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Chapter

Structural Effect in lonic Liquids
Is the Vital Role to Enhance the
Corrosion Protection of Metals in
Acid Cleaning Process

Perumal Kannan and Anitha Varghese

Abstract

Various kinds of methods have been developed and used to overcome differ-
ent types of corrosion throughout the world. One possible and easy way to avert
corrosion is use of an inhibitor. An inhibitor can be applicable to any type of metal
irrespective of medium (acid, alkaline, and neutral). Still, several inhibitors are
emerging day by day in the corrosion world and most of them are heterocyclic
compounds. In this respect, ionic liquid is attracting the attention of the research
community. Because of ionic liquid’s salient feature of melting and boiling points, it
is being employed as a solvent in various types of reaction. In recent years, synthe-
sizing and functionalizing the structure of ionic liquids in such a way to attain the
desire requirement have become significant key factors in the field. By altering the
cationic part or anionic part (halogen group), the chemical property of ionic liquids
will change considerably. Besides, it will enhance the tendency of the electron-
donating nature of the cationic part. This behavior equips them to be employed in
the field of corrosion. While it meets the metal surface in the aggressive medium it
will be attracted, leads to better surface protection from metal dissolution.

Keywords: ionic liquids, inhibitor, electrochemical analysis, structure effect,
surface protection

1. Introduction

Corrosion is defined as the destruction or deterioration of metal because of
its reaction with the environment. The age of corrosion is as old as the earth. It is
known that it had different names at different time. However, carbon steel is prone
to corrosion in an acid environment, which causes material damage and increases
downtime costs in industry. Hence, a periodical cleaning and descaling process
is performed using inorganic acids to remove the corrosion products. Due to acid
aggressiveness, inhibitors were used to reduce metal dissolution [1]. The study of
corrosion inhibition and mechanistic processes is a key area of research [2]. A large
number of organic compounds having nitrogen, oxygen, sulfur, and phosphorus
were synthesized to reduce the corrosion of metal in aggressive medium. The litera-
ture also revealed that the organic compounds containing n-bonds, electron density
on the heteroatom, planner structure, and aromaticity have supported the effects of
adsorption inhibitor molecules on the metal surface.
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Over the last few decades, several types of organic compounds have been
synthesized and used as corrosion inhibitors to mitigate the corrosion process in
different environments [3-5]. More recently, ionic liquids have been recognized as
a better corrosion inhibitor for metal corrosion in an acid environment [6-9]. Due
to their unique properties such as non-flammability, very low vapor pressure, and
boiling and melting point, ionic liquids can be considered to be good corrosion
inhibitors. Recently, the software development in the theoretical analysis of mol-
ecules to describe plausible corrosion mechanisms has increased considerably [10].
Ionic liquids are salts, a combination of (organic) cation and (organic/inorganic)
anion as a liquid form at room temperature; in other words, they are called organic
salts, which have melting points below room temperature. The electronic configura-
tion of imidazolium (heterocyclic) depends on the heteroatom of the main carbon
skeleton and furthermore causes the interaction between the metal surface and
ionic liquid [11]. The significant features of its physical and chemical properties
such as liquid state, low vapor pressure, viscosity, and inflammability place ionic
liquids in the field of corrosion as inhibitors. The various kinds of cation and anion
govern the possibility to have property that required. Many ionic liquids are used as
solvents for batteries and organic reactions. The application of ionic liquids in the
corrosion field was first reported in 1996. The ionic liquid dissociation pattern gave
a clue to the adsorption mode on the metal surface. The adsorption combination of
ionic liquids depends on the metal nature and temperature.

The literature shows that inhibition effect mainly depends on alkyl chain length
substitution on the N;/N, atoms. A heterocyclic compound containing a longer
alkyl chain length would offer better corrosion protection [12]. However, many
studies have implied that increasing the carbon chain length on N atoms does not
necessarily increase the inhibition effect [13, 14]. Murulana [15] supported the
above fact and described that not only does increasing alkyl chain length in the N
atom increase protection efficiency but also other atoms close by will enhance the
protection effect. The main reason for surface protection is the induction of alkyl
substitution on the cationic part of the ionic liquid.

