attracted to the surface due to the
electrostatic reaction and begin to adsorb and form layers
of monomolecular films [122—-124]. Although the formed
films can reduce corrosion, some parts of the metal surface
are still subjected to degradation. This degradation released
electrons consumed by protonated hydrogen and released
hydrogen gas that neutralized the protonated heteroatoms
of inhibitors. In its neutral form, the heteroatom with non-
bonded electron pairs will transfer its electrons to the vacant
d-orbital of the metal surface, thus establishing a chemisorp-
tion reaction. As time passes, the number of electrons trans-
ferred onto the metal surface will accumulate beyond the
surface capacity and induce the inter-electronic repulsion.
When this repulsion occurs, the accumulated electrons in
the d-orbital of the metal surface will reverse transfer to the
empty molecular orbitals of the inhibitor. Also, the reverse
reaction depends on the number of electrons gathered on
the surface, whereby as the number of electrons increase,
a more significant reverse reaction or retro-donation can be
observed. In essence, the formation of protective films by
the inhibitors on any metallic surface that is immersed in
acidic media can be summarized through the physisorption
and chemisorption mechanisms. Moreover, the inhibitors
with a molecular structure containing releasing substituents
like -CH;, -NH,, —OH, and —OCHj; have been reported to
have a higher inhibitive efficiency than the inhibitors with
a molecular structure containing withdrawing substituents
like -COOH, -NO,, and —CN [68, 125].

Additionally, besides the protection provided by the
hydrophobicity of adsorbed film, the inhibition of organic
inhibitors is also explained as a mixed-type, where it acts
as through both anodic and cathodic inhibition action. An
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anodic inhibitor has two inhibitive mechanisms, which are
passivation reaction and blocking of the anodic process. The
passivation works by shifting the corrosion potential of the
surface towards a more positive or noble region (more than
85 mV), thus passivating it from instigating anodic reaction.
In comparison, the blocking action began with the inhibi-
tors reacting with the formed corrosion product (e.g., fer-
rous hydroxide) and formed an insoluble film that covers the
surface from being exposed to corrosive agents. The main
issue of anodic inhibition is its dependency on the right
number of inhibitors present in the solution. If the amount
is low, some of the surface areas will not be covered by
the insoluble formed film, and this condition is worse than
without inhibitors since localized corrosion such as pitting
and crevice corrosion can be initiated on that sites. Hence,
it is of utmost importance to ensure the number of inhibi-
tors is always high enough in the medium [126]. As for the
cathodic inhibitors, the inhibition mechanisms are primar-
ily associated with three processes of cathodic precipita-
tion, cathodic poison, and oxygen scavenger. Generally, the
cathodic precipitation works by reducing the amount of cor-
rosive or reducing agents from diffusing into the cathodic
area and completes the corrosion process. Its presence shifts
the corrosion potential towards a more negative region (more
than 85 mV) and critically lowers the cathodic current den-
sity. Contrarily, the cathodic poison retards corrosion by dis-
rupting the cathodic reduction process that must be balanced
with the anodic oxidation process. The inhibition is achieved
by reducing both O, and H,O from reacting with the elec-
trons from the oxidation sites. Although this mechanism is
very efficient, it can also prevent the hydrogen ions from
forming into the hydrogen gas, leaving it to react with the
metal. After a prolonged reaction with the metal, the situa-
tion can lead to the formation of hydrogen sulfide, a harmful
substance with the properties of highly poisonous, corrosive,
and flammable [127]. A simple process of cathodic poison
by the reactions of Cr is as follows [128]:

30, + 2Cr,0; — 4Cr0, (12)
0, + 4H,0 + 2Cr,0; — 4CrO(OH), (13)
30, + 4H,0 + 2Cr,0, — 4CrO,(OH), (14)

On the other hand, an oxygen scavenger or oxygen
absorber functions to partially or entirely remove any pres-
ence of oxygen inside a medium. Its usage is mostly found
in oil and gas production installations or seawater injection
systems. The application also depends on several factors,
including the amount of oxygen present in the fluid, envi-
ronmental condition, the passivity of metal to be protected,
and expense commitment. The main advantage of an oxygen
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scavenger is the formation of the harmless byproduct when
completing the inhibition process [129].

9 Conclusions

Corrosion inhibitors to provide essential protection on tools
and equipment in the industry sector during the process
involving corrosive liquids are essential to regulate and
reduce the degradation process. The mechanisms of uniform
corrosion, localized corrosion, inhibitors working principles,
chemistry, and recent developments are summarized. Since
most conventional inorganic and synthetic inhibitors have
negatively impacted the environment, the relevant trend of
developing corrosion inhibitors is based upon the two pri-
mary properties of non-toxic and eco-friendly. Hence, with
these aims, an in-depth understanding concerning the appli-
cation of organic inhibitors has been consolidated in this
article. The following suggestion deserved more awareness
for future inhibitors exploration:

1. There is an increase in the demand for novel water-based
inhibitors with better corrosion protection due to the
present products can only function efficiently in a short
duration.

2. More experimental analyses on the synergistic effects
between inhibitors should be investigated.

3. The usage of plant extract and bio-based inhibitors
showed promising results. Hence, in consideration of
the current trend, the development of a better treatment
method is necessary.

4. The studies on expired drugs as CI should be further
investigated as it will resolve the issue of expensive ini-
tial cost.

5. More studies to investigate the eco-friendly materials
possibly produced from modern approaches such as
solid-phase syntheses, mechanochemical mixing, and
ultrasound irradiations can be examined

6. The role of nanoparticles as corrosion inhibitors has not
been profoundly analyzed and requires further research.
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