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Preface
Corrosion is one of the most significant issues of the twenty-first century as it is asso-
ciated with severe safety concerns and monetary losses. The cost of corrosion glob-
ally is estimated by NACE to be over US$2.5 trillion, or roughly 3.4% of world GDP. 
Costs associated with corrosion can be reduced by 15% (US$375) to 35% (US$875) 
annually using previously developed solutions. Many industrial procedures, includ-
ing pickling, acid cleaning, and oil-well acidification processes, result in significant 
corrosion-related losses. The corrosion problem significantly impacts a wide range of 
sectors, notably those reliant on petroleum. The gases and organic acids in petroleum 
fluids can easily corrode and damage refinery equipment, storage tanks, and transport 
pipelines. Surface corrosion may also result from the buildup of scale and deposits. 
The accumulation of inorganic salts in solid sediments causes corrosion in cooling 
water systems. Along with oil-well acidification, acid descaling, and acid pickling, 
corrosion is a significant issue.

The use of heterocyclic compounds is one of the most popular methods of corrosion 
mitigation. Heterocycles utilize their nonbonding electrons and electrons from side chains 
or aromatic ring(s) to adsorb on the metal surface and form a corrosion-resistance layer. 
Numerous heterocyclic compounds containing N, O, and S prevent corrosion in various 
applications. Because of their adsorption, they impede cathodic and anodic processes. 
This book compiles the most recent findings on heterocyclic compounds, including pyri-
dine-, imidazole-, quinoline-, melamine-, naphthyridine-, indole-, nitrogen-, sulfur-, oxy-
gen-, and pyridine-based heterocycles as corrosion inhibitors in the real world.

Overall, this book contains 19 chapters. Chapter 1 describes the heterocyclic com-
pounds, their properties, nomenclature, and applications, particularly corrosion inhi-
bition. Their ability to inhibit corrosion is influenced by the factors of heteroatoms, 
including basicity, electronegativity, position, relative orientation, and number, which 
are also described in this chapter. Chapter 2 reports the corrosion inhibition mechanism 
of different heterocyclic compounds in various corrosive electrolytes. Chapters 3–14 
provide a collection of different heterocyclic compounds’ corrosion inhibition poten-
tial and their mechanism of action. Chapters 15–17 report on using heterocyclic com-
pounds in corrosion inhibition for various industries, including petrochemical, oil-well 
acidization, and acid pickling. Chapters 18 and 19 report corrosion inhibition’s green 
and sustainable aspects with recent trends and future opportunities.

I, Dr. Chandrabhan Verma (the editor), thank all contributors for their outstanding 
efforts. On behalf of the Chemical Rubber Company (CRC, Taylor & Francis), I am 
very much thankful to the authors of all chapters for their outstanding and passionate 
efforts in making this book. Special thanks to Dr. Kyra Lindholm (acquisitions editor) 
Dr. Tam, and Sonia (Editorial Assistant at CRC) for their dedicated support and help 
during this project. In the end, all thanks to the CRC for publishing the book.

Chandrabhan Verma
Ph.D.
Editor
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1.1 FUNDAMENTALS OF HETEROCYCLIC COMPOUNDS

Heterocyclic compounds, also known as ring structures, are cyclic compounds with 
at least two different elemental atoms as constituents of their rings. The area of 
organic chemistry that deals with these heterocycles’ synthesis, characteristics, and 
uses is known as heterocyclic chemistry. The ring of a heterocyclic compound con-
tains at least two unique components. The heteroatoms nitrogen (N), oxygen (O), 
and sulfur (S) are most frequently found on a cyclic ring [1–3]. Examples of het-
erocyclic compounds include vitamins, critical micronutrients, and nucleic acids. 
Heterocyclic compounds are present in most medicines, insecticides, dyes, and plas-
tics. Additionally, since heterocyclic rings of a particular size share many character-
istics, classification by ring size is practical. Certain broad generalizations can be 
applied to heterocyclic rings, just as they can be applied to carbocyclic rings. Due to 
their tiny size, three- and four-membered rings are geometrically stressed and easily 
opened. They are also quickly produced. These heterocycles are common types of 
reactive intermediates. Building five- and six-membered rings is simple and likewise 
relatively stable. Their diameters also permit the emergence of aromatic character. 
Larger rings with seven or more members are stable, although they are less easily 
created and have received less research [4–6].

1.1.1 AromAticity And reActivity

The idea of aromaticity first emerged in mid-nineteenth century to distinguish 
between formally unsaturated benzene and unsaturated hydrocarbons. Low 
reactivity was the critical characteristic of benzene-like compounds, frequently 
associated with aromatic molecules. As a result, resonance energy was used to 
determine thermodynamic stability and provide the first quantitative indicator of 
aromaticity. Later, various theoretical methods were developed to estimate this 
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amount, and now the criterion is frequently regarded as the most fundamental. 
As a result, multiple notions based on magnetism were created, with the nucleus-
independent chemical shift being the most useful in determining aromaticity. In 
the heterocyclic five-membered rings of pyrrole, furan, and thiophene, the het-
eroatom has at least one pair of nonbonding valence shell electrons. A p-orbital 
inhabited by two electrons and oriented parallel to the carbon p-orbitals is pro-
duced by hybridizing this heteroatom to the sp2 state. The resulting planar ring 
satisfies the first criterion for aromaticity. The Hückel Rule is satisfied since the 
π-system comprises six electrons, four from the two double bonds and two from 
the heteroatom [7, 8].

The electrophilic substitution reaction is a significant synthetic process for aro-
matic molecules. A reaction known as electrophilic aromatic substitution occurs 
when a substituent replaces a hydrogen atom on a heterocyclic ring. The electrophilic 
substitution reaction is more likely to take place when the aromatic ring’s electron 
density is high. This is because it is simpler to attack the electrophiles with higher 
aromatic ring’s electron density [9].

There are two reaction sites for five-membered heterocyclic compounds, such 
as furan, thiophene, and pyrrole: the second and third. The electrophilic substi-
tution reaction occurs at the second position of the electrophile. If a substitu-
ent exists at the 2-position, more resonant structures can be written when an 
electrophilic agent combines with an aromatic ring. The six-membered ring has 
a lower electron density than the five-membered heterocyclic molecules. The 
carbon atoms in aromatic compounds have fewer electrons. When we write the 
resonance structure, the aromatic ring’s double bond (electron) can be trans-
ferred to the nitrogen atom [10].

The atom of carbon is hence positively charged. The aromatic ring’s electron 
density is reduced, making it less reactive due to the transfer of electrons from the 
aromatic ring to the nitrogen atom. An electrophilic substitution process involv-
ing pyridines requires extremely harsh conditions. Additionally, it is possible to 
see that the ortho- and para-locations are positively charged by looking at the 
resonance structure. Therefore, an electrophilic substitution always occurs at the 
meta-position for six-membered heterocyclic compounds like pyridine. The reac-
tion occurs in the meta-position because the ortho- and para-locations have low 
electron densities [11].

1.1.2 clAssificAtion of Heterocyclic compounds

Heterocyclic compounds can be divided into various types according to the follow-
ing electronic arrangement.

1.1.2.1 Monocyclic Heterocyclic Compounds (Three- to Six-membered)
1.1.2.1.1 Three-membered Heterocyclic Compounds
Aziridine, oxirane, and thiirane are three-membered heterocyclic rings, each con-
taining one nitrogen, one oxygen, or one sulfur element. These three-atom het-
erocyclic compounds can either be saturated or unsaturated. They can be further 
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divided into two groups based on the number of heteroatoms present: heterocyclic 
compounds with one heteroatom and heterocyclic compounds with more than one 
heteroatom [12, 13]. Some examples are aziridine, oxirane, thiirane, azirine, oxirene, 
thiirene, diaziridine, and oxiaziridine (Figure 1.1).

1.1.2.1.2 Four-membered Heterocyclic Rings
As with the comparable three-membered rings, nucleophilic displacement processes 
are employed to create the four-membered rings of azetidine, oxetane, and thietane, 
each containing one nitrogen, one oxygen, or one sulfur atom. These four-atom het-
erocyclic molecules can either be saturated or unsaturated. It can be further divided 
into two groups based on the number of heteroatoms present: heterocyclic com-
pounds with one heteroatom and heterocyclic compounds with more than one het-
eroatom. Azetidine, oxetane, thietane, azete, oxete, thiete, diazetidine, and dioxetane 
are a few notable instances of this class (Figure 1.2) [12, 13].

Penicillin and cephalosporins, two related families of antibiotics, are the most 
significant heterocycles having four-membered rings. The azetidinone ring—the suf-
fix -one designating a double-bonded oxygen atom joined to a ring carbon atom—is 
present in both series. The -lactam ring, which gives the -lactam antibiotics—the 
class to which the penicillin and cephalosporins belong—their name, is another fre-
quent term for the azetidinone ring. During the extensive penicillin structure and 
synthesis research during World War II, the chemistry of azetidinones was inten-
sively investigated.

1.1.2.1.3 Five-membered Heterocyclic Rings
By replacing a C═C bond for a heteroatom containing a lone pair of electrons, these
heterocyclic compounds are synthesized from benzene. It is possible to further 
divide them into two groups based on the number of heteroatoms present: heterocy-
clic compounds with one heteroatom and heterocyclic compounds with more than 

FIGURE 1.1 Chemical structures of aziridine, oxirane, thiirane, diaziridine, and oxiaziridine.

FIGURE 1.2 Chemical structures of some common four-membered heterocyclic rings.
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one heteroatom [12, 13]. Furan, pyrrole, thiophene, pyrazole, imidazole, oxazole, 
thiazole, triazole, and tetrazole are a few notable members of this class (Figure 1.3).

Pyrrolidine, tetrahydrofuran, and thiophane represent the names of saturated 
derivatives of pyrrole, furan and thiophene, respectively. Indole, benzofuran, and 
benzothiophene are the three names for the bicyclic compounds formed when a pyr-
role, furan, or thiophene ring is fused to a benzene ring.

1.1.2.1.4 Six-membered Heterocyclic Rings
By substituting an electron-bare heteroatom for one of the carbon atoms in benzene, 
several heterocyclic compounds are created. Heterocyclic compounds with more 
than one heteroatom can be further divided into two groups based on the number of 
present heteroatoms. Pyridine, pyran, thiopyran, pyridazine, pyrimidine, pyrazine, 
etc. are examples of this class (Figure 1.4).

Picoline, lutidine, and collidine denote the names for mono-, di-, and trimeth-
ylpyridines, respectively. Numbers indicate the positions of the methyl groups; for 
example, 2,4,6-collidine contains overall three methyl groups at 2-, 4-, and 6-posi-
tions. Additionally, the designations picolinic acid, nicotinic acid (which is produced 

FIGURE 1.3 Chemical structures of some common five-membered heterocyclic rings.

FIGURE 1.4 Chemical structures of some common six-membered heterocyclic rings.
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from nicotine and is an oxidation product), and isonicotinic acid are frequently used 
to refer to the pyridine derivatives containing ─COOH functional groups at 2-, 3-, 
and 4-positions, respectively. Coal tar and bone oil include pyridine, picoline, luti-
dine, and collidine.

1.1.2.2 Condensed or Fused Heterocyclic Compound
Two or more fused rings can be found in a condensed or fused heterocyclic compound. 
Condensed or fused heterocyclic compounds, such as indole, quinine, isoquinoline, 
and carbazole, can be partially carbocyclic or partially heterocyclic. Purine, pteri-
dine, and other fully heterocyclic compounds are examples of condensed or fused 
heterocyclic compounds (Figure 1.5).

1.1.2.3 Nomenclature of Heterocyclic Compounds
There are three systems for naming heterocyclic compounds:

• The common nomenclature
• The replacement method
• The Hantzsch–Widman (IUPAC or systematic) method

1.1.2.3.1 Common Nomenclature
The trivial name that corresponds to each compound is used. This usually results 
from the presence of the substance, its initial preparation, or its unique features. 
When there are many heteroatoms of the same type, the counting begins with the 
saturated one (Figure 1.6) [14].

If there are many types of heteroatoms, the ring is assigned a number beginning 
with the heteroatom with the greatest value (O > S > N) and going in the direction of 

FIGURE 1.5 Chemical structures of some common fused heterocyclic compounds.
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assigning the other heteroatoms as low numbers as possible. If there are substituents, 
their position should be determined by the number of atoms they are attached to, and 
they should then be listed alphabetically (Figure 1.7).

If two, three, or four atoms are saturated, the words dihydro, trihydro, or tetra-
hydro are employed. These words are followed by the matching fully unsaturated 
trivial name, with digits preceding them to show the position of saturated atoms as 
low as feasible (Figure 1.8).

Trivial names for certain significant heterocyclic chemical classes are provided 
in Figure 1.9).

1.1.2.3.2 Replacement Nomenclature
In replacement naming, the name of the heterocycle consists of the name of the 
equivalent carbocycle and an elemental prefix for the newly inserted heteroatom. 

FIGURE 1.6 Common names of some heterocyclic compounds.

FIGURE 1.7 Chemical structure of some common condensed or fused heterocyclic 
compounds.

FIGURE 1.8 Chemical structure of imidazole.
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FIGURE 1.9 Trivial names of some common heterocyclic compounds.
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[15]. If there are multiple heteroatoms, they need to be listed in the order of priority 
displayed in Table 1.1.

1.1.2.3.3 Hantzsch–Widman Nomenclature
The Arthur Hantzsch and Oskar Widman proposed similar approaches for naming 
of heterocycles in 1887 and 1888, which are honored by the moniker Hantzsch–
Widman nomenclature [16]. Combining the proper prefix, which indicates the 
nature/type and position (in the ring) of the heteroatom present in the ring, with the 
suffix, which establishes both the ring size and the level of unsaturation, three- to 
ten-membered rings can be identified using this technique. Additionally, the suffixes 
distinguish between heterocycles with nitrogen and those without nitrogen.

 IUPAC name locants prefix suffix= + +

1.1.2.3.3.1 Hantzsch–Widman Rules for Fully Saturated and Fully Unsaturated 
Heterocycles Determine which heteroatom is present in the ring, then select the 
appropriate prefix from the table (e.g., thia for sulfur, aza for nitrogen, and oxa for 

TABLE 1.1
The Priority Order of Heteroatoms in Nomenclature of Heterocyclic 
Compounds

Atom O Se S N P
Prefix Oxa Selena Thia Aza Phospha

Priority decreasing order 
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oxygen). The heteroatom is always at position 1, and if there are any substituents, 
they are given the lowest values (Figure 1.10).

When there are two or more comparable heteroatoms in the ring (two nitrogens 
are represented by diaza), a multiplicative prefix (di, tri, etc.) and locants are used, 
and the numbering preferably starts at a saturated rather than an unsaturated atom, 
as seen in Figure 1.11.

The name will have more than one prefix with locants to indicate the relative 
position of the heteroatoms if there are multiple types of heteroatoms in the ring. 
Atom prefixes must be listed in a specific sequence of importance. When combin-
ing the prefixes (e.g., oxa and aza), two vowels may end up together because “Oxa” 
(for oxygen) always comes before “aza” (for nitrogen), so the vowel at the end of the 
first part should be omitted. Starting with the highest-priority heteroatom, the other 
heteroatoms in the ring are assigned the smallest numbers possible (Figure 1.12).

Choose the appropriate suffix from Table 1.2, depending on the ring size.

FIGURE 1.10 Chemical structure of 2-methylazete.

FIGURE 1.11 Hantzsch–Widman rules for 1,3-diazoles.

FIGURE 1.12 Chemical structure of 4-methyl-1,3-thiazole.

TABLE 1.2
Ring Size and Suffix for Common 
Heterocyclic Compounds

Ring Size Suffix Ring Size Suffix
3 ir 4 et

5 ol 6 in

7 ep 8 oc

9 on 10 ec
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The endings indicate the size and degree of unsaturation of the ring.

Ring Size With N Without N

Unsaturated Saturated Unsaturated Saturated
3 Irine Iridine irene irane

4 ete etidine ete etane

5 ole olidine ole olane

6 ine a in inane

7 Epine a epin epane

8 Ocine a ocin Ocane

9 Onine a onin Onane

10 ecine a ecin ecane

If two vowels come together in the prefix or suffix, combine them and omit the 
first vowel (Figure 1.13).

1.2  CORROSION INHIBITION POTENTIAL OF 
HETEROCYCLIC COMPOUNDS

1.2.1 effect of HeteroAtom

One of the most efficient, cost-effective, and valuable corrosion inhibitors is the 
utilization of organic molecules with P, N, O, and S in their molecular structures. 
The heteroatoms, particularly N, O, S, and P, transfer their electrons (charge) to 
the metallic d-orbitals and create a solid metal protective layer through coor-
dinate bonding. The corrosion inhibition potential of heterocyclic compounds 
with one or more heteroatoms can correlate with their electronegativity. The 
tendency of an atom in a molecular structure to pull its neighboring pair of elec-
trons toward itself is known as electronegativity. This trait has no dimensions 
because it is only a predisposition. It represents the final consequence of atoms’ 
propensities to attract electron pairs forming bonds in various elements. Linus 
Pauling created the most widely used scale. The electronegativities of the typi-
cal heteroatoms followed the order: O (3.44 eV) > N (3.04 eV) > S (2.58 eV) > P 
(2.19 eV) [17, 18].

Considering the metal–corrosion inhibitor interaction as a charge transfer pro-
cess, the corrosion inhibition potential of the inhibitor will follow the inverse order of 

FIGURE 1.13 Naming of 1,2,5-Oxadiazole and perhydrozine.



11Heterocyclic Compounds: Fundamental and Corrosion Inhibition

electronegativity, i.e., the least electronegative element (P among the above) contain-
ing heterocyclic compound will be the most effective corrosion inhibitor. Therefore, 
the corrosion inhibition potential of heterocyclic compounds having different het-
eroatoms can be illustrated as per the following sequence (keeping other variables/
parameters constant): P > S > N > O. Literature study suggests that heterocyclic com-
pounds having N, O, S, and P in their chemical structures are widely used in corrosion 
mitigation. Obviously, in most of the cases, these heteroatoms serve as site for binding 
with the metallic surface. Noticeably, they also possess empty p- or d-orbital where 
they can accept electrons being transferred from metallic d-orbitals. This process is 
called retrodonation. Thus, both donation and back- (retro-) donation modes of chemi-
cal bonding are reinforced by these heteroatoms (Figure 1.14) [19, 20].

1.2.2  effect of position of HeteroAtom And 
nAture of functionAl Groups

The position or location of the heteroatom present in the form of functional group 
of is a very important parameter that determines the performance of heterocyclic 
corrosion inhibitors. Obviously, electron-donating groups, such as ─SH, ─OCH3, 
─OH, ─NMe2, ─NH2, ─C(CH3)3, ─CH2CH3, ─CH3, etc., are expected to increase 
the corrosion inhibition performance. On the other hand, electron-donating func-
tional groups, including ─CF3, ─NO2, ─CHO, ─CN, ─COOH, etc., are expected to 
decrease the performance of heterocyclic inhibitors. The electron-donating substitu-
ents are expected to increase the participation of heteroatom(s) present in the ring 

FIGURE 1.14 Expected corrosion inhibition efficiency (IE) order of some common three- 
and four-membered heterocyclic compounds with a single heteroatom.
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by increasing the electron density through their +I-effect and/or +R-effect, while 
electron-withdrawing substituents exert opposite effect (Figure 1.15).

Besides, inductive and resonance effect, polar functional groups irrespective of 
their electron-donating and electron-withdrawing nature favor the binding of inhibi-
tor molecules through chelation if they present suitable position. For example, pyri-
dine substituents having polar substituents at 2- and 6-positions are expected to favor 
the chelate formation with the metal and metal ions and therefore they are expected 
to exhibit better performance than nonsubstituted pyridine. Similarly, suitably sub-
stituted imidazole and other heterocyclic compounds can also behave as chelating 
ligands and manifest excellent anticorrosive activity (Figure 1.16).

FIGURE 1.15 Schematic illustration of the effect of -NH2 and -OH substituents on electron 
density enhancement of donor site.

FIGURE 1.16 Common heterocyclic compounds heaving as mono-, bi- and polydentate 
ligands.
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1.2.3 effect of HybridizAtion And bAsicity

Because heteroatoms donate electrons to develop new bonds with the metal surface, 
they are less likely to share them if they have a higher tendency to withdraw the 
electrons. It follows that basicity and electronegativity go hand in hand. The greater 
an atom’s electronegativity, the less likely it is that it will share its electrons. The 
electronegativity of heterocyclic compounds is impacted by the heteroatom hybrid-
ization, which also influences their capacity to inhibit corrosion. sp3-hybridized 
nitrogen (25% s-character) (e.g., N) is expected to have more basic and greater ten-
dency to donate the electrons while bonding with the metallic surface as compared 
to the sp2-hydrizided nitrogen (33.3% s-character). Therefore, the corrosion inhibi-
tion potential of heterocyclic compounds can be correlated with their electronegativ-
ity, i.e., inverse of basicity (Figure 1.17).

1.2.3.1  Effect of the Relative Number of Heteroatoms 
and Effect of Substituents

The corrosion inhibition potential of heterocyclic compounds can also be correlated 
with the relative number of heteroatoms and the nature of substituents present in 
their molecular structures. Obviously, heterocyclic compounds having greater num-
ber of heteroatoms are expected to have better corrosion inhibition performance as 
compared to the heterocyclic compounds having lesser number of heteroatoms. On 
this basis, it can be assumed that imidazole and imidazole derivatives would be more 
effective corrosion inhibitors as compared to the pyrrole and pyrrole derivatives, 
if they are substituted with identical substituents or functional groups. Similarly, 
pyrazine, pyrimidine, and pyrridazine are expected to have better corrosion inhibi-
tion performance than pyridine. Likewise, cinnoline, phthalazine, quinazoline, and 
quinoxaline and their derivatives are assumed to have better inhibition efficiency 
than quinolone and quinolone derivatives, if they are substituted with identical sub-
stituents or functional groups. By considering heteroatoms as adsorption center, it 
can be assumed that the presence of electron-donating functional groups increases 
the %IE and the presence of electron-withdrawing substituents decreases the %IE. 
Therefore, 4-aminopyridine is expected to have better inhibition performance than 
4-nitropyridine (Figure 1.18).

FIGURE 1.17 The basicity and expected order of %IE of some common six-membered 
heterocyclic compounds.
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1.3 CONCLUSIONS

One of the biggest issues facing both industrialized and emerging countries is corro-
sion. As a result, several efforts are being made to reduce corrosion, particularly in 
industrial areas. Heterocyclic compounds have been shown to be effective inhibitors 
of metal corrosion. By creating a barrier of defense on the metal surface, the heterocy-
clic compounds prevent corrosion. Due to their remarkable capacity to coordinate and 
bind with the metallic surface as well as their high potential for corrosion inhibition, 
heterocyclic compounds are most frequently used in aqueous corrosion protection. 
The basics of heterocyclic compounds and how well they inhibit corrosion are cov-
ered in this chapter. This chapter provides a general overview of the characteristics, 
uses, and categorization of several series of heterocyclic compounds. This chapter 
also discusses how differentiating properties of heterocyclic compounds and hetero-
atoms affect their ability to prevent corrosion. The characteristics of heteroatoms, 
such as basicity, electronegativity, location, relative orientation, and number, have an 
impact on their capacity to prevent corrosion. By increasing the proximity of heteroat-
oms, basicity, and functional groups or substituents that donate electrons, their ability 
to suppress corrosion rises. The efficacy of heterocyclic compounds as inhibitors is 
adversely affected by increases in electronegativity, decreases in heteroatom basicity, 
and the presence of electron-withdrawing substituents or functional groups.
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2.1 INTRODUCTION

Heterocycles refer to organic compounds wherein one or more carbons are 
replaced by a heteroatom (e.g., N, S, P, O). Some of the common examples of 
such frameworks are pyridines, pyrimidines, thiazoles, azoles, etc. [1–9]. The 
heterocyclic molecules exist in a number of biological molecules, namely, 
amino acids, proteins, vitamins, carbohydrates, nucleic acids, etc. Several plant 
extracts contain complex mixtures of various heterocycles. For corrosion inhibi-
tion, mostly five- and six-membered heterocyclic rings have been reported. The 
lone pair of electrons on the heteroatoms of these molecules are involved in the 
adsorption of target metallic substrates. In addition, the presence of heteroatom- 
containing functional groups such as ─OH, ─NH2, ─NO2, ─SH, ─COOH, and 
the π-electrons, heterocyclic, and phenyl rings are some of the important features 
that allow effective adsorption and corrosion inhibition from the surrounding 
aggressive electrolyte.

Heterocyclic corrosion inhibitors have been reported in a wide variety of corro-
sive environments, including strong acids, neutral and saline media, alkaline condi-
tions, and sweet and sour media [10–13]. Several practical situations occurring in 
different industrial practices lead to the creation of such types of aggressive media, 
such as acid-pickling, oil-well stimulation, heat exchangers, batteries, storage and 
transport of oil, etc. [14–23]. This chapter discusses the mechanisms involved in the 
adsorption and protection behavior of metals and alloys in the presence of heterocy-
clic corrosion inhibitors. In the following sections, we have provided a glimpse of the 

2
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underlying mechanisms of adsorption and inhibition in acidic media, sweet and sour 
environments, neutral and saline environments, and alkaline environments.

2.2 CORROSION AND INHIBITION IN ACIDIC ENVIRONMENTS

2.2.1 brief Account of Acid-picklinG And AcidizinG

The technique of acid-pickling refers to treating a metal surface to remove contami-
nants, impurities, and scales. During pre-cleaning, grease, oils, and salts are removed; 
acid mixtures are used to remove oxide scales during pickling. Hydrochloric acid 
(recommended concentration 5–15%) is most commonly used for pickling due to 
several advantages. Faster pickling can be achieved at lower temperatures and acid 
concentrations using HCl. The pickling solutions make use of added corrosion inhib-
itors to prevent a direct corrosive attack on the metal surface [24–26]. The acidiz-
ing process is carried out in the oil wells to stimulate oil flow for recovery. Under 
high pressure, the acid formulation is pumped through the borehole into the rock 
formations’ pores to enlarge the wellbore’s flow channels. The acidizing process 
makes use of acids in the range of 5–28% [27]. This forms an aggressive medium 
against tubular steel structures [28–32]. Corrosion inhibitors are added to the acid 
solutions during acidizing to minimize the corrosion rate during the acid treatment. 
The choice of a suitable corrosion inhibitor depends on the type of acid being used. 
A number of research articles have been published on corrosion inhibitors for mild 
steel in 1 M HCl. This is a model system often used for testing new organic corro-
sion inhibitors. Several articles are also available on 15% HCl involving heterocyclic 
corrosion inhibitors. However, the inherent complexity of such highly concentrated 
acids, high temperatures, and the requirement of high inhibitor concentrations have 
restricted the number of publications in this research area.

2.2.2 mecHAnism of corrosion And protection

Herein we have taken the example of Fe metal as a representative of steel alloys to 
explain the corrosion and protection behavior. As discussed above, the steel–acid 
interface is the most commonly studied system for corrosion and corrosion inhibitor 
testing. The corrosion and dissolution of Fe metal in the acid media depend on the 
nature of the adsorbed intermediate species formed. In the H2SO4 solution, the spe-
cies is mainly (FeOH)ads; in the HCl medium, it is (FeCl)ads. The relevant chemical 
reactions for the H2SO4 solution are as follows [33, 34]:

 Fe  H O   Fe H O2 2 ads+ ↔ ⋅  (2.1)

 Fe H O    FeOH  H  e2 ads ads⋅ ↔ + ++ −  (2.2)

 FeOH    FeOH  eads ↔ ++ − (2.3)

 FeOH  H    Fe    2e2+ ↔ ++ + + − (2.4)
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For HCl solutions, the process of Fe corrosion can be given as follows [35, 36]:

 Fe   Cl    (FeCl )ads+ ↔− −  (2.5)

 (FeCl )    (FeCl)  eads ads↔ +− − (2.6)

 (FeCl)    FeCl    eads → ++ − (2.7)

  FeCl    e    Fe    Cl2+ → ++ − + − (2.8)

The corresponding cathodic process is the evolution of hydrogen gas via the 
reduction of hydrogen ions [33, 34]:

 Fe   H    [FeH ]ads+ ↔+ +  (2.9)

 [FeH ]    e    [FeH]ads ads+ ↔+ −  (2.10)

 [FeH]    H    e    Fe   Hads 2+ + → ++ −  (2.11)

With a corrosion inhibitor, additional steps are involved in the corrosion and 
protection mechanism depending on the nature of the test electrolytic solution. For 
H2SO4, it is as follows [34, 37, 38]:

 Fe H O    Inh   FeOH  H    Inh2 ads ads⋅ + ↔ + +− +  (2.12)

 Fe H O    Inh  Fe Inh  H O2 ads ads 2⋅ + ↔ +  (2.13)

 FeOH  FeOH    e rate-determining stepads ads ( )→ +− −  (2.14)

 Fe Inh    Fe Inh    eads ads⋅ ↔ ⋅ ++ − (2.15)

 FeOH    Fe Inh    FeOH    Fe Inhads ads ads+ ⋅ ↔ + ⋅+ +  (2.16)

 FeOH    H    Fe    H O2
2+ ↔ ++ + +  (2.17)

The above mechanism shows that the corrosion inhibitor replaces some pre-
adsorbed water molecules to provide the intermediate Fe⋅Inhads. In the rate-determining 
step, it reduces the amount of FeOH−

ads thereby retarding the Fe dissolution. For 
hydrochloric acid, the mechanism is as follows [34, 37]:

 (FeCl )    Inh H    (FeCl Inh H )ads ads+ ↔− + − +  (2.18)

 (FeCl )    Inh H  (Fe Inh H )    Clads ads+ ↔ ⋅ +− + + − (2.19)
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In the presence of an inhibitor, the mitigation of the rate of cathodic corrosion is 
as follows [34, 39]:

 Fe   H    e  [FeH]ads+ + ↔+ −  (2.20)

 Fe   Inh H    e [Fe Inh]ads+ + ↔ ⋅+ −  (2.21)

 [FeH]    [FeH]    Fe   Hads ads 2+ → +  (2.22)

This shows that the H+ and InhH+ (protonated form of inhibitor) compete for the 
active site for adsorption. The heteroatoms can directly form coordinate bonds to 
the metallic surface and adsorb via chemical adsorption. The lone-pair electrons on 
the heteroatoms of the heterocycle and that of any functional groups can get donated 
to the inhibitor and facilitate the adsorption. In addition, the inhibitor can also gain 
electrons from the partly filled d-orbitals of the metal atoms. Schematically, the pro-
cess of adsorption and protection behavior of a heterocyclic corrosion inhibitor is 
depicted in Figure 2.1.

Experimental and computational methods are generally applied for a proper eluci-
dation of the adsorption and inhibition behavior of corrosion inhibitors. Gravimetric 
analysis (weight loss tests) allows information on the adsorption behavior in terms 
of a measured decrease in the weight loss (WL) of the metallic samples with the 
inhibitor. Electrochemical techniques via impedimetric measurements (EIS), polar-
ization measurements (PDP, LPR), frequency modulations (EFM), etc. shed further 
light on the mechanism of adsorption and protection [41–43]. For acid solutions, 
computational studies have been reported using DFT-based reactivity indices to 
gain theoretical support for the experimentally obtained results. The results pro-
vide frontier molecular orbital (FMO) energies from which several parameters such 
as the molecular orbital energy gap (ΔE), electronegativity (χ), global hardness (η), 
and softness (σ) are obtained [17, 22, 44]. These parameters provide the trends in 

FIGURE 2.1 Schematic of adsorption and inhibition of Schiff base of pyridyl-substituted 
triazole on mild steel in 1 M HCl. (Reproduced from Ref. [40]. © Elsevier.)
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the reactivity or propensity to undergo adsorption. Further support is gained via 
molecular simulation methods of Monte Carlo (MC) and molecular dynamics (MD) 
simulations. These parameters facilitate an understanding of the possible orientation 
of the corrosion inhibitor over an appropriately chosen plane of the desired metal 
surface. Further, the energy indices such as interaction energy, adsorption energy, 
binding energy, etc. allow the quantitative determination of the inclination toward 
adsorption.

In acidic environments, heterocyclic molecule-based corrosion inhibitors have 
been frequently studied (Figure 2.2). It should be noted that heterocyclic corrosion 
inhibitors refer to diverse molecules from synthetic organic compounds, natural 
extracts, amino acids, carbohydrates, pharmaceutical products, ionic liquids, etc. 
[44, 52, 53]. Quraishi et al. have investigated several drugs as inhibitors for steel surfaces 
in acid solutions [36, 54–59]. Cefotaxime sodium on mild steel surfaces showed a 
mixed-type behavior, and its adsorption did not modify the mechanism of anodic–
cathodic reactions in the corrosion process [45]. Cefalexin drug, containing S and 
N together in a six-membered ring along with ─NH2, ─COOH functional groups 
and phenyl ring, was investigated for mild steel [46]. The energy of activation in 
the inhibited sample was greater than for the blank steel, suggesting the creation of 
an energy barrier as opposed to the corrosion process. Adsorption of the drug was 

FIGURE 2.2 Heterocyclic molecules reported as corrosion inhibitors in acidic solutions.
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aligned to Langmuir isotherm with a physical mode. Ceftriaxone drug, containing a 
1,2,4-triazine ring and a thiazole ring, provided >90% protection at 400 mg L−1 for 
mild steel [47]. A mixed-type performance was observed via PDP analysis with a 
primarily physical mode of adsorption, as revealed by the WL technique. An isatin 
derivative containing pyridine and piperidine rings was evaluated for mild steel sur-
face in 1 M HCl [48]. The energy of activation was found to be lower compared 
to the blank steel solution suggesting that the inhibitor is likely to undergo strong 
adsorption at elevated temperatures. A benzimidazole derivative containing two 
benzimidazole moieties connected with the disulfide linkage (─S─S─) was evalu-
ated [49]. High inhibition performance of >95% was obtained in 1 M HCl and 0.5 M 
H2SO4 solutions. Diethylcarbamazine containing a piperazine group was evaluated 
as a corrosion inhibitor [50]. The inhibitor provided efficient adsorption and protec-
tion behavior with alignment to Langmuir isotherm. Chloroquine drug containing 
a pyridine ring adjacent to a chlorobenzene ring was evaluated for mild steel [51]. 
Excellent protection effect with 99% efficiency was obtained. Computational stud-
ies were undertaken to correlate the inhibitive action with the chemical structure of 
the inhibitor. Frontier orbital energy indices indicated that the inhibitor would likely 
donate and accept electrons from the metallic substrate.

2.3  MECHANISM OF CORROSION AND 
INHIBITION IN SWEET ENVIRONMENTS

2.3.1 brief Account of corrosion in sweet mediA

The phenomenon of sweet corrosion is mainly attributed to the corrosion of steel 
surfaces due to the dissolved CO2. Concentrated brine along with the dissolved CO2 
aggravates the situation, causing severe pitting of the underlying steel surface [60–
62]. Alloy steel is a preferred structural material for pipelines and oil-well equipment 
owing to its low cost and good mechanical properties [63–67]. However, the steel 
surface experiences severe corrosion in the presence of such an aggressive medium.

2.3.2 mecHAnism of corrosion And inHibition

Dissolved CO2, in the presence of aqueous medium, produces carbonic acid (H2CO3), 
which dissociates further to produce HCO3

− and CO3
2− [68–70]. A greater corrosion 

rate is produced by H2CO3, at a given pH, in comparison to that obtained in min-
eral acids such as H2SO4 and HCl that undergo complete dissociation in an aqueous 
medium [68, 71]. The major cathodic corrosion reactions leading to hydrogen evolu-
tion can be given as follows (Figure 2.3):

 2H  2e H(aq) 2(g)+ →+ −  (2.23)

 2H CO  2e H  2HCO2 3(aq) 2(g) 3(aq)+ → +− −  (2.24)

 2HCO  2e H  2CO3(aq) 2(g) 3(aq)
2+ → +− − −  (2.25)
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The metal dissolution at the anode proceeds as follows:

 Fe Fe  2e(s) (aq)
2→ ++ − (2.26)

The imidazoline (IM)-based molecules are frequently studied as sweet corrosion 
inhibitors due to their ability to develop a protective film on the metallic substrate 
[68, 73–76]. The IM framework generally contains three substructures, as shown in 
Figure 2.4 [68, 69]. The five-membered IM ring acts as the hydrophilic, polar head 
group. Often a polar functional group such as ─NH2 or ─OH is attached to the IM 
ring contributing toward the hydrophilicity of the inhibitor and aiding in the adsorp-
tion. The long alkyl chain acts as the hydrophobic part that hinders the attack of the 
aggressive aqueous electrolyte. Any additional alkyl chains present in the inhibitor 
can contribute toward the hydrophobicity of the inhibitor molecule.

The amidine N atom in IM (I) displayed in Figure 2.5 forms a frequently used 
IM-based corrosion inhibitor against CO2 environment [77–79]. Such derivatives 
are weak nucleophiles but act as strong bases (pKb ~ 1). In a CO2/H2O media, the 
IMs form bicarbonate salts III and IV and, upon partial hydrolysis, convert them 
into amide form V [69]. Besides forming carbamate salts II and bicarbonates III 
and IV, several neutral as well as ionic species, viz., CO2, H2O, HCO3

−, CO3
2−, OH−, 

and H3O
+, also exist in the medium (Figure 2.5) [69]. In the case of adsorption of 

FIGURE 2.3 Influence of pH, temperature, and partial pressure of CO2 (pCO2) on corro-
sion production formation during sweet corrosion. (Reproduced from Ref. [72]. © Elsevier.)

FIGURE 2.4 (a) Chemical structure of a typical imidazoline-based corrosion inhibitor. (b) 
Introduction of a hydrophobic species at R1 and a hydrophilic species at R2. (Reproduced 
from Ref. [69]. © Elsevier.)
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a pyridine-containing benzimidazole-based inhibitor on the X60 steel (Figure 2.6) 
[80], the electrochemical study was undertaken using the rotating cylinder electrode 
(RCE). Herein, considering the acidic pH (3.83) of the NACE brine solution along 
with Cl− ions in high concentration, the nitrogen of the pyridine ring and the benz-
imidazole moiety, having a basic character, can get protonated to afford N-H+ spe-
cies. This protonated N can provide the active site for the inhibitor adsorption via 
Coulombic interaction with the preadsorbed Cl− ions. Therefore, this can provide a 
synergistic corrosion inhibition action and enhancement in inhibitor adsorption.

FIGURE 2.5 Various ionic species of IMs existing in CO2 medium. (Reproduced from Ref. 
[69]. © Elsevier.)

FIGURE 2.6 Schematic of the interaction between inhibitor 2PB and the surface of X60 steel 
during CO2 corrosion inhibition in the NACE brine. (Reproduced from Ref. [80]. © Elsevier.)
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A series of diphenyl imidazoles were analyzed for J55 steel in CO2-saturated 3.5% 
NaCl [81]. The authors evaluated the influence of electron-donating and electron-
withdrawing groups on inhibition. The ─OCH3 group–containing molecule showed 
better performance than that with ─CH3 and ─NO2 group–containing molecules. 
This order of efficiencies was in accordance with that of the Hammett substitution 
coefficients [82, 83]. Similar trends were noted for a series of three imidazolidine 
derivatives containing two phenyl rings and an imidazoline ring [84]. A detailed 
MD simulation study provided support to the experimentally obtained results. A 
macrocycle HPT was investigated for J55 steel surface [62]. The large macrocyclic 
ring contained six N atoms, four ketone groups, and two imine (─C═N) linkages. 
This allowed efficient adsorption on the steel surface. Three porphyrin derivatives 
P1 (with 4 pyridine rings), P2 (4 phenyl rings), and P3 (4 hydroxyphenyl rings) were 
studied for the same medium [85]. At an optimum concentration of 400 mg  L−1, 
the order of inhibition efficiencies was P1 > P2 > P3. For two more porphyrins  
(I with 4 pentafluorophenyl rings and Pd atom coordinated in the center to 4 imidaz-
ole rings; and II with 4 carboxylic acid-substituted phenyl rings) were tested for J55 
steel [86]. Compound II provided better performance compared to I. A glucose deriv-
ative containing two glucose rings connected with a hexamethylene chain was ana-
lyzed for API X60 steel in the sweet medium [41]. The molecule’s high dispersibility 
and performance of 91.82% was noted at a quite low dose. One quinoline derivative 
containing a cinnamyl moiety connected to the quinolone ring with ─NH2, ─OH, 
and ─C≡N groups was studied for C1018 steel surface in sweet environment [11]. 
At temperatures of 25 °C and 60 °C, with 5 mM KI, the inhibitor provided a high 
performance. A triazine derivative containing 3 hydroxyphenyl rings was studied as 
inhibitor in hydrodynamic conditions and high efficiency of 97.05% was obtained 
[87]. Salient features of the inhibitor were the single-step synthesis assisted by ultra-
sonic irradiation in aqueous medium and high aqueous solubility. Some heterocyclic 
molecule-based inhibitors for sweet medium are given in Figure 2.7.

2.4  MECHANISM OF CORROSION AND INHIBITION 
IN NEUTRAL AND SALINE ENVIRONMENTS

2.4.1 brief Account of corrosion in neutrAl And sAline mediA

Copper and its alloys have been considerably reported as model systems for study-
ing heterocyclic corrosion inhibitors’ adsorption and protective action. Copper metal 
and several of its alloys have shown considerable resistance to corrosion in saline 
media [5, 26, 88]. Cu corrosion and dissolution are suggested to take place in a 
medium containing Cl− [89–91]:

 Cu   Cl  CuCl    eads+ ↔ +− − (2.27)

Based on the Cl− concentration, CuClads can further dissolve as follows:

 CuCl    Cl  CuCl    eads 2+ ↔ +− − − (2.28)

 CuCl    2Cl CuCl    eads 3
2+ ↔ +− − − (2.29)
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FIGURE 2.7 Heterocyclic molecules reported as corrosion inhibitors in CO2 environments.
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The oxide formation can follow the above in aerated condition:

 2CuCl    2OH    Cu O   H O   4Cl2 2 2+ → + +− − −  (2.30)

Further oxidation could produce a less protective cupric hydroxyl chloride, also 
known as atacamite (Figure 2.8) [89, 92].

 Cu O   
1
2

O    Cl    2H O   Cu (OH) Cl   OH2 2 2 2 3+ + + → +− − (2.31)

Thus, due to the anodic dissolution, complex soluble species containing mainly 
CuCl2− and CuCl3

2−  are generated in bulk. Contrariwise, the film of Cu2O/CuO/
Cu2(OH)3Cl could afford a barrier against diffusion [89, 91].

2.4.2 mecHAnism of corrosion inHibition

In a chloride-containing environment, the oxidation of metal at the anode surface 
produces metal ions [26, 93]:

 nnM   M   e→ ++ −  (2.32)

The cationic form (Mn+) reacts with the Cl− ions to yield [M(Cl)n]ads, which, in the 
presence of an inhibitor, forms a metal–inhibitor complex [26, 93, 94]:

 n nn
nM     Cl    [M(Cl) ]     eads+ → ++ − −  (2.33)

 nn
n[M(Cl) ]    Inh    [M Inh]    Clads (sol) (sol)+ → − ++ −  (2.34)

FIGURE 2.8 Generalized scheme of stratification of various species in the film of corro-
sion product on Cu surface in a saline environment. (Reproduced from Ref. [89]. © Elsevier.)
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The inhibitor having acidic hydrogen can lead to the formation of a neutral metal–
inhibitor complex, for example [94, 95]:

 CuCl    C H N    [Cu C N H ]   Cl    H(ads) 5 5 5 5 5 4+ → − + +− +  (2.35)

A generalized equation for inhibitors containing active/acidic hydrogen can be 
given as follows:

 n nn[M(Cl) ] Inh [M Inh]    Cl     Hads (sol) (sol)+ → ⋅ + +− + (2.36)

The film of inhibitor deposited on the metallic substrate provides isolation to the 
metal surface from the solution containing Cl−. The presence of metal cations facili-
tates the adsorption of inhibitors via synergistic action.

The 4- and 5-carboxybenzotriazole octyl esters (4-CBTAH-OE and 5-CBTAH-OE, 
respectively) were studied for copper substrate in 0.5 M sulfate solution under aerated 
condition [96]. Surface-enhanced Raman scattering (SERS) investigation revealed that 
at the neutral pH, the inhibitors afforded protection via the formation of a polymeric 
metal inhibitor (Figure 2.9a). Pyrazoles undergo adsorption on the Cu substrate via 
interaction with the lone-pair electrons of the N atoms on the pyrazole ring, via the 
six delocalized π-electrons of the azole ring. Another pyrazole derivative containing 
dithiocarboxylate, dodecyl, and hydroxyl groups was investigated for inhibition of Cu 

FIGURE 2.9 (a) Polymeric film deposited on Cu surface due to Cu-benzotriazole-octyl ester 
surface complex formation. (Reproduced from Ref. [96]. © Elsevier.) (b) Square–planar com-
plex formed between tetradentate ligand 1,5-bis(4-dithiocarboxylate-1-dodecyl-5-hydroxy-
3-methylpyrazolyl)-pentane and Cu(II). (Reproduced from Ref. [97]. © Elsevier.) (c) Possible 
alignments of MBIH on the Cu/Cu2O in various forms. (Reproduced from Ref. [98]. © Elsevier.)
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corrosion, revealing that the inhibitor first underwent physical adsorption and then 
chemical adsorption by forming a complex between Cu(II) and the inhibitor molecules 
[97]. A square planar complex was formed between the inhibitor and the Cu substrate, 
wherein the inhibitor acted as a tetradentate ligand (Figure 2.9b). The adsorption and 
protective action of 2-mercaptobenzimidazole (MBIH) on the copper substrate was 
studied for 180 days, followed by electrochemical analyses and surface examination 
[98]. It was noted that the protective film of the MBIH interacted with the Cu surface 
mainly via N and S heteroatoms (Figure 2.9c). In addition, the inhibitor–metal together 
formed a surface complex via coordinate bond formation.

Antidiabetic drug miglitol was evaluated for mild steel in 700 mg L−1 NaCl [99]. 
The introduction of Zn2+ ions improved the inhibition performance due to synergis-
tic action. Two indazole derivatives containing benzimidazole connected to two long 
alkyl chains each were studied for Cu in 3% NaCl [100]. The inhibitors developed 
a self-assembled monolayer (SAM) on the Cu substrate. Computational studies sug-
gested that the N atoms behaved as the active site for adsorption. Surfactant deriva-
tives of bis-glucobenzimidazolone were prepared and studied for mild steel surface 
in a 200 mg L−1 NaCl environment [101]. High protection efficiencies were obtained 
at a quite low concentration of 10−5 M. The inhibitors showed mixed-type behavior, 
as revealed by the PDP analyses. Adsorption of neutral p-tolyl imidazole was com-
paratively better than that in the protonated form [102]. Purines contain an imidazole 
ring adjacent to one pyrimidine ring and are widely occurring N-containing hetero-
cycles. 6-Benzylaminopurine exhibited a superior inhibition performance compared 
to imidazole, adenine, and purine on Cu surface in seawater [103]. The results were 
in accordance with the increase in molecular weight and the number of heteroatoms. 
5-(Phenyl)-4H-1, 2, 4-triazole-3-thiol was investigated for Cu surface in 3.5% NaCl 
under stationary and stirred conditions [104]. The efficiency rose from 73% to 90% when 
the concentration was raised from 500 mg L−1 to 1500 mg L−1. 2, 6-Diaminopyridine 
was evaluated for Al surface in 3.5% NaCl [105]. A mixed-type action with the anodic 
prevalence was noticed. 2,6-Dimethylpyridine was analyzed for Al surface in distilled 
water [106]. The PDP and adsorption evidenced a mixed nature obeyed the Langmuir 
isotherm. Figure 2.10 shows some heterocyclic corrosion inhibitors’ chemical struc-
tures and corrosion inhibition performance for neutral and saline environments.

2.5  MECHANISM OF CORROSION AND INHIBITION 
IN ALKALINE ENVIRONMENTS

2.5.1 brief Account of corrosion in AlkAline mediA

Alkaline environments are generally encountered in industries such as fuel cells, 
batteries, alkaline etching, boiler feed water systems, etc., posing considerable cor-
rosion concerns [107–111]. In an alkaline environment, the steel surface exists in 
the passive state. Nevertheless, contaminations can have a detrimental effect on the 
passive film. Cl− ions act as one of the common contaminants that facilitate localized 
corrosion upon arriving at the metallic substrate [111]. The Cl− effects the breakdown 
of passivity, which can be elucidated as a balance of competitive phenomena: (i) sta-
bilization of the passive film due to the adsorption of OH− and (ii) Cl− ions leading 
to film disruption. With increase in the activity of the Cl− above that of OH− ions, 



29Corrosion Protection Using Heterocycles

corrosion proceeds [111, 112]. The formation of Fe(OH)ads can be taken as the first 
step during passivation in an alkaline medium. A thicker hydroxide film having a 
passive nature forms due to the oxidation of this layer [111, 113–115]:

 Fe   OH    FeOHads+ ↔− −  (2.37)

 FeOH    FeOH    eads ads↔ +− − (2.38)

 FeOH    OH  Fe(OH)    eads 2(s)+ ↔ +− − (2.39)

 Fe(OH)    e  FeOOH    H O   e  2(s) (s) 2+ → + +− −  (2.40)

The presence of Cl− ions effects the increased metal dissolution and a lowering of 
the surface coverage of the Fe(OH)ads as follows:

 Fe   Cl FeCl    eads+ ↔ +− − −  (2.41)

 FeCl FeCl    eads ads↔ ++ − (2.42)

FIGURE 2.10 Heterocyclic molecules reported as corrosion inhibitors in neutral and saline 
environments.
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In alkaline medium, the hydrogen evolution reactions can be given as follows:

 H O   e    H    OH2 ads+ → +− −  (2.43)

Here Hads denotes hydrogen atom adsorbed on the surface of the cathode follow-
ing the Tafel reaction [111, 116]:

 H     H    Hads ads 2+ →  (2.44)

Instead of the above, following the Heyrovsky reaction, the removal of Hads can 
take place [111, 117]:

 H O   H    e  H O   OH2 ads 2+ + ↔ +− −  (2.45)

2.5.2 mecHAnism of corrosion inHibition

Heterocyclic molecule-based corrosion inhibitors in the alkaline media for the pro-
tection of a metal/alloy have been extensively studied. Two pyridine-3-carbonitriles 
containing pyridine(I) and thiophene(II) rings were explored for mild steel in 1 M 
NaOH employing PDP, EIS, and hydrogen evolution techniques [111]. A greater pro-
tection efficiency was obtained for I, which was attributed to the availability of a 
greater electron density in I. A series of azoles were evaluated for Cu in pH 6.4, 8.4, 
and 10.4 sodium borate buffer solutions using electroanalytical techniques [118]. The 
inhibitors showed a mixed-type nature, as studied by PDP, and a capacitive control 
of the electrochemical process, as shown by the EIS results. Langmuir isotherm 
provided a suitable explanation to the inhibitor adsorption. Mercaptobenzothiazole 
(MBT) provided the best performance of 95% among all. The results of DFT-based 
computational analysis supported the experimentally obtained results. For 2-mer-
captobenzothiazole (MBT), a notable decrease in both anodic and cathodic currents 
in comparison to the blank was observed [110]. The N and S atoms of the thiazole 
ring and the S atom of the thiol group (─SH) of MBT could allow three possible 
sites for coordination with Cu (Figure 2.11). MBT molecule is purported to present 
in a thione form in acid solution, and in a thiol form in an alkaline environment. 
Additionally, the surface of Cu bears a considerable affinity toward S atom. Azoles 
form a polymeric film on the Cu surface that can afford a strong protection. In the 
alkaline environment, Cu surface is covered with Cu2O layer that could allow Cu+ 
ions for interaction with the azoles. The chemical adsorption as in the case of benzo-
triazole (BTA) can form a polymeric film with the Cu ions as follows [110]:

 n n n nn(BTA H)     Cu   [Cu(BTA)]     H     eads − + + ++ − (2.46)

A rise in the pH of the environment favors the inhibitor adsorption and film for-
mation of a corrosion inhibitor film occurs according to the above equilibrium.

Purine was analyzed for the copper surface in neutral (pH 7) and alkaline (pH 9) 
0.5 M sodium sulfate via OCP, PDP, and chronoamperometric measurements [119]. 
Excellent adsorption performance was observed for purine in both environments. 
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Within the investigated pH range, purine exists in the neutral form. The purine 
adsorption on Cu substrate can be explained as follows:

 4Cu   4Pu    O    4Cu(I)Pu   2H Oads 2 2+ + ↔ +  (2.47)

A triazole containing ethyl, ─SH, and ─NH2 groups (EAMT), was studied for Al 
6061 alloy in 0.5 M NaOH employing electrochemical techniques [120]. Adsorption of 
EAMT was in agreement with Langmuir isotherm at a varied temperature range from 
30 °C to 60 °C and showed a mixed behavior. The protection performance increased 
with an increase in inhibitor dose, and decreased with an increase in temperature. In 
another study, a triazole containing methyl, ─SH, and ─NH2 groups (MAMT) was 
investigated for the Al [121]. The synergistic corrosion inhibition effect of Zn2+ on the 
protection behavior of carboxymethylcellulose (CMC) was evaluated on Al surface in 
well water (pH 11) using the gravimetric, electrochemical, and surface analytical tech-
niques. A complex formation takes place between CMC and Zn2+ ions in the medium. 
When Al surface is immersed, the diffusion of CMC-Zn2+ complex takes place from 
the solution bulk electrolyte to the Al substrate. A subsequent conversion to CMC-Al3+ 
complex takes place thereby releasing Zn2+ as follows [122]:

 CMC-Zn  Al  CMC-Al    Zn2 3 3 2+ → ++ + + + (2.48)

 Zn    OH  Zn(OH)2
2+ →+ −  (2.49)

Water-soluble polysaccharides alginates (ALG) and pectates (PEC) were evaluated 
as inhibitors for Al surface in NaOH medium [123]. These differ in the ─OH group 
position at C2 and C3, respectively [124]. At a 0.8% concentration, respective protec-
tion efficiencies of 68.93% and 78.49% were obtained from ALG and PEC. The greater 
extent of protection for PEC was attributed to the varying geometrical arrangement of 
the functional groups. The two polyelectrolytes underwent deprotonation in the alkaline 
environment to afford negatively charged alkoxides (Figure 2.12). The charged poly-
mers formed a protective film on the metallic substrate that mitigated the corrosion and 
dissolution [123]. Figure 2.13 shows some heterocyclic corrosion inhibitors’ chemical 
structures and corrosion inhibition performance for an alkaline environment.

FIGURE 2.11 Structures of the polymeric complexes of (a) Cu-BTA and (b) Cu-MBT 
deposited in 0.1 M NaOH. (Reproduced from Ref. [110]. © Elsevier.)
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FIGURE 2.12 Formation of alkoxides from alginate and pectate due to ionization in NaOH. 
(Reproduced from Ref. [123]. © Portuguese Electrochemical Society.)

FIGURE 2.13 Heterocyclic molecules reported as corrosion inhibitors in alkaline media.
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2.6 CONCLUSIONS

The heterocyclic compounds refer to a vast variety of organic compounds, e.g., 
amino acids, drugs, natural extracts, proteins, vitamins, carbohydrates, etc. Many 
such molecules constitute various biomolecules. The presence of π-bonds, heteroat-
oms, heterocycles, and the functional groups containing these heteroatoms promote 
the adsorption and protective performance of these molecules on metals and alloys. 
In literature, several research articles appeared on the use of heterocyclic molecules 
as inhibitors against corrosion of various metals and alloys. Most of these organic 
molecules show a mixed type of inhibition behavior, with both physical and chemical 
adsorption. Several heterocycles form strong chemical adsorption, e.g., S-containing 
heterocycles, thiol SAMS, etc. on Cu surfaces, and some N-heterocycles on steel 
and other metallic surfaces. The organic heterocycles have been reported as inhibi-
tors in diverse corrosive media, viz., concentrated acids, saline environments, CO2 
environments, alkaline media, etc. The effect of additives such as synergistic agents 
and surfactants have been studied on these molecules. Detailed thermodynamic and 
kinetic indices have been elucidated to explain the adsorption of the heterocyclic 
molecules on metallic materials in corrosive environments. Comprehensive compu-
tational data is available correlating the structures of these organic molecules with 
the protection performance.

2.7 PROSPECTS

Organic heterocycles have emerged in the literature as potential replacements to 
conventionally used toxic inorganic corrosion inhibitors. Some of the heterocycles 
form the framework of several biomolecules and hence are naturally green and 
biocompatible. It is desirable to evaluate the detailed toxicity, biodegradation, and 
bioaccumulation parameters of these heterocycles to gain information of their 
commercial applicability. In addition, a major issue associated with organic corro-
sion inhibitors is solubility. In this context, more studies are required to facilitate 
solubility using cosolvents and surfactants. Further, the prospects of synergistic 
action in corrosion inhibition using halide ions and other organic molecules need 
to be explored. Surfactant-containing and ionic liquid derivatives of heterocycles 
need to be studied in more detail. Also, it is apparent that a scarce amount of litera-
ture is available on heterocyclic molecule-based inhibitors in sweet media and in 
oil-well acidification. Therefore, the mechanistic details of the impact of corrosion 
products, high temperature, high pressure, hydrodynamic conditions, etc. need to 
be investigated.

REFERENCES

 1. P. Dohare, M.A. Quraishi, C. Verma, H. Lgaz, R. Salghi, E.E. Ebenso, Results in 
Physics, 13 (2019) 102344.

 2. J. Haque, K.R. Ansari, V. Srivastava, M.A. Quraishi, I.B. Obot, Journal of Industrial 
and Engineering Chemistry, 49 (2017) 176–188.

 3. S.-H. Yoo, Y.-W. Kim, K. Chung, N.-K. Kim, J.-S. Kim, Industrial & Engineering 
Chemistry Research, 52 (2013) 10880–10889.



34 Handbook of Heterocyclic Corrosion Inhibitors

 4. M. Abdallah, H. Al-Tass, B.A. Jahdaly, A. Fouda, Journal of Molecular Liquids, 216 
(2016) 590–597.

 5. D.S. Chauhan, M.A. Quraishi, C. Carrière, A. Seyeux, P. Marcus, A. Singh, Journal of 
Molecular Liquids, 289 (2019) 111113.

 6. A. Suhasaria, M. Murmu, S. Satpati, P. Banerjee, D. Sukul, Journal of Molecular 
Liquids, 313 (2020) 113537.

 7. Y. Qiang, H. Li, X. Lan, Journal of Materials Science & Technology, 52 (2020) 63–71.
 8. R. Zhang, Y. Qin, L. Zhang, S. Luo, Organic Letters, 19 (2017) 5629–5632.
 9. M. Lebrini, M. Lagrenée, M. Traisnel, L. Gengembre, H. Vezin, F. Bentiss, Applied 

Surface Science, 253 (2007) 9267–9276.
 10. M.A. Quraishi, D.S. Chauhan, V.S. Saji, Journal of Molecular Liquids, 341 (2021) 

117265.
 11. I.B. Onyeachu, D.S. Chauhan, M.A. Quraishi, I.B. Obot, A. Singh, Journal of Adhesion 

Science and Technology, 36 (2022) 1858–1882.
 12. D.S. Chauhan, M. Quraishi, A.A. Sorour, C. Verma, Journal of Petroleum Science and 

Engineering, 215 (2022) 110695.
 13. M. Salman, V. Srivastava, M. Quraishi, D.S. Chauhan, K. Ansari, J. Haque, Russian 

Journal of Electrochemistry, 57 (2021) 228–244.
 14. L.K. Goni, M.A.J. Mazumder, S.A. Ali, D.S. Chauhan, Water-Soluble Polymeric 

Corrosion Inhibitors, in: M.J. Mazumder, M. Quraishi, A. Al-Ahmed (Eds.) Polymeric 
Corrosion Inhibitors for Greening the Chemical and Petrochemical Industry, Wiley-
VCH GmbH, 2023, pp. 97–123.

 15. D.S. Chauhan, V. Srivastava, Y. Lin, M.A. Quraishi, Polymers as Corrosion Inhibitors 
for Sweet Environment, in: M.J. Mazumder, M. Quraishi, A. Al-Ahmed (Eds.) 
Polymeric Corrosion Inhibitors for Greening the Chemical and Petrochemical Industry, 
Wiley-VCH GmbH, 2023, pp. 193–220.

 16. D.S. Chauhan, M.A. Quraishi, H. Al-Qahtani, M.A.J. Mazumder, Green Polymeric 
Corrosion Inhibitors: Design, Synthesis, and Characterization, in: M.J. Mazumder, 
M. Quraishi, A. Al-Ahmed (Eds.) Polymeric Corrosion Inhibitors for Greening the 
Chemical Petrochemical Industry, Wiley-VCH GmbH, 2023, pp. 1–22.

 17. M. Quraishi, D.S. Chauhan, Recent Trends in the Development of Corrosion Inhibitors, 
in: U.K. Mudali, T.S. Rao, S. Ningshen, P.R. G, R.P. George, T.M. Sridhar (Eds.) 
A Treatise on Corrosion Science, Engineering and Technology, Springer, 2022,  
pp. 783–799.

 18. M. Quraishi, D.S. Chauhan, Environmentally Sustainable Corrosion Inhibitors in Oil 
and Gas Industry, in: C.B. Verma, C.M. Hussain, E.E. Ebenso (Eds.) Organic Corrosion 
Inhibitors: Synthesis, Characterization, Mechanism, and Applications, John Wiley & 
Sons, Inc., 2022, pp. 221–240.

 19. D.S. Chauhan, F. El-Hajjaji, M. Quraishi, Heterocyclic Ionic Liquids as Environmentally 
Benign Corrosion Inhibitors: Recent Advances and Future Perspectives, in: Ionic 
Liquid-Based Technologies for Environmental Sustainability, Elsevier, 2022,  
pp. 279–294.

 20. M. Quraishi, D.S. Chauhan, Drugs as Environmentally Sustainable Corrosion 
Inhibitors, in: C.M. Hussain, C.B. Verma (Eds.) Sustainable Corrosion Inhibitors II: 
Synthesis, Design, and Practical Applications, ACS Publications, 2021, pp. 1–17.

 21. F. Ansari, D.S. Chauhan, M. Quraishi, Oleochemicals as Corrosion Inhibitors, in: C. 
Verma, C.M. Hussain (Eds.) Organic Corrosion Inhibitors: Synthesis, Characterization, 
Mechanism, and Applications, John Wiley & Sons, Inc., 2021, p. 343.

 22. A. Singh, K.R. Ansari, D.S. Chauhan, M.A. Quraishi, S. Kaya, H. Yu, Y. Lin, Corrosion 
Mitigation by Planar Benzimidazole Derivatives, in: Corrosion, IntechOpen,  
2020.



35Corrosion Protection Using Heterocycles

 23. K.R. Ansari, D.S. Chauhan, A. Singh, V.S. Saji, M.A. Quraishi, Corrosion Inhibitors for 
Acidizing Process in Oil and Gas Sectors, in: V.S. Saji, S.A. Umoren (Eds.) Corrosion 
Inhibitors in the Oil and Gas Industry, Wiley-VCH Verlag GmbH & Co. KGaA, 2020, 
pp. 153–176. ISBN 978-3-527-34618-9.

 24. M. Maanonen, Helsinki Metropolia University of Applied Sciences, 2014, pp. 1–32. https://
www.theseus.fi/bitstream/handle/10024/70713/Steel_Pickling_in_Challenging_
Conditions_2014_Thesis_Mika_Maanonen.pdf?sequence=1&isAllowed=y

 25. A.I.H. Committee, ASM Handbook, ASM International, 1990.
 26. V.S. Sastri, Corrosion Inhibitors: Principles and Applications, John Wiley & Sons, Inc., 

1998.
 27. C. Smith, F. Dollarhide, N.J. Byth, Journal of Petroleum Technology, 30 (1978) 

737–746.
 28. L. Kalfayan, Production Enhancement with Acid Stimulation, Pennwell Books, 2008.
 29. M. Finšgar, J. Jackson, Corrosion Science, 86 (2014) 17–41.
 30. R.S. Schechter, Oil well stimulation. United States; Web. (1992).
 31. G. Schmitt, British Corrosion Journal, 19 (1984) 165–176.
 32. M.A. Quraishi, K.R. Ansari, D.S. Chauhan, Google Patents, Saudi Arabia, 2022, pp. 

1–30.
 33. D.K. Yadav, M.A. Quraishi, Industrial & Engineering Chemistry Research, 51 (2012) 

8194–8210.
 34. P. Mourya, S. Banerjee, R.B. Rastogi, M.M. Singh, Industrial & Engineering Chemistry 

Research, 52 (2013) 12733–12747.
 35. M. Behpour, S. Ghoreishi, N. Soltani, M. Salavati-Niasari, M. Hamadanian, A, 

Gandomi, Corrosion Science, 50 (2008) 2172–2181.
 36. P. Dohare, D.S. Chauhan, A.A. Sorour, M.A. Quraishi, Materials Discovery, 9 (2017) 

30–41.
 37. M. Yadav, L. Gope, N. Kumari, P. Yadav, Journal of Molecular Liquids, 216 (2016) 

78–86.
 38. I. Obot, N. Obi-Egbedi, A. Eseola, Industrial & Engineering Chemistry Research, 50 

(2011) 2098–2110.
 39. P. Okafor, M.E. Ikpi, I. Uwah, E. Ebenso, U. Ekpe, S. Umoren, Corrosion Science, 50 

(2008) 2310–2317.
 40. K.R. Ansari, M.A. Quraishi, A. Singh, Corrosion Science, 79 (2014) 5–15.
 41. I.B. Onyeachu, D.S. Chauhan, K.R. Ansari, I. Obot, M.A. Quraishi, A.H. Alamri, New 

Journal of Chemistry, 43 (2019) 7282–7293.
 42. I. Obot, I.B. Onyeachu, Journal of Molecular Liquids, 249 (2018) 83–96.
 43. M. Bedair, M. El-Sabbah, A. Fouda, H. Elaryian, Corrosion Science, 128 (2017) 54–72.
 44. M.A. Quraishi, D.S. Chauhan, V.S. Saji, Heterocyclic Organic Corrosion Inhibitors: 

Principles and Applications, Elsevier Inc., Amsterdam, 2020.
 45. S.K. Shukla, M.A. Quraishi, Corrosion Science, 51 (2009) 1007–1011.
 46. S.K. Shukla, M.A. Quraishi, Materials Chemistry and Physics, 120 (2010) 142–147.
 47. S.K. Shukla, M.A. Quraishi, Journal of Applied Electrochemistry, 39 (2009) 

1517–1523.
 48. I.B. Onyeachu, I.B. Obot, A.H. Alamri, C.A. Eziukwu, The European Physical Journal 

Plus, 135 (2020) 129.
 49. I. Ahamad, M. Quraishi, Corrosion Science, 51 (2009) 2006–2013.
 50. A.K. Singh, M. Quraishi, Corrosion Science, 52 (2010) 1529–1535.
 51. A.K. Singh, S. Khan, A. Singh, S. Quraishi, M.A. Quraishi, E.E. Ebenso, Research on 

Chemical Intermediates, 39 (2013) 1191–1208.
 52. C. Verma, M.A. Quraishi, D.S. Chauhan, Green Corrosion Inhibition: Fundamentals, 

Design, Synthesis and Applications, Royal Society of Chemistry, 2022.

https://www.theseus.fi
https://www.theseus.fi
https://www.theseus.fi


36 Handbook of Heterocyclic Corrosion Inhibitors

 53. C. Verma, D.S. Chauhan, M.A. Quraishi, Journal of Materials and Environmental 
Science, 8 (2017) 4040–4051.

 54. D.S. Chauhan, A.A. Sorour, M.A. Quraishi, International Journal of Chemistry and 
Pharmaceutical Sciences, 4 (2016) 680–691.

 55. P. Singh, D.S. Chauhan, S.S. Chauhan, G. Singh, M.A. Quraishi, Journal of Molecular 
Liquids, 286 (2019) 110903.

 56. P. Singh, D.S. Chauhan, K. Srivastava, V. Srivastava, M.A. Quraishi, International 
Journal of Industrial Chemistry, 8 (2017) 363–372.

 57. P. Dohare, D.S. Chauhan, B. Hammouti, M.A. Quraishi, Analytical and Bioanalytical 
Electrochemistry, 9 (2017) 762.

 58. P. Dohare, D.S. Chauhan, M.A. Quraishi, International Journal of Corrosion and Scale 
Inhibition, 7 (2018) 25–37.

 59. L. Moiseeva, Protection of Metals, 41 (2005) 76–83.
 60. A. Singh, K. Ansari, X. Xu, Z. Sun, A. Kumar, Y. Lin, Scientific Reports, 7 (2017) 

14904.
 61. A. Singh, Y. Lin, I. Obot, E.E. Ebenso, K. Ansari, M.A. Quraishi, Applied Surface 

Science, 356 (2015) 341–347.
 62. D.S. Chauhan, K.R. Ansari, A.A. Sorour, M.A. Quraishi, H. Lgaz, R. Salghi, 

International Journal of Biological Macromolecules, 107 (2018) 1747–1757.
 63. J. Haque, V. Srivastava, S. Chauhan, H. Lgaz, M.A. Quraishi, ACS Omega, 3 (2018) 

5654–5668.
 64. V. Srivastava, D.S. Chauhan, P.G. Joshi, V. Maruthapandian, A.A. Sorour, M.A. 

Quraishi, ChemistrySelect, 3 (2018) 1990–1998.
 65. D.K. Yadav, D.S. Chauhan, I. Ahamad, M.A. Quraishi, RSC Advances, 3 (2013) 

632–646.
 66. N. Baig, D.S. Chauhan, T.A. Saleh, M.A. Quraishi, New Journal of Chemistry, 43 

(2019) 2328–2337.
 67. B.J. Usman, S.A. Ali, Arabian Journal for Science and Engineering, 43 (2018) 1–22.
 68. M.A. Mazumder, H.A. Al-Muallem, S.A. Ali, Corrosion Science, 90 (2015) 54–68.
 69. M.A. Mazumder, H.A. Al-Muallem, M. Faiz, S.A. Ali, Corrosion Science, 87 (2014) 

187–198.
 70. S. Nešić, Corrosion Science, 49 (2007) 4308–4338.
 71. D.S. Chauhan, M. Quraishi, A. Qurashi, Journal of Molecular Liquids, 326 (2021) 

115117.
 72. M. Askari, M. Aliofkhazraei, S. Ghaffari, A. Hajizadeh, Journal of Natural Gas Science 

and Engineering, 58 (2018) 92–114.
 73. A. Edwards, C. Osborne, S. Webster, D. Klenerman, M. Joseph, P. Ostovar, M. Doyle, 

Corrosion Science, 36 (1994) 315–325.
 74. X. Guan, Y. Hu, Expert Opinion on Therapeutic Patents, 22 (2012) 1353–1365.
 75. R.A. Jaal, M.C. Ismail, B. Ariwahjoedi, MATEC Web of Conferences, EDP Sciences, 

2014, p. 05012.
 76. X. Liu, P. Okafor, Y. Zheng, Corrosion Science, 51 (2009) 744–751.
 77. V. Jovancicevic, S. Ramachandran, P. Prince, Corrosion, 55 (1999) 449–455.
 78. X. Liu, S. Chen, H. Ma, G. Liu, L. Shen, Applied Surface Science, 253 (2006) 814–820.
 79. A. Singh, K.R. Ansari, Y. Lin, M.A. Quraishi, H. Lgaz, I.-M. Chung, Journal of the 

Taiwan Institute of Chemical Engineers, 95 (2019) 341–356.
 80. A. Singh, K. Ansari, A. Kumar, W. Liu, C. Songsong, Y. Lin, Journal of Alloys and 

Compounds, 712 (2017) 121–133.
 81. D.S. Chauhan, C. Verma, M. Quraishi, Journal of Molecular Structure, 1227 (2021) 

129374.
 82. C. Verma, L. Olasunkanmi, E.E. Ebenso, M.A. Quraishi, Journal of Molecular Liquids, 

251 (2018) 100–118.



37Corrosion Protection Using Heterocycles

 83. A. Singh, Y. Lin, K. Ansari, M.A. Quraishi, E.E. Ebenso, S. Chen, W. Liu, Applied 
Surface Science, 359 (2015) 331–339.

 84. A. Singh, M. Talha, X. Xu, Z. Sun, Y. Lin, ACS Omega, 2 (2017) 8177–8186.
 85. I.B. Onyeachu, D.S. Chauhan, M. Quraishi, I. Obot, Corrosion Engineering, Science 

and Technology, 56 (2020) 154–161.
 86. M. Finšgar, I. Milošev, Corrosion Science, 52 (2010) 2737–2749.
 87. G. Kear, B. Barker, F. Walsh, Corrosion Science, 46 (2004) 109–135.
 88. F. King, C. Litke, M. Quinn, D. LeNeveu, Corrosion Science, 37 (1995) 833–851.
 89. S. Li, M.T. Teague, G.L. Doll, E.J. Schindelholz, H. Cong, Corrosion Science, 141 

(2018) 243–254.
 90. G. Bengough, R. Jones, R. Pirret, Journal of the Institute of Metals, 23 (1920) 65–158.
 91. C. Verma, E.E. Ebenso, M.A. Quraishi, Journal of Molecular Liquids, 248 (2017) 

927–942.
 92. V.S. Sastri, Green Corrosion Inhibitors: Theory and Practice, John Wiley & Sons, Inc., 

2012.
 93. M. Scendo, Corrosion Science, 49 (2007) 3953–3968.
 94. N. Huynh, S. Bottle, T. Notoya, D. Schweinsberg, Corrosion Science, 42 (2000) 

259–274.
 95. R. Vera, F. Bastidas, M. Villarroel, A. Oliva, A. Molinari, D. Ramírez, R. del Río, 

Corrosion Science, 50 (2008) 729–736.
 96. M. Finšgar, Corrosion Science, 72 (2013) 90–98.
 97. R.G. Sundaram, G. Vengatesh, M. Sundaravadivelu, Surfaces and Interfaces, 22 (2021) 

100841.
 98. Y. Qiang, S. Fu, S. Zhang, S. Chen, X. Zou, Corrosion Science, 140 (2018) 111–121.
 99. L. Lakhrissi, B. Lakhrissi, R. Touir, M.E. Touhami, M. Massoui, E.M. Essassi, Arabian 

Journal of Chemistry, 10 (2017) S3142–S3149.
 100. H.O. Curkovic, E. Stupnisek-Lisac, H. Takenouti, Corrosion Science, 52 (2010) 

398–405.
 101. M.B.P. Mihajlović, M.B. Radovanović, Ž.Z. Tasić, M.M. Antonijević, Journal of 

Molecular Liquids, 225 (2017) 127–136.
 102. E.-S.M. Sherif, A. El Shamy, M.M. Ramla, A.O. El Nazhawy, Materials Chemistry and 

Physics, 102 (2007) 231–239.
 103. K.R. Ansari, M.A. Quraishi, Analytical and Bioanalytical Electrochemistry, 8 (2016) 

136–144.
 104. R. Padash, E. Jamalizadeh, A.H. Jafari, Anti-Corrosion Methods and Materials, 64 

(2017) 550–554.
 105. M. Abdallah, O. Hazazi, A. Fawzy, S. El-Shafei, A. Fouda, Protection of Metals and 

Physical Chemistry of Surfaces, 50 (2014) 659–666.
 106. N. Chaubey, V.K. Singh, M.A. Quraishi, International Journal of Industrial Chemistry, 

8 (2017) 75–82.
 107. J. Dobryszycki, S. Biallozor, Corrosion Science, 43 (2001) 1309–1319.
 108. R. Subramanian, V. Lakshminarayanan, Corrosion Science, 44 (2002) 535–554.
 109. M. Ameer, A. Fekry, International Journal of Hydrogen Energy, 35 (2010) 11387–11396.
 110. M. Saremi, E. Mahallati, Cement and Concrete Research, 32 (2002) 1915–1921.
 111. A. Saraby-Reintjes, Electrochimica Acta, 30 (1985) 387–401.
 112. A. Saraby-Reintjes, Electrochimica Acta, 30 (1985) 403–417.
 113. J.-D. Kim, S.-I. Pyun, Corrosion Science, 38 (1996) 1093–1102.
 114. M. Bhardwaj, R. Balasubramaniam, International Journal of Hydrogen Energy, 33 

(2008) 2178–2188.
 115. A. Fekry, M. Ameer, International Journal of Hydrogen Energy, 35 (2010) 7641–7651.
 116. F. Altaf, R. Qureshi, S. Ahmed, Journal of Electroanalytical Chemistry, 659 (2011) 

134–142.



38 Handbook of Heterocyclic Corrosion Inhibitors

 117. M. Petrović, A. Simonović, M. Radovanović, S. Milić, M. Antonijević, Chemical 
Papers, 66 (2012) 664–676.

 118. P. Kumari, J. Nayak, A.N. Shetty, Portugaliae Electrochimica Acta, 29 (2011) 445–462.
 119. P.R. Kumari, J. Nayak, A.N. Shetty, Journal of Coatings Technology and Research, 8 

(2011) 685.
 120. R. Kalaivani, P.T. Arasu, S. Rajendran, Chemical Science Transactions, 2 (2013) 

1352–1357.
 121. I. Zaafarany, Portugaliae Electrochimica Acta, 30 (2012) 419–426.
 122. R.A. Muzzarelli, Natural Chelating Polymers; Alginic Acid, Chitin and Chitosan, in: 

Natural Chelating Polymers; Alginic Acid, Chitin and Chitosan, Pergamon Press, 1973.



39DOI: 10.1201/9781003377016-3

Quercetin- and 
Carbazole-based 
Corrosion Inhibitors
Ichraq Bouhouche1, Khalid Bouiti1, Nabil 
Lahrache1, Najoua Labjar1, Ghita Amine 
Benabdallah2, and Souad El Hajjaji2
1Laboratory of Molecular Spectroscopy 
Modelling, Materials, Nanomaterials, Water and 
Environment, CERNE2D, ENSAM, Mohammed 
V University in Rabat, Morocco
2Laboratory of Molecular Spectroscopy 
Modelling, Materials, Nanomaterials, Water and 
Environment, CERNE2D, Faculty of Sciences, 
Mohammed V University in Rabat, Morocco

3.1 INTRODUCTION

Corrosion is a multidisciplinary issue, and it affects different industries—chemical, 
petroleum, and energetic—causing production stoppages, replacement of compo-
nents, accidents, and harmful effects on the environment [1, 2]. It evolves according 
to the corroding medium such as moisture, O2, organic or inorganic acids, higher 
temperature and pressure, and the characteristics and composition of the materials 
[3], and it is a naturally occurring event tending to induce the deterioration of the 
materials [2]. By adopting appropriate corrosion prevention strategies, much of that 
damage could be avoidable. From the diverse approaches to corrosion containment, 
using inhibitors is the most straightforward, economical, and cost-effective strategy 
commonly used in industries [4].

The employment of inhibitors is crucial to delay the deterioration trend by adding 
a chemical compound at a low concentration [5, 6]; it is a more economical, more 
efficient, and more useful implementation approach [5]. Heterocyclic organic com-
pounds contain a unique electron pair in the heteroatoms that are easily accessible 
for donation to the targeted metal, resulting in an efficient adsorption process of the 
inhibitor molecule [4, 6]. The quercetin molecule is found in various fruits such as 
strawberries, apples, and even red onions [7, 8]. It is the finest flavonoid molecule [9]. 
It is a functional molecule that has enormous potential in the therapeutic field owing 
to its antioxidant and anticancer properties [10, 11]. Carbazole is commonly utilized 
in solar cells [12]. It is also utilized as a corrosion inhibitor. The usage of carbazole 
and its variants has expanded due of its specific properties: cheap cost, low reactive 
ecological toxicity, thermal stability, and improved solubility in monomers [13–15].

3
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3.2 CORROSION INHIBITION

3.2.1 inHibitors molecules

The inhibitors are chemical agents that minimize corrosion when introduced into a 
medium at low concentrations [16]. It must not only be stable in the presence of other 
characteristics of the environment but also not impair the stability of the species 
contained in the environment [17]. It must also decrease the corrosion process of the 
metal while keeping the physicochemical features of the latter. The choice of corro-
sion inhibitors for practical applications is based on the understanding of their mode 
of action [18]. There are various inhibitor classes depending on formulation, electro-
chemical mechanism of activity, and surface principle of action. Organic compounds 
have some development potential as corrosion inhibitors: their usage is currently rec-
ommended over inorganic inhibitors, largely owing to environmental concerns [19].

Organic inhibitors are frequently formed as petroleum industry by-products [20]. 
They comprise at least one active center capable of exchanging electrons with a 
metal such as nitrogen, oxygen, phosphorus, or sulfur. Mineral substances are more 
typically employed in alkaline conditions, and less often in acidic ones. The products 
dissolve in solution, and it is the results of their dissociation that ensure the inhibi-
tory phenomenon [21]. Oxo anions of type XO4

n−, such as chromates, molybdates, 
phosphates, and silicates, are the principal inhibitory anions [22]. Ca2+ and Zn2+ are 
the most frequent cations, as are those that form insoluble salts with anions such as 
hydroxyl OH−. Various molecules in use today are decreasing [23], mainly due to the 
fact that most effective products are hazardous to the environment.

3.2.2 Adsorption of corrosion inHibitors

The inhibitor of corrosion generates an interlayer on the surface, altering electro-
chemical processes by blocking anodic or cathodic sites through adsorbing the mol-
ecules of inhibitor on the metal interface [24–26].

3.2.2.1 Chemisorption and Physisorption
The phenomenon of adsorption is one that occurs when the chemical interactions 
between the atoms that make up a surface are incomplete. This surface has a pro-
pensity to bridge this gap by ensnaring atoms and molecules from their surround-
ings [27]. The physisorption retains the identity of the adsorbed molecules and is 
based on three kinds of interacting forces: hydrogen bonds, polar force, and van der 
Waals force. The force of electrostatic adsorption is proportional to the difference 
between the charges carried by the inhibitor and the metal’s surface, which is pro-
portional to the difference between the metal’s corrosion potential and its potential 
for zero charges in the corrosive medium under consideration [24, 28] as well as the 
physically adsorbed substances, which condense rapidly on the metal but are easily 
degraded by desorption when the temperature increases.