2. Structural impact of ionic liquid in various aspects
2.1 Implication of ionic liquid alkylation in electrochemical studies

Since ionic liquids possess cations and anions, they are adsorbed onto the metal
surface anodes and cathodes, respectively. Because of this, metal dissolution con-
siderably decreases. The adsorbing efficiency of the inhibitor purely depends on the
electron-donating ability of the ionic liquid active site [16]. Likhanova et al. [17]
explained in his research that the electrochemical parameter showed the alkylation
of longer chain length on imidazolium and pyridinium and significantly improved
charge transfer resistance. Additionally, inhibitor concentration also improved metal
dissolution at the metal/solution interface. In the presence of ionic liquid, the anodic
and cathodic reactions were affected. InDCyg Br and PyCyg Br inhibit the anodic
area more than the cathodic area, because of the adsorption between HSO,~ and Br~,
and consequently, the cathodic reaction is also arrested. The increased polarization
resistance indicates the adsorption of ionic liquid on the metal surface to block the
active area for the mitigation of corrosion. This efficiency has increased due to the
presence of ethylbenzene at the N3 atom of the imidazole ring. Delocalization of
the electron is much favored in the 3-ethylbenzene form of imidazolium ionic liquid
than in the acetyl imidazolium form [18]. On the other hand, the (pyridiazinium
ionic liquid, S;) 1-(6-ethoxy-6-oxohexyl) pyridazin-1-ium bromide bears a higher
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charge transfer resistance value than the (S;) 1-(2-bromoacetyl) pyridiazinium
bromide, which is advocated for reasonable corrosion protection at elevated tem-
peratures. The causes behind better corrosion protection were increased frequency
of relaxation [19] as the concentration and temperature increased.

Long alkyl chain length improves the relaxation time at the interface of the
metal/ solution interface. Some authors [20] have reported the influence of nega-
tive ions of ionic liquids in electrochemical studies. According to Martin et al.,
corrosion rate decreased with an ionic liquid with the same alkyl chain length but
different counter ion (anionic). The surface coverage area obeys the following
order: PFs~ > BF; > Br™ > Cl™. Hence, the ionic radius of the anions is increased by
the same amount. The larger anionic radius of PFs turns out to have better protec-
tion than the others [14]. The negative ion contribution in the ionic liquid structure
could be evaluated through its corrosion protection performance. Saleh et al.
discussed the effect of Br™ and ClI” ions with cetylpyridinium ions in sulfuric acid
over mild steel [8, 21].

Corrosion current has decreased considerably compared to the blank medium.
The bromide ion has a stronger effect on anodic dissolution than the chloride ion.
The anionic radius of bromine atoms is better suited for the bonding and surface
coverage area on the metal/solution interface. Likewise, the anionic effect of ethyl
sulfate and acetate ions on ethylmethylimidazolium can be deduced by comparing
its protection efficiency over mild steel. Among the ionic liquids, [EMIM] [EtSO,]
is better at mitigating the anodic curve current than the acetate ion. Most probably,
the inhibition efficiency is higher than the acetate ion, and this is attributed to the
increased number of electronegative (hetero) atoms in the ionic liquid. On the
other hand, the [EMIM] [Ac] ionic liquid showed reduced contribution compared
to the [BMIM] [Ac] ionic liquid because of its long alkyl chain length [22].

2.2 Improvement in electrochemical noise resistance due to structural
modification of the inhibitor

Electrochemical noise is another technique to ensure corrosion protection of
the metal surface offered by ionic liquids. When the metal is exposed to the acid
medium, the electrochemical reaction commences as fast as it can. As a result, the
current is measured in the form of current deviation (sI). For the blank medium,
current noise appears with higher amplitude, vindicating the absence of passivation
over the metal surface. Also, the current transient width and amplitude designate
the available active surface area on the metal surface. Metal immersed in acid
medium afforded the noise resistance value of 1.474 x 10* Q cm? These active areas
were reduced due to the adsorption of ionic liquid ([BMMB]*Br™). Thus, the Rn
value increased from 5.29 to 27.7 x 10* Q cm?, as the concentration increased from
150 to 250 ppm, respectively. On observing [23], the noise amplitude decreased at
each concentration level of ionic liquid. This ionic liquid contributed to corrosion
protection by governing its electron-rich center to form a bonding with the metal.
On the other hand [24], [BMEB]'BF,™ ionic liquid influences the electrochemical
noise to reduce gradually that of [BMMB]Br~, which is attributed to less electro-
chemical reaction taking place. As a result, current noise amplitude decreased and
concurrently noise resistance increased.

On comparing the noise resistance value of both ionic liquids, it clearly indicates
that ethyl-derived ionic liquid has a better tendency to protect the metal surface at
the interface than [BMMB] *Br~. [BMEB]'BF,~ possesses higher noise value at each
concentration than [BMMB]'Br™ at the same concentration. Ethyl and BF, groups
were more susceptible to transferring electrons, which resulted in better corrosion
protection in acid medium as shown in Figure 1.
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Figure 1.
Schematic representation of electrochemical noise analysis (ENA) of ionic liquids.

2.3 Significance of carbon chain length on surface protection of metal in
acid medium

On comparing the surface protection effect of any ionic liquid with its alkyl-
ated and non-alkylated form, it would help to understand the structure effect
of surface protection. Gabler et al. [25] reported that strong binding between
metal surface and ionic liquid is key for corrosion reduction. In an electrochemi-
cal study of 2-hydroxy- and butylammonium sulfonyl imide, the C=F bond
cleavage was reduced significantly in butyl form compared to the former. On the
other hand, Kaczerewska et al. [26] studied the structural effect of inhibition
efficiency on metal protection in acid medium. Interconnecting a gemini cation
with a bridged oxygen atom showed better surface coverage to avert corrosive
ion contact with metal surfaces. The 18-O-18 gemini cationic part of ionic liquid
offered improved protection resistance against metal dissolution [27]. Vastag
et al. suggested [12] that by increasing the alkyl chain number in N-substituted
cations would favor the inhibitor action of organic compounds to isolate metal
from further corrosion. Generally, the surface protection of ionic liquid on
carbon steel was improved when the N3 atom was alkylated with carbon chain
lengths from n-7 to n-9. Infrared spectra also confirmed the shift in wave
number [7]. Image examination of metal surfaces exposed to 1-ethyl [12] and
1-allyl [28] 3-butylimidazolium bromide ionic liquid expressed the inhibition
effect of ionic liquid. The inductive effect of the allyl group offered increased
electrons in its structure in the cation of ionic liquid. Hence, as resonance
increased, the adsorption of ionic liquids over the metal surface also increased.
Damage to the negative ions in the ionic liquids influenced corrosion protection
[29]. HSO,™ has greater tendency to render protection on metal surfaces than
BF, . Sometimes, iminium compounds reduce surface heterogeneity, caused by
adsorption of ionic liquid over the metal surface. Apparently, elemental analysis
of the inhibited metal showed that the inhibitor’s constituents were 15 wt%
of carbon and 10 wt% of oxygen, and also corroborated that dodecyl iminium
chloride is more favorably adsorbed than the non-alkylated form [30].
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2.4 Study of hydrogen gas evolution over N; atom of ionic liquid acid

The hydrogen gas evolution method is one of the ways to determine the corro-
sion rate of metal in an aggressive medium. Hydrogen gas evolution is a result of
areduction (cathodic) reaction at the metal surface. The volume of hydrogen gas
produced in the medium is gradually reduced in the presence of ionic liquid. The
increment in alkyl chain length on N; atoms of the benzimidazolium cation offers
maximum surface coverage on the active site. Thus, a lesser amount of hydrogen gas
will be produced than the blank medium [24]. As seen, the volume of hydrogen gas
is reduced for both methyl and ethyl benzimidazolium ionic liquid in concentration
[23]. Furthermore, it can be understood that each concentration of ethyl benzimid-
azolium ([BMEB]'BF,") possesses a very low volume of H, gas compared to methyl
benzimidazolium ([BMMB]*Br™).