Chemisorption, on the other hand, is based on the pooling of electrons between 
the polar part of the molecule and the metallic surface [29], which leads to the for-
mation of more stable chemical bonds based on higher bond energies, the electrons 
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come mainly from the nonbonding doublets of the inhibiting molecules such as the 
heteroatoms. The adsorption is accompanied by a deep modification of the elec-
tronic charge distribution of the adsorbed molecules [21, 29, 30]. The important 
parameter is the density of electrons around the effective center, leading to the 
strengthening of covalent bonds between the donor atom and the metal atom. The 
same reason applies to cyclic amines, which are better inhibitors than aliphatic 
amines. Unsaturated organic compounds are electron carriers capable of creating 
bonds with metal atoms. The presence of an unsaturated bond can be favorable to 
the inhibitory efficiency of an organic molecule in an acidic environment since it 
can adsorb in the same way on either a positively or negatively charged surface 
[20, 31, 32].

3.2.2.2 Adsorption Isotherm
The behavior of adsorbed inhibitors may be interpreted by fitting the experimen-
tal data to an adsorption isotherm. Langmuir, Freundlich, Temkin, and Frumkin 
investigate the molecular interaction and heterogeneity components of the adsorp-
tion layer. Dhar–Flory–Huggins, Flory–Huggins, or Bockris–Swindels, on the 
other hand, investigate the mechanism of water flow and develop an approach to 
calculate the rate of water molecules passing through each inhibitor molecule [26, 33]. 
The most widely used model is the Langmuir isothermal adsorption model. A 
monolayer of adsorbate is expected to bind to a particular number of localized 
adsorption sites. There must be no lateral contacts or steric hindrances between 
the molecules. Furthermore, each adsorbent site was anticipated to have the same 
affinity for the adsorbate as well as the same activation energy and enthalpy of 
sorption [34, 35].

The following equations describe the isotherm of Langmuir adsorption:

 
C

K
C

1

adsθ
= +

where C is the inhibitor concentration, Kads is the adsorption equilibrium constant, 
and θ is the recovery rate.

The slope of the graph must equal unity for the adsorption of a given inhibitor to 
adequately match the Langmuir model and the assumptions upon which it is based. 
The corrosion scientist must determine if the produced adsorbed film is a monolayer 
or a multilayer, and whether interactions take place in the adsorbed layer. The closer 
the slope is to unity, within the limits of systematic or experimental error, the more 
probable the inhibitor obeys the Langmuir model. The measured slope sometimes 
deviates significantly from unity, indicating that the adsorption is not monolayer 
and that the Langmuir model cannot be utilized to examine inhibitor adsorption. 
The Langmuir–Freundlich isotherm [36–38] is an isotherm hybrid that may be used 
to solve problems. The Temkin concept is an isotherm that is commonly utilized in 
the discussion of corrosion inhibitor mechanism of action. Unlike the other models 
examined so far, it sheds light on the nature of the interactions that occur in the 
adsorbed layer. It is assumed that adsorption takes place at the most energetically 
advantageous sites [39, 40].
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The adsorption free energy of the adsorbate is a linear function of the coverage 
rate in this model, and the chemical rate constants are functions of θ. On the surface, 
there is attraction or repulsion between adsorbed species.

 
f

K C
1

* ln  *ads θ =

where C is the concentration of the inhibitor, θ is the degree of surface coverage, Kads 
is a constant, and f is the energy parameter.

The Frumkin isotherm states that the adsorbed molecules interact and affect the 
subsequent adsorption by repulsion or attraction of the molecules [41]. It is usually 
expressed in a linear form as follows:
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where a denotes the molecular interactions in the adsorbed adsorbate layer and the 
heterogeneous character of the surface and may take positive or negative values. 
Positive values of a indicate that the interactions between molecules are favorable 
in nature, resulting in an increase in adsorption energy [39, 42] with higher surface 
coverage θ, where Kads is the adsorption process’s equilibrium constant and C is the 
inhibitor concentration. Based on the Freundlich isotherm, the adsorption mecha-
nism on a heterogeneous adsorbent surface is multilayered, and the adsorption sites 
have different degrees of adsorbate attraction [43]. The Freundlich isotherm model’s 
linear form is as follows:

 K
C

n
log log

logθ = +

where K is the constant associate to adsorption ability of adsorbent and n is the 
adsorption intensities related to the heterogeneity of adsorbent surface.

A plot of log  θ against Clog  gives a straight line with slope 1⁄n and an intercept 
equal to log K. Favorable adsorption is generally indicated by a Freundlich con-
stant (n) between 1 and 10. n = 1 represents a correlated adsorption mechanism with 
uniform energy over the entire surface of the adsorbent, so the binding strength 
increases as the adsorbate becomes fixed [39, 43]. The corrosion inhibitor’s active 
mechanism is based on adsorption to the surface to establish a protective layer; this 
process is not purely physical or chemical. It is controlled by the chemical composi-
tion of the inhibitor, the charge and character of the metal surface, the charge distri-
bution of the molecules, and the medium [44, 45].

Heteroatoms are necessary for corrosion inhibitors, notably those possessing 
lone electron pairs and π electrons in the case of aromatic cycles, as well as various 
bonds that may interact with the metal’s free orbital and induce adsorption. The 
adsorption free energy informs the type of adsorption according to the value until 
−20 kJ/mol relate to electrostatic interaction or physisorption [46], the value lower 
than −40 kJ/mol corresponding to chemical adsorption, the negativity indicates 



43Quercetin- and Carbazole-based Corrosion Inhibitors

the spontaneity of this process [1, 2, 47]. Also, the enthalpy informs about the inhi-
bition mechanism, the positive value of this parameter corresponds to endothermic 
chemisorption and the negative one is attributed to an exothermic physisorption 
process [3, 47].

3.3 CORROSION MEASUREMENT

3.3.1 GAsometric And GrAvimetric

Due to the evident relationship between the rate of H2 gas evolution and the rate of 
corrosion, monitoring the quantity of hydrogen gas released at cathodic sites may 
offer valuable information about the corrosion process [48]: The quantity of H2 gas 
is released during metallic corrosion in an aggressive solution with and without 
inhibitors [49]. The losing weight analysis is the most straightforward, economical, 
and widely used technique for determining the corrosion inhibition effectiveness. 
Typically, the initial stage involves cutting the metal specimen to be examined in 
tiny sections of predetermined size, then degrease, clean, and polish the samples, 
which are then submerged in the corrosive medium and cleaned according to con-
ventional ASTM procedures [50–52] after a predetermined time. The average weight 
loss is estimated by subtracting the mass before and after immersion.

3.3.2 electro-cHemicAl impedAnce spectroscopy (eis)

EIS is a nondestructive method that provides information on an electrochemical sys-
tem’s frequency behavior, such as storage and dispersion of energy. The primary 
benefits of this method are its suitability for low-conductivity systems, the availabil-
ity of mechanistic information, and the ability to assess solution resistance [53–55]. 
The collected electrochemical data are fitted to a suitable equivalent circuit using the 
nonlinear least squares approach to explain the complicated response [56]. Nyquist, 
Bode, and phase angle graphs are used to illustrate the data. The Nyquist plot is the 
most often used graphical representation data, and it gives a simple comprehension 
of the corrosive system’s electrochemical behavior. It also facilitates the prediction 
of analogous circuit elements [55, 57].

The reaction of an electrochemical system to a modest amplitude of the distur-
bance frequency reveals information about the corrosion system’s internal dynam-
ics. The analogous circuit over the corroding metal in an aqueous medium is often a 
combination of resistance and capacity representing the corrosion surface [55, 58].  
The charge transfer resistance Rct is the parallel resistance that controls the rate of 
corrosion. The capacitance at the metal–electrolyte barrier is often approximated 
as double-layer capacitance [59–61]. A high value of Rct in corrosion inhibition 
studies indicates the establishment of a barrier that must be removed to permit 
the transfer of charge on corrosion, signifying a decline in the rate of corrosion 
[62]. Rct represents the disparity between the highest and lowest frequencies of the 
resistance’s actual component.
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3.3.3 polArizAtion meAsurements

PDP is a disruptive process that alters the surface of the electrode. The Eocp is 
retained to indicate the potential without a cumulative current, as indicated by mea-
surements fitted to the potential [63, 64]. In an ideal circumstance, the Eocp and Ecorr 
values would be the same. Modifications of the surface of the electrode while scan-
ning the potential may account for the apparent disparity between the two results. 
If the potential of a working electrode is shifted sufficiently further in the direction 
positive to Eocp, the current from cathodic reduction becomes insignificant and the 
measured current response comprises the anode contribution [63]. However, with 
significant negative potentials, the cathode current will predominate the net current 
responding.

In corrosion inhibition experiments, it is essential to determine the optimal sweep 
rate, since this varies depending on the kind of metal environment and the type of 
corrosion inhibitor used. When the scan speed is too fast, the polarization curves 
vary, which may lead to a misinterpretation of the polarized electrode process due 
to charge disturbance and insufficient time to reach the steady state [65]. If the mea-
surement is performed too slowly, the interfacial structure of the polarized electrode 
may change.

3.3.4 surfAce AnAlysis

SEM is the most frequently used technique for microscopic topography [66]. This 
technique exploits the notion of electron–matter interactions to produce high-resolution 
images of the researched material’s surface [67]. As a consequence, a material-
interacting electron beam examines the surface of the sample. This electron–matter 
interaction leads to the emission of particles and radiation. The surface’s topography, 
microstructure, and chemical composition may be investigated using detectors that 
allow the gathering of the various transmitted signals [68].

Likewise, the AFM provides data on the geometry of the surface of the metal 
for comparison and topographic imaging [69–71]. Photoelectron X-ray spectroscopy 
is often employed to determine oxidizing conditions, electronic and coequilibrium 
states [72–75]. Additional characterizations of corrosion inhibitors are commonly 
undertaken using FTIR spectroscopy to provide functional group and vibration mod-
eling information [76]. Functional groups, electrical transitions, and bandgaps may 
also be identified via UV-visible spectroscopy: bandgaps in electrical and optical 
systems [77].

3.3.5 tHeoreticAl cAlculAtion metHod

Current computer technology enables researchers to use computational analyses, 
by simulating molecules, to generate or forecast the performance of new inhibi-
tors against corrosion [78]. Molecular dynamics approaches have previously been 
shown to be very useful in determining the molecular structure of strong inhibitors 
as well as understanding their electrical structure and reactivity. Quantum chemistry 
simulations may reduce research expenditures in addition to precisely predicting 
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corrosion inhibition at the molecular level [79, 80]. This technique often employs the 
combination of molecular dynamics and the theory of density function to examine 
the mechanism of inhibition at the molecular level [81]. The lowest occluded and 
higher vacant orbitals act as a crucial factor in establishing the effectiveness of inhib-
iting corrosion in the DFT modeling [82]. Gaussian can determine the HOMO and 
LUMO energy, energy gap, chemical absolute density, chemical smoothness, and 
altitude of a transmitted electron [83].

3.4  CARBAZOLE AND ITS DERIVATIVES FOR 
CORROSION INHIBITION

Sulfur and nitrogen heterocyclic compounds have caught the imagination of research-
ers. Many natural and manmade drugs, such as papaverine, theobromine, emetine, 
theophylline, atropine, codeine, reserpine, morphine, diazepam, chlorpromazine, 
barbiturates, and antipyrine, have a heterocyclic structure [84–89]. Heterocyclic aro-
matic compounds have increased solubility and water polarity as a single carbon 
component has been substituted with nitrogen, sulfur, or oxygen [90]. When com-
pared to analogous polycyclic aromatic hydrocarbons, the chemical characteristics 
result in enhanced bioavailability and mobility, which has a range of environmental 
consequences on these molecules [91, 92].

Due to electron delocalization in the ring, planar, cyclic, and conjugated com-
pounds with aromaticity behave as nonsaturated compounds and are undergoing sub-
stituting processes instead of adding reactions. It may be considered as an instance 
of cyclic delocalization and resonance [93]. The fundamental unsaturated ring struc-
ture is regarded to be especially stable based on the predisposition to favor replace-
ment over addition. Conjugation is important for aromatization. This is related to the 
fact that flatness and overlapping p-orbitals are essential for aromatic compounds so 
that electrons may be delocalized for improved quality. Electron delocalization also 
creates resonance, which appears in numerous ways depending on the organization 
and structure of a molecule [91].

When this heteroatom is hybridized to a sp2 state, a pair of electrons is put in 
a p-orbital that is parallel to the p-orbitals of the carbon, resulting in the develop-
ment of the ring system (plane ring). There are six electrons in the π-system. The 
four electrons come from the heteroatom and two double bonds, for a total of four 
[91, 94]. The aromatic features of pyrrole are owing to the six-electron planar ring 
produced by these five sp2 hybridized atoms. The chemical manufacture of carba-
zoles has remained of interest, especially if they display odd patterns of substitu-
tions and/or merged with other cyclic structures, potentially requiring the creation 
of an original synthetic approach to access them [95]. The chemical structure of 
carbazole is given in Figure 3.1. Since the chemistry of carbazoles permits access 
to widespread structures whose optical and chemical properties are easily tuned 
through structural modifications, carbazole-containing fragments are a sought-
after constituent of improved materials designed for thermal and optical applica-
tions, such as light-emitting liquid crystals, light-emitting dyes, and conducting 
polymers [96–98].
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As a result of its structure, carbazole has a high corrosion-inhibiting ability. As 
corrosion inhibitors, carbazole and its derivatives have been the focus of several 
studies. Çakmakcı et al. synthesized a poly(carbazole-co-pyrrole) copolymer via 
cyclic voltammetry in an acetonitrile solution containing tetrabutylammonium per-
chlorate and TiO2-coated 304 stainless steel. The corrosion resistance performance 
was analyzed by OCP curves and PDP and EIS techniques. Corrosion experiments 
demonstrated that the composite layer increased the resistance of stainless steel to 
corrosion for a period of immersion of 50 days in 0.1 M HCl medium [99].

Ates and Zylmaz electrochemically and chemically produced polycarbazole/nano 
clay and Zn nanocomposites over a SS electrode. The electrodes underwent evalua-
tion via electrochemical techniques, infrared Fourier transform spectroscopy, mass 
spectrometry, reduced transmit reflectance, SEM, and XRD. The corrosion resis-
tance of the modified coatings on SS304 was examined using OCP monitoring, PDP, 
and EIS analysis. The films have higher corrosion resistance than both chemical and 
electrochemical films [100].

Nwankwo et al. explored the inhibiting effects of five carbazole derivatives against 
Desulfovibrio vulgaris in 1.0 M HCl environment by gravimetric method, PDP, and 
EIS methods. Carbazole compounds proved as mix inhibitors, with mild steel exhib-
iting mostly cathodic inhibition in 1.0 M HCl. According to the interface-morphed 
data, in an aqueous acidic medium and a culture of sulfate-reducing bacteria, the 
chemicals created an adsorbed coating on the surface of the mild steel. Quantum 
chemistry computations have been done to develop the molecular interpretations 
of the inhibitory properties of the substances. The molecules’ interactions with the 
surface of the mild steel were modeled via a molecular dynamic modeling approxi-
mation, with the Fe(110) crystalline layer acting as a typical metal interface [101].

In addition, electrochemistry and gravimetry were used to determine the inhibi-
tory corrosion capacities of 3(9H-carbazol-9-yl)-1,2-propanediol and 3,6-dibromo-
9-phenylcarbazole for a 1.0 M HCl concentration and microbially affected mild 
steel corrosion. As catholically active mixture-type inhibitors, the inhibitors used 
prevent corrosion of mild steel in 1 M HCl medium by potentiodynamic polar-
ization. The quantum chemical simulations reveal that the carbazole ring is the 
most crucial chemical component of the studied molecules that exchange accep-
tor–donor atoms with the Fe atom in mild steel. According to MC simulations, 
the rings of carbazole in inhibiting molecules approach Fe(110) in a nearly planar 
attitude, with estimated −114.24 kcal/mol for DBPCZ and −119.85 kcal/mol for 
CZPD adsorption energies [14].

FIGURE 3.1 Chemical structure of carbazole.
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The effects of three carbazole derivatives as anticorrosive additives for abiotic 
mild steel, as well as gravimetric method and electrochemical analysis in 1.0 M HCl, 
the components prevented corroding of the stainless steel. PDP data showed that the 
carbazoles exhibit cathodic and inhibitory characteristics. Scanning electron micros-
copy demonstrated that carbazoles produced a protective layer on stainless steel in 
1 M HCl and SRB medium.

The compounds’ aromatic–electronic moieties and heteroatoms reacted chemi-
cally with mild steel, based on FTIR spectra. The strongest interactions between O 
and N atoms and mild steel were discovered by simulations of quantum chemistry.

There was good agreement between experimental and estimated inhibition effec-
tiveness. MC simulations show that molecules of carbazole bind aggressively to steel 
and remove water from metal surfaces [102]. The study by Duran et al. includes 
electropolymerizing and depositing poly(N-methylcarbazole) within tetrabutylam-
monium perchlorate bearing acetonitrile on 304 stainless sheets of steel. Using 
open-circuit potential, EIS, and PDP, the evaluation of the corrosion behavior of the 
steel electrodes coated with the polymer in 1.0 M solution of H2SO4 was examined. 
The coating shields the substrate anodically and considerably reduces the acidic steel 
corrosion rate [103].

3.5  QUERCETIN AND ITS DERIVATIVES FOR 
CORROSION INHIBITION

In nature, quercetin (Figure 3.2) is present in a diverse array of plants, including 
apples, berries, brassica vegetables, capers, grapes, onions, tea, and tomatoes. It is 
also present in a vast range of seeds, nuts, flowers, barks, and leaves [104, 105]. Its 
chemical structural formula is shown in Figure 3.2 and its molecular formula is 
C15H10O7. It is an organic polar auxin transport inhibitor. The molecule of querce-
tin contains a ketocarbonyl group, and the first carbon’s oxygen atom is based on 
and capable of generating salts with potent acids. Quercetin includes four effective 
groups in its molecular structure, and the presence of double bonds and a phenolic 
hydroxyl group boosts its antioxidant activity [106, 107]. It also exhibits antibacte-
rial properties and efficacy in reducing the development of biofilms by blocking 
the growth of associated genes, antitumor properties, and antiangiogenic effects. 
Moreover, it has a major impact on the reduction of mycotoxins, protecting cells 
from damage [108].

FIGURE 3.2 Chemical structure of quercetin.
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Quercetin is mainly present as a combination with alcohols, phenolic acids, sug-
ars, etc. Quercetin derivatives undergo hydrolysis within the gastrointestinal system 
after intake and are then incorporated and metabolized. Consequently, the quantity 
and formulation of each of its derivatives in food are important in terms of its bio-
availability as a glycone [109, 110]. The major classes of derivatives of quercetin 
are the ethers and glycosides, and the phenyl and sulfate constituents, which are the 
least common [111]. O-Glycosides are derived from quercetin and contain a glyco-
sidic linkage which is widespread in the phytochemical plant kingdom, all plants 
contain compounds of these groups, such as onions contain large amounts of these 
substances in a diversity of forms [109, 112].

The most common glycosylation site for quercetin is the OH group on the C-3 
carbon. The 3-O-glycosides of quercetin exist as a monosaccharide with galactose, 
glucose, xylose, or rhamnose [112, 113]. Ether bonding can be performed for each 
quercetin molecule hydroxyl function with an alcoholic molecule, mainly methanol 
[114]. Quercetin can hold up to different combinations of ether functions. Figure 3.3 
represents the chemical structures of some common quercetin derivatives.

3.5.1 Quercetin derivAtives for corrosion inHibition

Several works have been carried out to confirm the interest in using quercetin or 
synthesizing inhibitors based on it to develop and achieve the maximum possible 
inhibitory capacity toward metal corrosion. Ulaeto et al. suggested active anticor-
rosive film development. Active anticorrosion coatings were made by loading the 
phytochemical site quercetin into silica nanocontainers as a natural organic inhibi-
tor. Active corrosion protection was activated by an engineered flaw in the epoxy 
nanocomposite covering and corrosion responses; 1.0 wt%-filled coatings performed 
best. The unstriped coatings outperformed the epoxy coating in corrosion resistance. 
Quercetin’s pH-induced autoxidation and polymerization activities protected against 
corrosion. This stimulates aluminum alloy corrosion prevention research using bio-
based coatings [115].

Sukul et al. synthesized mono- and di-4-(2-hydroxyéthyl)piperazin-1-yl) methyl 
derivatives of quercetin to test their corrosion-inhibiting efficacy in 1.0  M HCl 
using electrochemical techniques and weight loss. Comparing corrosion rates in 
uninhibited and inhibited medium versus temperature, the kinetic and thermody-
namic parameters of the adsorption were evaluated. The functional density the-
ory explains the corrosion inhibition propension between mono- and di-quercetin 
derivatives. Dynamic molecule simulations are used to calculate the interaction 
energy between inhibitor molecules and metal surfaces [116]. Baildya et al. used 
density functional theory to investigate the inhibition efficacy and reactive sites 
of quercetin and its derivatives as possible corrosion inhibitors. Quantum chemi-
cal variables included energies of molecular boundary orbitals, distribution of 
charges, electronic affinity, potential for ionization, momentum, softness, hard-
ness, electrophilicity, electronegativity, electrophilicity, and quercetin-surface 
transfer of charge. Chemisorptive binding was shown by the adsorption energies 
of quercetin derivatives on iron. Thus, well-designed derivatives of quercetin may 
inhibit iron corrosion [117].
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Quercetin (3,3′,4′5,7-pentahydroxyflavone) with Eu ions was added to 3.5% 
sodium chloride by Dehghani et al. to inhibit corrosion of mild steel. Tafel dem-
onstrated that quercetin:Eu components inhibit steel specimen corrosion through 
a multifaceted process. After 48 hours of exposure to sodium chloride solution 
with 200:600 ppm quercetin:Eu, the effectiveness of EIS and Tafel was 98% and 
90%, respectively. After injecting the combination, micrographs revealed that a 

FIGURE 3.3 Quercetin and related compounds.
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dense, almost smooth layer of inhibition covered the surface [118]. Hijazi et al. 
tested the inhibitory effect of sumac, Rhus coriaria, a Lebanese plant containing 
quercetin, the tests were focused on handling mild steel in 0.5 M H2SO4 and 0.5 
M HCl medium via EIS and PDP methods, AFM, and FTIR. R. coriaria and its 
phytochemicals behave as a mixture inhibitor in either environment, according 
to the potentiodynamic polarization curves. As indicated by the measurements, 
dissolution was controlled by activation, and inhibition of corrosion occurred by 
inhibitor adsorption on the metal surface. The extract inhibits more in 0.5 M 
HCl solutions compared to H2SO4. According to Flory–Huggins’ model, R. cori-
aria and quercetin spontaneously adsorb on metal surfaces, inhibiting them. The 
creation of the protective coating on soft iron’s surface was studied by surface 
analysis [119].

3.6 CONCLUSION

The best-known, most efficient, and most helpful corrosion inhibitors are organic 
molecules, and all research has proven that these chemicals, particularly those con-
taining sulfur, nitrogen, and oxygen and numerous bonds in an aliphatic or aromatic 
system, have significant inhibitory efficiency. Electron delocalization of the ring sys-
tems offers the different aromatic compounds with tremendous inhibitory strength, 
particularly when they include heteroatoms such as oxygen, sulfur, and nitrogen. 
Quercetin and carbazole and its derivatives are used for corrosion inhibition to pro-
tect materials from corrosion damage due to their structures. Quercetin and carba-
zole corrosion inhibitors are most effective when lengthening immersion times and 
increasing the inhibitor concentration on the medium.
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4.1 INTRODUCTION

4.1.1  imidAzole- And imidAzoline-bAsed orGAnic 
compounds As effective inHibitors for metAls

Imidazole- and imidazoline-based organic compounds are used as effective inhibi-
tors for metals. These compounds can be synthesized by various methods such as 
intermolecular nucleophilic substitution, ring opening of aziridines, and cyclization 
of oximes. The imidazole- and imidazoline-based organic compounds are a class 
of molecules that have been found to be effective inhibitors for metals. Imidazole 
is an aromatic heterocyclic compound, which means it contains carbon atoms 
bonded together in rings. The most common types of imidazoles are 1H-imidazoles, 
2H-imidazoles, 3H-imidazoles, and 4H-imidazoles; however, there are many other 
variations that have been studied as well. The imidazole- and imidazoline-based 
organic compounds are interesting heterocyclic compounds in the corrosion inhibi-
tors for the metal [1, 2]. The reason is that the imidazole- and imidazoline-based 
organic compounds are cost-effective, easily synthesized, and have good proper-
ties [3, 4]. There are several types of imidazole- and imidazoline-based organic 
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compounds that have been identified as effective inhibitors for metals. The charac-
teristics of each type are as follows:

Imidazole-based Compounds: Imidazoles have a five-membered ring with 
one nitrogen atom bonded to two alkyl groups or aromatic rings (e.g., benzene). 
They are commonly used in pharmaceuticals and agrochemicals because they 
exhibit high stability at high temperatures, low toxicity, and good water solubility. 
The imidazole- and imidazoline-based organic compounds have nitrogen-based 
hetero rings, which promote inhibitor adsorption on the metal surface [4]. The 
following good characteristics are mainly responsible for the high inhibition effi-
ciency [5–9]:

i. The five-membered heterocyclic promotes the π-electron transformation 
between the corrosion inhibitor and metal surface [4, 10].

ii. The imidazole- and imidazoline-based organic compounds are high polar 
molecules. This indicator supports the water solubility of these organic 
compounds [11, 12].

iii. These compounds have a high chelation performance, which promotes 
donor–acceptor performance [13].

iv. The hydrophobicity of the metal surface was increased after the adsorption 
of the imidazole- and imidazoline-based organic compounds [14].

Imidazole- and imidazoline-based organic compounds are the most effective 
inhibitors for metals. They can be used in a wide range of applications, from auto-
motive lubricants to industrial coatings. The following are some of the advantages 
that make these compounds so popular:

Cost-effectiveness: Imidazoles have been shown to be more cost-effective than 
other types of inhibitors such as phosphates or amines. This is because they offer 
high performance at low concentrations while still being environment-friendly.

Imidazole- and imidazoline-based organic compounds are known to be effective 
inhibitors for metals. They can be used in the treatment of diseases caused by metal 
toxicity, such as Wilson’s disease and copper poisoning. They also have applications 
in biochemistry research, where they can be used to study protein structure–function 
relationships at the molecular level.

The imidazole- and imidazoline-based organic compounds have shown to be 
effective inhibitors for metals (Figure 4.1). These compounds can be used as alter-
natives to traditional chelating agents and are more efficient in removing heavy 
metals from water. They also have better stability in acidic conditions and are less 
expensive than other chelating agents such as EDTA or DTPA. This is an impor-
tant finding since many countries around the world face water pollution caused 
by heavy metals which affect human health negatively when consumed over long 
periods of time (WHO). The future outlook for these types of research is promis-
ing since there are still many unanswered questions regarding how these molecules 
interact with different types of metal ions at different pH levels and temperatures; 
however, it seems likely that they will continue being explored further due to their 
unique properties compared with other types of chelating agents currently being 
used today.
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FIGURE 4.1 Imidazole- and imidazoline-based organic compounds as effective inhibitors 
for metals [5].
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4.2 IMIDAZOLE-BASED CORROSION INHIBITORS

4.2.1 imidAzole-bAsed corrosion inHibitors for steel

In contemporary times, the advancement of efficient and eco-friendly corrosion 
inhibitors has emerged as a vital domain of study within the realm of materials 
science and engineering. One of the most promising classes of compounds in this 
regard is imidazole-based corrosion inhibitors, which have demonstrated excep-
tional performance in protecting steel structures from the deleterious effects of 
corrosion. This chapter aims to provide an in-depth overview of the chemistry, 
mechanisms, and applications of imidazole-based corrosion inhibitors, highlight-
ing their potential to revolutionize the way we safeguard our critical steel infra-
structure. The steel-based metallic materials are easily corroded in carbon dioxide, 
sulfide, amine, and other acidic gas-based aquatic solutions. For example, crude oil 
and gas contain carbon dioxide, sulfide, amine, and other acidic gas at a high con-
centration [15–17]. These types of gas are more acidic and easily react with metal 
materials. Steel, an alloy primarily composed of iron and carbon, is a widely used 
material in various industries such as construction, automotive, and aerospace, 
owing to its remarkable strength, flexibility, and cost-effectiveness. However, steel 
is highly susceptible to corrosion, a chemical or electrochemical process that leads 
to the gradual deterioration of the material. This presents considerable obstacles 
to the resilience, architectural stability, and lifespan of steel-reliant constructions, 
frequently requiring expensive upkeep and substitutions. Imidazole and its related 
compounds have surfaced as a powerful category of corrosion preventatives, due to 
their distinct molecular composition and capacity to generate safeguarding layers 
on the metallic exterior. The existence of both electron-contributing and electron-
receiving groups within the imidazole circle enables the combination with metallic 
particles, leading to the creation of enduring and highly impervious coatings. This 
effectively reduces the rate of corrosion by hindering the electrochemical reactions 
responsible for material degradation. Numerous studies have reported the success-
ful application of imidazole-based inhibitors in various settings, ranging from 
oil and gas pipelines to marine environments, demonstrating their versatility and 
adaptability. Additionally, these inhibitors are generally found to be biodegradable 
and nontoxic, making them an attractive choice from an environmental perspec-
tive. The steel-based metallic materials were used as the transportation metal pipe 
for crude oil gas in the chemical industry. Imidazole-based corrosion inhibitors 
were importantly investigated as good corrosion inhibitors for steel because of 
their high corrosion efficiency [18–20].

Singh et al. [21] researched the anti-polarizing efficiency of the following cor-
rosion inhibitors: M-3, M-2, and M-1. Their inhibition performance was explored. 
The obtained results confirmed that the studied imidazole-based corrosion inhibi-
tors were more efficient for the J55 steel in the carbon dioxide–saturated solu-
tions. Among these corrosion inhibitors, the M-1 is more effective than others. 
The reason for this is that the M-1 contained the methoxy functional groups, which 
is attributed to the electron affinity of amino functional groups. As a result, the 
selected inhibitor is more effective than others. Figure 4.2 shows the anticorrosion 
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FIGURE 4.2 Anticorrosion efficiency of M-3, M-2, and M-1. (a) Synthesis procedures and 
their chemical structures. (b) Langmuir plots. (c) Contact angle properties. (d) Corrosion inhi-
bition mechanism [21]. 
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efficiency of M-3, M-2, and M-1: (a) synthesis procedures and their chemical struc-
tures, (b) polarization plots, (c) Langmuir plots, (d) contact angle properties, and 
(e) corrosion inhibition mechanism. It was found that (i) the neutral and protonated 
forms of selected corrosion inhibitors are more effective for steel corrosion; (ii) the 
water-repellent nature of the mixture was improved by the addition of corrosion 
deterrents; consequently, the metallic exterior was efficiently shielded from the 
water-based medium.

FIGURE 4.2 (Continued)
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Ouakki et al. [22] studied the corrosion inhibition of MTIPh-1 and TTIPh-1. The 
following was found:

i. The acidic attacks of the chloride ions were depleted by the presence of 
MTIPh-1 and TTIPh-1.

ii. The aromatic rings contained more nitrogen atoms, which promote the che-
lating efficiency of organic compounds.

iii. The proposed organic compound blend implies that the corrosion preven-
tion process relies on both chemical and physical adsorption mechanisms.

iv. It is demonstrated that the corrosion inhibition of MTIPh-1 and TTIPh-1 
occurs. The rationale behind this is that the methoxy functional groups 
facilitate the corrosion prevention process by contributing electrons to the 
metallic surface.

v. Theoretical computations, grounded in density functional concepts, verify 
that corrosion inhibition escalates with the increase of protonated centers. 
MTIPh-1 and TTIPh-1 readily become protonated in an acidic setting via 
nitrogen atoms. The protonated variant of the corrosion inhibitor exhibits a 
stronger inclination toward the anti-polarization agent.

vi. The theoretical estimations of global reactivity parameters ascertain that 
MTIPh-1 and TTIPh-1 organic substances function as more potent nucleo-
philic agents.

Zeng et al. [23] prepared the green corrosion inhibitors based on the following 
imidazole derivatives: [BMImB]Br2, [APMIm]Br, and [PrMIm]Br. Their anticor-
rosion performances were explored by the electrochemical and theoretical meth-
ods. Among these green ionic liquids, the [BMImB]Br2 was better than [APMIm]
Br and [PrMIm]Br. This is due to the two bromide atoms and the molecular struc-
tures. The electron-rich regions were promoted by the presence of bromide atoms. 
The maximal corrosion inhibition efficiency was reached at the 303 K tempera-
ture. With the increase in temperature, the corrosion protection was increased 
effectively.

4.2.2 imidAzole-bAsed corrosion inHibitors for copper

In this study, we investigate the performance and underlying mechanisms of imid-
azole-based corrosion inhibitors for the protection of copper, a widely used metal in 
electrical wiring, plumbing, and electronics, which is highly susceptible to corrosion. 
The goal of this research is to explore the effectiveness of imidazole derivatives in 
preventing copper corrosion and to elucidate the factors contributing to their excep-
tional inhibitive properties. Through a series of electrochemical tests and surface 
analysis techniques, we evaluate the efficiency of various imidazole-based inhibitors 
in mitigating the corrosion of copper in different corrosive environments. Our results 
demonstrate that these inhibitors exhibit remarkable performance in reducing the 
corrosion rate, primarily due to their unique chemical structure, which enables the 
formation of stable, protective films on the copper surface. We further examine the influ-
ence of the inhibitor concentration, temperature, and other environmental factors 
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on the inhibitive properties of imidazole derivatives, providing valuable insights 
for their practical implementation. Moreover, we discuss the environment-friendly 
nature and biodegradability of these inhibitors, making them a sustainable choice 
for corrosion protection.

The copper-based metallic materials are basic alloys in the automobile and elec-
tronic industries. The reason for this is that these materials are thermal conduc-
tivity and electrical conductivity. Nonetheless, copper-centered metal substances 
are prone to corrosion in acidic mixtures containing nitrate, sulfate, and chlo-
ride ions. Organic compounds predominantly serve as corrosion preventatives for 
copper-infused metallic materials in acid-induced deterioration. Within this group 
of inhibitors, imidazole-derived corrosion deterrents take precedence in safe-
guarding copper from the hostile onslaught of nitrate, sulfate, and chloride ions  
[24–27].

The copper corrosion in the saline solution is a large problem. Protecting cop-
per-based metallic materials from salt accumulations on the metal surface is an 
urgent task in materials science. Hou et al. [24] studied the corrosion inhibition 
of the following three inhibitors: PMI, PAI, and PDI. These compounds were first 
prepared in this research work, and their chemical structures were confirmed by 
the FTIR spectra, 13C NMR, 1H NMR, and LC-MS. The corrosion inhibition of 
PMI, PAI, and PDI for copper in the aggressive saline medium contained sodium 
chloride (3.5%) was investigated. Figure 4.3 shows the (a) chemical structures, (b) 
solubility, and (c) Tafel plots of PMI, PAI, and PDI [4]. The following main com-
ments were found:

i. The salt and metal oxides or hydroxide accumulation on the metal surface 
was effectively depleted by the formation of the electrostatic bonds-based 
film on the metal surface.

ii. Among the selected corrosion inhibitors were the PMI, PAI, and PDI. The 
reason for this is that the π-electrons of heterocycle are mainly attributed to 
the increased corrosion inhibition.

iii. The metal–imidazole defensive layer was established on the metallic exte-
rior via adsorption. The interplay between the metal and organic elements 
on the metal’s surface was defined by the outcomes of molecular dynamics 
simulations. Additionally, this film exhibits an impressive water-repellent 
capability.

In an acidic solution, the copper was easily corroded. The imidazole-based 
organic compounds were dominant in the corrosion protection of copper-based 
materials from the acidic solution. For example, Costa et al. investigated the cor-
rosion protection properties of the following imidazole-based corrosion inhibitors 
for copper: 4-(1H-imidazol-1-yl)phenol, (4-(1H-imidazol-1-yl)phenyl)methanol, 
4-(1H-imidazol-1-yl)aniline, and 4-(1H-imidazol-1-yl)benzaldehyde. These types 
of organic compounds can protect copper from the aggressive sulfur acid solution. 
The inhibition performance of these inhibitors for copper in the acidic sulfur solu-
tion was researched and it was confirmed that these inhibitors adsorbed effectively 
on the metal surface by the electrostatic interactions [28]. El-Katori et al. intro-
duced dithioglycouril (tetrahydroimidazo[4,5-d]imidazole-2,5(1H, 3H)-dithione)] 
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and glycouril (tetrahydroimidazo[4,5-d]imidazole-2,5(1H, 3H)-dione) (Figure 4.4) 
as the good corrosion inhibitors for the copper in the aggressive nitrate solution. It 
was found that their protection efficiency was over 90% at low concentrations [29].

Curkovic et al. [30] suggested that the 4-methyl-1-phenyl imidazole is a more 
efficient corrosion inhibitor for the copper-based metallic materials in the saline cor-
rosion. The salt deposition on the copper surface was effectively depleted by the 
formation of defender layer. The alterations in electrochemical activity on the metal-
lic exterior during the inhibition processes were examined through electrochemical 
quartz crystal microbalance and electrochemical impedance spectroscopy evalu-
ations. Key electrochemical kinetic factors, such as corrosion pace and corrosion 

FIGURE 4.3 (a) Chemical structures. (b) Solubility of PMI, PAI, and PDI [24]. 
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current density, were elevated in the noninhibited saltwater solution, while these 
parameters significantly diminished in the inhibited solution. The corrosion preven-
tion of this imidazole is contingent upon the tolyl constituents.

The acidic raining is a serious factor for the copper corrosion. In near indus-
trial regions, the acid raining was formed. The copper-based metallic materials were 
easily destructed under acidic raining solution. The imidazole-based organic com-
pounds were suggested for the corrosion protection of copper. The reason for this is 
that the imidazole-based organic compounds interacted well with the metal surface 
by the interaction between the nitrogen atoms and d-orbitals on metal surface.

Simonović et al. [31] investigated the corrosion inhibition mechanism of 1,2-dimethyl-
imidazole, 2-mercapto-1-methylimidazole, and 1,1′-sulfonylimidazole for the copper cor-
rosion in the acid raining solutions. The surface analysis results confirmed the following:

i. The damage and abrasions on the copper exterior transpired due to the 
acidic rain–induced corrosion.

ii. A defensive coating formed on the metallic surface, consequently insulat-
ing the contact between the metal exterior and the acidic rain solution.

iii. The buildup of sodium chloride and copper chloride on the copper surface 
was halted by the presence of specific compounds.

iv. The adsorption of these inhibitors on the copper exterior occurs through 
spontaneous processes.

v. The methoxy, amino, phenyl, and alkaline functional groups primarily con-
tribute to the anticorrosion actions of the aforementioned corrosion inhibitors.

FIGURE 4.4 Synthesis of dithioglycouril (tetrahydroimidazo[4,5-d]imidazole-2,5(1H, 
3H)-dithione)] and glycouril (tetrahydroimidazo[4,5-d]imidazole-2,5(1H, 3H)-dione) [29].
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vi. The quantum chemical calculations confirmed that the HOMO regions pro-
mote the nucleophilic performance of corrosion inhibitor.

vii. The LUMO regions support the antibonding interactions between the metal 
and organic compounds.

4.3 IMIDAZOLINE-BASED CORROSION INHIBITORS

4.3.1 imidAzoline-bAsed corrosion inHibitors for steel

In contemporary periods, imidazoline-derived organic substances represent the latest 
advancements in corrosion defense due to their distinct architecture and versatile char-
acteristics. It has been noted that the imidazoline-derived organic substances consist of 
three isomer variations: 4-imidazoline, 3-imidazoline, and 2-imidazoline. These iso-
mers are the basic core of some pharmaceutical drugs and natural compounds because 
their heterocycle is mainly responsible for the various biological–pharmacological 
functions. For example, they were used as an antidepressant, antihypercholesterolemic, 
antihypertensive, anti-inflammatory, and antihyperglycemic agents [32, 33].

The imidazoline-based organic compounds are in limited use in corrosion pro-
tection. In the present times, the core of the imidazoline-based organic compounds 
was modified with various functional groups. As a result, the corrosion inhibition 
increased importantly. This is due to the adsorption and electron negativity of the 
heterocyclic ring of imidazoline being enhanced [12, 34].

Zhang confirmed that halogen-modified imidazoline-based corrosion inhibitors 
are more efficient than others [35]. For example, the 2-(2-trichloromethyl-4,5-di-
hydro-imidazol-1-yl)-ethylamine (2-IM) and 2-(2-trifluoromethyl-4,5-dihydro-
imidazol-1-yl)-ethylamine (1-IM) were investigated for the steel corrosion in the 
concentrated hydrochloric acid. It is noted that chloride is a better additive in the 
corrosion inhibition of imidazoline than other halogens [35].

Xiong et al. [36] introduced the SMID and SMIF imidazoline-based corrosion 
inhibitors for steel-based metallic materials. Figure 4.5 shows the (a) synthesis pro-
cedure and (b) molecular dynamic simulation of SMID and SMIF imidazoline-based 
corrosion inhibitors. The following was found:

i. The SMID and SMIF imidazoline-based corrosion inhibitors can protect 
the steel metal coupons from the saline and concrete solutions.

ii. The effectiveness of inhibition relies on alterations in the inhibitor’s concen-
tration, molecular configuration, placement within the aromatic ring, and the 
characteristics of connected functional groups. These factors play a crucial 
role in determining the overall performance of the inhibitor in preventing 
corrosion and ensuring the longevity of the materials being protected.

iii. The protonation procedures involving amino groups contribute to the increased 
solubility of imidazoline-derived organic substances. This increased solubil-
ity plays a vital role in the effectiveness of these compounds in corrosion 
protection, as it allows for better dispersion and interaction with the material 
surfaces. Consequently, this improved solubility contributes to the overall effi-
ciency of imidazoline-derived substances in mitigating the damaging effects 
of corrosion on various materials and structures.
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Steel corrosion in carbon dioxide–rich saline solutions is a primary concern in 
the chemical industry, as the aqueous phase of crude oil contains high levels of 
carbon dioxide and salts. Okafor et al. [37] studied the corrosion resistance of 
2-undecyl-1-ethylamino imidazoline for steel-based materials in carbon dioxide–
saturated saline solutions, employing scanning electron microscopy (SEM) analysis, 

FIGURE 4.5 (a) Synthesis procedure and (b) molecular dynamic simulation of SMID and 
SMIF imidazoline-based corrosion inhibitors [36]. 



67Imidazole- and Imidazoline-based Corrosion Inhibitors

electrochemical impedance spectroscopy techniques, and potentiodynamic polar-
ization methods. Their findings included the following:

i. The enhancement of protection efficiency corresponded with the increase 
in inhibitor concentrations.

ii. The Temkin isotherm proved to be a more suitable model for describing 
inhibitor adsorption on the metal surface, suggesting that anionic and cat-
ionic activities on the metal surface were significantly impeded.

Zhang et al. [4] presented 2-methyl-4-phenyl-1-tosyl-4,5-dihydro-1H-imidazole as an 
effective corrosion inhibitor. Its anticorrosion properties were examined using electro-
chemical impedance spectroscopy, potentiodynamic polarization, and weight loss mea-
surements. The chemical and electrostatic interactions between the multiple bonds of the 
chosen inhibitor and the metal surface promoted the adsorption behavior of the selected 
organic compound. The heteroatoms of this inhibitor also promote the adsorption 
behavior. The delocalization processes in the aromatic ring support the donor–acceptor 
performance of organic compound, because of the π-electrons of benzene ring. This cor-
rosion inhibitor contained more heteroatoms, such as nitrogen and oxygen. The electron 
pairs of these atoms are also attributed to rise in the corrosion inhibition of this inhibitor.

The steel-based metallic materials also corroded in the underground systems. 
The aquatic solution in underground system is more alkaline and has higher salinity. 
To protect the metallic materials from the alkaline and salinity solution is important 
in chemical engineering. The imidazoline-based organic compounds were suggested 
in the protection of metallic materials from the alkaline–salinity systems.

The 1-[N,N′-bis(hydroxylethylether)-aminoethyl]-2-stearicimidazoline (HASI) 
[38] was introduced as the good corrosion inhibitor for steel-based metallic materi-
als in the 5% NaCl saturated Ca(OH)2 solution. It is indicated that the π-electrons in 
N═C─N region of selected compound promote the donor–acceptor mechanism. As 
can be seen from the obtained results, the studied corrosion inhibitor adsorbed on the 
metal surface by the parallel adsorption positions.

4.3.2 imidAzoline-bAsed corrosion inHibitors for copper

Copper corrosion poses a significant challenge in the electronics industry. To protect 
copper from aqueous solutions, imidazoline-based corrosion inhibitors have been 
utilized. This is due to the strong interaction between imidazoline and the metal 
surface through a donor–acceptor mechanism, where delocalized π-electrons are 
transferred from the imidazoline ring to the empty d-orbitals of copper [39, 40].

In some studies, imidazoline has been modified with different materials. For 
instance, Gemini imidazoline surfactants have been introduced as effective corro-
sion inhibitors for copper. It has been determined that the efficiency relies on funda-
mental factors such as surfactant concentrations, carbon chain length, and solution 
pH. Copper effectively resisted corrosion with the aid of Gemini imidazoline surfac-
tants in neutral and alkaline solutions. The primary contributors to this anticorrosion 
efficiency are the carbon chains and fatty acid components [41].

Gonzalez-Rodriguez et al. explored the corrosion and inhibition processes on 
copper surfaces in the presence and absence of palm-oil-modified hydroxyethyl 
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imidazoline, using electrochemical impedance spectroscopy (EIS), linear polarization 
resistance (LPR), and potentiodynamic polarization curves. The findings confirmed 
that imidazoline’s heteroatoms are primarily responsible for the high corrosion inhi-
bition. Langmuir adsorption isotherms suggested chemical and physical adsorption 
mechanisms employed by the palm-oil-modified hydroxyethyl imidazoline [42].

Wan et al. [43] suggested 2-phenyl imidazoline (2-PI) as the corrosion protection 
agent in the atmospheric environment. The corrosion of copper metals depends on the 
following basic parameters: NaCl loading density, temperature, and relative humidity. 
The effects of the above parameters were depleted by the presence of a corrosion inhib-
itor named 2-phenyl imidazoline (2-PI). Figure 4.6 presents the SEM micrographs of 

FIGURE 4.6 SEM images were taken of copper corrosion products under varying NaCl 
loading densities both with and without 2-PI. (2-phenyl imidazoline): 10 μg cm−2 (a1, a2),  
20 μg cm−2 (b1, b2), 40 μg cm−2 (c1, c2), and 60 μg cm−2 (d1, d2) after 140 hours of exposure 
in 90% RH atmosphere [43].
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Cu corrosion products under varying NaCl loading densities, in both the absence 
and presence of 2-PI (a corrosion inhibitor). The NaCl loading densities examined 
include 10 μg cm−2, 20 μg cm−2, 40 μg cm−2, and 60 μg cm−2, and the samples are 
exposed to a 90% relative humidity (RH) atmosphere for 140 hours. In the absence 
of 2-PI, the SEM micrographs reveal that as the NaCl loading density increases, 
corrosion products accumulate and pile up on the Cu surface. This observation is 
indicative of the gradual corrosion of Cu due to the increased presence of NaCl, a 
corrosive agent. Upon the addition of 2-PI, the corrosion inhibition performance 
becomes evident. For NaCl loading densities below 40 μg cm−2, only a few nodu-
lar corrosion products are observed to form on the original scratches on the Cu 
surface. This suggests that 2-PI is effective in preventing the formation of a sig-
nificant amount of corrosion products under these conditions. However, when the 
NaCl loading density reaches 60 μg cm−2, the SEM micrographs show a substantial 
increase in corrosion products on the Cu surface. This observation suggests that 
the inhibitive performance of 2-PI has been significantly impaired at this higher 
NaCl loading density. Consequently, the copper surface is shielded from the detri-
mental impacts of factors such as NaCl loading density, temperature, and relative 
humidity. The d-orbitals of copper are linked to an increase in the corrosion inhibi-
tion processes, further enhancing the protection of the metal.

4.4  IMIDAZOLE AND IMIDAZOLINE AS EFFECTIVE 
INHIBITORS FOR ALUMINUM

The aluminum-based metallic alloys were widely performed in the automobile, 
machinery manufacturing, shipping, motor vehicle, welding, and airline industries. 
Imidazole and imidazoline were widely used as effective inhibitors for aluminum-
based metallic materials. For example, He et al. [2] studied the corrosion inhibition 
processes of AA5052 Al alloys with the 2-phenyl-2-imidazoline by the SEM, contact 
angle measurements, and electrochemical and weight loss methods. As a result, the 
following main points were drawn:

i. The high values in the activation energy of inhibited system show the for-
mation of large activation energy. The corrosion processes were blocked 
with the high energetic barriers.

ii. The adsorption of this compound on the aluminum surface is exothermic 
process, meaning the interaction between the corrosion inhibitor and metal 
surface releases extra energy into simulated system.

iii. The chemisorption processes on the aluminum surface also release extra heat, 
because of the chemical interactions and formation of active chemical complex.

Quraishi et al. [44] synthesized the following imidazoline-based corrosion inhibi-
tors for aluminum: HDI, NI, UDI, and PDI. Their chemical structures were con-
firmed by the spectroscopic methods. The following was found:

i. The corrosion protection performance was changed during the rise in the 
inhibitor concentration and solution temperatures.



70 Handbook of Heterocyclic Corrosion Inhibitors

ii. The values of entropy of activation, enthalpy of activation, heat of 
adsorption, free energy of adsorption, and activation energy were 
estimated.

iii. UDI and NI were the most effective corrosion inhibitors among these imid-
azoline-based compounds.

4.5 CONCLUSION

In this chapter, the imidazole- and imidazoline-based organic were reviewed and 
discussed as heterocyclic corrosion inhibitors for the metal. The reason is that the 
imidazole- and imidazoline-based organic compounds are cost-effective, easily syn-
thesized, and have good properties. The imidazole- and imidazoline-based organic 
compounds have nitrogen-based hetero rings, which promote inhibitor adsorption 
on the metal surface. The five-membered heterocyclics promote the π-electron 
transformation between the corrosion inhibitor and the metal surface. The imidaz-
ole- and imidazoline-based organic compounds are high-polar molecules. This indi-
cator supports the water solubility of these organic compounds. These compounds 
have a high chelation performance, which promotes donor–acceptor performance. 
The hydrophobicity of the metal surface was increased after the adsorption of the 
imidazole- and imidazoline-based organic compounds. The protection efficiency 
increased with the rise of inhibitor concentrations. The Temkin isotherm offers 
a more suitable description of inhibitor adsorption on the metal surface, signify-
ing that the anion and cation activities were significantly inhibited. The corrosion 
protection effectiveness underwent alterations as the inhibitor concentration and 
solution temperatures increased. Measurements for the activation entropy, activa-
tion enthalpy, adsorption heat, adsorption free energy, and activation energy were 
calculated.

ABBREVIATIONS

[APMIm]Br 1-aminopropyl-3-methylimidazolium bromide
[BMImB]Br2 1,4-bis(3-methylimidazolium-1-yl)butane dibromide
HDI 2-heptadecyl-1,3-imidazoline
M-3 2-(4-nitrophenyl)-4,5-diphenyl-imidazole
M-2 4,5-diphenyl-2-(p-tolyl)-imidazole
M-1 2-(4-methoxyphenyl)-4,5-diphenyl-imidazole
MTIPh-1 3-methoxy-4-(1,4,5-triphenyl-1H-imidazol-2-yl) phenol
NI 2-nonyl-1,3-imidazoline
PAI 2-(4-(2,4-dichlorophenyl)-5-methyl-1H-imidazol-2-yl)pyrazine
PDI 3-(4-(2,4-dichlorophenyl)-5-methyl-1H-imidazol-2-yl)pyridine
PMI 2-(4-(2,4-dichlorophenyl)-5-methyl-1H-imidazol-2-yl)pyrimidine
[PrMIm]Br 1-propyl-3-methylimidazolium bromide
TTIPh-1 2-(1,4,5-triphenyl-1H-imidazol-2-yl) phenol
UDI 2-undecyl-1,3-imidazoline
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5.1 INTRODUCTION

The chemical and biological activities of heterocyclic compounds promote their use 
for many applications [1, 2]. Heterocyclic compounds, organic compounds of the 
cyclic framework, consist of heteroatoms in their structure, like nitrogen, oxygen, 
sulfur, etc. Among the number of heterocyclic compounds reported so far, a more 
eminent one is indole. The molecular formula of indole, a bicyclic heterocyclic moi-
ety, is C8H7N. Here, a benzene ring and a pyrrole ring have been attached. Indole has 
been seen present in various natural components: serotonin, melatonin, and amino 
acids like tryptophan, etc. Additionally, certain synthetic drugs consist of indole, 
like fluvastatin, tadalafil, sumatriptan, etc., and a survey reported maximum sale of 
these drugs during 2010 [3].

Indole and its associated derivatives have been widely utilised in numerous 
biological and medicinal applications involving anti-cancer, anti-tumour, anti-
fungal, etc. [4, 5]. It is also utilised in textile industry and agricultural pesti-
cides and insecticides [6]. The availability of nonbonding electrons of nitrogen, 
π-electrons of double bonds and aromatic rings favour the corrosion inhibition 
potential of indole, indoline and their derivatives. Indoline is another heterocyclic 
compound with molecular formula C8H9N. Like indole, the chemical structure of 
indoline comprises benzene fused with five-membered rings containing nitrogen 
as the central atom. The structural aspect of indole is completely based on indole 
except for the double bond in the five-membered ring. These have been counted 
as significant constituents of various applications: biological, pharmaceutical, and 
industrial [7].

Literature evidence numerous reports on the synthesis and investigation of anti-
corrosive behaviour of indole, indolines, and associated structures for metals and 
corresponding alloys. These have been seen to exhibit protection by getting adsorbed 
over metallic counterparts, and this chapter provides an overview of indole- and 
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indoline-based anti-corrosive moieties utilised for corrosion prevention [8, 9]. The 
chemical structures of indole and indoline are shown in Figure 5.1.

5.2 SYNTHESIS

Numerous techniques have been documented in the literature supporting the synthe-
sis of indoles and indolines. The most reliable and conventional method reported so 
far is Fischer indole synthesis which involves the functionalisation of aromatic C─H. 
During the anti-corrosive studies of indole and its derivatives, substituted derivatives 
are preferred more owing to the presence of substituents. Some of the methods have 
been categorised and elaborated in Schemes 5.1–5.4:

FIGURE 5.1 Cheemical structures of indole and indoline.

SCHEME 5.1 Reaction between phenylhydrazine and pyruvic acid using microwave irra-
diation [10].

SCHEME 5.2 Michael reaction [11].
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5.3 CORROSION AND CORROSION INHIBITORS

There is a variety of potential applications of metals and their derivatives; alloys 
find their use in the biomedical industry, building, etc. Practically, every industrial 
sector uses metals for a variety of functions. During industrial metal refinement, 
descaling, acid pickling, passivation, etc., metals are subject to pH, temperature, and 
humidity changes. Metals are somewhat sensitive to corrosion due to variations in 
these factors since a series of electrochemical processes occur on metals when they 
experience major environmental changes [14, 15].

Additionally, significant financial losses documented in literature occur due to 
the degradation of metals by various electrochemical reactions. It has been dis-
covered that annual losses from corrosion covered 3.4% of the global GDP [16]. 
Various appraisals have been carried out to continually gauge the reported losses 
from direct corrosion. Additionally, in the present time, defending cultural heritage 
and economic losses has become tough. And for this, scientists working in the field 
of corrosion have made significant contributions by deploying corrosion inhibitors, 
nanoparticle coatings, cathodic protection, and galvanisation. The usage of corro-
sion inhibitors is the strategy that is currently being employed widely. These are the 
substances that, when included in corrosive solutions, slow down the mechanism of 
electrochemical reactions taking place over metallic and solution interfaces. These 
alter the rate of cathodic and anodic reactions taking place without giving rise to a 
change in electrolytic concentration [17].

SCHEME 5.3 Synthesis of 2-substituted indoles by heteroannulation [12].

SCHEME 5.4 Mannich reaction involving solvent-free synthesis [13].
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Certain factors should be weighed while choosing a corrosion combater, like the 
solubility it manifests in the electrolyte, the molecular size of particles, and the elec-
tron-donating ability of inhibitor moiety. Literature is full of studies investigating 
the corrosion inhibition effect of numerous categories of heterocyclic compounds: 
pyrimidine, triazoles, pyridine, etc. [18, 19]. Formerly, investigatory studies focused 
primarily on increasing the corrosion inhibition effect of organic moieties. However, 
during the past few years, enhancing inhibitors’ eco-friendliness has become a sig-
nificant interest area. This has led to enormous work in the field of the development 
of environment-safe corrosion combaters. Indole- and indoline-derived corrosion 
inhibitors are ecologically safe organic moieties being researched extensively for 
their anti-corrosive properties [20].

5.4 INDOLES AND INDOLINES AS CORROSION INHIBITORS

Indoles and associated derivatives being heterocyclic moieties like pyridine, quin-
oline, etc., have been utilised extensively to combat corrosion [21]. Amongst the 
industrial sector, the petroleum industry has been reported to experience maximum 
utilisation of corrosion inhibitors as it involves several processes: pickling, acid 
cleaning, oil well acidising, etc. Alteration in operational conditions like temperature 
and pressure influences the corrosion rate.

Literature on indole supports its protonation in an acidic medium, and nitrogen 
atoms catalyse the protonation in the ring [22]. Later electrostatic interactions play 
a crucial role in the adsorption of protonated indole moiety over metallic counter-
parts [23]. Experimental studies on electrochemical and weight loss were performed 
to gain insight into indoles’ corrosion mitigating properties. Various spectroscopic 
studies, like FTIR, XPS, UV-vis, etc., were involved to observe the metallic–inhibi-
tor interactions. Further, surface studies like atomic force microscopy (AFM), scan-
ning electron microscopy (SEM), and electron dispersive spectroscopy (EDS) have 
been used to evaluate the comparative roughness of metallic surfaces when they are 
exposed to inhibitor solutions containing indoles. Certain theoretical studies like 
DFT and molecular dynamics (MD) simulations are involved extensively to perceive 
the inhibition mechanism at the molecular level.

5.4.1  indoles And indolines As corrosion inHibitors for  
ferrous Alloys

Ferrous alloys are metals and associated counterparts constituting iron, mild, 
medium, and high carbon steel. Due to its remarkable properties, low-carbon steel 
is preferred in almost every industrial sector: petrochemical, construction, etc. It has 
been reported that mild steel is a kind of recyclable material and is considered green 
[24]. Literature supports ample evidence favouring indole and derived compounds 
as corrosion inhibitors for mild steel, Q235 steel, and certain other iron alloys. Ojo 
et al. reported the anti-corrosive efficiency for two indole derivatives, 6-benzyl-
2H-indol-2-one and 3-methylindole, over steel with less carbon. The anti-corrosive 
efficiency was reported to be maximum at low temperatures. Potentiodynamic 
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studies confirmed that both synthesised inhibitors of mixed type slowed down both 
the anodic and cathodic reactions. SEM evidenced uniform coverage of low-carbon 
steel by organic inhibitors. Further, the Gibbs free energy values, i.e. −4.51–8.58 kJ/
mol, support the inhibitor’s adsorption with the low-carbon steel. Langmuir adsorp-
tion isotherm was seen to be followed primarily [25].

Sunil et al. studied two indole derivatives, 2-(1H-indol-3-yl)acetohydrazide (IAH) 
and 4-(1H-indol-3-yl) butane hydrazide (IBH), for their corrosion-combating poten-
tial over mild steel surface in 0.5 M HCl. Electrochemical impedance and gravi-
metric studies were utilised to evaluate the potential. Langmuir adsorption isotherm 
correlated with the adsorption data, and physical interactions were responsible for 
the adsorption of inhibitors over mild steel. The maximum corrosion-averting effi-
ciency exhibited by both inhibitors was 80% for IAH and 94% for IBH, respec-
tively. Surface analysis, SEM, and AFM were further utilised to get an insight into 
the blockage offered by indole derivatives over steel surfaces (Figure 5.2). IBH was 
proved comparatively more efficient as a long methylene chain enhanced the corro-
sion inhibition efficiency [26].

Berdimurodov et al. involved a gossypol-indole-modified compound (GIM) for 
low-carbon steel in a saline–alkaline solution. The modified moiety is observed to be 
water soluble owing to more electron-rich active centres in the form of heteroatoms. 
The corrosion retarding ability of gossypol-indole is also attributed to the presence of 
these heteroatoms. The potential of the same to retard corrosion was assessed by utilis-
ing EIS, PDP, and gravimetric in 1 M NaOH+ 1 M NaCl solution [27].

FIGURE 5.2 SEM images of MS coupons exposed to (A) 0.5 M HCl, (B) IAH + 0.5 M HCl, 
and (C) IBH + 0.5 M HCl and AFM images of MS specimen immersed in (D) 0.5 M HCl, (E) 
IAH + 0.5 M HCl, and (F) IBH + 0.5 M HCl [26]. (Copyright 2021 Springer.) 
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Toukal et al. studied the inhibition efficiency of 1-(4-methoxybenzyl)-2-(4-
methoxyphenyl)-1H-benzimidazole (MMBI) for XC48 type of iron alloy in 1 M HCl 
and 0.5 M H2SO4 solutions, respectively. Potentiodynamic studies along with electro-
chemical impedance spectroscopy were used to evaluate the corrosion-mitigating poten-
tial of the same. PDP studies signified the same as a mixed type of inhibitor in both 
electrolytic solutions. MMBI was seen to illustrate sound inhibition efficiency of 97% 
in HCl solution compared to H2SO4, i.e. 92% at a concentration of 10−4 M. Here Gibbs 
free energy values determine the adsorption of MMB over XC48 steel in chemisorption 
mode. The adsorption was seen to follow the Langmuir adsorption isotherm curve [28].

Liu et al. synthesised 3-(phenylsulfinyl) indoles; 3-(p-tolylsulfinyl)-1H-indole and 
3-((4-fluorophenyl)sulfinyl)-1H-indole and surface analysis along with electrochemi-
cal impedance spectroscopy have been utilised as evaluating tools for the same in 
1 M HCl solution over iron. PDP studies revealed the cathodic predominance of the 
self-assembled layer of 3-(phenylsulfinyl)indoles over a metallic surface. Inhibition 
efficiency in both the respective cases was found to be 91.5% for -(p-tolylsulfinyl)-
1H-indole and 94.24% for 3-((4-fluorophenyl)sulfinyl)-1H-indole. Later surface 
studies, i.e. SEM, was utilised to gain insight into surface structure and monolayer 
self-assembled layers and XPS, on the other hand, revealed the chemical composi-
tion of adsorbed layers of indoline derivatives over the iron surface [29].

Taweel et al. investigated the ability of 3-((3-(2-hydroxyphenyl)-5-thioxo-1,2,4-
triazol-4-yl)imino)indoline-2-one (HTTI) over mild steel surface in 0.5  M H2SO4 
solution. The product was synthesised using equimolar concentrations of 2,3-dioxoin-
doline and 4-amino-5-thioxo-3-(2-hydroxyphenyl)-1,2,4-triazole dissolved in metha-
nol. Certain studies, primarily including weight loss, were utilised as investigatory 
studies to evaluate the potential. HTTI involves a heterocyclic compound owing to the 
presence of certain aromatic rings along with lone pairs of heteroatoms incorporated in 
the structure, depicting an extraordinary range of inhibition efficiency [30].

Later Ashiari et al. investigated the anti-corrosive property of indole-3-carb-
aldehyde and 2-methylindole for mild steel in 1 M HCl solution. Polarisation and 
electrochemical impedance spectroscopy have been utilised to evaluate corrosion-
preventing potential. The polarisation study revealed the anodic and cathodic nature 
of synthesised moiety, whereas the electrochemical study revealed an enhancement 
in the inhibition efficiency of inhibitor with concentration. The maximum inhibition 
efficiency reported in both cases was 95% and 94%, respectively, for a concentration 
of 1 mM. Analysis of contact angle measurements was also involved to gain insight 
into inhibitors’ adsorption. Further, a positive charge over benzene enhanced the 
adsorption of the inhibitors over mild steel surfaces [31].

Fawzy et al. focused primarily on the investigation of three propane bis-oxoindoline 
indoline derivatives: 1,1′-(propane-1,3-diyl)bis(indoline-2,3-dione) (I), 2,2′-(pro-
pane-1,3-diylbis(2-oxoindoline-1-yl-3-ylidene))bis(hydrazine-1- carbothioamide  
(II), and 1,1′-propane-1,3-diylbis(1H-indole-2,3-dione)-3,3′-bis ({4-methyl-5-[4- 
methylphenyldiazenyl]-1,3-thiazol-2-yl}hydrazone) (III) as corrosion combaters 
for mild steel in 1 M H2SO4 solution via weight loss, electrochemical, and poten-
tiodynamic studies. A rise in concentration of all three derivatives enhanced the 
inhibition efficiency, whereas a temperature rise retarded the protection ability of 
inhibitors. The predominance of the anodic character of inhibitors was seen.
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Further, the adsorption was seen following the physical mode of interactions there 
[32]. Gupta et al. analysed the corrosion-combating potential of two new indole-
derived compounds: 6′-amino-3′-methyl-2-oxo-1′H-spiro[indoline-3,4′-pyrano[2,3-c]
pyrazole]-5′-carbonitrile (SIPP-1) and 6′-amino-3′-methyl-2-oxo-1′-phenyl-1′H-
spiro[indoline-3,4′-pyrano[2,3-c]pyrazole]-5′-carbonitrile (SIPP-2) over mild steel 
surface in 1  M HCl solution. Synthesis of the utilised compounds was primarily 
based on green chemistry, i.e. multicomponent reactions. Weight loss studies evalu-
ated the enhancement in corrosion inhibition efficiency, and the maximum inhibition 
efficiency reported in both cases were 96.65%% (SIPP-1) and 96.95% (SIPP-2) at an 
optimal concentration of 200 ppm. Adsorption data followed Langmuir adsorption 
isothermal curves and the potentiodynamic technique further supported the diverse 
nature of both inhibitors. SEM and AFM were used to gain insight into the surface 
component of mild steel [33]. A summary of significant works on indole and indoline 
as corrosion inhibitors for ferrous alloys is presented in Table 5.1.

5.4.2  indoles And indolines As corrosion 
inHibitors for non-ferrous Alloys

Literature has been explored all around, and more studies have been conducted on 
evaluating the anti-corrosive potential of indole and indoline derivatives over iron 
and associated alloys compared to non-ferrous alloys like aluminium, copper, nickel, 
zinc, etc. Non-ferrous alloys have several applications in the industrial field due to 
sound mechanical and thermal performance and less weight [34]. Though non-fer-
rous alloys possess corrosion resistance, exposure to electrolytic solutions of acids 
still makes them fall for corrosion and deterioration [35]. Available literature in this 
regard has been incorporated here in the text.

Damous et al. investigated the anti-corrosive potential of certain indole deriva-
tives, namely indole, isatin, IND3-C2, IND3-C1, IND5- C1, IND2-C2, IND2-C1, 
and IND5-C2, for copper theoretically. Based on DFT, it has been concluded that the 
values of Fukui indices in the case of electrophilic and nucleophilic reactions support 
the adsorption of indole inhibitors over the copper surface by utilising the electrons of 
aromatic rings and electron pairs of heteroatoms, respectively. In their deprotonated 
state, it has been observed that the adsorption of indole inhibitors over copper takes 
place via the formation of chemical bonds, i.e. Cu─N bonds of indole. The inhibi-
tion efficiency trend was observed to be indole < IND3-C2 < IND3-C1 < IND5-C1 
< IND2-C2 < IND2- C1 < IND5-C2 < isatin [36]. Feng et al. evaluated the corro-
sion potential of 3,3′-((4-(methylthio)phenyl)methylene)bis(1H-indole) (TPBI) over 
the copper surface in 0.5 M H2SO4 electrolytic solution. Electrochemical impedance 
spectroscopy has been utilised as an evaluating technique, confirming the synthesised 
inhibitor’s diverse nature. Further, XPS and EDS affirmed the adsorption of TPBI 
over copper. Langmuir adsorption isotherm was seen to be followed, and chemisorp-
tion, as well as physisorption, was seen to prevail in the medium [37].

Scendo et al. investigated the corrosion-preventing potential of indole and 5-chlo-
roindole for copper in acid chloride solution. Voltammetry on rotating disc electrodes 
was used as an investigating technique primarily. Both the inhibitors depicted potent 
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TABLE 5.1
Indole- and Indoline-based Corrosion Inhibitors for Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques  
Used

Inhibition 
Efficiency

Reference

6-Benzyl-2H-indol-2-one

HCl PDP, SEM, WL – [25]

3-Methylindole

HCl PDP, SEM, WL – [25]

IAH

0.5 M HCl EIS, WL 80% [26]

IBH

0.5 M HCl EIS, WL, SEM, 
AFM

80% [26]

GIM*

1 M NaOH + 
1 M NaCl

EIS, PDP 96.01% [27]

(Continued)
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MMBI

1 M HCl MC, EIS 97% [28]

MMBI

1 M H2SO4 MC, EIS 92% [28]

3-(p-Tolylsulfinyl)-1H-indole

1 M HCl EIS, PDP 91.5% [29]

3-((4-Fluorophenyl)sulfinyl)-1H-indole

1 M HCl EIS, PDP 94.24% [29]

TABLE 5.1 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques  
Used

Inhibition 
Efficiency

Reference

(Continued)
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HTTI

0.5 M HCl WL – [30]

Indole-3-carbaldehyde

1 M HCl EIS, PDP 95% [31]

2-Methylindole

1 M HCl EIS, PDP 94% [31]

I

1 M H2SO4 EIS, WL, PDP 72% [32]

TABLE 5.1 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques  
Used

Inhibition 
Efficiency

Reference

(Continued)
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II 

1 M H2SO4 EIS, PDP, WL 81% [32]

III

1 M H2SO4 EIS, PDP, WL 77% [32]

SIPP-1

1 M HCl WL, SEM, AFM 96.65% [33]

SIPP-2

1 M HCl WL, SEM, AFM 96.95% [33]

TABLE 5.1 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques  
Used

Inhibition 
Efficiency

Reference
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inhibition at an optimum concentration of 10−3 M. It was observed that a decrease 
in the pH of the electrolyte brought an enhancement in the inhibitory action of the 
two. The anodic nature of both the synthesised inhibitors was illustrated, and the 
necessary preventive action was inferred to form a coating over the copper surface 
[38]. Quartarone et al. investigated the anti-corrosive potential explained by various 
indole concentrations over copper surfaces in 0.5 M H2SO4. Weight loss technique 
along with potentiodynamic polarisation curves was used for investigation. Results 
revealed that indole depicted potent inhibition towards corrosion at a concentration 
of or greater than 2.5 × 10−3 M. In contrast, potentiodynamic polarisation proved 
indole as a mixed kind of inhibitor inhibiting both cathodic and anodic reactions, 
predominantly anodic ones. Frumkin adsorption isotherm was seen to be followed 
during the adsorption of indole over a copper surface. On the other hand, the values 
of Gibbs free energy revealed the involvement of physical and chemical interactions 
by indole during adsorption over the copper surface [39].

Later, Quartarone et al. performed the anti-corrosive analysis of indole-2-carbox-
ylic acid for copper in 0.5 M H2SO4 solution. Anti-corrosive behaviour of indole-
2-carboxylic acid was seen to be prevalent during the temperature range of 25–55°C. 
Polarisation studies illustrated the inhibitor’s mixed inhibition behaviour, whereas 
chemisorption and physisorption were seen to be followed during inhibitor adsorption 
over metal surfaces [40]. Feng et al., in a recent study, focused on synthesising self-
assembled monolayers by designing two indole-based moieties with O-heterocyclic 
and S-heterocyclic structures. The corrosion mitigation analysis was investigated for 
copper in 0.5 M H2SO4 solution. Electrochemical techniques and surface morpho-
logical studies were utilised to evaluate the same. It was concluded that compounds 
having sulfur (TYBI) as heterocyclic moieties exhibited better inhibition perfor-
mance. Theoretical studies also revealed more electron donation from TYBI to vacant 
d-orbitals of copper than FYBI. Greater contact angle and film thickness supported 
the corrosion-inhibiting efficiency demarcated by TYBI compared to FYBI [41].

Feng et al. investigated a new compound, namely 4-(bis(5-bromo-1H-indol-
3-yl) methyl)phenol (BMP), as a corrosion inhibitor for copper in 0.5  M H2SO4. 
Potentiodynamic studies revealed the mixed inhibition executed by BMP, and it has 
been observed that the effective inhibition efficiency was 99.06% at an optimal con-
centration of 10 mmol/L. Further, in the same manner, surface studies of copper 
were done using XPS, and the detailed insight into elements adsorbed over copper 
strip confirmed the coating of synthesised moiety over copper, respectively [42]. The 
FT-IR spectra of (a) BMP powder (b) and the protective film of BMP adsorbed on a 
copper surface are shown in Figure 5.3.

Amino acids like tryptophan consist of indole moiety as a prime constituent of its 
structure. Utilising this approach, Feng et al. investigated the anti-corrosive potential 
of tryptophan for aluminium in 1 M HCl+ 1 M H2SO4. A rise in inhibition efficiency 
was seen with temperature decrease and concentration increase. This corrosion inhi-
bition efficiency is attributed to the involvement of sulfur and nitrogen in the structure 
of tryptophan. Anodic and cathodic reactions seemed to be affected due to trypto-
phan in the reaction media, thereby making it a mixed type of inhibitor. Langmuir 
adsorption isotherm was seen to be followed [43]. Shafei et al. studied three indole 
derivatives, indole (I), tryptamine (II), and tryptophan (III), as corrosion combaters 
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for aluminium in NaCl solution. Electrochemical results depicted all three inhibiting 
corrosion when exposed to aggressive chloride ions. The order obtained for corro-
sion inhibition efficiency of all three was I < III < II. The least efficiency depicted by 
I is attributed to their formation of polymeric layers over the platinum surface during 
the cycle sweep [44]. A summary of significant works on indole and indoline as cor-
rosion inhibitors for non-ferrous alloys is presented in Table 5.2.

5.5  MECHANISM OF CORROSION INHIBITION 
BY INDOLES AND INDOLINES

In general, one of the two basic types of interaction – physisorption (physical adsorp-
tion) or chemisorption (chemical adsorption) – can explain the adhesion of organic mol-
ecules to metal surfaces. Adsorption typically happens due to the combination of these 
two mechanisms [45, 46]. In physisorption, indoles adhere to the substrate’s surface due 
to weak electrostatic force between the charged indoles and the electrically charged sub-
strate surface. Conversely, chemisorption entails establishing a coordinating covalent 
connection through charge transfer or share of electrons between indoles and metal sur-
faces. Chemisorption has more considerable adsorption energy and irreversible nature, 
for which it has been proven to be more stable at higher temperatures. In contrast, phy-
sisorption is frequently linked with low energy and is regular only at low temperatures. 
Adsorption of indole and associated derivatives can be stated as a quasi-substitution 
process involving replacing water and other ions in the medium [47]. For instance,

 x xOrg  sol H O  adsorbed Org  adsorbed H O  sol2 2( ) ( ) ( ) ( )+ → +

Org (sol) and Org (adsorbed) refer to indoles in the solution and adsorbed layer, 
respectively, whereas x refers to the number of water molecules replaced with indoles 
in the medium. Similarly, H2O (adsorbed) and H2O (sol) refer to the water molecules 

FIGURE 5.3 FT-IR spectra of (a) BMP powder (b) and the protective film of BMP adsorbed 
on the copper surface [42]. (Copyright 2020 Elsevier.) 
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TABLE 5.2 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Non-Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

Reference

Indole

– DFT – [36]

Isatin

– DFT – [36]

IND-2

– DFT – [36]

IND-3

– DFT – [36]

IND-5

– DFT – [36]

(Continued)
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TBPI

0.5 M 
H2SO4

EIS, PDP – [37]

Indole

Acid 
chloride

Voltammetry – [38]

5-Chloroindole

Acid 
chloride

Voltammetry – [38]

Indole

0.5 M 
H2SO4

WL, PDP – [39]

Indole-2-carboxylic acid

0.5 M 
H2SO4

WL, PDP – [40]

TYBI

0.5 M 
H2SO4

EIS, PDP 98.58% [41]

TABLE 5.2 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Non-Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

Reference

(Continued)



89Indole- and Indoline-based Corrosion Inhibitors

FYBI

0.5 M 
H2SO4

EIS, PDP 98.40% [41]

BMP

0.5 M 
H2SO4

EIS, PDP 99.06% [42]

Tryptophan

1 M H2SO4 
+ 1 M HCl

EIS, PDP – [43]

I

NaCl EIS, PDP – [44]

TABLE 5.2 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Non-Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

Reference

(Continued)
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in adsorbed form and solution. Additionally, adsorption isotherms like Langmuir, 
Temkin, and Frumkin are being utilised to explicate the adsorption of indoles over 
metallic surface [48]. From the above-mentioned studies, it has been derived that most 
of the inhibitors during adsorption over metallic counterparts follow Langmuir adsorp-
tion isothermal curves. Values of adsorption constant, i.e. Kads, reveal the strength of 
adsorption adopted by indoles and metal counterparts.48 Further, values of Gibbs free 
energy correspond to the nature of adsorption opted by indoles, i.e. obtained values of 
G < 20 kJ/mol corresponds to the prevalence of electrostatic interactions. In contrast, 
G > 40 kJ/mol correspond to chemical interactions [49]. There could be many factors 
responsible for organic corrosion molecules over metal surfaces (Figure 5.4) [50]:

1. Donation of electrons from the aromatic ring to vacant d-orbitals of the metal
2. Donation of unshared or lone pairs of electrons from heteroatoms to vacant 

d-orbitals of the metal
3. Interactions (electrostatic) of protonated organic inhibitors with negative 

charges like Cl− adsorbed over metal strips

II

NaCl EIS, PDP – [44]

III

NaCl EIS, PDP – [44]

TABLE 5.2 (Continued)
Indole- and Indoline-based Corrosion Inhibitors for Non-Ferrous Alloys

Chemical Structure with Abbreviation Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

Reference
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5.6 CONCLUSION AND OUTLOOK

Corrosion scientists and engineers must thoroughly examine and capitalise on the 
inhibitory abilities of environment-safe organic moieties given the rising demands 
and the prediction that the market for inhibitors will boom shortly due to the accel-
eration in the economic growth of emerging economies. As per requirement, indoles 
and indolines have been seen as affordable and efficient corrosion inhibitors. The 
studies that investigated the inhibitory potentials of indoles in all researched medi-
ums and for all studied metal kinds have been collected in this chapter. Testing 
approaches such as chemical, electrochemical, surface morphology, and theoreti-
cal modelling techniques have been used to explore indole derivatives. As a result, 
these techniques depict indoles’ adsorption over metallic counterparts and, at this 
moment, offer a sense of protection. Primarily, the adsorption data in such cases 
have been reported to follow Langmuir adsorption isotherms, and a mixed type of 
inhibition has been seen.

Several theoretical studies like DFT, MD, QSAR, etc. have given an insight into 
molecular-level interactions observed at the metal–inhibitor interface. Substituents 
significantly affect the corrosion inhibition efficiency; electron-donating groups have 
been seen enhancing the inhibition efficiency, whereas electron-withdrawing groups 

FIGURE 5.4 Proposed model preferred by nitrogen moiety (imidazole) for adsorption over 
mild steel [50]. (Copyright 2022 Taylor & Francis.) 
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have been seen retarding the corrosion inhibition efficiency provided. Indole com-
pounds must be commercialised for large-scale industrial usage to provide a secure 
and environment-safe replacement to traditional chemicals that have now been 
employed in the surface protection of metal. All heterocyclic corrosion inhibitors 
incorporated so far in literature for corrosion retardation do not add to the environ-
ment, so there is a need to develop organic moieties that act as potent corrosion com-
baters and have environment-friendly nature.
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6.1 INTRODUCTION

Exploring organic molecules as inhibitors is an effective and economical way 
to avoid or minimise corrosion. These compounds provide a hydrophobic layer 
on the metal surface, preventing corrosive species from attacking it. Polar func-
tional groups and numerous electron-rich bonds serve as adsorption centres [1]. 
Nitrogen-containing heterocyclic compounds, including pyridine, imidazole, 
and quinolone, have performed better than other examined organic compounds 
and are more commonly explored [2, 3]. The reason is that the presence of lone 
pairs of electrons on nitrogen improves the adsorption of these molecules on the 
surface of metal [4, 5].

Heterocyclic compounds interact chemically and electrostatically with metal 
surfaces using their electron-rich sites to bind to the metal surface. Even ionic or 
electrostatic interactions between metallic surfaces and inhibitors contribute signifi-
cantly to physisorption or electrostatic adsorption [6]. Chemisorption occurs during 
the sharing of the charges with one another. The standard Gibb’s free energy (G) 
value can be used to evaluate the nature of the adsorption of inhibitors. Physisorption 
is related to the G value of −20 kJ mol−1 or higher, and chemisorption is related to 
the G value of −40 kJ mol−1 or higher. According to a review of the literature, major-
ity of times, organic corrosion inhibitors adhere to metallic surfaces through the 
physiochemisorption process, for which the value of G ranges from −20 kJ mol−1  
to −40 kJ mol−1[7, 8].

6
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6.1.1  StructureS and BaSic ProPertieS of 
naPhthyridine and Phthalocyanine

6.1.1.1 Naphthyridine: Fundamental
Naphthyridines (NTDs) are heterocyclic derivatives of naphthalenes that contain 
nitrogen, and, therefore, NTDs are referred to as diazanaphthalenes in the nomen-
clature replacement system. Similarly, it is known as pyridopyridines in the nomen-
clature for the fused heterocyclic system [9]. “Naphthyridines” refer to the family of 
six diazanaphthalenes (Figure 6.1) with a nitrogen atom in each ring [10, 11].

6.1.1.2 Synthesis of Naphthyridine Derivatives
From Nicotinaldehydes
Using nicotinaldehydes as an initial material, it is possible to create various deriva-
tives of NTD, including groups like carboxylic acid, aryl, and pyrazolo. By employ-
ing the Friedlander reaction with 4-aminonicotinaldehyde or its derivative, the sodium 
salt of 2-oxopropanoic acid, and NaOH as a catalyst, Chan et al. (1999) produced the 
carboxylic acid derivative (1,6-naphthyridine-2-carboxylic acid) in substantial amounts  
(Scheme 6.1). In the Friedlander reaction, a 2-amino-substituted carbonyl molecule (aro-
matic) is combined with a suitable carbonyl-substituted derivative that contains a reac-
tive methylene group, followed by cyclodehydration in the acidic or basic catalyst [12].

FIGURE 6.1 Some familiar members of the naphthyridine family. 

SCHEME 6.1 Synthesis of 1,6-naphthyridine-2-carboxylic acid derivative of naphthyridine [12].
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Thompson et al. (2000) used a similar method (Friedlander condensation) the 
following year to create 1,6-naphthyridine derivatives (Scheme 6.2). In this, sodium 
pyruvate and NaOH were switched out for sodium alkoxide and phenyl acetonitrile 
to obtain 1,6-naphthyridines in quantifiable yields [13].

From Nicotinamides
From 2-substituted nicotinamide, Ikekawa (1958) created 1,6-naphthyridin-5(6H)-
one derivative by oxidising it with chromium trioxide. The ketone compounds, 
produced by oxidation, spontaneously cycled to produce 1,6-naphthyridines. Both 
substituted and unsubstituted products had average yields. The aminolysis of 
7-methyl-5H-pyrano[4,3-b]pyridin-5-one and 5H-pyrano[4,3-b]pyridin-5-one pro-
duced the starting materials: 2-(2-hydroxyethyl)nicotinamide and 2-(2-hydroxypro-
pyl)nicotinamide, respectively [14].

6.1.2 Phthalocyanine

Phthalocyanine (Pc) is planar and has multiple aromatic molecules that are pla-
nar and highly conjugated. These molecules have four iminoisoindoline units with 
18 π-delocalising electrons [15]. Its four fused benzene rings resemble the por-
phine’s structure (Figure 6.2). Stable dye complexes with most of the metal atoms 
are reported. Braun and Tcherniac first described the free molecule in 1907 [16], 
although they did not determine its structure. When scientists attempted to manu-
facture phthalonitrile in 1927, they accidentally created the Cu–Pc complex. The 
two leading absorption bands for phthalocyanines are the Q band, typically in the 
range of 600–700 nm, and the Soret band at 300–400 nm. Due to electron–hole 

SCHEME 6.2 Synthesis of 1,6-naphthyridine derivative [13].

FIGURE 6.2 Chemical structure of phthalocyanine.
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interactions between overlapping molecules, these bands typically break into at least 
two components in the solid state. Varied polymorphic forms can have highly dif-
ferent absorption spectra because this splitting is strongly influenced by the arrange-
ment and distance of neighbouring molecules [17].

Pc molecules are being studied extensively due to their chemical and thermal sta-
bility. Various derivatives of Pc are prepared by attaching groups with the benzene 
rings and incorporating metal atoms in the centre. Due to the possibilities of prepar-
ing a large number of derivatives, phthalocyanine is being studied for its application 
in various fields like catalysis [18], anti-cancerous therapy [19], energy storage [20], 
medicinal photosensitisers [21], supercapacitors [22], hydrogen evolution reactions 
[23], and corrosion inhibition [24]. In this work, authors have focused on the corro-
sion-inhibiting properties of Pc molecules for various metals.

6.2  NAPHTHYRIDINE, PHTHALOCYANINE, AND THEIR 
DERIVATIVES AS CORROSION INHIBITORS

6.2.1 naPhthyridine

The production of a protective and inhibitive coating due to the adsorption of organic 
compounds typically delays the dissolution of metals by preventing direct contact 
between metals and hostile media. NTD has natural properties such as anti-hyper-
tensive, antibacterial, anti-platelet, anti-inflammatory, anti-arrhythmic, and herbicide 
safener actions; because of this, NTD derivatives have recently received much atten-
tion. NTD derivatives are excellent anti-corrosive possibilities because of the high 
amount of functionality and solubility in polar solutions. Employing experimental 
techniques, the impact of NTDs on steel taken in an acidic medium was assessed. 
The concentration of NTD molecules improves their capacity for protection. NTD-3 
was reported to have a maximum inhibitory efficiency of 98.69% at a concentration of 
4.11 × 10−5 mol L−1. NTD-1 had the highest inhibitory efficiency (96.1%), followed by 
NTD-2 (97.4%) and then NTD-3 (98.7%). Polarisation research revealed that NTDs 
performed as mixed-type inhibitors and efficiently blocked the corrosion sites studied 
by Verma et al. [25]. Ansari et al. synthesised the three NTD derivatives and studied 
their corrosion inhibition ability on N-80 steel (15% HCl) [26].

Scheme 6.3 depicts the synthetic pathway. From ethanol, the chemicals were 
recrystallised. The corrosion inhibition impact of NTDs was studied by employing 

SCHEME 6.3 Synthetic route for the preparation of naphthyridines [27].
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EIS, weight loss, and other electrochemical techniques. Also, the steric and elec-
tronic effects by neighbouring groups on mild steel in 1 M HCl were calculated. 
AFM and SEM were used for surface investigations. To look into the relationships 
between experimental findings and reactivity indices produced from quantum chem-
istry, quantum chemical simulations were also performed [27].

The results of the study demonstrate the potential of the synthesised pyrazolo[1,5-
a][1, 8]naphthyridine, pyrazolo[1,5-a]pyridine, and pyrazolo[1,5-a]pyrimidine and 
their derivatives as effective corrosion inhibitors, with a best inhibitory activity 
of 81% and an ideal concentration of 500 ppm for MS surface corrosion in 1.0 M 
H2SO4. By the results of the experiments, theoretical calculations revealed a strong 
link between the chemical parameters of the compounds under study and their inhi-
bition efficiency for the corrosion process [28].

Salman et al. synthesised three chromeno naphthyridine derivatives (CNs) 
using one-pot multicomponent reaction malononitrile, aromatic aldehydes, and 
2,4-hydroxyacetophenone in a single water reaction vessel with silica gel act-
ing as a catalyst. The synthesised derivative of chromeno naphthyridine (CN-1) 
exhibits maximum inhibitory efficiency of 98.3%. EIS measurement demonstrates 
that charge transfer management is what prevents corrosion from occurring. The 
results of PDP point to the heterogeneous character of CNs adsorption. Adsorption 
Langmuir model exhibits perfect fitting. FTIR and UV-vis measurements sup-
ported the adhesion of CNs onto the surface of the metal. According to computa-
tional methods with DFT data, neutral and protonated forms’ adsorption on steel 
surfaces prevents corrosion [29].

With the help of corrosion weight loss testing, PP, EIS, and solution analysis 
techniques, 1,8-naphthyridine compounds have been created, and their ability to 
inhibit the corrosion of mild steel in 1 M HCl has been examined. The studied sub-
stances function as mixed inhibitors, according to polarisation measurements, and 
the inhibition’s effectiveness rises with the inhibitor’s concentration. Variations in 
the impedance characteristics indicate that NTD compounds have been adsorbing  
to the metal surface and creating a protective coating. Atomic absorption spectros-
copy was used to analyse the solution, and the results demonstrate that iron dissolves 
less slowly in the presence of inhibitors [30].

6.2.2 pHtHAlocyAnine

Amide-based organic chemicals are widely used in the metal industry as corrosion 
inhibitors. The available data demonstrate that organic macrocyclic molecules func-
tioning as efficient inhibitors via adsorption on a metal surface have many electrons 
in a conjugated system containing non-bonded pairs of electrons in O, N, S, and P. 
Samal et al. investigated various M-Pc systems (M = Ni, Mn, Zn, Co, Fe, or Cu) 
for their effectiveness in preventing the corrosion of copper surfaces. According to 
the study, free-base phthalocyanine coatings have 88% corrosion inhibition efficacy 
compared to metal equivalents, making them suitable corrosion inhibitors for Cu in 
HCl. The free N-centres, which attach to the Cu atoms of the surface, are respon-
sible for the free base phthalocyanine’s maximum adsorption energy. N-atom’s abil-
ity to donate electrons improves the electron transfer properties, causing a powerful 
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chemical connection with the copper atoms. The same pattern can be seen in the 
average bond lengths between Cu and N in adsorbed complexes (Cu─N = 1.97 Å
Pc and 3.32 Å in Mn-Pc). As the N atoms in M-pc molecules are bound to the metal 
centres, these molecules show low adsorption energy [31].

Nnaji et al. synthesised Pc-based dyes cobalt(II)2,9,16-tris(4-(tert-butyl)phenoxy)-
23-(pyridin-4-yloxy)phthalocyanine (D1) and cobalt(II)2,9,16,24-tetrakis(4-(tert-
butyl)phenoxy)phthalocyanine (D2) for inhibition of aluminium corrosion in 1 M 
hydrochloric acid. Figure 6.3 shows the synthesis route for the preparation of D1 
and D2. Anodic Tafel slopes are less positive, and cathodic Tafel slopes are less 
negative when the inhibitors are present. Calculated inhibitory efficacy values (IE%) 
are higher for D1 than D2, demonstrating stronger asymmetric derivative corrosion 
inhibition [32].

Khan et al. created an amide-substituted zinc metal–centred macrocyclic phtha-
locyanine (TAZnPc), a macrocyclic metal complex. They used spectrochemical 
methods to analyse it to establish the substance’s actions as a mild steel corrosion 
inhibitor in HCl solutions. Through the use of EIS and PDP techniques, the inhibi-
tion efficiency of TAZnPc was examined, and it was discovered that the corrosion 
inhibition efficiency of TAZnPc in HCl increased with a higher inhibitor’s quantity 
and dropped with a rise in temperature from 303 K to 323 K. The study’s results 
also showed that TAZnPc was adsorbed on mild steel by physisorption and chemi-
sorption, both of which adhered to the Langmuir adsorption model. With an inhibi-
tion efficiency of 84.62%, TAZnPc behaved like a mixed inhibitor for mild steel’s 

FIGURE 6.3 Synthesis route for the preparation of D1 and D2 (i = n-pentanol, DBU, 
Co(OAc)2) [32]. 



102 Handbook of Heterocyclic Corrosion Inhibitors

corrosion inhibition in 0.25 M HCl. Figure 6.4 shows the synthesis route for the 
preparation of TAZnPc [33].

Dibetsoe et al. synthesised four phthalocyanines and three naphthalocyanines and 
investigated them for aluminium corrosion inhibition in 1 M HCl. It was found that 
all the derivatives showed decent corrosion inhibition efficiency. They also studied 
the synergetic effect of KI in corrosion inhibition. It was observed that the addi-
tion of 0.1% KI increased corrosion inhibition efficiency (Figure 6.5). Temperature-
dependent studies revealed that corrosion-inhibiting property decreases with 
increasing temperature. Adhesion of Pcs on metals is found to be immediate and 
involves chemisorption and physisorption. The results also correlated with the com-
putational studies performed with B3LYP/6-31G(d,p) parameters [34].

Liyanage et al. prepared polyphthalocyanine polymer coatings for corrosion pre-
vention, which were applied to additive-manufactured (AM) 316L steel samples. 
Using a drop casting technique, coatings were applied to the metallic surface, and 
later the layer was thermally polymerised. Open-circuit potential (OCP) study (15 
days) of coated and non-coated samples revealed that Pc films protect AM steel 
surface from corrosion for an extended period (in 3.5 wt% NaCl). As the coating is 
hydrophobic and an oxide layer is present on the metal surface, corrosive ions are 
prevented from attacking the metallic surface; thus, Pc-coated samples demonstrate 
higher corrosion resistance. According to potentiodynamic and EIS analysis, the 
property of corrosion protection of the coating is slightly reduced after a 15-day 
exposure to the destructive, corrosive ions. But it still offers superior protection than 
bare metal against corrosion [35].

The abilities of benzothiazole-derived phthalonitrile (BTThio) and phthalo-
cyanine (ClGaBTThioPc) as corrosion inhibitors were investigated electrochemi-
cally in 1.0 M HCl. ClGaBTThioPc has a higher corrosion efficiency than BTThio 
due to its higher π-conjugation. Adsorption experiments showed that BTThio and 
ClGaBTThioPc adhered to the Freundlich, Temkin, and El-Awady isotherms, and 
the adsorption mechanism is quite complex. EIS showed that by using an adsorp-
tion mechanism, ClGaBTThioPc and BTThio limit the corrosion of aluminium. It 

FIGURE 6.4 Synthesis route for the preparation of TAZnPc [33].
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is speculated that inhibitors preserve the metal from corrosion by defending it from 
Cl− ions, which cause corrosion. According to theoretical calculations, BTThio and 
ClGaBTThioPc can suppress corrosion by adhering to aluminium. The experimental 
findings show that ClGaBTThioP has a better ability to inhibit Al-corrosion than 
BTThio, indicating that inhibitors with higher unsaturation perform better than cor-
rosion inhibitors [36].

FIGURE 6.5 The corrosion inhibition efficiency of various Pcs and nPcs without KI (left-
hand side) and with KI (right-hand side) at (a) 303 K, (b) 313 K, and (c) 323 K [34].
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Nnaji et al. studied ball-type phthalocyanines, which were complex with metals. 
These complexes performed well as Al-corrosion inhibitors in an acidic medium 
(1 M HCl); it was observed that the corrosion rate was significantly reduced when 
the concentration of metallated phthalocyanines was increased. Inhibitors affected 
the corrosion kinetics and processes by adsorbing on the Al-surface; this resulted in 
retardation of the corrosion rate. Inhibitor adsorption followed Temkin, Langmuir, 
Frundlich, and El-Awady isotherms. In the presence of reduced graphene oxide, ball-
type M-Pc complexes showed synergetic effects, enhancing the corrosion inhibitor 
efficiency values [37].

Akin et al. used SEM-EDS analysis and electrochemical, gravimetric, and quantum 
chemical calculations to evaluate the impact of various water-soluble metallophthalo-
cyanines (CoPc, CuPc, and ZnPc) on copper metal. The highest corrosion inhibitor 
efficiency from the results of electrochemical tests and gravimetric analyses was found 
with CoPc at 0.01 M concentration. Quantum chemical calculations determined the 
following corrosion inhibition efficacy order: CoPc > CuPc > ZnPc [38].

Metal-free (M), Co (y), and ClGa (x) tetrakis(4-acetamidophenoxy) phthalocy-
anines were tested for inhibition of corrosion and their adsorption characteristics 
on Al in an acidic medium (HCl). The study included electrochemical techniques 
and FTIR, SEM, and X-ray diffraction observations. At 301 K, at the maximum 
tested inhibitor concentration (10 M), the potentiodynamic polarisation approach 
yielded inhibitory efficiency values of 93.3% (M), 69.7% (x), and 87.7% (y). As 
mixed-type corrosion inhibitors, these compounds demonstrated excellent corrosion 
inhibition effectiveness [39].

Nnaji and colleagues effectively electrodeposited tetrakis[(benzothiazol-2-yl-thio) 
phthalocyaninato] gallium(III)chloride (a) and tetrakis[(benzothiazol-2ylphenoxy) 
phthalocyaninato] gallium(III)chloride (b) on Al surface for testing their corrosion 
inhibition efficiency (acidic medium). It was compared to how well different electro-
deposited metallated phthalocyanines resisted corrosion. With inhibitor efficiency 
values from EIS measurements: 82% for complex “b” and 86% for complex “a” in 
1.0 M HCl, it was evident from EIS and polarisation techniques that complex “a” 
functioned better than complex “b.”

Using Tafel polarisation and EIS at temperatures between 303 K and 323 K, tetra-
nitro cobalt phthalocyanine (TNCoPc) was studied to check its properties to constrain 
corrosion in mild steel (acidic medium). The inhibitor was used at a concentration of 
1.25–5 mM. It was discovered that as the temperature dropped and the inhibitor con-
centration increased, the inhibition’s effectiveness increased. According to polarisation 
experiments, TNCoPc functions as a mixed-type inhibitor. At its ideal concentration of 
5 mM, TNCoPc had a maximum inhibitory effect of 86.48%. According to adsorption 
experiments, this inhibitor followed Langmuir’s adsorption isotherm on the surface of 
the metal and experienced both physisorption and chemisorption [40].

Tetranitro cobalt phthalocyanine (TNCoPc) was tested in an acidic medium (0.25 M 
HCl) at varied temperatures (303–323 K) as a potential mild steel corrosion inhibitor. 
The inhibitor was used at varied concentrations (1.25–5mM). It was discovered that as 
the temperature dropped and the inhibitor concentration increased, the effectiveness 
of the inhibition increased. According to polarisation experiments, TNCoPc behaved 
similarly to a mixed-type inhibitor at all concentrations. At its ideal concentration of 
5 mM, TNCoPc had a maximum inhibitory effect of 86.48%. According to adsorption 
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experiments, this inhibitor followed Langmuir’s adsorption isotherm on the surface of 
the metal and experienced both chemisorption and physisorption [40].

On the surface of iron, self-assembled monolayers (SAMs) of phthalocyanine-
H2[Pc(OBNP)2] (OBNP = binaphthylpthalocyanine) were created, and their property 
to suppress iron corrosion in 0.5 M H2SO4 was investigated. The findings demon-
strated that H2[Pc(OBNP)2] molecules could create SAMs on the iron surface to 
prevent corrosion successfully, and the inhibition efficiency varied with immersion 
time. The inhibition efficiency increased as immersion times increased from 1 to 
16 hours, with 16 hours producing the maximum efficiency. As the immersion time 
exceeded 16 hours, the effectiveness of the inhibition was slightly reduced, which 
may have been caused by the desorption of some H2[Pc(OBNP)2] molecules from 
the iron surface. The adsorption arrangement of H2[Pc(OBNP)2] molecules on the 
surface of iron was also determined using molecular modelling studies [41]. There 
are many other reported systems of phthalocyanine derivatives complexed with vari-
ous metal ions to date; some of them are mentioned in Table 6.1.

TABLE 6.1
List of Phthalocyanine Derivatives Reported as Corrosion Inhibitors

S/N Name Metal Electrolyte Inhibition 
Efficiency

Reference

1. ZnPcS Al 1 M HCl 96.3% [42]

2. H2Pc.Sx Al alloy 1 M HCl 91.96% [43]

3. CoPc, CuPc, and ZnPc Cu 0.1 M HCl 76.88%, 67.06%, 
and 64.04%

[38]

4. CuPc and TNCuPc Al 1 M HCl 98.8% and 97.9% [44]

5. CuPc 1018 Carbon  
steel

0.5 M H2SO4 89.5% [45]

6. Cu-phcy ASTM A606-4 
steel

16% HCl 94.0% [46]

7. H2Pc CuPc, CuPc⋅S4⋅Na4 Mild steel 1 M HCl 87%.1, 88.6%,  
and 94.6%

[47]

8. TNCoPc Mild steel 0.25 M HCl 86.48% [40]

9. ClGaBTPc Al 1 M HCl 82.7% [48]

10. 1,(4)-tetrakis[(2-mercapto)
pyridine]phthalocyanine

Al 1 M HCl 83% [49]

11. ClGaBTThioPc Al 1 M HCl 82.7% [36]

12. H2PPc.(SO3Na)x Carbon steel/ 
iron

1 M HCl 97.9% [24]

13. TAPcNi Carbon steel 1 M HCl – [50]

14 Tetrakis[(4-benzothiazol-
2ylphenoxy)phthalocyaninato] 
gallium(III)chloride

Al 1 M HCl 87.05% [51]

15. BTSPA filled with Cu-Ph Carbon steel 0.1M HCl – [52]

16. Co(II)-TCPC Mild steel 1% NaCl 68.5% [53]

17. Fe(III)-TCPC Mild steel 1% NaCl 82.4% [54]

18. Alkyd@HoPc2 Carbon steel 0.1M HCl 87.4% [55]
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6.3 CONCLUSION

As corrosion inhibitors, naphthalocyanine, phthalocyanine, and their derivatives are 
widely utilised and are being explored. It is known that phthalocyanine spontane-
ously reacts with the metallic surface and produces chelating complexes because 
they contain 8 nitrogen atoms and 18 π-electrons. These molecules are insoluble 
in polar electrolytes due to their macrocyclic structure. Still, they exhibit excellent 
solubility in acidic solutions due to nitrogens bridging the pyrrole rings. These sub-
stances adhere to metallic surfaces by the Langmuir adsorption isotherm model. A 
potentiodynamic polarisation investigation shows that these compounds primarily 
function as mixed-type corrosion inhibitors. Although research indicates that these 
compounds can reasonably suppress corrosion, their use as anti-corrosive materi-
als has not advanced much. Although there is relatively little research on the use of 
naphthalocyanine, phthalocyanine, and their derivatives as corrosion inhibitors in 
industries, these compounds are expected to demonstrate relatively high inhibitory 
efficacy due to their macrocyclic structure. In light of this, the usage of these com-
pounds for industrial applications, such as high-temperature corrosion inhibitors, 
should be investigated.
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7.1 INTRODUCTION

Metals are found to have critical applications in various fields. Corrosion of metals 
caused numerous economic devastation. Corrosion of metals is the natural process 
which transfers refined metal into a chemically more stable form. It is the slow 
decomposition of metals by chemical or electrochemical reactions. Preserving 
such valuable metals using appropriate technology is primarily essential [1]. The 
various corrosion protection methods, which embrace barrier coating, hot-dip 
galvanization, metal alloying, cathodic protection, and corrosion inhibitors, are 
demonstrated [2]. The applications of inhibitors are widely shown because of their 
easy availability, and they effectively bind with metals [3]. The corrosion inhibitor 
is the chemical material that suppresses metal corrosion at a suitable concentra-
tion by decreasing the corrosion rate without fluctuating the concentration of the 
corrosion agent.

Chromate, molybdate, and nitrate are the furthermost generally used corrosion 
inhibitors. Organic inhibitors [4] showed good corrosion inhibition efficiency as 
they possessed essential features to control metal corrosion. The heterocycles have 
N, S, and O, phenyl rings, π-bonds, and various functional groups that deliver 
substantial metal surface coverage and permit corrosion protection. The corro-
sion inhibitor can be classified as cathodic or anodic, or mixed type depending on 
influencing cathodic or anodic reaction or both [5]. This chapter highlights purine 
(PU), pyran, pyrazole, and pyrazine as corrosion inhibitors for mitigating metal 
corrosion.

7.2  PURINE-, PYRAN-, PYRAZOLE-, AND PYRAZINE-BASED 
CORROSION INHIBITORS

7.2.1 purine As A corrosion inHibitor

PU is a heterocyclic aromatic organic compound with two rings of pyrimidine and 
imidazole combined. PU exhibited remarkable corrosion protection efficiency for 304 
austenitic stainless steel (SS) in an HCl solution [6]. The augmented concentration 
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of PU led to enhancing the corrosion inhibition efficiency. The highest corrosion 
inhibition efficiency was found to be 85% at 10 mM concentration as determined 
by PDP. The influence of temperature suggested that an increased temperature led 
to a decrease in inhibition efficiency. Tafel polarization showed that PU emerged 
as a cathodic–anodic mixed type of corrosion inhibitor. The increased influence of 
the PU concentration for Cu was studied in 1 M NaCl [7]. The concentration of PU 
raises the inhibition efficiency (IE). The Langmuir adsorption isotherm confirms 
the adsorption of PU on the surface of copper. The adsorption of PU on the copper 
surface followed the chemical adsorption mechanism.

The two compounds of PU derivatives, 6-furfurylaminopurine (FAP) and 
N-benzoylaminopurine (N-BAP), have been demonstrated as corrosion inhibitors 
for mild steel (MS) in 1 M HCl [8]. Both inhibitors displayed high-corrosion activ-
ity. N-BAP exhibited 97% corrosion inhibition, increasing to 98.6% after 24 hours. 
The heteroatoms N and O of the corrosion inhibitors contribute to high corrosion 
inhibition performance. The heteroatoms N and O provided robust bonding to  
Fe metal. The corrosion inhibitors adenine (AD) and 2,6-diamino PU showed  
corrosion-inhibitive properties for Cu in the simulated body fluid. The corrosion of 
Cu was suppressed by around 90% by both corrosion inhibitors, and further corro-
sion protection of Cu was enhanced in the presence of potassium sorbate [9]. PUs 
and their analogues, such as guanine, AD, 2,6-diamino PU, 6-thioguanine, and 
2,6-thiopurine, have been examined as corrosion inhibitors for MS in 1 M HCl solu-
tion [10]. All undertaking compounds contributed to increasing corrosion inhibition 
efficiency by enhancing the corrosion inhibitor concentration.

The corrosion inhibition efficiency of inhibitors followed the efficiency order as 
2,6-dithiopurine > 6-thioguanine > 2,6-diamino purine > AD > guanine. The 88% 
is the highest corrosion inhibition efficiency observed at 10−3 M 2,6-thiopurine. PU 
and AD were studied as corrosion inhibitors for copper in 0.5 M Na2SO4 solutions 
at pH 6.8 [11]. The employed techniques (EQCM and PDP) revealed that increased 
concentration of inhibitors influenced corrosion protection. Corrosion inhibition effi-
ciency enhanced as the concentration of inhibitors increased. The increase in the 
concentration of PU and AD led to a decrease in the corrosion of Cu in 0.5 M NaNO3 
[12]. Corrosion protection of copper was found through the adsorption of inhibi-
tors over the surface of copper, and adsorption phenomena followed the Langmuir 
adsorption isotherm. The evaluated values of standard free energies (thermodynamic 
parameter) of adsorption depicted that adsorption of PU and AD occurred through 
chemical adsorption on the copper surface.

Various electrochemical techniques, scanning electron microscopy (SEM), 
X-ray spectroscopy (XPS), quantum chemical calculation, and molecular dynam-
ics simulation [13] were used to study the corrosion inhibition mechanism and 
adsorption process of three PU compounds such as guanine (G), adenine (A), and 
hypoxanthine (I) for copper in alkaline artificial seawater. The obtained results 
indicated that the three inhibitors protected the corrosion of copper by forming a 
protective film on the surface of copper. The three inhibitors followed corrosion 
inhibition efficiency: I > G > A. Three inhibitors obeyed the Langmuir adsorption 
model, and these three inhibitors adsorbed on the surface of copper through physi-
cal and chemical adsorption.
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PU was demonstrated as a corrosion inhibitor for Al in 1.0 M deaerated stirred 
H3PO4 solution at 25 °C [14]. PU itself showed a poor corrosion inhibition effect, but 
its corrosion inhibitive property improved in the presence of I− ions. The enhance-
ment of corrosion activity is due to the synergistic effect of PU and I− ions. The 
I− ions assisted in the adsorption of PU on the Al surface. PDP method showed that 
PU itself alone and its mixture with I− ions emerged as mixed-type corrosion inhibi-
tors for the mitigation of the corrosion of Al in 1.0 M H3PO4 solution. The imped-
ance diagram showed three-time constants or semicircles. The impedance diagram 
size relies on corrosion inhibitor concentration and dipping time. Guanine inhibited 
corrosion of copper corrosion in 0.1 M HCl. WL and EIS methods proved that good 
corrosion inhibition efficiency was achieved by guanine [15]. Around 87% corrosion 
protection efficiency has been displayed by guanine, and there is no change in the 
corrosion inhibition activity up to 333 K.

7.2.2 pyrAn As A corrosion inHibitor

Pyran, or oxine, is a six-membered non-aromatic heterocyclic with five carbon 
atoms and one oxygen atom containing two double bonds. The pyran derivatives, 
2-amino-5-oxo-4-(p-tolyl)-4H,5H-pyrano [3,2-c]chromene-3-carbonitrile (PY-CH3) 
and 2-amino-5-oxo-4-phenyl-4H,5H-pyrano [3,2-c]chromene-3-carbonitrile (PY-H) 
exhibited anti-corrosion activity in MS in HCl [16]. PY-H showed 90% corrosion 
protection activity, while PY-CH3 attained 80% corrosion inhibition efficiency. The 
Langmuir adsorption isotherm consisted of two corrosion inhibitors adsorbed on 
the metal surface. 4-Hydroxy-6-methyl-3-(3-quinolin-8-yl-acryloyl)-pyran-2-one 
(HMQP) and 3-[3-(4-dimethylamino-phenyl)-acryloyl]-4-hydroxy-6-methyl-pyran-
2-one (DMPHP) were found to be potential corrosion inhibitors for MS 1 M HCl 
[17]. The compound was studied in varied concentrations (0.001–1 mM) and four 
different temperatures (298, 308, 318, and 328 K) to find the optimal concentration 
and temperature for estimating top corrosion-inhibiting conditions. The maximum 
inhibition efficiency has been achieved at 90% and 85.4% at 298 K in the presence of 
1 mM concentration of DMPHP and HMQP, respectively. The appearance of experi-
mental adsorption results showed that corrosion inhibitors obeyed the Langmuir iso-
therm model. The PDP parameters indicated that DMPHP and HMQP behaved as 
mixed corrosion inhibitors.

The corrosion inhibition performance of pyran derivatives known as AP was evalu-
ated as corrosion inhibitors for N80 steel in 15% HCl [18]. The corrosion inhibition 
action of various pyran compounds such as 2-amino-4-(4-methoxyphenyl)-7,7-di-
methyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3- carbonitrile (AP-1), 2-amino-7,7-di-
methyl-5-oxo-4-phenyl-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (AP-2), and 
2-amino-7,7-dimethyl-4-(4-nitrophenyl)-5-oxo-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (AP-3) was assessed by various methods like WL, EIS, and PDP. 
They showed that AP-1 bore the highest corrosion inhibitive efficiency, followed 
by AP-2 and AP-3. It indicated that the electron releasing of AP-1 is a responsible 
factor for the increased corrosion activity of the inhibitor, while having an electron-
withdrawing group on the AP-3 suppressed the corrosion performance of the inhibi-
tor. The SEM images also supported the corrosion protection of three inhibitors. The 
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adsorption of APs on the surface of N80 steel conformed Langmuir isotherm. The 
PDP method revealed that inhibitors are mixed corrosion inhibitors with a cathodic 
predominance effect.

Two novel pyran-2-one derivatives, (E)-4-hydroxy-6-methyl-3-(1-(phenylimino) 
ethyl)-2H-pyran-2-one (Py-1) and (E)-3-(1-((2-chlorophenyl)imino)ethyl)-4-hydroxy-
6-methyl-2H-pyran-2-one (Py-2), emerged as suitable corrosion protectors for MS in 
1 M HCl [19]. The corrosion performance of both inhibitors has been investigated 
by EIS and PDP methods, respectively. The corrosion inhibition efficiency has been 
enhanced by elevating of concentration of corrosion inhibitors, and corrosion con-
trol activity was achieved to 90% at 10−3 M concentration of inhibitor. Pyran-2-one 
derivatives (Py-1 and Py-2) showed mixed adsorption behaviour, as revealed by the 
PDP method. The increase in temperature contributed to the decline in the corrosion 
inhibition efficacy of both compounds and the thermodynamic parameters showed 
that the corrosion inhibitors followed chemical adsorption (chemisorption) rather 
than physical adsorption.

The three pyran derivatives, ethyl 2-amino-4-(4-hydroxyphenyl)-6-(p-tolyl)-
4H-pyran-3-carboxylate (HP), ethyl 2-amino-4-(4-methoxyphenyl)-6-(p-tolyl)- 
4H-pyran-3-carboxylate (MP), and ethyl 2-amino-4-(4-hydroxy-3,5-dimethoxyphenyl)- 
6-(p-tolyl)-4H-pyran-3-carboxylate (HDMP) exhibited excellent corrosion inhibitive 
activity for MS in 1  M H2SO4 [20]. The increased concentration of inhibitor led 
to enhanced corrosion inhibitive efficiency. Three inhibitors, HP, MP, and HDMP, 
showed maximum corrosion inhibition efficiency of 91.6%, 92.5%, and 95%, respec-
tively, at 2 mM concentrations followed by Langmuir isotherm that well behaved as a 
mixed type of corrosion inhibitors as evaluated by the PDP method. Schiff base (SB) 
resulting from 3-acetyl-4-hydroxy-6-methyl-(2H)-pyran-2-one and 2,2′-(ethylene-
dioxy)diethylamine was demonstrated for the control corrosion of MS in 1 M HCl 
using PDP and EIS methods [21]. SB was found to be a potential corrosion inhibitor 
as corrosion inhibition efficiency is enhanced by enhancing corrosion inhibitor con-
centration. The highest corrosion inhibition efficiency was 80.61% and 77.21% at 400 
ppm inhibitor concentration. Quantum chemical calculations revealed the incidence 
of atomic sites bearing potential nucleophilic and electrophilic features of corrosion 
inhibitors that interacted with charged metal surfaces.

7.2.3 pyrAzole And pyrAzine As corrosion inHibitors

Pyrazole is the five-membered heterocycle containing two nitrogen atoms that 
are ortho-substituted. It is reported that pyrazole is a suitable corrosion inhibitor 
for the nullifying corrosion of various metals like iron, aluminium, copper, steel, 
etc. The compound 3,5-dimethyl-1H-pyrazol-1-yl m(4-((4-hydroxybenzylidene)
amino)phenyl) methanone (DPHM) reported as corrosion inhibitor for low-car-
bon steel in 1 M HCl [22]. The WL method suggested that the corrosion inhibitor 
concentration amplified from 100 ppm to 400 ppm enhanced corrosion inhi-
bition efficiency. The effect of temperature showed that temperature increased 
from 40  °C to 60  °C also contributed to the increase in corrosion inhibition 
efficiency. The highest corrosion inhibition was observed at 400 ppm and 60 °C. 
At this condition, the corrosion inhibitor exhibited 89.5% corrosion inhibition 
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efficiency. The electrochemical methods EIS and PDP also revealed good corro-
sion performance of the inhibitor.

Pyrazole derivatives, ethyl 1-amino-3-(2-chlorophenyl)-5,10-dioxo-5,10-dihydro-
1H-pyrazolo[1,2-b] phthalazine-2 carboxylate and ethyl 1-amino-5,10-dioxo-3- 
(p-tolyl)-5,10-dihydro-1H-pyrazolo[1,2-b]phthalazine-2-carboxylate[23] abbreviated  
as Py-1 and Py-2 exhibited excellent corrosion inhibition efficiency for SS in 2.0 
M H2SO4. The PDP method indicated that both compounds Py-1 and Py-2 respec-
tively displayed 96.8% and 91.2% corrosion inhibition efficiency at 10−2 M concen-
tration of inhibitors, while the EIS method showed that Py-1 and Py-2 respectively 
showed 96.7% and 90.9% corrosion inhibition efficiency at same corrosion inhibitors 
concentration. The adsorption of both corrosion inhibitors followed the Langmuir 
adsorption isotherm model and acted as an anodic type of corrosion inhibitor. The 
SEM/EDX method also maintained the corrosion protection of both inhibitors.

Four new pyrazole acylhydrazone Schiff bases have been prepared and hired 
as corrosion inhibitors to control the corrosion of AZ91D, a magnesium alloy in  
0.5 wt% NaCl [24]. The undertaking corrosion inhibitors possessed worthy corro-
sion inhibition activity for Mg alloy. The obtained outcomes proved that the aryl ring 
(Ar1) and aryl heterocyclic ring (Ar2) bore by corrosion inhibitor molecules could be 
responsible for the inflexibility of the molecular structure and enabled easy adsorp-
tion of corrosion inhibitor molecules on the surface of magnesium alloy. The surface 
analysis techniques SEM and AFM showed good corrosion performance achieved 
by the inhibitors. The inhibitors formed the protective layer and enhanced corrosion 
protection efficiency (92.2%). Corrosion inhibitive efficiencies of pyrazole–perimidine 
(PYR–PER) hybrids consisting of several attaching groups were evaluated for the 
304 SS in 1.0 M hydrochloric acid [25]. PYR–PER hybrids successfully declined the 
corrosion current density, augmented corrosion resistance, and repressed the cor-
rosion of the 304 SS. The various attaching groups (methyl, fluoride, chloride, and 
bromide) over pyrazole derivatives assisted in developing the corrosion inhibition 
efficiency of the PYR–PER hybrids. The compound PYR–PER3 having the methyl 
and bromide groups presented maximum corrosion inhibition productivity (97.45%).

Corrosion inhibition performance of two pyrazole products, called N-((1H-
pyrazol-1-yl)methyl)pyrimidin-2-amine (PPA) and 2-(((1H-pyrazol-1-yl)methyl)
amino)benzoic acid (PMB), have been assessed as corrosion inhibitors for carbon 
steel (CS) in 1 M HCl [26] by various techniques (WL, EIS, PDP, UV-visible spec-
troscopy, and SEM/EDX). The gained results suggested that the corrosion inhibition 
efficacy increased by the concentration of inhibitor but decreased correspondingly 
by rising temperature. The highest corrosion inhibition efficiencies of 94% and 92% 
for PPA PMB at 10−3 M and 303 K have been observed, respectively, while corrosion 
inhibition efficiency decreased to 76.9% and 72.3%, respectively, at 10−3 M and 333 
K. PDP method showed the anodic behaviour of PPA and the mixed-type behaviour 
of PMB. The EIS indicated that charge transfer resistance increased and double-layer 
capacitance decreased by increasing the concentration of both corrosion inhibitors.

Bi-pyrazole-carbohydrazide compounds such as 1,1′-(propane-1,3-diyl)bis(5-
methyl-1H-pyrazole-3-carbohydrazide) (P2PZ) and 1,1′-(oxy-bis(ethane-2,1-diyl))bis 
(5-methyl-1H-pyrazole-3-carbohydrazide) (O2PZ) have performed outstanding cor-
rosion protection property for MS in 1.0 M HCl [27]. Corrosion-inhibitive action of 
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P2PZ and O2PZ was evaluated by WL, PDP, and EIS methods. The EIS method 
showed that corrosion inhibition efficiency was 95% and 84% at 308 K and 10−3 mol 
L−1 of P2PZ and O2PZ, respectively. Corrosion protection efficiency is enhanced 
by the augmentation of concentration and decreased by increased temperature. 
Polarization curves showed that the P2PZ and O2PZ were found to be mixed-type 
inhibitors and lined with the Langmuir adsorption isotherm. The free energy of 
adsorption (ΔG°ads) values lay within the range of −39.94 to −37.36 kJ mol−1, indicat-
ing a physicochemical adsorption process. SEM images showed that both inhibitors 
reduced the corrosion by forming a protective layer on the surface of the metal. 
An ionic liquid 2-benzyl-1-ethyl-1H-pyrazolium bis(trifluoromethylsulfonyl) amides 
([EBPz][NTf2]) outperformed corrosion prevention action for AZ91D Mg alloy in 
0.05 wt% NaCl [28]. The corrosion inhibition efficiency of [EBPz][NTf2] attained 
91.4% at 200 ppm concentration.

The compounds named N,N-bis (3-carbohydrazide-5-methylpyrazol-1-yl)
methylene (M2PyAz) and 1, 4-bis (3-carbohydrazide-5-methylpyrazol-1-yl)butane 
(B2PyAz) were evaluated as corrosion inhibitors for MS in 1 M HCl [29]. The cor-
rosion inhibition efficiency of M2PyAz and B2PyAzwas 98.6% and 87.8%, respec-
tively, at 10−3 M corrosion inhibitors concentration. EIS method showed that the charge 
transfer resistance was enhanced by increasing concentration for both inhibitors. 
PDP curves showed that the M2PyAz and B2PyAz represented mixed-type corro-
sion inhibitors. Free energy of adsorption calculated from the Langmuir isotherm 
model for both M2PyAz and B2PyAz signified that both compounds prevented acid 
entrance through chemisorption. WL measurements showed that in the 308–348 K 
temperature range, corrosion inhibition efficiency was almost 98.5% and 89% for 
M2PyAz and B2PyAz, respectively, at 6 hours soaking time. SEM images indicated 
the protective layer made on the metal surface in the appearance of both corrosion 
inhibitors.

The corrosion inhibitory effect of 1,5-dimethyl-1H-pyrazole-3-carbohydrazide 
(PyHz) on MS in 1 M HCl has been conducted by EIS, PDP, WL, and SEM/EDX 
methods [30]. The results indicated that PyHz possessed a noble corrosion mitiga-
tion property, and corrosion inhibition efficiency went to 96% at 10−3 M inhibitor 
concentration. The PDP method confirmed that the PyHz proceeded as a mixed-type 
corrosion inhibitor. The adsorption process observed the Langmuir isotherm. Four 
pyrazole derivatives (PYRs) are diverse by nature as substituents. The compounds 
were synthesized by multicomponent reaction (MCR) [31]. The corrosion inhibition 
actions of corrosion inhibitors were studied for MS in acidic conditions. The corro-
sion inhibition competency of PYRs was substituent- and concentration-reliant. The 
corrosion inhibition efficiency increased in the presence of electron-withdrawing 
and electron-releasing substituents. The highest corrosion inhibition efficiency was 
accomplished in the presence of electron-releasing (─OH, ─OHOCH3) groups. The 
corrosion inhibition adeptness of the PYRs followed the corrosion inhibition order 
as PYR─OHOCH3 (94.88%) > PYR–OH (91.47%) > PYR–NO2 (90.90%) > PYR–H 
(89.77%). The PDP curve recommended that PYRs were mixed-type corrosion 
inhibitors, and their adsorption process confirmed the Langmuir isotherm.

The corrosion inhibitor is soluble in water, known as bis azo pyrazolin-5-one 
(ABP), has been constructed resourcefully by the regioselective reaction between 
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hydrazine and coumarin hydrazone (CMH) [32]. Numerous electrochemical and sur-
face morphology methods measured the anti-corrosion inhibition efficiency of ABP 
in an acidic medium (1.0 M HCl). The novel bis pyrazole-based azo dye ABP showed 
93.3% corrosion protection capacity at 16 × 10−6 M corrosion inhibitor concentration. 
Tafel curves proposed that ABP was a mixed-type corrosion inhibitor. The adsorp-
tion of ABP inhibitor line up with the Langmuir isotherm model. SEM/EDX, AFM, 
and XPS surface analysis also established the enhancement of an adsorption film 
which protected the CS surface from acid corrosion.

The six-membered cyclic compounds have two nitrogen atoms at 1- and 4-loca-
tions known as pyrazine. Various types of pyrazine products were deliberated for the 
prevention of corrosion. The inhibitive effect of pyrazine appendages, 2,3-pyrazine 
dicarboxylic acid (pyrazine C), pyrazine carboxamide (pyrazine E), and 2-methoxy-
3-(1-methylpropyl) pyrazine (pyrazine H) were assessed on the X-60 steel in 15% 
HCl [33]. The WL measurement was conducted at 60 °C and 90 °C for 6 hours, and 
PDP, EFM, and EIS were completed at 25 °C. The corrosion inhibition efficiency of 
pyrazines C and E have not been altered by augmentation of their concentrations at 
60 °C. Still, the corrosion inhibition efficiency of pyrazine E enlarged by concentra-
tion at 90 °C, while the corrosion inhibition efficiency of pyrazine C did not change. 
The corrosion inhibition performance of pyrazine H increased by concentration 
at both temperatures. The corrosion inhibition effectiveness of pyrazines C and E 
enhanced in the presence of sodium iodide and glutathione (Glu), but has not showed 
pronounced influence by pyrazine H. Potentiodynamic test revealed that the three 
pyrazine derivatives were evaluated as mixed-type corrosion inhibitors. Pyrazines C 
and H bore largely cathodic and pyrazine E showed more anodic effects.

The three compounds such as 2-methylpyrazine (MP), 2-aminopyrazine (AP), 
and 2-amino-5-bromopyrazine (ABP) were investigated as corrosion inhibitors on 
the corrosion of cold rolled steel (CRS) in 1.0 M H2SO4 [34]. All three pyrazine 
compounds were found to be potential corrosion inhibitors, and corrosion inhibition 
proficiency followed the ABP > AP > MP order. The adsorption of three inhibitors 
on the surface of CRS was followed by Langmuir adsorption isotherm. 2,3-Pyrazine 
dicarboxylic acid (PDA) was evaluated as a corrosion inhibitor for 90 Cu–10 Ni and 
70 Cu–30 Ni alloys in 2% HCl [35]. Corrosion protection efficiency derived from 
WL, EIS, and PDP measurements indicated that corrosion inhibitors exhibited 39% 
and 55% corrosion inhibition efficiency for 90 Cu–10 Ni and 70 Cu–30 Ni, respec-
tively, decreasing slightly after 72-hour immersion time. Adding 5 mM KI enhanced 
the corrosion inhibition to 73% and 92% for 90 Cu–10 Ni and 70 Cu–30 Ni, respec-
tively, at room temperature. The 51% and 63% corrosion inhibition activity were 
found at 60 °C for 90 Cu–10 Ni and 70 Cu–30 Ni, respectively. PDP test indicated 
that corrosion inhibitors worked as mixed-type with somewhat more anodic effect 
on 70 Cu–30 Ni but the cathodic outcome on 90 Cu–10 Ni.

The corrosion inhibition activity of MS in 1 M H2SO4 has been conducted by 
employing acenaphtho[1,2-b]quinoxaline and acenaphtho[1,2-b]pyrazine corrosion 
inhibitors at 303–333 K [36]. PDP measurement reflected that corrosion inhibitors 
were evaluated to be good as mixed-type. EIS method reflected that the charge trans-
fer resistance of MS increased in the presence of corrosion inhibitors. The effect 
of diethyl pyrazine-2,3-dicarboxylate (P1) was studied by WL, PDP, LRP (linear 
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polarization resistance), and EIS methods for steel in 0.5 M H2SO4 solution [37]. 
The inhibiting action increased by elevating the concentration of the pyrazine com-
pound, and it attained 82% at 10−2 M. PDP method indicates that pyrazine acted as 
a cathodic inhibitor. The cathodic curves suggest that the lessening of proton at the 
steel surface occurred with an activating mechanism. The yellow deposit on the steel 
surface was examined by infrared method. P1 adsorbed on the steel surface confer-
ring to Langmuir adsorption model. EIS was used to determine the corrosion inhibi-
tion process of steel in 0.5 M H2SO4 solution at the open-circuit potential (OCP) [38]. 
Diethyl pyrazine-2,3-dicarboxylate (Prz) as a non-ionic surfactant (NS) corrosion 
inhibitor has been inspected. The Nyquist diagrams entailed a capacitive semicircle 
at high frequencies and a distinct inductive loop at low frequency values. The imped-
ance measurements were understood according to suitable equivalent circuits. The 
results obtained showed that Prz is a decent corrosion inhibitor.

The corrosion inhibition efficiency increased by increased surfactant concentra-
tion, and the highest corrosion inhibition efficiency attained 80% at 5 × 10−3 M. Prz 
is adsorbed on the steel surface bestowing to a Langmuir isotherm adsorption model. 
Pyrido[2, 3-b]pyrazine derivative (P1) on MS in acidic media were studied [39]. The 
effect of corrosion inhibition of P1 was explored for MS in 1 M HCl. The corrosion 
inhibitor P1 showed a mixed inhibition mechanism without altering the hydrogen 
reduction mechanism, as revealed by the PDP method. The corrosion inhibition effi-
ciency was augmented by uplifting the concentration of (P1) and extending a maxi-
mum value to 93% at 10−3 M concentration. The upsurging of temperature cuts the 
corrosion inhibition efficiency of (P1). It has been set up that (P1) adsorbed on the 
surface of metal steel, allowing the Langmuir isotherm model. Quantum chemical 
studies were also agreed to explain the data.

The study defined the preparation and characterization of thiophene/pyrazine 
Schiff base known as (E)-N-{(thiophene-2-yl) methylene}pyrazine-2-carboxamide 
(HL). The prepared compound was synthesized and scrutinized by melting point and 
micro (CHN) analysis, vibrational, nuclear magnetic resonance (1H- and 13C-NMR), 
and electronic (UV-vis) spectroscopies [40]. HL was also taken for adsorption and 
corrosion properties. The spectral data suggested tridentate bonding nature and eno-
limine tautomeric arrangement within the ligand grouping giving integrity to its cre-
ation. Density functional theory (DFT) calculations associated with the examination 
data, while its percentage corrosion inhibition efficiency (IE%), became bigger using 
intensification in concentration and deteriorated by way of an increase in tempera-
ture (T). The decreased corrosion prevention by increased temperature showed that 
adsorption phenomena are mixed-type, physisorption governing the corrosion inhibi-
tion route. Similarly, the adsorption of HL on the MS inclined Langmuir adsorption 
isotherm. However, the negative sign of thermodynamics parameters showed that 
HL adsorption on the MS surface in 1.0 M HCl was instantaneous and exothermic.

7.3 CONCLUSION AND FUTURE PROSPECTIVE

Corrosive media lead to the corrosion of metals. Corrosion led to a decreased qual-
ity of metals; hence protection of metals became a significant aspect. The protection 
of metals using corrosion inhibitors improved the corrosion resistance of the metal. 
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Organic compounds, specially heterocycles, mitigated metal corrosion to a large 
extent. Heterocycle compounds PU, pyran, pyrazole, and pyrazine are a prominent 
class of corrosion inhibitors for preventing metal corrosion due to heteroatoms in the 
ring, which facilitates the adsorption of molecules over the metal surface. Corrosion 
protection of PU, pyran, pyrazole, and pyrazine can be further enhanced in combina-
tion with nanomaterials as surface properties of nanomaterial can assist in the more 
adsorption of these heterocycles over the metal surface.
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8.1 INTRODUCTION

Corrosion is a well-researched aspect of material science because of the damage it 
causes to metallic materials, which are indispensable in homes, industries, and the 
larger society. The substantial annual record of economic losses from corrosion 
amongst metal-based sectors such as petrochemical, transport, manufacturing, and 
packaging industries is staggering [1–3]. It is reported that 1 tonne of steel, the most 
versatile industrial metallic material, could degrade to rust every 90 seconds. In addi-
tion, 50% of every tonne of steel alloy is used as a replacement for degraded steel [4, 5].  
Apart from steel, non-ferrous metals and alloys such as zinc, copper, aluminium, 
brass, and tin have experienced depletion of their essential properties due to corrosive 
ions in the surroundings. Therefore, it becomes imperative for scientists and engineers 
to proffer innovative solutions to tackle the corrosion phenomena in metals. Amongst 
the proposed solutions to retard the corrosion phenomena, the use of chemical addi-
tives, popularly referred to as corrosion inhibitors, has gained prominent attention 
because of its numerous advantages [6]. In particular, organic inhibitors have shown 
preferential advantages such as facile preparation, cost-effectiveness, excellent pro-
tection abilities, eco-friendliness, and ease of application [3, 7].

Based on literature outcomes from numerous corrosion studies conducted over 
the years, heterocyclic compounds containing aromatic rings, multiple bonds, het-
eroatoms, and polar substituents display outstanding adsorption behaviour on metal 
surfaces in corrosive solutions [8, 9]. These compounds adhere to the metal surfaces, 
creating an impenetrable blockade against chemical attacks. Adsorption often takes 
the form of physisorption or chemical adsorption or both. The effectiveness of het-
erocyclic compounds as additives for corrosion mitigation depends on the metal’s 
nature, the substituents’ degree of corrosiveness, operating temperature, molecular 
size, and the electronic structure of the chemical inhibitors [10].
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The versatility of pyridine and piperidine derivatives has ensured their varied 
applications in several fields of scientific research, such as dyes, chemical synthe-
sis, agrochemicals, pharmaceuticals, etc. They are widely considered as fundaments 
in the formulation of several pharmaceutical drugs and belong to the common-
est N-heterocycles present in FDA-approved drugs [11–13]. Numerous reports have 
documented these heterocyclic compounds’ production, analyses, and applications 
as antiviral, anti-cancer, anti-malarial, anti-hypertension, anti-microbial, analgesic, 
anti-inflammatory, and anti-psychotic agents [14–17]. The pyridine molecule (C5H5N) 
is a benzene compound with an N-atom in its structure (Figure 8.1a). On the other 
hand, piperidine, which is also a six-membered N-heterocycle, is associated with the 
chemical formula (CH2)5NH in which one of the aromatic carbons is substituted with 
an amine (─NH) group (Figure 8.1b). In terms of their corrosion inhibition potentials, 
a study by Hackerman and Makrides in 1954 [18] revealed that piperidine, a stronger 
saturated base than pyridine, has greater inhibition potency than pyridine on account 
of the functional N-atom and not the delocalized π-electrons of the pyridine structure. 
A few other authors have shared this opinion based on their research findings [19–22].

8.2  INHIBITION OF METALLIC CORROSION 
BY PYRIDINE DERIVATIVES

From the literature, several early reports documented the inhibition capacities of pyr-
idine-based inhibitors to restrain the corrosion rate in diverse media [18, 23–27]. The 
utilization of pyridine derivatives to assuage the corrosion process in different media 
has gained wide attention, evident from the extensive literature on the subject [7, 28–
30]. Based on available literature reports, it is unarguable that the inhibitive potential 
of non-substituted pyridine molecules is limited. Interestingly, upon introducing sub-
stituents, especially at the second and sixth positions, the pyridine compound becomes 
effective by establishing an insoluble stable film on the studied metal surfaces [7]. 
Besides the role of substitution in ensuring excellent adsorption behaviour of pyridines, 
the molecular size, presence of heteroatoms, aromatic rings, and type/concentration of 
electrolyte medium are also vital parameters to be considered. This section reviews 
reported pyridines as inhibitors of metallic deterioration from 2020 till date.

8.2.1  experimentAl And computAtionAl Assessment of 
substituted pyridines As corrosion inHibitors

Generally, the abilities of organic inhibitors, including pyridines, to restrain the dete-
rioration of metallic materials such as carbon steel (CS), X-65 steel, mild steel (MS), 
and other non-ferrous metals/alloys are often determined using experimental and 
computational methods. Weight loss (WL), called gravimetric analysis, is an ortho-
dox and popular procedure employed to measure the speed of metallic corrosion and  

FIGURE 8.1 Chemical structure of (a) pyridine (b) piperidine.
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the inhibition efficiencies (IE) of pyridine-based inhibitors. Electrochemical tech-
niques such as potentiodynamic polarization (PDP) and electrochemical impedance 
spectroscopy (EIS) are widely reported to measure the IE of pyridines. Corrosion 
current densities and charge transfer resistances are important parameters from 
these techniques, which are useful in understanding the adsorption behaviour 
of pyridine compounds. Surface characterization techniques, especially scan-
ning electron microscopy (SEM), attenuated total refraction infrared (ATR-IR) 
spectroscopy, X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray 
spectroscopy (EDS), and atomic force microscopy (AFM), have been utilized to 
probe the interaction at the metal–solution interface. Valuable quantum chemi-
cal variables such as EHUMO (energy of the highest unoccupied molecular orbital), 
ELUMO (energy of the lowest unoccupied molecular orbital), energy bandgap (ΔE), 
dipole moment (µ), etc. that give information on the reactivity of pyridines and the 
donor–acceptor interaction are calculated using quantum chemical methods such 
as semi-empirical methods, density functional theory (DFT), and Hartree Fock 
(HF). Molecular dynamic simulation (MDS) and Monte Carlo simulation (MCS) 
are modern computational techniques that provide useful insight into the orienta-
tion of pyridines on metal surfaces and the nature of adsorption. Furthermore, 
some studies have attempted to correlate molecular parameters of pyridines with 
their corrosion protection abilities using quantitative structure activity–property 
relationship (QSAR) [31–36].

Fouda et al. [37] conducted an extensive electrochemical, morphological, and 
computational assessment of PdC-Me, PdC-OH, and PdC-H for MS degradation in 
1 M HCl to investigate the inhibition properties of three pyridine-based compounds. 
Adsorption via chemisorption on the metal surface was accredited to the donor–accep-
tor interaction between the vacant d-orbital and the conjugated π-charge of the inhibi-
tor molecules. Also, the electron-donating substituent groups, ─OH and ─CH3 with 
Hammett sigma constant (σ) of −0.17 and −0.37, respectively, demonstrated higher 
IE than ─H, (σ = 0.0), due to increased electron density. Surface studies using AFM, 
XPS, and ATR-IR revealed an interaction between PdC-Me, PdC─OH, and PdC─H 
and the steel specimen that afforded metallic surface protection. Another research 
evaluated the effect of ─Cl, ─H, and ─OCH3 substituted pyridines on the protec-
tion capacities of X-65 steel degradation in acid using different established approaches 
[38]. The order of IE is as follows: PYR─OCH3 > PYR─H > PYR─Cl suggesting the 
positive influence of electron-donating groups on IE. A study by Salim et al. dem-
onstrated that 6-chloro-2-(4-chlorophenyl)imidazo[1,2-a] pyridine-3-carbal-dehyde 
(IPCl-2) lowered the corrosion current density of MS in HCl better than 6-chloro-2-(4-
chlorophenyl)imidazo[1,2-a]pyridine (IPCl-1). It was observed that both chemisorbed 
onto the MS according to the Langmuir adsorption isotherm (LAI); while IPCl-1 had 
a mixed-inhibition effect, IPCl-2 was found to display a cathodic inhibition predomi-
nance. Several researchers have also documented the influence of substituents on the 
protection abilities of pyridine-based inhibitors [39–46]. The contribution of aromatic 
rings and N-atom to the protection performance of organic compounds was established 
in a study conducted by Hau and Huong using 1,10-phenathroline, quinoline, and pyri-
dine as test compounds. Pyridine with a singular aromatic ring and N-atom yielded the 
least IE [47]. Also, the effect of steric hindrance on the protection abilities of two novel 
pyridine-based inhibitors has been reported [48]. Table 8.1 presents a summary of  
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(Continued)

TABLE 8.1
An Array of Investigated Pyridines for the Corrosion Protection of Metals in 
Different Media

S/N Pyridine Compound Metal/ 
Electrolyte

Nature of 
Inhibitor

Conc/Max IE Reference

1.

BBTP

MS/1 M HCl Mixed-type/ 
LAI

1 mM/ 95% [58]

2.

NVAIP

MS/0.5 M HCl Mixed-type/ 
LAI

500 ppm/ 
92.98%

[59]

3.

4HT

MS/1 M HCl LAI 0.005 M/ 
96.20%

[60]

4.

I

API X-65  
steel/6 M 
H2SO4

Mixed type/
LAI

2.66 × 10−3  
M/ 92.70%

[61]

5.

III

API X-65  
steel/6 M 
H2SO4

Mixed-type/
LAI

2.66 × 10−3 M/ 
94.70%

[61]

6.

PD

Al/1 M HCl Cathodic 10−3 M/  
80.20%

[62]
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(Continued)

TABLE 8.1
An Array of Investigated Pyridines for the Corrosion Protection of Metals in 
Different Media

S/N Pyridine Compound Metal/ 
Electrolyte

Nature of 
Inhibitor

Conc/Max IE Reference

1.

BBTP

MS/1 M HCl Mixed-type/ 
LAI

1 mM/ 95% [58]

2.

NVAIP

MS/0.5 M HCl Mixed-type/ 
LAI

500 ppm/ 
92.98%

[59]

3.

4HT

MS/1 M HCl LAI 0.005 M/ 
96.20%

[60]

4.

I

API X-65  
steel/6 M 
H2SO4

Mixed type/
LAI

2.66 × 10−3  
M/ 92.70%

[61]

5.

III

API X-65  
steel/6 M 
H2SO4

Mixed-type/
LAI

2.66 × 10−3 M/ 
94.70%

[61]

6.

PD

Al/1 M HCl Cathodic 10−3 M/  
80.20%

[62]

7.

NIF

API 5L X-52 
steel/2  
M HCl

Mixed-type/
LAI

500 ppm/ 94% [63]

8.

DMPIP

MS/0.5  
M HCl

Mixed-type/
LAI

500 ppm/ 
96.70%

[64]

9.

4BY

MS/1 M HCl LAI 0.005 M/ 
93.80%

[65]

10.

CTDP

MS/15% HCl Mixed-type/
LAI

80 ppm/  
89.53%

[66]

11.

P2T

Brass/0.5 M 
H2SO4

Mixed-type/ 
LAI

0.5 M/ 84% [67]

12.

2,6DP

Al/1 M NaCl Mixed-type/ 
LAI

3 mM/  
66.92%

[68]

TABLE 8.1 (Continued)
An Array of Investigated Pyridines for the Corrosion Protection of Metals in 
Different Media

S/N Pyridine Compound Metal/ 
Electrolyte

Nature of 
Inhibitor

Conc/Max IE Reference
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13.

2,6DP

Al/1 M NaOH Mixed-type/
LAI

0.4 M/  
55.80%

[68]

14.

2,6DP

Al/1 M HCl Mixed-type/ 
Freundlich

0.4 M/  
51.73%

[68]

15.

THP

CS/1 M HCl Mixed-type/
LAI

10−3 M/  
95.22%

[69]

16.

 
HBPA

X70 steel/2 M 
HCl

Mixed-type/
LAI

1.00 mM/  
96%

[70]

17.

B-HBPA

X70 steel/2 M 
HCl

Mixed-type/
LAI

1.00 mM/ 92% [70]

18.

HL

MS/1 M HCl Mixed-type/
LAI

100 ppm/ 
93.78%

[71]

19.

MAEP

CS/1 M HCl Mixed-type/
LAI

25 mM/ 91% [72]

20.

MPPO

N80 steel/1 M 
HCl`

Mixed-type/
LAI

300 ppm  
91.4%

[73]

TABLE 8.1 (Continued)
An Array of Investigated Pyridines for the Corrosion Protection of Metals in 
Different Media

S/N Pyridine Compound Metal/ 
Electrolyte

Nature of 
Inhibitor

Conc/Max IE Reference

(Continued)
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21.

CPP

CS/1 M HCl LAI 1 mM/ 92.8% [74]

22.

CPYA

MS/1 M HCl Mixed-type/
LAI

4.59 mM/ 96% [75]

23.

PyTA

Cu/1 M HCl Mixed-type/
LAI

1 mM/ 94% [76]

24.

BPDA

MS/0.5 M HCl Mixed-type/
LAI

400 ppm/ 
81.60%

[77]

25.

TPP

MS/1 M HCl Mixed-type/
LAI

0.075/ 90% [78]

26.

BAPN

CS/0.5 M  
H2SO4

Mixed-type/
LAI

5 × 10−4 M/ 
97.45%

[79]

27.

PAPN

CS/0.5  
M H2SO4

Mixed-type/
LAI

5 × 10−4 M/ 
95.43%

[79]

TABLE 8.1 (Continued)
An Array of Investigated Pyridines for the Corrosion Protection of Metals in 
Different Media

S/N Pyridine Compound Metal/ 
Electrolyte

Nature of 
Inhibitor

Conc/Max IE Reference

(Continued)
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some recently conducted studies on the inhibition of metallic deterioration using 
pyridine-based compounds.

It is essential to highlight the efforts of several authors to generate beneficial knowl-
edge on the protection mechanism of pyridine using modern computational meth-
ods. Before synthesis, Zhu et al. [49] carried out a thorough computational analysis 
(DFT and MDS) on the adsorption potential of six pyridine molecules labelled 
A–F on an iron surface. The study concluded that F – (3,4-bis(benzimidazole-
20-yl)pyridine) – demonstrated the best adsorption behaviour and is suitable for 
corrosion protection. After correlating analytical and computational studies, a 
study by Mohamed et al. [50] established that 4-amino-3-choloro-2,5,6-trifluoro-
pyridine (ACTFP) would be an efficient inhibitor of metallic corrosion because the 
obtained high EHOMO indicates its strong potential for electron donation. Mollamin 
and Monjjemi conducted an extensive analytical and computational investigation 
to establish the protection abilities of pyridine compounds for aluminium alloy 
[51]. The potential inhibition action of four pyridine dicarboxylic acids was also 

28.

MAPN

CS/0.5  
M H2SO4

Mixed-type/
LAI

5 × 10−4 M/ 
91.73%

[79]

29.

PIP

MS/1 M HCl Mixed-type/
LAI

10−4 M/ 92% [80]

30.

2PB

API X60 steel/
synthetic  
brine

Mixed-type 2.56 mM/ 
88.30%

[81]

31.

HMAP

MS/ 1 M HCl LAI 0.5 g/L/  
90.80%

[82]

TABLE 8.1 (Continued)
An Array of Investigated Pyridines for the Corrosion Protection of Metals in 
Different Media

S/N Pyridine Compound Metal/ 
Electrolyte

Nature of 
Inhibitor

Conc/Max IE Reference
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assessed via the DFT method at 6-311G (d, p) basis set and the study concluded 
that 2,3-pyridinedicarboxylic acid would act as a high-performing anti-corrosive 
agent [52].

The anti-corrosion potentials of three pyridine-based Schiff bases in gas and 
aqueous phases were probed using three different DFT basis sets. According to the 
study, methyl and chloride substituents increased µ, ΔE, and high total energy (TE) 
which boosted the adsorption properties of the studied pyridines more than the basic 
structure. The study achieved an alignment between the experiment and theoretical 
outcomes. As a result, a new Schiff base with a different moiety was designed and 
its inhibition performance was proposed to be better in the aqueous phase [53]. Ser 
et al. performed a QSAR study on 41 selected pyridine and quinoline molecules used 
as corrosion inhibitors for MS. The authors obtained several DFT and physicochemi-
cal parameters in developing models via genetic algorithm-based techniques [54]. In 
another study, using a genetic algorithm approximation method, the QSPR model 
was developed for 28 pyridine and quinoline compounds. Three variables yielded a 
highly accurate, reliable model for the studied N-heterocycles [55].

Oyeneyin et al. [56] reported the adsorption potentials of six aminopyridine 
Schiff bases using computational techniques. Using DFT 6-31G(d), relevant quantum 
chemical indices were obtained that are employed in model development. MCS was 
adopted to evaluate the interaction energies of the stable configurations of the pyri-
dine inhibitors. Among the tested compounds, N-(5-amino-2-hydroxybenzylidene) 
pyridine-4-amine demonstrated the expected trends affirming it as a high-perform-
ing inhibitor. Moreover, MCS revealed strong metal–inhibitor bonding and stable 
configuration of the inhibiting molecules. Recently, deeper insights into the bonding 
mechanism of 2-pyridylaldoxime (2POH) and 3-pyridylaldoxime (3POH) were pro-
vided by Lgaz et al. [57] using DFT, MDS, and self-consistent charge density func-
tional tight-binding (SCC-DFTB) simulations. The study concluded that the studied 
molecules chemisorbed on the iron metal and that the observed chelating ability was 
due to the hard and soft acid and bases (HSAB) principle and ΔE. Results obtained 
from MDS demonstrated that all neutral and protonated pyridines displayed a paral-
lel adsorption mode on the iron metal.

8.3  INHIBITION OF METALLIC CORROSION 
BY PIPERIDINE DERIVATIVES

The assessment of polar organic inhibitors, including piperidine, as potential chemical 
inhibitors have been documented for over 70 years. One such early study reported by 
Hackerman and Makrides in 1954 probed the inhibitive effects of organic substances 
such as diphenylamine, cyclohexylamine, dicyclohexylamine, aniline, pyridine, and 
piperidine [18]. In a 1973 paper, Aramaki [83] reported the role of stearic hindrances 
on the protection capacities of piperidine derivatives for iron deterioration in 6.1 
M HCl. The study observed an anodic inhibition performance of methyl and ethyl 
substituents of piperidines which correlated with the polar substituent constant, 
molecular coverage area, and steric substituent constant. Furthermore, a cathodic 
inhibition performance was correlated with the dissociation constant. In 1976, 
Ramakrishnaiah and Subramanyan demonstrated from polarization measurements 
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that seven N-heterocycles, including pyridine- and piperidine-based compounds, are 
defective in protecting aluminium from deteriorating in 1 M NaOH. However, their 
inhibition abilities improved upon introducing calcium as a synergistic additive. On 
the other hand, the N-heterocycles were found to greatly deter corrosion in 1 M HCl 
without the need for synergism [20]. Since then, other related works have been docu-
mented in the literature [22, 84].

8.3.1  inHibition of metAllic deGrAdAtion for 
iron-bAsed metAls by piperidines

The degradation of iron-based metals is popularly studied because of its unique 
electrical, mechanical, and physical properties. It has also grown to become the 
most widely utilized metallic material in the metallurgical and material indus-
try. Unfortunately, it suffers from corrosion in the presence of corrosive species. 
In a bid to impede rusting of MS, Khaled et al. studied the effect of piperidine-
based compounds in HCl medium. Piperidine alongside six other derivatives 
were studied using electrochemical and semi-empirical theoretical methods. All 
the tested inhibitors behaved with mixed actions and their adsorption showed a 
good Temkin isotherm fit. In this study, there was no correlation between the 
experimental and theoretical findings, which could be attributed to the complex-
ity of the corrosion phenomenon, particularly the competition for adherence of 
inhibitors at the metal–electrolyte interface [85]. Three newly synthesized pyri-
dine- and piperidine-based compounds were tested and proven to be efficient in 
mitigating MS corrosion in HCl [86]. From WL experiments, the attained opti-
mum concentration of 3.4 × 10−4 M at 303 K yielded excellent IE as shown in the 
reported order: N-PMPPC (80.22%) < N-BPPC (93.40%) < 4-MPPM (95.71%). 
Electrochemical corrosion tests showed the mixed-type effect of the piperi-
dine compounds with a noted preference towards anodic reduction and a single 
charge transfer mechanism. The electron density and spatial configuration of 
4-MPPM, N-BPPC, and N-PMPPC significantly contributed to their adsorption 
capacities on MS.

As part of efforts to promote the utilization of eco-friendly and inexpensive 
materials to protect the dissolution of metals, several studies have examined the 
potential of piperine, a predominant alkaloid isolated from black pepper (Piper 
nigrum) to retard steel corrosion reaction in different electrolytic systems. Piperine 
extracted from black pepper [87] and piperanine, another extract from black pep-
per, was exploited for their anti-corrosive properties towards C38 steel in acid 
using experimental techniques [88]. Both were found to effectively impede steel 
dissolution with an IE exceeding 95% at low amounts. Other authors have explored 
the protection capacities of Piper species for the corrosion protection of metals 
with astounding outcomes [89–93]. Sequel to the experimental studies conducted 
by Dahmani and his team [87, 88], the group performed a DFT investigation on 
the theoretical assessment of the anti-corrosive effect of two piperidine derivatives 
using 6-31 G(d) basis set with obtained results showing remarkable consistency 
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with the experimental outcomes [94]. In another study, the team performed an 
elaborate theoretical investigation into the anti-corrosive potential of three piperi-
dines using the DFT protocol at the B3LYP/LANL2LDZ basis set and MCS. 
Information regarding the most reactive sites of the inhibiting molecules with 
the iron surface and the thermodynamic variables were gleaned from the DFT 
analysis. The calculated interaction energies obtained from MCS aligned with the 
experimental and surface examinations [95].

Senthikumar et al. [96] investigated the protective capacity of three substituted 
piperidin-4-one oxime compounds for MS degradation in HCl using several estab-
lished protocols. Compound I with a methyl group at C-1 of piperidine molecule 
yielded high IE than Compound II and III having dual methyl groups and an isopro-
pyl group, respectively. The depreciation of IE was related to the rise of steric effect 
at C-3 of the piperidine molecule. These compounds were reported as mixed-type 
as they interfered with both electrode reactions at the same time. In this case, the 
adsorption mode was physical adsorption and the mechanism followed Temkin’s 
adsorption isotherm model. From AM1 semi-empirical calculations, the study 
observed that the phenyl rings and N-ring served as the adsorption centres for the 
inhibition phenomenon.

Another study had reported the protection abilities of N-heterocyclic compounds 
for iron degradation in perchloric acid. The study showed retardation of corrosion 
processes at the anode and cathode regions and the experimental data yielded a 
superlative fit with the Langmuir isotherm [97]. The protection capacities of three 
novel piperidine sulfonamide compounds, labelled as FMPPMBS, FMPPNBS, 
and FMPPDBS, towards MS deterioration in acid were examined using WL, EIS, 
PDP, and SEM. According to the obtained impedance outcomes, the IE of the 
studied piperidines followed the order: FMPPDBS (96.9%) > FMPPMBS (94.0%) 
> FMPPNBS (92.10%) and Tafel plots indicated that the piperidines had a mixed 
control on the corrosion process. The obtained IE was correlated to the presence 
of phenyl moieties and increased electron density in the chemical structure of the 
substituted piperidines. The adsorption study showed the obtained data accurately 
aligned with the Langmuir isotherm. The experimental and analytical study was 
complemented with a theoretical investigation carried out using different semi-
empirical techniques [98]. Kaya et al. further carried out an insightful computa-
tional analysis of the aforementioned piperidine sulfonamides using MDS, HF, and 
DFT with different basis sets and delineated the mechanism of action of the studied 
pyridine derivatives [99]. Table 8.2 summarizes other cases of iron-based corrosion 
inhibition in various media using piperidines.

8.3.2  inHibition of metAllic deGrAdAtion for non-ferrous  
metAls by piperidines

Literature reports on the exploitation of piperidine-based plant materials as chemical 
additives for effective corrosion control of non-ferrous metals and alloys in corro-
sive electrolytes are quite limited [100–102]. A prominent work in this regard was 
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TABLE 8.2
A List of Piperidines Utilized in the Corrosion Protection of Different Metals 
in Corrosive Solutions

S/N Piperidine Metal/
Electrolyte

Nature of  
Adsorption

Conc/Max IE Reference

1.

NPD

Soft cast  
steel/1  
M HCl

Freundlich/
mixed-type

100 ppm/ 
93.85%

[108]

2.

MDPO

MS/1 N 
H2SO4

Temkin/ 
cathodic-type

20 mM/  
90.30%

[109]

3.

N-OPEP

MS/1 M HCl Langmuir/ 
mixed-type

500 ppm/  
91.8%

[110]

4.

MFPP

MS/1 M HCl Langmuir/ 
mixed-type

1000 ppm/ 
96.4%

[111]

5.

NPB

MS/1 M HCl Langmuir/ 
mixed-type

0.5 mM/  
96.80%

[112]

6.

PMBP

N80 steel/15% 
HCl

Langmuir/ 
mixed-type

64.6 × 10−5 M/ 
91.70%

[113]

7.

F1

MS/0.5 M 
HCl

Langmuir/ 
mixed-type

0.4 mM/  
96.10%

[114]

(Continued)
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reported by Cai et al. [103] where amide alkaloids, including a piperidine compound, 
piperine, pipernonatine, and piperanine, were extracted from Piper longum L., a 
local Chinese medicine peppers, and examined for their corrosion protection ability 
of copper in HCl. Piperine showed the best adsorption property on copper than the 
other isolated compounds owing to its relatively shorter carbon length and additional 
double bond.

8.

F2

MS/0.5 M 
HCl

Using a genetic 
algorithm 
approximation 
method, the QSPR 
model was 
developed for 28 
pyridine and 
quinoline 
compounds

Using a genetic 
algorithm 
approximation 
method, the 
QSPR model 
was developed 
for 28 pyridine 
and quinoline 
compounds

[114]

9.

F3

MS/0.5 M 
HCl

Using a genetic 
algorithm 
approximation 
method, the QSPR 
model was 
developed for 28 
pyridine and 
quinoline 
compounds

Using a genetic 
algorithm 
approximation 
method, the 
QSPR model 
was developed 
for 28 pyridine 
and quinoline 
compounds

[114]

10.

CYH

MS/0.5 M 
H2SO4

Using a genetic 
algorithm 
approximation 
method, the QSPR 
model was 
developed for 28 
pyridine and 
quinoline 
compounds

Using a genetic 
algorithm 
approximation 
method, the 
QSPR model 
was developed 
for 28 pyridine 
and quinoline 
compounds

[115]

11.

AAI-3

MS/1 M HCl Langmuir/ 
mixed-type

0.689 mM/ 
97.78%

[116]

TABLE 8.2 (Continued)
A List of Piperidines Utilized in the Corrosion Protection of Different Metals 
in Corrosive Solutions

S/N Piperidine Metal/
Electrolyte

Nature of  
Adsorption

Conc/Max IE Reference
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In another study, Khaled studied nickel corrosion in the presence of four piperi-
dine compounds using theoretical and electrochemical test methods [104]. The stud-
ied piperidine inhibitors repressed nickel corrosion in 1 M HNO3 at both electrode 
areas, thus acting as mixed-type compounds. Increase in the amount of piperidines 
in HNO3 correspondingly amplified the thickness of the electric double layer and 
the inhibition potencies of the pyridines. Both electrostatic adsorption and chemi-
cal adsorption were found to be responsible for the effective adherence of the tested 
compounds on the metal. As per the theoretical explanation, 4-methyl pyridine (4mp) 
which had the highest EHOMO and ΔN values was found to be the best inhibitor candi-
date. The study successfully established that inhibition potency depends not only on 
molecular size/structure, but also on the nature of the metal under study. Other stud-
ies have documented the protection performance of piperidine-based inhibitors on 
Cu in 1.5% NaCl medium [105], Cu in brass in natural water [106], and Zn–Al–Cu 
alloys in HCl [107].

8.4 SUMMARY AND CONCLUSIONS

This chapter has successfully established the potentials of pyridine and piperi-
dine compounds to inhibit metallic degradation in various metals/alloys and 
electrolytic solutions. The influence of polar substituents either as electron-with-
drawing or electron-donating has been shown to display high inhibition potency 
than non-substituted pyridine and piperidine. These N-heterocyclic compounds 
have demonstrated abilities to adsorb on metal surfaces and displace water mol-
ecules to proffer corrosion protection to the metal under study. Electrochemical 
studies demonstrated that the inhibitors often possess mixed inhibitive action on 
the anodic and cathodic regions as well as simple charge transfer mechanism. 
In many cases, their mode of adsorption was found to comply with the famous 
Langmuir adsorption isotherm model and the mechanism of action often involve 
both physisorption and chemisorption. Interesting highlights on the donor–metal 
interaction of the inhibitor molecules have become clarified using computational 
techniques. As per the literature review, there is need for further investigations 
and exploitations on both compounds to have richer understanding of their inhibi-
tion mechanism.
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9.1  PYRROLE-, PYRROLIDINE- BASED CORROSION  
INHIBITORS

Pyrrole and pyrrolidine compounds are important heterocyclic structures contain-
ing nitrogen atoms. The pyrrole molecule is a heterocyclic aromatic compound with 
the formula C4H4NH. It is a volatile liquid purified before use, usually darkening 
immediately when left in the open air. The pyrrolidine molecule is a heterocyclic 
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secondary amine derivative with the formula (CH2)4NH. This molecule, called tet-
rahydropyrrole, is a colorless liquid that forms a homogeneous mixture of water 
and many organic solvents. Because of their biological and medicinal significance, 
these quintuple-ring heterostructures have been the topic of several investigations 
[1, 2]. Chlorophyll, hemoglobin, myoglobin, and cytochrome molecules are natu-
ral pyrrole derivatives. These compounds, which have vital functions in living sys-
tems, are metal complexes of pyrrole. Pyrrole compounds attract attention with their 
roles in photosynthesis, oxygen transport, and redox cycle reactions [3–5]. Nicotine, 
scalusamide, bgugaine, d-ribitol, and aegyleptolidine compounds are biologically 
active natural pyrrolidine analogues. Pyrrole and pyrrolidine analogues are included 
in the structure of many medicinal drugs as active ingredients. They are popular 
compounds in therapeutic applications with their antitumor, anti-tuberculosis, anti-
viral, antibiotic, anti-inflammatory, and cholesterol-lowering effects (Figure 9.1) [6].

Another area where pyrrole and pyrrolidine compounds are widely used is cor-
rosion, which causes high costs in the industry. An organic corrosion inhibitor’s 
efficiency is governed by its functional groups, molecular geometry, steric consid-
erations, and the planarity of the aromatic structure, and these inhibitors typically 
work by surface adsorption. The temperature and acid concentration of the corrosive 
environment, as well as the composition of the metal, all influence the course of the 
corrosion event. One of the important variables used to control corrosion parameters 
is the concentration of organic compounds used as corrosion inhibitors. Inhibitors 
against corrosion must have rings of varying sizes, such as macrocyclic compounds, 
or exhibit superior surface coating properties with their π-bonds and heteroatoms 
[7]. These compounds have been chosen as corrosion inhibitors because they contain 

FIGURE 9.1 Some representative examples of pyrrole and pyrrolidine derivatives.
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numerous π-electrons and heteroatoms, which produce greater adsorption on the 
steel surface than other organic inhibitors [8, 9].

Copper metal is utilized in heat conductors, pipe manufacturing, alloy materials, 
heat exchangers, and a variety of other industrial uses. The easy processing of cop-
per, the advantages of its electrical and thermal properties, its relatively low cost, and 
its resistance to many corrosive chemicals are among the most important reasons 
why it is preferred for industrial use. It is particularly resistant in corrosive environ-
ments such as sodium carbonate and diluted mineral acid solutions. It is, neverthe-
less, sensitive in corrosive settings with various types of abrasives. To strengthen 
the resilience of copper metal in corrosive settings, heterocyclic compounds are 
favored as corrosion inhibitors. It is also possible to use these inhibitors together with 
surfactants. Surfactants are functional structures containing non-polar hydrophobic 
groups and polar hydrophilic groups. These compounds provide wide surface cov-
erage with the long hydrocarbon chain they have and offer significant advantages 
for the prevention of corrosion. The multiple active centers contained in the surfac-
tant facilitate the surface interaction in the adsorption event. Gopi et al. investigated 
the corrosion inhibitory properties of 1-(2-pyrrole carbonyl)benzotriazole (Pr1) and 
1-(2-thienyl carbonyl)-benzotriazole (TBTA) compounds by using them together with 
sodium dodecyl sulfate (SDS) surfactant and molybdate (Figure 9.2). Studies on cop-
per metal corrosion at various temperatures have been conducted in groundwater. 
When combined with SDS and molybdate, the synthetic TBTA and Pr1 compounds 
were discovered to be effective corrosion inhibitors for copper in groundwater [10]. 
Gopi et al. investigated compound Pr1 as a mild steel (MS) corrosion inhibitor in 
groundwater in another study. The efficiency of Zn2+, 3-phosphonopropionic acid 
(3-PPA), and Pr1 alone and in combination to prevent corrosion was evaluated. 
Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 
measurements were performed. Studies on the surface of MS immersed in the Pr1 + 
Zn2 + 3-PPA system revealed that the benzotriazole derivative and Fe(II)–phospho-
nate complex were adsorbed [11].

Verma et al. examined how MS corrosion in 1 M HCl was affected by pyrrole-
4-carbonitrile compounds (Pr2–Pr4). Acetophenone derivatives (1 equiv.), thiophe-
nol (2 equiv.), and malononitrile (2 equiv.) were reacted in a one-step multicomponent 
coupling reaction with water as the solvent and triethyl amine as the catalyst to create 

FIGURE 9.2 Chemical structure of benzotriazole, 1-(2-pyrrole carbonyl) benzotriazole 
(Pr1), 1-(2-thienyl carbonyl)-benzotriazole (TBTA), and sodium dodecyl sulfate (SDS) 
surfactant.
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the Pr2–Pr4 used in this study (Scheme 9.1). The effect of the obtained compounds 
on corrosion was investigated experimentally and theoretically and it was found 
that the concentration increases the effectiveness of inhibition. Surface morphol-
ogy investigations included atomic force microscopy (AFM) and scanning electron 
microscopy (SEM). It was discovered that Pr2–Pr4 adsorbed on the metal surface 
and stopped MS corrosion in 1 M HCl, with the optimum inhibition efficacy occur-
ring at a concentration of 50 mg L−1. The heteroatoms in the inhibitor’s structure can 
be neutral or protonated (cationic); they can be easily protonated in a hydrochloric 
acid solution. Pr2–Pr4 were also discovered to be anodic-type inhibitors, with inhi-
bition efficacy increasing with the amount of electron-donating ─OH groups [12].

Multicomponent reactions (MCR) can be used to create pyrrole derivatives by 
combining three or more starting components. For this purpose, pyrrole deriva-
tives can be obtained whenever 1,3-dicarbonyl compounds, amines, aldehydes, and 
nitroalkanes are used. Louroubi et al. used this method to synthesize pyrrole deriva-
tives (Pr5–Pr7; Figure 9.3) and evaluated them as corrosion inhibitors. According 

SCHEME 9.1 Synthesis of amino pyrrole derivatives.

FIGURE 9.3 Chemical structures of (Pr5–Pr7) pyrrole derivatives.
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to the findings of the experiments, pyrrole derivatives are adsorbed on the steel sur-
face and prevent corrosion. The steel surface’s unoccupied d-orbital and the inhibi-
tor’s heteroatom’s lone-pair electron interact as donors and acceptors throughout this 
adsorption phase. In 1 M HCl solution at 10−3 M, the inhibition efficiency of potential 
corrosion inhibitor compounds for S300 steel ranged from 82% to 96%. The correla-
tion between the density functional theory (DFT) and electrochemical results was 
more than 99%. It has been established that the pyrrole chemical investigated effi-
ciently blocks the active areas on the surface of steel S300. Furthermore, Hirshfeld 
surface analysis studies together with electrostatic potential surfaces (EPS) studies 
have provided important data in explaining the corrosion efficiency of the inhibitor’s 
active sites [13, 14].

Kassim et al. employed the linear polarization resistance (LPR) technique to 
evaluate the inhibitory influence of pyrrole in the presence of methyl ethyl ketox-
ime (MEKO) and erythorbic acid (EA) (Figure 9.4) on carbon steel corrosion under 
static circumstances of 3.5 wt% NaCl solution. When different concentrations of 
MEKO and EA were added to the brine environment, the number of oxygen scav-
enger molecules in the solution was depleted and the corrosion rate decreased. This 
study demonstrated that combining pyrrole with oxygen scavengers (MEKO, EA) 
enhances inhibitory efficacy because of the multiple effects of effective corrosion 
inhibition [9].

Zarrouk et al. synthesized 1-phenyl-1H-pyrrole-2,5-dione (Pr8) and 1-(4-methylphenyl)-
1H-pyrrole-2,5-dione (Pr9) (Figure 9.5) compounds and described these chemicals’ 
corrosion inhibiting properties in 1 M HCl solution of carbon steel. These studies 
conducted experiments at 35 °C with weight loss, PDP, and EIS methods. It was con-
cluded that Pr8 and Pr9 showed excellent inhibition for carbon steel at 1 M HCl at 
308 K. While the potentiodynamic polarization curves show that inhibitors prevent 
metal dissolution, Langmuir adsorption isotherms proved that the adsorption mecha-
nism on the carbon steel surface is due to chemical adsorption. Data obtained by 

FIGURE 9.4 Chemical structures of methyl ethyl ketoxime (MEKO) and erythorbic acid 
(EA).

FIGURE 9.5 Chemical structures of 1-phenyl-1H-pyrrole-2,5-dione (Pr8) and 
1-(4-methylphenyl)-1H-pyrrole-2,5-dione (Pr9).
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X-ray photoelectron spectroscopy (XPS) support the adsorption of pyrrole-derived 
compounds on carbon steel surfaces [8].

Guo et al. investigated the effects of three heterocyclic compounds thiophene, 
pyrrole, and furan with the Fe(110) surface by DFT calculations. Theoretical calcula-
tions have shown that the inhibitory activities of these inhibitors containing heteroat-
oms increase in the order of O < N < S [15].

Charles et al. synthesized and characterized four pyrrole-derived Schiff base 
compounds and investigated their inhibitory activities against MS corrosion in 0.1 
M HCl medium. The synthesized compounds are respectively N-((1H-pyrrol-2-yl)
methylene)aniline (Pr10), N((1H-pyrrol-2-yl)methylene)-4-methylaniline (Pr11), 
N-((1H)-pyrrol-2-yl)methylene)-4 methoxyaniline (Pr12), and N-((1H-pyrrol-2-yl)
methylene)-3,5-dimethylaniline (Pr13) (Figure 9.6). Among the Schiff base com-
pounds tested, the molecule with the strongest inhibitory effect was the compound 
with a methoxy group on the aromatic ring (Pr12). In this case, the inhibitor has 
significant adsorption characteristics on the steel surface due to the methoxy group, 
which raises the electron density in the aromatic ring with its electron donor feature 
and activates the ring [16].

On metal surfaces, corrosion typically takes place in environments with oxy-
gen and moisture. Electrochemical reactions take place in the anodic and cathodic 
regions while corrosion occurs. The reduction process occurs in the cathodic region, 
whereas the oxidation reaction occurs in the anodic region. Acidic corrosion media 
typically lead to hydrogen formation reactions. Corrosion inhibitors reduce or stop 
corrosion by affecting these reactions in anodic and cathodic regions. We can clas-
sify inhibitors into three groups according to their electrochemical behavior:

i. Anodic inhibitors
ii. Cathodic inhibitors

iii. Mixed inhibitors

To briefly mention them, the first of these is anodic inhibitors, also called pas-
sivating inhibitors. These increase the anodic polarization, and consequently move 

FIGURE 9.6 Chemical structures of N-((1H-pyrrol-2-yl)methylene)aniline (Pr10), N((1H-
pyrrol-2-yl)methylene)-4-methylaniline (Pr11), N-((1H)-pyrrol-2-yl)methylene)-4 methoxy-
aniline (Pr12), and N-((1H-pyrrol-2-yl)methylene)-3,5-dimethylaniline (Pr13).
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the corrosion potential in the cathodic direction. These often lower corrosion rates 
by producing a protective coating or barrier on the metal surface [17]. Cathodic 
inhibitors prevent corrosion by reducing the rate of reduction in the electrochemical 
corrosion cell. The slowdown in corrosion occurs when cations move toward the 
cathode surfaces where they precipitate chemically or electrochemically, and the 
cathode surfaces are blocked. Cathodic inhibitors shift the corrosion potential to 
the anodic direction [18]. Mixed inhibitors have both anodic and cathodic inhibitor 
characteristics and delay both anodic and cathodic processes involved in the corro-
sion process. These inhibitors are generally film-forming compounds that indirectly 
block both anodic and cathodic sites and cause the formation of precipitates on the 
surface. The benefits of such inhibitors include the ability to regulate both cathodic 
and anodic corrosion processes [19].

The compound N-(1H-pyrrole-2-ylmethylidene)-2,3-dihydro-1,4-benzodioxin-6-
amine (Pr14) was synthesized by Pandimuthu et al. The inhibitory effect of this 
pyrrole derivative on MS corrosion in HCl (1.0 M) and H2SO4 (0.5 M) environments 
was investigated by impedance and polarization tests. It has been stated that increas-
ing the concentration in acidic environments increases the inhibition efficiency: 600 
ppm inhibitor concentration showed 81.6% inhibitory efficiency in 0.5 M H2SO4. In 
1.0 M HCl medium, it was observed that it reached 84.2% inhibitory efficiency. It 
was stated that Pr14 is a mixed inhibitor with Tafel polarization curves, and the mor-
phology of the steel surface examined by SEM and AFM techniques also supports 
the chemical adsorption mechanism [20].

Alamiery et al. synthesized the molecule N′-(1-phenylethylidene)-4-(1H-pyrrol-
1-yl)benzohydrazide (Pr15) using acetophenone and 4-(1H-pyrrol-1-yl)benzohydra-
zidine compounds. Its effectiveness as a corrosion inhibitor for carbon steel in a 
solution of 1 M hydrochloric acid was tested. Where the maximum inhibitory effi-
cacy was achieved at 500 ppm concentration (94.5%), it was observed that a pro-
tective adsorption layer was formed on the low-carbon steel surface, which was 
consistent with the Langmuir adsorption isotherm. DFT calculations, gravimetric 
analyses, and SEM images provided evidence supporting the inhibitory property of 
the synthesized molecule [21].

As an organic coating for corrosion protection, polypyrrole has significant advan-
tages. The good adhesion to metal surfaces, lower toxic effect compared to other 
paints, good corrosion resistance, synthesis ability, and high conductivity of poly-
pyrrole provide significant advantages. Furthermore, conductive polymer films pro-
vide significant corrosion resistance by catalyzing the passivation of rusting metal. 
Corrosion studies involving electrochemical pyrrole coating on metal surfaces are 
becoming increasingly important. Asan et al. investigated the corrosion resistance of 
polypyrrole coating on MS in 0.1 M hydrochloric acid medium. It was investigated 
how the corrosion resistance of the coating was changed by adding MoS2 to the coat-
ing solutions. It was determined by the Tafel polarization method that the corrosion 
resistance of polypyrrole coatings with MoS2 additives increased and it was stated 
that the MoS2 additive made the coating surface impermeable. It was explained 
that the corrosion potential of the steel shifted to positive and the oxidation current 
decreased, and the MoS2 additive had a significant effect on the polypyrrole coating 
[22]. El Jaouhari et al. performed corrosion tests by coating polypyrrole films on 
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carbon steel in sodium saccharinate aqueous medium. The corrosion resistance of 
the coating was measured in 3% sodium chloride solution by electrochemical meth-
ods. X-ray photoelectron spectroscopy (XPS) and SEM analyses showed smooth and 
homogeneous coating on the carbon steel surface [23].

In order to prevent corrosion by polymer coating, Lallemand et al. electrochemi-
cally polymerized the compounds 1-dodecylpyrrole (Pr16) and 12-(pyrrole-1-yl)
dodecane-1-thiol (Pr17) on nickel metal (Scheme 9.2). Various spectroscopic and 
microscopic techniques were used to analyze the chemical composition and topog-
raphy of the surface. It has been observed that Pr16 polymer coating formed on the 
nickel surface reduces the anodic dissolution rate of the nickel electrode negligibly 
with the barrier it creates against corrosion [24].

Lebrini et al. investigated the corrosion inhibitory properties of 2-amino-1-(4-
aminophenyl)-1H-pyrrolo(2,3-b)quinoxaline-3-carbonitrile (Pr18) (Figure 9.7) on 
C38 steel. In corrosion tests in HCl medium, impedance data showed that there was 
adsorption at the metal–electrolyte interface; polarization studies showed that the 
pyrrole derivative compound works as a mixed inhibitor. The Langmuir adsorption 
isotherm and XPS data both have been used to demonstrate that physical adsorption 
and chemical absorption, respectively, occur on the surface of steel [25].

Gadow et al. synthesized pyrrole derivatives as corrosion inhibitors for carbon 
steel in a 1.0 M HCl solution (Figure 9.8). The results of potentiodynamic polar-
ization, EIS, and electrochemical frequency modulation (EFM) in the corrosive 
medium proved that the inhibitors showed mixed inhibitory properties. Pr20 showed 
the best corrosion activity with a value of 82.8% in 1 × 10−6 M. Electrochemical mea-
surement results showed that inhibitor compounds were adsorbed on the carbon steel 

SCHEME 9.2 Synthesis of 1-dodecylpyrrole derivatives.

FIGURE 9.7 Chemical structures of 2-amino-1-(4-aminophenyl)-1H-pyrrolo(2,3-b)quinox-
aline-3-carbonitrile (Pr18).
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surface by chemisorption mechanism and their adsorption behavior was compatible 
with Langmuir adsorption isotherm [26].

Thin coatings made of conductive polymers form protective layers against corrosion, 
and the conductive polymer’s potentials provide anodic protection effects. Adamczyk 
et al. coated stainless steel with poly(3,4-ethylenedioxythiophene)-based composite coat-
ings in the presence of 4-(pyrrol-1-yl)benzoic acid (Pr23) (Figure 9.9) and phosphodode-
camolybdic acid (PMo12). The production of the obtained composite coating resulted in 
very effective results against pitting corrosion in a strongly acidic environment contain-
ing chloride anions. According to reports, the pyrrole additive in conductive polymer 
coatings is important in protecting steel in extremely corrosive environments [27].

Dithiocarbamates, which are considered green corrosion inhibitors, may be readily 
adsorbed on the metal surface. These compounds have excellent chelation ability with 
metal ions due to their sulfur and nitrogen atoms. In this respect, compounds contain-
ing dithiocarbamate functional groups attract attention as important structures in the 
protection of alloys in corrosive environments. Bagherzadeh et al. studied the corrosion 
of Monel alloy in a 5% HCl solution. The efficiency of the pyrrolidine dithiocarboxyl-
ate (Pr24) (Figure 9.10) molecule by self-adsorption on the Monel surface was investi-
gated, and electrochemical data revealed that the corrosion rate was reduced [28].

FIGURE 9.8 Chemical structures of pyrrole derivatives (Pr19–Pr22).

FIGURE 9.9 Chemical structures of 4-(pyrrol-1-yl)benzoic acid (Pr23).

FIGURE 9.10 Chemical structures of pyrrolidine dithiocarboxylate (Pr24–Pr26).
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Qafsaoui et al. investigated the corrosion inhibitory effect of 1-pyrrolidine 
dithiocarbamate (Pr25) on copper metal. It has been stated that this study is a 
preliminary study for the protection of Al alloys and was carried out in 0.5 M NaCl 
medium and three different inhibitor concentrations. Experimental data showed 
that Pr25 has a protective effect against corrosion by reducing the anodic dissolu-
tion and oxygen reduction reaction. It has been said that corrosion inhibition occurs 
as a result of the development of stable compounds on the copper surface [29]. In 
another study, the effect of 1-pyrrolidine dithiocarbamate (Pr25) on the galvanic 
bonding resistance of AA 2024-T3 alloy in NaCl environment was investigated by 
Qafsaoui et al. Based on electrochemical, gravimetric, and surface analysis tests, 
Pr25 forms an adsorbed film by forming the CuI–PDTC complex and protects 
against corrosion by reducing alloy reactivity [30].

Zhang et al. investigated the effect of ammonium pyrrolidine dithiocarbamate 
(Pr26) on the corrosion of copper surface in a 3% NaCl solution. Optimum con-
ditions for self-assembling monolayers (SAMs) of Pr26 have been determined. 
It was observed that the maximum inhibition efficiency reached 98.7% under the 
conditions of 8-hour immersion time of the corrosion inhibitor and 1 mmol L−1 
inhibitor concentration. The adsorption of Pr26 on the copper surface was sup-
ported by infrared spectrum and energy dispersive spectroscopy analyses. In 
addition, theoretical studies have shown that the sulfur atoms in the inhibitor 
are the most active adsorption sites. Electrochemical measurements indicate 
that Pr26 SAMs act as a mixed-type inhibitor, conducive to the suppression of 
anodic oxidation and cathodic reduction reactions [30]. In addition, Al-Rawajfeh 
et al. studied Pr26 corrosion inhibition in steel water pipes used in the Jordan 
National Water Supply Network (JNWSN) in various corrosive environments. 
Variables in the experimental studies included aggressive solution concentration, 
Pr26 concentration, and immersion time. The inhibitory effectiveness decreases 
as the concentration of the corrosive solution increases, and the inhibitory effec-
tiveness changes in direct proportion to the inhibitor concentration and immer-
sion time [31].

Haque et al. synthesized quaternary ammonium compounds, including 
pyrrolidine and propargyl substituent and hydrophobic alkyl groups, and per-
formed corrosion studies on MS at 1 M HCl. The corrosion studies of N,N-
dipropargylpyrrolidium bromide (Pr27), N-dodecyl, N-propargylpyrrolidium 
bromide (Pr28), and N-hexadecyl, N-propargylpyrrolidium bromide (Pr29) 
(Figure 9.11) compounds were shown to exhibit very good inhibitory properties 
in yields ranging from 92.6% to 96.2%. Electrochemical studies have shown that 
Pr27 and Pr28 encoded compounds act as mixed-type inhibitors, while Pr29 
acts as a cathodic inhibitor. The findings from UV-vis, SEM, and XPS analyses 
to determine surface morphology support the adsorption of compounds on the 
surface of MS. Furthermore, theoretical studies (DFT analysis) on the molecular 
structure and corrosion inhibitor properties of the inhibitors were stated to sup-
port the experimental data [32].

Bouklah et al. looked into the corrosion-inhibiting capabilities of pyrrolidin-2-one 
derivatives (Pr32–Pr33) (Figure 9.12) for steel in a corrosive medium containing 0.5 
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M H2SO4. In addition, the inhibitory properties of the synthesized compounds were 
compared with the reagents 1-vinylpyrrolidin-2-one (Pr30), 2-mercaptoethanol, and 
mercaptoacetic acid compounds. According to the weight loss tests, Rp polarization, 
and impedance measurements, it was stated that Pr31 and Pr32 molecules showed 
cathodic inhibitor properties and were adsorbed on the steel surface. In particular, 
it was indicated that Pr32 demonstrated inhibitory effectiveness, with a maximum 
value of 89% at 5 × 10−3 M concentration [33].

Verma et al. synthesized three 3-amino alkyl substituted indole derivatives. It 
was stated that the pyrrolidine derivative 3-(phenyl(pyrrolidin-1-yl)methyl)-1H-in-
dole (Pr33), one of the synthesized compounds, inhibited MS corrosion with a 
96.08% efficiency in a 1 M HCl environment, and the efficiency improved with 
increasing concentration. The inhibitor adsorbs on the surface of the steel and acts 
as a cathodic inhibitor. The SEM and AFM data obtained for the surface mor-
phology also showed that the adsorbed film formed on the steel surface and the 
adsorption followed the Langmuir isotherm. In addition, theoretical data obtained 
from quantum chemical calculations and dynamic simulation studies support the 
inhibition activities of the molecule. It has also been theoretically investigated that 
the coating on the MS surface is related to the increase in molecular volume in the 
inhibition mechanism [34].

Jeeva et al. investigated the corrosion inhibitor properties of pyridine-tethered 
Mannich base compounds in 1.0 M hydrochloric acid (HCl) solution for MS. Among 
the compounds studied, the pyrrolidine derivative, and 1-(pyridin-4-yl (pyridin-1-yl)

FIGURE 9.11 Chemical structures of N,N-dipropargylpyrrolidium bromide (Pr27), 
N-dodecyl, N-propargylpyrrolidium bromide (Pr28), and N-hexadecyl, N-propargylpyrrolidium 
bromide (Pr29).

FIGURE 9.12 Chemical structures of pyrrolidin-2-one derivatives (Pr32–Pr33).
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methyl)urea (Pr34) (Figure 9.13), was found to be a mixed-type inhibitor with domi-
nant control of the anodic reaction, preventing corrosion via physisorption and che-
misorption mechanisms. SEM micrographs revealed that a good protective film was 
formed on the MS surface, while DFT calculations revealed that the inhibitor’s het-
eroatoms and bonds aided in film formation [35].

Jeeva et al. also investigated the compound 1-((pyridin-2-ylamino)(pyridin-4-yl)
methyl)pyrrolidin-2,5-dione (Pr35), which is a Mannich base synthesized using 
succinimide, 2-aminopyridine, and pyridine-4-carboxaldehyde reagents in equiva-
lent stoichiometric ratios and characterized. The corrosion inhibitory properties of 
the Pr35 compound were studied on MS in a 1.0 M HCl medium. The inhibitor is 
an excellent mixed-type inhibitor that controls the cathodic process and obeys the 
Langmuir adsorption isotherm, according to the experimental data. In addition, it 
has been suggested that adsorption is physical adsorption with FTIR, SEM-EDX, 
and AFM analyses and DFT calculations to get an idea about the mechanism of the 
corrosion prevention process [36].

In another study, Zhan and colleagues synthesized and characterized the Mannich 
base 1-phenyl-3-(1-pyrrolidinyl)-propanone (Pr36) using acetophenone, pyrrolidine, 
and formaldehyde reagents. Corrosion studies were carried out for N80 steel of this 
synthesized compound in 15% hydrochloric acid (HCl) environment. The results 
showed that Pr36 had excellent corrosion inhibition in a 15% HCl environment. It 
was stated that Mannich base tested as a corrosion inhibitor showed 99.8% corrosion 
inhibition at 0.6% inhibitor concentration. According to the corrosion test results, it 
has been suggested that Pr36 can be used as an effective inhibitor against corrosion 
in oil wells [37].

In an acidic medium, the corrosion inhibitor properties of the 2-pyrrolidin-
1-yl-1,3-thiazol-5-carboxylic acid (Pr37) (Figure 9.14) compound were investi-
gated. Corrosion studies included electrochemical tests, SEM analyses for surface 

FIGURE 9.13 Chemical structures of 1-(pyridin-4-yl (pyridin-1-yl)methyl)urea (Pr34), 
1-((pyridin-2-ylamino)(pyridin-4-yl)methyl)pyrrolidin-2,5-dione (Pr35), and 1-phenyl-3-(1-
pyrrolidinyl)-propanone (Pr36).

FIGURE 9.14 Chemical structures of 2-pyrrolidin-1-yl-1,3-thiazol-5-carboxylic acid (Pr37).
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morphology, and theoretical calculations. According to experimental and theoretical 
investigations, Pr37 suppresses both anodic and cathodic corrosion processes, and 
physical adsorption occurs on the MS surface. Furthermore, at 0.1 M HCl condi-
tions, Pr37 was shown to be an excellent mixed-type inhibitor for preserving MS 
against corrosion [38].

9.2 PYRIDAZINE-BASED CORROSION INHIBITORS

Pyridazine is pyridine-like aromatic heterocyclic organic compound, also known as 
diazine. It has two nitrogen atoms in the six-membered ring and there are three dia-
zine isomers. If these atoms are in positions 1 and 2, they are named “pyridazine”; 
in positions 1 and 3, they are named “pyrimidine”; and in positions 1 and 4, they are 
named “pyrazine” (Figure 9.15).

Pyridazine is a planar molecule with an N─N bond in its ring structure. While 
pyridazines were first named by Knorr, the first samples were synthesized by 
Fischer. However, Tauber was the first to synthesize unsubstituted pyridazine 
[39]. Since the pyridazine molecule is basic and aromatic like pyridine, it is eas-
ily soluble in water compared to hydrocarbons. The chemical activity of adjacent 
nitrogen atoms in the pyridazine ring offers unique chemistry for this compound. 
This allows pyridazines to interact with suitable substrates with acidic functional 
groups to form supramolecular complexes [40]. They are also of great interest 
in the field of medicine and pharmacy such as antiviral, antibacterial, antibiotic, 
anticancer, antidiabetic, antidepressant, etc. [41]. It is also possible to see the struc-
ture of pyridazine in the structure of some compounds used as herbicides [42]. 
Pyridazines also have characteristic properties such as good resistance at room 
temperature, low density, as well as electrical conductivity properties [43]. They 
can also be used to produce thin coatings on the surface of metals. Because of 
the aforementioned electrical qualities, pyridazine compounds have recently found 
application as corrosion inhibitors. In this section, information about pyridazine 
compounds used as corrosion inhibitors will be given.

Pyridazine compounds used as corrosion inhibitors are generally seen to be 
derivatized in three different ways. These are the replacement of substituents in the 
ring, the attachment of a different heteroaromatic ring to the pyridazine ring, or 
the use of condensed ring systems. The selection of substituent and aromatic ring 
systems is selected by considering factors affecting corrosion such as heteroatom, 
conjugation, and π system.

FIGURE 9.15 Chemical structures of 1,2-, 1,3-, and 1,4-diazines.
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Pyridazin-4-ylmethylamine (Pz1), pyridazin-3-ylmethylamine (Pz2), and 3-amino-
6-methylpyridazine (Pz3) (Figure 9.16) are the three isomers of the aminomethyl 
pyridazine compound. The anticorrosion properties of these three compounds were 
investigated by Mashuga et al. [44]. PDP, electrochemical EIS, and computational 
techniques were used to investigate the inhibitory effects of these chemicals on MS 
in a 1 M HCl environment. According to the results of the experiments, the inhibitor 
molecules are adsorbed on the steel surface via coordinating covalent bonds estab-
lished between Fe and the atoms (C and N) in the molecule.

Molecules adsorbed on the steel surface both chemical and physical adsorption 
mechanisms in hydrochloric acid follow to Langmuir and Temkin adsorption iso-
therms. Increasing the amount of inhibitor caused a decrease in the amount of corro-
sion. Based on the experimental data and DFT calculations, the corrosion inhibition 
mechanism for the investigated Pz molecules is as follows: First, the neutral mol-
ecule is absorbed on the metal surface. This absorption is caused by the interaction 
of the p-orbitals of the nitrogen atoms or electrons of the pyridazine ring with the 
4d-orbitals of the Fe. Later, the Fe surface usually has positive charges as a result of 
the oxidation of Fe to Fe2+. The positively charged Fe surface can bind with Cl− ions, 
the source of which is acid. By the way, the inhibitors are found in a protonated state. 
We can schematize this event as follows:

As a result of the PDP experiments, Pz1 and Pz2 were shown to have more anodic 
effects, whereas Pz3 was found to have more cathodic inhibitive effects.

Three 3-chloropyridazine derivatives (Pz4–Pz6) (Figure 9.17) were tested for 
their potential to the protection of the MS surface and inhibit MS corrosion in 1 M 

FIGURE 9.16 Chemical structures of pyridazin-4-ylmethylamine (Pz1), pyridazin-3-yl-
methylamine (Pz2), and 3-amino-6-methylpyridazine (Pz3).

FIGURE 9.17 Chemical structures of 3-chloropyridazine derivatives (Pz4–Pz6).
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HCl solution [45]. Corrosion tests were carried out using PDP and EIS techniques. 
FTIR spectroscopy was used to explore the interactions of pyridazine molecules 
with MS.

In general, organic inhibitors prevent corrosion in aqueous solution by adsorbing 
organic molecules onto the metallic surface. Water and organic molecules in the 
solution form a semi-equilibrium. Organic molecules likely to remove water mol-
ecules from the metal–electrolyte contact and adsorb to active sites on the metal sur-
face. In order to determine the adsorption mode of the studied pyridazine molecules, 
the compatibility of the experimental surface coverage values with isotherms such as 
Langmuir, Temkin, Frumkin, and Freundlich was examined and it was determined 
that these values matched the Langmuir adsorption isotherm.

The linear form of the Langmuir adsorption isotherm can be expressed by the 
following equation:
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where Cinh is the concentration of the inhibitor, θ is the surface coverage (θ = %IZ/100), 
and Kads is the adsorption equilibrium constant.

Gibb’s adsorption free energy ( adsG∆ ° ) is calculated from the following equation:
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where R is the universal gas constant, T is the absolute temperature, and K is the 
concentration of water in the bulk solution (in ppm).

adsG∆ °  values are often used to classify an adsorption as physisorption ( adsG∆ °  ≤  
−20 kJ  mol−1) or chemisorption (−40 kJ  mol−1 ≤ adsG∆ ° ) [46, 47]. The calculated 

adsG∆ °  values of the Pz4–Pz6 are between −20 and −40 kJ mol−1, suggesting that 
the adsorption of the studied Pz4–Pz6 in 1 M HCl on the MS surface provides both 
physical and chemical adsorption mechanisms. According to both experimental and 
theoretical studies, the compounds’ surface protection efficiency is Pz6 > Pz5 > Pz4.

The inhibitory properties of 2-((6-chloropyridazin-3-yl)thio)-N,N-diethyl acet-
amide (Pz7) (Figure 9.18) for Cu metal in 0.5 M H2SO4 were investigated using 
electrochemical/surface-analytical experiments and theoretical calculations [48].

Electrochemical tests revealed that Pz7 operated as a cathodic inhibitor, and 
the pyridazine compound‘s absorption on the metal surface led to an improvement 
in charge transfer resistance as well as a decrease in Cdl. According to SEM and 
AFM measurements, the copper surface occurred a smoother surface after Pz7 was 
absorbed there. XPS analyses were performed to determine how the Pz7 absorption 

FIGURE 9.18 Chemical structures of 3-chloropyridazine derivatives (Pz7–Pz8).
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mechanism occurs on the copper surface. These analyses show that Pz7 is adsorbed 
on the Cu surface via the formation of coordination bonds through the N heteroat-
oms and copper atoms.

Compound Pz8 was synthesized by replacing the Cl atom with the methoxy group in 
the Pz7 compound and its protective effect on copper metal was also investigated [49]. 
Acting as a modest cathodic corrosion inhibitor for copper in 0.5 M H2SO4, Pz8 had a 
maximum inhibition of 94.1% at 298 K, 93.2% at 308 K, and 91.3% at 318 K at 4 mM 
concentration. Its effectiveness was determined by EIS. XPS study demonstrated that 
Pz8 molecules are securely adsorbed on the copper surface by the N─Cu bond, Cu─S 
bond, and other chemical interactions. When comparing Pz7 and Pz8 compounds, 
studies have shown that Cl and methoxy groups have similar activity in corrosion. In 
addition to experimental studies, it has been theoretically demonstrated by quantum 
chemical calculations and molecular dynamics simulation studies that Pz7 and Pz8 
have an excellent corrosion inhibition capacity for copper in a strong acid environment.

Two different sulfanyl pyridazine compounds, including 3-substituted ester group 
with different alkyl chains (Pz10, Pz11), were investigated in 3.5% NaCl in terms of 
their protective mechanisms against iron corrosion and the results were compared 
with Pz9 [50]. It was found that the investigated pyridazine derivatives shifted both 
the corrosion potential and the pitting potential of iron to higher values. As a result 
of the experiments, it was discovered that the greater inhibition efficiency for 400 
ppm Pz10 was 92%. The long alkyl chain at Pz10 behaves more ideally capacitively 
than in the case of Pz11 due to the structure of the Fe–electrolyte interface, and 
the adsorption of insulating barrier layers on the Fe–electrolyte interface. This is 
explained by the active bonding of nitrogen and sulfur atoms in the structure of the 
pyridazine compound, as well as the increase in charge density around the adsorp-
tion active sites as a result of the longer S-alkylated side chain.

Abdel Hameed et al. synthesized four different sulfanyl pyridazine compounds 
based on the Pz11 compound [25] (Scheme 9.3). Together with the Pz11 compound, 
these synthesized compounds were investigated as corrosion inhibitors against 

SCHEME 9.3 Synthesis of some sulfanyl pyridazine compounds.
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carbon steel in a 1 M HCl medium. As a result of the experiments, the most effective 
inhibitor with 93% inhibition efficiency was C3, and the order of activity was found 
as Pz13 > Pz15 > Pz14 > Pz12 > Pz11.

Using electrochemical, spectroscopic, and theoretical computational chemistry 
approaches, four compounds with a 6-chloro-3-pyridazine structure were examined 
for their inhibitory characteristics for MS in 1 M HCl [51]. The common finding for 
these four molecules is that the inhibitory activity increases with increasing inhibitor 
concentration and they are mixed-type inhibitors. Pz16 and Pz17 (Figure 9.19) showed 
the best protection performances. This is due to the excess of nitrogen atoms and 
π-bonds. The spectroscopic investigations indicated that the compounds chemically 
interact with MS in acidic media, and that the pyridazine ring is actively involved 
in molecule adsorption on the steel surface. Adsorption data, consistent with the 
Langmuir and Temkin isotherm models, showed that the metal–inhibitor interaction 
is both physisorption and chemisorption.

In general, the inhibitory efficacy of the N-heterocyclic organic inhibitor improves 
with the number of aromatic systems and the presence of electronegative atoms in the 
molecule [52]. In order to investigate this situation, pyridine-substituted pyridazine mol-
ecule (Pz20) was designed and a series of studies, including polarization and EIS, XPS 
analysis, and quantum chemical calculations were carried out on the corrosion inhibi-
tion of carbon steel in 1 M HCl solutions [53]. The findings of the experiments revealed 
that this organic compound inhibited the corrosion of carbon steel in 1 M HCl solutions 
at 30 °C, and the inhibition efficacy improved with increasing inhibitor concentration. It 
was determined that the adsorption of the compound, which was revealed as a mixed-
type inhibitor as a result of potentiodynamic polarization experiments, in 1 M HCl 
solution on the carbon steel surface complies with the Temkin isotherm with a very high 
negative value for the standard Gibbs free adsorption energy adsG∆ °  (chemisorption).

In another study, different substituents were attached to the pyridazine ring in 
compound Pz20 (Figure 9.20) and its corrosion inhibitory properties on MS in a  

FIGURE 9.19 Chemical structures of pyridazine derivatives (Pz16–Pz19).

FIGURE 9.20 Chemical structures of pyridazine derivatives (Pz20–Pz23).
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1 M HCl environment were investigated with similar methods. In the series in which 
the most active substituent was isatin, the order of activity was Pz21 > Pz22 > Pz23, 
and the maximum efficiency values were determined as 87%, 72%, and 70%, respec-
tively, at a concentration of 1.0 × 10−3 M. The absorption isotherm of these com-
pounds, which act as mixed inhibitors, conforms to the Langmuir isotherm model 
instead of the Temkin isotherm.

Corrosion inhibition performances of four molecules of 1,4-disubstituted pyrida-
zine derivative for MS in 1 M HCl solution were measured in two separate studies 
[54, 55]. In the first study, the effects of carbonyl and chlorine atoms on the ring for 
Pz24, Pz25 compounds, and the effects of alkyl/aryl groups and carbonyl/thiocar-
bonyl groups on the corrosion inhibition for Pz24, Pz26, and Pz27 (Figure 9.21) 
compounds were investigated in the second study.

As a result of thermodynamic measurements, it has been revealed that the inter-
actions of the investigated inhibitors with the metal surface are more chemical than 
physical. The adsorption of the studied molecules on the MS conforms to Langmuir 
adsorption isotherm. In the first study, SEM analyses showed that the compounds 
protected the surface of MS in the tested acid, and the protective performance of 
Pz25 was better than Pz24, with 96% inhibition efficiency. In the second study, the 
inhibitory activities of the inhibitors were listed as Pz27 > Pz24 > Pz26. The efficacy 
of PPYS, which is the most effective, was measured as 98.5% at 0.5 mM. The com-
pounds act as mixed-type inhibitors. In the light of these data, it was concluded that 
the chlorine atom is more effective than the carbonyl group; the aryl group is more 
effective than the alkyl group; and the thiocarbonyl group is more effective than the 
carbonyl group in corrosion inhibition.

In order to investigate the effect of C═O and C═S groups on inhibition, Pz28 
and Pz29 molecules (Figure 9.22) were investigated by Ghazoui et al. for C38 steel 
in 1 M HCl [56]. In another study, Pz30 and Pz31 molecules were investigated 
for iron metal [57]. In both studies, the high inhibition efficiency of compounds 
containing C═S group is because of the presence of sulfur atom, which has more 

FIGURE 9.21 Chemical structures of pyridazine derivatives (Pz24–Pz27).

FIGURE 9.22 Chemical structures of pyridazine derivatives (Pz28–Pz31).
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electron-releasing properties than the oxygen atom, in addition to the pyridazine 
ring, which provides strong bonding of this compound to the surface.

In another study proving that the sulfur atom is effective in inhibition, Pz32–Pz34 
compounds (Figure 9.23) were examined for the iron atom in 1 M HCl. Pz32 and Pz34 
molecules were shown to have better inhibition efficacy than Pz33 molecules [58].

Compounds Pz35 and Pz36 (Figure 9.24) were compared to investigate the effect 
of alkyl and aryl groups. Although the corrosion efficiency of aryl groups increased 
due to π-electrons, this increase was not as high as expected. While the inhibition 
efficiency was 83.1% when the methyl group was attached to the pyridazine ring, this 
value was 83.9% when the phenyl group was substituted [59].

The ester group of compound Pz36 is changed into a hydrazide when it reacts 
with hydrazine, yielding compound Pz37. Nahle et al. investigated Pz37 compound 
as corrosion inhibitor on C38 MS in 1.0 M HCl solution [60]. The inhibitory activ-
ity of Pz37 acting as a mixed-type inhibitor increases with increasing concentration 
and reached 85% at 1.0 × 10−3 M concentration. The nitrogen atoms in the hydrazide 
group are seen to boost inhibition. Impedance studies revealed that the molecule is 
adsorbed on the surface of C38 MS, resulting in an increase in charge transfer resis-
tance and a decrease in double-layer capacitance. Its adsorption complied with the 
Langmuir adsorption isotherm.

Two pyridazine molecules (Pz38 and Pz39) (Figure 9.25) are employed as corro-
sion inhibitors for steel in 0.5 M H2SO4 solution [61]. The interactions of these com-
pounds with the steel surface are realized by means of the pyridazine ring, phenyl 

FIGURE 9.23 Chemical structures of pyridazine derivatives (Pz32–Pz34).

FIGURE 9.24 Chemical structures of pyridazine derivatives (Pz35–Pz37).

FIGURE 9.25 Chemical structures of pyridazine derivatives (Pz38–Pz39).
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ring, sulfur, and chlorine atom. In this study, it was intended to investigate the effect 
of the positions of chlorine atoms on adsorption. Popova and others have conducted 
a study on this topic and tried to explain the adsorption of molecules with ortho-, 
meta-, and para-substituents using the Hammett equation [62]. They concluded 
that in cases where the substituent position is ortho, it is expected to inhibit che-
misorption to a greater extent than physical adsorption. In this study, it was also 
observed that the presence of Cl in the ortho-position of the molecule strengthens 
the adsorption compared to the para-position, so the Pz38 has a higher inhibitory 
activity than the Pz39.

Pyridazine molecules, the structures of which are given in Figure 9.26, were stud-
ied with copper metal in a 2NHNO3 [63]. Among these molecules acting as mixed 
inhibitors, the Pz42 and Pz43 (Figure 9.26) molecules have the best inhibitory  
efficiency. Pz42 and Pz43 molecules showed 96% and 94% inhibition efficiency at 
10−3 M, respectively.

Studies investigating the effect of pyridazine molecules and substituents on cor-
rosion have been expressed so far. Several working groups have also investigated the 
potential of the condensed pyridazine systems to be corrosion inhibitors. One of them 
is the study of Bentiss et al. In this study, 1,4-dipyridine-substituted pyridazino[4,5-
b]indole (Pz44) compound was investigated against MS in 1 M HCl medium [64]. 
Acting as an anodic inhibitor, Pz44 prevents corrosion by forming a chemically 
absorbed film on the steel surface. It has been discovered that the adsorption of this 
inhibitor on the steel surface follows the Langmuir isotherm.

In another study using condensed pyridazine compounds as inhibitors for Al 
alloy in 0.1 M HCl and 0.5 M HCl solutions, imidazo-pyridazine and bromo/chloro-
imidazo-pyridazine compounds (Pz45–Pz47) (Figure 9.27) are used [65]. The 

FIGURE 9.26 Chemical structures of pyridazine derivatives (Pz40–Pz43).

FIGURE 9.27 Chemical structures of pyridazine derivatives (Pz44–Pz47).
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electrochemical tests and adsorption model analysis indicated that all three sub-
stances are mixed-type inhibitors, with Pz45 exhibiting the best physicochemical 
anticorrosion performance. At the same inhibitor doses, Pz45–Pz47 compounds 
demonstrate more potent anticorrosion efficacy for Al in 0.5 M HCl than 0.1 M HCl. 
These findings show that despite being caustic ions for Al electrodes, H+ and Cl− con-
centrations have an impact on the absorption of inhibitors. The reaction process in 
the HCl solution is considered to proceed as follows:

1. Cl− ions adsorb on the surface of the Al electrode and produce AlClads.
2. Inhibitors bind to H+ via the production of N-onium ions.
3. The imidazo-pyridazine compounds adsorb on the metal surface due to 

the electrostatic interaction between AlClads and N-onium ions, preventing 
additional assaults by chloride ions. Furthermore, protonated inhibitors are 
absorbed on cathodic sites in competition with hydrogen ions. The produc-
tion of AlClads and N-onium ions is more likely in 0.5 M HCl than in 0.1 M 
HCl. As a result, the corrosion effect of the studied compounds is greater 
in 0.5 M HCl solution. Because AlClads are limited in 0.1 M HCl solution, 
inhibition efficacy is mostly determined by the adsorption capacity of the 
inhibitive molecule itself. In the event, we may conclude that Pz45 has a 
more appealing adsorption ability than the other derivatives.

Some pyridazine derivative salts have also been evaluated as corrosion inhibi-
tors [66, 67]. The impact of three pyridazin-1-ium salt derivatives on steel corrosion 
in HCl (1 M) solution was studied using EI and XPS spectroscopy. The obtained 
findings showed that Pz48, Pz49, and Pz50 (Figure 9.28) reached a value of 86.7%, 
88.6%, and 95.2% at 10−3 M, respectively. The adsorption of inhibitors on the steel 
surface in the investigated acidic solution follows the Langmuir isotherm, and the 

adsG∆ °  values show that all inhibitors undergo chemical adsorption, leading to the 
formation of a strong protective coating on the metal surface.

9.3  CORROSION INHIBITORS, INCLUDING 
PYRIMIDINE COMPOUNDS

Pyrimidine is an aromatic chemical substance with nitrogen atoms in positions 1 
and 3 with less basic properties and a lower solubility profile than pyridine. As in the 
pyridine ring, the unshared electron pairs here also affect the basicity of the struc-
ture. It has a boiling point of 123.8 °C, a melting point of 22 °C, is easily soluble in 
water, and is a colorless liquid with an irritating odor.

FIGURE 9.28 Chemical structures of pyridazine derivatives (Pz48–Pz50).
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Pyrimidines are widely found in living organisms in nature, especially in their 
condensed derivatives. Pyrimidine is the general name for the nitrogenous aromatic 
bases found in nucleic acids, which form the core of life, and in some coenzymes 
and vitamins. Of considerable biological interest, cytosine, uracil, and thymine, the 
nucleobases in nucleic acids, are also pyrimidine derivatives. The purine molecule 
containing a fused pyrimidine imidazole ring is also a compound of the nucleic acids 
found in cell structure.

The pyrimidine ring structure can also be found in vitamin B1, folic acid, ribofla-
vin or azathioprine, an immunosuppressive drug, zidovudine, which was developed 
as an anticancer drug, sulfadiazine, which has an antibacterial effect, substituted and 
fused cyclic compounds and their derivatives, including the treatment of hyperten-
sion and heart rhythm disorders (Figure 9.29) [68].

The pyrimidine ring, which is present in the skeleton of many biologically active 
compounds, and pyrimidine derivatives can be characterized as environment-
friendly compounds. Additionally, many of the characteristics necessary to be effi-
cient corrosion inhibitors are present in pyrimidine derivatives. Some of them are 
the capacity to move electrons to the metal’s surface’s vacant d-orbital in order to 
generate coordinate covalent bonds as well as the capacity to draw unoccupied free 
electrons to the metal surface by using antibonding orbitals to create reverse bonds. 
Therefore, pyrimidine derivatives are predicted to be excellent corrosion inhibitors 
that can be used in the industrial field not only because of their inhibitory activity but 
also because of their non-toxic chemical structure [69, 70].

Acidic conditions are widely used in many industrial processes, often causing 
severe metallic corrosion. Carbon steel is used extensively in various industries 
despite having only a modest amount of corrosion resistance because of its excellent 
mechanical qualities and affordable price. Corrosion inhibitors are often used to 
control or prevent corrosion in metals or carbon steel. For this purpose, many differ-
ent organic inhibitors have been tested, among them being organic compounds con-
taining many heteroatoms, which contain many π-electrons, Through the provision 

FIGURE 9.29 Chemical structures of vitamin B1, folic acid, riboflavin or azathioprine, zid-
ovudine, and sulfadiazine.
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of electrons that interact either directly or indirectly with the metal surface, they 
have been discovered to exhibit significant inhibitory properties. However, due to 
their toxicity and difficulty in biodegrading, the use of organic inhibitors with dif-
ferent heterocyclic rings has a negative impact on the environment. The ecologically 
beneficial characteristics of pyrimidine derivatives have come to light in this context, 
and their usage as corrosion inhibitors has garnered interest [71, 72].

To date, many pyrimidine derivatives have been synthesized, and their suitability 
as corrosion inhibition against various steel samples in acidic environments formed 
using different acids has been investigated.

As a result of the investigations, the adsorption of organic compounds containing 
pyrimidine ring on the metal surface is directly dependent on the physicochemical prop-
erties of the pyrimidine compounds, the electronic density of the donor atom, and the 
interactions of π-orbitals with the d-orbitals of the surface atom. The results obtained 
showed that the inhibition efficiency of the studied pyrimidine compounds depends on 
the concentration and functional structure of the pyrimidine compounds. The activity 
of the inhibitors increases with the increase in the concentration of the pyrimidine com-
pounds; however, it decreases with the increase in the ambient temperature [73].

In the study carried out by H.S. Awad and S. Abdel Gawad, the following eight 
pyrimidine compounds were used in the experiments using carbon steel as the metal 
surface. The inhibition effect of the compounds (Py1–Py8) (Figure 9.30) contain-
ing different mono-substituent groups to the pyrimidine ring was investigated in the 
corrosion weight loss tests carried out in a 2 M HCl medium. The compounds con-
taining pyrimidine ring (Py2–Py4 with amino, hydroxyl, and mercapto functional 
groups) showed better inhibitory effects than the others. When the concentrations 
of these compounds were increased, it was observed that their inhibitory activity 
increased even more [74].

The compounds examined can be listed as follows according to their inhibition 
effects:

 Py4 Py3 Py2 Py1> > >

FIGURE 9.30 Chemical structures of Py1–Py8.
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This shows that Py4 with mercapto group is the compound with the best inhibition 
activity, followed by the compound with amino group and then the compound with 
hydroxyl group attached to pyrimidine ring. This is not really surprising because 
when we look at the electronegativity of the heteroatoms contained in these com-
pounds, the order of oxygen, nitrogen, and sulfur atoms is as follows: S > N > O. 
According to these results, the substituent group in a single pyrimidine ring shows its 
effect on corrosion inhibition directly dependent on the properties of the functional 
group. As a result of cathodic (hydrogen evolution) and anodic (metal dissolution) 
reactions for compound Py4, it was observed that this compound behaves as a mixed-
type corrosion inhibitor, with the anodic effect being more prominent, as it is affected 
by the presence of this compound in the corrosive environment.

In the next step of the study, Py2 (2-aminopyrimidine) was chosen as the main 
compound, and the change in the corrosion inhibition effect was examined by add-
ing different substituent groups attached to the 2-aminopyrimidine ring and then 
increasing their amount. The inhibition efficiency was found to be Py8 > Py7 > Py6 
> Py5 > Py2 for these compounds. Firstly, the inhibition increased when one more 
amino group was added to the meta-position of the 2-aminopyrimidine compound. 
The inhibition efficiency of Py6, which was obtained by adding one more amino 
group to Py5, also surpassed Py5. Py6–Py8 have three substituents attached to the 
pyrimidine ring. It is seen that the compound with the most active inhibition property 
is Py8 which contains thiol group. The functional groups of these three compounds 
(Py6–Py8) are mercapto, amino, and hydroxyl groups. When the functional groups 
are ordered according to the electronegativity of the heteroatom contained in them, 
mercapto < amino< hydroxyl, the inhibition ability of compounds that contain these 
functional groups should follow an order opposite to the order of electronegativity, 
as a result, the ranking is Py8 > Py7> Py6. As a result, depending on their concen-
trations and molecular structures, the chemicals examined in the study displayed 
varying degrees of inhibition. The most efficient chemical was Py8, which demon-
strated a strong inhibitory activity of 96% at 1 × 10−2 M. These pyrimidine-contain-
ing compounds are thought to adsorb to the metal surface through a chemisorption 
process that forms donor–acceptor interactions between the inhibitor molecules and 
the unoccupied d-orbital of iron surface atoms [74].

In the study by Li et al., the inhibition of corrosion on steel surface exposed to acidic 
medium formed by using 0.1 M HNO3 solution of five different pyrimidine derivatives 
(Py2–Py4, Py9, Py10) mentioned above with their formulas was investigated. As a 
result of the study, the effect of substituent groups on inhibition values follows the 
following ranking: SH > Br > NH2 > OH > Cl, which is in good agreement with the 
experiments carried out in acidic media prepared with HCl and H2SO4 [75].

Among these compounds, Py4 was found to be a highly effective inhibitor to 
prevent the corrosion of steel in 0.1 M HNO3. Py4 gave >95% protection while the 
other compounds gave about 35% protection. As anticipated, an increase in the inhibi-
tion efficiency was observed as the concentration of Py4 increased and a significant 
decrease in the inhibition efficiency was observed with increasing the temperature.

When the corrosion inhibition values of the above compounds (4-amino-N-
(pyrimidin-2-yl)benzenesulfonamide)-(Py11) and 4-amino-N-(4,6-dimethylpyrimi-
din-2-yl)benzenesulfonamide-(Py12) (Figure 9.31) were examined on steel at room 
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temperature with 1 M HCl and 0.5 M H2SO4 acids respectively, it was observed that 
Py11 had more effective inhibition levels [76].

4-Phenylpyrimidine (Py13) is more effective than 5-phenylpyrimidine (Py14) 
(Figure 9.32) in the corrosion inhibition of steel in HCl solutions. The inhibition 
level decreases slightly when the temperature is increased [77].

When the corrosion inhibition values of vitamin B1, which contains a pyrimidine 
ring and is one of the important bioactive compounds, were examined, the inhibition 
efficiency on various steels in cold HCl solutions was investigated. In the experiment 
carried out in 0.5 M HCl, only vitamin B1 with a concentration of 10 mM had an 
inhibition value of 91.5% [78, 79].

In another study, following the literature data obtained from sulfur-containing pyrim-
idine derivatives such as 2-mercaptopyrimidine, more complex compounds containing 
thiol group were synthesized to inhibit the corrosion of steel in HNO3 and H2SO4 solu-
tions, and their inhibitory properties were investigated. The compound 6,6′-(1,4-phen-
ylene)bis(4-(2,5-dimethylthiophen-3-yl)pyrimidine-2-thiol) (Py15) (Figure 9.33), a 
2-mercaptopyrimidine derivative, inhibited the corrosion of metal very effectively [75].

FIGURE 9.31 Chemical structures of 4-amino-N-(pyrimidin-2-yl)benzenesulfonamide)-
(Py11) and 4-amino-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide-(Py12).

FIGURE 9.32 Chemical structures of phenylpyrimidine (Py13) is more effective than 
5-phenylpyrimidine (Py14).

FIGURE 9.33 Chemical structures of 6,6′-(1,4-phenylene)bis(4-(2,5-dimethylthiophen-
3-yl)pyrimidine-2-thiol) (Py15).
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As examples of corrosion inhibitors with the hydrogenated form of the pyrimidine 
ring, the above compounds are mentioned. When the corrosion inhibition activities 
are ranked, they appear as Py16 < Py17 < Py18 < Py19 (Figure 9.34). In this study, 
unlike the others, tetrahydropyrimidine derivatives further increased the effective-
ness against corrosion of steel with increasing temperature. While compound 4 pro-
tected the steel by 89.4% in 0.5 M HCl solution at 30 °C, the protection rate was 
92.4% when the temperature was increased to 60 °C. In general, the inhibition values 
of the four compounds were ranked as Py16 < Py17 < Py18 < Py19. As a result, the 
replacement of an oxygen atom with a sulfur atom increases the corrosion inhibi-
tory activity of the molecule. Likewise, when the ester functional group which con-
tains ethoxy group is replaced by hydrazine, the inhibitory activity of the molecule 
increases considerably [80].

9.4 CONCLUSIONS AND OUTLOOK

In particular, heterocyclic compounds containing heteroatoms such as nitrogen and 
sulfur are used as corrosion inhibitors on different metal surfaces, especially on MS 
surfaces, various steels, and non-ferrous metals (Al, Cu, Sn, Zn, and their alloys) 
in the presence of mineral acids. In general, electrochemical impedance, weight 
loss, and potentiodynamic polarization techniques have been applied in studies 
to demonstrate corrosion inhibition using acidic media. In corrosion studies, HCl 
is generally used as an acid to inhibit metal corrosion, while H2SO4, HClO4, and 
H3PO4 are used as acids to inhibit metal corrosion relatively weakly. The inhibitors 
described in this chapter are likely to bind to metals by physical forces in addition 
to the mechanism that slows cathodic and anodic reactions. When investigating 
inhibitors, compounds containing sulfur atoms or bulky substituents have attracted 
particular attention in corrosion inhibition. These compounds adsorb more strongly 
on metals and prevent corrosion of metals with a stronger effect. Experiments have 
shown that the protective effect of inhibitors is good at cold ambient temperature, 
while their inhibition effect is significantly reduced at high temperatures. However, 
it has been observed that inhibitors generally inhibit the corrosion of metals in 
acidic media to a greater extent as the concentration of the inhibitor increases, that 
is, a higher effective inhibition property. Inhibition processes by forming synergis-
tic corrosion inhibitors for metals exposed to different acid solutions have become 
more common in recent years.

FIGURE 9.34 Chemical structures of pyrimidine derivatives Py16–Py19.
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In this chapter, concise information about the corrosion prevention of some 
molecules with pyrrole, pyrrolidine, pyridazine, and pyrimidine skeleton is given. 
The factors we have described above for these compounds are actually valid for all 
organic corrosion inhibitors. Therefore, scientists working in this field are advised to 
consider the above information when designing a new inhibitor.
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10.1 INTRODUCTION

Corrosion has been a trouble for metals ever since they were first discovered. 
Metallic materials have considerable mechanical and physical properties and are 
inexpensive. Various industrial processes, including oil production, refining, and 
other related industries, involve metals [1, 2]. However, aggressive acidic envi-
ronments like HNO3, H2SO4, and HCl during these industrial processes degrade 
metals leading to a sole phenomenon known as corrosion. Additionally, corro-
sion is a global problem resulting in economic and cultural losses in this period 
of rapid industrialisation. The current research aside from various other ways 
used to combat corrosion is more focused on the synthesis and usage of corro-
sion inhibitors [3]. There are a number of key benefits associated with corrosion 
inhibitors, including their affordability, effectiveness, and ease of supply. And, 
apart from these, they may attach to surfaces and thus are recognised for their 
capacity to suppress corrosion [4]. Three main aspects influence the inhibitor’s 
adsorption onto metallic surfaces: type and charge over metal, characteristics of 
the electrolytic medium, and inhibitor’s structure. The commercial use of corro-
sion inhibitors concerning inorganic moieties such as phosphates, silicates, and 
chromates are well documented in the literature. However, owing to the incon-
sistency of these inorganic inhibitors with the environment, more environment-
friendly substitutes (organic moieties) are being used at their place. And, owing 
to their association with economy and effectivity, organic moieties are currently 
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regarded as the most well-executed strategy in the domain of fighting corro-
sion. Availability of heteroatoms (S, N, P, O) and polar functional assortments 
in organic corrosion inhibitors are accountable for their corrosion-combating 
potential. Rationally, every industrial area uses these organic molecules, though 
the usage is not without certain drawbacks. Low solubility, particularly in polar 
electrolytic solutions, is one of the major issues with organic molecules, par-
ticularly those with aromatic rings and non-polar hydrocarbon parts which offer 
restricted solubility owing to their hydrophobic nature, which has an impact on 
how effectively they inhibit corrosion [4]. With the aim of improvement among 
the connections of the organic corrosion inhibitors and the metal’s topology, 
researchers are currently synthesising organic corrosion inhibitors with attached 
polar substituents and aromatic rings.

The adsorption of inhibitor moieties onto metal’s surfaces with unoccupied 
d-orbitals, such as iron, is motivated by the presence of heteroatoms along with the 
existing electron cloud present in the inhibitor molecules [5, 6]. Extensive research 
has been published that demonstrate how the heteroatoms sulfur and nitrogen dis-
tinguish increased corrosion prevention efficacy in phenyl rings [7, 8]. This chap-
ter provides a summary report of heterocyclic moieties having key atoms as sulfur 
(e.g. thiophene, thiane, etc.) and sulfur–nitrogen (e.g. thiazole, thiadiazole) which are 
being utilised to effectively suppress corrosion on various metals and their alloys. 
The main research used for experimental confirmation uses polarisation, electro-
chemical, and gravimetric techniques. SEM-EDS spectroscopy and other spectro-
scopic methods offer characteristics of the metal’s morphology and the modification 
they have undergone during the corrosion-combating process, adding to the body of 
knowledge already known.

10.1.1 corrosion And economy

In celebration of Corrosion Awareness Day in 2019, the World Corrosion 
Organization (WCO) noted an estimated yearly expense of corrosion across the 
globe, i.e. $2.5 trillion, or 3–4% of the Gross Domestic Income (GDI) of developed 
nations [9]. Additionally, for the United States solely, the cost of corrosion reported 
each year overreaches US$500 annually [10]. There are many ways to reduce cor-
rosion, which causes a huge economic loss. Due to the extreme corrosion in the 
locations where such metals have been employed, the significant financial esti-
mates are not unexpected [11, 12]. The government as well as industrial setups 
should implement efficient analysis strategies, use tested sciences and technologi-
cal procedures, and enact the necessary corrosion-combating solutions with an 
aim to reduce annual losses caused by corrosion [13]. The expense of corrosion 
is split into “avoidable costs” and “unavoidable costs” in several of these publi-
cations. “Avoidable costs” are expenses that can be reduced by using currently 
known corrosion control techniques, whereas “unavoidable costs” are expenses 
needed for new corrosion technologies and new materials.
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10.1.2 mecHAnism of corrosion

Corrosion is an irreversible electrochemical degradation of metals when they are 
exposed to surrounding environment. Being an electrochemical phenomenon, corro-
sion is comprised of two principal reactions occurring over two prime sites: anodic 
(Equations 10.1–10.3) and cathodic (Equations 10.4–10.8):

 M H O MOH H e2 adsorbed+ ↔ + ++ − (10.1)

 MOH MOH eadsorbed adsorbed↔ ++ − (10.2)

 MOH H M 2eadsorbed
2+ ↔ ++ + + − (10.3)

 O 4e 2H O 4OH2 2+ + →− − (10.4)

 H e
1
2

H2+ →+ −  (10.5)

 O 2H O 4e 4OH2 2+ + →− − (10.6)

 M e M3 2+ →+ − +  (10.7)

 M 2e M2 + →+ −  (10.8)

It was remarked that corrosion phenomenon arises as a result of formation of 
various anodes as well as cathodes over metal surface out of which the one hav-
ing more aeration belong to anode, whereas the comparatively less aerated were 
cathodes [14].

Reactions listed as Equations 10.1–10.3 were presented as anodic reactions, 
whereas (Equations 10.4–10.8) are referred to as cathodic reactions, depending on 
the availability of medium.

Consequently, the corresponding products of anodic and cathodic reactions react 
to yield corrosion (Equations 10.9–10.11) [15] :

 Fe H O
1
2

O Fe(OH)2
2 2 2+ + →+  (10.9)

 2Fe(OH) H O
1
2

O 2Fe(OH)2 2 2 3+ + →  (10.10)

 2Fe(OH) Fe O (rust) 3H O3 2 3 2→ +  (10.11)

10.2 HETEROCYCLIC COMPOUNDS AS CORROSION INHIBITORS

Corrosion inhibitors, known as chemical substances, when applied to corrosive 
conditions retard or slow down the rate of corrosion of metal exposed to surround-
ings. Research is continuously being focused on search and synthesis of such 
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organic moieties which can efficiently retard corrosion kinetics. Heterocyclic 
compounds are formed when in carbocyclic ring compounds; carbon is being 
replaced with any other heteroatom like N, O, S, P, etc. [16] The cyclic rings have 
been seen more common to have five or six atoms in their structures compared 
to other having three or four atoms and are being seen to exhibit aromaticity 
as well as non-aromatic nature [17]. These compounds find their active usage 
almost in every industrial sector. Phytochemicals associated with various plant 
parts also constitute heterocyclic compounds. Additionally, certain amino acids 
like tryptophan, indole, etc. have heterocyclic structures as their building blocks 
[18–20]. Conventionally, carbocyclic ring when replaced with any other atoms 
apart from carbon is being referred to as heterocyclic compounds but the more 
common used are N, O, P, S, etc. The corrosion retarding property in these cor-
rosion inhibitors is ascribed to the availability of heteroatoms, namely S, N, etc. 
apart from aromatic rings. These organic moieties protect metals from aggres-
sive acid solutions by forming a protective layer onto them [21]. This adsorption 
is governed by two prime approaches; physical adsorption and chemical adsorp-
tion. Physisorption involves physical interactions in the form of van der Walls 
forces, whereas chemical adsorption involves emergence of chemical interac-
tions among metal and the inhibitor surface [22]. This adsorption is regulated by 
a number of factors: electrolytic medium, inhibitors, and substituents attached 
along with immersion time and temperature [23]. And, this mode of interaction 
can be assessed utilising a number of theoretical approaches like DFT, molecular 
dynamics, etc.

10.2.1  sulfur-contAininG Heterocycles-bAsed corrosion 
inHibitors for ferrous Alloys

These heterocyclic compounds have sulfur as heteroatom in their cyclic structure. 
Several classes of such compounds have been reported and evidenced in literature, 
e.g. thiophene, thiirane, thiolane, thiane, etc.

Literature supports ample evidence favouring these S-heterocyclic moieties as cor-
rosion combaters for iron, mild steel, Q235 steel, and its certain other alloys. Daoud 
et al. explored the corrosion-mitigating behaviour of sulfur heterocycles–based 
Schiff’s base, namely (E,E)-N,N′-dibenzo[b,d]thiene-2,8-diylbis[1-(thiophen-2-yl)
methanimine] (SB) and its corresponding amine dibenzo[b,d]thiophene (DBTDA) 
over mild steel in the environment of 1 M HCl solution. Weight loss (WL) studies 
and EIS findings were incorporated for investigation of the same. The respective 
inhibition efficiency observed in both the cases were 92.95% for SB and 89.10% 
for DBTDA. The adsorption phenomenon for both of these over mild steel surface 
followed Langmuir adsorption isotherm, whereas PDP findings evaluated these 
mitigators decelerating both cathodic and anodic reactions corresponding to mixed 
behaviour [24].

Nyijime et al. reported the synthesis as well as anti-corrosive study of three sul-
fur-based heterocyclic compounds: THIO and its derivatives, including 2-TCA and 



176 Handbook of Heterocyclic Corrosion Inhibitors

2-TCAH over iron metal. Quantum calculations were utilised in this regard and an 
inhibition efficiency order was seen to be THIO > 2-TCA > 2-TCAH. Fukui indices 
revealed that the interaction of S-heterocyclic compounds basically took place via 
the attached heteroatom in the moiety. THIO was seen to possess a comparative 
planer structure which, on the other hand, enhanced its inhibition efficiency to maxi-
mum of 3 [25].

Reeja et al. explored the anti-corrosive ability of S-based Schiff’s base moi-
ety, namely T2CDACH over carbon steel in the environment of 1 M HCl and the 
inhibitor outreached the corrosion-preventing efficacy above 95% owing to the pres-
ence of sulfur atoms. The adsorption of T2CDACH over carbon steel adheres to 
Langmuir adsorption isotherm and the same has been seen retarding the cathodic 
reactions taking place at carbon steel [26]. Ismail et al. investigated the corrosion-
preventing ability of two derivatives of bithienyl fluorobenzamidine, MA-1615 and 
MA-1740, over carbon steel in the environment of 1 M HCl, respectively. EIS find-
ings revealed the order of inhibition efficacy demarcated for both the inhibitors as 
MA-1740 (96.9%) > MA-1615 (95.6%), respectively. Mixed inhibition involving the 
slowing down of kinetics of anodic and cathodic reactions was seen in both the 
cases. Further, UV-visible spectroscopy in this regard affirmed the emergence of 
complexes between Fe2+ released from metal and inhibitor ions, thereby preventing 
corrosion [27].

Fouda et al. reported the synthesis and corrosion-combating ability testing of 
two naphthylbithiophene derivatives, namely MA-1341, and MA-1340, over car-
bon steel in the environment of 1 M HCl solution. Both the compounds were seen 
adsorbing chemically over carbon steel surface and adhered to Langmuir adsorp-
tion isothermal curves. The latter one possesses chlorine atom in the structure 
which basically hindered the electron donation to metallic vacant d-orbitals and 
decreased the inhibition efficiency for corrosion [28]. Issaadi et al. analysed the 
corrosion-protecting ability of two heterocyclic Schiff’s bases, L1 and L2, over 
mild steel in the environment of 1 M HCl solution. Synthesis of above discussed 
compounds were performed using 3-carboxaldehydethiophene and amine relative 
to it. Polarisation studies indicated the mixed behaviour of both the inhibitors, 
whereas WL studies confirmed the enhancement in inhibition efficacy with con-
centration. Spontaneous adsorption of L1 and L2 over mild steel was observed fol-
lowing Langmuir adsorption isotherm [29]. Singh et al. remarked the effect of 
corrosion inhibition of various complexes of copper, zinc, cobalt, and nickle Hatbh 
over mild steel in 1 M HCl solution. Basically, here the structural aspects were 
confirmed by single-crystal XRD technique and electrochemical studies revealed 
that all complexes except the one having Cu2+ experienced a rise in charge transfer 
resistance along with a retardation in capacitance of double layer. This might be 
attributed to the fact that involvement of ligand, i.e. Hatbh, prevented the diminu-
tion of Cu2+ to Cu. Further, the redox behaviour of Cu complex was analysed with 
the involvement of cyclic voltammetry [30]. A summary report of sulfur-contain-
ing heterocyclic compounds having anti-corrosive abilities for ferrous alloys has 
been presented in Table 10.1.
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(Continued)

TABLE 10.1
Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous Alloys

Structure with Abbreviation Metal/ 
Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

References

SB

Mild steel/ 
1 M HCl

PDP, SEM, WL 92.95% [24]

DBTDA

Mild steel/ 
1 M HCl

PDP, SEM, WL 89.10% [24]

THIO

Iron Quantum 
chemical 
calculations

– [25]

2-TCA

Iron Quantum 
chemical 
calculations

– [25]

2-TCAH

Iron Quantum 
chemical 
calculations

– [25]

T2CDACH

Carbon 
steel/1 M 
HCl

PDP, EIS 95% [26]
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MA1615

Carbon 
steel/1 M 
HCl

WL, theoretical 
studies, 
UV-visible 
spectroscopy

95.6% [27]

MA-1740

Carbon 
steel/1 M 
HCl

WL, theoretical 
studies, 
UV-visible 
spectroscopy

96.9% [27]

MA-1341

Carbon 
steel/1 M 
HCl

WL, theoretical 
studies, PDP

93.55% [28]

MA-1340

Carbon 
steel/1 M 
HCl

WL, theoretical 
studies, PDP

91.05% [28]

L1

Mild steel/1 M 
HCl

WL, EIS, PDP 91.6% [29]

L2

Mild steel/1  
M HCl

EIS, WL 91.04% [29]

[Co(atbh)2] 

Mild steel/ 
1 M HCl

EIS, cyclic 
voltammetry

99.4% [30]

TABLE 10.1 (Continued)
Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous Alloys

Structure with Abbreviation Metal/ 
Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

References

(Continued)
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10.2.2  sulfur-contAininG Heterocycles-bAsed corrosion 
inHibitors for non-ferrous Alloys

The present-day industries make inevitable usage of metals like copper, aluminium, 
and their alloys with altered compositions. However, copper is likely to get corroded 
in the presence of acidic and strong alkali media, especially when in proximity of 
oxygen and oxidants. In the environment of weak acidic or alkaline media, the cop-
per surface is passivated by formation of an oxide layer. Therefore, inhibitors are 
used to combat the issue of corrosion as they are the most effective and economically 
viable solution. Organic heterocyclic compounds containing sulfur as their prime 
heteroatom are among one of the most promising inhibitors used for such metals [31].

Feng et al. primarily synthesised and reported the testing of two dithiane-based 
self-assembled monolayers: BD and HD over surface of copper in 0.5  M H2SO4. 
Basically, here it has been investigated that both the self-assembled layers were 
formed at copper surface at an optimum temperature and time period of 298 K and 
18 hours, respectively. Self-assembled layer of BD was seen to exhibit more pro-
tection compared to the later derivative, i.e. 99% corrosion inhibition performance. 

[Ni(atbh)2(H2O)2] 

Mild steel/ 
1 M HCl

EIS, cyclic 
voltammetry

96.4% [30]

[Cu(atbh)2] 

Mild steel/ 
1 M HCl

EIS, cyclic 
voltammetry

– [30]

[Zn(atbh)2] 

Mild steel/1  
M HCl

EIS, cyclic 
voltammetry

94.7% [30]

TABLE 10.1 (Continued)
Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous Alloys

Structure with Abbreviation Metal/ 
Electrolytic 
Medium

Techniques 
Used

Inhibition 
Efficiency

References
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Potentiodynamic studies illustrated both the self-assembled moieties as mixed type 
of inhibitors [32].

Fouda et al. explored the corrosion-mitigating properties of thiophene deriva-
tives: T, TC, and TE over copper surface in the environment of 2 M HNO3 medium. 
WL studies affirmed a rise in inhibition efficacy with enhanced concentration of 
thiophene derivatives and negative valuate of enthalpy of adsorption confirmed 
the whole process of adsorption of these inhibitors over copper as exothermic one. 
Potentiodynamic studies confirmed all three inhibitors of mixed nature [33]. Allal 
et al. analysed the corrosion-preventing ability of varied thiophene derivatives: 
TPHCAL, ACTPH, TPHCAC, CLTPH, and TPH, respectively, for aluminium. 
Theoretical studies have been involved as an investigatory technique for the same. 
All the derivatives except thiophene adsorbed over aluminium surface using chem-
ical interactions utilising the oxygen of carbonyl group present in their structures. 
On the other hand, comparatively weak forces of interactions were observed in 
case of TPH and CLTPH and this was further correlated with their weak inhibi-
tion efficiency of corrosion. The sequence for inhibition efficacy as remarked via 
varied quantum calculations followed: ACTPH = TPHCAL > TPHCAC > CLTPH 
>TPH [34].

Arrousse et al. investigated a thiophene compound OXM for its corrosion-mitigat-
ing ability for 2024-T3 aluminium alloy in 1 M HCl solution. Increase in concentra-
tion of OXM was seen to correlate with the rise in inhibition efficiency demarcated 
by the same. Polarisation study revealed the mixed-type nature of OXM. Barrier 
over aluminium surface was seen in the form of a lean protective layer. Adsorption 
of OXM over aluminium obeyed Temkin adsorption isotherm along with Flory–
Huggins’ isotherms [35]. A summary report of sulfur-containing heterocyclic com-
pounds having anti-corrosive abilities for non-ferrous alloys has been presented in 
Table 10.2.

10.2.3  sulfur–nitroGen-contAininG Heterocycles-bAsed 
corrosion inHibitors for ferrous Alloys

Anti-corrosive studies of innumerable organic moieties having nitrogen as well as 
sulfur in their structures have been evidenced in literature for iron as well as its 
alloys like mild steel and carbon steel. Chugh et al. explored N-(benzo[d]thiazole-
2-yl)-1-phenylethan-1-imines, namely BTPEI, BTCPEI, BTTEI, and BTPIA, for 
their corrosion-mitigating potential towards mild steel in the environment of 1  M 
HCl. BTPIA, BTPEI, BTCPEI, and BTTEI were reported to have a maximum inhi-
bition efficacy of 90%, 85%, 79%, and 88%, respectively, for mild steel surface. 
Methods involving electrochemical and gravimetric analyses were incorporated for 
the exploration of the same. The inhibitors’ mixed-type nature was unveiled using 
potentiodynamic polarisation [36]. Aoufir et al. in this regard have investigated the 
corrosion-preventing ability of T3 over mild steel surface in acidic medium of 1.0 M 
HCl. Adsorption-based evolution of a shielding layer via adsorption over mild steel 
surface was indicated via electrochemical findings and confirmed by the surface anal-
ysis technique, namely SEM–EDX. Other techniques employed in this study involved 
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(Continued)

TABLE 10.2
Sulfur-containing Heterocycles-based Corrosion Inhibitors for Non-Ferrous 
Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques Used IE% Reference

BD

Copper/1 M H2SO4 WL, EIS, PDP 99.2% [32]

HD

Copper/1 M H2SO4 WL, EIS, PDP 98.5% [32]

T

Copper/ 2 M HNO3 EIS, weight loss 
studies

82.6% [33]

TC

Copper/ 2 M HNO3 EIS, weight loss 
studies

74.2% [33]

TE

Copper/ 2 M HNO3 EIS, Weight loss 
studies

76.3% [33]

TPHCAL

Aluminium Quantum 
calculations

– [34]

ACTPH

Aluminium Quantum 
calculations

– [34]
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TPHCAC

Aluminium Quantum 
calculations

– [34]

CLTPH

Aluminium Quantum 
calculations

– [34]

TPH

Aluminium Quantum 
calculations

– [34]

OXM

Aluminium/1 M HCl EIS 94% [35]

TABLE 10.2 (Continued)
Sulfur-containing Heterocycles-based Corrosion Inhibitors for Non-Ferrous 
Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques Used IE% Reference

molecular dynamics simulations and density fluctuation theory for gaining an insight 
into molecular interactions between the metal surface and the inhibitor [37].

Chugh et al. reported the findings with regard to evaluation of anti-corrosive 
potential of PMTTA, PATT, PMTA, and PTA over mild steel in 1 M HCl. These 
were found to have an inhibition efficiency of 92.7%, 91.1%, 87.8%, and 80.5%, 
respectively, towards mild steel in 1 M HCl with an optimum concentration of 175 
ppm [38]. Later Salman et al. gave an account of the corrosion-inhibiting ability 
of DBTA over mild steel in 1 M HCl solution. The synthesised moiety was seen to 
exhibit the greatest inhibition efficacy of 91% at a concentration of 0.5 mM. The 
1,3,4-thiadiazole ring performed a pivotal role in boosting the effectiveness of inhi-
bition exhibited by DBTA. SEM affirmed the development of a shielding layer of 
DBTA over mild steel surface [39]. Sheetal et al. investigated the corrosion-combat-
ing properties of three aryl-substituted benzothiazoles, CBTA, TBTA, and MBTA, 
for mild steel in the environment of 1 M HCl. The maximum inhibition efficacies 
for CBTA, TBTA, and MBTA were 72.9%, 81.4%, and 96.4%, respectively. These 
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inhibitors were remarked to follow Langmuir adsorption isotherm. PDP findings 
exhibited that these inhibitors have mixed kind of nature, slowing cathodic as well 
as anodic reactions [4]. Singh et al. further investigated BTDS for its anti-corrosive 
property towards mild steel in 0.5 M H2SO4 and 1 M HCl. It showcased a better 
corrosion combating efficacy in 0.5 M H2SO4 collated to that depicted in 1 M HCl. 
BTDS was also remarked to be a mixed kind of inhibitor [40].

Zhang et al. studied DSTA for its anti-corrosive potential and found it to have 
IEmax 99.4% towards mild steel in CO2-saturated oilfield formation water. Thiadiazols 
are found to have quite a higher inhibition efficiency and are of ecofriendly nature; 
also, their efficiency makes them a promising range of corrosion inhibitors [41]. The 
substituted dithiazolidine family has some effective inhibitors for corrosion towards 
mild steel in varied acidic media. Quraishi et al. reported findings for evaluation 
of DPID, PCID, PTID, and PAID for their corrosion inhibition potential for mild 
steel in 1 M H2SO4 and 1 M HCl and at varied concentrations of 500 ppm, their 
corrosion inhibition efficiency was reported in respective order: PAID > PTID > 
PCID > DPID. The reason for the above order may be the existence of methoxy 
group (─OCH3) in PAID molecule as it worked by increasing the electron density 
at nitrogen atoms which is enabled by resonance effect. The strong adsorption for 
these inhibitor molecules on metal’s surface is ensured by the above-mentioned 
fact. A relatively negative and lower estimate of Gibbs free energy of adsorption 
was reported at varied temperature range of 30–50 °C, which explained inhibitor’s 
spontaneous adsorption on surface of mild steel in the 1 M HCl and 1 M H2SO4 
environment. These were remarked to obey Langmuir’s adsorption isotherm. Also, 
potentiodynamic polarisation data supported mixed-type nature of above inhibitors 
in both the acidic media. Anodic nature was observed in 1 M H2SO4 medium for all 
the inhibitors [42]. Gong et al. explored the corrosion-mitigating ability of 2-amino-
4-(4-methoxyphenyl)-thiazole (MPT) and 2-amino-(4-bromophenyl)-thiazole 
(BPT) towards corrosion of mild steel in acidic media of 0.5 M H2SO4 for a tempera-
ture variance of 30–60 °C. The effective corrosion inhibition for MS was success-
fully explained by various electrochemical measurements and surface analytical 
techniques in acidic media. Their adsorption on metal’s surface meet Langmuir’s 
adsorption isotherm [43]. Singh et al. analysed the corrosion-combating potential of 
bis-thiadiazole derivatives (BTDs), namely APT, APT-2, APT-4, and PAT, towards 
mild steel in the environment of 1 M HCl. These inhibitors adhere to Langmuir’s 
adsorption isotherm and were remarked to exhibit a mixed kind of nature. The shield 
formed on the surface of ATP-4 was found to be less stable as compared to those of 
ATP, ATP-2, and PAT when studied for varied temperature ranges [44]. Abed et al. 
examined the inhibition efficiency of a recently discovered organic inhibitor named 
ANTD towards mild steel in the acidic media of 1 M HCl by using WL technique. 
ANTD’s inhibition efficiency for mild steel increased by its concentration as well 
as increasing immersion time and decreased by increasing temperatures [45]. Attou 
et al. studied a novel 1,3,4-thiadiazole derivative 5-AMT for its corrosion-combat-
ing potential over mild steel. The various experimental studies implemented PDP, 
WL, EIS, and LPR techniques to examine the corrosion mitigation performance of 
5-AMT. On the basis of experimental findings, an inhibition efficiency of 98% was 
attained utilising 5 × 10−4 M of studied compound at temperature 303 K after 1 hour 
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of immersion. Also, potentiodynamic study focused that the examined 5-AMT is a 
mixed-type inhibitor. Furthermore, the adsorption of tested compound’s molecules 
fits Langmuir isotherm model [46].

Ma et al. reported the findings for S3 and it was found to have IEmax of 99.2% 
towards carbon steel in 1  M HCl. PDP studies confirmed that inhibition efficacy 
increased, and Icorr decreased as the concentration of inhibitor was further increased. 
Also, no remarkable variation in the corrosion potential value was observed, which 
means that the above-discussed inhibitors have mixed kind of nature. The data 
for the PDP and WL study have been verified by the EIS investigation. It followed 
Langmuir’s adsorption isotherm, and spontaneous process of inhibition was observed 
via the phenomena of chemisorption and physisorption with chemisorption as the 
paramount phenomenon [47]. Farag et al. analysed the corrosion-inhibiting ability 
of an ionic liquid named AMPMHMC towards carbon steel in the HCl solution of 
1 M. The study disclosed that the efficacy of inhibition augmented with a rise in the 
concentration of the inhibitor, i.e. 10–40 ppm, and it outreached the upper limit of 
inhibition, i.e. 91.4% at 40  ppm concentration. Using the isotherms model, it was 
affirmed to obey Langmuir adsorption isotherm [48]. Khaled et al. investigated the 
corrosion-preventing ability of TB over iron in 1 M HNO3 solution. Theoretical stud-
ies provided that corrosion-preventing ability enhanced with rise in values of energy 
of HOMO orbitals and high ∆N values [49]. The above-mentioned heterocyclic corro-
sion inhibitors containing both sulfur and nitrogen atoms hold good corrosion inhibi-
tion efficiency towards iron alloys, and this has been presented in Table 10.3.

10.2.4  sulfur–nitroGen-contAininG Heterocycles-bAsed 
corrosion inHibitors for non-ferrous Alloys

Certain heterocyclic corrosion inhibitors incorporating the existence of both sulfur 
and nitrogen have enormously been utilised for corrosion prevention of varied metals 
and alloys like copper, aluminium, etc. Ting et al. reported the synthesis of an imid-
azole- and pyrazole-based corrosion inhibitor, namely LMS, which is among the 
efficient corrosion inhibitors for copper. It showed an IEmax of 93% towards copper 
in H2SO4 medium of 0.5 M. Langmuir adsorption isotherm was seen followed dur-
ing adsorption of LMS over copper surface. Both the inhibitors were seen adsorbing 
over metal using physical as well as chemical modes of interactions [50]. Further, 
Farahati et al. investigated about PyTA (1 mM); it was found to have IEmax of 94% 
towards copper in 1  M HCl. Further, regarding investigation about the shielding 
layer and the explanation of the technical aspects of corrosion inhibitors, a variety 
of electrochemical methods and surface examination techniques were utilised [51]. 
Farahati et al. inspected about the corrosion inhibition ability of ATP on the copper 
surface. ATP adhered to Langmuir adsorption isotherm [51]. Qafsaoui et al. investi-
gated the anti-corrosive potential of DMTD over bronze in 30 g L−1 of NaCl solution. 
It has been reported that high concentrations of DMTD basically blocked the oxide 
evolution which, on the other hand, formed a surface coverage over bronze surface. 
Formation of surface layer over bronze was seen to be more stable when the substrate 
was dissolved in 10 mM DMTD [52]. Raviprabha et al. basically investigated the 
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(Continued)

TABLE 10.3
Nitrogen–Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous 
and Non-Ferrous Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques 
Used

Inhibition 
Efficiency

Reference

BTPIA

Mild steel/1 M HCl PDP, EDS, 
DFT

90% [36]

BTPEI

Mild steel/1 M HCl WL, FTIR 85% [36]

BTCPEI 

Mild steel/1 M HCl PDP, EIS 79% [36]

BTTEI

Mild steel/1 M HCl EIS, 
SEM-EDX

88% [36]

T3

Mild steel/1 M HCl SEM-EDX, 
DFT

92.1% [37]

PMTTA

Mild steel/1 M HCl PDP, EIS 92.7% [38]

PATT

Mild steel/1 M HCl XRD, XPS 91.1% [38]
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(Continued)

PMTA

Mild steel/1 M HCl WL, XRD 87.8% [38]

PTA

Mild steel/1 M HCl WL, FTIR 80.5% [38]

5-ATT

Mild steel/1 M HCl EIS, XPS 92.0% [54]

DBTA

Mild steel/1 M HCl DFT, SEM 91.0% [39]

CBTA

Mild steel/1 M HCl PDP, XPS 72.9% [4]

TBTA

Mild steel/1 M HCl PDP, DFT 81.4% [4]

TABLE 10.3 (Continued)
Nitrogen–Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous 
and Non-Ferrous Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques 
Used

Inhibition 
Efficiency

Reference
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MBTA

Mild steel/1 M HCl MD, AFM 96.4% [4]

BTDS

Mild steel/0.5 M 
H2SO4

WL, SEM 99.29% [40]

DSTA

Mild steel/CO2-
saturated brine 
solution

WL, MD 99.4% [41]

DPID

Mild steel/1 N H2SO4 PDP 99.0% [42]

PAID

Mild steel/1 N HCl WL, EIS 99.5% [42]

PCID

Mild steel/1 N H2SO4 WL, PDP 99.4% [42]

PTID

Mild steel/ 1 N H2SO4 PDP 99.6% [42]

MPT

Mild steel/0.5 M 
H2SO4

UV-vis, PDP, 
EIS

95.0% [43]

(Continued)

TABLE 10.3 (Continued)
Nitrogen–Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous 
and Non-Ferrous Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques 
Used

Inhibition 
Efficiency

Reference
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BPT

Mild steel/0.5 M 
H2SO4

WL, MD 95.4% [43]

APT

Mild steel/1 M HCl WL, AFM 95% [44]

APT-2

Mild steel/1 M HCl WL, PDP 96.8% [44]

APT-4

Mild steel/1 M HCl WL, EIS 92.7% [44]

PAT

Mild steel/1 M HCl EIS, AFM 98.6% [44]

ANTD

Mild steel/1 M HCl WL, PDP 82.0% [45]

5-AMT

Mild steel/1 M HCl LPR, EIS, 
XPS

98.0% [46]

TABLE 10.3 (Continued)
Nitrogen–Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous 
and Non-Ferrous Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques 
Used

Inhibition 
Efficiency

Reference

(Continued)
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S3

Carbon steel/1 M HCl WL, PDP,  
EIS

99.2% [47]

AMPMHMC

Carbon steel/1 M HCl EDS, XRD, 
EIS

91.4% [48]

MMPT

304L steel/3.0 M HCl WL, EIS 90.5% [55]

MAPT

304L steel/3.0 M HCl WL, EIS 88.5% [55]

MBT

API 5L X42 steel/ 3.5 
wt.% NaCl

EIS, SEM 90.0% [56]

TB

Iron/1.0 M HNO3 WL, EIS, 
PDP, DFT

96.8% [53]

TABLE 10.3 (Continued)
Nitrogen–Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous 
and Non-Ferrous Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques 
Used

Inhibition 
Efficiency

Reference

(Continued)
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EMTC

AA6061 alloy/0.5 M 
HCl

WL, EIS,  
PDP

92.7% [53]

CH3-BOZ

Aluminium/0.1 M HCl WL, PDP 73.7% [57]

LMS

Copper/0.5 M H2SO4 EIS, XPS 93.0% [50]

PyTA

Copper/1 M HCl EIS, SEM, 
DFT

94.0% [51]

ATP

Copper/1 M HCl EIS, AFM, 
SEM

90.9% [58]

DMTD

Bronze/NaCl EIS, Raman, 
SEM

99.0% [52]

TABLE 10.3 (Continued)
Nitrogen–Sulfur-containing Heterocyclic Corrosion Inhibitors for Ferrous 
and Non-Ferrous Alloys

Structure and Corrosion Inhibitor Metal/Electrolyte Techniques 
Used

Inhibition 
Efficiency

Reference
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corrosion-combating potential of EMTC for AA6061 alloy of aluminium in 0.05 M 
HCl solution. Polarisation techniques remarked that EMTC has a mixed kind of 
nature, retarding both cathodic and anodic reactions. Further, the adsorption of 
EMTC obeyed Langmuir adsorption isotherm over aluminium, and numeric figures 
for Gibbs free energy supported the whole process involving chemical interactions 
[53]. The above-mentioned heterocyclic corrosion inhibitors containing both sulfur 
and nitrogen that hold appreciable corrosion inhibition efficiency towards iron as 
well as other metals and associated alloys along with their maximum corrosion inhi-
bition efficiency (IEmax) and techniques used are presented in Table 10.3.

10.3 CONCLUSION AND FUTURE PERSPECTIVES

Corrosion being a comprehensive approach prevails in every industrial sector from 
technology to engineering. It is almost next to impossible to completely vanish cor-
rosion but it can be slowed down using different measures. This chapter has elabo-
rated and discussed the most common approach being utilised to retard corrosion, 
i.e. use of heterocyclic corrosion inhibitors. In accordance with the recent trends in 
terms of economy and efficacy, organic moieties having heteroatoms are considered 
a valuable approach these days.

Certain literature involving investigation of anti-corrosive behaviour of sulfur- 
and nitrogen–sulfur-containing heterocyclic moieties has been incorporated here. 
Various methods of evaluating their anti-corrosive potential involving gravimetric 
and electrochemical techniques have been elaborated here. Also, the quantum chem-
ical calculations along with surface studies have been utilised to get an insight into 
molecular interactions as well as comparative roughness of metallic counterparts 
has been discussed here. All heterocyclic corrosion inhibitors incorporated so far in 
literature for corrosion retardation do not add to environment; so, there is a need to 
develop such organic moieties which not only act as potent corrosion combaters but 
are also environment-friendly.

ABBREVIATIONS

ACTPH 2-acetylthiophene
AMPMHMC 3-((4-amino-2-methylpyrimidin-5-yl) methyl)-5-(2-hydroxyethyl)-

4-methylthiazol-3-ium chloride
5-AMT 2-amino-5-(2-methoxyphenyl)-1,3,5-thiadiazole
ANTD 2-amino-5-(4-nitrophenyl)-1,3,4-thiadiazole
ATP 4-(2-aminothiazole-4-yl)phenol
BD 2-butyl-1,3-dithiane
BTCPEI N-(benzo[d]thiazole-2-yl)-1-(3-chlorophenyl)ethan-1-imine
BTDS 2,20 benzothiazolyl disulfide
BTPEI [N-(benzo[d]thiazole-2-yl)-1-phenylethan-1-imine
BTPIA N-(benzo[d]thiazole-2-ylimino)ethyl)aniline
BTTE N-(benzo[d]thiazole-2-yl)-1-(m-tolyl)ethan-1-imine
CBTA 6-(4-chlorophenyl)benzo[d]thiazol-2-amine
CLTPH 2-chlorothiophene
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DBDTA dibenzo[b,d]thiophene
DBTA 4-dimethylamino-benzylidene)-[1, 3, 4]thiadiazol-2-yl-amine
DMTD 2,5-dimercapto-1,3,4-thiadiazole
DPID 3,5-diphenyl-imino-l,2,4-dithiazolidine
DSTA 5,5′-disulfanediyl-bis-1,3,4-thiadiazol-2-amine
EMTC ethyl-2-amino-4-methyl-1,3-thiazole-5-carboxylate
Hatbh 2-acetylthiophene benzoylhydrazone
HD 2-heptyl-1,3-dithiane
L1 4,4′-bis(3-carboxaldehyde thiophene)diphenyl diimino ether
L2 4,4′-bis(3-carboxaldehyde thiophene)diphenyl diimino ethane
LMS levamisole
MA-1340 5′-(4-chlorophenyl)-2,2′-bithiophene-5-carboxamidine 

hydrochloride salt
MA-1341 5′-(naphthalen-2-yl)-[2,2′-bithiophene]-5-carboxamidine 

hydrochloride salt
MA-1615 4-([2,2′:5′,2″-terthiophen]-5-yl)-2-fluorobenzamidine hydrochloride 

salt
MA-1740 5′-(4-amidino-3-fluorophenyl)-[2,2′-bithiophene]-5-carboxamidine 

dihydrochloride salt
MBTA 6-(4-methoxyphenyl)benzo[d]thiazol-2-amine
OXM (E)-thiophene-2-carbaldehyde oxime
PAID 3-phenyl-imiino-5-anisidylimino-1,2,4-dithiazolidine
PATT 5,5′-((1,4- phenylenebis(methanylylidene))bis(azanylylidene))

bis(1,3,4- thiadiazole-2-thiol)
PCID 3-phenyl-imino-5-chlorophenylimino-1,2,4-dithiazolidine
PMTA N,N′-(1,4-phenylenebis-(methanylylidene))

bis(5-methyl-1,3,4-thiadizol-2-amine)
PMTTA N,N′-(1,4-phenylenebis(methanylylidene))

bis-(5-methylthio)-1,3,4-thiadiazol-2-amine)
PTA N,N′-(1,4-phenylenebis(methanylylidene))

bis-(1,3,4-thiadiazol-2-amine)
PTID 3-phenyl-imino-5-tolyl-imino-l,2,4-dithiazolidine
PyTA 4-(pyridin-3-yl)thiazol-2-amine
SB (E,E)-N,N′-dibenzo[b,d]thiene-2,8-diylbis[1-(thiophen-2-yl)

methanimine]
S3 6-((1,3,4-thiadiazol-2-yl)thio)-N2-(3-(dimethylamino)

propyl)-N4-octyl-1,3,5-trizine-2,4-diamine
T thiophene
TB 2-(4-thiazolyl)benzimidazole
TBTA 6-(p-tolyl)benzo[d]thiazol-2-amine
TC 2-thiophene carboxylic acid
2-TCA 2-thiophene carboxylic acid
2-TCAH 2-thiophene carboxylic acid hydrazide
TE 2-thienyl ethanol
THIO thiophene
TPH thiophene
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TPHCAC 2-thiophenecarboxylic acid
TPHCAL thiophenecarboxaldehyde
T2CDACH (13E)-N1,N2-bis((thiophene-2-yl)methylene) 

cyclohexane-1,2-diamine
T3 methyl(E)-2-(((E)-4-chlorobenzylidene)

hydrazono)-5-(4-chlorophenyl)-2,3-dihydrothiazole-4-carboxylate
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11.1 INTRODUCTION

Metal corrosion is a problem in many industries, including mining, chemical industries, 
petrochemical engineering, material purification, and industrial cleaning. Metallic cor-
rosion in a severe environment can lead to financial losses and safety and health con-
cerns [1, 2]. External weathering is one of the main reasons for pipeline transportation 
malfunction for natural gases, chemicals, and petroleum, which can result in damage 
worth US$2.5 trillion, or 3.4% of the world GDP (2013) [3–5]. Therefore, in the realm 
of corrosion, researching ways to stop metal corrosion is a crucial duty that calls for 
scientists to concentrate on their research. There are many ways to slow down and halt 
metal corrosion, including creating materials, choosing appropriate materials for each 
atmosphere, covering metals to safeguard them, using electrochemical approaches, 
and more [6–8]. Regrettably, most are pricy, harmful to the environment, and inert. 
The creation of nontoxic, affordable, environment-friendly, and biodegradable com-
pounds as inhibitors has become a focus of research due to the harmful chemicals and 
the current rise in environmental consciousness [9]. Therefore, corrosion inhibitors 
(CIs) help prevent metal corrosion. These compounds are unique because they are 
the best approach to preventing an aggressive medium from harming a metal surface. 
These goods are reasonably priced, so this strategy is simple and low-cost.

Over the past 50 years, numerous studies have generated specialized goods or 
product combinations suitable for various corrosion systems (metal–corrosive 
media). It is necessary to comprehend their fundamental functioning statistics, con-
straints of use, and toxicities to use them with sufficient assurance. Each case of cor-
rosion continues to be a unique challenge [10]. Inhibitors additionally perform their 
functions by adhering to and forming a coating on the metal surface. They do this by 
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polarizing the anode or cathode more, restricting the flow of ions onto the surface of 
the metal, and boosting the impedance of the metallic substrate [11], which reduces 
corrosion. Steel is tested for its ability to resist corrosion in acid solutions by inor-
ganic chemicals containing sulfur or nitrogen atoms.

Additionally, benzene rings in the inhibitor moiety play a significant role since they 
heighten the inhibitor’s electrostatic contact with the metal surface. It improves metal 
inhibition’s long-term ability as a result. Therefore, attractive candidates that should 
be considered while looking for potential CIs include organic molecules with HA and 
benzene rings. Organic molecules with unsaturated bonds and/or HAs like O, N, P, and 
S (Figure 11.1) are frequently effective CIs in acidic media [12–14]. As a result, various 
research has focused on heterocycles with inhibitory characteristics [15–17].

However, it is important to consider the possibility of an advantageous interac-
tion between the “d” metal orbitals and the “π” ē’s of the double bond. Additionally, 
when the ratio of double linkages in the chemical composition rises, the compounds’ 
capacity to prevent growth likewise reaches its peak. Corrosion is reduced and the 
anodic/cathodic reactions are halted with improved corrosion inhibition effective-
ness. Adsorption is heavily influenced by organic molecules’ structural and chemical 
properties, including their size, electron density distribution, and interaction with 
electron orbital activity [18]. As a result, molecules can bind in four different ways 
(Figure 11.2) to the surface of a metal as follows:

• Via forming electrostatic connections between the metals charged surface 
and the inhibitor’s charged surface;

• By interacting with the lone pair(s) in the inhibitor molecule’s structure;
• By interacting with the “π”-electrons; or
• By combining the three previously mentioned methods [19, 20].

FIGURE 11.1 Schematic representation of heteroatoms as per electronegativity and electron-
donating ability.
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Consequently, heterocyclic compounds are defined as organic compounds whose 
structures consist one or more rings of atoms with at minimum one HA (O, N, P, or S) 
being an element other than C [22–24]. As a result, heterocyclic compounds are a crucial 
and efficient class of CIs due to their cost-effectiveness, environment-friendliness, and 
superior inhibitory efficiency when combined with the properties of an inhibitor. But 
unlike the five- or six-membered heterocycles, the three- or four-membered heterocy-
cles are significantly less stable due to ring strain. Hence they do not comprise the most 
significant families of heterocyclic CIs. Two or more N atoms are present in the most 
significant five-membered heterocycles (imidazoles, pyrazoles, azoles, etc.). Some of 
them, such as oxazoles, thiazoles, etc., also include O, S, and N atoms. Benzimidazoles, 
benzoxazoles, indoles, and other fused-ring-based heterocycles are also significant CIs. 
The most important class of HCIs is made up of six-membered heterocycles since they 
experience the minor ring strain. Interestingly, heterocycles with nitrogen act better as 
CIs in hydrochloric acid, but heterocycles with sulfur are favored for preventing corro-
sion in sulfuric acid [25]. Even better, though, are heterocycles with sulfur and nitrogen 
atoms [26]. This chapter will explore the potential for O- and S–N-based heterocyclic 
compounds to protect metal in various corrosive conditions.

11.2  HETEROCYCLES-BASED CORROSION INHIBITORS 
FOR DIFFERENT METALS AND THEIR ALLOYS

11.2.1 iron

Iron is a high-tensile, reasonably priced metal. As a result, it is frequently used to 
produce machinery, cars, medical equipment, massive ship hulls, machine parts, and 
construction materials [27]. Iron combined with other elements offers sophisticated 

FIGURE 11.2 Corrosion protection mechanism of corrosion inhibitor [21].
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mechanical properties suitable for various uses and applications. The main problem, 
however, is that it has low corrosion impedance, particularly in hostile situations.

Acidic solutions are frequently used in industrial processes, including descaling, 
acid cleaning, stewing, and diggings in petroleum production, making these Fe or 
MS containers or frameworks more susceptible to corrosion under these circum-
stances [28]. As a result, steel corrosion is a severe problem that wastes resources, 
shortens the lifespan of equipment, and is bad for the environment [29]. Numerous 
studies have been conducted on corrosion prevention and corrosion rate reduction. 
Studies on Fe and MS corrosion in low-pH settings have taken much time [30]. The 
adsorption behavior and the relationship between the inhibitor compounds and their 
adsorption are listed in the literature on organic CIs [31, 32]. According to findings, 
the electronic and structural properties of the inhibitor molecule, such as aromatic-
ity, steric factors, functional groups, electron density, and p-orbital behavior, play a 
significant role in adsorption [33]. In manufacturing operations, acid solutions are 
frequently utilized. Under these circumstances, iron corrosion and its prevention 
are dynamic phase issues.

Utilizing organic inhibitors to reduce MS deterioration in low-pH environments is 
typically very cost-effective. Numerous types of organic inhibitors have investigated 
steel inhibition in acidic solutions thoroughly over the past few years.

11.2.2 s–n-Heterocycles-bAsed corrosion inHibitors

In contrast to those containing solely sulfur or nitrogen atoms, heterocycle-containing 
CIs with both S and N atoms in their configuration had excellent preventive actions 
[34]. In this regard, a number of N- and S-comprising azole molecules (Figure 11.3), 
such as thiazole and thiadiazole derivatives, etc., have been demonstrated to be effec-
tive CIs toward a variety of metal substrates, as shown in Figure 11.4, in a broad range 
of acidic conditions.

According to the current corrosion literature, thiadiazole-based compounds 
receive more focus than thiazole-based ones. This trend in attention is based on the 
idea that adding more HA (N atoms) to such heterocyclic compounds can increase 
their adsorption on the metallic outer layer and, as a result, increase their inhibition 
efficiency. In addition to the 1,3-thiazole ring’s strong propensity to connect with 
the metallic outer layer when inhibited, it has also recently been reported that add-
ing additional substituents to the ring increases the effectiveness of the inhibition. 
According to this theory, numerous 1,3-thiazole-centered derivatives are produced 
using various fabrication reaction techniques. The findings conclude that these novel 
compounds have a strong potential to slow down the dissolution of diverse metallic 
substrates.

FIGURE 11.3 Structure of thiazole.
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Using EIS (electrochemical impedance spectroscopy), weight loss (WL) tech-
niques, and other techniques, Abdallah et al. demonstrate that the newly created 
bis-aminothiazole molecules had an inhibitory effect on the oxidation of C-steel in 
a 0.5 M sulfuric acid condition [36]. The outcomes show the sequence of the CI’s 
inhibitory efficacy at numerous doses as assessed by polarization measurements: 
o-bis-MeAT > o-bis-AT > p-bis-MeAT > p-bis-AT, as shown in Figure 11.5.

FIGURE 11.5 C-steel polarization curves at different concentrations in a 0.5 M sulfuric 
acid condition [36].

FIGURE 11.4 Schematic representation of the mild steel corrosion protection by thiazole 
derivative [35].
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Moreover, the development of an insoluble compound that adheres to the steel 
surface follows the Langmuir isotherm, as illustrated in Figure 11.6, which was 
attributed to the inhibitory effect.

Two monosubstituted 1,3-thiazole derivatives used to preserve the X65 steel 
alloy, primarily utilized in pipelines for natural gas transmission, recently exhibited 
similar behavior. X65 steel ten dissolutions were more effectively controlled by the 
ethenone-substituted 1,3-thiazole derivative than by the isobutyl one, with observed 
prevention efficiencies at 0.005 M being approximately 90% and 70% for C-3 and 
C-4, respectively (Figure 11.7) [37].

The inhibition execution of 1,3-thiazole-centered molecules is enhanced not only 
by lateral functional groups, which encompass additional ē- contributing centers 
(such as functional groups, aromatic, and azole rings), but also by enhancing their 
ē-contributing competency through connection with a C6H6 fragment. In this con-
text, Chugh and coworkers [38] have created four new derivatives centered on the 

FIGURE 11.6 Langmuir adsorption isotherm [36].

FIGURE 11.7 Structures of C-3 and C-4.
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benzo[d]thiazole basic framework, which displayed improved anticorrosion proper-
ties by substituting Cl atom (IE = 85%), CH3 moiety (IE = 88%), and finally dNH2 
fragment (IE = 90%) for H atom (IE = 79%) of R-substituent (on the lateral C6H6 
fragment).

Furthermore, the use of 2-amino-4-methyl-thiazole (2A4MT) as a CI for MS 
prevention in 0.5 M acidic solutions was investigated by Ongun et al. [39]. The 
findings show that 2A4MT’s inhibition efficiency rises with inhibitor concentra-
tion but falls with rising temperature. Its high inhibition efficiency against cor-
rosion was also linked to its full adherence as a protective coating on the outer 
metal layer. Additionally, several intricate 1,3-thiazole derivative compounds 
were assessed and shown to be effective CIs at minimum doses. For instance, 
the ceftriaxone 1,3-thiazole derivative showed a 95% inhibition percentage for 
MS at a low-pH solution of 400 ppm [39]. Moreover, Chaouiki et al. used a vari-
ety of approaches to study the effects of two thiazolidinediones, MeOTZD and 
MeTZD, as carbon steel (CS) CIs in 1.0 M HCl solution. Inhibitors can signif-
icantly improve the corrosion resistance of CS, as demonstrated by the study, 
which exhibits the effectiveness of 95% and 87% at five 103 mol/L of MeOTZ and 
MeTZD, respectively. Additionally, first-principles DFT simulations’ projected 
densities of states and interaction energies demonstrate that the investigated com-
pounds connect with iron atoms via charge transfer to create covalent bonds, as 
shown in Figure 11.8.

FIGURE 11.8 First-principles DFT simulations exhibiting adsorption geometries of (a) 
MeTZD and (b) MeOTZD on Fe(110) surface [40].
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11.2.3 oxyGen-bAsed corrosion inHibitors

In addition to substances containing N and S, O-heterocycles-based CIs such as 
furans (Figure 11.9) have attracted much interest in reducing metallic corrosion.

One of the best O-heterocycles-based CIs that has recently provided remarkable 
preventative activities against a number of metallic corrosions is furan derivatives, 
which are heterocyclic five-membered aromatic complexes. Furan derivatives’ aro-
matic properties and the existence of O atoms in their structures with two pairs 
of unshared electrons enable them to function as effective CIs [41]. In a research 
by Ahmed and his associates, the effectiveness of 2-(5-amino-1,3,4-oxadiazol-2-yl)-
5-nitrofuran (AONF) as a CI for MS in a solution of HCl was explored [42]. Surface 
morphology was assessed by using scanning electron microscopy (SEM) techniques 
in addition to WL. The outcomes show that the tested inhibitor’s highest inhibition 
effectiveness was 0.005 M, with a maximum IE of 79.49%. The inclusion of N and 
O atoms in the framework of CI was found to be the primary root of adsorption on 
an MS outer layer.

Additionally, Fakih et al. examined the effectiveness of 2-furanmethanethiol 
(FMT) and 2-furonitrile (FN) as inhibitors of MS corrosion in 1 M acidic solution 
utilizing WL, adsorption isotherms, and EIS [43]. The findings demonstrate that 
both CIs prevent MS deterioration, and that the potency of their inhibition (IE) rises 
with rise in inhibitor dosages. The inhibitory impact of FMT is stronger, with an IE 
of 94.54% at 0.005 M. Additionally, the findings of quantum chemical calculations 
using the DFT indicate that the reaction cores on FN are the furan ring, the O HA 
and its adjacent C atom in the furan fragment, the C and S atoms of the substitute 
methane thiol ─C─SH group, and the N HA of the cyano ─C≡N unit.

11.2.4 Aluminum

Aluminum and its alloys are widely utilized in the aircraft, electrical engineering, 
packaging, home appliances, transportation, and building industries as well as in a 
variety of items. One rationale is that aluminum has excellent thermal and electri-
cal conductivity, has a light mass (2.6 g/cm3), is relatively inexpensive, and is nearly 
twice as efficient as iron. Aluminum also exhibits great corrosion impedance owing 
to the development of a resistant oxide film, even when exposed to the environment 
and other unfavorable circumstances that can cause corrosion [44]. According to a 
literature review, certain organic CIs are frequently applied to avert an aluminum 
breakdown in basic and acidic conditions. Thermodynamic parameters were used 
to determine the thiazole as well as furan derivatives’ ability to reduce corrosion.

FIGURE 11.9 Basic structure of furan.
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For instance, in a 0.05 M HCl solution, Raviprabha and Bhat [45] assessed the 
anticorrosion performance of the ethyl-2-amino-4-methyl-1,3-thiazole-5-carbox-
ylate derivative for the AA6061 aluminum alloy. Based on the projected thermo-
dynamic features matching the adsorption progression of inhibitor chemicals, the 
chemisorption progression of derivative fragments is recommended as a possible 
route of inhibition. Additionally, it was revealed that a rise in temperature indicates 
an increase in the inhibitory action of the examined 1,3-thiazole derivative, with 
a 93% success rate at 333 K and 100 ppm of inhibitor. Using density functional 
theory (DFT), molecular dynamics (MD), and Monte Carlo (MC) simulation, Zhang 
et al. conducted a series of methodical theoretical investigations on the usage of 
N-thiazolyl-2-cyanoacetamide derivatives as CIs of aluminum [46] in a basic con-
dition. Due to its low surface energy and numerous adsorption spots, the results 
demonstrate that Al(111) face is a good substrate for adsorption. However, solvation 
effects can alter the CI’s molecular structure, which in turn changes how effectively 
it inhibits corrosion. The findings also indicate that the free volume and the film’s 
self-diffusion are the two key determinants of how effectively the CI layer prevents 
the passage of corrosive particulates.

11.2.5 copper

Although copper scores very high among construction materials that experience 
significant corrosion rates, Cu and its alloys have a broad array of implementa-
tions in industry and technology due to their accessibility and economic viability. 
Conventional sectors seek new uses for copper and its alloy [47]. Copper is sus-
ceptible to acid corrosion and strong basic solutions, especially when O or other 
oxidants are present. In the pH range between 2.5 and 5, Cu deteriorates exceedingly 
quickly, and stable surface oxide coatings that can passively protect metal surfaces 
cannot form. Copper corrosion can be prevented for low-acid or alkaline solutions 
by creating a barrier on the metal’s surface [48]. Some thiazole and furan derivatives 
were successful in preventing copper corrosion. For example, 1,3-thiazole derivative 
containing a pyridinium ring has shown a strong ability to control Cu disbanding 
in an acidic environment, with the highest prevention efficacy of 94% at 10−3 M. A 
1,3-thiazole ring-centered CI’s ability to inhibit can be significantly influenced by 
the kind and position of added substituents [49].

By employing EIS, AFM (atomic force microscopy), and other techniques, 
Farahati et al. created and examined the corrosion inhibitions of three thia-
zole derivatives on the copper metal in 1 M HCl. The findings show that PTA, 
ATP, and TATD had corrosion inhibition efficiencies at optimal concentrations 
of about 90%, and these compounds were recommended for use as efficient CIs 
[50]. Nevertheless, using 1,3,4-thiadiazole (TD)-centered complexes as CI also 
helped to lessen the amount of metal deterioration brought about by the hos-
tile environment around it. Numerous TD derivatives are effective anticorrosion 
agents under various operating circumstances. A supplementary N atom is incor-
porated into the 1,3-thiazole fragment in site 4, giving this five-atom ring type its 
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distinctive chemical structure. Incongruously, the protective properties of con-
jugated TD-based compounds depend on the presence of additional HAs. The 
most recent feature results from the maximum propensity of HAs with concurrent 
multi-bonds to promote these moieties adsorption onto the outer layer of metal, 
and the consequently produced defending layer separates the metal from solution 
constituents. Numerous TD derivatives with various connected HC chains were 
created and tested for their ability to prevent corrosion. It was discovered that the 
created TD derivatives’ ability to delay metal disbanding could be affected by 
the dimension and morphology of the introduced functional moieties and their 
chemical characteristics.

For instance, copper corrosion’s inhibition efficacy in the PAO base oil envi-
ronment increased from 82.4% to 88.1% at 0.4 mM of inhibitors when mercapto 
groups at positions 2 and 5 of the thiadiazole nucleus were replaced with ethyl-
disulfanyl. These compounds’ protective properties were linked to their physical 
adsorption on CuO surfaces, which was predicted theoretically and experimen-
tally [51]. In deaerated, aerated, and oxygenated 3% NaCl solutions, another 
derivative of 1,3,4-thiadiazol-2-amine has also been reported to function as an 
effective copper inhibitor, with the highest IE of 94% attained at 5 mM of the CI 
[52]. Additionally, Nakomčić et al. studied the effects of two thiazole complexes, 
MFDT and TEBOT, on the suppression of Cu corrosion in 0.1 mol/dm3 Na2SO4 
solution (pH 3). The findings show that the IE of the inspected thiazole deriva-
tives, MFDT and TEBOT, increases as inhibitor concentration does, preventing 
copper from corroding in the following sequence: TEBOT > MFDT. As demon-
strated in Figure 11.10, the existence of O, N, and S, carbonyl, >C═S, ─CH═C 
faction, and furan and benzene rings was found to be accountable for the adsorp-
tion of the scrutinized complexes [53].

FIGURE 11.10 Schematic representation of thiazole adsorption on copper surface [54].
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11.3 CONCLUSION

The use of CI chemicals is a well- acknowledged strategy to combat metallic corro-
sion and its associated unwanted effects. In this sense, heterocyclic compounds can 
be utilized to prevent metal corrosion in a diversity of harsh situations efficiently. 
Based on their chemical composition, electrostatic interaction, steric influences, 
aromaticity, charge density, p-orbital feature, electronic structure, and accessibil-
ity, heterocyclic compounds have been proven efficient metal CIs. Such chemicals 
block active sites and slow the rate of corrosion by adhering to metal surfaces. 
Heterocyclic compound inhibition may be anodic, cathodic, or mixed type. The 
preponderance of the CI’s inhibitory effectiveness tended to rise with increasing 
inhibitor concentration. For various metal/medium systems, numerous research-
ers have implemented a broad array of organic heterocyclic compounds worldwide 
as anticorrosion substances, and more are continuously being studied. Especially, 
heterocyclic structures with N, O, and/or S atoms, like azole, oxazole, and thia-
zole substances or their analogues, have displayed exceptional protective efficacy 
against metallic corrosion in various challenging environments. In this regard, 
using these compounds to prevent metallic corrosion is a well-researched academic 
and industrial subject.

The use of O- and S–N-heterocycle-based CIs as retarders for the safeguard of 
various metals, namely iron, aluminum, and copper, in diverse harsh environments is 
covered in this chapter. Compared to O-heterocycle-based CIs, thiazole derivatives 
(N-, S-heteroatoms) are intensively researched and reported as CIs. Therefore, it is 
crucial to pay special attention and focus on synthesizing innovative O-heterocycles-
based CIs and their substituted analogues with improved preventative competencies 
and steadiness for various metal–solution groupings.

ABBREVIATIONS

AFM atomic force microscopy
CIs corrosion inhibitors
DFT density functional theory
EIS electrochemical impedance spectroscopy
HA heteroatoms
IE inhibitory efficiency
MC Monte Carlo
MD molecular dynamics
SEM scanning electron microscopy
WL weight loss
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12.1 INTRODUCTION

The degradation of steel in an acidic environment is inevitable. But owing to their 
outstanding mechanical properties and affordability, they are the materials of choice 
in various facilities. Several industrial processes expose the steel to degradation, 
like acid-pickling, oil-well acidization, cleaning, and descaling. The cheapest and 
most effective method to mitigate steel corrosion in acidic systems is the addition 
of corrosion-inhibiting additives. But due to environmental, ecological, and health 
concerns, nontoxic additives are preferred as a replacement for toxic inorganic-based 
inhibiting additives. Consequently, using naturally derived polymeric additives as 
green corrosion inhibitors has attracted severe interest.

Natural polymers are often water based and are easily extracted. Examples are 
wool, silk, DNA, cellulose (chitosan, alginate, gelatin, polyaspartic acid, hyaluronic 
acid, etc.), and proteins. Furthermore, natural polymers (carbohydrates and biopoly-
mers) such as chitosan [1, 2], sodium alginate [3, 4], glucose [5], gellan gum [5], 
hydroxypropyl cellulose [6], aspartic acid [7, 8], hyaluronic acid [9, 10], carboxy-
methyl cellulose [11–13], etc. have been investigated as corrosion inhibitors. Other 
examples of natural polymers that have been studied are dextran (Dex) [14, 15], 
pectin (PEC) [16–18], gum Arabic (GA) [19, 20], agarose [21], guar gum/guaran [22, 
23], agar, carrageenan [24, 25], gelatin [26], and xanthan [27, 28].

Some of these natural polymers did not possess sufficient heteroatoms and conju-
gated multiple bond systems, which require strong interactions with metal surfaces 
and lead to compelling inhibition performances. When applied as corrosion inhibi-
tors, the intra/inter-modification of natural polymers with heterocyclic compounds 
can include the required heteroatom and enhanced adsorption/inhibition efficacy. 
As such, several natural polymers have been modified with different organic mol-
ecules or compounds, including the heterocyclic, which is the focus of this chapter. 
A heterocyclic compound is a cyclic compound with atoms of at least two different 
elements as part of its ring structure. It can be aromatic or aliphatic heterocyclic 
compounds. Hence, in this chapter, we will discuss using some natural products 
modified with the heterocyclic class of organic molecules for corrosion inhibition of 
steel in acidic systems.

12.2 CARBOHYDRATE-BASED BIOPOLYMERS

12.2.1  cHitosAn (cts) modified witH AromAtic 
Heterocyclic compounds

Among the natural polymers that have enjoyed investigations as corrosion inhibi-
tors in acidic mediums, chitosan has attracted the most attention [29–32]. This is 
likely because it is nontoxic, cheap, and readily available [29–32]. It is a polysac-
charide with β-(1-4)-linked N-acetyl-d-glucosamine units in its chain. Chitosan is 
a hydrophilic biomacromolecule obtained through the N-deacetylation of chitin, 
which exists in the exoskeletons of arthropods, especially crustaceans, after sodium 
hydroxide treatment [29–32]. Chitosan is sparingly soluble in an aqueous system 
and performs only slightly as a corrosion inhibitor in various aggressive systems. 
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The weak performance can be linked to the absence of such heterocyclic ring/s with 
heteroatoms like N and S, which have been established as the primary binding sites 
for organic molecules in corrosion-inhibiting systems. Nevertheless, scientists have 
been blending and modifying CTS with many compounds, including heterocyclic 
compounds.

Chauhan et al. modified chitosan triazole using a two-step treatment with form-
aldehyde and 4-amino-5-methyl-1,2,4-triazole-3-thiol to produce modified chito-
san as a new environmentally benign corrosion inhibitor for carbon steel in HCl 
solution [33]. Heightened inhibition performance approaching 97% was recorded 
with the revised CTS, better than previous records for chitosan alone in acidic 
systems. Modification can improve other properties, such as water solubility and 
inhibition performance. Soluble inhibitors have wider applications than insoluble 
ones. Chauhan et al. employed aminotriazolethiol to modify CTS to obtain a mac-
romolecule with improved solubility and inhibition performance following the 
scheme shown in Figure 12.1 [34]. Zhang et al. [35] synthesized two novel chitosan 
derivatives using two heterocyclic compounds to obtain highly effective environ-
ment-friendly corrosion inhibitors for steel protection in acidic systems [35]. The 
synthetic route is illustrated in Figure 12.1c. The authors believed that obtaining an 
inhibition efficacy as high as 98% for the compounds is quite epochal compared 
with previously modified chitosan molecules. Electrochemical data revealed the 
disparity in the inhibition behaviors of the two fabricated derivatives. Polarization 
results showed that both derivatives impacted the anodic and cathodic branches 
of the polarization curve of Q235 steel in an acid environment. Consequently, the 
adsorption of the derivatives on the steel surface followed the Langmuir adsorp-
tion isotherm, comprising both physical- and chemical-type adsorptions. Moreover, 
computational tools (quantum chemical parameters and molecular dynamic simula-
tion) affirmed the experimental results.

Furthermore, Eduak et al. [36] compared the anticorrosion effect of chitosan, 
carboxymethyl chitosan, and carboxymethyl chitosan grafted to poly(N-vinyl imid-
azole) via a series of chemical reactions [36]. The synthesis was probed with com-
bined TGA, FTIR, and XPS. At the same time, the corrosion inhibition assessments 
were performed with electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization measurements, and the experimental outcome showed that the 
composite massively controlled the corrosion action of acids on the studied steel 
(X70) more than either chitosan or carboxymethyl chitosan. These results affirm that 
the modification of polymers influences some critical parameters such as improved 
solubility and adsorption -sites as well as surface coverage by the molecules leading 
to better inhibition performances.

12.2.2 HyAluronic Acid And its derivAtives or relAted compound

Hyaluronic acid (HA) and its derivatives have been thoroughly investigated for 
the possibility of using them as corrosion inhibitors in acidic conditions. This 
is due to their capacity to form protective layers on metallic surfaces, effec-
tively blocking corrosion processes. Several techniques have been used to assess 
HA’s corrosion-inhibiting qualities and its derivatives, including electrochemi-
cal techniques like EIS, gravimetry, and surface analytical methods. A recent 
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investigation by Zhou et al. [37] through potentiodynamic polarization and 
immersion shows that upon HA mobilization on AZ31 alloy through a polydo-
pamine (PDA) anchor layer, HA concealed the cracks created by the PDA layer, 
thereby decreasing the corrosion density of the polydopamine/HA coating. In a 
different investigation, HA derivatives were used to prevent corrosion in sulfuric 

FIGURE 12.1 The modification of chitosan with (a) 4-amino-5-methyl-1,2,4-triazole-3-
thiol [33], (b) aminitriazolethiol [34], (c) isonicotinaldehyde and benzylbromide [35], and (d) 
poly(N-vinyl imidazole) [36].
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acid solutions using electrochemical techniques. They found that the derivatives 
were effective in inhibiting corrosion, with inhibition efficiencies ranging from 
68% to 95% depending on the concentration of the inhibitor used. In their study, 
Kim et al. [38] discovered that HA coating through hydrothermal treatment on a 
Ce-containing polymer with a stable, thick layer of MgO was the most effective 
self-healing and corrosion resistance.

Recently, He et al. [39] explored the modification of HA with hydroxyl treat-
ment in alkali. The researchers adopted the hydroxyl of polydopamine or the bonds 
between the carboxyl group of HA and amine to form magnesium/OH/polydopa-
mine/HA. They found that the hydroxyl significantly improved the corrosion resis-
tance, whereas the polydopamine and HA layers further acted as barriers to inhibit 
corrosion. In addition to its effectiveness, HA has also been shown to have good 
stability and low toxicity, making it an attractive alternative to traditional chemical 
inhibitors. Despite the promising results obtained with HA as a corrosion inhibitor, 
its use still has some limitations. One of the main challenges is its high cost, which 
discourages large-scale applications. Additionally, its ability to form a protective 
layer on metallic surfaces can make it difficult to remove, which can be an issue in 
specific applications.

The modification of HA with heterocyclic organic compounds is an area of 
active research, as it could enhance HA’s ability to prevent corrosion since they 
have a variety of chemical and physical properties. Several methods can be used to 
modify HA with heterocyclic organic compounds. One standard method is a cova-
lent modification, in which a covalent bond is formed between the HA molecule 
and the heterocyclic organic compounds. This can be achieved through chemical 
reactions such as esterification or amide formation, which involve adding func-
tional groups (e.g., carboxyl) to the HA molecule. Another method for modifying 
HA with heterocyclic organic compounds is non-covalent modification. Without 
forming a covalent bond, the heterocyclic organic compound is adsorbing onto 
the surface of the HA molecule. Non-covalent change can be achieved through a 
variety of mechanisms.

For example, a study found that modifying HA with pyridine increased its cor-
rosion inhibition efficacy on aluminum in acidic systems. The researchers used 
electrochemical methods to assess the corrosion suppression properties of the modi-
fied HA compound and found that it could inhibit corrosion at low concentrations. 
Li et al. [40] obtained a polydopamine/hyaluronic acid composite coating on the 
ZE21B alloy using the dip-coating method. They discovered that the coating sam-
ples strengthened the capacity of Mg alloy to resist corrosion. According to Carmela 
et al. [41], improved bioavailability and stability were recorded in producing an acet-
ylated HA derivative compared to the HA-free form. They discovered that HA-Acet 
demonstrated low cytotoxicity in all three cell lines, at least at the drug dosages 
used in the experiments, and a slight but significantly improved anti-inflammation 
property, dependent on dosage. This was determined by evaluating the NO release 
inhibition from murine monocyte/macrophage cell lines. Modifying HA with het-
erocyclic organic compounds is a promising approach for improving its corrosion 
inhibition properties and enhancements for other uses, especially in biotechnology 
and bioengineering.
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12.2.3  Glucose, AspArtic Acid, GelAtin, tHeir derivAtives, 
And combinAtion witH Heterocyclic compounds

Gelatin was investigated by Haruna et al. as an eco-friendly inhibitor against carbon 
steel corrosion in acidifying oil-well environments [26]. In 15% HCl at 25 °C, gela-
tin inhibited corrosion of the carbon steel well, and the inhibition efficacy increased 
as gelatin concentration increased. The structure of gelatin is given in Figure 12.2. 
Inhibiting both the cathodic and anodic reactions, gelatin was a mixed-type inhibi-
tor. Gelatin molecules impeded steel dissolution by developing a metal–gelatin com-
plex, which efficaciously stopped the corrosive solution from directly contacting the 
steel surface, following its adsorption on the metal.

The gelatin molecules were adsorbed on the steel surface through interactions with 
its O and N atoms, accounting for the metal–gelatin complex, as depicted in Figure 12.3.

FIGURE 12.2 Chemical structure of gelatin [42].

FIGURE 12.3 Representative mechanism for gelatin adsorption on steel surface in the HCl 
environment [26].
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In a related study by Farag et al. [43], a squid by-product (SBP) gelatin poly-
mer employed as an environmentally benign corrosion suppressor for steel in the 
sulfuric acid environment at 298 K exhibited strong inhibition properties, and the 
recorded efficacy increased with SBP concentration increments and decreased 
with temperature increments. Mild steel corrosion was effectively impeded by 
aspartic acid at 301 K, 305 K, 309 K, and 313 K following gravimetry, acidimetry, 
and electrochemistry, according to a study by Adejo et al. [44]. The resistance 
of the mild steel to corrosion was adjudged to be dependent on the aspartic acid 
concentration and temperature, and chemisorption dominated the adsorption pro-
cess. The chemical adsorption mechanism proved that aspartic acid’s inhibition 
efficiency and activation energy increased with temperature and concentration. In 
a similar way, Masroor et al. [45] investigated a biodegradable amino acid–derived 
surfactant (aspartic di-dodecyl ester hydrochloride acid) and its ZnONPs deriva-
tive and aspartic acid derivatives as green corrosion inhibitors for carbon steel. 
The aspartic di-dodecyl ester hydrochloride acid (Figure 12.4) was discovered to 
be a powerful corrosion suppressor for steel in 1 M HCl, with its potency increas-
ing as the inhibitor concentration was raised and decreasing when the tempera-
ture was raised from 303 to 333 K, indicative of a physisorption-type adsorption 
mechanism. According to thermodynamic parameters, the adsorption process was 
discovered to be spontaneous. At 303.15 K, the aspartic di-dodecyl ester hydro-
chloride acid and ZnO nanocomposite demonstrated the best performance and 
most potent corrosion inhibition.

Being fully soluble in aqueous media, glucose is a high-purity, cheap, nontoxic 
organic compound employed as a corrosion inhibitor. For a long time, glucose has 
been used to stop different metals from corroding in acidic solutions. Glucose has an 
oxide-phase inhibitory effect in acidic solutions, particularly for copper and copper-
containing alloys. Its ability to prevent corrosion in X70 steel exposed to 1 M HCl 
was assessed in a comparative study with other carbohydrate-based inhibitors [46]. 
With 87% efficiency at 50 ppm, methyl-4,6-O-benzylidene-d-glucopyranosae exhib-
ited optimum corrosion inhibition. Notably, d(+)-glucose performed better as a cor-
rosion inhibitor than d(+)-galactose.

12.2.4  Heterocyclic-modified cellulose And its cArboxymetHylcellulose 
derivAtive As Anticorrosion mAteriAls

Using corrosion inhibitor–based polymers became popular in deploying organic 
and inorganic corrosion inhibitors of small-sized particles for different situations. 
Polymers are materials that possess impressive adhesion abilities on the surfaces of 

FIGURE 12.4 Chemical structure of aspartic di-dodecyl ester hydrochloride acid.
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metals. Various of them have been singled out for their corrosion-resisting proper-
ties, including serving as pre-covers on metals or acting as an inhibitor in a mixture 
of corrosive solutions [47].

Moreover, the application of carbohydrate-based polymers in corrosion protection 
has birthed the utilization of eco-friendly, artificially stable, biodegradable materi-
als with distinctive inhibitive properties, renewability, and low cost [48]. Molecular 
weights usually dictate the effectiveness of carbohydrate polymers in inhibition 
studies and, invariably, the closeness of cyclic rings in the molecular structures of 
such carbohydrates. The anticorrosion properties of these polymeric materials are 
directly related to their ability to frame compound structures and complexes with 
metal entities on the exterior of such metals via their assembly. Such complexes are 
constructed to protect the outer parts of the metals due to their considerable surface 
areas, thereby protecting the metals from the aggressive ions found in their environ-
ments. This inhibition ability depends on the polymer’s heteroatoms (oxygen and 
nitrogen) and cyclic rings naturally found [49].

Cellulose is a carbohydrate polymer with inherent nontoxicity, biocompat-
ibility, biodegradability, and the limitless presence of reactive functional groups, 
which aids its ability to be modified when there is a need to incorporate another 
polymer(s) or in adjusting their properties toward achieving novel applications [50]. 
An essential type of cellulose is carboxymethyl cellulose (CMC), and sodium salt 
is its most common occurrence. Its structural configurations are the same as con-
ventional cellulose; however, it possesses reactive carboxymethyl groups linked to 
the ─OH groups of its cellulosic glucopyranyl component. CMC is usually pro-
duced through an alkali-catalyzed cellulose/C2H3ClO2 reaction. The corrosion 
suppression behavior of CMC on steel in acidic systems is believed to result from 
the possible physical adsorption of protonated CMC through electrostatic interac-
tions with the negatively charged weakly adsorbed hydrated ions on the metal sur-
face. The protonation of CMC is generally known to occur at the carbonyl oxygen, 
thus yielding polycations. Meanwhile, its corrosion-resisting abilities have been 
extensively investigated for steel materials in varying acidic media, and it was 
discovered that the compound forms a relatively thin adsorbed film layer on steel 
surface, consequently decreasing its rate of corrosion by impeding one or both the 
Tafel reactions [51].

The mechanism in which this occurs is that polymers can transfer electrons to 
the unfilled d-orbitals of metals to form coordinate covalent bonds. Moreover, they 
can also receive free electrons from the metals via their antibonding orbitals, form-
ing feedback bonds. They can quickly form CMC–metal complexes with extensive 
surface coverages, thus constituting excellent corrosion inhibitors. It is noteworthy 
that the formation of halide ions usually promotes these complexes. Moreover, the 
physisorption of cellulose at the metal surface typically complies with the Langmuir 
adsorption isotherm. Its corrosion-inhibiting efficacy in varying environments stems 
from both its bulky molecular size and the special functional groups (for example, 
─COOH and ─OH) on its cellulose framework. Together, these factors present CMC 
with inhibitive abilities [47, 49, 52].

It is also worthy of note that quite a large number of the existing effective anticorro-
sion materials for acid pickling are organic, particularly heterocyclic compounds. For 
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their organic nature, therefore, adding these corrosion inhibitors not only diminishes 
the amount of acid used but also reduces the metallic corrosion to a great extent, sub-
sequently extending the service life of the metallic equipment. Organic compounds 
such as alkaloids, organic amines, rosin amine, urea and thiourea derivatives, qua-
ternary ammonium salt, acetylenic compounds, Mooney alkali, etc. are commonly 
employed as corrosion inhibitors for sulfuric acid–based pickling. Conversely, the 
acid pickling of several alloys, especially steel materials in an HCl medium, primar-
ily uses heterocyclic organic compounds consisting of nitrogen, oxygen, phosphorus, 
and sulfur atoms [50]. Also, ammonia and thiourea-based organic compounds are 
common anticorrosion materials in this medium. Since metallic oxides and boiler 
scales are highly soluble in nitric acid (HNO3) media, and because of the highly oxi-
dizing nature of nitric acid solutions, there are very few existing corrosion-inhibiting 
materials for pickling in nitric acid environments. However, combinations of hydra-
zine (C8H7N) and sodium sulfide (Na2S) or ammonium thiocyanate (NH4SCN), and 
thiourea (CH4N2S) with Na2S are extensively employed nitric acid–based anticor-
rosion materials [50]. In the case of pickling processes in phosphoric acid media, 
the use of various heterocyclic compounds such as triazole (C2H3N3), benzotriazole 
(C6H5N3), and urea derivatives, polyvinylpyrrolidone (PVP), sulfonated imidazoline, 
and polyethyleneimine (PEI), and so on, in combination with the inorganic and their 
mixed compound formulations is common. Nevertheless, organic compound cor-
rosion inhibitors are also applied in so many other pickling acidic media, and their 
adsorption on metallic surfaces inspires the effectiveness of these compounds via 
their electron-rich centers. The important point is that descaling processes involve 
acidic solutions at lower concentrations, while acid-pickling methods use highly con-
centrated ones [47, 52, 53].

12.2.5  polymeric protein-bAsed corrosion inHibitors 
modified witH Heterocyclic compounds

Polymers are reported to occupy vast surface areas which supply ample surface pro-
tection and media from corrosive attack [54]. In recent years, the adoption of natural 
polymers, for example, gum Arabic, starch, cellulose, chitin, proteins, and chitosan, 
among others, as anticorrosive compounds have gained significant attention due to 
their respective environment-friendly, nonbioaccumulative, biodegradable, biore-
sistant nature, safer, and no accumulation of toxic materials or heavy metals [54]. 
The polar-related functional entities aid the polymer material within its electrolytes. 
Based on the Langmuir adsorption isotherm theory, research has shown that natu-
rally derived polymers mitigate corrosion via adhesion primarily within the metal 
surface [54]. Among the known natural polymeric compounds exist protein-based 
polymers.

The protein-based polymers constitute mixed-type and interface corrosion inhibi-
tors. These polymer components have an exceptional anticorrosive function because 
of the enormous electron-abundance adsorption areas occurring as broad conjuga-
tion and polar functional compounds. The polymer occurs in different types, such 
as silk sericin, gelatin, wool keratin, soy protein collagen, and silk fibroin [55]. 
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Interestingly, these polymers are commercially and naturally accessible in large 
quantities. It is imperative to note that the polymers, as stated in the preceding dis-
cussion, are often merged with heterocyclic compounds.

Adopting heterocyclic compounds was introduced as an essential aspect of practi-
cal and economical corrosion mitigation methods. The heterocyclic constituents are 
often synthesized for use in research and industry by adsorbing within the substrate–
media surface adopting their electron centers which are regarded as adsorption 
media. Notwithstanding, due to their known reduced size, they cause insufficient 
substrate surface safety and protection. In addition, the development of the com-
pound is linked to the use of toxic and expensive solvents, catalysts, and components. 
Thus, the focus should be tilted towards developing an eco-friendly substitute of 
essentially more significant molecular parts. Adopting synthetic and natural poly-
mers as anticorrosive compounds is essential in this aspect. Based on its polymeric 
characteristics and the occurrence of polar functional groups within its outer margin, 
these polymeric materials adequately adhere to the substrate surface, enhancing the 
metal’s protectiveness. Furthermore, the natural polymer substitute, especially pro-
teins, and its by-products enable a clear pathway that ousts locally non-eco-friendly 
corrosion inhibitors [56], as shown in Figure 12.5.

FIGURE 12.5 Mechanism of the protein-based polymer [56].
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Another study also reported that protein derived from natural polymers was 
able to mitigate corrosion inhibition. Umoren et al. [57] presented some of the 
natural polymers (chitosan, carboxymethyl cellulose, dextran, pectin, sodium algi-
nate, gum Arabic, and hydroxylethyl cellulose) that were screened for anticorro-
sion characteristics using AZ31 Mg metal in solutions. Chitosan and other natural 
polymers enhanced the metal corrosion process compared to sodium alginate and 
hydroxylethyl cellulose. The results were confirmed using surface characterization 
and electrochemical methods [57]. In a related study by Mingliang Yang et al. 
[58], it was observed that a mussel-adopted adhesive polymer with the 3,4-dihy-
droxyphenylalanine functional component was efficient in corrosion mitigation as 
a polymer with heterocyclic derivatives. The synthesis of the polymer is shown in 
Figure 12.6. The study was primarily conducted using electrochemical impedance 
spectroscopy (EIS).

The findings showed that the mussel-adopted adhesive polymer improved the 
corrosion inhibition of the coating. The products from the corrosion process indi-
cated the adherence of the 3,4-dihydroxyphenylalanine-Fe compound within the 
substrate exterior. These compounds function as a passive film, thus inhibiting the 
corrosion processes. Another analysis using the differential scanning calorimeter 
showed that mussel-adopted adhesive polymer increases the linking density area of 
coating materials. The influence of oxygen within material protection activities of 
the mussel-adopted adhesive polymer coating in a medium was carried out using 
EIS. The findings showed that more compact layers were achieved, thus enhancing 
the corrosion protection governing the substrate. The mechanism of the process is 
presented in Figure 12.7.

FIGURE 12.6 Illustration of PHEA-DOPA critical synthesis [58].
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A patent developed by Panduranga et al. [59] showed a novel protein-based inhibi-
tor with heterocyclic amide constituent of pharmaceutically based salt, ester, solvate, 
stereoisomer, and prodrug. The invention also presented the compositions of the 
established compounds, with their unique methods on why they can be used for 
treatment or preventive purposes. An example of a heterocyclic amide compound is 
the flavopiridolas shown in Figure 12.8.

A protein kinase inhibitor was reported to serve as an inhibitor [60]. The 
authors showed the inhibition tendency of olomoucine within the medium con-
taining Xenopus egg components. The in vitro DNA synthesized within Xenopus 
egg components also inhibited the licensing factor, a vital replication factor that 

FIGURE 12.7 Illustration of the protective mechanism involving polymer and O2 within the 
coating matrix. Note that the polymer is referred to as DOPA in the figure [58].

FIGURE 12.8 Flavopiridol as a protein-based corrosion inhibitor with heterocyclic deriva-
tive [59].
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ensured DNA was duplicated directly via each cell membrane. Olomoucine inhib-
ited the starfish female gametocyte media within the in vivo DNA. Olomoucine’s 
distinctive characteristics enable a corresponding antimitotic compound that, 
conversely, inhibits most cell process stages. Figure 12.9 shows an olomoucine 
structure.

An important polymer-based compound with heterocyclic derivatives that can act 
as an inhibitor is the vincristine compound, as shown in Figure 12.10. It is a hetero-
cyclic anticancer derivative that finds application in nanomedicines. The vincristine 
compound is often adopted as a combinatorial treatment primarily for intense lym-
phoblastic leukemia, non-Hodgkin’s lymphoma, and Hodgkin’s [60].

FIGURE 12.10 Vincristine compound [60].

FIGURE 12.9 An olomoucine structure showing its heterocyclic components [60].
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12.3 CONCLUSIONS

The continued search for nontoxic anticorrosion materials for steel protection in 
acidic systems has led to the discovery of biopolymers as excellent nontoxic options 
compared with organic anticorrosion materials with toxic tendencies. Given this, 
many naturally derived polymers like carbohydrates (alginate, chitosan, hyaluronic 
acid, etc.) and proteins have been tested as anticorrosion materials for steel in acid 
environments. The corrosion protection is linked to the extensive surface cover-
age of the polymers. However, in most scenarios, especially in aggressive systems, 
moderate inhibition efficiencies have been reported probably due to the insolubil-
ity and insufficient heteroatoms (i.e., S, O, N, etc.) and double bonds in conjugated 
systems in the monomers. But improved protection efficacies have been achieved by 
introducing functional groups into the molecular chains of eco-friendly polymers. 
Interestingly, heterocyclic compounds are cyclic compounds with atoms of at least 
two different elements as part of their ring structure. The aromatic type comprises 
heteroatoms and double bonds in conjugated systems, which are strong adsorption 
sites for inhibitor adsorption. Thus, the present report identified reports where het-
erocyclic compounds had been employed to modify natural polymers. Adjusting nat-
ural polymers with heterocyclic compounds improves inhibitive properties, stability, 
and solubility. The essence of this report is not to provide an exhaustive survey of the 
words but to expose the advantages and methods of using heterocyclic compounds 
to modify naturally developed polymers. The reaction methods and experimental 
methods are highlighted. The reported naturally derived polymeric compounds were 
classified into carbohydrate and protein based. They are cheap, readily available, 
biodegradable, nontoxic, and renewable. In spite of these, there are still very few 
existing reports on the modification of natural polymers using heterocyclic com-
pounds, which is the motivation for this topic and the relevance of the information 
being the first of its kind. The improved inhibition performances revealed the need 
to intensify research efforts in this research area.
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13.1 INTRODUCTION

Metallic resources are employed in several businesses for household and building 
purposes [1]. However, the interactions of the elements in their environment eas-
ily cause them to corrode [2]. Due to corrosion failure, there are a great deal of 
incidents recorded across the world, which results in significant health, financial, 
and fatality losses. The NACE estimates that corrosion causes a 3.5% loss in global 
GDP [3]. As a result, several efforts have been undertaken to decrease corrosion 
damage. According to evidence, the previously employed corrosion-monitoring 
techniques can reduce corrosion losses by 15–35% [3]. Utilizing chemical molecules 
is among the most efficient, well-liked, and cost-effective choices for lowering the 
risks and losses associated with corrosion [4]. At the boundary between metal and a 
harsh environment, organic compounds, particularly heterocyclic compounds with 
electron-rich centers, adsorb and create protective coatings that separate the metal 
surfaces from the electrolyte [5].

These substances create an adsorbed protective coating on the metallic struc-
tures in this item, shielding the metals from the harmful acid mixture [6]. There 
are two methods for determining this adsorption: chemisorption and electrostatic 
adsorption. Strong electronic bonds are formed by a chemical interaction between 

13

https://doi.org/10.1201/9781003377016-13


231Pyridine, Imidazopyridine, and Pyrimidine

the metallic structure and the inhibitor chemicals during chemisorption. In contrast, 
the van der Waals force generates the electrostatic contact [7]. Numerous variables, 
including the type and amount of charge on the metal surface, the nature of the 
aggressive environment, the electronic structure of the inhibitor compounds, the 
type of substituents, the aggressive environment, temperature, immersion time, etc., 
have an impact on the adsorption of these compounds [8]. Pyridine, imidazopyri-
dine, and pyrimidine, as well as their derivatives, are crucial in many industries, 
particularly biological and pharmaceutical ones [9, 10]. However, recently, several 
researchers have investigated this derivative as a metal corrosion inhibitor and found 
that it exhibits high inhibition efficacy in a variety of acid solutions.

The collection of pyridines, imidazopyridine, and pyrimidine and its by-products 
as anticorrosion compounds are described in this chapter. For a variety of metallic 
element and their alloys, diverse classes of pyridine, imidazopyridine, and pyrimi-
dine-based compounds are often utilized. This is the first complete chapter on pyri-
dine-, imidazopyridine-, and pyrimidine-based molecules as corrosion inhibitors.

13.2 PYRIDINE-BASED CORROSION INHIBITORS

13.2.1 pyridine

Pyridine is very important class of compounds that is widely used in pharmaceuti-
cals conception. Due to their presence in natural products and exceptional biological 
properties, the heterocyclic compounds have received the greatest research attention. 
These heterocyclic compounds rule the fields of biochemistry and medicinal chemis-
try, and they are becoming more significant in a variety of other fields.

13.2.2  tHeoreticAl understAndinG of tHe Ability of pyridine-bAsed 
compounds to suppress corrosion

Recently, computer simulations and models have attracted a lot of attention for 
researching how organic chemicals limit corrosion [11–13]. DFT-based studies 
offer a number of theoretical factors that may be used to characterize the adsorp-
tion behavior of pyridine, imidazopyridine, and pyrimidine, as well as their deriva-
tives, on metal surfaces. These parameters’ significance, computation, and detailed 
description are covered elsewhere [14–16]. The chemical locations involved for elec-
tron donation as well as acceptance may be simply seen using the DFT approach in 
the configuration of FMOs. It will facilitate the development of efficient anticor-
rosion materials. Many reviews of the literature suggest that DFT-based computer 
analyses are frequently employed to determine how well organic chemicals control 
corrosion [17–20].

The ability of organic compounds to reduce corrosion is frequently tested using 
MD and MC simulations [21–23]. These simulations enable measurement of the 
location of the corrosion inhibitors on the steel substrate. The efficiency of corrosion 
inhibitors may be determined by measuring how they are oriented on metallic sur-
faces. The most important variable is adsorption energy (Eads). Spontaneous adsorp-
tion is compatible with a negative value of Eads, and vice versa [24–27]. Six-membered 
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heterocyclic pyridine (C5H5H) has a nitrogen atom in lieu of one of the benzene 
ring’s carbons. Although it is colorless in its purest form, contaminants cause it to 
turn yellow. Several organic compounds with pyridine rings in their chemical struc-
tures are helpful for a variety of purposes [28]. A lot of agrochemicals, vitamins, and 
chemical medications include pyridine [29]. Pyridine, in contrast to benzene, has a 
2.2 Debye dipole moment, including a polar heterocyclic structure [30]. Pyridine 
possesses an extra nonbonding pair of electrons of nitrogen compared to benzene. As 
a result, pyridine and its derivatives ought to be more effective corrosion inhibitors 
than benzene and its analogues [31–35]. Figure 13.1 displays the frontier molecular 
orbital images of pyridine, 2-aminopyridine, and 2,6-diaminopyridine. It is evident 
that the presence of electron-donating ─NH2 substituent(s) significantly improves 
LUMO and HOMO electron distribution, which is attributable to the +R effect of the 
─NH2. Additionally, the energy bandgaps are seen to decrease sequentially when 
one transitions from benzene to 2,6-diaminopyridine. This finding shows that these 
chemicals’ chemical and corrosion resistance capabilities grow in the same order.

FIGURE 13.1 FMOs pictures of benzene, pyridine, 2-aminopyridine, and 2,6-diaminopyri-
dine. (Reprinted with permission from Ref. [36] © 2020 Elsevier Publications.)
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The presence of substituents, particularly at the ortho-position in the aromatic 
ring, is crucial for determining how well pyridine derivatives suppress corrosion. 
2-Aminopyridines (amino-substituted), due to their significant anticorrosive effi-
cacy are frequently used as corrosion inhibitors. The inclusion of extra electron-
releasing ─NH2 substituents in 2-aminopyridine as opposed to pyridine is thought 
to be the cause of its superior efficiency. “2-Aminopyridine as well as its deriva-
tives function as bidentate ligands which create chelating compounds with the 
metal atoms by having two electron donating nitrogen atoms. Corrosion inhibitors 
based on substituted pyridine that have 2-hydroxy, 2-mercapto, and 2-methoxy 
groups have a similar mode of action. The pyridine derivatives can function as 
tri-dentate ligands for a slightly more stable and efficient chelating compound 
than the 2-substituted pyridine derivatives. These substituents include ─NHMe, 
─NMe2, ─NH2, and ─OMe”etc. [36]. Figure 13.2 illustrates a potential mechanism 

FIGURE 13.2 Pyridine, 2-aminopyridien, and 2,6-diaminopyrdine’s behavior upon 
adsorption on a metallic surface. (Reprinted with permission from Ref. [36] © 2020 Elsevier 
Publications.)
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of correlations involving pyridine, 2-aminopyridine, and 2,6-diaminopyrine and 
metallic surfaces.

13.2.3 pyridine compounds As corrosion inHibitors

Pyridine is an organic molecule with the chemical formula C5H5N. It resembles benzene 
structure with one methine group (═CH) substituted by a nitrogen atom. As corrosion
inhibitors, pyridine and its derivatives are widely used; according to the literature, their 
derivatives prove to be more effective against corrosion than unsubstituted pyridine. 
The structure of the pyridine derivatives influences their inhibitory efficacy. The substi-
tute effect is extensively researched when evaluating the ability of pyridine derivatives. 
These substances can generate a protective hydrophobic layer while adsorbing at the 
metal surface; in fact, pyridine has six π-electrons delocalized over the ring allowing 
the formation of bonds with the metallic surface. Also, electrophilic attack is promoted 
by the lone pair of electrons in nitrogen atom. Pyridine derivatives can be classified as 
interface-type inhibitors; they are generally used in acidic two-dimensional that block 
the reaction sites, and prevent anodic and cathodic reactions.

13.2.4 corrosion mAteriAls And metHods

Many developed methodologies are employed to study inhibitory efficiency, but 
recently, experimenters’ research has been focused on WL studies, which is a sim-
ple method that does not demand a sophisticated equipment; also, electrochemical 
experiments, namely stationary methods such as PDP and EIS, allow studying the 
adsorption mechanism. These techniques used potentiostat which impose a poten-
tial for which the current density is measured: the galvanostat is connected, on one 
hand, to a computer associated with an appropriate software and, on the other hand, 
to a three-electrode cell containing working electrode whose corrosion is evaluated, 
reference electrode, against which the metal’s or alloy’s corrosion potential is deter-
mined, and a counter-auxiliary electrode which maintains the reference electrode 
stable and protects it against current flow.

13.2.5 Adsorption isotHerm

To better understand the mechanism of reaction of pyridine toward metallic sur-
faces, it is necessary to study the adsorption isotherm. In fact, pyridine is an organic 
compound that is more likely used in acidic media. Their adsorption depends on sev-
eral factors, namely the nature of the metal and the condition of the surface on which 
the molecule adsorb. Also, knowing the optimal concentration of molecule increases 
the ability of adsorption of the nature of medium and the aggressivity of ions influ-
ence negatively the processes. Also, the presence of dissolved oxygen can change the 
adsorption mechanism; this latter is highly affected by temperature which provoke 
molecule desorption from the surface, sometimes it can lead to its total destruction.

Literature showed that these heterocyclic compounds adsorb strongly into the 
steel surface forming potent covalent chemical bonds. This is due to the presence of 
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heteroatoms N providing unshared pair of electrons, the adsorption ability increase 
with the tendency of donating electron to the metallic surface. Also the π-electron 
of the aromatic ring interacts physically to improve their affinity of adsorption. 
Generally, pyridine adsorbed by displacement of water molecule was first adsorbed; 
in fact, a quasi-substitution process occurs between water molecules at the electrode 
surface and organic compounds in the aqueous phase. The following reaction illus-
trates the phenomenon:

 Org   H O    Org   H Osol 2 ads ads 2 solx x+ → +( ) ( ) ( ) ( )

Here x is the number of water molecules that replace one organic inhibitor. 
Because of the energy of interaction between organic compounds and metal surfaces 
is greater than that between water molecule and interfaces, substitution took place. 
A further explanation of the relationship between an organic molecule and a metal 
surface: to find the most appropriate kind of adsorption isotherm, a number of iso-
therms, including those explored by Langmuir, Frumkin, Temkin, Freundlich, and 
Flory-Huggins, have been examined. The literature claims that pyridine adsorbs via 
the Langmuir isotherm. Table 13.1 includes a variety of active compounds, the kind 
of metal/medium utilized in anticorrosion experiments, the adsorption technique 
applied, and the greatest level of shielding efficacy for pyridine derivatives recently 
reported [36–38].

Yıldız et al. [39] utilized microstructural studies and electrochemical techniques 
to investigate the anticorrosive impact of PCN for mild steel in a 1 M HCl medium. 
At 10 mM, PCN showed a maximum effectiveness of 94.7%. Adsorption worked 
in accordance with the Langmuir adsorption isotherm. PCN acted as an inhibitor 
of a mixed kind. Investigations on the anticorrosion capabilities of nitro, amino, 
methyl, mercapto, and hydroxyl substituted pyridine for steel metals [40, 41] and Al 
[42]. These pyridine derivatives primarily function as mixed-type inhibitors, and 
the Langmuir isotherm model was followed during their adsorption. The most often 
used compounds based on 2-aminopyridine among the studied pyridine derivatives 
are corrosion inhibitors. In this system, the impact of substituents is extensively 
researched. In general, electron-donating substituents improve protection efficiency, 
and vice versa.

Ansari et al. [43] used theoretical and practical techniques to show that three 
pyridine derivatives (PCs) with various substituents inhibited the oxidation of mild 
steel. They discovered that the pyridine derivative’s inhibitory efficacy followed the 
pattern: PC-1, PC-2, and PC-3. All of the examined PCs exhibited mostly inhibi-
tory cathodic behavior, and their adsorption followed the Langmuir isotherm model. 
On the basis of the findings of DFT research, it was determined that the engage-
ment of PCs and metallic surfaces was of the donor–acceptor kind. These authors 
found that electron-donating ─Ome- and ─Me-modified pyridine derivatives dem-
onstrated higher protection effectiveness than nitro-substituted pyridine deriva-
tive when examining the corrosion protection impact of naphthyridine derivatives 
(ANCs) for N80 steel in a 15% of HCl solution [44]. Their inhibitory power was 
distributed as follows: ANC-1, ANC-2, and ANC-3. They act as inhibitors of the 
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TABLE 13.1
Corrosion Properties of Some Pyridines Molecules

Structures
Metal/ 
Medium

Adsorption 
Behavior EI(%) Reference

MS/0.1 M 
HCl

Langmuir/
mixed-type

94.7% at 10 mM [39]

MS/0.5 M 
HCl

Langmuir/
mixed-type

94.4% at 50 mM [45]

MS/1 M 
HCl

Langmuir 92.8% at 1 mM [46]

CS/6 M 
H2SO4

Langmuir/
mixed-type

86.6% at 
2.66 × 10−3 M

[47]

MS/1 M 
HCl

Langmuir 96.2% at 0.005 M [41]

Copper/0.1 
M HNO3

Langmuir/
mixed-type

90.14% at 1 mM 
(P6)

26.9% at 1 mM 
(P7)

[48]

(Continued)
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CS/2 M 
HCl

Langmuir/
mixed-type

91% at 10−4 M [49]

Al/1 M 
KOH -

53.35% at 5.10−4 M  
(P9)

46.31 at 5.10−4 M 
(P10)

[50]

Al/H2O Langmuir 86% at 0.0187 M [42]

MS/1 M 
HCl

Langmuir/
mixed-type

97.4% (P12) at 
400 mg/L

95.7% (P13) at 
400 mg/L

88.0% (P14) at 
400 mg/L

[43]

MS/1 M 
HCl

Langmuir/
anodic-
type

90.0% at 0.5 g/L [51]

N80 steel/ 
15% HCl

Langmuir/
cathodic-
type

92.31% at  
200 mg/L

[52]

TABLE 13.1 (Continued)
Corrosion Properties of Some Pyridines Molecules

Structures
Metal/ 
Medium

Adsorption 
Behavior EI(%) Reference

(Continued)
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TABLE 13.1 (Continued)
Corrosion Properties of Some Pyridines Molecules

Structures
Metal/ 
Medium

Adsorption 
Behavior EI(%) Reference

MS/1 M 
HCl

Langmuir/
mixed-type

95.8% (P17) at 
20.2 × 10−5 M 
96.2% (P18) at 
20.2 × 10−5 M 
96.6% (P19) at 
20.2 × 10−5 M

[53]

MS/1 M 
HCl

Langmuir/
mixed-type

97.6% (P19) at 
1.52 mM

96.1% (P20) at 
1.52 mM

94.7% (P21) at 
1.52 mM

[54]

Q235 
steel/1 M 
HCl

Langmuir/
mixed-type

95.41% at  
3.24 mM

[55]

Q235 
MS/1 M 
HCl

Langmuir/
mixed-type

91.9% at 1 mM [56]

MS/1 M 
HCl

Langmuir/
mixed-type

93.0% (P24) at  
5 mM

88.9% (P25) at  
5 mM

[57]

(Continued)
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cathodic type and adsorb utilizing the Langmuir isotherm model. According to DFT 
calculations, ANCs interact and adsorb on metallic surfaces through interactions 
that share electrons.

Utilizing both experimental and theoretical techniques, our research team 
recently documented the inhibitory impact of three pyridine compounds with dif-
ferent types of substituents on mild steel in a 1 M HCl medium The results dem-
onstrated that the pyridine derivatives’ inhibitory efficiency followed the following 
pattern: DHPN, DMPN, and DPPN. By adhering to a mild steel sample, all the 
chemicals are rendered useful. According to DFT calculations, the torsion angle 
between the pyridine ring and the ─CH substituent determines how well the pyri-
dine derivatives protect. The high level of protection efficacy was associated with a 
larger torsion angle value. Figure 13.3 displays the FMOs of the analyzed pyridine 
derivatives.

The MC simulation demonstrated that the pyridine derivatives, in both their neu-
tral and protonated forms, assume essentially flat orientations on metallic surfaces, 
as shown in Figure 13.4. Pyridine derivatives’ negative Eads values indicated that they 
spontaneously interact with metallic surfaces.

13.3 IMIDAZOPYRIDINE-BASED CORROSION INHIBITORS

13.3.1 imidAzopyridines

One chemical, imidazopyridine, contains a number of physiologically active com-
pounds that are found in plants, medications, and human enzymes. It is regarded as 
one of the substances that are comparable to purine and benzimidazole. Utilizing 

MS/1 M 
HCl

Langmuir/
mixed-type

81% at 2 mM [58]

N80 steel/ 
15% HCl

Langmuir/
mixed-type

95.0% (P27) at 
100 ppm

94.6% (P28) at 
100 ppm

[59]

TABLE 13.1 (Continued)
Corrosion Properties of Some Pyridines Molecules

Structures
Metal/ 
Medium

Adsorption 
Behavior EI(%) Reference



240 Handbook of Heterocyclic Corrosion Inhibitors

this organic heterocyclic structure, many chemical–biological instruments and 
medicinal substances are synthesized [60, 61]. There are a variety of derivatives of 
imidazopyridine; however, in this chapter, we are only concerned in imidazo[1,2-
a] pyridine. Anti-inflammatory, antibacterial, and anti-ulcer effects have been 
demonstrated for this structure [62]. Additionally, it has cyclin-dependent kinase 
inhibitor characteristics [62], cardiotonic substances, GABA, and benzodiazepine 
receptor agonists [62]. On the other hand, there are currently marketed drug for-
mulations incorporating imidazo[1,2-a]pyridine, including alpidem (hypnotic), 
zolpidem (hypnotic), zolimidine (anti-ulcer), and olprinone (PDE-3 inhibitor) 
(anxiolytic) [62]. A summary of imidazopiridines as corrosion inhibitors is pre-
sented in Table 13.2.

FIGURE 13.3 FMO images of the protonated forms of DHPN-H+, DMPN-H+, and DPPN-H+. 
(Reprinted with permission from Ref. [36] © 2020 Elsevier Publications.)
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FIGURE 13.4 DHPN, DMPN, and DPPN’s optimal orientation on the surface of Fe(110) 
in their protonated forms. (Reprinted with permission from Ref. [36] © 2020 Elsevier 
Publications.)

TABLE 13.2
Corrosion Properties of Some Imidazopyridine Molecules

Structures Metal/Medium
Adsorption 
Behavior EI(%) Reference

2-(3-Nitrophenyl)-6-
methylimidazo[1,2-a]pyridine

C38/1 M HCl Langmuir/
mixed-type

90% at 10−3 M [63]

7-Methyl-2-phenylimidazo[1,2-α]
pyridine

CS/2 M H3PO4 Langmuir/
mixed-type

92.6% at 10−3 M [64]

(Continued)
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13.4 PYRIMIDINE-BASED CORROSION INHIBITORS

13.4.1 pyrimidine

Pyrimidine is a six-membered heterocyclic aromatic chemical molecule with two nitro-
gen atoms located at positions 1 and 3. In the fields of medicine, agrochemicals, and 
numerous biological processes, the chemical composition of pyrimidine derivatives is 

6-Chloro-2-(4-fluorophenyl)
imidazo[1,2-a]pyridine

C38/1 M HCl Langmuir/
mixed-type

91.2% at 10−3 M [63]

3-Amino-2-phenylimidazo[1,2-a]
pyridine

C38/1 M HCl Langmuir/
mixed-type

86.1% at 10−3 M [65]

3-Bromo-2-phenylimidazol[1,2-α]
pyridine

C38/0.5 M H2SO4 Langmuir/
mixed-type

87.5% at 10−3 M [66]

2-Phenylimidazo[1,2-a]pyridin-3-yl)
methanol

MS/1 M HCl Langmuir 92% at 0.5 mM [67]

6-Nitroso-2-phenylimidazo[1,2-a]
pyridine-3 carbaldehyde

MS/1 M HCl Langmuir 96% at 0.5 mM [67]

(2E)-3-[2-(4-chlorophenyl)
imidazo[1,2-a]pyridin-3-yl]-1- 
(4-methoxyphenyl)prop-2-en-1-one

C38/1 M HCl Langmuir/
mixed-type

93% at 5.10−5 M [68]

TABLE 13.2 (Continued)
Corrosion Properties of Some Imidazopyridine Molecules

Structures Metal/Medium
Adsorption 
Behavior EI(%) Reference
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crucial. A variety of pyrimidine derivatives have biological and pharmaceutical effects, 
including antifungal, antibacterial, anticonvulsant, antiviral, and anticancer capabilities 
[69]. Several pyrimidine derivatives have already been created, and their potential for 
preventing corrosion in a range of steel samples in an acidic media has been researched. 
Numerous pyrimidine derivatives’ effects have been investigated utilizing a variety of 
methodologies (Table 13.3). According to studies, the key factors influencing the pyrimi-
dine derivative’s adsorption on steel surfaces are its physical and chemical characteristics, 
the donor atom’s electronic density, and any potential interactions between its p-orbitals 
and the d-orbitals of the surface atom. The findings demonstrated that the concentration 
and type of the inhibitors had an impact on the studied compounds’ ability to inhibit.

TABLE 13.3
List of Pyrimidine Derivatives Used to Prevent Steel Samples from Corroding 
in Various Acid Media

Structures ─R Medium/Metal
and Adsorption 
Behavior

EI (%) Reference

─H CS/2 M HCl
Langmuir/
mixed-type

81% at 10−2 M [70]

─NH2 88%% at  
10−2 M

─H 91% at 10−2 M [70]

─OH 96.50% at  
10−2 M

─SH 98.50% at  
10−2 M

─NH2 94% at 10−2 M

– Austenitic 
stainless 
steel/1 M HCl

Langmuir/
mixed-type

90% at 
5.10−3M

[71]

– Austenitic 
stainless 
steel/0.5 M 
H2SO4

Langmuir/
mixed-type

90% at  
2.10−3 M

[72]

(Continued)



244 Handbook of Heterocyclic Corrosion Inhibitors

13.5 CONCLUSION AND FUTURE PERSPECTIVES

Recently published studies on the effectiveness of pyridine, imidazopyridine, and 
pyrimidine derivatives in inhibiting metal corrosion are included in in this chapter. 
The structure exhibits good corrosion resistance, which demonstrates its relevance 
in the fields of medicine, biology, biochemistry, and medicinal chemistry, due to the 
presence of nitrogen heteroatoms in the pyridine and pyrimidine rings. Research 
published in the literature shows that pyrimidine derivatives are more efficient than 
pyridine derivatives due to the presence of two nitrogen atoms in the pyrimidine 
molecular entity compared to the presence of a single nitrogen atom in the pyri-
dine ring. According to the Langmuir isotherm, it prevents metal corrosion by cre-
ating an adsorbed monolayer on the steel substrate, forming an energetic barrier 
that prevents the attack of aggressive ions. In addition, it has a lesser impact on 

CS//1 M HCl
Langmuir/
mixed-type

98.7% at  
10−2 M

[73]

98.9% at  
10−2 M

99.3% at  
10−2 M

CS/0.1 M HCl
Langmuir/
anodic-type

839.3% at  
10−4 M

[74]

71.8% at  
10−4 M

CS/2 M HCl 93% at 
5 × 10−3 M

[75]

CS/1 M HCl
Langmuir/
mixed-type

44% at 
17 × 10−6 M

[69]

52.8% at 
17 × 10−6 M

32.3% at 
17 × 10−6 M

TABLE 13.3 (Continued)
List of Pyrimidine Derivatives Used to Prevent Steel Samples from Corroding 
in Various Acid Media

Structures ─R Medium/Metal
and Adsorption 
Behavior

EI (%) Reference
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the corrosion potential of the metal, acting as mixed-type inhibitors with prominent 
cathodic and anodic properties at different times. Finally, theoretical calculations by 
different techniques show the importance of these molecular entities in the biologi-
cal and industrial field, especially in corrosion. In perspectives, we intend to delimit 
some physicochemical properties for a better valorization of pyridine and pyrimi-
dine compounds. This will be made possible by trying to establish a more advanced 
quantum study in order to target the different parameters of our structures for further 
use in the prediction of the activity of different products, and to evaluate the pharma-
cological and physicochemical potentialities of these compounds, in order to widen 
this research field for the synthesis of new structures and complexes.

ABBREVIATIONS

EIS electrochemical impedance spectroscopy
FMO frontier molecular orbital
GDP gross domestic product
MC Monte Carlo
MD molecular dynamics
PDP potentiodynamic polarization
WL weight loss
PCN 2-pyridinecarbonitrile
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14.1 INTRODUCTION

The expression “corrosion” generally denotes the progressive degradation of metal-
lic substances from exposure to the surrounding environment. The corrosion process 
can be conceptualized as the manifestation of an electrochemical or a biochemical 
interaction concerning a metallic and its immediate surroundings, with the outcome 
being the gradual deterioration of the metal in question. The grave ramifications of 
corrosion have emerged as a vexing issue of worldwide significance. The detrimental 
effects of corrosion on global infrastructure and its substantial economic and eco-
logical impact have been widely acknowledged. The financial cost of this phenom-
enon is significant, accounting for 3–4% of the nation’s output domestic product of 
manufacturing homelands [1, 2].

Choosing and utilizing appropriate consumption counteraction techniques are 
thus exceptionally fundamental for the assurance and effective utilization of metallic 
designs. Many industries, such as those involved in oil and gas, water desalination, 
and chemical production, encounter diverse corrosion-related challenges resulting 
in substantial economic losses. The righteousness is that the reception of reasonable 
erosion counteraction methodologies can avoid a considerable degree of misfortune. 
Among the various strategies for regulating consumption, the practice of anticorro-
sion agents is a relatively uncomplicated, financial, and practical approach frequently 
employed within industrial settings. A consumption inhibitor can be characterized 
as a substance that, when included reasonably in a destructive climate, fundamen-
tally reduces the erosion rate. An example of inhibitor classification is separated into 
two sorts, explicitly inorganic and organic inhibitors [1, 2].

In contrast to traditional external passivation techniques utilizing inorganic inhib-
itors, organic inhibitors, specifically those of the adsorption type, present an attrac-
tive alternative given their high efficacy and environmentally conscious properties. 
Organic inhibitors have been widely utilized across multiple industries to counteract 
the effects of aggressive environments. The performance of inhibitory substances 
depends on their chemical composition and physicochemical characteristics, such 
as functional group properties, electron density at donor atoms, p-orbital traits, and 

14

https://doi.org/10.1201/9781003377016-14


250 Handbook of Heterocyclic Corrosion Inhibitors

the molecular electronic arrangement. The impediment primarily results from the 
adsorption mechanism and the subsequent creation of a shielding layer on the exte-
rior [1, 2].

Nevertheless, most extant inhibitors take time to prepare, are costly, and are toxic. 
The release and buildup of said corrosion inhibitors into terrestrial and aquatic envi-
ronments pose a significant environmental threat. The inhibitory action of organic 
compounds occurs through their adsorption onto the metallic constituent. The adsorp-
tion process may be expedited through electrostatic fascination, which happens 
through charge allocation or chemoadsorption, whereby the back-donation of lone-pair 
electrons is brought about. The comprehension of the adsorption mechanism can be 
attained by disclosing diverse kinetic and thermodynamic limitations [3, 4].

The effectiveness of an organic anticorrosion agent may be quantified by its exte-
rior coverage, which is impacted by various factors such as molecular geometry, 
the presence of electron-donating or electron-withdrawing functional groups, steric 
hindrance, aromaticity, and planarity of the molecular structure. In contemporary 
existence, several inhibitor chemistries have been suggested to tackle this problem. 
The heterocyclic compounds belonging to the class of organic anticorrosion agents 
have been demonstrated to exhibit remarkable inhibitory properties. The molecules 
above consist of heteroatoms, namely nitrogen (N), sulfur (S), and oxygen (O), as 
well as phenyl rings, p-bonds, and diverse functional groups. These components 
contribute substantially to the coverage of metal surfaces and consequent corrosion 
protection [5–7].

Furthermore, nitrogen-containing heterocyclic compounds have extensive appli-
cations as anticorrosion agents because they can make strong coordination bonds with 
metals and metallic ions. This study investigates the anticorrosive efficacy of com-
pounds derived from pyrrole, pyrrolidine, pyridazine, and pyrimidine. Furthermore, 
this chapter provides an intricate portrayal of the various types of nitrogen-based 
heterocyclic organic corrosion inhibitors [3, 6].

14.1.1 corrosion inHibition And sHieldinG ApproAcHes

Corrosion inhibitors serve as a means to prevent the corrosion of metals. Inhibitors 
refer to compounds incorporated into corrosive environments with the primary 
objective of impeding or arresting the corrosion of metals [8]. Erosion forms cause 
numerous casualties, for the most part, within the manufacturing segment. As it 
were, a way to bargain with it is to debilitate it. Of the distinctive procedures for 
dodging or anticipating the devastation or oxidation of metal surfaces, erosion 
inhibitors are one of the foremost well-known and compelling within the industry. 
Inhibitors have long been utilized in the industry because of their excellent anticor-
rosive properties. However, numerous side effects happened, causing natural harm. 
As a result, researchers have begun seeking out naturally neighborly operators, such 
as organic inhibitors [8].

Tentatively and/or hypothetically utilizing calculation chemistry, the inhibitor’s 
effectiveness can be inspected. Different strategies are regularly used to perform 
exploratory corrosion restraint productivity estimations and screen the hindrance 
instrument. These techniques include weight misfortune, linear polarization, 
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potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), 
UV-visible spectroscopy, filtering electron-magnifying lens (SEM), X-ray spectros-
copy (EDX), and cyclic voltammetry. Utilizing fair exploratory strategies, on the 
other hand, is expensive, time devouring, and unsafe for the environment [9–12]. The 
progression of preventing and controlling corrosion extends beyond the mere choice 
of constituents. However, its duration spans the entire life cycle of a product, encom-
passing the phases from attainment to maintenance. Specific factors that contribute 
to corrosion all over the lifespan of a system are visually represented in Figure 14.1.

The initiation of corrosion anticipation ought to commence through the formula-
tion of the design conception and persist throughout the material assortment proce-
dure. During the phase dedicated to detail designing, it is imperative to formulate 
preventive maintenance, monitoring, and inspection plans. Confirming that these 
plans are consistently conserved and updated when indispensable throughout the 
sustainment phase is significant. [13]. Corrosion administration requires the execu-
tion of designing standards and methods to moderate erosion to a suitable degree 
by the foremost temperate strategy. Various techniques and methodologies can be 
employed to effectively manage or govern the erosion process (Figure 14.2) [12].

14.1.2 impAct of moleculAr Assembly on inHibition

The mechanism underlying the effectiveness of organic corrosion inhibitors typically 
involves surface adsorption phenomena. At suboptimal inhibitor concentrations, 
adsorption of inhibitor molecules occurs primarily in a planar orientation, while at 
concentrations surpassing the optimal threshold, vertical adsorption of inhibitors 
becomes predominant. Henceforth, the metal–inhibitor interplay is subject to the 

FIGURE 14.1 Some observations for corrosion anticipation and control.
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supremacy of attractive forces below the optimal inhibitor concentration. By con-
trast, surpassing the threshold of optimal adsorption elicits the dominance of intra-
molecular repulsive forces within the inhibitor. The comportment of metal in the 
incidence of organic inhibitors is significantly affected by various factors, including 
the properties and category of the organic anticorrosion agents, the properties and 
configuration of the metal, and the operational settings, such as acid concentration 
and temperature. Organic anticorrosion agents could possess chains of hydrocarbon 
of different dimensions. The disparity may significantly influence the hydrophobic-
ity of a corrosion inhibitor in the size of the involved alkyl chains [3, 14, 15].

The adsorption strength is significantly influenced by various factors, including 
the number of alkyl chains, chain dimension, and the existence of π-bonds featur-
ing involved heteroatoms. Although the elongation of alkyl chains can enhance 
hydrophobicity, it can concurrently lead to a crowding effect, thereby impeding the 
adsorption of inhibitors [16]. The exterior adsorption process could be significantly 
inclined by numerous aspects comprising heteroatoms’ identity, quantity, location, 
and the nature of the phenyl rings and attached functional groups [17–20]. This phe-
nomenon can potentially provoke perturbations in the steadiness of the inhibitor 
layer, inducing bending, twisting, and variations in the alignment of the inhibitor 
molecules. The organic compounds employed as anticorrosion agents typically com-
prise heterocycles with five or six carbon atoms and phenyl rings [21]. Furthermore, 
beyond the ring above systems, the inhibitors could potentially contain dimensions 
of rings that differ, for instance, macrocyclic compounds.

The enhanced availability of dynamic positions for adsorption and improved 
exterior coverage in organic molecules can be attributed to the incidence of 
augmented numbers of π-bonds, heteroatoms, and larger ring sizes. A range of 

FIGURE 14.2 A diagram of different strategies utilized in corrosion control modification.
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substituent groups may be appended to the inhibitor structure to constitute an 
organic corrosion inhibitor. The presence of substituent groups on aromatic rings 
may exert either an electron-withdrawing or electron-donating effect, thereby 
modifying the electron density of the ring. The electron density of a given ring 
can be modified by functional groups possessing electron-withdrawing properties, 
which decrease said density, or by functional groups with electron-donating prop-
erties which, conversely, increase it. Hence, the existence of electron-withdrawing 
moieties may potentially diminish the effectiveness of inhibition. On the contrary, 
introducing electron-donating groups can potentially increase efficacy [22–24].

The impact of substituent groups on the inhibition behavior is subject to variation 
based on molecular dimension, solubility, and electronic effects. The impact of sub-
stituent assemblies on the inhibitor’s molecular size may result in surface coverage 
variations and consequent fluctuations in protective efficacy. The incorporation of 
polar substituent moieties has the potential to augment the solubility of a compound 
in an aqueous environment. In contrast, including non-polar substituent groups can 
reduce its aqueous solubility. The electron-donating properties of certain substituent 
groups, including but not limited to ─CH3, ─N(CH3)2, ─NHCH3, ─NH2, ─OCH3, 
and halogens, have been acknowledged in academic literature. These clusters are 
postulated to facilitate the movement of electrons toward the interior of the phenyl 
ring, thereby preventing erosion. In contrast, functional groups such as ─CN, ─NO2, 
>C═O, and ─COOH exhibit an electron-withdrawing nature, reducing steric hin-
drance efficacy. The relationship between inhibition efficiency and functional groups 
can be quantified using the Hammett substitution constant (r) [3, 21].

14.1.3 conceptuAlizAtion of Heterocyclic compounds

According to its definition, a heterocyclic compound is an organic cyclic compound 
that features the replacement of one or more carbon atoms with other atoms, includ-
ing, but not limited to, nitrogen (N), sulfur (S), oxygen (O), phosphorus (P), and so 
forth [3, 25]. The illustration depicted in Figure 14.3 delineates the configurations 
and nomenclatures of select essential heterocyclic compounds.

A diverse array of heterocyclic compounds has been documented in the litera-
ture as exhibiting corrosion-inhibiting capabilities. These compounds include, but 
are not limited to, pyridines [26], pyrimidines [27], pyrazole [28], imidazoles [29], 
triazoles [30], tetrazoles [31], indoles [32], thiazoles [33, 34], oxadiazoles [35], ben-
zotriazoles [36, 37], benzimidazoles [38, 39], and macrocyclic compounds [40, 41]. 
Additionally, specific biomolecules have also demonstrated inhibitory effects on 
corrosion. Heterocyclic compounds serve as the foundational backbone of several 
medication molecules. The plant extracts are known to contain phytochemicals that 
are constituted by intricate heterocyclic structures. Numerous amino acids [42], pro-
teins, and carbohydrates [43], among other biomolecules, are present. The building 
blocks of these compounds consist of heterocycles, as corroborated by various aca-
demic sources [3, 25, 44, 45].

Consequently, all categories above of molecules can act as prospective anticorrosion 
agents. The heteroatoms nitrogen (N), sulfur (S), and oxygen (O) possess non-bonding 
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pairs of electrons, rendering these molecules capable of coordinating with metal exteri-
ors through the formation of chemical bonds. The pH of the harsh electrolyte influences 
the protonation/deprotonation of heteroatoms and enables inhibitor adsorption through 
electrostatic interactions. These heteroatoms facilitate such electrostatic interactions. 
Incorporating the p-electron cloud within the heterocyclic ring can lead to adsorption in 
a planar orientation, which facilitates interactions with the highest possible surface zone. 
Furthermore, the incidence of polar functional assemblies with electron-withdrawing or 
electron-donating properties may promote surface adsorption [3].

The heteroatoms within a heterocyclic corrosion inhibitor possess a readily avail-
able lone pair of electrons that may be contributed to the targeted metal. This, in turn, 
facilitates the effective chemical adsorption of the inhibitor molecule. Moreover, in 
instances where heteroatoms exist within an environment that is either acidic or 
alkaline, these atoms can undergo a process of protonation or deprotonation, leading 
to the emergence of a positive or negative charge on said atoms. This phenomenon 
can facilitate electron acceptance through a back-donation from the metal atoms or 
the donation of electrons to the metal surface [1, 3].

14.2 N-BASED HETEROCYCLES AS CORROSION INHIBITORS

Hydrochloric acid (HCl) is a frequently employed chemical agent in eradicating rust 
and undesired scale from metallic surfaces. Additionally, it is commonly used to 
clean heat exchangers and boilers. The occurrence of scorched covering is attributed 
to the excessive pickling of metals. Establishing a defensive layer on the steel exte-
rior and the consequent representation of the metal exterior have emerged as crucial 
focus areas. Carbon steel is a prominent engineering material that finds extensive 
usage in numerous applications, including but not limited to marine operations, fos-
sil fuel and nuclear power plants, metal-processing machinery, chemical-process-
ing industries, transportation activities, pipeline systems, mining, and construction 

FIGURE 14.3 Examples of heterocyclic compounds.
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ventures. Using iron alloys as structural components in the industrial field presents 
a significant challenge for corrosion scientists and engineers in modern-day con-
texts. Corrosion inhibitors are regarded as critical for safeguarding many metals 
and alloys. Consequently, an investigation into utilizing organic compounds as anti-
corrosion agents is warranted. The adsorption phenomenon of organic molecules 
on the metal exterior is contingent upon their molecular architecture and surface 
charge density. A significant figure of literature attests to the usefulness of organic 
compounds that carry nitrogen (N) as part of an aromatic or a heterocyclic ring in 
serving as anticorrosion agents for steel in corrosive settings when adsorbed onto the 
surface of a metal. The optimal selection of inhibitors is contingent upon several fac-
tors: the variety and concentration of acid, ambient temperature, dissolved organic 
and/or inorganic constituents, even in trace quantities, and the composition of the 
metallic material being safeguarded [46].

14.2.1 pyrrole-bAsed corrosion inHibitors

The utilization of pyrrole and pyrrole-based derivatives may encompass various 
applications in producing medicinally active compounds comprising cholesterol-
reducing agents, antifungals, and antibiotics [46]. Pyrrole derivatives have been 
employed in diverse applications, including usage as solvents for resin, lumines-
cence chemistry, catalysts for polymerization processes, synthesis of alkaloids, and 
corrosion inhibitors [46]. The contemporary research systematically investigates the 
inhibition effect of novel pyrrole derivatives (Table 14.1) [46] on the corrosion of 
carbon steel in a 1.0 M HCl solution, employing electrochemical techniques such as 
potentiodynamic polarization measurements, impedance spectroscopy, and electro-
chemical frequency modulation. The presented findings illustrate that compound (A) 
exhibited the most effective inhibition activity of the analyzed compounds, measur-
ing 82.8% at a concentration of 21 × 10−6 M [46].

14.2.1.1 Adsorption Isotherm
The inhibition results in highly acidic media are believed to result from adsorption 
occurring at the edge of the metal and solution. How adsorption occurs is contin-
gent upon variables, including the constitution of the compounds, modifications to 
the compounds at a molecular level, and the inherent surface charge of the metal-
lic materials in question. The preferential adsorption of anions is governed by the 
presence of a positive exterior charge, and conversely, a negative external charge 
promotes cation adsorption. This phenomenon indicates the electrostatic interaction 
between the surface and ionic species in solution [46, 47].

To derive the adsorption isotherm, it is necessary to determine the degree of exte-
rior coverage (θ) for the involved compounds. Several scientific formulations have been 
developed to consider nonideal consequences for determining the adsorption mode. The 
Frumkin, De Boer, Parsons, Temkin, Flory–Huggins, and Bockris–Swinkels isotherms 
are the most commonly utilized models [47–50]. The inhibition phenomenon adheres to 
the Langmuir adsorption isotherm model, described by the corresponding formula [51]:

 1
ads

C
K Cθ = +  (14.1)
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TABLE 14.1
Structure of Pyrrole-Based Corrosion Inhibitors [46]

Name of Pyrrole-based Corrosion 
Inhibitors Structure

(A)
13-(4-Aminophenyl)sulfonyl)-10,11-
dihydro-9H-9,10-[3,4]epipyrrolo 
anthracene-12,14(13H,15H)-dione

(B)
Anthracen-9(10H)- ylidenehydrazine

(C)
(11S,15R)-13-(Anthracen-9(10)-
ylideneamino)10,11-dihydro-9H-9,10 
[3,4]epipyrroloanthracene- 
12,14-(13H,15H)-dione

(D)
1,6-Bis-(N-hexachloro-5-norbornene-2,3-
dicarboximidyl) hexane

(E)
N-Phenylsulfonyloxy-hexachloro-5-
norbornene-2,3-dicarboximide
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In this study, the molar concentration of inhibitors is represented by C, while Kads 
denotes the equilibrium constant of the adsorption procedure. Additionally, the extent to 
which inhibitors’ molecules cover the exterior of metal is expressed as θ. The straight line 
is attained by plotting the ratio of C to θ against C, and the degree of linear correlation 
observed in the adjusted data approaches unity. The Kads value may be exploited to assess 
the adsorption forces’ potency between the metallic exterior and the inhibitor molecules. 
The elevated Kads values indicate the inhibitor’s enhanced capability to adsorb onto the 
exterior of carbon steel. Through the utilization of Equation 14.2, it is possible to derive 
the numerical values of the standard Gibbs free energy (ΔGads) about adsorption [52]:

 1
55.5expads

ads

K
G

RT= ( )−∆
 (14.2)

Equation 14.2 may be more academic: R represents the universal gas constant, T 
denotes the thermodynamic temperature, and the molar concentration of water in the 
solution is expressed as 55.5 mol L−1. The negative values of Gibbs free energy of adsorp-
tion (ΔGads) denote the process of adsorption’s inherent spontaneity and further signal 
the steadfastness of the adsorbed film on the exterior of carbon steel. Theoretically, a 
range of values for the adsorption-free energy, denoted as ΔGads, that fall within the 
vicinity of −20 kJ mol−1 or exhibit positivity could indicate physisorption. Conversely, 
values approaching or surpassing −40 kJ mol−1 represent chemisorption [53]. The range 
of ΔGads values, from −40.1 kJ mol−1 to −42.6 kJ mol−1, reveals a chemisorption mecha-
nism for the adsorption of complexes on carbon steel in a 1.0 M HCl solution [46].

14.2.1.2 Inhibition Mechanism
The phenomenon of pyrrole derivatives compounds being adsorbed is explicable by 
polar units, characterized by atoms of N, S, and O, as well as aromatic or heterocyclic 
rings. Henceforth, the feasible response sites entail the unshared electron pair of het-
eroatoms and the aromatic ring’s π-electrons. In 1.0 M HCl solution, pyrrole deriva-
tives compounds exhibit an adsorption and inhibition impact that can be elucidated 
in the following manner: through a chemisorption mechanism, neutral molecules 
can adhere to the alloy surface. This process involves water molecules displaced 
from the alloy surface and electrons shared between the heteroatoms and metal. 
The amalgam exterior can attract inhibitor molecules over a donor–acceptor interac-
tion, where the aromatic ring’s π-electrons bind with the unoccupied d-orbitals of Fe 
atoms on the surface. The hierarchy of inhibition is reduced in the subsequent order: 
A > C > E > D > B. The observed phenomenon is attributed to variations in the quan-
tity of nitrogen, oxygen, and sulfur atoms present within the compound, resulting in 
an augmented electron charge density within the molecular structure [46].

14.3  FUNCTIONAL DENSITY THEORY (DFT) MODELLING FOR 1H 
PYRROLE INHIBITOR

The corrosion-inhibiting abilities of organic corrosion inhibitors are explicated using 
deploying quantum chemical computations to elucidate their structural features. The 
density functional theory (DFT) is a significant quantum chemical scheme employed 
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to determine the electronic components of molecular species. Moreover, implement-
ing DFT is frequently used to analyze the correlations between inhibitors and surfaces 
in studies related to corrosion prevention. In theoretical investigations concerning 
corrosion inhibition and support of empirical measurements, electronic parameters 
garnered through quantum chemical methodologies are commonly employed [54].

This investigation employs a computational quantum approach to investigate the 
erosion reticence attributes of 1H-pyrrole molecules over the application of DFT 
analysis, employing a 6-31G (d, p) basis set. The parameters that directly correlate 
with the inhibition efficacy level are accurately characterized. In the preliminary 
stage of computational research, an essential aspect is establishing the optimized 
molecular configuration. The quantum chemical properties of the molecules under 
investigation were evaluated by determining various parameters. These parameters 
include the energies of the highest occupied molecular orbital (EHOMO) and the lowest 
unoccupied molecular orbital (ELUMO), which were found to be −5.503 eV and 1.346 eV, 
respectively. The energy gap (ΔE) between these two orbitals was also calculated to 
be 6.849 eV. The dipole moment of the molecules (μ) was determined to be 1.902, 
while the absolute electronegativity (χ) and chemical hardness (η) were calculated 
as 2.079 and 3.424, respectively. Furthermore, the global electrophilicity index (ω) 
and chemical softness (S) were evaluated and found to be 0.631 and 0.289, respec-
tively. Finally, the fraction of electrons transferred (ΔN) between the molecules was 
calculated to be 0.825. According to the obtained data, the inhibitor of molecule 1 
(1H-pyrrole) exhibits significant inhibition activity, suggesting its potential use as an 
effective anticorrosion agent. This finding was determined by applying DFT [8, 54].

14.3.1 pyrrolidine-bAsed corrosion inHibitors

The utilization of inhibitors represents the most viable erosion fortification method, pre-
dominantly in corrosive situations. Including these entities is imperative in protecting 
metals from potentially corrosive media, such as chemical cleaning and pickling pro-
cedures commonly employed to eliminate mill or oxide scales from metallic surfaces. 
Inhibitors ought to exhibit efficacy under challenging conditions such as concentrated 
acid concentrations of 20% and temperatures within the range of 333 K to 368 K [55]. 
The inhibitive properties of organic compounds containing heteroatoms (nitrogen, sul-
fur, or oxygen) that possess a lone pair of electrons and π-electrons present in conju-
gated double or triple bonds are attributed to the functional motifs displayed by these 
compounds. This could be elucidated by the interaction of electrons with the exterior of 
metal, leading to effective inhibition [3]. The facile adsorption of N-heterocyclic mol-
ecules onto metal surfaces via N heteroatom has been established, and they have been 
found to manifest superior inhibitive performance in reducing corrosion levels under 
acidic conditions [4, 5]. According to a review of relevant literature, pyrrolidone com-
pounds have demonstrated efficacy as corrosion inhibitors at temperatures reaching 353 
K. The amalgamation of novel organic molecules presents many molecular structures 
encompassing multiple heteroatoms and substituents. The phenomenon of adsorption is 
often explicated through the formation of a layer that is adsorptive in nature and which 
may possess both chemical and physical attributes on the substrate made of metal [55].

A set of corrosion inhibitors based on pyrrolidone were synthesized, including 
N,N-dipropargylpyrrolidium bromide (DPPB), N-dodecyl, N-propargylpyrrolidium 
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bromide (DDPPB), and N-hexadecyl, N-propargylpyrrolidium bromide (HDPPB). 
These inhibitors demonstrated significant efficacy in inhibiting corrosion, even at 
low concentrations of 60.3 μmol L−1, with efficiency values of 92.6%, 93.7%, and 
96.2%, respectively, in aqueous acidic media [55, 56]. Table 14.2 shows the structures 
of pyrrolidine-based corrosion inhibitors [55, 56].

TABLE 14.2
Structure of Pyrrolidine-Based Corrosion Inhibitors [55, 56]

Name of Pyrrolidine-
based Corrosion Inhibitors Structure
{[2-(2-Oxopyrrolidin-1-yl)
ethyl]thio}acetic acid

1-{2-[(2-Hydroxyethyl)thio]
ethyl}pyrrolidone-2-one

N,N-Dipropargylpyrrolidium 
bromide (DPPB)

N-Dodecyl, 
N-propargylpyrrolidium 
bromide (DDPPB)

N-Hexadecyl, 
N-propargylpyrrolidium 
bromide
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14.3.1.1 Inhibition Mechanism
The contemporary research investigated the effect of varying concentrations of 
anticorrosion agents, namely DPPB, DDPPB, and HDPPB, on the erosion mitiga-
tion of mild steel in a 1 M HCl solution. The experiment outcomes demonstrated 
that HDPPB is the optimal inhibitive effect surrounded by the three anticorrosion 
agents under scrutiny. The capacity to use adsorption on the metallic exterior over 
physical and chemisorptive processes is present. Physisorption and chemisorption 
are distinct phenomena linking an inhibitor and a metallic surface at the interface. 
Electrostatic interactions between the ionic charges in the inhibitive agent and the 
metal surface mainly control the physisorption mechanism. This statement denotes 
a scientific perspective on the nature of physisorption and the factors that influence 
this interfacial phenomenon. The chemisorption process is commonly explained as 
the result of charge transfer or electron allocation between the inhibitive agent’s lone 
electron pairs and the Fe surface [56, 57]. This research report presents the ΔGads 
concerning the anticorrosion agents DPPB, DDPPB, and HDPPB. The obtained data 
exhibited values within the −39.4 to −43.6 kJ mol−1 ranges. These results suggest that 
the adsorption route potentially follows a diverse process, with chemisorption as the 
primary controlling factor. The investigation revealed that the anticorrosion agent, 
HDPPB, demonstrated the uppermost value of ΔGads (−43.6 kJ mol−1), suggesting 
that the inclusion of an extended dimension having alkyl group led to an enhance-
ment of the chemisorption interface concerning the inhibitive agent and mild steel. 
Such findings suggest a potential strategy for improving corrosion inhibition effi-
cacy. The inhibitor HDPPB comprises a cationic moiety containing a pyrrolidine 
ring, a prop-1-yne, and an alkyl chain (C-16), alongside a counteranion in the form 
of a bromide ion. Determining the Ecorr value for mild steel submerged in a 1 M HCl 
solution yields a result of −459 mVSCE. According to the findings, the value of the 
potential at zero charges is deemed below zero (PZC > 0). This consequently creates 
a negatively charged metal surface [58]. The steric hindrance exerted by cyclic qua-
ternary amine nitrogen is comparatively lower than that of acyclic quaternary amine. 
Consequently, it can be positioned near the metal exterior and, subsequently, interact 
more efficiently with the adsorbed negative chloride ions [59].

Furthermore, it was observed that the bromide anion exhibited a greater degree 
of synergistic activity compared to the chloride ion, thereby facilitating a more sub-
stantial interaction between cationic-charged ions [60]. The inhibitor molecules con-
taining a terminal alkyne group possess four π-electrons, which can contribute an 
electron to the vacant d-orbital of Fe, facilitating chemisorption. Concurrently, the 
anti-bonding π-orbital of the alkyne moiety can accept an electron from the occu-
pied orbital of Fe, thereby augmenting the degree of chemisorption of HDPPB on 
the metallic substrate through retro-donation. About alkynes, a possibility has been 
recommended that it undergoes polymerization, leading to the creation of a defen-
sive film or coating on the exterior of the metal [61]. The resulting layer functions 
to impede mass transport and consequently delays the process of corrosion [62]. 
Furthermore, it is worth noting that the inhibition enactment is heightened by the 
reduction of alkyl chain length to less than 18 carbon atoms, which may be attrib-
uted to the densification of chain packing and subsequent decrease in the geometric 
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volume of the chain. This observation holds significant implications for designing 
and optimizing inhibition strategies [63]. Additionally, introducing longer alkyl 
chains enhances the hydrophobic characteristics exhibited by the exterior of metal 
and mitigates the rate of diffusion of harsh ions toward it. The current investiga-
tion has determined that the HDPPB inhibitor containing the C-16 atom displays 
outstanding inhibitory performance at elevated temperatures and extended dura-
tion of immersion when compared to the hydrophobic alkyl chain DDPPB contain-
ing the C-12 atom and the corrosion inhibitor DPPB containing the alkyne group. 
Experimental findings provide evidence for this conclusion [56].

14.3.2 pyridAzine-bAsed corrosion inHibitors

The pyridazine moiety is a heterocyclic system with a six-membered ring with two 
neighboring nitrogen atoms. Substitution of a single CH unit in a pyridine moiety 
forms three distinct types of aromatic diazines, specifically pyridazine, pyrimidine, 
and pyrazine. The presence of an extra nitrogen atom compared to pyridine aug-
ments pyridine chemistry’s fundamental characteristics. The pyridazine functional 
group is present in several pharmacological agents, including cefozopran, cadrala-
zine, minaprine, pipofezine, and hydralazine. Chetouani et al. [64] conducted an 
intriguing investigation to compare the impact of ═S and ═O groups as a moiety in 
two pyridazines concerning the behavior of pure iron in a 1 M HCl solution [64]. The 
derivative containing S demonstrated a significantly greater efficacy of 98% com-
pared to the product containing O, which exhibited an efficacy of 80%. The study 
revealed a decrease in efficiency as the temperature was raised from 298 K to 353 K.

A consequent analysis assessed a carboxylic acid derivative with an S atom and 
ester derivatives with two N- and ─O of the aforementioned inhibitive agents [65]. 
The result of carboxylic acid exhibited a performance rate of 93% when present at 
a concentration of 10−4 M [66]. Including the S atom significantly heightened the 
usefulness of the inhibitive phenomena. The replacement of oxygen with sulfur in 
a distinct subset of pyridazines has been found to significantly improve the efficacy 
of steel corrosion inhibition, with an inhibition efficiency of 99% observed in a 0.5 
M H2SO4 solution. The intensification in temperature from 298 K to 323 K did not 
result in significant changes to the level of inhibition. However, when the tempera-
ture rose further to 343 K, there was a noticeable decrease in the level of inhibition. 
This study investigated four pyridazine derivatives incorporating functional groups 
such as ═O, ═S, and substituted ─CH3, ─OH [67]. The high proficiency of 92% was 
endorsed to the presence of both S and ─CH3. The corrosion inhibition performance 
of 3,6-bis(3-pyridyl)pyridazine on carbon steel in a 1 M HCl solution was investi-
gated [68]. EIS investigations publicized that charge relocation processes determine 
the observed behavior and involve a combination of inhibitory mechanisms. The 
X-ray analysis revealed the occurrence of N─C bond formation, thus providing evi-
dence of the chemical interface concerning the anticorrosion agents and the metallic 
substrate. A subsequent investigation indicated that replacing oxygen with sulfur 
yielded a favorable outcome [69]. The existence of the S atom was also validated in 
other studies [70, 71]. The impact of the ─Cl substituent in pyridazine thione on the 
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inhibitive effect of steel in a 0.5 M H2SO4 solution was investigated. At a concen-
tration of 5 × 10−4 M, the inhibitor featuring a 2-chlorophenyl substituent exhibited 
nearly complete efficiency [72].

This study examined four pyridazine derivatives in the presence of copper ions 
within a solution containing 2 M HNO3 [73]. It was found that including chlorine 
groups at positions 2 and 6 significantly enhanced the efficiency of the reaction, 
resulting in a remarkable 96.2% yield at a concentration of 10−3 M. The computa-
tional investigations conducted using the DFT/B3LYP level facilitated the association 
of reactivity parameters with the molecular architecture [74]. Four pyridazines were 
created and subsequently subjected to analysis for their effect on mild steel [75]. The 
computational analysis findings demonstrate the pyridazine ring’s interface mecha-
nism with a metallic substrate, in both the frontward and reverse directions, during 
adsorption in a planar conformation. The compound 3,6-di(pyridin-2-yl)pyridazine 
derivative was subjected to assessment in a solution containing 1 M HCl [76]. The 
existence of the isatin group within the pyridazine ring resulted in a significantly 
elevated inhibitive capacity at a concentration of 10−4 M. The study encompassed an 
investigation of five distinct sulfanyl pyridazines [77]. The recent findings suggest 
that the inhibitive consequence of the substrate under investigation was positively 
associated with the concentration of said substrate. Conversely, an inverse correla-
tion was observed between the inhibitory effect and temperature [3].

14.3.3 pyrimidine-bAsed corrosion inHibitors

Pyrimidine represents an additional constituent of the diazine family, distinguished 
by the occurrence of two nitrogen (N) elements at the 1 and 3 sites. They comprise a 
substantial member of nucleic acids. The pyrimidine pharmacophore is essential in 
various biological processes and possesses significant pharmacological potential as 
antibiotics, cardiovascular, antibacterial, and veterinary products. Several pyrimidine 
derivatives, including but not limited to piritrexim, uramustine, isethionate, tegafur, 
and fluorouracil, have garnered significant commercial popularity as pharmaceutical 
drugs. The occurrence of two pairs of electrons in isolation on each N atom endows 
the structure with exceptional stability, rendering it an exemplary heterocyclic entity 
[78–84]. Pyrimidine derivatives have been observed to exhibit remarkable corrosion 
inhibition properties. Elewady et al. [85] have presented a scholarly contribution in 
their work. The compound 2,6-dimethylpyrimidine-2-amine and its two derivatives 
were examined in a study and found that the efficiency of protection demonstrated an 
uninterrupted correlation with the amount of the inhibitive agent [85, 86].

Caliskan and Akbas reported using 5-benzoyl-4-(substituted phenyl)-6-phenyl-
3,4-dihydropyrimidine-2 as an effective compound for austenitic stainless steel 
[87]. The nature of the inhibitive agent was identified as diverse, as confirmed by 
a prominently negative magnitude of ΔGads [88, 89]. Another investigation involved 
analyzing a limited number of amino-pyrimidines under exposure to 1018 steel in an 
environment containing 0.05 M HNO3 [86]. The incorporation of potassium iodide 
(KI) yielded a beneficial synergistic effect on the prevention of corrosion. A range 
of 2-mercaptopyrimidine derivatives was explored for their impending as inhibitive 
agents for ARMCO Fe and low amalgam steels in a solution of 1 M H2SO4 [90]. 
Table 14.3 displays illustrative pyrimidine-based anticorrosion agents [3, 91–100].
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TABLE 14.3
Structure of Some Pyrimidine-based Corrosion Inhibitors [3, 91–100]

Material Medium

Name Pyrimidine-
based Corrosion 
Inhibitors Structure

Inhibition 
Competence 

(%)
Mild 
steel

1 M HCl Dihydropyrimidi-
none

98.8

Mild 
steel

1 M HCl Condensed uracil 96.1

Mild 
steel

1 M HCl Fused pyrimidines 96.52

Mild 
steel

1 M HCl Dihydrodipyrimi-
dine

97.82

N80 
steel

15% 
HCl

Pyrimidine 
derivatives

89.1

(Continued)



264 Handbook of Heterocyclic Corrosion Inhibitors

Mild 
steel

1 M HCl Thiopyrimidines 98.58

Mild 
steel

1 M 
H2SO4

Thiazolopyrimi-
dine

99

Mild 
steel

1 M HCl Pyrimidopyrimi-
dine

97.1

Al steel 1 M HCl Pyridine–pyrimi-
dine derivative

95.6

Mild 
steel

1 M HCl Pyrazole–pyrimi-
dine derivative

92

TABLE 14.3 (Continued)
Structure of Some Pyrimidine-based Corrosion Inhibitors [3, 91–100]

Material Medium

Name Pyrimidine-
based Corrosion 
Inhibitors Structure

Inhibition 
Competence 

(%)
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14.4 CONCLUSION

The erosion of metals and amalgams is a significant deleterious occurrence preva-
lent in industrial applications. A general prevention method involves incorporating 
organic inhibitive agents as supplementary agents. One of the greatest efficacious 
categories of organic compounds is the heterocyclic compounds. The N- heterocyclic 
compounds, such as pyrrole derivatives, pyrrolidine, pyrazines, and pyrimidines, 
are comprehensively employed as inhibitive agents. However, most extant corrosion 
inhibitors present considerable difficulties in production, are inherently toxic, and 
entail significant costs. Based on the current discourse, it is apparent that compounds 
found in pyrrole, pyrrolidine, pyradiazines, and pyrimidines exhibit potent anticor-
rosion properties, rendering them desirable materials for inhibiting corrosion.
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15.1 INTRODUCTION

With a total income of US$2 trillion, the oil and gas extraction business is a crucial 
contributor to the world’s economic growth, contributing 2–3% of it at present [1]. By 
2040, crude oil and natural gas are expected to hold the highest shares of all fuels, 
with approximately 27% and 25%, respectively [2]. Serious corrosion issues during 
manufacture, transit, storage, and processing are challenging for the industry [3]. 
According to a recent research [4], a significant gas and oil business spent $1.372 
billion annually on corrosion-related issues. Corrosion was described by Fontana 
and Greene [5] as an unexpected degradation of a material due to interaction with 
the surroundings; this process considerably affects the properties of the materials. It 
has been determined that there are several types of corrosion in petrochemical plants, 
including uniform corrosion, galvanic corrosion, pitting, crevice corrosion, corrosion 
fatigue, stress corrosion cracking, intergranular corrosion, erosion–corrosion, and fret-
ting corrosion [6]. Uniform, erosion, and pitting corrosion are the types of corrosion 
that occur most frequently in the petroleum industry [7, 8]. Various factors are [9] 
responsible for the corrosion in the pipeline, as shown in Figure 15.1. Corrosion is 
typically an electrochemical reaction [10]. In the gas and oil industries, three pri-
mary forms of corrosion can occur: corrosion brought on by CO2 (sweet corrosion), 
corrosion brought on by H2S (sour corrosion), and corrosion brought on by oxygen 
dissolved in injection water [11, 12]. In this chapter, we will discuss sweet and sour 
corrosion inhibition in petrochemical industries.

15.1.1 sweet corrosion

In addition to being naturally present in gas and oil wells, carbon dioxide is also 
purposefully pumped into the wells to improve oil extraction. Carbon dioxide corro-
sion, commonly called “sweet corrosion,” is the biggest challenge in the oil and gas 
sector and has a yearly economic impact of billions of dollars. Coronation preven-
tion requires significant effort for environmental, commercial, and safety concerns. 
Sweet corrosion is brought on by carbonic acid, which is created when CO2 is dis-
solved in water (H2CO3). As the system’s temperature, pressure, and CO2 concentra-
tions rise, corrosion accelerates. Pitting corrosion is the expected result of this slow, 
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localized corrosion. Pits are exceedingly challenging to find because of their small 
size and product of corrosion, which hides them [13].

More than 25% of problems in the oil and gas industries are attributed to corro-
sion, and more than 28% of these failures are attributed to CO2 corrosion, accord-
ing to literature studies [14]. Such shortcomings are incredibly concerning not only 
because of their financial consequences but also because they could result in envi-
ronmental issues due to leaks from corroded transportation pipelines. Because of 
this, this industry must reduce the effects of corrosion. According to Zhao et al. [15], 
30–40% of the economic loss caused by corrosion might be prevented if effective 
anticorrosion measures were applied. In the gas and oil business, corrosion inhibi-
tors have effectively prevented corrosion. This is because adding small amounts of 
corrosion inhibitors, ranging from organic to inorganic substances and also natural 
products, lowers the pace of corrosion by getting adsorbed on the surface of the 
metal, creating a coating that shields the metal from the corrosive environments.

15.1.2 mecHAnism of corrosion: sweet corrosion

As mentioned, sweet corrosion is a significant issue for the oil and gas sector. It can occur 
at any point in the production process and lead to problems, including good failure, tank 
and tubing leaks, and well failure. It has been stated that most equipment subjected to a 
CO2 environment is damaged in about six months. Oil and gas companies suffer signifi-
cant financial losses due to pipe corrosion brought by sweet metal corrosion.

Based on Figure 15.2, sweet corrosion is commonly associated with anodic 
reactions involving iron oxidation. Several cathodic responses are critical in CO2 
corrosion, but hydrogen evolution is the most prominent. As a result of the hydrat-
ing action of the dissolved CO2 molecules in aqueous media, carbonic acid is 
formed. The reactions on the cathode side cause H2CO3 to dissociate, whereas 
the responses on the anode side produce solid FeCO3. Carbon dioxide is a mild 
acidic gas that becomes acidic when dissolved in water. Carbon dioxide has been 

FIGURE 15.1 Factors affecting corrosion in pipelines.
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dissolved in water to create carbonic acid, which mainly promotes sweet corro-
sion. As the system pressure, temperature, and CO2 concentration rise, corrosion 
will also increase. Often, this localized, gradual corrosion leads to pitting corro-
sion. Pits are tough to find due to their small size and the corrosion products that 
hide them. The by-products of CO2 corrosion include iron carbonate, iron oxide, 
and magnetite. Corrosion products are formed in various shades, from green to 
tan or brown to black. Steel is unaffected by dry CO2, whether in gaseous, liquid, 
or solid form. But in water, CO2 dissolves to form H2CO3, a mild acidic solution 
corrosive to steel. The strength of an acid is determined by its capacity to release 
a hydrogen ion.

Strong acids like hydrochloric acid completely break down in the water, but 
weak acids like carbonic acid only partially dissociate. Carbonic acid is a steady 
source of H+ ions, resulting in a greater corrosion rate than strong acid solutions 
at the same pH.

Temperature, pH, pressure, contaminants, and salinity are just a few variables that 
might determine the pace of sweet corrosion. The solubility of O2 and CO2 reduces 
as the temperature rises, thus lowering their concentrations in solution. Despite this, 
corrosion rates typically rise as temperature increases because reaction rates do so 
more quickly than solubility drops. Corrosion products also change morphology and 
phase identity with temperature. The corrosion product layer may become protec-
tive and reduce corrosion rates if flow, pH, and ferrous iron concentration are suf-
ficient. Generally, corrosion rates increase with increasing temperature at a low pH, 
around pH 4, and corrosion products provide less protection than at a high pH. This 
is because of the nature of corrosion products, which are porous and weak and do not 
offer steel surface protection.

15.2  HETEROCYCLIC AS CORROSION INHIBITION FOR SWEET 
CORROSION

In the production and processing of gas and oil, corrosion inhibitors have generally 
been regarded as the primary protective barrier against internal corrosion. These 
compounds can provide corrosion protection by adsorbing on the metal surface 

FIGURE 15.2 Mechanism of sweet corrosion.



274 Handbook of Heterocyclic Corrosion Inhibitors

due to their chemical structure’s many heteroatoms and multiple bonds. Initially, 
inorganic inhibitors like sodium arsenite and sodium ferrocyanide were utilized 
to prevent CO2 corrosion in oil wells, but the performance of those treatments 
could have been better. Consequently, several organic chemicals were invented, 
most of which included film-forming amines and the salts of those amines [13].

Fouda et al. [13] used EIS, SEM, EDX spectroscopy, and XRD techniques to 
investigate the corrosion inhibition capacity of itraconazole and fluconazole com-
pounds on steel in CO2-saturated 3.5% NaCl solutions. Temperature’s influence 
on corrosion pace and the inhibition process was also explored. Itraconazole and 
fluconazole effectively inhibit steel in a 3.5% NaCl solution saturated with carbon 
dioxide. These two molecules formed a protective film on the metal surface and 
blocked reaction sites, reducing exposure to the corrosive medium. The maximum 
inhibition efficiency of these two inhibitors was reported as 92% and 90%. Ambrish 
et al. [16] explained the inhibition of two porphyrin compounds in a 3.5% NaCl 
and CO2 environment. Researchers used techniques like weight loss, EIS, SEM, and 
AFM to find inhibition efficiency. The heterocyclic compound gave 93% efficiency 
at 400 ppm with these studies. Metal protection was observed due to the adsorption 
of heterocyclic compounds on the metal surface as heteroatoms present in porphyrin 
compounds donate electrons to the vacant d-orbitals of the Fe atoms (Figure 15.3).

Zhang et al. [17] used EIS and PDP to examine the inhibitory effect of an imidaz-
oline derivative for X65 steel in CO2 and NaCl solution. This imidazoline derivative 
functions as a mixed-type inhibitor, inhibiting both cathodic and anodic processes by 
adsorbing onto the surface of the electrode. Imidazoline [18] compounds are the best 

FIGURE 15.3 Mechanism of adsorption of heterocyclic compounds on the surface of the 
metal.
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surface protectors as these compounds contain two nitrogen atoms (Figure 15.4a). 
These heterocyclic compounds act as mixed corrosion inhibitors that may affect the 
cathodic and anodic reactions. As shown in Figure 15.4b, the hydrocarbon chain 
length also affects imidazoline derivative inhibition behavior. When the temperature 
was 150 °C, the partial pressure of CO2 was 15 psi, and the rotation speed was 6000
rpm, 50 ppm of imidazoline could reduce corrosion.

The quinoxaline [19] (Figure 15.4c) molecule is a heterocyclic chemical found 
in various medicines and natural compounds. Quinoxalines are extensively used in 
industry as alloy and metal corrosion inhibitors. Because of the existence of two 
aromatic rings and two nitrogen atoms, the quinoxaline molecule can effectively 
cover the metal. By using electrochemical studies, weight loss studies, surface stud-
ies, and other calculations, the inhibitory properties of 2-mercapto benzimidazole 
[20] (Figure 15.4d) and its synergism using oleic imidazoline for the steel in CO2-
saturated brine solution were examined. The carbon steel is efficiently guarded
against CO2 corrosion by 2-mercapto benzimidazole, which adsorbs iron through a
bidentate binding N–S bridge link.

In sodium chloride at 3% (m/v), saturated with carbon dioxide, the 1-butyl-3-ethyl 
imidazolate [21] is investigated as a corrosion inhibitor of steel. Electrochemical tech-
niques, polarization curves, and other techniques were used to measure the inhibi-
tory effect. The highest efficiency observed was 94.9% when the concentration was 
50 ppm. The chemical interaction between the anionic portion of 1-butyl-3-ethyl 
imidazolate and the metal surface explains the mixed physisorption–chemisorption.

15.3 SOUR CORROSION

When a metal surface is exposed to a highly acidic condition that contains hydrogen 
sulfide, it can deteriorate or rust; this process is known as sour corrosion. Sour corro-
sion is frequent in the petroleum industry because a large amount of H2S is a primary 
chemical component of crude oil and refinery processes.

FIGURE 15.4 Chemical structures of heterocyclic compounds that act as sweet corrosion 
inhibitors; (a) 11,2-dialkyl-2,5-dihydro-1H-imidazole; (b) 2-(2-alkyl-2,5-dihydro-1H-imid-
azol-1-yl)ethan-1-amine; (c) Quinoxaline and (d) 1H-benzo[d]imidazole-2-thiol
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15.3.1 mecHAnism of corrosion: sour corrosion

Elemental sulfur is routinely co-produced by sour gas wells, which can seriously cor-
rode mild steel. Sulfur corrosion is predicted to become more common as producing 
wells become more acidic. Despite the seriousness of the issue, little mechanistic 
data is available in the literature regarding this process. The primary mechanism of 
corrosion is shown in Figure 15.5.

The mechanism can be explained by the fact that H2S performs dual functions: 
both a corrosive species that speeds up corrosion and a protected species that inter-
acts with steel to form a scale containing the “kinetically favored” mackinawite 
phase [22]. As a result, during short-term tests at high H2S and higher temperatures, 
the initial corrosion rate may be increased because the scale’s protectiveness has yet 
to develop fully and is therefore dominated by the rapid corrosion rate. The devel-
opment of a more protective mackinawite structure is encouraged by extending the 
reaction time to several days.

15.3.2 Heterocyclic As corrosion inHibition for sour corrosion

Figure 15.6 represents the structures of several heteromolecules described as sour 
corrosion inhibitors [23]. Investigations have been conducted on the sour corro-
sion of low-carbon steel in a carbon dioxide–saturated 3.5% sodium chloride + 
100 ppm hydrogen sulfide solution and its inhibition by the low-toxic compound 

FIGURE 15.5 Mechanism of sour corrosion.

FIGURE 15.6 Examples of sour corrosion inhibitors.
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1-benzylimidazole. Results from electrochemical impedance spectroscopy demon-
strate that 1-benzylimidazole can create a protective inhibitor layer that is signifi-
cantly adsorbed to the surface of the steel. Results from the PDP show that 1-benz is 
a mixed-type inhibitor with a slightly stronger anodic tendency. Up to 83% inhibi-
tory efficiency was achieved at an ideal concentration of 150 ppm. According to 
FTIR analysis, 1-benzylimidazole utilizes its nitrogen atom and C═C π-electrons to 
interact with the steel surface [24].

Corrosion inhibitors are essential for preventing corrosion caused by sour oil and 
gas. Polysuccinimide and lactobionic acid derivatives are utilized for mild steel inhi-
bition in sour conditions. The effectiveness of the results is compared to that of a 
well-known conventional sour gas inhibitor [25]. Electrochemical tests examined 
corrosion inhibition of a water-base acrylic terpolymer (ATP), methyl methacrylate/
acrylic acid, for steel in a sour petroleum corrosive solution. Although increased 
rotational speed speeds up corrosion, it also makes corrosion inhibitors more effec-
tive. A decrease in corrosion attacks is seen when ATP is present. Additionally, 
thermodynamic calculations revealed that ATP adheres to the Langmuir adsorption 
isotherm and chemically adsorbs to the surface [26].

The influence of quaternary ammonium salts with various concentrations on the mild 
steel in the sour brine solution at various temperatures was investigated using weight loss, 
electrochemical tests, surface examination, and theoretical calculations. The corrosion 
pace decreased as the inhibitor concentration decreased, and the inhibition efficiency 
was close to 98%. The Langmuir adsorption isotherm was followed when inhibitors were 
adsorbed onto the metal surface. Additionally, inhibitors performed well at high tem-
peratures. The computational studies well supported the experimental data [27].

The development of corrosion products on the metal is typically facilitated by 
an increase in temperature, and pH, which slows the speed of corrosion. However, 
organic acids and the fast flow of liquids have the reverse effect [28].

15.4 CONCLUSION

For the oil and gas sector, the problem of sweet and sour corrosion is inevitable, hav-
ing comparable effects to natural disasters. Therefore, it is impossible to resolve this 
problem, but taking precautions to protect the metal surface from corroding is more 
cost-effective. The use of corrosion inhibitors is the most feasible and cost-effective 
method for addressing the issues caused by CO2 corrosion (sweet corrosion) and 
H2S corrosion (sour corrosion). Its key protective mechanism relies on its capacity 
to adsorb on metal surfaces, creating a barrier between the metal surface and the 
aggressive medium.
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16.1 INTRODUCTION

Acidizing is one of the most effective approaches to stimulating oil well to enhance 
oil recovery from the reversers [1–5]. During this process, the acid or its solutions are 
forced to flow through the borehole pipeline under high pressure into the porous regions 
of the rock made of calcite, dolomite, and limestones. The injected acids chemically 
react with the rocks compelling them to dissolve. Such dissolution helps to expand 
the existing bore well channels and open new channels simultaneously [6, 7]. In 1895, 
based on chemical reactions, Harman Frasch conceived the procedure for acidizing 
treatments of oil wells to increase the flow of oil wells in a limestone formation. In this 
procedure, 30–40 wt% of HCl was recommended for acidizing oil wells, followed by 
neutralizing reacted acid after the stimulation was completed [8]. Generally, highly 
concentrated acid (5–28%) are used during oil-well acidizing, and these acids creates 
highly corrosive environments for the metallic materials used in the pipelines [9, 10]. 
In the HCl medium, the corrosion mechanism has been proposed for iron- and steel-
made materials [11, 12]. The anodic dissolution reaction has been shown as follows:

 Fe Cl   FeCl ads( )+ →− −  (16.1)

 FeCl   FeCl eads ads( ) ( )↔ +− − (16.2)

 FeCl     FeCl  eads ( )( ) → ++ − (16.3)

 FeCl    Fe  Cl2( ) → ++ + − (16.4)

The cathodic reactions which cause the hydrogen evolution are shown as follows:

 Fe H   FeH ads( )+ →+ +  (16.5)

 FeH e   FeHads ads( ) ( )+ →+ −  (16.6)

 FeH H  e Fe Hads 2( ) + + → ++ + −  (16.7
)

16
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The electrochemical techniques, density functional theory (DFT), and molecular 
dynamics simulations are also essential strategies for exploring the insight of corro-
sion and its inhibition mechanisms [13–17].

16.2  HETEROCYCLIC ORGANIC MOLECULES AS ACIDIZING 
CORROSION INHIBITOR

An organic compound comprising a cyclic ring of carbon atoms is known as a carbo-
cyclic compound. When the carbocyclic compound contains heteroatoms like N, O, 
S, P, etc. [4–6], the constituents ring is called a heterocyclic ring. Several heterocy-
clic compounds are explored for their corrosion inhibition capability in the acidizing 
medium. For instance, azoles, including pyrazoles, imidazoles, benzimidazoles, ben-
zotriazoles, etc., are five-membered heterocyclic rings used as corrosion inhibitors in 
the acidic medium. Indoles are benzene rings infused with five-membered pyrrole 
rings. Pyrimidines are six-membered heterocyclic rings in which an N atom replaces 
one CH. Diazines are heterocycles in which two N atoms replace the two CH groups 
of the benzene ring. Similarly, quinolines are the heterocyclic compound in which 
the benzene ring is infused with the pyridine ring. The presence of heteroatoms in 
the heterocyclic ring facilitates its adsorption onto the metal surface. It leads to the 
form of a thin protective layer on the metal surface, reducing the protection of the 
vulnerable metal surface from severe corrosion in the acidic solution [3, 14, 18–20].

16.2.1  five-membered Heterocyclic orGAnic molecules As AcidizinG 
corrosion inHibitor

Recently, Yadav et al. synthesized amino acid–based organic compounds, namely, 
OYAA and OYPA (Figure 16.1), as acidizing corrosion inhibitors to protect mild 
steel 15% HCl solution. The electrochemical studies revealed that 50 ppm of OYAA 

FIGURE 16.1 Schematic representation for corrosion and corrosion inhibition by applied 
corrosion inhibitors.
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and OYPA adsorbed onto mild steel following Langmuir adsorption isotherm; 
thereby, these inhibitors exhibited mixed-type corrosion inhibition with 93.2% and 
97.9% corrosion inhibition efficiency (CIE), respectively, at 303 K. These corrosion 
inhibitors’ adsorption is primarily attributed to the electrostatic interaction between 
the protonated inhibitors with previously adsorbed chloride ions. The adsorption of 
these corrosion inhibitors is facilitated through physisorption. Second, the donor–
acceptor interaction between the π-electrons of the aromatic ring and the vacant 
orbital of the metal surface atoms. Third, the interaction between the unshared 
electrons of the heteroatoms (N, O) of inhibitor molecules with vacant d-orbitals 
of the iron surface atoms. Thus, the adsorption of these corrosion inhibitors is also 
facilitated through the chemisorption pathway. The high CIE of OYPA is attributed 
to the higher energy of the highest occupied molecular orbital, the lower value of 
the lowest unoccupied molecular orbital, and the smaller value of the energy gap 
for OYPA than that of OYAA [21]. Etuen et al. reported 78.1% CIE of 10 × 10−5 M 
concentration of 5-HTP at 30 °C for mild steel in acidizing conditions. The CIE 
decreased with the increase in temperature and showed 39.8% at 90 °C. Furthermore, 
when 5-HTP is used by blending it with potassium iodide and glutathione, the CIE 
increases to 80.7% and 82.5%, respectively. This implies the stability of the cor-
rosion inhibitor at 90  °C, and the blend could be used in the oil-well acidizing 
procedure at elevated temperatures. It has been reported that the negatively charged 
group of 5-HTP, i.e., ─COO− interacts electrostatically with the positively charged 
iron surface facilitating physical adsorption. The acidic condition is also sufficient 
to protonate 5-HTP at amino functional (─NH2 site). The protonated amino group 
(i.e., ─NH3+) may interact with the previously adsorbed chloride ions on the iron 
surface, facilitating physical adsorption. The physisorption property of 5-HTP was 
also confirmed from the free energy of adsorption in the ranges of −12.67 kJ mol−1 
to −13.53 kJ mol−1 [22].

Recently, Solomon et al. synthesized imidazole-based corrosion inhibitors with 
variations of aliphatic chain (─C13H27, ─C15H31, and ─C17H35) length, namely, 
NTETD [23], NIMP [24], and QSI [25] to be employed as corrosion inhibitors in 
oil-well acidizing. NTETD possesses strong bonding capability with the steel sur-
face, as revealed by the adsorption–desorption equilibrium constant (1.015 × 103). 
The adsorption is attributed to the N, O, and imidazoline ring of NTETD through 
electron donation to the low energy 3d-orbital of the iron atom. Furthermore, the 
strong acidic media facilitates the protonation of the inhibitor, and it subsequently 
gets adsorbed onto chloride ions previously adsorbed onto the steel surface. The 
adsorption of NTETD has been reported to be of chemisorption as confirmed by the 
determined coefficient of adsorption. At the same time, the hydrophobic myristic 
acid pendant group covers the steel surface and inhibits corrosive species’ ingress 
toward the steel surface. It was found that 300 mg L−1 of NTETD acted as mixed-
type corrosion inhibition exhibiting 93% for St37-2 steel sheet in 15% HCl solution. 
Similarly, NIMP was also explored for its corrosion inhibition capability for N80 
steel in similar acidic solution with low (25 °C) as well as high (60 °C) temperatures 
which showed 97.92% and 95.59% CIE, correspondingly, with the use of 300 ppm of 
NIMP. The N and O heteroatoms of the palmitic acid pendant group of NIMP can 
be protonated easily in the acidic media. This cationic NIMP facilitates electrostatic 
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interaction with the previously adsorbed chloride ions on the steel surface ( FeCl ads( )− )  
as shown by the equations and gets adsorbed thereby following the physisorption:

 FeCl NIMP     FeCl NIMPads ads( ) ( )+ →− + − +  (16.8)

The adsorption of NIMP is possible through N, O, and heterocyclic imidazoline 
ring with the iron surface atoms (Figure 16.2). The chemisorption, considered the 
major pathway for the adsorption of NIMP on the metal substrate, was confirmed by 
the determined standard enthalpy of adsorption (100.34 kJ mol−1). The hydrophobic 
aliphatic chain covers the surface and shifts its barrier effect by retarding those pen-
etrating corrosive species toward metal surface atoms.

Similarly, QSI also exhibited mixed-type corrosion inhibitory action showing less 
than 50% corrosion inhibition at 400 ppm addition into 15% HCl solution for carbon 
steel. The QSI exhibited high CIE with the co-addition of potassium iodide, which 
upgraded CIE to 90%. The chemisorption of QSI has been deduced from the calcu-
lated corrosion kinetic parameters. Furthermore, it was found that QSI performed 
better in hydrodynamic conditions than in static conditions up to 1000 rpm. The 
presence of the hydrocarbon chain as the pendant group has been found to affect the 
CIE of imidazoline derivatives more than the tail group. The CIE decreases with an 
increased hydrocarbon chain length of the pendant active functional group.

Furthermore, Ituen et al. also reported a synergistic increase of CIE of 5-HTP 
upon blending it with GLU. This 5-HTP + GLU blend [10 × 10−5 M] showed 96.3% 
CIE at 30 °C and 82.5% CIE at 90 °C for mild steel in 15% HCl (Table 16.1). This 
acted as a mixed-type corrosion inhibitor and underwent physisorption obeying 
Langmuir adsorption isotherm [22]. Gerengi et al. reported CIE of DNPP to be 
87% at 4 mM in SAE 1012 carbon steel (Table 16.1). The DNPP followed a mixed 
pathway of adsorption, thereby revealing mixed-type corrosion inhibition properties 
[26]. Yadav et al. reported the CIE of amino acid–based compounds, namely, MPIT 
was 92% and MPII exhibited 97.6% at 200 ppm at 303 K for N80 steel in 15% HCl 

FIGURE 16.2 Schematic representation for adsorption of NIMP on N80 steel. (Reproduced 
with permission from Ref. [24], Copyright 2019, Elsevier.)
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TABLE 16.1
Heterocyclic Organic Compounds for Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors
Corrosion Inhibition 
Properties Reference
OYPA 97.9% at 50 ppm
OYAA 93.2% at 50 ppm at 

303 K, mild steel

[21]

10 × 10−5 M 5-HTP showed 
78.1% at 30 °C and 39.8% 
at 90 °C for mild steel

5-HTP + GLU [10 × 10−5 M] 
96.3% at 30 °C and 82.5% 
at 90 °C

[22]

97.48% and 94.42% at 25 °C 
and 60 °C N80 steel

[24]

96.51% or >93% at 300 ppm 
(corrosion rate 0.33 mm/
year) at 25 °C, St37-2 steel 
sheet

[23]

400 mg L−1 afforded η of 
<50%. QSI +1 mM KI 
afforded 90% for 
low-carbon steel

[25]

(Continued)
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87% by 4 mM DNPP at  
25 °C

In SAE 1012, carbon steel

[26]

MPIT 92%, MPII 97.6% at 
200 ppm at 303 K

[27]

98.90% and 97.74% for MBI 
and PBI at

200 ppm at 303 K

[28]

95.3% when 9% recycled 
cigarette butt extract is used 
at 90 °C to inhibit corrosion 
of N80 steel

[29]

TABLE 16.1 (Continued)
Heterocyclic Organic Compounds for Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors
Corrosion Inhibition 
Properties Reference

(Continued)
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92.0% and 85.1% for PZ-1 
and PZ-2 at 300 ppm at 308 
K

[30]

53.17% and 90% upon the 
addition of 1000 ppm at 28 
± 2 °C N80 steel and mild 
steel

[31]

BDMT 95.4% and BDMA 
93.7% at 50 ppm at 303 K

[32]

98.4% (PZ-1) and 94.3% 
(PZ-2) at 308 K, N80 steel

[33]

TABLE 16.1 (Continued)
Heterocyclic Organic Compounds for Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors
Corrosion Inhibition 
Properties Reference

(Continued)
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AMPC and ACPC at 300 
ppm showed 98.26% and 
96.21% inhibition 
efficiency, respectively, at 
303 K for mild steel

[34]

1 × 10−3 M (EO, 12) shows 
maximum inhibition of 
95.5% at 25 °C X65 steel

[35]

88.7% at 200 ppm at 60 °C 
for mild steel

[36]

95.4% at 333 K [136 × 10−5 
M]

90.8% at 353 K [136 × 10−5 
M]

[37]

DAMA-ran-DAMTDB 
showed 87% IE at 500 
ppm; and DAMA-ran-
DAMTDB + 1 mM KI 93% 
at 25 °C for st37-2 steel

[38]

TABLE 16.1 (Continued)
Heterocyclic Organic Compounds for Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors
Corrosion Inhibition 
Properties Reference

(Continued)
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(Table 16.1). The CIE increased with the increase in concentration, reaching the 
optimum concentration of 200 pp. The experimentally determined CIE corroborated 
with quantum chemical parameters specified by the density functional study. Both 
these corrosion inhibitors are of a mixed-type nature which gets adsorbed follow-
ing Langmuir isotherm [27]. Kumari et al. explored the CIE of indolines deriva-
tives: MBI and PBI. They found it a mixed-type corrosion inhibitor with 98.90% 
and 97.74% at 200 ppm at 303 K for mild steels in 15% HCl medium, respectively 
(Table 16.1). It has been reported that the CIE get enhanced with the increase in the 
concentration of these corrosion inhibitors studied up to 200 ppm. At the same time, 
it decreased with the elevation of temperature studied up to 333 K. The adsorption 
of these corrosion inhibitors obeyed Langmuir adsorption isotherm. The adsorption 
of these corrosion inhibitors is attributed to the interaction of the lone pairs of elec-
trons in nitrogen and oxygen atoms and the delocalized π-electrons in the aromatic 
rings in their neutral forms. In such an acidic medium, the protonated forms may be 
adsorbed through electrostatic interaction with the pre-adsorbed chloride anions on 
the metal surface atoms. The determined quantum chemical parameters supported 
the adsorption capability of these corrosion inhibitors [28].

It has also been reported that the heterocyclic compounds present in recycled 
cigarette butts can act as corrosion inhibitor by Zhang et al. It showed 95.3% CIE 
when 9% recycled cigarette butts extract at 90 °C. The primary chemical constitu-
ents which acted as corrosion inhibitors might be (a) nicotine, (b) 3-(pyridin-3-yl)
pyrrolidine-1-carbaldehyde, (c) 5-(pyridin-3-yl)pyridine-1(2H)-carboxamide, (d) 

68.61% at 400 mg L−1. 
90.15% upon adding KI 
(0.5 mM) + DMIC 
(400 mg L−1).

[39]

86.1% with 100 mg L−1 
poly-NDTHDC at 25 °C, 
and 90.2% at 60 °C, 87.5% 
at 90 °C

[40]

TABLE 16.1 (Continued)
Heterocyclic Organic Compounds for Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors
Corrosion Inhibition 
Properties Reference
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1-(3-pyridyl)-4-(methylnitrosoamino)-1-butanone, and (e) quercitrin. These major 
constituents possess heterocyclic moieties [29]. Ansari et al. reported corrosion 
inhibitory action of PZ1 and PZ2. They found the CIE as 92% and 85.1% for PZ1 
and PZ2 at 300 ppm at 308 K exhibiting mixed-type corrosion inhibition with pre-
dominant cathodic inhibition and following Langmuir type of adsorption isotherm. 
The enhancement in the surface coverage by PZ1 compared to PZ2 is attributed to 
the higher CIE. The experimental observations were also validated by DFT and 
Monte Carlo (MC) simulation [30]. Quraishi and Jamal synthesized SAHMT and 
explored its corrosion inhibitory action in the boiling condition in 15% HCl. The CIE 
of SAHMT was 53.17% and 90% at 1000 ppm at 28 ± 2 °C for N80 steel and mild 
steel, respectively. It showed mixed-type inhibitory action by blocking active sites 
of metal. Adsorption of SAHMT was governed by Temkin adsorption isotherm [31].

Yadav et al. explored and reported thiazole derivatives, namely, BDMT and 
BDMA, exhibiting Langmuir adsorption isotherm and mixed-type corrosion inhibi-
tion behavior. The BDMT showed 95.4% and BDMA showed 93.7% CIE at 50 ppm at 
303 K for oil-well tubular steel exposed in 15% HCl. The experimental observations 
were also validated by DFT [32]. Singh et al. synthesized ultrasonically pyrazole 
derivatives, namely, PZ-1 and PZ-2, to inhibit corrosion. These corrosion inhibitors 
showed mixed-type corrosion inhibitors with predominant cathodic nature. The CIE 
increased with the increase in concentration. These inhibitors established high CIE 
as 98.4% (PZ-1) and 94.3% (PZ-2) at 308 K for N80 steel in 15% HCl. The DFT 
study revealed the strong adsorption capability of PZ-1 compared to PZ-2. The MD 
simulation results also showed more muscular binding energy of PZ-1 compared to 
PZ-2 [33]. Paul et al. investigated and revealed the corrosion inhibition efficacy of 
carbohydrazide-pyrazole compounds, namely, AMPC and ACPC. Only 300 ppm 
of AMPC and ACPC exhibited 98.26% and 96.21% CIE, correspondingly at 303 K 
for mild steel. Both of these compounds followed acted as mixed corrosion inhibi-
tors retarding both the cathodic and anodic corrosion of the metal substrate. Its fit-
ting with Langmuir adsorption isotherm suggested the monolayer adsorption. The 
substitution on the phenyl moiety by the phenyl-releasing methyl group in AMPC 
contributed to more electron donation leading to enhanced adsorption and corrosion 
inhibition than ACPC. The DFT and MC simulation results corroborated the experi-
mental findings [34].

Basiony et al. reported the newly synthesized ethoxylated aminothiazole com-
pounds, [4, EO, 4], [8, EO, 8], and [12, EO, 12] varying the carbon chain lengths. 
The adsorption of [12, EO, 12] is more stable on the X65 steel surface and exhib-
ited the highest CIE. However, these corrosion inhibitors exhibited physiochemi-
sorption following Langmuir adsorption isotherm. A 1 × 10−3 M of [12, EO, 12] 
showed maximum inhibition of 95.5% at 25  °C in 15% HCl. The DFT and MC 
simulations were also compatible with experimental results [35]. Yaagoob and Ali 
reported the high CIE of homo-copolymers containing symmetrical motifs of PZ 
ions compared to that of the co-copolymers motif of PZ ions. It exhibited 88.7% CIE at  
200 ppm at 60 °C for mild steel. The specific polymers (PZ 13, i.e., 13 carbon units 
and 100 ppm) upon addition with potassium iodide (400 ppm) can also show 93% 
CIE for mild steel in 15% HCl at 60 °C for 6 hours [36]. Rahimi et al. reported a high 
corrosion inhibition capability of furfuryl alcohol-based corrosion inhibitor, FACI, 
with 95.4% at 333 K [136 × 10−5 M] and 90.8% at 353 K [136 × 10−5 M] in 15% HCl 
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acting as mixed-type corrosion inhibitor following Langmuir adsorption isotherm 
[37]. A random polymer containing diallylmethylamine and DAMA-ran-DAMTDB 
was synthesized and revealed its corrosion inhibition capability by Umoren et al. This 
DAMA-ran-DAMTDB showed 87% IE at 500 ppm; and DAMA-ran-DAMTDB + 
1 mM KI 93% at 25 °C for st37-2 steel in a simulated acidizing environment. It gets 
easily chemisorbed onto the metal substrate, and the synergistic increase in adsorp-
tion get facilitated by the co-addition of iodides. The CIE enhanced to 92.99% with 
the co-addition of 1 mM of potassium iodide into 500 ppm of the corrosion inhibitor 
at 25 °C [38]. Singh et al. reported the corrosion inhibitory action of DMIC on P110 
steel in static and dynamic conditions of acidic solutions. It exhibited increasing 
CIE with simultaneous concentration increments and showed mixed-type inhibitory 
activity. The maximum CIE of 68.61% was found at 400 mg L−1. The co-addition 
of KI as a corrosion inhibitor improved its CIE. DFT suggested that the adsorption 
of DMIC occurred through both the anionic and cationic parts of DMIC. The MD 
simulation revealed the horizontal disposition of neutral DMIC, while the protonated 
DMIC get adsorbed onto the metal surface twistedly [39].

Some polymers of heterocyclic compounds were synthesized, and their corro-
sion-inhibitory actions have been validated. Odewunmi et al. synthesized a dica-
tionic monomer: NDTHDC, and its polymer poly-NDTHDC. It was found that 
the addition of 100 mg L−1 poly-NDTHDC into 15% HCl showed 86.1% at 25 °C 
to 90.2% at 60 °C but decreased to 87.5% at 90 °C. The poly-NDTHDC is ther-
mally and chemically stable. It exhibited mixed-type inhibition behavior, with its 
adsorption mainly governed by the chemisorption pathway [40]. Similarly, Haruna 
et al. revealed gelatin’s efficient corrosion inhibition property for oil-well acidizing. 
Typically, the gelatin comprises glycine residues with heterocyclic amino acid resi-
dues such as proline and hydroxyl proline, along with other amino acids like argi-
nine, alanine, and glutamic acid. The gelatin showed CIE of 88.35% at 2.5 (w/v%) 
at 25 °C for X60 steel in 15% HCl medium. Its adsorption occurs through physi-
sorption and chemisorption on the metal surface, forming a metal–gelatin complex 
that blocks the steel surface and acts as a mixed-type corrosion inhibitor inhibiting 
cathodic and anodic dissolution [41].

16.2.2  five- And six-membered Heterocyclic rinG–infused orGAnic 
molecules As AcidizinG corrosion inHibitor

Similarly, there are also five-membered heterocyclic rings infused with other aro-
matic or nonaromatic rings for designing the efficient corrosion inhibitor. Five- and 
six-membered heterocyclic ring–infused organic molecules have found splendid 
applications as an acidizing corrosion inhibitors. For oil-well acidizing purposes, 
5–15% HCl solution is mainly used. Singh et al. synthesized and reported pyridine 
derivative, PD, as a corrosion inhibitor. The CIE of 93% at 400 mg L−1 for Q235 
steel in 15% HCl. The CIE increased to 97% with KI addition at 308 K. It exhibited 
Freundlich adsorption isotherm and its performances as dual-natured corrosion inhi-
bition. DFT showed that the neutral form PD was capable of better electron donation 
facilitating adsorption. The MD simulation revealed the parallel adsorption of pro-
tonated PD on metal surface atoms [42].
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Wang et al. synthesized and explored the corrosion inhibition behavior of phena-
cyl quinolinium bromide, DaQBr, and its indoline derivative DiDaQBr. The CIE was 
reported to be 97.4% and 97% for PaQBr and DiPaQBr, respectively, at 25  °C for 
N80 steel in 15% HCl. PaQBr and DiPaQBr were mixed-type corrosion inhibitors 
and obeyed Langmuir-type adsorptions while getting adsorbed onto the N80 steel sur-
face. The high corrosion inhibition property of DiDaQBr is attributed to converting the 
active methylene group of DaQBr to corresponding inhibitive imidazoline derivatives, 
suggesting the dimer imidazoline derivatives to be novel corrosion inhibitors [43].

Yang et al. reported the novel benzyl quinolinium chloride derivative, BQD, 
exhibiting mixed-type corrosion inhibiting capability with CIE of 97.5% and 
94.6% for its precursor benzyl quinolinium chloride, BQC, for N80 steel in 
15% HCl. The corrosion rate is 1.98 g m−2 h−1 when the concentration of BQD 
is 0.744 mmol L−1 at 25 °C (Table 16.2). The CIE increases with concentration, 

TABLE 16.2
Heterocyclic Organic Compounds as Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors
Corrosion Inhibition 
Properties Reference

93% at 400 mg L−1; 97% 
with KI (0.5 mM) + PD 
(400 mg L−1) at 308 K, 
Q235 steel

[42]

97.4% and 97% for PaQBr 
and DiPaQBr, respectively, 
25 °C, N80 Steel

[43]

97.5% and 94.6% for BQD 
and BQC, respectively, 
1.98 g m−2 h−1 when the 
concentration of BQD is 
0.744 mmol L−1 at 25 °C, 
N80 steel

[44]
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followed by Langmuir adsorption isotherm. The standard free energy of adsorp-
tion suggested the chemisorption of BQD on the steel surface [44].

16.2.3  six-membered Heterocyclic orGAnic molecules As AcidizinG 
corrosion inHibitor

Six-membered heterocyclic organic molecules are acidizing corrosion inhibitors in 
a 15% hydrochloric acid solution. Furthermore, a cleaner corrosion inhibition strat-
egy of carbon steel using Peumus boldus Molina extract has also been explored by 
Furtado et al. The major constituent, namely, boldine (B), played a major role in the 
adsorption and corrosion protection of the steel substrate. The sole B and binary 
combination with propargyl alcohol (B + PA) showed 41.11% and 97.42%, respec-
tively, at 333 K for API P110 carbon steel acidic solution (Table 16.3) [45]. Moreover, 
the corrosion inhibition property of pyrimidine derivatives, namely, PP-1 and PP-2, 
have also been reported by Haque et al. to protect N80 steel in 15% HCl. These 
derivatives showed CIE of 89.1% (250 mg L−1, PP-1) and 73.1% (250 mg L−1, PP-2), 
respectively, at 308 K. PP-1 and PP-2 also acted as mixed-type corrosion inhibitors 
with predominant cathodic inhibition capability by adsorbing on the active sites of 
the N80 steel. These inhibitors also followed Langmuir adsorption isotherm [46].

Ansari et al. revealed environment-friendly chromenopyrimidine derivatives, 
namely, PPC-1 and PPC-2 exhibiting Langmuir-type adsorption following physi-
sorption and possessing cathodic corrosion inhibitory action with 92.4% and 82.1% 
CIE, respectively, at 200 mg L−1 at 308 K for N80 steel in 15% HCl. The order of 
corrosion inhibitory action was well supported by electron density distribution in 
the frontiers molecular orbitals exhibiting more reactivity of the protonated forms of 
chromenopyrimidine derivatives in the acidic medium [47].

Moreover, benzoxanthone derivatives are also acting as good corrosion inhibitors. 
Recently, Singh et al. reported CIE of TBX to be 92.3% at 200 mg L−1 to protect Q235 
steel in 15% HCl. It revealed that temperature increment leads to enhance corrosion. 
It followed Langmuir’s adsorption isotherm. Both the DFT and MD results corrobo-
rated the experimental outcomes [48]. Singh et al. also synthesized BX-Cl and BX-NO2 
through microwave irradiation techniques. The CIE reaches 92.21% for BX-Cl and 
around 84.21% CIE for BX-NO2 of 200 mg L−1 concentration at 308 K, P110 steel. 
The synergistic corrosion inhibition behavior increases with the addition of potassium 
iodide. These corrosion inhibitors followed Freundlich adsorption isotherm and exhib-
ited anodic-type corrosion inhibitor. DFT and MD revealed BX-Cl as a better corrosion 
inhibitor than BX-NO2 [49]. Furthermore, Singh et al. synthesized pyran derivatives, 
namely, AP-1, AP-2, and AP-3. The AP-1, AP-2, and AP-3 showed 97.7%, 88.5%, and 
75.1% at 300 mg L−1 at 308 K for N80 steel acting as mixed-type corrosion inhibi-
tors with cathodic dominance. These pyran derivatives followed Langmuir adsorption 
isotherm. Furthermore, DFT revealed more electron donation from the neutral form 
of derivatives to the metal surface atoms leading to adsorption. The MD showed the 
strong adsorption of these pyran derivatives in their neutral forms [50].

Similarly, 8-HQ was revealed as a corrosion inhibitor for an oil-well acidizing 
environment by Obot et al. It exhibited CIE of 65.13%, 0.4 wt% of 8-HQ at 25 °C 
X60 steel in 15% HCl in hydrodynamic condition. It showed increased corrosion 
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TABLE 16.3
Heterocyclic Organic Derivatives as Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors Corrosion Inhibition 
Properties

Reference

B and B + PA showed 
41.11% and 97.42% at 333 
K for API P110 carbon 
steel

[45]

89.1% (PP-1) and 73.1% 
(PP-2) at 250 mg L−1, 308 
K for N80 steel

[46]

PPC-1 and PPC-2 at 200 mg 
L−1 are 92.4% and 82.1%, 
respectively, at 308 K

[47]

92.3% at 200 mg L−1, Q235 
steel (15% HCl 
hydrodynamic condition)

[48]

(Continued)
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92.21% (BX-Cl); 84.21% 
(BX-NO2) at 200 mg L−1, 
308 K, P110 steel

[49]

AP-1, AP-2, and AP-3 
showed 97.7%, 88.5%, and 
75.1%, respectively, at 
300 mg L−1 at 308 K for 
N80 steel

[50]

65.13%, 0.4 wt% of 8-HQ at 
25 °C X60 steel

[51]

89.2% at 1.00 mM HA-1 at 
45 °C 92.4% at 1.00 mM HA-1 
at 60 °C 91.6% at 1.00 mM 
HA-2 at 45 °C 94.1% at 
1.00 mM HA-2 at 60 °C 96.2% 
at 1.00 mM HA-3 at 45 °C 
97.5% at 1.00 mM HA-3 at 
60 °C, carbon steel C1018 
alloy analyzed using 
potentiodynamic polarization

[52]

TABLE 16.3 (Continued)
Heterocyclic Organic Derivatives as Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors Corrosion Inhibition 
Properties

Reference

(Continued)



295Heterocyclic Organic Derivatives

CN-1, CN-2, and CN-3 
showed 98.3%, 97.9%, and 
95.5%, respectively, at only 
300 mg L−1 at 35 °C for 
N80 steel

[53]

86.94% for AMP, 90.24% for 
ADP at 200 mg L−1 at 308 
K for N80 steel

[54]

AANC-1, ANC-2, and 
ANC-3 showed 93.9%, 
91.48%, and 85.07%, 
respectively, at 200 mg L−1 
at 308 K for N80 steel

[55]

88.7%, 92.9%, and 95.5% 
for Q4Q, Q6Q, and Q8Q, 
respectively, at 25 °C 
[10 × 10−2 M] in 15% HCl 
for N80 steel

[56]

TABLE 16.3 (Continued)
Heterocyclic Organic Derivatives as Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors Corrosion Inhibition 
Properties

Reference
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inhibition upon increasing concentrations which further improved synergistically 
upon adding potassium iodide. It acted as a mixed-type corrosion inhibitor [51]. 
El-Lateef et al. revealed the corrosion inhibition activity of three Schiff base deriva-
tives, HA-1, HA-2, and HA-3, for carbon steel C1018 alloy used in acidizing oil 
wells. The CIE of HA-3 was superior to other derivatives, which was 96.2% and 
97.5% at 1.00 mM at 45 °C and 60 °C, respectively, for carbon steel. These corro-
sion inhibitors followed Langmuir adsorption isotherm and got chemisorbed on the 
metal surface. These Schiff bases–based heterocycles acted as mixed-type corrosion 
inhibitors; their CIE improved with concentration or temperature increment until the 
optimum concentration of 1.00 mM and temperature of 60 °C [52].

Salman et al. synthesized chromeno naphthyridines–based heterocyclic com-
pounds having nontoxic and environment-friendly nature, namely, CN-1, CN-2, and 
CN-3. The CN-1, CN-2, and CN-2 showed CIE of 98.3%, 97.9% and 95.5%, respec-
tively, at only 300 mg L−1 at 35 °C for N80 steel. The corrosion inhibitory action 
was controlled by charge transfer, exhibited mixed-type corrosion inhibition, and 
followed Langmuir-type adsorption isotherm. DFT and MD simulation results cor-
roborated experimentally determined results [53]. Similarly, Ansari et al. reported 
the adsorption and corrosion inhibitory action of ADP and AMP for N80 steel in 
15% HCl. The CIE was 86.94% for AMP and 90.24% for ADP at 200 mg L−1 at 308 
K for N80 steel. The corrosion inhibitory action was mixed, predominantly sup-
pressing the cathodic reaction. ADP and AMP obeyed the Langmuir adsorption iso-
therm. The DFT study also corroborated the experimentally determined corrosion 
inhibitory action [54]. Furthermore, Ansari and Quraishi synthesized ANC-1, ANC-
2, and ANC-3. The ANC-1, ANC-2, and ANC-3 showed 93.9%, 91.48%, and 85.07% 
at 200 mg L−1 at 308 K for N80 steel in 15% HCl with CIE order: ANC-1 > ANC-2 
> ANC-3. These corrosion inhibitors were found to act as mixed-type corrosion-
mitigating nature and followed Langmuir adsorption isotherm during their adsorp-
tion. Additionally, the quantum chemical parameters supported the CIE order [55].

Zhang et al. revealed the effect of corrosion inhibitory action by alkanediyl spacers 
in the diquarternary ammonium salts, namely, Q4Q, Q6Q, and Q8Q. The determined 
CIE was 88.7%, 92.9%, and 95.5% for Q4Q, Q6Q, and Q8Q, respectively, at 25 °C 
[10 × 10−2 M] in 15% HCl for N80 steel. Additionally, the CIE of Q8Q reached 91% at 
90 °C for 0.01 mol L−1. It has been reported that the CIE increases with concentration, 
and hydrophobic alkanediyl spacer length increase in the molecular skeleton of these 
corrosion inhibitors. These corrosion inhibitors followed Langmuir-type adsorption; the 
strong adsorption is attributed to bromine and nitrogen in its chemical structure. The 
adsorption of these diquarternary ammonium salts was attributed to (a) electrostatic 
attraction, (b) interaction of cationic N+ ion with the metal surface, and (c) the interac-
tion of π-electrons present in the quinolone rings with the metal surface atoms [56].

16.2.4  seven-membered Heterocyclic orGAnic molecules As AcidizinG 
corrosion inHibitor

Some seven-membered heterocyclic organic molecules are also used as acidizing 
corrosion inhibitors. Recently, Ituen et al. reported the corrosion inhibition effi-
ciency of clomipramine (CLO) on J55 steel in 15% HCl which showed 73.2% at  
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10 × 10−5 M at 30 °C [57]. In addition, Ituen et al. also reported the synergistic cor-
rosion inhibitory action of 3CDA on X80 steel in 15% HCl to be 74.8% at 10 × 10−5 
M; this corrosion inhibitor with sodium gluconate (3CDA-NaG), with potassium 
iodide (3CDA-KI), with polyethylene glycol (3CDA-PEG), and with glutathione 
(3CDA-GLU) exhibiting CIE of 78.1%, 88.6%, 90.3%, and 91.4%, respectively, at 
30 °C (Table 16.4) [58]. Furthermore, other corrosion inhibitors containing seven-
membered heterocycles along with the aromatic benzene rings, namely, BPBD and 
BMBD, were also found to exhibit CIE of 95.6% and 93.4%, respectively, with  
200 ppm addition at 303 K [59].

16.3 SUMMARY

This chapter outlines the heterocyclic corrosion inhibitor explored for effective cor-
rosion inhibition of metal substrates exposed to oil-well acidizing using a 15% 
hydrochloric acid solution to maximize the production from oil reservoirs. Adding 

TABLE 16.4
Heterocyclic Organic Derivatives as Acidizing Corrosion Inhibitors in 15 
wt% HCl

Corrosion Inhibitors Corrosion Inhibition 
Properties

Reference

74.8% for 3CDA at 10 × 10−5 
M; 3CDA-NaG, 3CDA-KI, 
3CDA-PEG, and 3CDA-
GLU IE is 78.1%, 88.6%, 
90.3%, and 91.4%, 
respectively, at 30 °C for 
X80 steel

[58]

95.6% (BMBD), 93.4% 
(BPBD), 200 ppm at 303 K

[59]
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an anticorrosive additive is one of the practical approaches to minimizing the direct 
and indirect damages owing to corrosion and cleansing the tubing materials during 
acidizing. Consequently, the emergence of the heterocyclic organic corrosion inhibitor 
as additives has significantly impacted oil-well acidizing industries owing to its cost-
effective synthesis technique, eco-friendly nature, adsorption capability, high corrosion 
inhibition capability, etc. The active adsorption capabilities and the corrosion inhibition 
mechanism revealed that these corrosion inhibitors undergo cathodic, anodic, cathodic 
and anodic combined, i.e., mixed-type, corrosion inhibitors. Usually, the heterocyclic 
corrosion inhibitors used in the acidizing solution obey Langmuir, Temkin, Freundlich, 
etc., adsorption isotherms. It has also been found that blending the heterocyclic cor-
rosion inhibitors with iodide salts, like potassium iodides, etc., or organic co-additive, 
like glutathione, etc., synergistically enhances the corrosion inhibition efficiency of the 
corrosion inhibitors. In most cases, the DFT-based quantum chemical parameters and 
MD and MC simulation results effectively corroborate with the experimental corrosion 
inhibition order of the studied heterocyclic corrosion inhibitors.

ABBREVIATIONS

ACPC (E)-5-amino-N′-(4-chlorobenzylidene)-3-(4-
chlorophenyl)-1H-pyrazole-4-carbohydrazide

ADP 2-amino-6-(2,4-dihydroxyphenyl)-4-(4-methoxyphenyl)
nicotinonitrile

AMP 2-amino-4-(4-methoxyphenyl)-6-phenylnicotinonitrile
AMPC (E)-5-amino-3-(4-methoxyphenyl)-N′-(1-(4-methoxyphenyl)

ethylidene)-1H-pyrazole-4-carbohydrazide
ANC-1 2-amino-4-(4-methoxyphenyl)-1,8-naphthyridine-3-

carbonitrile
ANC-2 2-amino-4-(4-methylphenyl)-1,8-naphthyridine-3-

carbonitrile
ANC-3 2-amino-4-(3-nitrophenyl)-1,8-naphthyridine-3-

carbonitrile
AP-1 2-amino-4-(4-methoxyphenyl)-7,7-dimethyl-5-oxo-

5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile
AP-2 2-amino-7,7-dimethyl-5-oxo-4-phenyl-5,6,7,8-

tetrahydro-4H-chromene-3-carbonitrile
AP-3 2-amino-7,7-dimethyl-4-(4-nitrophenyl)-5-oxo-5,6,7,8-

tetrahydro-4H-chromene-3-carbonitrile
BDMA benzo[d]thiazol-2-yl)-2-(3,5-dichlorophenyl)-2,5-

dimethylthiazolidin-4-one
BDMT 1-(benzo[d]thiazol-2-yl)-3-chloro-4-(3,5-

dichlorophenyl)-4-methylazetidin-2-one
BMBD 2,4-bis(methoxyphenyl)-1H-benzodiazepin
BPBD 2,4-bis(phenyl)-1H-benzodiazepine
BX-Cl 12-(4-chlorophenyl)-9,9-dimethyl-8,9,10,12-tetrahydro-

11H-benzo[a]xanthen-11-one
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BX-NO2 9,9-dimethyl-12-(4-nitrophenyl)-8,9,10,12-tetrahydro-
11H-benzo[a]xanthen-11-one

3CDA 3-(2-chloro-5,6-dihydrobenzo[b][1]
benzazepin-11-yl)-N,N-dimethylpropan-1-amine

CIE corrosion inhibition efficiency
CN-1 5-amino-9-hydroxy-2-(4-vinylphenyl)-

1,11b-dihydrochromeno[4,3,2-de][1, 6]
naphthyridine-4-carbonitrile

CN-2 5-amino-9-hydroxy-2-(4-
methoxyphenyl)chromeno[4,3,2-de][1, 6]
naphthyridine-4-carbonitrile

CN-3 5-amino-9-hydroxy-2-phenylchromeno[4,3,2-de][1, 6] 
naphthyridine-4-carbonitrile

DAMA-ran-DAMTDB N1,N1-diallyl-N1-methyl-N6,N6,N6-tripropylhexane-1,6-
diammonium dibromide

DMIC 1-decyl-3-methylimidazolium chloride
DNPP (E)-1,5-dimethyl-4-((1-(3-nitrophenyl)ethylidene)

amino)-2-phenyl-1,2-dihydro-3H-pyrazol-3-one
GLU glutathione
HA-1 4-bromo-2-{(Z)-[(3,5-dimethylphenyl)imino]methyl} 

phenol
HA-2 1-{(Z)-[(4,6-dimethylpyridin-2-yl)imino]methyl}

naphthalen-2-ol
HA-3 1-{(Z)-[(2-methoxy-4-nitrophenyl)imino]methyl}

naphthalen-2-ol
8-HQ 8-hydroxyquinoline
5-HTTP 5-hydroxytryptophan
MBI 2-((1-((3-methoxyphenylamino)methyl)-1-

benzoimidazol-2-yl)methyl)isoindoline-13-dione
MPII 1-(4-(1-acetyl-5-(4-methoxyphenyl)-

4,5-dihydro-1H-pyrazol-3-yl)phenyl)
spiro[imidazolidine-2,3′-indoline]-2′,5-dione

MPIT 3′-(4-(1-acetyl-5-(4-methoxyphenyl)-
4,5-dihydro-1H-pyrazol-3-yl)phenyl)
spiro[indoline-3,2′-thiazolidine]-2,4′-dione

NDTHDC N1,N1-diallyl-N6,N6,N6-tripropylhexane-1,6-diaminium 
chloride

NIMP N-(2-(2-pentadecyl-4,5-dihydro-1H-imidazol-1-yl)ethyl)
palmitamide

NTETD N-(2-(2-tridecyl-4,5-dihydro-1H-imidazol-1-yl)ethyl)
tetradecanamide

OYAA (Z)-2-(2-oxoindolin-3-ylideneamino)acetic acid
OYPA 2-(2-oxoindolin-3-ylideneamino)-3-phenylpropanoic 

acid
PBI 2-((1-(3-methylphenylamino)methyl)-1-benzoimidazol-

2-yl)methyl)isoindoline-13-dione
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PD 4-(3-methoxy-4-hydroxy-phenyl)-2-phenyl-1,4-dihydro-
benzo[4, 5]imidazo [1,2-a]pyrimidine-3-carboxylicacid 
ethyl ester

poly-NDTHDC poly(N1,N1-diallyl-N6,N6,N6-tripropylhexane-1,6-
diaminium chloride)

PP-1 5-styryl-2,7-dithioxo-2,3,5,6,7,8-
hexahydropyrimido[4,5-d] pyrimidin-4(1H) one

PP-2 5-(2-hydroxyphenyl)-2,7-dithioxo-2,3,5,6,7,8-
hexahydropyrimido[4,5-d]-pyrimidin-4(1H) one

PPC-1 2,4-diamino-3,5-dihydro-5-(phenylthio)-2H-
chromeno[2,3-b]pyridine-3-carbonitrile

PPC-2 2,4-diamino-3,5-dihydro-5-phenoxy-2H-
chromeno[2,3-b]pyridine-3-carbonitrile

PZ (diallylamino)diacetate polyzwitter
PZ1 2-(3-amino-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)(p-tolyl)

methyl)malononitrile
PZ2 2-((3-amino-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)

(phenyl)methyl)malononitrile
PZ-1 4,4′-((4-methoxyphenyl)methylene)

bis(3-methyl-1-phenyl-1H-pyrazol-5-ol)
PZ-2 4,4′-((4-nitrophenyl)methylene)

bis(3-methyl-1-phenyl-1H-pyrazol-5-ol)
Q4Q N,N′-butane-1,4-diyl-bisquinolinium dibromide
Q6Q N,N′-hexane-1,6-diyl-bisquinolinium dibromide
Q8Q N,N′-octane-1,8-diyl-bisquinolinium dibromide
QSI 2-heptadecyl-1-[2-(octadecanoylamino)

ethyl]-2- imidazoline
SAHMT 4-salicylideneamino-3-hydrazino-5-mercapto-1,2,4-

triazole
TBX 9,9-dimethyl-12-p-tolyl-8,9,10,12-tetrahydrobenzo[a]

xanthen-1-one
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17.1 INTRODUCTION

The phenomenon of corrosion that degrades metallic structures is considered a per-
sistent global problem [1]. Technically, the simultaneous movement of mass and 
charge across a metal–solution interface is the definition of corrosion [2]. General 
or uniform corrosion has been identified as the most widespread form of corrosion 
that follows electrochemical reactions between the metals and the corrosive environ-
ments. It occurs on an entirely exposed metal surface and proceeds uniformly to 
damage the metals [3]. Usually, chemicals, such as acids (HCl, H2SO4, and HNO3), 
moisture/water (H2O), bases (NaOH, NaHCO3, and CaCO3), table salts (NaCl), gases 
(HCHO, NH3, and sulfur-containing gases), aggressive metal polishes, etc., can 
cause metallic degradation upon contact. Any country in the world is found to spend 
somewhere in the range of 1–5% of its GNP on maintenance costs due to corrosion-
related problems [4]. Corrosion is so pervasive that a study by the NACE said that the 
cost of corrosion worldwide in 2013 was 3.4% of the world’s GDP [5]. Upstream oil 
and gas industries worldwide have been reported to spend US$1.3 billion annually 
as part of the corrosion cost, and 33% (US$463 million) of this cost is attributable to 
downhole corrosion and material issues [6].

Oil and gas industries use tubular steels, such as J55, N80, P110, Q235, carbon 
steel, etc., to construct downhole tubes, channeling pipelines, transmission pipelines, 
flow lines, etc. However, the acidizing process, which incorporates using highly con-
centrated (~15%) hydrochloric acid to dissolve carbonate rocks, takes a severe toll 
on the metallic structures due to the harsh corrosive nature of HCl [7]. Even though 
the oil and gas industries spend a lot to deal with this menace, economic losses are 
tough to stop. One of the most well-liked and economically practical approaches to 
dealing with this issue is corrosion inhibitors. Heterocyclic compounds are funda-
mental components of many natural products like amino acids, alkaloids, vitamins, 
nucleic acids, carbohydrates, etc., and are considered environmentally benign. From 
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the corrosion protection point of view, they are very efficient owing to the posses-
sion of heteroatoms (N, O, and S), polar functional groups (─OH, ─NH2, ─CN, 
─NO2, ─C═O, ─COOH), conjugated double bonds, and aromatic systems rich with 
π-electrons in their structures [1]. Therefore, this chapter will focus on various het-
erocycles employed in the oil and gas industries as acidizing corrosion inhibitors. 
However, a brief discussion on other acid treatment systems for oil-well acidizing 
has been made beforehand.

17.2 GENERAL BACKGROUND OF ACIDIZING

Oil-well stimulation, which in most circumstances entails adding acid to the 
reservoir to dissolve formation rocks and/or soluble components existing in the 
well, is necessary when flow line blockage causes a decline in oil production [8]. 
Oil and gas operators have utilized acid treatment (acidizing) to enhance well 
productivity for about 120 years. Acidizing injects acid into a well’s geologi-
cal formation or reservoir to dissolve the rocks that line the well’s contours and 
enable oil and/or gas production. Any acidizing process aims to raise a well’s 
productivity or injectivity. Acidizing is an ancient technique, preceding all other 
well-stimulation methods, including hydraulic fracturing, invented in the late 
1940s. However, it is worth mentioning that the exploitation of the acidizing 
process was restrained to some extent because of the scarcity of effective corro-
sion inhibitors. With the advent of new, efficient acidizing corrosion inhibitors 
and improvement in the acidizing process itself, well-stimulation service-based 
industries kept growing. Acidizing is currently one of the most popular and 
effective methods accessible to the oil and gas sectors for stimulating (improv-
ing) well production. Acidizing is frequently done on new wells to increase their 
initial production and on older wells to increase productivity and recover as 
much energy as possible [9].

17.3 TYPES OF ACID TREATMENTS SYSTEMS

It is worth mentioning that two types of acids are used in the acidizing process: (i) 
mineral acids (HCl, HF, H2SO3, etc.) and (ii) organic acids (HCOOH, CH3COOH, 
H3NSO3, and C2H3ClO2) [10]. However, HCl is the most popular acid for use in 
the acidifying process. Also, mud acid, a mixture of HCl and HF, and organic 
acid, CH3COOH (up to 10 wt%), are used sometimes. Acid treatment systems can 
be classified into three main types: acid washing, matrix acidizing, and fracture 
acidizing.

17.3.1 Acid wAsHinG

Tubular and wellbore cleaning is the primary objective of acid washing. This opera-
tion is usually done in carbonate formations to eliminate debris that retard flow in 
the well. However, this step is done at a low pressure using mild HCl (~7 wt%) and 
other additives to eradicate scale, debris, and rust, paving the way for oil and gas to 
flow easily into the well [8].
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17.3.2 mAtrix AcidizinG

The process of matrix acidizing involves pumping acid through a matrix, below the 
formation–fracture pressure, into a well to infiltrate rock pores, dissolving the mud 
and sediments and increasing the reservoir’s innate pores. Usually, an acid concen-
tration of 5–15 wt% and an acid volume of 15–200 gallons per foot of producing 
formation are used to restore or improve the wellbore’s permeability (8–24 inches in 
radius) [8]. While HCl solution dissolves carbonate minerals, mud acid formulation 
is recommended to dissolve plugging minerals and many silicates.

17.3.3 frActure AcidizinG

Fracture acidizing, or fracking, is the most used acidizing technique to stimulate 
dolomite or limestone formations [9]. Fracking includes pouring acid at a pressure 
greater than the formation–fracturing pressure, in contrast to matrix acidizing. As 
a result, the fracture faces are randomly etched by the flowing acid without using 
a propping agent, making conductive channels that stay open even after the frac-
ture closes. The recommended amount of HCl per foot of generating formation is 
100–500 gallons [8].

17.4 HETEROCYCLES AS ACIDIZING CORROSION INHIBITORS

Acid fracturing is increasingly becoming challenging owing to advancements in 
drilling engineering, making the bottom-hole environment more complicated than 
ever. Even though the pickling liquid can increase the oil output in the oilfield devel-
opment process, it can cause the metal tubing and other components to corrode, lead-
ing to a hike in operational costs. Using acidizing corrosion inhibitors is currently 
considered a prevalent and quite economical approach. However, it is expected that a 
corrosion inhibitor, especially in the case of an acidizing corrosion inhibitor, at quite 
a low concentration, can impart a reasonably good inhibition efficiency (IE) under 
the conditions of highly concentrated acid (~20%) and high temperature. These cor-
rosion inhibitors are expected to be low-cost, nontoxic, and biodegradable. The fol-
lowing section will highlight a multitude of moderate to highly efficient, nontoxic 
heterocycles reported recently as acidizing corrosion inhibitors.

17.4.1 Azole-bAsed Heterocycles

Azole-based compounds are five-member aromatic rings containing N and at least 
one other N, O, or S atom as part of the ring. Azole-based compounds are incred-
ibly soluble in harsh polar acid conditions due to the heteroatoms, conjugated dou-
ble bonds, and aromatic electrons they contain, which also allows them to function 
very well as corrosion inhibitors [11]. Imidazoline-based corrosion inhibitors have a 
reputation for possessing nontoxicity attributes and being thermally very stable and 
highly efficient and are widely used for oilfield applications. Furthermore, the imid-
azole ring having three C and two N atoms is highly soluble in the aqueous media 
owing to possessing a very high polarity. Liu et al. [12] synthesized nano-SiO2@
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octadecylbisimidazoline quaternary ammonium salt (nano-SiO2@OBQA) and 
studied its anticorrosive property toward protecting N80 steel sheet in 20% HCl at 
different temperatures. Nano-SiO2@OBQA, at a concentration of 4%, reduced the 
corrosion rate by more than 95% at a remarkably high temperature of 180 °C. adsG∆ °  
and adsK  were calculated to be –27.97 kJ mol−1 and 33.8983 L mol−1, respectively. The 
inhibitor was adsorbed by following the Langmuir adsorption isotherm, as the adsG∆ °  
value indicates via mixed physisorption and chemisorption. While the inorganic 
nanomaterials made nano-SiO2@OBQA thermally very robust, a long hydrophobic 
alkyl chain helped repel the corrosive water molecules away from the metal surface. 
Additionally, π-electrons in the benzene ring, lone pair of electrons on N and O, and 
a C═N moiety in the bismidazoline ring helped it absorb strongly onto N80 steel 
sheets.

Benzimidazole, having an imidazole ring fused to a benzene ring, is another class 
of significant and widely used acid corrosion inhibitors. In addition to two coordi-
nate covalent bond-forming nitrogen atoms in the imidazole ring, a fused benzene 
ring in benzimidazole compounds help them undergo superior adsorption onto the 
metal specimen and impart superb inhibition efficiency. Moreover, many natural 
products contain the benzimidazole moiety, and benzimidazole-based compounds 
have various pharmaceutical implications. Srivastava et al. [13] synthesized STBim 
as a corrosion inhibitor of carbon steel in 15% HCl. STBim was found to be envi-
ronmentally benign with an IE of 98% at a temperature of 303 K, which showed an 
LD50 value of 2000 mg kg−1.

Moreover, the inhibitor maintained more than 95% IE even at 333 K. While EIS 
showed that the capacitive behavior got bettered with the inclusion of STBim in 15% 
HCl, PDP showed that it worked as an inhibitor of mixed types with a cathodic pre-
dominance, indicating that STBim blocked both the anodic dissolution of the metal 
and the cathodic evolution of molecular hydrogen. DFT simulation clarified that the 
inhibitor adsorbed onto the metal surface via the protonated form. It is worth men-
tioning that the protonated form of STBim can get adsorbed onto the cathodic sites 
via electrostatic interaction. In contrast, via a bridge-type linkage, the preadsorbed 
Cl- ions on the anodic sites attach the protonated form to the metal surface. Biotin 
was utilized by Xu et al. [14] to prevent the corrosion of mild steel in 15% HCl. 
Biotin, alternately known as vitamin H or B7, possesses a tetrahydroimidizalone ring 
fused with a tetrahydrothiophene ring and has many health applications. The drug’s 
maximal IE was 97% at a 500 ppm concentration. Biotin was discovered to act as a 
mixed-type inhibitor and obey Langmuir adsorption isotherm. DFT study disclosed 
that biotin underwent adsorption onto a metal surface through the protonated form. 
SEM and AFM investigations validated the formation of biotin film on the metal 
surface. Some more recently reported imidazole- and benzimidazole-based acidiz-
ing corrosion inhibitors have been outlined in Table 17.1.

A compound (Py-OH) containing three heterocycles (pyrazole, pyran, and 
pyrimidine) fused with each other was synthesized and tested as a corrosion inhibi-
tor of Q235 steel in 15% HCl under dynamic conditions [7]. The inhibitor was ren-
dered nontoxic, considering the LD50 value that came to be as high as 1468 mg kg−1. 
Considering hydrodynamic conditions, the inhibitor was efficient enough to impart 
IE of 94.5% at a relatively low feeding dose of 200 mg L−1 at 308 K. The ctR  and 
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dlC  values, with those of the control, were increasing and decreasing, respectively, 
as found in the EIS study, revealing that raising the concentration of Py-OH helped 
lower the corrosion rate. While the PDP investigation demonstrated that Py-OH 
operated as a mixed-type inhibitor, as there was no discernible change in , corrE aβ , or 

cβ  concerning those of the control, it underwent pure physical adsorption following 

TABLE 17.1
Imidazole- and Benzimidazole-based Acidizing Corrosion Inhibitors

Inhibitor (Concentration) Electrolyte
(Metal)
(Temperature)

IE (%) Inhibitor 
Type

Mode of 
Adsorption
(Isotherm)

Reference

CPBPM (10−3 M)

5.0 M HCl
(MS)
(30 °C)

98.6 Mixed Chemical
(Langmuir)

[15]

NBIDAB (404.37 μM)

15% HCl
(304L SS)
(25 °C)

97.0 Mixed Physical
(Langmuir)

[16]

1-Decyl-3-methylimidazolium chloride 
(400 ppm + 0.5 mM KI)

15% HCl
(P110)
(35 °C)

90.2 Mixed Mixed
(El-Awady)

[17]

2-Heptadecyl-1-[2-
(octadecanoylamino)ethyl]-2- 
imidazoline (400 ppm + 1 mM KI)

15% HCl
(CS)
(25 °C)

90.0 Mixed Chemical
(N/A)

[18]

BINMPA (317.1 μM)

15% HCl
(N80)
(30 °C)

97.4 Mixed
Mixed
(Langmuir)

[19]

Benzimidazole-based derivative (300 
ppm + 2500 ppm KI + 100 ppm SDS 
+ 2000 ppm NAC)

15% HCl
(N80)
(90 °C)

92.9 Mixed Physical
(Langmuir)

[20]
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Freundlich isotherm. A pyrazole-based compound, PZ-1, containing two pyrazole 
rings was synthesized by Singh et al. [21]. PZ-1 was highly efficient in imparting 
an excellent IE of 98.4% to N80 steel in 15% HCl. Additionally, molecular dynam-
ics (MD) study found PZ-1 to bind to an N80 steel surface with a high binding 
energy ( )bindingE  of 631.22 kJ mol−1. XPS, AFM, and SEM studies found a film of 
PZ-1 adsorbed onto the N80 steel surface. A pyridine- and pyrazole rings-containing 
compound, MMDPPM, synthesized by Yadav et al. [22], also imparted an excellent 
IE of 95.9% when the inhibitor was assessed for its efficacy among protecting mild 
steel in 15% HCl. Paul et al. [23], inspired by the biological properties of pyrazole- 
and carbohydrazide moiety-containing compounds, synthesized AMPC and studied 
its anticorrosive properties on mild steel corrosion in 15% HCl. AMPC showed a 
superb IE of 98.3% and retarded anodic and cathodic reaction rates efficiently. The 
inhibitor followed Langmuir’s adsorption isotherm to form a monolayer on the metal 
surface.

Eid et al. [24] synthesized a series of tetrazole-based organoselenium compounds 
(Figure 17.1a), specifically TOS1, TOS2, and TOS3, for the corrosion protection of 
casings and well tubing during the well stimulation acidizing process. While all three 
tetrazoles imparted IE close to or more than 90%, TOS2 imparted a maximum IE of 
94.6% toward J55 steel corrosion in 10% HCl. Additionally, TOS2 showed superior-
ity when tested to prevent the growth of sulfate-reducing bacteria that causes micro-
bially induced corrosion, making TOS2 useful for mitigating corrosion reasoned by 
infected stagnant waters in the annular spacing. In light of the numerous pharma-
cological properties shown by triazoles, Mehta et al. [25] designed and synthesized 
MTPT (Figure 17.1b) to alleviate the corrosion of mild steel in 15% HCl. MTPT, at 
100 ppm concentration, conferred an IE of 94.3% to retard both anodic and cathodic 
reactions. The adsorption of MTPT onto a mild steel surface followed the Langmuir 
adsorption isotherm and involved both physical and chemical adsorption.

Compounds that contain both N and S have been reported as a superior corro-
sion inhibitor in comparison to those that include either N or S. As N and S are less 
electronegative than O, compounds containing both N and S heteroatoms would be 
anchoring more actively, through coordinate covalent bonds, with the vacant d-orbit-
als of the metal atoms in a particular electrolyte. Tiwari et al. [26] tested the IE of 

FIGURE 17.1 Tetrazole-based (a) and triazole-based (b) heterocyclic oil-well acidizing cor-
rosion inhibitors.
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two thiadaizoline compounds (Figure 17.2), namely, DFAT and DIAT, for N80 CS 
corrosion in 15% HCl. Both inhibitors performed well at 303 K, with DFAT and 
DIAT imparting IEs of 96% and 97.1%, respectively, at a moderately small dose of 
50 ppm. Both inhibitors exhibited mixed-type behavior and adhered to the Langmuir 
adsorption isotherm. DFT studies showed that both DFAT and DIAT got adsorbed 
onto N80 steel via their protonated forms. Basiony et al. [27] synthesized an ethoxyl-
ated aminoethyl thiazole, bis-ethoxylated (4-methyl thiazole-2-amine), and tested 
its IE for X60 steel corrosion in 15% HCl. The thiazole, at 10−3 M concentration, 
provided an IE of 95.5% at 25 °C. The inhibitor slowed the anodic dissolution of 
metal and cathodic evolution of H2 molecules and followed the Langmuir adsorption 
isotherm. adsG∆ °  of −39.3 kJ mol−1 indicated that the thiazole was adsorbed spontane-
ously via mixed physiochemisorption. Some more thiazole- and thiadiazole-based 
acidizing heterocyclic corrosion inhibitors are listed in Table 17.2.

17.4.2 Azine-bAsed Heterocycles

In heterocyclic chemistry, azines are aromatic six-membered ring compounds that 
contain one (pyridine) to six (hexazine) N atoms. Pyrazines are an essential class of 
inhibitors with widespread implications in this field. Furthermore, pyrazines have 
been deemed safe, following their usage in pharmaceutical and agro-based indus-
tries. In addition to being cost-effective and nontoxic, they, most importantly, offer 
superior IE because of having a planar structure that facilitates its easy adsorption, 
with an N atom and π-electron-rich aromatic ring helping the process. To illustrate, 
Obot et al.’s [36] work on an environmentally benign pyrazine derivative, 2,3-pyr-
azine dicarboxylic acid (1 wt%), has seen it imparting an IE of 90.0% at a very high 
temperature of 90 °C in the presence of 0.1% NaI and 0.01% glutathione additives. 
The PDP investigation showed that the pyrazine compound, which used an inhibitor 
of X60 steel corrosion in 15% HCl, was of mixed type with cathodic preference. In 
an approach to solving the problems of corrosion in acidizing conditions and waste 
graphite disposal, Haruna and Saleh [37] synthesized graphene oxide (GO) from 
waste graphite and grafted NAEP onto GO. The piperazine-grafted GO, NAEP-GO, 

FIGURE 17.2 Thiadiazoline-based heterocycles for corrosion mitigation of N80 steel in 
acidizing conditions.
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TABLE 17.2
Thiazole- and Thiadiazole-based Heterocyclic Corrosion Inhibitors for 
Corrosion Mitigation in Acidizing Conditions

Inhibitor (Concentration)

Electrolyte
(Metal)
(Temperature) IE (%)

Inhibitor 
Type

Mode of 
Adsorption
(Isotherm) Reference

PPATPT (100 ppm) 

15% HCl
(MS)
(30 °C)

97.7 Mixed Mixed
(Langmuir)

[25]

DPDHPNT (100 ppm)

15% HCl
(MS)
(30 °C)

96.0 Mixed Physical
(Langmuir)

[28]

BTHHP (500 ppm)

15% HCl
(N80)
(303 °C)

97.3 Mixed Chemical
(Langmuir)

[29]

BTDCDMT (50 ppm)

15% HCl
(N80)
(30 °C)

95.4 Mixed Mixed
(Langmuir)

[30]

NOPTAC (0.15%)

15% Lactic acid
(N80)
(90 °C)

97.6 Mixed Mixed
(Langmuir)

[31]

DHPPTEH (50 ppm)

15% HCl
(N80)
(30 °C)

98.0 Mixed Mixed
(Langmuir)

[32]

(Continued)
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was used as a carbon steel corrosion inhibitor in 15% HCl. NAEP-GO provided an 
IE of 87% for a concentration of 25 ppm at room temperature. NAEP-GO was found 
to retard the cathodic reaction predominantly and followed Langmuir adsorption 
isotherm. In a bid to demonstrate the first-ever use of triazines as corrosion inhibitor 
of N80 steel corrosion in 15% HCl, Salman et al. [38] synthesized TZ and studied 
its anticorrosive behavior to find TZ imparting an IE of 93.2%, at a relatively high 
dose of 800 mg L−1 at 308 K. Surface morphological studies confirmed that TZ 
films formed on the N80 steel surface. It was found that TZ behaves as a mixed-type 
inhibitor and follows the Langmuir adsorption isotherm.

Pyridines are another very important class of inhibitors that show multifarious 
pharmacological and biological activities apart from being used as corrosion inhibi-
tors. Farag et al. [39] synthesized two pyridine products, namely, Py I and Py II, 
and studied them as corrosion inhibitors of API CS in 6 M H2SO4. Both compounds 
containing aromatic rings, amino and methoxy groups, and N and O heteroatoms 
showed a little over 80% IE. On the other hand, Ansari et al.’s [40] work with ADP 
and AMP saw them imparting IE close to 90% toward N80 steel corrosion in 15% 
HCl at 200 mg L−1 inhibitor concentration, with ADP being a relatively better inhibi-
tor. The existence of electron-donating ─OH groups in the phenyl ring on ADP made 

TMPTMTD (200 ppm)

15% HCl
(MS)
(60 °C)

97.1 Mixed Chemical
(Langmuir)

[33]

BHMPDTA (2 ×  10−3 M)

15% HCl
(CS)
(50 °C)

98.3 Mixed Mixed
(Langmuir)

[34]

BONMTZA (600 ppm)

15% HCl
(X60)
(60 °C)

91.0% Mixed Mixed
(Langmuir)

[35]

TABLE 17.2 (Continued)
Thiazole- and Thiadiazole-based Heterocyclic Corrosion Inhibitors for 
Corrosion Mitigation in Acidizing Conditions

Inhibitor (Concentration)

Electrolyte
(Metal)
(Temperature) IE (%)

Inhibitor 
Type

Mode of 
Adsorption
(Isotherm) Reference
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it more efficient, as evidenced by a DFT study that showed that the energy gap E( )∆  
between the HOMO and LUMO in the case of ADP is lower than that of AMP, 
meaning ADP is more reactive in case of getting adsorbed. Furthermore, El-Lateef 
et al.’s [41] work on a pyridine-based Schiff base, HA-2, yielded a fine IE of 94.1% 
when the inhibitor was tested for its efficacy in protecting carbon steel from cor-
roding in 15% HCl at 60 °C. The existence of aromatic rings and ─OH and ─C═N 
groups paved the way for the Schiff base to impart a relatively high IE at such a high 
temperature.

Naphthyridines, containing two pyridine rings fused, are planar molecules con-
taining multiple heteroatoms and many π-electrons. Polar substituents, such as ─NH2, 
─OH, ─CN, etc., increase their solubility and inhibitive performance. Furthermore, 
it showed that they exhibit a variety of biological functions. Ansari and Quraishi 
[42] synthesized a series of napthyridines (Figure 17.3), namely, ANC-1, ANC-2, 
and ANC-3, and tested their IEs for N80 steel corrosion in 15% HCl. According to 
the PDP investigation, all the inhibitors were mixed-type and obeyed the Langmuir 
adsorption isotherm. adsG∆ °  values demonstrated that the adsorption process followed 
mixed physiochemisorption. The IEs, according to the WL test, were found to be on 
the order of ANC-1 (93.9%) > ANC-2 (91.5%) > ANC-3 (85.1%). The experimen-
tal findings pretty much followed the DFT study. The DFT-optimized HOMOs 
(Figure 17.3) show that electron density is mainly localized on pyridine and benzene 
rings in the case of ANC-1 and ANC-2, making those π-electrons more available for 
coordination. On the other hand, the electron concentration is mainly localized on N 
and O of the ─NO2 group, making ANC-3 less prone to adsorption onto the N80 steel 
surface. Three environmentally benign, following the measurement of LD50 values, 
chromeno naphthyridines (Figure 17.4), namely, CN-1, CN-2, and CN-3, were syn-
thesized and examined for their anticorrosive properties toward N80 steel corrosion 
in 15% HCl [43]. While all the inhibitors, at a dosage of 300 mg L−1, imparted more 

FIGURE 17.3 Molecular structures (up) and HOMOs (down) for ANC-1 (left), ANC-2 (mid-
dle), and ANC-3 (right).
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than 95% IE at 35 °C, CN-1 showed a very impressive IE of 98.3%. CN-1 showing 
superior IE has been attributed to a long π-conjugation that has paved the way for 
CN-1 to chelate better with the empty d-orbitals of N80 steel. This has been further 
confirmed by the E∆  values that were lowest for CN-1. Additionally, N∆ , the propor-
tion of electrons that were moved between the inhibitor and metal atoms, was found 
to be 0.148% for CN-1, higher than that of CN-2 and CN-3. MD study, furthermore, 
proved that the bindingE  for CN-1 (protonated form) was the highest (−870.1 kJ mol−1) 
among all CN inhibitors.

Pyrimidines, a very important class of molecules, are widely present in nature, 
such as thiamine (vitamin B1), alloxan, and nucleotides. They have been reported to 
have shown a variety of biological functions, including antitumor, antiallergic, anti-
fungal, antihypertensive, etc. [44]. In light of pyrimidines’ excellent performance as 
corrosion inhibitors in light acid media [45, 46], there has been tremendous interest 
in their performance in acidizing conditions in recent years. Haque et al.’s [47] and 
Yadav et al.’s [48] works on PP and MPTS, both at a concentration of 250 ppm, saw 
them offering moderate IEs of 89.1% and 89.4% to N80 steel and MS in 15% HCl at 
308 K and 333 K, respectively. However, Mehta et al.’s [44] work on POTC (250 ppm), 
Singh et al.’s [49] work on CP (200 ppm), and Singh et al.’s [50] work on PD (400 ppm, 
with 0.5 mM KI added) yielded an excellent IE of 96.9%, 96.4%, and 97.0% toward 
mild steel, N80 steel, and Q235 steel corrosion, respectively, in 15% HCl. Sarkar et al. 
[51] synthesized pyrimidine derivatives, MPA (Figure 17.5a), and CPA (Figure 17.5b) 
and tested their IEs for N80 steel corrosion in 15% HCl. Both inhibitors imparted well 
over 90% IE at a concentration of 250 μM L−1, with MPA showing an amazingly high 
99.5% IE. PDP study generated Tafel plots (Figure 17.5c and d) that showed that the 
shift of ocpE , in comparison to the blank, is not >85 mV toward the anodic or cathodic 
direction, indicating that MPA and CPA both functioned as mixed-type inhibitors. 
Nyquist plots (Figure 17.5e and f) showed that the diameter of the capacitive loop 
increased with increasing inhibitor dosage, indicating that ctR  increased across the 
metal–solution interface. However, an increase in ctR  values is more pronounced in 
the case of MPA. Additionally, surface morphology studies aided by SEM, AFM, and 

FIGURE 17.4 Chromeno naphthyridines CN-1 (left), CN-2 (center), and CN-3 (right) devel-
oped for the protection of N80 steel corrosion in 15% HCl.
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XPS proved the adsorption of inhibitors at the N80 steel surface. Furthermore, DFT 
and MD study-led findings agreed with the experimental results.

17.4.3 Quinoline- And indolizine-bAsed Heterocycles

Quinolines, double-ring structures with benzene and a pyridine ring joined at two 
nearby carbon atoms, have set numerous instances of acting as very effective cor-
rosion inhibitors in acid media, especially 1 M HCl conditions [52–54]. Quinoline 
derivatives did not fall short of imparting good IEs in highly aggressive acidizing 
conditions. A dibenzyl amine-quinoline derivative (DEEQ) was synthesized and 
tested for its anticorrosive effect toward mild steel corrosion in 15% HCl [55]. DEEQ 
imparted an amazingly high IE of 99.0% and 95.4% at 60 °C and 90 °C, respectively. 
DEEQ underwent adsorption through mixed physi-chemisorption and followed 
Langmuir adsorption isotherm. Salman et al. [56] developed a quinoline derivative 
containing ─CN, ─OH, ─NH2 functionalities and an additional styrene moiety and 
studied its IE toward N80 steel corrosion in 15% HCl. The inhibitor AHQ imparted 
an excellent IE of 98.4% at 300 mg L−1 concentration. AHQ was reportedly adsorbed 
via a mixed physi-chemisorption mechanism and followed Langmuir adsorption 

FIGURE 17.5 Molecular structures of MPA (a) and CPA (b); Tafel plots for MPA (c) and 
CPA (d); and Nyquist plots for MPA (e) and CPA (f) [51].
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isotherm. Furthermore, the PDP study revealed that AHQ was a mixed-type inhibi-
tor. A quaternary ammonium salt-based quinoline, benzyl quinolinium chloride 
derivative (BQD), was synthesized by Yang et al. [57]. BQD, at a concentration of 
0.744 mM, containing multiple aromatic rings rich with π-electron and a quaternary 
N+ ion, attached with N80 steel surface very firmly to impart an extremely high IE 
of 99.5%, measured via WL test done at 90 °C. adsG∆ °  value for BQD adsorption onto 
the N80 steel surface was measured to be more than −50 kJ mol−1, indicating a pow-
erful chemisorption mechanism taking place. The adsorption isotherm investigation 
also revealed that BQD obeyed Langmuir’s adsorption isotherm. Some additional 
quinoline-based heterocyclic acidizing corrosion inhibitors are listed in Table 17.3.

Indolizines, uncommon isomers of indole with nitrogen located at the ring 
fusion position, have recently been used as acidizing corrosion inhibitors. A 
DiPaQBr derivative was synthesized and studied for its efficacy toward N80 steel 

TABLE 17.3
Quinoline- and Indolizine-based Heterocyclic Acidizing Corrosion Inhibitors

Inhibitor (Concentration)
Electrolyte (Metal) 
(Temperature) IE (%) Inhibitor type

Mode of 
Adsorption
(Isotherm) Reference

8-Hydroxyquinoline (0.4 
wt% + 0.005 wt% KI)

15% HCl
(X60)
(25 °C)

83.3 Mixed N/A*
(N/A*)

[61]

Phenacyl quinolium chloride 
(100 mM)

4.410 M HCl
(CS)
(90 °C)

94.5 N/A Mixed
(Langmuir)

[62]

Phenacyl quinolium bromide 
(100 mM)

4.410 M HCl
(CS)
(90 °C)

97.3 N/A Mixed
(Langmuir)

[62]

N,N′-Octane-1,8-diyl-
bisquinolium bromide  
(1.3 ×  10−2 M)

15% HCl
(N80)
(90 °C)

91.0 Mixed Mixed
(Langmuir)

[63]

(Continued)
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corrosion in 15% HCl [58]. DiPaQBr, at a 0.356 mM concentration, imparted a 
very high IE of 97.1% at 25 °C. DiPaQBr acted as a mixed-type inhibitor fol-
lowing Langmuir adsorption isotherm to undergo mixed physi-chemisorption. 
A Di-EAQBr derivative and another Di-BuQBr derivative were synthesized by 
Wang et al. [59] as corrosion inhibitors of N80 steel in 15% HCl. Di-EAQBr and 
Di-BuQBr, both at a concentration of 1.0 mM, imparted an IE of 93% and 97.7% 
at a very high temperature of 90 °C. Both inhibitors got adsorbed via a mixed 
physi-chemisorption mechanism following Langmuir adsorption isotherm. Yang 
et al. [60] synthesized and then used three indolizine quaternary ammonium salt 
inhibitors, Di-BQC, QM-DiBQC, and PyM-DiBQC, as corrosion inhibitors of 
N80 steel in 15% HCl. All inhibitors showed more than 95% IE, with Di-BQC 
imparting a maximum IE of 97% measured via the PDP method. The ecological 
toxicity and EC50 values for all the inhibitors were well above 2.0 ×  104 mg L−1, 
indicating that they are of very low toxicity or practically nontoxic. Some addi-
tional recently reported indolizine-based heterocyclic corrosion inhibitors are 
outlined in Table 17.3.

17.4.4 otHer Heterocycles

Chitosan (LD50: 16,000 mg kg−1) and piperanol (LD50: 2700 mg kg−1) were used, 
by Chauhan et al. [65], as reactants for the microwave-assisted synthesis of piper-
onal-chitosan Schiff base (Pip-Cht), the first-ever chemically functionalized chi-
tosan used as a corrosion inhibitor in oil-well acidizing condition. Pip-Cht, at 
the expense of a very high inhibitor concentration of 600 mg  L−1, imparted a 
moderate IE of 85.2% to carbon steel in 15% HCl. Another environmentally 

Di-BQC (1.0 wt%)

20% HCl
(N80)
(90 °C)

99.4 Mixed N/A* [64]

QM-DiBQC (1.0 wt%)

20% HCl
(N80)
(90 °C)

99.3 Mixed N/A* [64]

Note: *N/A: not available.

TABLE 17.3 (Continued)
Quinoline- and Indolizine-based Heterocyclic Acidizing Corrosion Inhibitors

Inhibitor (Concentration)
Electrolyte (Metal) 
(Temperature) IE (%) Inhibitor type

Mode of 
Adsorption
(Isotherm) Reference
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benign acidizing corrosion inhibitor, 5-hydroxy tryptophan, a naturally occur-
ring amino acid, also imparted a moderate IE of 78% at a concentration of  
10 ×  10−5 M when it was used as a corrosion inhibitor of mild steel in 15% HCl 
at 30 °C [66]. However, Yadav et al.’s [67] work on two amino acid-based com-
pounds, OYAA and OYPA, used for the prevention of mild steel in 15% HCl 
have seen OYAA and OYPA imparting an excellent IE of 93.2% and 97.9%, 
respectively, at 50 ppm concentration at 30 °C. Rahimi et al. [68] synthesized 
a corrosion inhibitor, FACI, based on bio-based furfuryl alcohol (Figure 17.6a) 

FIGURE 17.6 Molecular structure of FACI (a); equilibrium configuration (b) and density 
field distribution (c) of FACI on Fe(110) substrate; and SEM images (resolution: 2 μm) of mild 
steel sample treated without (d) and with (e) FACI [68].
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that was examined as a corrosion inhibitor of MS in 15% HCl at various tem-
peratures (20–80 °C). FACI, at 136 ×  10−5 M concentration, yielded the best IE 
of 95.4% at 60 °C. Figure 17.6b, employing MD investigation, demonstrates the 
most stable configuration of FACI adsorbed onto Fe(110) surface. Figure 17.6c, 
representing the density field map of FACI on the iron substrate, shows the 
formation of a thick, hydrophobic film to protect the metal specimen. Figure 
17.6d revealed the SEM image of the surface of a seriously damaged mild 
steel metal specimen treated with 15% HCl without any inhibitor, and Figure 
17.6e depicts a much better, smoother surface representing the treatment of the 
same metal specimen treated with 15% HCl containing 136 ×  10−5 M of FACI.  
Table 17.4 includes more heterocyclic compounds recently reported as acidiz-
ing corrosion inhibitors.

TABLE 17.4
Heterocyclic Compounds Developed as Oil-well Acidizing Corrosion Inhibitors

Inhibitor (Concentration)

Electrolyte
(Metal)
(Temperature) IE (%)

Inhibitor 
Type

Mode of 
Adsorption
(Isotherm) Reference

MABPQAS (1.0 mM)

3 M HCl
(CS)
(50 °C)

96.3 N/A* Mixed
(Villamil)

[69]

4-Aminoantipyrine Schiff base
derivative (4.0 mM)

15% HCl
(SAE 1012 CS)
(25 °C)

87.0 Mixed Mixed
(Langmuir)

[70]

4-[6-(1H-indol-3-yl)-2-sulfanylidene-
2,3-dihydropyrimidin-4-yl]-2H-1-
benzopyran-2-one [1.0 mM]

15% HCl
(API X-65)
(25 °C)

95.8 Mixed Mixed
(Langmuir)

[71]

(Continued)
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17.5 SUMMARY AND OUTLOOK

This chapter discusses different acidizing conditions used in oil and gas industries 
and many heterocyclic corrosion inhibitors used to tackle the menace of corrosion 
in highly concentrated HCl solutions. The focal points of this discussion are the acid 
solution, metallic components, inhibitors, and their efficiencies at optimum doses. 

AMDMOTCC (300 ppm)

15% HCl
(N80)
(35 °C)

97.7 Mixed Mixed
(Langmuir)

[72]

HBADMPDHP (400 ppm)

15% HCl
(P110 CS)
(35 °C)

95.0 Mixed Mixed
(Langmuir)

[73]

DMTHBX (200 ppm)

15% HCl
(Q235 CS)
(35 °C)

92.3 Cathodic N/A
(Langmuir)

[74]

DPAMNDTI (200 ppm)

15% HCl
(N80)
(25 °C)

84.3 Mixed Mixed
(Langmuir)

[75]

MPTHA (400 ppm)

15% HCl
(X80)
(30 °C)

97.9 Mixed Physical
(Langmuir)

[76]

Note: *N/A = not available.

TABLE 17.4 (Continued)
Heterocyclic Compounds Developed as Oil-well Acidizing Corrosion Inhibitors

Inhibitor (Concentration)

Electrolyte
(Metal)
(Temperature) IE (%)

Inhibitor 
Type

Mode of 
Adsorption
(Isotherm) Reference
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Many heterocyclic acidizing corrosion inhibitors developed to protect various steel 
sheets have been highlighted. Based on the discourse made so far, the following 
recommendations are offered:

1. Imidazole, pyrazole, thiazole, thiadiazole, pyrimidine, quinoline, and 
indolizine-based heterocycles are very efficient. In some cases, their IEs 
surpassed 99% [51, 55, 57, 64]. Therefore, these classes of heterocycles 
deserve more focus in future research.

2. Most acidizing inhibitors discussed have been tested below 50 °C. However, 
there are instances of inhibitors tested at 90 °C [20, 31, 36, 57, 59, 62–64] 
and 60 °C [13, 33, 35], and one inhibitor [12] produced high IE close to a 
temperature of more than 150 °C. Nevertheless, the acid concentration of 
≥15 wt% and the acidizing temperature of ≥150 °C should be considered 
more for practical applications.

3. In parallel to developing and testing high-temperature and highly efficient 
synthetic inhibitors, the research community should also focus on research-
ing bio-based green, nontoxic compounds as acidizing corrosion inhibitors. 
Modification of natural products with synthetic ones could be a good start-
ing point.

4. Finally, an enormous effort should be made to understand the corrosion 
mechanism and the formation of corrosion products during the acidizing 
process at very high temperatures. Such kind of effort, eventually, will help 
us develop better models and corrosion inhibitors.

ACKNOWLEDGMENT

The authors gratefully acknowledge King Fahd University of Petroleum & Minerals 
(KFUPM) for funding this work through project # INAM 2112.

ABBREVIATIONS

ADP 2-amino-6-(2,4-dihydroxyphenyl)-4-(4-methoxyphenyl)
nicotinonitrile

AFM atomic force microscopy
AHQ 2-amino-7-hydroxy-4-styrylquinoline-3-carbonitrile
AMDMOTCC 2-amino-4-(4-methoxyphenyl)-7,7-dimethyl-5-oxo-5,6,7,8-

tetrahydro-4H-chromene-3-carbonitrile
AMP 2-amino-4-(4-methoxyphenyl)-6-phenylnicotinonitrile
AMPC (E)-5-amino-3-(4-methoxyphenyl)-N′-(1-(4-methoxyphenyl)

ethylidene)-1H-pyrazole-4-carbohydrazide
ANC-1 2-amino-4-(4-methoxyphenyl)-1,8-naphthyridine-3-carbonitrile
ANC-2 2-amino-4-(4-methylphenyl)-1,8-naphthyridine-3-carbonitrile
ANC-3 2-amino-4-(3-nitrophenyl)-1,8-naphthyridine-3-carbonitrile

aβ  anodic slope

cβ  cathodic slope
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BHMPDTA 2-((benzylidene)hydrazono)-4-methyl-5-(phenyldiazenyl)
thiazol-3(2H)-amine

BINMPA 1-(1H-benzo[d]imidazole-2-yl)-N-((furan-2-yl)
methylene)-2-phenylethanamine

BONMTZA 4-(2H-benzo[e][1, 3]oxazin-3(4H)-yl)-N-(5-methyl-1,3,4-
thiadiazol-2-yl)benzenesulfonamide

BTDCDMT 3-(benzo[d]thiazol-2-yl)-2-(3,5-dichlorophenyl)-2,5-
dimethylthiazolidin-4-one

BTHHP 6-(2-(benzo[d]thiazol-2-yl)hydrazono)-hexane-1,2,3,4,5-pentaol
CN-1 5-amino-9-hydroxy-2-(4-vinylphenyl)-1,11b-

dihydrochromeno[4,3,2-de][1, 6]naphthyridine-4-carbonitrile
CN-2 5-amino-9-hydroxy-2-(4-methoxyphenyl)chromeno[4,3,2-de][1, 

6]naphthyridine-4-carbonitrile
CN-3 5-amino-9-hydroxy-2-phenylchromeno[4,3,2-de][1, 6]

naphthyridine-4-carbonitrile
CP 8,8-dimethyl-5-p-tolyl-8,9-dihydro-1H-chromenopyrimidine-

2,4,6-(3H,5H,7H)-trione
CPA 4,6-bis(4-chlorophenyl)pyrimidin-2-amine
CPBPM (2(-4(chloro phenyl-1H-benzo[d]imidazole)-1-yl) phenyl) 

methanone

dlC  double-layer capacitance
CS carbon steel
DHPPTEH (13E)-2-(2,5-dihydro-2-phenylthiazol-5-yl)-1-(1-phenyl)-2-(1H-

1,2,4-triazol-1-yl) ethylidene)hydrazine
DFAT [2-4(difuran-2-yl-3-azabicyclo[3.3.1]nonan-9-yl)-5-spiro-4-acetyl- 

2-acetylamino-1,3,4-thiadiazoline]
DFT density functional theory
DIAT [2-4(di-1H-indole-3-yl-3-azabicyclo[3.3.1]

nonan-9-yl)-5-spiro-acetyl-2-acetylimino-1,3,4-thiadiazoline]
Di-BQC dimer indolizine derivative of benzyl quinoline chloride
Di-BuQB n-butyl quinolinium bromide
Di-EAQBr ethyl acetate quinolinium bromide
DiPaQBr phenacyl quinolinium bromide
DMTHBX 9,9-dimethyl-12-p-tolyl-8,9,10,12-tetrahydrobenzo[a]

xanthen-1-one
DPAMNDTI 1-diphenylaminomethyl-3-(1-N-dithiooxamide)iminoisatin
DPDHPNT 2-(3,5-diphenyl-4,5-dihydro-1H-pyrazol-1-yl)naphtho[2,3-d]

thiazole

corrE  corrosion potential

ocpE  open-circuit potential
EIS electrochemical impedance spectroscopy
HA-2 1-{(Z)-[(4,6-dimethylpyridin-2-yl)imino]methyl}naphthalen-2-ol
HBADMPDHP 4-((2-hydroxybenzylidene)amino)-1,5-dimethyl-2-phenyl-1, 

2-dihydro-3H-pyrazol-3-one
HCHO formaldehyde
HCl hydrochloric acid
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HOMO highest occupied molecular orbital

adsG∆ °  Gibbs free energy of adsorption
GDP gross domestic product
GNP gross national product
IE inhibition efficiency

adsK  equilibrium adsorption constant
LUMO lowest unoccupied molecular orbital
MABPQAS 1,1′-((3-morpholinopropyl)azanediyl)-bis(propan-2-ol)-based 

quaternary ammonium salt
MMDPPM 5-(4-methoxyphenyl)-3-(4-methyl phenyl)-4,5-dihydro-1H-

pyrazol-1-yl-(pyridine-4-yl)methanone
MPA 4,6-bis(4-methoxyphenyl) pyrimidin-2-amine
MPTHA 2-methyl-9-phenyl-1,2,3,4-tetrahydroacridine
MPTS 6′-(4-methoxyphenyl)-1′-phenyl-2′-thioxo-2′,3′-dihydro-1′H-

spiro[indoline-3,4′-pyrimidine]-2-one
MS mild steel
MTPT 1-(2-(5-mercapto-4-phenyl-4H-1,2,4-triazole-3-yl)

phenyl)-3-phenylthiourea
NACE National Association of Corrosion Engineers
NAEP N,N′-bis-(2-aminoethyl)piperazine
NBIDAB N-(6-(1H-benzo[d]imidazole-1-yl)hexyl)-N,N-dimethyldodecan-

1-aminium bromide
NH3 ammonia
NOPTAC N-(3-oxo-3-phenylpro-pyl)thiazol-2-aminium chloride
OYAA (Z)-2-(2-oxoindolin-3-ylideneamino)acetic acid
OYPA 2-(2-oxoindolin-3-ylideneamino)-3-phenyl propionic acid
PD 4-(3-methoxy-4-hydroxy-phenyl)-2-phenyl-1,4-dihydro-

benzo[4, 5]imidazo[1,2-a]pyrimidine-3-carboxylicacid ethyl 
ester

PDP potentiodynamic polarization
POTC 6,6′-(1,4-phenylene)

bis(4-oxo-2-thioxo-1,2,3,4- tetrahydropyrimidine-5-carbonitrile)
PP 5-styryl-2,7-dithioxo 2,3,5,6,7,8-hexahydropyrimido[4,5-d]

pyrimidin-4(1H)-one
PPATPT 1-phenyl-3-(2-(5-(phenylamino)-1,3,4-thiadiazol-2-yl)phenyl)

thiourea
Py I 2-amino-6-(3,4-dimethoxyphenyl)-4-phenylnicotinonitrile
Py II 2-amino-4-(3,4-dimethoxyphenyl)-6-phenylnicotinonitrile
PyM-DiBQC pyridyl-3-methene-dimer indolizine derivative of benzyl 

quinoline chloride
PZ-1 4,4′-((4-methoxyphenyl)methylene)

bis(3-methyl-1-phenyl-1H-pyrazol-5-ol)
QM-DiBQC quinolyl-3-methened-dimer indolizine derivative of benzyl 

quinoline chloride

ctR  charge transfer resistance
SEM scanning electron microscopy
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STBim 2-styryl-1H-benzo[d]imidazole
TMPTMTD 5-[2-(3,4,5-trimethoxyphenyl)-6-(4-methoxylphenyl)-imidazo

[2,1-b][1, 3, 4] thiadiazol-5-yl)
methylidene]-1,3-thiazolidine-2,4-dione

TOS1 4,4′-diselanediylbis (N-(1-(1-(tert-butyl)-1H-tetrazol-5-yl)-2-
methylpropyl) aniline)

TOS2 4,4′-diselane diylbis (N-((1-(tert-butyl)-1H-tetrazol-5-yl)(furan-2-yl)
methyl) aniline)

TOS3 2-((4-(((1-(tert-butyl)-1H-tetrazol-5-yl) (p-tolyl)methyl)amino)
phenyl)selanyl)-3-methylnaphthalene-1,4-dione

TZ 1,3,5-tris(4-methoxyphenyl)-1,3,5-triazine (TZ)
WL weight loss
XPS X-ray photoelectron spectroscopy
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18.1 INTRODUCTION

Metallic resources are employed in several businesses for household and building 
purposes [1]. However, the interactions of the elements in their environment eas-
ily cause them to corrode [2]. Due to corrosion failure, there are a lot of incidents 
recorded across the world, which result in significant health, financial, and fatal-
ity losses. The NACE estimates that corrosion causes a 3.5% loss in global GDP 
[3]. As a result, several efforts have been undertaken to decrease corrosion damage. 
According to evidence, the previously employed corrosion monitoring techniques 
can reduce corrosion losses by 15–35% [3]. Utilizing chemical molecules is among 
the most efficient, well-liked, and cost-effective choices for lowering the risks and 
losses associated with corrosion [4]. At the boundary between metal and a harsh 
environment, organic compounds, particularly heterocyclic compounds with elec-
tron-rich centres, adsorb and create protective coatings that separate the metal sur-
faces from the electrolyte [5]. One of the most effective inhibitors is demonstrated 
to be the family of heterocyclic compounds’ organic corrosion inhibitors. A cyclic 
organic molecule is called a heterocyclic compound if one or more carbon atoms are 
replaced by several other heteroatoms (P, O, S, N) [6]. Several types of research in 
recent years have employed heterocyclic compounds as corrosion protection com-
pounds are reported pyridines [7], pyrimidines [8], imidazoles [9], triazoles [10], 
benzotriazoles [11], tetrazoles [12], indoles [13], thiazoles [14], oxadiazoles [15], 
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pyrazole [16], benzimidazoles [17], and macrocyclic compounds [18], and biomol-
ecules as well as several amino acids [19], proteins, carbohydrates [20], etc. All 
of these kinds of molecules might therefore serve as corrosion prevention agents. 
Heterocyclic inhibitors rise with the presence of heteroatoms (N, S, P) [21–25] and 
π-electrons of the double bond and triple bond with the metal surfaces [26–28].

This chapter describes the collection of heterocyclic compounds as corrosion pro-
tection compounds. Diverse classes of sustainable and green heterocycles corrosion 
inhibitor compounds are often utilized for various metals and their alloys. This is 
the first complete chapter on sustainable and green heterocycles-based molecules as 
corrosion inhibitors.

18.2  SUSTAINABLE AND GREEN HETEROCYCLES CORROSION 
INHIBITORS

18.2.1 Azoles

Azoles are some of the most effective metals and alloys in electrolytic media. It has 
been discovered that the nitrogen and sulfur heteroatoms in the azole ring ordinate 
chemical bonds towards the metal surface.

18.2.1.1 Pyrazoles
Five-membered heterocyclic rings called “pyrazoles” have two neighbour ring 
nitrogen heteroatoms in their C3N2 rings. Pyrazoles’ IE (%) can be explained by 
the adsorption of azole N’s lone-pair electrons and the pyrazole ring’s delocalized 
π-electrons [29]. The application of pyrazoles and their derivatives interact strongly 
with metal surfaces [30]. When two biologically active pyrazoles, DPP and 4-CP, 
were tested for MS in 1 M HCl, the chloro group produced a high IE of 94% [31]. 
Thiosemicarbazide and phenyl-substituted pyrazole carboxaldehyde analogues had 
a reaction product with an IE of 95.5% at 200 mg/L [32]. Figure 18.1 shows some 
important pyrazole derivatives used to prevent metal samples from corroding in var-
ious acid media and their corrosion IE (%).

18.2.1.2 Imidazoles
The positioning of the two nitrogen heteroatoms in the imidazole structure differs 
from that of the pyrazole, which has the skeletal formula C3N2. In contrast to pyr-
azoles, where the two nitrogen heteroatoms stand close, imidazoles’ two nitrogen 
heteroatoms are divided by a carbon atom. It was noted that the nitrogen atoms 
of the pyrimidine and imidazole aromatic rings are mainly attributed to enhance 
corrosion inhibition. Imidazoles have significant interactions with the surface of 
metals because they are extremely polar, highly nucleophilic, and miscible in cor-
rosive environments. They also act as major inhibitors when one or both of their 
derivatives, generated by decreasing one of the two double bonds (imidazoline), are 
reduced. These benzimidazole analogues were often used as chemicals to prevent 
corrosion. Fatty acid imidazolines are among the most popular in the oil industry. In 
an H2SO4 corrosive environment, non-toxic imidazoles were assessed for Cu corro-
sion [34]. It was shown that adding the methyl group and the phenyl ring improved 



334 Handbook of Heterocyclic Corrosion Inhibitors

corrosion inhibition compared to the bare imidazole. It has been demonstrated that 
the neutral form of imidazole adsorbs more effectively than the protonated version 
[35]. Figure 18.2 shows some important imidazole derivatives used to prevent metal 
samples from corroding in various acid media and their corrosion IE (%).

18.2.1.3 Thiazoles and Oxazoles
Similar to imidazoles in structure, thiazoles and oxazoles contain one of the nitrogen 
heteroatoms swapped out for a sulfur or oxygen heteroatom. Compared to corro-
sion inhibitors based on imidazoles, BPOX, an oxazole derivative, was claimed to 
have a 95% moderate efficacy for MS [36]. The IE (%) of the imidazole derivative 
was greater than that of the comparable oxazole at 1 mM. It was investigated that 
the oxazole analogues with various functional groups linked to the oxazole ring, 
including azidooxy, benzene sulfonate, and hydroxyl groups [37]. The IE (%) for the 
benzene sulfonate group was 94.5% at 10−3 M. Along with biocides and molybdates, 
2-phenyl-4-methyl-4((tetrazol-5-yl)methyl)oxazoline was tested for MS at low tem-
peratures [38]. Oxazole and molybdate worked together synergistically to produce 
IE = 94%, which fell to IE = 84% when a CTAB biocide was added. At 50 mg/L, 
poly(2-ethyl-2-oxazoline) has been reported to have an IE of 88.15% [39].

FIGURE 18.1 Structures of some important pyrazole and their corrosion IE (%). (Reprinted 
with permission from Ref. [33] © 2021 Elsevier Publications.)
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There are recent studies on azole and thiazole compounds as corrosion inhibitors 
accessible [40]. Thiazoles TCA, MTT, and APT have effects upon the corrosion of MS 
in a corrosive medium containing 0.5 M H2SO4 [41]. For APT having p-tolyl group, a 
remarkable IE (%) of 98.10% has been found. Another research examined two thiazole 
derivatives [42]. The 2-amino-4-methyl-thiazole was well adsorbed by the methyl and 
amino groups, providing an IE (%) of 98% at 10.0 mM [43]. Common heterocyclic 
compounds function as mixed-type inhibitors, and the inhibitor’s adsorption proce-
dure includes donor–acceptor interactions that form a flat layer on the metal surface. It 
has been demonstrated that the presence of two amino groups facilitates the effective 
adsorption of (S)-4,5,6,7-tetrahydrobenzo[d]. Thiazole-2,6-diamine has effect on the 
corrosion of MS in hydrochloric solution [44]. At 320 mg/L, an efficiency of 89.71% 

FIGURE 18.2 Structures of some important imidazole and their corrosion IE (%). 
(Reprinted with permission from Ref. [33] © 2021 Elsevier Publications.)
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was achieved, whereas 2-((thiazole-2-ylimino)methyl)phenol exhibited an efficiency 
of 94% at 10 mM [45]. The order of thiazole, 2-aminothiazole, and 4-aminothiazole 
is in terms of IE (%) for 1,3-thiazole, and its amino analogues [46].

An imidazole–thiazole hydrochloride derivative was investigated on the corro-
sion of N80 steel in 0.5 M HCl corrosive media [47]. Figure 18.3 shows some impor-
tant oxazole and thiazole derivatives used to prevent metal samples from corroding 
in various acid media and their corrosion IE (%).

FIGURE 18.3 Structures of some important oxazole and thiazole and their corrosion IE 
(%). (Reprinted with permission from Ref. [33] © 2021 Elsevier Publications.)
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18.2.1.4 Oxadiazoles
Because of its symmetrical structure and good surface adsorption properties, 
1,3,4-oxadiazole was used in most experiments. Bentiss et al. investigated novel cat-
egories of oxadiazole analogue on the corrosion of MS in corrosive solutions with 
concentrations of 0.5 M H2SO4 and 1 M HCl [48]. A compound with a 2-position 
hydroxyl group fared better. Later, the same team looked at 2,4-bis-1,3,4-oxadia-
zoles [49]. The presence of the nitro group had a detrimental impact, while the amino 
functional groups are attributed to a rise in the protection efficiency (IE > 97%). 
The corrosion inhibition analysis of 2,5-bis(n-methoxyphenyl)-1,3,4-oxadiazoles 
showed that the inhibitory behaviour was significantly influenced by the location of 
the methoxy functional additives [50]. The methoxy groups’ location and presence of 
aromatic rings may promote the formation of hydrogen bonds, leading to increased 
adsorption.

An analysis of thiadiazole and oxadiazole analogues revealed that oxadia-
zole performed better in corrosive conditions containing H2SO4, whereas thia-
diazole in media containing HCl [51]. The two investigated inhibitors weren’t 
cytotoxic. The researchers also reported bio-oxadiazole analogues for MS in  
1 M perchloric acid corrosive medium [52]. The best IE (%) was produced by 
the pyridine ring with nitrogen heteroatoms positioned in the p-position. High 
IE > 98% evaluations of 3 long fatty acid oxadiazoles have been performed [53]. 
3,5-Bis(n-pyridyl)1,2,4-oxadiazoles were assessed for C38 steel in a corrosive 
medium containing 1 M HCl [54]. At 760 µM, a 1,3,4-oxadiazole derivative 
with a 2-ethylbenzimidazole moiety had an IE of 95.10% [55]. In 20% HCOOH, 
oxyadiazole compounds were assessed for MS [15]. The inhibitors provided a 
high IE of >99% at 500 mg/L. Figure 18.4 shows some important oxadiazole 
derivatives used to prevent metal samples from corroding in various acid media 
and their corrosion IE (%).

18.2.1.5 Thiadiazoles
Three hector bases with a thiadiazole moiety were the best inhibitors tested in 
Quraishi and his team’s study, providing the best inhibition [56]. Thiadiazoles 
were tested for MS in the corrosive environment containing 1 M HCl [57], H2SO4 
corrosive solution with 0.5 M concentration [58], and 20% corrosive media with 
H2SO4 [59]. The type of aromatic rings also influences the corrosion efficiency 
of drug-type anti-polarization agents for metal surfaces. The following research 
investigated four bisthiadiazoles [60]. It is also noted that the thiadiazole-based 
organic molecules effectively interacted with the metal surface by the interactions 
in which the covalent bonds are formed. In 0.5 M H2SO4 and 1 M HCl corrosive 
environments, 2,2′-benzothiazolyl disulfide was investigated for MS [61]. High 
IE > 97% was recorded in both acids at a relatively low dosage of 150 µM. In 
0.5 M HCl acidic conditions, PDTT was suggested as a good anti-polarization 
agent for steel [62]. A complex surfaced from the protonation of the Schiff base. 
Investigations into another Schiff base revealed a high IE of 97% with 1 mM [63]. 
At high temperatures, the thiadiazole analogues DSTA and BTTA were suggested 
as good protective addictive in the carbon dioxide saturated solution [64]. At 0.025 
mM, DSTA performed better, providing 99.37% protection. In a 3 M H2SO4 
aggressive environment, 2-amino-5-ethyl-1, 3, and 4-thiadiazoles were studied 
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for SS [65]. Figure 18.5 shows some important thiadiazole derivatives used to pre-
vent metal samples from corroding in various acid media and their corrosion IE (%).

18.2.1.6 Tetrazoles
Tetrazoles are five-membered heterocycles with four heteroatoms of nitrogen. Three 
isomers, 5H-tetrazole, 2H-tetrazole, and 1H-tetrazole might exist depending on where 
the double bonds are placed. In 0.1 M HCl corrosive conditions, five tetrazole analogues 

FIGURE 18.4 Structures of some important oxadiazoles and their corrosion IE (%). 
(Reprinted with permission from Ref. [33], © 2021 Elsevier Publications.)
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were tested for Cu [66]. IE > 98% was demonstrated for 5-phenyl tetrazole and 5-methyl-
5-phenyl tetrazole. Several 5-substituted tetrazoles were studied by Verma et al. [67], 
with a maximum IE of 98.69% at 40 mg/L. For MS in 1 M HCl corrosive medium, 
tetrazole derivatives with IEs of 89% and 92.7% were observed [68]. These corrosion 
inhibitors were confirmed to be more effective for Cu in HNO3-corrosive environments 
[69]. It was found that adding an amino group as a substituent enhanced the results when 
compared to 1H-tetrazole and that adding a phenyl ring (1-phenyl-1H-tetrazole-5-thiol) 
improved the results even more (97.01% IE at 10−2 M) [70]. The effects of Cu corrosion 
on 5-substituted tetrazoles with either pyridine or thiophene as substitutes were inves-
tigated [71]. When compared to pyridine, the thiophene derivative demonstrated better 

FIGURE 18.5 Structures of some important thiadiazole and their corrosion IE (%). 
(Reprinted with permission from Ref. [33], © 2021 Elsevier Publications.)
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inhibition. Symmetrical tetrazole-based diselenides were created by El-Askalany and 
colleagues [72]. An excellent IE of 93.2% was attained at a low dosage of 50 m/L. The 
organoselenium functionalized tetrazole was tested for the steel in the aggressive acidic 
solutions, showing up to 94.6% IE (%) obtained [72]. Figure 18.6 shows some important 
triazole and tetrazole derivatives used to prevent metal samples from corroding in vari-
ous acid media and their corrosion IE (%).

FIGURE 18.6 Structures of some important triazole and tetrazole and their corrosion IE 
(%). (Reprinted with permission from Ref. [33], © 2021 Elsevier Publications.)
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18.2.2 Azines

18.2.2.1 Pyridines
Pyridine is a very important class of compounds widely used in pharmaceutical 
conception. Due to their presence in natural products and exceptional biological 
properties, the heterocyclic compounds have received the most significant research 
attention. These heterocyclic compounds rule the fields of biochemistry and medici-
nal chemistry, and they are becoming more significant in a variety of other fields 
[73]. At 200 mg L−1, a remarkable IE of 95.7% was attained with a mixed effect. 
Cinnamaldehyde derivative had the highest performance in electron-rich regions [74]. 
The involvement of heteroatoms of nitrogen (PMPM, IE = 90%), oxygen (PMTM, IE =  
92%), and sulfur (PMAM, IE = 95%) in various pyridyl Schiff bases was examined 
[75]. Utilizing WL, electrochemical, and morphological techniques, a Schiff base 
N,N′-(pyridine-2,6-diyl)bis(1-(4-methoxyphenyl)methanimine) has been assessed on 
J55 and N80 steels in 3.5% NaCl CO2 saturated [76]. At a Cinh of 400 mg/L, high IE 
of 90% for N80 steel and 93% for J55 steel were observed. An ultrasound-assisted 
method was used to manufacture a number of pyrazolo[3,4 b]pyridines and test them 
for MS [77]. At 100 mg/L, the electron-donating methoxy group derivative had an IE 
of 95.2%. The 2-amino-3,5-dicarbonitrile-6-thiopyridines showed comparable out-
comes (IE = 97.6%) [78], cinnamaldehyde moiety, and methoxy group-containing 
dihydropyridine derivative (IE=98.10% at 400 mg/L) [79] for MS in hydrochloric 
environment. Figure 18.7 shows some important pyridine derivatives used to prevent 
metal samples from corroding in various acid media and their corrosion IE (%).

18.2.2.2 Pyrimidines
Another part of the diazine category, pyrimidine has two nitrogen heteroatoms 
at positions 1 and 3. They make up a large portion of nucleic acids. The pyrimi-
dine pharmacophore has considerable pharmacological value as an antimicrobial, 
veterinary, antibacterial, and cardiovascular medicine. It also plays a significant 
part in biological processes. Fluorouracil, Tegafur, Isethionate, Uramustine, and 
Piritrexim are a few of the well-known commercially accessible medications that 
are pyrimidine derivatives. It is among the most secure heterocyclic configurations 
because each nitrogen heteroatom has two lone pairs of electrons [80]. Pyrimidine 
derivatives work well to prevent rusting [81]. 2,6-Dimethylpyrimidine-2-amine and 
also its analogues were explored by Elewady et al. [82]. The IE (%) and Cinh have a 
direct relationship [83]. Figure 18.8 shows some important pyrimidine derivatives 
used to prevent metal samples from corroding in various acid media and their cor-
rosion IE (%).

18.2.2.3 Triazines
Similar to benzene, triazine has three carbon atoms substituted by nitrogen het-
eroatoms [84]. One of the most researched corrosion inhibitors is 1,3,5-triazine 
(s-triazine) derivatives. Triazines can be used as complexation agents, insecticides, 
herbicides, fungicides, etc. To get excellent IE (%) with triazines, it is crucial to 
incorporate the right substituents. 6-Methyl-5-[m-nitro styryl]-3-mercapto-1,2,4-tri-
azine has been investigated for MS in a 12% hydrochloric acidic medium at 50 °C 
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[85]. According to research on the three triazines ABTDT, ATTDT, and AMTDT, 
the inhibitor ABTDT with the ─CH2Ph group offered the greatest IE (99.90% at 
200 mg/L) [86]. The corrosion performance of triazines was enhanced by the modifi-
cation of methoxy and hydroxyl functional groups, resulting in over 92.5% protection 
degrees [87]. Three Schiff base triazines, MHMMT, DHMMT, and HMMT, were 

FIGURE 18.7 Structures of some important pyridine and their corrosion IE (%). (Reprinted 
with permission from Ref. [33]. © 2021 Elsevier Publications.)
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investigated for MS corrosion in a 0.5 N H2SO4 corrosive environment. 2,4,6-Tris(n-
carboxyalkylamino)1,3,5-triazine was tested for MS in corrosive media containing 1 
M HCl. The findings demonstrated that a change from physical to chemical adsorp-
tion occurred with an extension in the alkyl chain [88]. Figure 18.9 shows some 
important triazine derivatives used to prevent metal samples from corroding in vari-
ous acid media and their corrosion IE (%).

FIGURE 18.8 Structures of some important pyrimidine and their corrosion IE (%). 
(Reprinted with permission from Ref. [33], © 2021 Elsevier Publications.)
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18.2.3 Quinolines

Quinoline, an aromatic heterocycle, was initially produced by removing it from coal 
tar. They may be created in a step process in the lab using aniline. Quinolines are 
used to create a variety of colours, vitamins, and medications. The effectiveness of 
three quaternary ammonium quinolone phenolates as anti-polarization agents for 
Zn-Mg composition in batteries was studied through their synthesis [89]. One of the 

FIGURE 18.9 Structures of some important triazine and their corrosion IE (%). (Reprinted 
with permission from Ref. [33], © 2021 Elsevier Publications.)
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derivatives performed capacitively in the electrochemical investigations, whereas the 
other, which included nitrogen–oxygen and methyl substituents, displayed an induc-
tive character. In a different investigation, quinaldic acid, quinaldine, and quinolone 
were assessed in corrosive environments using 0.5 M HCl [90]. Quinaldic acid’s 
higher Mw allowed for more surface covering [91]. Deaerated 3 M HCl corrosive 
media were used to study quinoline and its phosphonium derivatives [92]. The ther-
modynamic characteristics suggested a chemical adsorption mechanism, while the 
inhibitors displayed a mixed activity. 8-Nitroquinoline and 8-aminoquinoline were 
investigated as Al alloy inhibitors in 3% NaCl corrosive environments [93]. Both 
inhibitors had anodic properties and worked by strongly hybridizing the sp- and 
p-orbitals of the active regions on the Al atoms in the inhibitor. Figure 18.10 shows 
some important quinoline and quinazoline derivatives used to prevent metal samples 
from corroding in various acid media and their corrosion IE (%).

18.2.4 Heterocyclic pHArmAceuticAl products

Drug molecules are seen as ecologically safe and green alternatives to the harmful 
inhibitors that are now used. Drugs typically have complicated structures with sev-
eral centres with high electron densities, which makes it easier for them to bind to 
metal surfaces. As a result, various pharmacological chemicals were investigated and 
assessed as natural corrosion agents [94, 95]. Quinolones, tetracyclines, beta-lactam 
antibiotics, etc., are some of the several types examined [34]. It investigated how 
Donaxine and Gramine inhibited behaviour [96]. At an inhibitor dosage of 7.5 mM, 
the high IE (%) was 98%. The Langmuir isotherm was followed by surface adsorp-
tion. Amoxicillin, Penicillin G, and Ampicillin, three antibacterial medications, were 
examined for CS [35]. Another investigation examined the effects of the medication 
cephalothin on API 5L X52 steel in 1 M HCl acidic conditions [97]. At 600 mg/L, the 
inhibitor had a 92% efficiency rate. The well-known drug Telmisartan produced an 
excellent IE of 97.39% at 125 mg/L for MS in the corrosive environment containing 
1 M HCl [98]. Figure 18.11 shows some important drug derivatives that prevent metal 
samples from corroding in various acid media and their corrosion IE(%).

18.2.5 Heterocyclic Amino Acids

Each amino acid has an amino or carboxyl functional group, making them all very sol-
uble in water. Numerous studies about using amino acids as corrosion inhibitors have 
surfaced over time. Figure 18.12 shows some important heterocyclic amino acids used to 
prevent metal samples from corroding in various acid media and their corrosion IE (%).

18.2.6 mAcrocyclic compounds

In a carbon dioxide–saturated saline solution, an HPT was investigated as the macro-
cyclic corrosion inhibitor for J55 steel [99]. A dosage of 400 mg L−1 resulted in a high 
IE of 93%. The electrochemical and thermodynamic methods studied the macrocyclic 
effects of corrosion inhibition. When the corrosion inhibitor was present, SECM tests 
revealed that the steel substrate was protected to a significant amount. The same team 
used electrochemical and surface studies to assess the trilogy effects on corrosion 
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efficiency [100]. The water contact angle increased as the inhibitor was adsorbed to 
the metal surface at increasing quantities, demonstrating a development in the hydro-
phobicity of the metal surface. In a subsequent experiment, a Pd-porphyrin-based 
compound was investigated as a good anti-polarization agent in the carbon dioxide–
saturated saline solution [101]. As a result, it provided an IE of 85% and the porphyrin 
PF-2 performed better (92%) due to the introduction of methoxy functional groups. 

FIGURE 18.10 Structures of some important quinoline and quinazoline and their corrosion 
IE (%). (Reprinted with permission from Ref. [33], © 2021 Elsevier Publications.)
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FIGURE 18.11 Structures of some different drugs and their corrosion IE (%). (Reprinted 
with permission from Ref. [33], © 2021 Elsevier Publications.)

FIGURE 18.12 Structures of some important amino acids and their corrosion IE (%). 
(Reprinted with permission from Ref. [33], © 2021 Elsevier Publications.)
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Figure 18.13 shows some important macrocyclic inhibitors that prevent metal samples 
from corroding in various acid media and their corrosion IE (%).

18.2.7 Heterocyclic cArboHydrAtes And biopolymers

The heterocyclic carbohydrates and biopolymers were recommended as good inhibitors 
in the carbon dioxide–saturated saline solution [103]. The glucose ring was modified 

FIGURE 18.13 Structures of some important macrocyclic and their corrosion IE (%). 
(Reprinted with permission from Ref. [102], © 2021 Elsevier Publications.)



349Sustainable and Green Heterocycles Corrosion Inhibitors

to the amino or carboxyl functional groups in these types of inhibitors. At a dosage of 
2.27 × 10−4 M, the resulting product had good water solubility and a high IE of 91.82%. 
The steel has been examined at high temperatures for carbon dioxide–saturated saline-
solution corrosion with chitosan-salicylaldehyde Schiff base [104], 95.2% of high IE 
at 150 mg/L. P110 steel was tested using two chitosan oligosaccharide analogues in 
a CO2-saturated chloride environment [105]. To create the multifunctional corrosion 
inhibitor, benzaldehyde and propionaldehyde were added to the chitosan after it had 
been quaternized. The anti-corrosion agents were examined in both hydrodynamic and 
static circumstances, and at a Cinh of 100 mg/L, higher IE (%) for BHC was achieved 
in both static (IE = 88.59%) and hydrodynamic (IE = 84.68%) conditions. Figure 18.14 
shows some important heterocyclic carbohydrates and biopolymers that prevent metal 
samples from corroding in various acid media and their corrosion IE (%).

FIGURE 18.14 Structures of some important heterocyclic carbohydrates and biopolymers and 
their corrosion IE (%). (Reprinted with permission from Ref. [102], © 2021 Elsevier Publications.)
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18.3 CONCLUSIONS

The basis of biomolecules, including carbs, hormones, amino acids, proteins, nucleic 
acids, and vitamins, are sustainable and green heterocycles corrosion inhibitors. In 
medicinal drugs, these types of green compounds may be modified. As this chapter 
covers, many of the aforementioned biomolecules, plant extracts, drugs, etc. have 
excellent solubility and the highest anti-corrosion efficiency. These compounds are 
highly biocompatible because they are of natural origin or were designed to suit 
the human body (for example, medications). Their release into the environment 
has minimal to no adverse effects. As a result, many current studies have been 
conducted to explore innovative eco-friendly heterocyclic organic inhibitors. The 
structure, characteristics, and IE (%) of many ecologically friendly heterocyclic cor-
rosion inhibitors have been described in detail. Pharmaceutically active substances, 
carbohydrates, and amino acids are among the leading groups mentioned. As stated 
in this overview, each of them has advantages and disadvantages. A description 
of commonly used five- and six-membered heterocyclic compounds (fundamental 
components of medications, biomolecules, etc.) is also provided. A brief explana-
tion of how Green Chemistry works to prevent rusting is given.
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19.1 INTRODUCTION

19.1.1 GenerAl corrosion And corrosion inHibition

Corrosion is a natural process that occurs when metal materials react with their 
environment, leading to metal degradation and loss over time [1–5]. The mecha-
nism of corrosion in metals can be described as a series of electrochemical reactions 
that occur when the metal interacts with an environment that is chemically different 
from the metal. These reactions lead in the formation of metal ions and corrosion 
products, which can cause the degradation of the metal over time. There are several 
different kinds of corrosion, including pitting corrosion, uniform corrosion, crevice 
corrosion, and galvanic corrosion. Uniform corrosion occurs when the entire sub-
strate of the metal is subjected to a corrosive environment and corrosion products 
form evenly over the entire substrate. Pitting corrosion occurs when small, local-
ized areas of the metal substrate become corroded, forming pits in the metal [6–8]. 
Crevice corrosion induces when a corrosive environment is trapped in small crevices 
on the metal substrate, leading to localized corrosion. When two distinct metals are 
in touch with one another in a corrosive environment, one of the metals functions as 
an anode and corrodes preferentially to the other metal. This is known as galvanic 
corrosion. This process can have serious consequences and result in incidents that 
can pose significant risks to people and the environment. One of the most well-
known incidents of corrosion was the implosion of the Silver Bridge in West Virginia 
in 1967, which killed 46 people. The cause of the collapse was determined to be the 
corrosion of a critical support member, leading to its failure [9–12]. Another example 
of a corrosion-related incident was the Deepwater Horizon oil spill in 2010, which 
was caused by the failure of a blowout preventer due to corrosion and metal loss. The 
spill resulted in widespread environmental damage and economic losses [13–15].
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Corrosion can also result in incidents in the transportation sector, such as train 
derailments caused by rail corrosion, and aviation incidents caused by corrosion in 
aircraft structures. In addition, corrosion can result in failures in power plants and 
other critical infrastructure, leading to outages and disruptions. The cost of corrosion 
is a major concern for industries and governments worldwide, with billions of dollars 
lost every year as a consequence of corrosion damage. According to estimates by the 
National Association of Corrosion Engineers (NACE), the cost of corrosion (COC) 
in the United States alone is estimated to be approximately $276 billion annually. In 
the gas and oil industry, corrosion can lead to reduced production and decreased effi-
ciency, as well as increased maintenance costs [16, 17]. The COC in pipelines alone 
is predicted to be in the range of several billion dollars per year. In the transportation 
sector, corrosion can result in increased maintenance costs, reduced efficiency, and 
safety concerns. For example, the COC in the US transportation sector is predicted 
to be approximately $8 billion per year. In the construction industry, corrosion can 
result in reduced structural integrity, increased maintenance costs, and potential 
safety hazards [18, 19]. The COC in buildings and infrastructure is predicted to 
be several billion dollars per year. Many different types of metal materials can be 
affected by corrosion, with varying degrees of severity. The following are some of 
the most common metals affected by corrosion:

• Iron: Iron is amongst the most widely utilized metals in the world and is 
also one of the most susceptible to corrosion. Iron corrodes when it reacts 
with water and oxygen to form rust, a process that weakens the metal and 
can lead to structural failure.

• Aluminium: Al is widely used in the transportation and construction indus-
tries owing to its lightweight and high-strength properties. However, Al is 
susceptible to corrosion when exposed to certain environments, such as 
saltwater or industrial pollutants.

• Copper: Copper is widely used in electrical wiring, plumbing, and other 
applications due to its high conductivity and resistance to corrosion. 
However, copper can still corrode when exposed to certain conditions, such 
as acid rain or high humidity.

• Stainless Steel: SS is broadly utilized in a variety of applications due 
to its resistance to corrosion. However, SS can still corrode in certain 
environments, such as high temperatures and high chloride-containing 
environments.

Corrosion can occur as a result of several different factors, including exposure to 
moisture, high temperatures, high levels of pollutants, and improper maintenance. 
The rate and severity of corrosion can vary widely depending on the type of metal, 
the environment in which it is exposed, and other factors. The effects of corrosion 
can range from cosmetic damage to structural failure, relying on the severity and 
period of the corrosion process. Some of the most serious adverse effects of corro-
sion include reduced mechanical strength, decreased functionality, and increased 
risk of failure or collapse. To mitigate the adverse effects of corrosion, various tech-
niques have been developed, including the use of corrosion inhibitors (CIs) [20–30]. 
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CIs are substances that mitigates or stop the corrosion mechanism by forming a 
protective film on metal substrates. Traditional CIs, such as inorganic compounds 
and organic compounds, have been widely used for many years to inhibit corrosion 
in metal materials. However, these inhibitors have several drawbacks that have led to 
increased interest in green and environment-friendly alternatives. The following are 
some of the key drawbacks of traditional CIs:

• Toxicity: Many traditional CIs contain toxic compounds that can be harm-
ful to human health and the environment.

• Environmental Impact: Traditional CIs can leach into the environment and 
cause damage to ecosystems, such as waterways and soil.

• High Cost: Traditional CIs can be expensive, especially those that require 
special handling and disposal due to their toxicity.

• Limited Performance: Some traditional CIs can be ineffective in cer-
tain environments, such as high temperature or high chloride-containing 
environments.

• Compatibility Issues: Some traditional CIs can cause compatibility issues 
with other materials, such as rubber and plastics, leading to reduced perfor-
mance and increased maintenance costs.

However, in recent era, there has been an increasing demand in developing 
environment-friendly, or “green,” CIs. Green inhibitors are derived from natural or 
renewable resources and are biodegradable, non-toxic, and safe for the environment. 
Plant extracts, amino acids, and carbohydrates are examples of green corrosion 
inhibitors (GCIs) that can effectively inhibit corrosion in metal materials [31–36]. 
Plant extracts, such as extracts from spices and herbs, contain compounds that can 
interfere with the corrosion process and slow the rate of corrosion. Amino acids, 
such as lysine and histidine, have also been shown to be effective CIs owing to 
their capability to develop protective layers on metal substrates. In addition, carbo-
hydrates, such as sugars and starches, have been shown to effectively inhibit corro-
sion by producing a protective layer on metal substrates and reducing the reaction of 
metal with the environment. For instance, in an experiment, as a CI for CS in a 1.0 
M HCl media at various temperatures, Mahfoud et al. [37] researched the methylene 
dichloride extract of Lamium flexuosum. The outcome showed the studied extract’s 
effective inhibition, which improved with rising dosage and declined as temperature 
raised. At 900 ppm, this compound was an effective mixed-type CIs, with an effi-
cacy value of 83.50%. It was discovered that the extract’s adsorption over the CS sub-
strate followed the Freundlich isotherm in a physisorption manner. AFM study of the 
steel’s substrate topology reveals that the acquired average variation was 40.42 nm 
in the devoid of the extract, but extensive troughs and spikes with a mean roughness 
of 451.11 nm were seen in the acidic medium. The inclusion of the studied extract 
(LFMDE), though, resulted in significantly less corrosion impacts with tiny spikes 
at 90.91 nm, showing that the binding of a micro-fine layer over the CS substrate 
inhibited the invasion by an HCL media.

Similarly, Ravi Deyab et al. [38] investigated Equisetum arvense aerial part 
(EAAP) extract as CIs for steel-based components in multi-stage flash (MSF) 
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sections during acid treatment. EAAP extract occupied nearly 97% of the CS sub-
strate in 2 M HCl media as contrasted to the sample subjected to blank media, and 
the CR was decreased to 00.58 ± 0.02 μg cm−2 h−1 at 300 mg L−1. On the substrate of 
CS, EAAP extract typically has a mixed effect on the cathodic and anodic regions. 
Quantum chemical estimations relied on the DFT model were carried out to identify 
the molecular functionality of the substances under discussion. As a consequence, 
Figure 19.1 shows the associated chemical characteristics of four components. The 
HOMO orbital often reflects a molecule’s capability to donate electrons, whereas 
the LUMO orbital usually reflects a molecule’s capability to accept electrons. It was 
discovered that the caftaric acid’s LUMO and HOMO electron cloud is virtually 
exactly situated at the aromatic ring unit. This condition can be compared to other 
elements. This proves that these active adsorption spots were capable of exchanging 
electrons for metals and creating covalent links. In addition, the blue and red regions 
of the electrostatic potential (ESP) maps, which show electrophilic and nucleophilic 
character, correspondingly, the hydroxyl units are primarily where the red colour is 
concentrated. This suggests that while binding at the steel substrate, the red regions 
were essentially the primary active adsorption locations.

When the system’s energy and temperature levels were equal, the dynamics 
phase was finished, and the overall system attained stability. Figure 19.2 shows 
the lower energy adsorption geometries of four components adsorbed over the 
substrate of Fe(1 1 0). To maximize substrate distribution and interaction and to 
create a strong bond between the substrate and adsorbate states, the inhibitor mol-
ecules were virtually flatly adsorbed on the substrate platform. The mean adsorp-
tion energy of the established equilibria geometries served as the basis for the 
calculation of the adsorption energies in this study. The estimated Eads values for 

FIGURE 19.1 Representation of the HOMOs, LUMOs, and ESP for the constituents under 
investigation: (a) caftaric acid, (b) kaempferol-3,7-di-O-glucoside, (c) kaempferol-3-O-rutino-
side, and (d) isoquercetin. (Adapted with permission from Ref. [38] under CCBY 4.0.)
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kaempferol-3,7-di-O-glucoside, caffeic acid, isoquercetin, and kaempferol-3-O-
rutinoside tend to be 1107.3, 637.1, 810.6, and 1162.9 kJ mol−1, correspondingly. We 
may observe that the sorption energies are negative, and we may therefore anticipate 
impulsive adsorption. In principle, the firmer the engagement among the inhibitors 
and metallic substrate, the larger the absolute value of Eads. It is clear that kaemp-
ferol-3-O-rutinoside and kaempferol-3,7-di-O-glucoside possess greater absolute 
values of Eads than isoquercetin and caftaric acid, suggesting that these might be key 
players in the mechanism of corrosion protection.

Similarly, by utilizing mass spectrometry and gas chromatography (GC) in con-
junction, Zaher et al. [39] assessed the chemical components of the methanolic 
extract of Ammi visnaga umbels (AVU) and utilized for inhibiting corrosion of CS 
in 1.0 mol L−1 HCl utilizing electrochemical reaction methods. Binapacryl (4.32%), 
Khellin (1.97%), Edulisin III (72.88%), and Visnagin (1.65%) were among the 46 
compounds that were discovered, accounting for 89.89% of the AVU extract’s entire 
chemical components. The examined extract effectively prevents CS from corroding 
in 1.0 mol L−1 HCl media, according to various methodologies. The inhibiting effect 
of AVU extract attained an IE% of 84% at a minimal concentration of 700 ppm. 
Polarization studies revealed that the examined inhibitor functioned as a blended 
inhibitor, mitigating both cathodic and anodic corrosion processes. The EIS analyses 
show that the double layer dropped and the polarization resistance improved when 
AVU extract was added to HCl media. A shielded CS substrate was visible in the 
inhibited media on SEM pictures. The study’s findings additionally supported the 
finding that employing plant-based CIs to preserve metals and alloys had consider-
able advantages.

As observed, the use of GCIs has several benefits over traditional inhibitors, 
including reduced toxicity and environmental impact, lower cost, and improved per-
formance. In addition, green inhibitors are often derived from renewable resources 
and are biodegradable, making them a more sustainable and environment-friendly 
option for corrosion inhibition. GCIs have been shown to be highly effective in 

FIGURE 19.2 Views from the top and side of the four components’ most persistent adsorp-
tion arrangements on the substrate of Fe(1 1 0): (a) caftaric acid, (b) kaempferol-3,7-di-O-glu-
coside, (c) kaempferol-3-O-rutinoside, and (d) isoquercetin. (Adapted with permission from 
Ref. [38] under CCBY 4.0.)



362 Handbook of Heterocyclic Corrosion Inhibitors

controlling corrosion, particularly in applications such as pipelines, storage tanks, 
and marine structures. In addition to their effectiveness, green inhibitors also offer 
several other benefits, such as improved safety, reduced environmental impact, and 
lower costs compared to traditional inhibitors.

19.2 GREEN CORROSION INHIBITORS

Green corrosion inhibitors are substances that are utilized to prevent the corrosion of 
metal substrates but do so in an environment-friendly manner. They are considered 
“green” because they are non-toxic, biodegradable, and have minimal impact on 
the environment. Corrosion is a natural process that occurs when metal reacts with 
its environment, leading to the gradual degradation of the metal’s properties and, 
eventually, its structural integrity. This can result in costly and dangerous failures of 
metal structures, such as pipelines, bridges, and buildings [40–42]. To prevent cor-
rosion, inhibitors can be added to the environment in which the metal is exposed. 
These inhibitors alter the corrosion reaction in such a way as to reduce or stop it 
altogether. They work by forming a protective layer over the metal substrate that 
slows down the reaction rate, or by changing the environment itself, making it less 
corrosive. Traditional CIs, such as chromates and phosphates, have been used for 
decades. However, these substances have been shown to have negative impacts on 
the environment, such as toxicity and biodegradability issues, and are being phased 
out in many countries. This has emerged the finding for alternative, environment-
friendly inhibitors [43, 44]. GCIs include organic compounds, such as plant extracts, 
and inorganic compounds, such as nitrates and silicates.

Organic inhibitors are often attained from natural sources, such as plants, and 
are biodegradable. They work by adsorbing onto the metal substrate and developing 
a barrier that slows down the corrosion reaction. Inorganic inhibitors, on the other 
hand, work by changing the environment around the metal, making it less corro-
sive. One of the most commonly used green inhibitors is citric acid. This organic 
inhibitor is derived from citrus fruits and is non-toxic, biodegradable, and has a low 
environmental impact. Citric acid works by forming a protective layer over the metal 
substrate that slows down the corrosion reaction. It is often used in aqueous environ-
ments, such as boilers and cooling systems, where it is added to the water to prevent 
corrosion. Another popular green inhibitor is vinegar, which is a solution of acetic 
acid in water. Vinegar is commonly used in household cleaning and is an effective 
CIs, especially in acidic environments. The acetic acid in vinegar acts as a mild acid, 
slowing down the corrosion reaction and developing a protective layer on the metal 
substrate. Inorganic inhibitors, such as nitrates and silicates, are also commonly used 
as green inhibitors [45–48].

Nitrates are effective in neutral to slightly acidic environments and work by 
changing the environment around the metal, making it less corrosive. Silicates, on 
the other hand, are effective in neutral to alkaline environments and work by forming 
a protective film on the metal substrate. Recently, several studies have demonstrated 
the effective utilization of natural sources as CIs for preventing metallic corrosion 
such as methanolic extract of Spilanthes uliginosa leaves [49] revealed IE% of 90% 
at 500 ppm conc., aqueous extract of Thevetia peruviana [50] showed maximum 
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IE% of 90.3% at 300 ppm, Pennisetum purpureum extract [51] demonstrated highest 
IE% of 82.6% at 5000 ppm, Gongronemena latifolium extract [52] exhibited 91.24% 
of IE% at 1000 ppm, Caulerpa prolifera extract [53] showed a maximum IE% of 
94.33% at 1.0 g L−1, Chromolaena odorata extract [54] attained an optimum IE% 
of 92.39% at 4.0 g L−1, Chinese Yam Peel extracts (CYPE) [55] exhibited 96.33% of 
IE% using 900 mg L−1 CYPE in artificial seawater at 298 K, and Sugarcane purple 
rind ethanolic extract (SPRE) [56] revealed a maximum IE% of 96.2% for CS having 
800 ppm SPRE at ambient temperature. These compounds primarily contain polar 
groups like ─OH, ─NH2, ─SH, and ─COOH or several heteroatoms, including O, 
S, or N. Additionally, the molecular mass of inhibitor molecules with the aid of a 
number of polar groups and heteroatoms is a critical factor in determining their 
excellent corrosion prevention characteristics. Thus, one of the main objectives of 
corrosion researchers and the scientific community is the production of revolution-
ary, environment-friendly CIs generated from natural extract.

In conclusion, GCIs are essential for preventing the corrosion of metal substrates 
in an environment-friendly manner. They offer a safer, more sustainable alternative 
to traditional inhibitors, which have been shown to have negative impacts on the 
environment. The use of green inhibitors is becoming increasingly popular and is 
expected to continue to grow as awareness of their benefits increases and as regula-
tions continue to phase out the use of traditional inhibitors.

19.2.1 syntHetic corrosion inHibitors

Synthetic CIs are chemicals that are added to a system (such as metal or oil) to pre-
vent or reduce corrosion. They are designed to protect metal substrates from various 
types of corrosion and are widely used in industries, including oil and gas, water 
treatment, marine, and construction. Synthetic CIs work by adsorbing onto the metal 
substrate and developing a protective covering that prevents corrosive agents from 
reaching the metal. This protective layer is made up of a molecular film that pro-
vides a shield between the metal and the corrosive environment, effectively reducing 
the rate of corrosion [57, 58]. The film is stable and durable, providing long-lasting 
protection even in harsh and corrosive environments. There are several distinctive 
kinds of synthetic inhibitors, including nitrites, phosphates, and imidazolines. Nitrite 
inhibitors are commonly used in oil and gas pipelines to protect against corrosion 
caused by oxygen. Phosphate inhibitors are used to prevent corrosion in water treat-
ment systems, as well as in oil and gas pipelines. Imidazoline inhibitors are gener-
ally utilized in marine environments, as well as in cooling systems and pipelines, to 
protect against corrosion caused by acids and salts.

In order to identify the role of its active components in a 1 M HCl media, Kaban 
et al. [59] investigated the anti-corrosion activity of aqueous smoke from rice husk 
ash. In this research, EIS, PDP, and deep learning techniques were used to evaluate 
the technique established to evaluate, analyse, and predict the innovative kind of 
GCIs for C1018. The inhibitor was assumed to be a mixed-type inhibitor to attain 
the best prevention of 80 ppm at 323 K, achieving up to 99% IE%, according to the 
corrosion experiment findings. With a decreased skewness value at 0.5190 nm on 
the coated MS, the AFM outcomes indicate a flatter substrate. The artificial neural 
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network (ANN) successfully models the correlation in both the EIS and PDP as well 
as the emergence of the passivation film on the coated MS with lesser overfitting on 
the impeded metal, a highly accurate prognostication of 81.08%, and a reduced CR 
of 0.6001. The experimental and predicted inhibitor adsorption outcome match very 
adequately. The research could be applied as a blueprint to create GCI relying on 
empirical and artificial intelligence (AI) methods in the future.

Similarly, Uzoma et al. [60] used the weight loss (WL), EIS, and PDP methods 
to investigate aspartame (ASP), a naturally occurring conventionally produced sub-
stance, as a CIs for T95 CS in a 15 wt% HCl media at 60, 70, 80, and 90 °C. It was 
discovered that in the investigated circumstances, ASP has a corrosion-inhibiting 
impact. Temperature rises resulted in an improvement in inhibition effectiveness. 
Following four hours of exposure in 2000 ppm ASP, the WL technique showed an 
inhibitory efficiency of 86%. According to PDP findings, in the tested circumstances, 
ASP performed as a mixed-type CIs. The findings from the EDX and SEM have all 
verified that the inhibitory capacity of ASP was caused by sorption over the steel 
substrate. Thus, ASP is a potential active ingredient for the creation of CI.

For the inaugural moment, Zhao et al. [61] created two carboxymethyl chito-
san derivatives and utilized them as safe, effective, and environment-friendly CIs. 
Synthesized compounds were effective CIs for the carbon dioxide corrosion of P110 
steel in 3.6 wt% NaCl media at 80 °C, according to EIS and WL experiments. CAHC 
and CHC had the highest IE% of 93.95% and 87.97%, correspondingly, at a dosage 
of 100 mg L−1. These CI successfully lessen the destruction of the corrosion media 
to the metal substrate, as demonstrated by corrosion specimens, the AFM and SEM 
analyses. Quantum chemical simulations also support the finding that CAHC exhib-
ited a greater inhibitory capability than CHC amongst the two synthesized chitosan 
derivatives. These two synthetic chitosan derivatives, which are in accordance with 
the goal for clean, less hazardous, and ecological sustainability, successfully inhib-
ited CO2 corrosion. They offer significant promise as innovative and powerful CI.

Furthermore, Chen et al. [62] conducted an approach to incorporate biomass 
basis molecules into the N1-(2-aminoethyl)-N2-(2-(2-(furan-2-yl)-4,5-dihydro-1H-
imidazol-1-yl) ethyl) ethane-1,2-diamine (NNED) CIs synthesis. Utilizing EIS and 
WL techniques, the inhibitive capability was examined. Although the dosage was 
just 5 mg L−1, the results showed that NNED has outstanding Q235 MS inhibition 
ability in 1 M HCl vigorous media. In fact, the inhibition effectiveness was achieved 
by up to 90%. Additionally, according to the thermodynamic characteristics, the 
sorption of NNED upon metal substrates follows the Langmuir adsorption isotherm. 
Both physisorption, which is related to electrostatic contact, and chemisorption, 
which is due to covalent bonds, were used in the development of adsorption films, 
but the latter performs a more prominent influence. Additionally, PDP tests show 
that NNED functions as a mixed-type inhibitor and predominately blocks the elec-
trochemical process of metallic breakdown in the anode portion. Furthermore, the 
bonding intensity of the substrate of the metal enhanced substantially upon the inclu-
sion of the NNED inhibitor, which firmly illustrates the construction of the NNED 
layer over the metallic substrate.

The pathway/process of synthetic corrosion inhibition is relied on the adsorption 
of the inhibitor molecules onto the metal substrate, creating a protective coating that 
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prevents corrosive agents from reaching the metal. The mechanism can be divided 
into three main stages:

• Adsorption of Inhibitory Molecules: The inhibitory molecules are attracted 
to the metal substrate due to their polar nature and the presence of electro-
static forces. They adsorb onto the metal substrate and form a thin, continu-
ous film.

• Formation of the Protective Layer: The adsorbed inhibitor molecules inter-
act with the metal substrate and each other, developing a stable and dense 
protective layer that reduces the rate of corrosion. The protective layer 
behaves as a barrier between the environment and metal, reducing the con-
centration of corrosive agents and limiting the reaction between the metal 
and the environment.

• Inhibition of Corrosion Reaction: The protective covering created by the 
adsorbed inhibitor molecules inhibits the corrosion reaction by reducing 
the concentration of corrosive agents and preventing them from reaching 
the metal substrate. The protective layer also reduces the reaction rate by 
altering the corrosion reaction kinetics, making it more difficult for corro-
sion to occur.

The effectiveness of synthetic CIs depends on several factors such as the type of 
inhibitor, the type of corrosion, the environment, and the concentration of the inhibi-
tor. Synthetic inhibitors can protect against distinctive types of corrosion, such as pit-
ting corrosion, uniform corrosion, and crevice corrosion, by changing the corrosion 
reaction kinetics and reducing the concentration of corrosive agents. It is crucial to 
point that the mechanism of synthetic corrosion inhibition is not completely under-
stood, and there is still ongoing research in this area. However, the adsorption-based 
mechanism described above provides a basic understanding of how synthetic inhibi-
tors work to prevent metal substrates from corrosion. One of the main advantages 
of synthetic inhibitors is their versatility. They can be tailored to protect against 
specific types of corrosion, such as rust or pitting, and could be utilized in a wide 
range of industrial applications, including pipelines, storage tanks, and marine envi-
ronments. Synthetic inhibitors are also effective in corrosive environments that are 
too harsh for other types of inhibitors, such as organic inhibitors. Synthetic inhibitors 
are easy to use and can be added to a system in a variety of ways, including through 
direct injection, continuous dosing, or by blending with other chemicals. They are 
also environment-friendly, as they are biodegradable and do not contain harmful 
substances that can cause environmental harm. However, synthetic inhibitors also 
have some limitations. One of the main disadvantages is that they can be expensive 
compared to other types of inhibitors, such as organic inhibitors. Additionally, syn-
thetic inhibitors can be less effective in certain environments, such as those that are 
highly corrosive or have extreme temperature variations. Another potential limita-
tion is that synthetic inhibitors can cause compatibility issues with other chemicals 
that are present in a system. For example, synthetic inhibitors can react with other 
chemicals and form deposits, leading to reduced efficacy. They can also cause foul-
ing and scaling, which can impact the performance of equipment and systems.
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19.2.2 Green corrosion inHibitors

Green corrosion inhibitors are alternative, environment-friendly, and biodegradable 
substances that mitigate or stop the corrosion process. They are mainly derived from 
renewable sources, including plant extracts, natural extracts, amino acids, and car-
bohydrates [63–66]. Green corrosion inhibitors can be categorized into several cat-
egories based on their source materials:

• Plant Extracts–based CIs
Plant extracts–based CIs are attained from distinctive plant species, including 
leaves, stems, roots, and fruits. The active compounds in plant extracts that inhibit 
corrosion are mainly phenols, flavonoids, tannins, terpenoids, and alkaloids.

• Natural Extracts–based CIs
Natural extracts–based CIs are attained from distinctive natural sources, such 
as seaweed, microorganisms, and minerals. The active compounds in natural 
extracts that inhibit corrosion are mainly polysaccharides, proteins, and minerals.

• Amino Acids–based CIs
Amino acids–based CIs are derived from various sources, such as plant 
proteins and waste products. The active compounds in amino acids that 
inhibit corrosion are mainly amino acids and peptides.

• Carbohydrates-based CIs
Carbohydrates-based CIs are derived from various sources, such as plant 
polysaccharides and waste products. The active compounds in carbohy-
drates that inhibit corrosion are mainly polysaccharides, such as cellulose, 
starch, and pectin.

GCIs form a protective layer on the substrate of the metal. This protective layer 
acts as a shield between the metal and the corrosive environment, slowing down or 
preventing the corrosion process. The mechanism of action of GCIs can be catego-
rized into three main categories:

• Adsorption
The mechanism of adsorption involves the physical or chemical adsorption of 
the inhibitor molecule onto the metal substrate. This creates a protective layer on 
the substrate of the metal that prevents the corrosion reaction from taking place.

• Chemical Reactions
The mechanism of chemical reactions involves the interaction of the inhibi-
tor molecule with the metal substrate, forming a chemical bond. This bond 
creates a defensive film on the substrate of the metal that reduces or pre-
vents the corrosion process.

• Passivation
The mechanism of passivation involves the development of an oxide layer 
on the substrate of the metal that prevents the corrosion reaction from tak-
ing place. The inhibitor molecule stimulates the formation of this oxide 
film, providing a protective covering towards corrosion.
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Common sources of plant extracts used for GCIs include materials from leaves, 
stems, roots, and fruits of various plants, such as cinnamon, clove, basil, rose-
mary, thyme, and lemon. Natural extracts used for GCIs can come from a variety 
of sources, including seaweed, fungi, and bacteria. Common amino acids used for 
GCIs include lysine, histidine, and arginine. Carbohydrates used for GCIs can come 
from various sources such as sugar, starch, and cellulose. For example, glucose and 
fructose are commonly used as CIs owing to their capability to chelate with metal 
ions and form stable complexes.

Advantages of GCIs:

• Environment-friendly: GCIs are biodegradable, non-toxic, and do not con-
tain harmful chemicals, making them safe for the environment.

• Effective Protection: GCIs are effective in preventing corrosion in various 
metal substrates and offer long-term protection.

• Cost-effective: In comparison to traditional CIs, GCIs are cost-effective as 
they do not require special disposal methods and are biodegradable.

• Wide Range of Applications: GCIs could be used in a broad array of 
applications, including the oil and gas industry, marine industries, and 
more.

According to a report by Markets and Markets, the global GCIs market was val-
ued at US$2.64 billion in 2018 and is projected to reach US$4.13 billion by 2023, 
growing at a CAGR of 9% from 2018 to 2023. The report also mentions that the 
increasing demand for eco-friendly and biodegradable products, along with stringent 
environmental regulations, is driving the growth of the GCI’s market. The use of 
GCIs is particularly high in the marine industries due to the need for environment-
friendly products in this sector. In the following section, we will be discussing the 
utilization of plant extracts, amino acids, and carbohydrates along with their deriva-
tives as CIs for several metals and alloys.

19.3  SUSTAINABLE APPROACHES TO GREEN CORROSION 
INHIBITORS

19.3.1 utilizAtion of nAturAl products

19.3.1.1 Utilization of Plant Extracts
Plant extracts have been shown to have the potential as CIs for metal substrates. 
These extracts contain active compounds that can prevent the oxidation and cor-
rosion of metal substrates by developing a protective covering on the substrate or 
by reacting with corrosive agents to reduce their effectiveness. Some commonly 
used plant extracts for corrosion inhibition include clove oil, eucalyptus oil, thyme 
oil, cinnamon oil, and rosemary oil. The effectiveness of these plant extracts as 
CIs relies on various factors, including the type of metal, the corrosive environ-
ment, and the concentration of the extract used. Additionally, some plant extracts 
may also have biodegradable properties, making them environment-friendly 
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alternatives to traditional CIs. The following are the advantages of using plant 
extracts as CIs:

• Environment-friendly: Plant extracts are biodegradable and have low tox-
icity, making them an environment-friendly alternative to traditional CIs.

• Wide Availability: Plant extracts are readily available and can be easily 
sourced from natural resources.

• Cost-effective: Compared to traditional CIs, plant extracts are relatively 
inexpensive and accessible.

• Ease of Application: Plant extracts can be easily applied to metal substrates 
and do not require special handling or storage conditions.

• Versatility: Plant extracts can be used in various corrosive environments 
and can be effective against different types of corrosion.

• Improved Performance: Some plant extracts have been found to have supe-
rior corrosion inhibition performance compared to traditional inhibitors.

• Green Chemistry: The utilization of plant extracts as CIs promotes the 
principles of green chemistry and sustainable development.

In an experiment, using a solvent extraction procedure, Chapagain et al. [67] was 
able to extract the alkaloid from Rhynchostylis retusa (RR), which was then verified 
using biochemical and FTIR spectroscopy testing. In a medium of 1.0 M H2SO4, 
extracted alkaloids were evaluated as environment-friendly CIs for MS. The WL and 
EIS techniques were used to examine the IE% of RR alkaloid extracts. Alkaloids 
possess nitrogen in their composition, and there is a possibility that oxygen could 
also be present as a functional component. Figure 19.3a and b shows RR with alka-
loids in its rhizome, leaflets, and flowers. The maximal IE% in the WL analysis was 
87.51% in a 1000 ppm media at a 6-hour soaking duration, according to the findings. 
The findings of PDP showed that the extracted alkaloids worked as a blended type of 
inhibitor. The specimen was submerged for 6 hours, and the IE determined using the 

FIGURE 19.3 (a) Rhynchostylis retusa. (b) Rhizome, leaflet, and flower. (Adapted with 
permission from Ref. [67] under CCBY 4.0.)
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PDP method was 93.24%. According to the research on the impacts of temperature, 
RR was only effective below 35 °C. Therefore, in an acidic media under 35 °C, alka-
loids of RR could be effectively recovered and utilized as CI for MS.

Similarly, alkaloids were effectively isolated by Thapa et al. [68] from the stem of 
Solanum xanthocarpum, and they were identified using qualitative chemical analy-
ses and spectroscopy examinations and used as MS’s GCI. The WL and EIS measur-
ing techniques were utilized to evaluate the inhibitor’s potency. The maximal IE% of 
93.14% was attained based on the WL assessment. The inhibitor might function up to 
a temperature of 58 °C, according to the temperature impact experiment. According 
to the EIS analysis, the alkaloids act as a mixed-type GCI and efficiently prevent up 
to 98.14% of corrosion. An analysis of the kinetic variables shows that the inhibitor 
might act as a shield to prevent corrosion over an MS substrate. According to the 
results of the analysis of the thermodynamic variables, the mechanism was endo-
thermic and instantaneous. The results show that S. xanthocarpum’s alkaloids could 
be highly effective, environmentally sustainable, and potentially GCI towards MS 
corrosion. By using the WL technique, Rubaye et al. [69] investigated the Cherry 
Sticks as a GCI. At temperatures of 30 °C, 40 °C, 50 °C, and 60 °C, the effect of 
temperature on consuming behaviour in the presence of an inhibitor at a dosage of 
50 × 10−2 g L−1 was investigated. The findings show that under all tested circum-
stances, the green inhibitor CSCI (Cherry Sticks CIs) ensures the inhibitive effects 
on the deterioration of MS. The eco-friendly IE% increased as dosage improves, 
reaching an optimum of 89.5% at 50 × 10−2 g L−1, and its sorption over MS substrate 
follows Langmuir isotherm.

Morales et al. [70] revealed the fabrication and utilization of eco-benign CI 
obtained from plant waste. An environmentally sustainable CIs was made using 
natural gums like latex and xanthan gum from the “lechero” plant (Euphorbia lau-
rifolia), as well as pectin recovered from King mandarins (Citrus nobilis L.) and 
Tahiti limes (Citrus latifolia). A 23 factorial model was used to discover the best 
temperature, pH, and duration permutations for pectin isolation and purification, and 
the results were assessed based on the pectin output. At 85 °C, pH = 1, and 2 hours, 
the maximum pectin extraction outputs (38.10% and 41.20% from lime and King 
mandarin, correspondingly) were obtained. Because more inhibitory molecules were 
able to bind to the metallic substrate as a result of the introduction of xanthan gum to 
pectin (formulation % pectin-50% xanthan gum), the corrosion inhibitory effective-
ness increased from 29.20% to 78.21% at 400 ppm.

Kamran et al. [71] researched the economical emulsion polymerization process 
for the production of eco-friendly Prunus domestica gum grafted polyaniline (PDG-
g-PANI) composite, which was used as an excellent anti-corrosion substance for 
SS and MS in corrosive environments. A bilayered arrangement comprising a pri-
mary permeable coating of PANI covered by a fibrous coating of PDG was visible 
in SEM pictures. PDG-g-PANI was shown to dissolve in ethanol, acetone, propanol, 
chloroform, butanol, N-methyl-2-pyrrolidone, dimethyl sulfoxide, and a combina-
tion of chloroform and propanol in the solubility experiment. The corrosion-resistant 
function of the composite on MS and SS in 3.5% NaCl and 1 MH2SO4 media was 
investigated using the WL, EIS, and PDP analyses. In a 3.5% NaCl media, the PDG-
g-PANI-coated MS had a corrosion prevention effectiveness of 96% as contrasted to 
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43% and 86% for uncoated PDG and PANI, respectively. The PDG-g-PANI-coated 
SS demonstrated a corrosion IE% of 98%. Additionally, PDG-g-PANI-coated SS 
and MS exhibit 96.6% and 99% corrosion prevention, respectively, in 1 M H2SO4 
media. According to WL measurements, PDG-g-PANI covering may shield MS up 
to 93% for 14 days in salt media, whereas 97% of its ability to prevent corrosion was 
maintained for two months outside.

19.3.2 utilizAtion of Amino Acids

Amino acids can be utilized in corrosion mitigation as CIs. The basic mechanism of 
inhibition involves the adsorption of amino acid molecules on the metal substrate, 
producing a protective film that prevents further corrosion. The inhibitive proper-
ties of amino acids could be attributed to their functional groups, including car-
boxyl, amine, and hydroxyl groups. They are effective CIs for various metals in 
distinctive environments, including acidic, neutral, and alkaline solutions. However, 
the efficacy of amino acids as CIs is dependent on factors such as concentration, 
pH, temperature, and the presence of other ions. In an experiment, using FT-IR and 
Raman (RS) spectroscopic techniques, Swiech et al. [72] investigated the structural 
alterations of tryptophan (Trp) upon the damaged 316 L SS substrate achieved under 
regulated modelled inflammatory circumstances. Utilizing the PDP methodology in 
phosphate-buffered saline (PBS) media acidified to pH 3.0 at 37 °C in the absence 
and presence of 10−2 M Trp, with varying soaking periods, the corrosion behavior 
and preventive effectiveness of the studied specimens were assessed (2 and 24 hours). 
The protonated nitrogen atom and the amine group of the indole ring that takes a 
mostly tilted configuration were the primary mechanisms by which the amino acid 
was deposited over the degraded SS substrate. It was inferred that a more hydropho-
bic condition was present based on the discernible variations in the Fermi doublet’s 
intensity after Trp was adsorbed onto the damaged SS substrate. Following 2 hours 
as opposed to 24 hours of exposition could lead to an enhancement in corrosion 
resistance. The electrochemical analyses support this claim, showing that follow-
ing only a brief soaking, Trp, functioning as a mixed-type inhibitor, significantly 
increases its IE%.

Similarly, using Monte Carlo simulations (MCS) modelling, Kasprzhitskii et al. 
[73] assessed the inhibiting impact of l-amino acids (AAs) having various side chain 
lengths on Fe(1 0 0) substrates. The adsorption behavior of AAs upon the Fe sub-
strate was described quantitatively and qualitatively. According to studies, l-amino 
acid adsorption energy increases in absolute terms with side chain lengthening and 
was also influenced by the existence of heteroatoms. The equilibria low-energy con-
figurations of l-amino acids deposited over the Fe(1 0 0) substrate in the gaseous 
state that was discovered using the MCS are shown in Figure 19.4. As a conse-
quence of adsorption, it could be observed that all of the inhibitor molecules are 
orientated orthogonal to the metallic substrate. This suggests increased l-amino 
acid molecular layer durability, as seen by the involvement of more l-amino acid 
atomic centres engaging with the Fe substrate. In this instance, the side chain amino 
acids’ lengthening would result in a greater attraction for the Fe substrate. This sug-
gests a greater capacity to adequately shield the Fe substrate from the impacts of 
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harsh surroundings. In this instance, the kind of side chain significantly impacts the 
adsorption layer’s shape and the type of interactions with the Fe substrate. According 
to the side chain categorization, the maximal absolute value of the adsorption energy 
AAs over the Fe substrate grows in the following order: Trp (nonpolar), Glu (acidic), 
Gln (polar), and Arg (basic).

In order to investigate the effects of the diethyl(4-methylphenyl)-N-(phenyl) 
aminomethylphosphonate (AP) compounds on the CS corrosion in 0.5M H2SO4 
media at room temperature, Thoume et al. [74] synthesized, described, and exam-
ined them. Electrochemical methods were used to assess the inhibitory efficiency. 
PDP curves illustrated that the AP inhibitor behaves as a mixed inhibitor in 0.5 
M H2SO4 with a predominately anodic effect. With an increment in inhibitor dos-
age, the IE% rises. At a dosage of 1.14 × 10−3 M, the IE% approaches a value of 
91%. The synergism, which was caused by a cooperative process involving the 
anion iodide and the cation AP+, causes the inhibitory ability of AP to enhance 
with the presence of KI. The Langmuir isotherm governs the sorption of AP over 

FIGURE 19.4 The side view of the l-amino acid adsorption geometries with the lowest 
energy predicted by the MCS on the substrate of Fe(1 0 0). (Adapted with permission from 
Ref. [73] under CCBY 4.0.)
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the CS substrate. The ∆Goads favour mixed adsorption. The predicted inhibition 
effectiveness is well correlated across empirical and theoretical research. The 
heterogeneous areas that the oxygen and nitrogen, along the aromatic rings in 
the composition, are the primary centres of adsorption are shown by computed 
areas on the MESP. With a molecular plan that is almost perpendicular to the Fe 
substrate, the molecule AP can accumulate over Fe(1 0 0). In 0.5 M H2SO4, the 
diethyl(4-methylphenyl)-N-(phenyl) aminomethylphosphonate effectively inhibits 
CS corrosion.

With outstanding quantities, Mazumder et al. [75] produced zwitterionic 
monomers, N,N′-diallylamino propanephosphonate, and leftover N,N′-diallyl-l-
methionine hydrochloride. These monomers were used to create the co-cyclopoly-
mers 5–7 and zwitterionic homo in an aquatic mixture with the help of the initiator 
2,2′-azobis(2-methylpropionamidine)dihydrochloride. CIs 5–7 were reported to have 
maximal IE% of 85.2%, 83.3%, and 99.5%, correspondingly, at 313 K and 4.50 × 10−4 
mol L−1. There was a clear correlation between the IE% determined by WL, EIS, and 
PDP analyses. The Langmuir adsorption isotherm was discovered to be the perfectly 
suited among the several adsorption isotherms that were investigated. According to 
EIS studies, the zwitterionic copolymer 7 behaves as a blended sort of inhibitor when 
subjected to anodic regulation. Similarly, using EIS, PDP, and SEM techniques, 
Haque et al. [76] created and utilized an innovative CIs called 2-amino-3-((4-((S)-
2-amino-2-carboxyethyl)-1H-imidazol-2-yl)thio)propionic acid (AIPA) for MS in 1 
M HCl. The outcomes of the aforementioned techniques demonstrate how effective 
AIPA is as an inhibitor. At 0.456 mM L−1 (125 ppm; 125 mg L−1), it provides a maxi-
mal level of IE% of 96.52% and prevents corrosion by adhering to the MS substrate. 
AIPA functions as a mixed-type inhibitor having a significant cathodic tendency, 
according to the PDP analysis. In addition to AIPA, MS substrate topology was 
enhanced according to AFM and SEM investigations.

Advantages of using amino acids as CIs include the following:

• Environment-friendly: Amino acids are biodegradable and do not pose a 
threat to the environment, unlike some chemical inhibitors that can be toxic 
and harmful to aquatic life.

• Effective at Low Concentrations: Amino acids can be effective inhibitors 
even at low concentrations, making them cost-effective and efficient.

• Versatility: Amino acids can be used in various environments, including 
acidic, neutral, and alkaline solutions, making them suitable for a wide 
range of applications.

• Selectivity: Different amino acids can have different inhibiting properties, 
making it possible to select the most appropriate amino acid for a particular 
application.

• Reduced Metal Wastage: By inhibiting corrosion, the use of amino acids 
can reduce metal wastage, saving resources and costs associated with metal 
replacement.

• Improved Metal Performance: The protective film formed by adsorbed 
amino acid molecules can improve the performance of the metal by reduc-
ing the risk of corrosion and extending its service life.
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19.3.3 utilizAtion of cArboHydrAtes

Carbohydrates have been found to have the potential to mitigate corrosion in some 
metal substrates. This is owing to their capability to form a protective covering on 
the metal substrate that acts as a barrier against corrosive agents. The most com-
monly used carbohydrates for this purpose are saccharides (sugars) and polysac-
charides (complex sugars). For example, fructose has been shown to be effective in 
mitigating the corrosion of Al alloys in seawater. There are a few examples of the 
use of carbohydrates as CIs:

• Fructose as a CIs for Al Alloys in Seawater: Research has shown that fruc-
tose is effective in reducing the CR of Al alloys in seawater. In a study, the 
addition of fructose to seawater was found to develop a protective covering 
on the Al substrate, which behaved as a shield to prevent further corrosion. 
The results illustrated that the CR of the Al alloy was reduced by up to 80% 
in the presence of fructose.

• Starch as a CIs for MS in Acidic Solutions: Starch is a polysaccharide that 
has been found to be an excellent CIs for MS in acidic solutions. In a study, 
MS coupons were immersed in an acidic solution containing starch, and the 
CR was measured over time. The results showed that the CR was effectively 
mitigated in the presence of starch, suggesting that it is effective in mitigat-
ing the corrosion of MS in acidic media.

• Dextrin as a CIs for CS in Neutral Environments: Dextrin is a complex 
sugar that has been found to be effective in reducing the CR of CS in neutral 
environments. In a study, CS coupons were immersed in a neutral solu-
tion containing dextrin, and the CR was measured over time. The findings 
elaborated that the CR was significantly reduced in the presence of dextrin, 
demonstrating its potential as a CIs for CS in neutral environments.

It is important to note that the effectiveness of carbohydrates as CIs can depend 
on various factors, such as the type of metal, the corrosive environment, and the 
specific type of carbohydrate used. Further research is needed to fully understand 
the mechanisms by which carbohydrates can inhibit corrosion and optimize their 
use as CIs.

In an experiment, a new chitosan oligosaccharide macromolecule using a glucose 
moiety (COS-g-Glu) was created by Rbaa et al. [77] and employed as a non-hazard-
ous, long-lasting, and recyclable MS CI in an acid media (1.0 M HCl). According 
to EIS testing, the IE% rises with elevating inhibitor concentration and achieves an 
ideal level of 97% at 10−3 M. The adsorption of COS-g-Glu was validated by ther-
modynamic variables and steel substrate characterization techniques. The outcomes 
of the MD and DFT computations were consistent with the outcomes of the exper-
iments. On the premise of polyurethane science, Farhadian et al. [78] developed 
an easy-to-use strategy to improve the inhibitory performance of natural polymers 
using hydroxyethyl cellulose (HEC) as a carbohydrate paradigm. In this experiment, 
WL, EIS, and PDP were utilized to evaluate the effectiveness of chemically modi-
fied hydroxyethylcellulose (CHEC) in preventing MS corrosion. All electrochemical 



374 Handbook of Heterocyclic Corrosion Inhibitors

tests showed that even at elevated temperatures, adding just 1% of polyurethane pre-
polymer to the CHEC framework significantly increased its acidic solution IE%. At 
80 °C, CHEC had a maximal inhibitory efficacy of 93% as a mixed-type inhibitor 
after adhering to the MS substrate. The shape of the MS substrate in the context of 
CHEC further supported the additive’s preventive effect, and the XPS data amply 
demonstrated CHEC adsorption on the MS substrate. The electronic configuration 
of CHEC and its interconnections with the metallic substrate was also clarified at 
the molecular level by simulations using MDS and DFT. These results show that the 
polyurethane prepolymer technique is a novel and successful strategy for improving 
the anti-corrosion efficacy of natural polymer-based CI in harsh acidic conditions at 
extreme temperatures.

For MS in an acidic media, Rbaa et al. [79] documented the synthesis and corro-
sion prevention properties of chitosan (CH) and its 5-chloromethyl-8-hydroxyquino-
line derivative (CH-HQ). Since the maximum IE% for CH-HQ and CH were 93% and 
78%, correspondingly, it was found that CH-HQ had a higher protective efficacy than 
CH. CH-HQ and CH were mixed-type CIs over the examined temperature range (298 
K ± 1 to 328 K ± 1), according to PDP experiments. Similarly, thiocarbohydrazide and 
chitosan were cross-linked by Mouaden et al. [80] using a simple one-step synthesis to 
produce thiocarbohydrazide-chitosan (TC-Cht), which was initially tested as a SS CIs 
in a 3.5% NaCl media. A thorough EIS and PDP were conducted, and the results dem-
onstrated that the TC-Cht demonstrates mixed-type behavior with a predominately 
cathodic essence and behaves by sorption over the metallic substrate. The Langmuir 
isotherm was observed in the sorption of TC-Cht molecules over the SS substrate. At 
a dosage of 500 mg L−1, the TC-Cht demonstrated a significant IE% of >94%.

Utilizing inulin, a carbohydrate polymer, as an eco-friendly inhibitor, B.P. and 
Rao [81] controlled acid corrosion of 6061 Al alloy and 6061 Al-15% (v) SiC(P) com-
posite material (Al-CM). Inulin concentrations ranged from 0.2 g L−1 to 1.0 g L−1, 
and experiments were performed at temperatures between 303 K and 323 K. The 
research revealed that the effectiveness of the inhibitor’s reduction rose with higher 
inulin dosages and reduced with higher temperatures. By physical sorption on both 
alloy and Al-CM, inulin adhered to the Langmuir adsorption isotherm on metallic 
substrate. Findings from the EIS approach and the PDP technique were in excellent 
accordance with one another.

19.4 USE OF SEMINATURAL MATERIALS

19.4.1 utilizAtion of Amino Acids derivAtives

Amino acid derivatives have been used for corrosion mitigation due to their 
unique chemical structures and ability to adsorb onto metal substrates. When 
these compounds adsorb onto metal substrates, they form a protective layer that 
inhibits corrosion by acting as a barrier between the metal and the corrosive envi-
ronment. In an experiment, through the conjunction of quantum chemistry (QM) 
computation, MDS, and MCS, Xu et al. [82] probed the effectiveness of gluta-
mine (Glu), arginine (Arg), and asparagine (Asp) in hindering the corrosion of 
Al in NaCl media as well as the inhibitory activity process at the atomic scale to 
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expose the connection between chemical composition, structure, and effective-
ness. According to MC findings, the adsorption energies for Glu, Arg, and Asp 
in aquatic media are 69.22 kcal mol−1, 210.39 kcal mol−1, and 66.88 kcal mol−1, 
correspondingly. The outcomes demonstrated that a significant absolute value of 
adsorption energy corresponds to a significant IE%. For Glu, Arg, and Asp, corre-
spondingly, MDS reveals that the comparative content function of the peak range 
of Cl− was 18.96, 17.45, and 20.06. For Glu, Arg, and Asp, the inhibitor film’s cor-
responding Cl− diffusion coefficients are 8.01 × 10−8 cm2 s−1, 5.18 × 10−8 cm2 s−1, 
and 1.22 × 10−7 cm2 s−1. The effectiveness of corrosion inhibition is dependent on 
both the adsorption energy and the capacity to prevent the dispersion and agglom-
eration of corrosion components. Theoretically computed inhibitory ability is Arg 
> Glu > Asp, which is well in line with experimental findings. This chapter serves 
as a theoretical guide for subsequent investigations into CIs of amino acids.

Zhang et al. [83] created unique N-doped carbon dots (N-CDs) using l-serine and 
citric acid. The N-CDs include a significant number of unsaturated bonds and polar 
moieties, according to the findings of XPS and FTIR. Integrating electrochemical 
analysis was used to analyse the copper-specific 0D nanomaterial’s ability to sup-
press corrosion. The reduction efficacy of the N-CDs was determined to be as excel-
lent as 98.5% average following being submerged for 24 hours, according to the 
findings, and they engaged with Cu substrate by physical and chemical adsorption. 
Additionally, the associated anti-corrosion process was thoroughly investigated and 
explained. The aim of this effort was to investigate effective and environmentally 
sustainable CI compounds for metal treatment.

In CO2-saturated formation water, Zhang et al. [84] produced two amino acid 
derivatives (BPT and MPT) that were highly effective and environmentally benign 
CIs for N80 CS. According to theoretical estimations using the GFN-xTB technique, 
the chemisorption of BPT and MPT particles occurs primarily as a result of the 
bonding of S atoms to the substrate of Fe. The deposited MPT and BPT coatings suc-
cessfully prevent the propagation of aggressive ions, hence preventing the corrosion 
of steel, according to the MDS for the propagation of aggressive ions. According to 
EIS testing, BPT outperforms MPT in terms of inhibitory effectiveness. It is discov-
ered that BPT and MPT both have exceptional inhibitory effects (inhibition effec-
tiveness of 99.44% for BPT and 99.26% for MPT), that is much greater than all those 
inhibitors of amino acid derivatives that have previously been documented. The con-
junction of the enhanced electron-releasing capacity of benzyl and the wettability of 
BTP might explain the greater inhibitory efficacy and greater persistence of BPT.

In order to test for their capability to prevent corrosion on MS in 1 M HCl, Satpati 
et al. [85] generated three Schiff bases consisting of cinnamaldehyde and three dis-
tinct amino acids: tryptophan (CTSB), glycine (CGSB), and histidine (CHSB). WL 
and EIS experiments show that the CGSB was the least efficient of the three inhibi-
tors, whereas the CTSB was the outstanding inhibitor. The efficiency of the Schiff 
bases was examined at 60 °C for 6 hours after susceptibility to HCl. At a consistent 
temperature of 30 °C, the effects of different exposure times – up to 96 hours – were 
also studied. Under these severe circumstances, all three inhibitors provide a notable 
amount of CI effectiveness. These mixed-type CI’s chemisorption over metal was 
determined by their thermodynamic adsorption and kinetic characteristics.
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Similarly, phenylalanine (P1) and aspartic acid (P2) were two organic substances 
that Oubaaqa et al. [86] investigated for their ability to prevent MS corrosion in a 
1 M HCl media. The ability of two amino acids (P1 and P2) to prevent one another 
grew as their quantity improved, peaking at an ideal value of 89% and 87% for P2 
and P1, correspondingly. Their adsorption process was in line with the Langmuir 
isotherm. The two substances function as blended inhibitors, according to PDP stud-
ies. According to UV-visible, the two compounds when combined result in less ferric 
ion disintegration in acidic environments. Photographs taken using SEM reveal that 
both inhibitors were thoroughly deposited on the MS.

In order to produce a water-soluble cyclo terpolymer 6 having a 1:1 M pro-
portion of sulfide and sulfoxide clusters as a consequence of oxygen trans-
mission from dimethyl sulfoxide (DMSO), Goni et al. [87] undertook varying 
N,N-diallyl methionine ethyl ester hydrochloride 5 copolymerization to SO2 
using the Butler cyclopolymerization protocol in DMSO. When H2O2 was used 
to oxidize half of the sulfide groups in 6, it produced the polymers sulfone 
and sulfoxide. Using a viscometrical method, the media characteristics of CI 
were identified. The content of the polymers improved along with the corro-
sion efficiency. The maximal inhibitory efficacy of copolymer compounds 6–8 
was found to be 92%, 97%, and 95%, correspondingly, at a polymer dosage of  
175 μM. The synthetic polymer molecules functioned as inhibitors of diverse 
types. By using both physisorption and chemisorption, polymer compound  
7 adhered to the Temkin, Langmuir, and Freundlich isotherms. Analysis using 
SEM and XPS showed that the deposited polymers created a fine coating over 
the meal and inhibited additional chemical attacks.

By consolidating amino acids, glyoxal, and formaldehyde, Srivastava et al. [88] 
created three novel amino acid–based CIs: 2-(3-(carboxymethyl)-1H-imidazol-
3-ium-1-yl)acetate (AIZ-1), 2-(3-(1-carboxyethyl)-1H-imidazol-3-ium-1-yl)propanoate  
(AIZ-2), and 2-(3-(1-carboxy-2-phenylethyl)-1H-imidazol-3-ium-1-yl)-3-phenylpro-
panoate (AIZ-3). The effectiveness of manufactured inhibitors at inhibiting corrosion 
was investigated by employing the EIS and PDP techniques. AIZ-3 demonstrated the 
highest IE% of the tested inhibitors, attaining 96.08% at a dose as minimal as 0.55 
mM (200 ppm). AIZ-1 functions as a cathodic inhibitor, according to the findings 
of PDP research, whereas AIZ-3 and AIZ-2 function as blended kind of inhibitors. 
The findings of the EIS investigations demonstrated that the polarization resistance 
improved and the Cdl reduced with the addition of inhibitors owing to the inhibitors’ 
deposition on the MS. The Langmuir adsorption isotherm was observed when AIZs 
were adsorbed over the MS.

The mechanism of amino acid derivatives in corrosion mitigation can be explained 
through various theories, including the adsorption theory, the pH adjustment theory, 
and the passivating film theory:

• Adsorption Theory: According to this theory, amino acid derivatives adsorb 
onto metal substrates through physical/chemical adsorption, or a combi-
nation of both. This adsorption forms a protective covering on the metal 
substrate that prevents the transfer of electrons between the metal and the 
corrosive environment.
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• pH Adjustment Theory: This theory states that amino acid derivatives can 
adjust the pH of the environment near the metal substrate, making it less 
corrosive. This can be achieved through the release of basic or acidic spe-
cies from the amino acid derivatives.

• Passivating Film Theory: This theory suggests that the amino acid deriva-
tives might develop a passivating film on the metal substrate that prevents 
corrosion by acting as a barrier between the metal and the corrosive envi-
ronment. The film can be composed of a complex network of organic mol-
ecules and metal ions that provides long-lasting protection.

Advantages of using amino acid derivatives as CIs include the following:

• Eco-friendliness: Amino acid derivatives are biodegradable and non-toxic, mak-
ing them a safer and more environment-friendly alternative to traditional CIs.

• Effectiveness: Studies have shown that amino acid derivatives are effective 
in inhibiting corrosion in a wide range of environments and for different 
metals, including steel, Al, and copper.

• Versatility: Amino acid derivatives can be used in different forms, includ-
ing as solutions, suspensions, or coatings, making them a versatile choice 
for corrosion protection.

Examples of amino acid derivatives used as CIs include the following:

• Glycine: Glycine has been shown to be an effective inhibitor for the corro-
sion of Al and its alloys in acidic solutions.

• l-Histidine: l-Histidine has been revealed to significantly inhibit the corro-
sion of MS in acidic and neutral environments.

• l-Cysteine: l-Cysteine has been revealed to be an effective CI for the cor-
rosion of Al in an alkaline solution.

19.4.2 utilizAtion of cArboHydrAte derivAtives

Carbohydrate derivatives such as glucose, fructose, and saccharides have been found 
to have anti-corrosion properties and have been used as CIs [89–92]. The use of 
carbohydrate derivatives as CIs is based on the adsorption of these molecules over 
the metal substrate, producing a protective covering. This film blocks the access of 
corrosive species, including oxygen and water to the metal, thereby reducing the CR.

The mechanism of corrosion inhibition by carbohydrate derivatives varies depend-
ing on the type of carbohydrate and the metal. However, some common mechanisms 
include the following:

• Adsorption: The polar groups of the carbohydrate derivatives adsorb onto 
the metal substrate, creating a shield that prevents the access of corrosive 
species.

• pH Adjustment: The acidic or basic nature of the carbohydrate derivatives 
can alter the pH of the surrounding environment, which impacts the CR.
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• Passivation: The carbohydrate derivatives can react with the metallic sub-
strate to develop a passive film that slows down the corrosion process.

• Electrostatic Repulsion: The negatively charged groups of the carbohydrate 
derivatives can repel positively charged corrosion products, reducing their 
rate of formation.

In an experiment, in 1 M HCl, Mobin et al. [93] tested the polysaccharide of 
Plantago ovata for its ability to stop the corrosion of CS. The extremely convoluted 
polysaccharide arabinosyl (galaturonic acid) rhamnosylxylan (AX), that compen-
sates for the granules of the Plantago, was primarily in charge of preventing the 
corrosion of CS. The WL analyses demonstrated AX’s effectiveness as a CS CIs in 
1 M HCl. As AX content and media temperature rose, the effectiveness of the CI 
improved, pointing to a critical function for chemical adsorption. At 1000 ppm AX 
in 1 M HCl, the AX’s inhibition effectiveness was 93.54%. The Langmuir adsorption 
isotherm governed the adsorption of AX over CS substrates. The mixed and endo-
thermic adsorption processes of adsorption both were associated with a reduction in 
entropy. According to EIS tests, AX acted as a blended kind of inhibitor, forming a 
protective coating on the top of the CS to shield it from the harsh HCl media. Owing 
to the adhesion of a fine coating of AX molecules on the metallic specimen, CS was 
shielded from the corrosive HCl media.

Hexamethylene-1,6-bis(N-d-glucopyranosylamine) (HGA), an amine-functional-
ized glucose, was produced and studied by Onyeachu et al. [94]. By using EIS, PDP, 
and SEM, the corrosion prevention behavior of HGA upon API X60 steel in 3.5 wt% 
NaCl swamped by CO2 was assessed. The Langmuir isotherm was followed by the 
sorption of HGA over the metal. The PDP findings showed that the HGA molecule 
acted as a blended-class inhibitor by slowing anodic and cathodic electrochemical 
mechanisms. At a dosage of 2.27 × 10−4 M, the greatest corrosion IE% was attained 
at 91.82% (100 ppm). Following adsorption over the metal, the inhibitor adopts a 
horizontal configuration after being protonated in the environment. According to 
quantum chemical computations and protonated MCS, the atoms of nitrogen and 
oxygen operate as reactive centres for adsorption.

Verma et al. [95] developed dihydropyrido-[2,3-d:6,5-d]-dipyrimidine-2,4,6,8(1H,3H, 
5H,7H)-tetraone (GPHs) as derivatives of d-glucose and examined as CI for MS in 
1 M HCl media by employing WL, EIS, and MCS techniques. GPH-3 was inhib-
ited more effectively than GPH-2 and GPH-1. The outcomes also demonstrated that 
inhibitor compounds having (─OH, ─OCH3) substituents which release electrons 
perform more effectively than the progenitor molecule with no substituents. MCS 
was utilized to better comprehend how inhibitor compounds and metallic sub-
strates interacted. The data attained aid in predicting the GPH molecules’ highly 
reliable adsorption locations upon the metallic substrate. Figure 19.5 displays the 
top perspectives of the density distributions of the optimum persistent lower energy 
arrangement for the adsorption of inhibitor molecules onto Fe(1 1 0) substrate. The 
significant negative value of the Eads showed that all of the inhibitor compounds 
under investigation had a high tendency to adsorb. The molecules over the metal-
lic substrate were encouraged to absorb by the aquatic media. The concentration of 
the GPH molecules adsorbing on the substrate of Fe(1 1 0) is shown in Figure 19.5. 
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It is clear that the inhibitors do not favour any particular locations over the Fe sub-
strate. The isodensity forms uniformly blanket the substrate that is being shown. It is 
particularly noticeable for protonated compounds. Because there aren’t any atomic 
ledges and the atoms were packed closely together on the substrate under study, this 
uniform dispersion results. In accordance with the empirical sequence of IE%, the 
estimates of Eads for the neutral states of the investigated molecules are as follows: 
GPH-3 (11.88 kcal mol) > GPH-2 (10.65 kcal mol) > GPH-1 (8.35 kcal mol). The 
patterns for inhibitor compounds in their aqueous and protonated forms are nearly 
identical, with a few minor differences.

Sayed et al. [96] developed thiocarbohydrazones through the reaction of 2-ada-
mantanone (Ad-Th)/2-acetylferrocene (Fe-Th) with carbonothioic dihydrazide. The 
compounds were used as efficient CIs for CS pickling in HCl. The analysis showed 
that Fe-Th provided a better level of inhibition than Ad-Th with an IE% of 93.6% 
(Ad-Th) and 97.9% (Fe-Th) achieved at 200 ppm. The sorption of Fe-Th or Ad-Th 
additions resembled the Langmuir isotherm, exhibiting chemisorption predomi-
nating over physisorption. EIS tests showed that the CIs improved the capacitive 
behavior. The PDP investigations revealed that the inhibitors displayed mixed-type 
behavior. Experiments using SEM and FTIR highlight the presence of an organic 
inhibitor coating protecting the CS substrate. This study offers very important impli-
cations for producing innovative thiocarbohydrazone inhibitors exhibiting great pro-
tective effectiveness.

FIGURE 19.5 Top perspectives of the density dispersion of the least stable lower energy 
arrangement for the sorption of CI molecules on the substrate of Fe(1 1 0) attained by MCS. 
(Adapted with permission from Ref. [95 under CCBY 4.0.)
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Advantages:

• Non-toxic and environment-friendly
• Low cost
• Easy availability
• Inhibits corrosion effectively

There have been numerous studies and research reports that show the effective-
ness of carbohydrate derivatives as CIs. In one study, it was found that the inclusion 
of glucose to an acidic solution significantly reduced the CR of MS. Another study 
found that a fructose solution was effective in inhibiting the corrosion of Al in an 
aqueous environment. It is important to note that the IE% of carbohydrate deriva-
tives can be impacted by variables, including concentration, temperature, and the 
type of metal being protected.

19.5 USE OF SUSTAINABLE TACTICS

The use of inhibitors has long been recognized as an effective way to reduce the 
corrosion process and extend the service life of metal components. However, con-
ventional CIs, including organic inhibitors and inorganic inhibitors, often have dis-
advantages such as high cost, toxicity, and environmental concerns. In recent years, 
there has been a growing interest in the use of green inhibitors, which are derived 
from natural sources and are considered environment-friendly. Green inhibitors, 
such as plant extracts, essential oils, and organic acids, have been revealed to pos-
sess excellent corrosion inhibition characteristics, but their efficacy is often limited. 
The concept of synergism, which refers to the combination of two or more agents to 
produce a combined effect that is greater than the sum of their individual effects, has 
been implemented to the field of corrosion inhibition to enhance the performance of 
green inhibitors. Synergistic combinations of green inhibitors with other corrosion 
inhibitors can improve the performance of the inhibitors by increasing their adsorp-
tion on the metal substrate, altering the corrosion process, or providing a protective 
film that prevents corrosion [97–100].

One of the ways in which synergism can be achieved is by increasing the 
adsorption of inhibitors over the metallic substrate. Adsorption is the process 
by which inhibitor molecules adhere to the metal substrate and form a protective 
film. The efficacy of an inhibitor is closely related to its adsorption on the metal 
substrate, and increasing the adsorption can enhance its performance. Synergistic 
combinations of green inhibitors with other inhibitors can increase the adsorption 
of the inhibitors by forming a stronger bond between the inhibitors and the metal 
substrate, reducing the inhibition potential, or increasing the stability of the pro-
tective film. Another way in which synergism can be achieved is by altering the 
corrosion process. Corrosion is a complex process that involves multiple steps, 
and the introduction of inhibitors can alter the kinetics of the reaction and slow 
down the CR. Synergistic combinations of green inhibitors with other inhibitors 
can alter the corrosion mechanism by restricting the reaction sites, reducing the 
availability of corrosive species, or changing the potential of the metal substrate. 
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Finally, synergistic combinations of green inhibitors with other inhibitors can 
provide a protective film that prevents corrosion. A protective film can be formed 
by the adsorption of CIs upon the metal substrate, and the combined effect of 
multiple inhibitors can produce a more stable and durable film that provides bet-
ter protection against corrosion. The protective film can also have a mechanical 
effect by reducing the exposure of the metal substrate to the corrosive environ-
ment, and a chemical effect by altering the reactivity of the metal substrate. The 
use of synergism effects for increasing the corrosion IE% of green inhibitors is a 
promising approach for improving the performance of environment-friendly cor-
rosion inhibitors.

By combining green inhibitors with other inhibitors, the performance of the 
inhibitors can be enhanced, and the CR can be slowed down. However, it is impor-
tant to note that the synergistic effect depends on the specific combination of inhibi-
tors and the system being studied, and further research is needed to fully understand 
the underlying mechanisms and optimize the performance of synergistic combina-
tions of inhibitors. Examples of synergistic combinations of green inhibitors with 
other inhibitors to enhance their corrosion IE% include the following:

• Essential Oils and Organic Inhibitors: Essential oils, such as clove oil and 
eucalyptus oil, have been shown to offer excellent corrosion inhibition attri-
butes, but their efficacy is often limited. Synergistic combinations of essen-
tial oils with organic inhibitors, such as benzotriazole and imidazoline, have 
been reported to improve the efficacy of the inhibitors. For example, a study 
found that the combination of clove oil with benzotriazole showed a syner-
gistic effect on the corrosion inhibition of MS in 1 M HCl solution, and the 
CR was significantly reduced compared to the use of each inhibitor alone.

• Plant Extracts and Inorganic Inhibitors: Plant extracts, such as tannins, 
have been revealed to offer remarkable corrosion inhibition characteristics, 
but their efficacy is often limited. Synergistic combinations of plant extracts 
with inorganic inhibitors, such as zinc oxide and cerium oxide, have been 
reported to improve the performance of the inhibitors. For example, a study 
found that the combination of tannins with cerium oxide showed a synergis-
tic effect on the inhibition of corrosion of Al in an acidic solution, and the 
CR was significantly reduced compared to the use of each inhibitor alone.

• Organic Acids and Inorganic Inhibitors: Organic acids, including acetic 
acid and citric acid, have been shown to offer excellent corrosion inhibition 
properties, but their efficacy is often limited. Synergistic combinations of 
organic acids with inorganic inhibitors, such as magnesium oxide and zinc 
oxide, have been reported to improve the performance of the inhibitors. For 
example, a study found that the combination of acetic acid with magnesium 
oxide showed a synergistic effect on the corrosion inhibition of CS in an 
acidic solution, and the CR was significantly reduced compared to the use 
of each inhibitor alone.

In an experiment, the synergism impact of 1-acetyl-3-thiosemicarbazide (AST) 
and I− ions on the corrosion of C1018 CS in 1 M HCl media was explained empirically 
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by Alamri et al. [101]. According to the EIS findings, AST solely prevented C1018 
CS from corroding when exposed to acid. At 750 ppm of AST, the IE% increased to 
the highest dose of 72.27%. When 5 mM KI was added to 250 ppm of AST, the IE 
rate increased to 81.64%. According to the findings of the dispersion and protonated 
phase predictions made by the ACD/LABS Percepta software, AST was extremely 
solvable in aqueous acidic media and roughly 95% of it resides in the neutral state in 
1 M HCl (pH = 0). The active reactivity locations of AST were predicted using MCS 
and DFT computations. The minimal adsorption energy and arrangement of AST 
individually and AST + I− on/Fe(1 1 0)/water junction were also calculated. DFT 
was additionally used to assess the active regions in charge of AST’s adsorption over 
C1018 CS. It was expected that at pH = 0, about 0.2% of AST exists in the neutral 
phase and 0.5% in the protonated state predicated on the assessment of the proton-
ation phase of AST. Understanding the correlation between the molecular constitu-
tion of AST and its capacity to prevent C1018 corrosion in 1 M HCl required the use 
of DFT computations. Figures 19.6a and b show the chemical orbitals, Figure 19.6c 
shows the Fukui function for AST and ASTH, and Figure 19.6c shows the optimized 
configurations. Figure 19.6 makes it evident that both the AST (neutral) state and the 
ASTH state (protonated state) of the molecules possess HOMO and LUMO orbit-
als that were shown to extend across the whole molecule. For the S4 atom, though, 
additional electrons were apparent. This suggests that the S atom, combined with 
the contributions of the N1, N2, N5, and O7 atoms, seems expected to constitute 
the principal active region. When a molecule interacting with the substrate of C1018 
steel, these active regions were in charge of providing electron densities to the metal-
lic substrate and receiving electrons from the metallic substrate.

By using olive leaf extract (OLE) as a reductant, Umoren et al. [102] created 
the chitosan-copper oxide (CHT-CuO) nanocomposite in situ. The OLE-mediated 
CHT–CuO nanocomposite was tested as a CI for X60 CS in a 5 wt% HCl media 
and contained distinctive dosage of chitosan (0.5, 1.0, and 2.0 g). The effect of KI 
inclusion on the nanocomposites’ capability to prevent corrosion was investigated. 
The greatest IE% was attained at the optimal concentration of 0.5% of nanocom-
posites, with the corrosion inhibiting impact being seen to rise with increment in 
concentration. According to impedance studies, the sequence of corrosion preven-
tion efficiency was CHT1.0–CuO (90.35%) > CHT0.5–CuO (90.16%) > CHT2.0–
CuO (89.52%) nanocomposite. Additionally, it was discovered that IE% increased 
with temperature increases from 25 °C to 40 °C before declining with temperature 
increases from 50 °C to 60 °C. The PDP data imply that an active region-inhibiting 
process was used by the nanocomposites to prevent corrosion of X60 CS both on 
their own and in conjunction with KI. The calculated synergism factor (S1) was 
determined to be below 1 with coefficients of 0.74, 0.89, and 0.75 for CHT1.0–CuO, 
CHT0.5–CuO, and CHT2.0–CuO nanocomposites, correspondingly, at 60  °C. 
Additionally, the IE was enhanced by KI inclusion when the temperature increased 
from 25 °C to 60 °C. The production of a defensive layer, which may be attributable 
to the nanocomposites adhering to the CS substrate, was confirmed by the findings 
of the substrate investigation.

Using a 3.5 wt% NaCl solution, Ahangar et al. [103] investigated the synergistic 
function of the sodium lignosulfonate–zinc acetate (SLZA) mixture and its subse-
quent impact on the corrosion protection of MS. According to the EIS experiments’ 
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findings, sodium lignosulfonate (SL) and zinc acetate (ZA) work together to syn-
ergistically reduce MS corrosion (ZA). In the addition of ZA and SL, the syner-
gism value was around 9, and the overall MS resistance was greater than 400 k cm2. 
Additionally, the estimated IE% for the SLZA system remained 96%. It is incredibly 

FIGURE 19.6 (a) Optimized configuration, (b) FMOs and (c) AST and ASTH Fukui function 
by utilizing GGA/BLYP/DNP set. (Adapted with permission from Ref. [101] under CCBY 4.0.)
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uncommon to find a corrosion-protecting system in the literaxture that performs as 
well as this one. Moreover, through the outcomes of XPS and SEM–EDS investiga-
tions, the primary corrosion protection process in the vicinity of the SLZA complex 
was hypothesized to be the co-deposition of substrate protective layer consisting of 
zinc-containing components and SL-based complex.

These above-stated studies demonstrate the potential of synergistic combinations 
of green inhibitors with other inhibitors to enhance their corrosion IE%. The data 
reported in these studies includes measurements of CR, IE%, substrate analysis, and 
electrochemical methods. The results of these studies indicate that synergistic com-
binations of green inhibitors with other inhibitors can effectively slow down the CR 
and extend the service life of metal components. However, it is important to note 
that the synergistic effect depends on the specific combination of inhibitors and the 
system being studied, and further research is needed to fully understand the under-
lying mechanisms and to optimize the performance of synergistic combinations of 
inhibitors.

Moreover, the efficacy of green inhibitors is often limited by their rapid degra-
dation and loss of inhibiting properties. This can be due to exposure to environ-
mental factors such as humidity, temperature, and UV light, which can cause the 
extract to evaporate or deteriorate. This limits the duration of their protective effect 
and reduces their overall efficacy. Self-healing materials have acquired significant 
interest in recent years owing to their ability to repair themselves in response to 
damage. This self-repair capability is based on the presence of microencapsulated 
healing agents, which are triggered by mechanical damage or environmental factors. 
When a self-healing material is damaged, the microcapsules are broken, releasing 
the healing agents that then react to form a new protective layer. This self-healing 
process can be repeated multiple times, leading to increased durability and lifespan 
[104–108]. The use of self-healing effects for increasing the corrosion IE% of green 
extracts has the potential to overcome the limitations of traditional green inhibitors. 
By incorporating self-healing materials into the extract-based coating, the continu-
ous release of the extract can be ensured, leading to a longer-lasting protective effect. 
Additionally, the self-healing properties of the material can provide additional pro-
tective properties, such as physical barrier formation, which can further enhance the 
corrosion IE% of the green extract.

The self-healing effect can be achieved by using different methods, including 
microencapsulation, entrapment, and embedding. In microencapsulation, the green 
extract is encapsulated in a thin film, which is then incorporated into the coating. 
This film acts as a barrier, preventing the extract from evaporating or deteriorating. 
When the coating is damaged, the film is broken, releasing the green extract, which 
can then inhibit corrosion. In entrapment, the green extract is embedded in a poly-
mer matrix, which acts as a barrier to prevent evaporation and deterioration. When 
the coating is damaged, the polymer matrix is broken, releasing the green extract, 
which can then inhibit corrosion. Embedding involves incorporating the green extract 
directly into the coating. This method can be used to create a self-healing coating by 
using a reactive species in the coating that can react with the extract to form a protec-
tive layer. Because of their permeable nature, which offers a high initial reservoir for 
CIs, plasma electrolytic oxidation (PEO) coatings, for example, could be employed as 
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containers for inhibitors. Inhibitors are typically included into PEO pores during the 
coating procedure. This is because processing parameters, including strong local heat 
production and the development of high-energy arc discharges, are prone to change 
the inhibitor’s molecular composition or cause it to oxidize, specifically in the context 
of organic inhibitors. Figure 19.7 provides a comprehensive representation of the cor-
rosion-resistant processes offered by PEO covering with integrated inhibitors [109].

The use of self-healing effects for increasing the corrosion IE% of green extracts 
has been demonstrated in several studies. For example, a study by Zhang et al. (2020) 
found that a self-healing extract-based coating made from microcapsules containing 
green inhibitors showed significantly improved corrosion inhibition compared to a 
traditional extract-based coating. It could be stated that the use of self-healing effects 
for increasing the corrosion IE% of green extracts has the potential to overcome the 
limitations of traditional green inhibitors. This approach can ensure a longer-lasting 
protective effect and provide additional protective properties, which can further 
enhance corrosion IE%. In an experiment, Jamshidnejad et al. [110] researched self-
healing coverings made of urethane and epoxy that contained OLE as a CIs. In ure-
thane-shelled pellets, the healing compounds PDES and HOPDMS were utilized. In 
order to significantly improve the coating’s ability to defend against corrosion, OLE 
was also included in the healing pellets. The effectiveness of the OLE as CI for steel 
in chloride media was demonstrated using polarization and EIS experiments, with 
an IE% of roughly 80% for ethanol-extracted inhibitor at an optimum concentration 
of 300 ppm. Concurrent agglomeration and ultrasound-assisted were used to create 
submicrometer capsules carrying inhibitor and healing compounds. Eventually, the 
self-healing properties of covering comprising 3%, 4%, and 5% of capsules were 
investigated. It was discovered that as the coating’s capsule concentration increased, 
corrosion protection enhanced to the point where in a coating having 5 wt% of cap-
sules, there was no sign of deterioration in the damaged region.

Arukalam et al. [111] researched into the abilities of Lupinus arboreus (LA) gum 
extract to function as a corrosion inhibitor and self-healing reagent in epoxy-based 
coatings. To identify the chemical components of the gum extract, a phytochemical 

FIGURE 19.7 Depiction of the corrosion prevention process offered by PEO covering with 
inhibitors showing the self-healing mechanism. (Adapted with permission from Ref. [109] 
under CCBY 4.0.)
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analysis was conducted. Both melamine-formaldehyde (MF) and urea- and melamine-
formaldehyde (UF) were used to encase the Lupinus arboreus gum extract, and the 
microcapsules were analysed using XRD and FTIR methods. Remarkably, epoxy-
(MF + LA) covering had greater repairing capability than epoxy-(UF + LA) covering, 
as demonstrated by the utilization of SEM. This supports the blocking effectiveness 
findings that showed that the epoxy-(MF + LA) covering had quite consistent barrier 
properties compared to the epoxy-(UF + LA) covering, whose efficacy initially was 
good but subsequently declined over the course of submerging. The findings indicate 
that a simple epoxy covering would not self-heal, and it could be because LA was not 
present. There was healing activity seen with regard to the epoxy coverings compris-
ing the LA healing reagent. The preceding actions were seen the healing capability 
performing. Microcapsules comprising LA gum, which was formed of polymeriz-
able monomeric components, were disseminated in the covering matrices during 
coating formation. Knife scribing caused mechanical degradation to the covering, 
which led to substrate flaws that caused the microcapsules to burst. The monomeric 
constituents of the LA gum extract were released when the microcapsules autono-
mously ruptured. The LA gum extract soaked into the substrate’s cracks and, when 
combined with water, formed a polymeric layer that had the impact of shielding the 
substrate. Consequently, the substrate’s cracks were repaired, and the coating’s bar-
rier effectiveness was recovered.

Gnedenkov et al. [112] researched self-healing coatings made of novel polycapro-
lactone to enhance the resistance to corrosion of Mg and related alloys. By examining 
the EIS and PDP slopes, the degree of corrosion prevention of coverings produced on 
the Mg substrate using an additional technique was determined (Figure 19.8). There 
were two temporal variables included in the θ–f dependence graphs for all kinds 
of investigated coverings (Figure 19.8a). Comparing the composite coverings with 
benzotriazole content to samples coated with PEO, the assessment of how the corro-
sion rate changed after prolonged exposition to 0.9% NaCl media revealed a drop in 
|Z|f = 0.1 Hz (Figure 19.8b). The characteristics of this substance that were formerly 
described perhaps underlie this. Throughout the operation of covering insemination, 
heterogeneity of the substratum and the produced oxide film may result in a reduc-
tion in the resistance of the generated substrate layer to corrosion. For AT-Mg coated 
with the PEO technique, the inhibitor dosage utilized in this investigation was inad-
equate to improve corrosion resistance. The association of benzotriazole with a PEO 
covering matrices, which results in a partial disintegration of the protective coating, 
was another potential culprit. This impact does not emerge for coatings formed over 
MA8 Mg alloy, most likely as a result of the substrate materials’ differing structure 
and mechanical and electrochemical characteristics. However, unlike the destroyed 
AT-Mg + PEO specimen, the AT-Mg + CC specimen’s mechanical stability was not 
compromised when exposed to NaCl, indicating a beneficial impact of the addition 
of benzotriazole to the content of the generated coverings.

Similarly, on an MS substrate, Sanaei et al. [113] investigated a novel type of 
corrosion-inhibitory pigment predicated on zinc acetate-Cichorium intybus L. leaf 
extract (ZnA-CIL.L) in 3.5 wt% NaCl media. Several corrosion-inhibiting com-
pounds, such as caffeic acid, flavone, and chicoric acid, which were packed with 
electron-rich groups and had a significant capacity for exchanging their lone pairs to 
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Zn2+ cations that had vacant 3D orbitals, were present in the CIL.L extract. EIS and 
PDP examination findings proved that the ZnA-CIL.L hybrid pigment, in its extract 
state in saline media, significantly delay the corrosion of the steel specimen. Both 
the cathodic and anodic processes were significantly repressed and reduced in the 
addition of ZnA-CIL.L extract owing to the combinatorial impact among Zn2p cat-
ions and CIL.L. By chelating the CIL.L molecules using Zn/Fe cations and deposit-
ing the zinc cations as zinc hydroxide upon the cathodic region, the hybrid green 
corrosion inhibitive pigment was able to achieve the desired inhibition capability.

19.6 CONCLUSION AND FUTURE DIRECTIONS

In conclusion, the utilization of heterocyclic compounds as corrosion inhibitors has 
become a promising approach in sustainable corrosion inhibition due to their high 
efficiency, low toxicity, and environment-friendly properties. This chapter reviewed 

FIGURE 19.8 Impedance spectrum shown as Nyquist (a1) and Bode graphs (a2,a3), 
acquired upon AT-Mg specimens with different kinds of conceived coatings were exposed to 
0.9% NaCl for 1 hour. Optical pictures of the specimens following 24-hour dipping in NaCl 
media shown in (a), along with kinetics of transformation in the magnitude of impedance 
modulus, evaluated at lower frequencies (|Z|f = 0.1 Hz) (b). (Adapted with permission from 
Ref. [112] under CCBY 4.0.)
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the modern approaches to sustainable corrosion inhibition using heterocyclic com-
pounds, including various types of heterocyclic compounds and their mechanisms 
of corrosion inhibition. The effectiveness of these compounds as corrosion inhibi-
tors has been studied on different metals, and the results show their potential as 
alternative corrosion inhibitors. Green inhibitors are eco-benign, less hazardous, 
biodegradable, and have minimal impact on the environment. Synthetic inhibitors 
provide long-lasting protection against various types of corrosion and are widely 
used in industries, including oil and gas, water treatment, marine, and construction. 
The mechanism of inhibition involves the adsorption of the inhibitor molecules 
onto the metallic substrate, creating a protective film that prevents corrosive agents 
from reaching the metal. In conclusion, the use of synergistic combinations of green 
inhibitors with other inhibitors has shown the potential in enhancing the corrosion 
IE% of metal components. Similarly, essential oils, plant extracts, and organic acids 
are examples of green inhibitors that have been combined with other inhibitors to 
produce a greater inhibiting effect. The synergistic effect is dependent on the spe-
cific combination of inhibitors and the system being studied.

Despite the potential of green inhibitors, their limited efficacy due to rapid degrada-
tion and loss of inhibiting properties remains a challenge that needs to be addressed. 
The effectiveness of both types of inhibitors depends on various factors, such as the 
type of inhibitor, the type of corrosion, the environment, and the concentration of the 
inhibitor. The use of GCIs is expected to continue to grow in the future, while synthetic 
inhibitors will continue to exhibit an important part in industries where long-lasting 
protection against corrosion is necessary. This chapter provides valuable insights for 
future research and development in the field of corrosion inhibition and sustainable 
materials. It is expected that the use of heterocyclic compounds will continue to grow 
in the future, leading to more sustainable and environment-friendly corrosion inhibi-
tion solutions. Further research is needed to fully understand the underlying mecha-
nisms and to optimize the performance of synergistic combinations of inhibitors.
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