From the above valid point, it is vindicated that the alkyl chain length offers
maximum energy or electrons to adhere to the cathode area, which is also the
route to sturdy passive film formation between the corrosive medium and the
metal surface. The general corrosion mechanism for carbon steel in 1 N HCI
acid is described below. As shown in the following equation the ionic liquid
is adsorbed onto the anodic and cathodic areas of the carbon steel surface,
respectively.

Anodic protection reaction of [BMMB]Br™:

Fe + (C)iy = (Fe Cl) i 1)
Fe (Cl) 4, + BMMB® % |Fe (C1)" BMMB'| )
Fe (Br) sy, +BMMB® - |Fe (Br)" BMMB"| 4, 3)
[BMEB]*BF,":
Fe (Cl) 54 + BMEB* = [Fe (C1)" BMEB"| 4, 4)
Fe (Br)Zy, +BMEB* - |Fe (Br)" BMEB'] 4, (5)

Likewise in the cathodic area, the reduction (hydrogen gas formation) reac-
tion was considerably decreased due to the alkylation impact of ionic liquid on the
adsorption effect instead of H*, and thus hydrogen gas evolution was reduced.

Cathodic protection reaction of [BMMB]*Br:

Fe + BMMB" = Fe (BMMB) 14 (6)
Fe (BMMB) ;4 + €™ — Fe (BMMB) .4, (7)

[BMEB]* BF,:
Fe + BMEB" = Fe (BMEB) ;4 (8)
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Fe (BMEB) 14s + € = Fe (BMEB) 4, 9)

As seen in the above equations, the adsorption of the cationic part of ionic liquids
is favored in both anodic and cathodic reactive sites. The most favored cationic part
among the above three kinds of ionic liquids is [BMEB]*. The (CH; ~ CH,") ethyl
group, which effortlessly offered electrons to the metal surface, explains the reason for
the occurrence of reduced volume of hydrogen gas in the acid medium. Figure 2 shows
the hydrogen gas evolution reaction in the blank and benzimidazolium ionic liquid.

2.5 Influence of alkyl chain length on quantum chemical parameters

Quantum chemical studies have been used as an efficient method to evaluate the
corrosion inhibition performance of any kind of inhibitor. Since corrosion inhibi-
tion is adsorption related, dynamic and quantum studies are used to characterize
the electronic properties that help to understand the adsorptive properties of the
organic compound [31]. Many factors, including heteroatoms, n-electrons, aromatic
rings, and carbon chain length, influence the adsorption properties of the inhibitor
with metal surfaces [32]. The adsorption properties of ionic liquids will differ by
their structural nature, particularly in HOMO and LUMO energy levels. The higher
value of HOMO energy level contributes to the electron offering tendency to the
acceptor molecule or lower energy state. Gad et al. [33] reported that increasing
alkyl chain length increased HOMO energy level in pyridinium bromide ionic
liquid. The maximum HOMO level was attained for (Cy,) 4-mercapto-1-dodecyl-
pyridinium bromide compared to Cg and Cyo.

Likewise, the LUMO energy level of an inhibitor also depends on the functional
group present in the structure. The maximum LUMO value is acquired by (Cs)
pyridinium bromide ionic liquid compared to the rest. A smaller alkyl chain length
will decrease HOMO energy level and increase LUMO energy level. LUMO defines
electron-accepting behavior of the molecule from the neighboring environments.
Since (Cg) ionic liquid has a higher LUMO level, it can withdraw the electron from
the metal, and even from feedback bonding, and result in strong adsorption with the
metal surface. The change in energy gap is an important factor for measuring reactiv-
ity of ionic liquid to adsorb onto the metallic surface. The lower value of AE is the
reason for the higher inhibition efficiency in metal corrosion. This is attributed to the

Blank medium [BMMB]*Br medium

o
> ° Corroded product

Formation and

° active area for

further gas
evolution

[BMEB]*BF,; medium

[BMMB]*Br-Protective [BMEBZ_I‘BF;
/ film formed due to 0 protective film formed
adsorption. Favors less due to ads“"P“_ﬂﬂ-
- Favors less active
active area for H, gas o 1
ikian area for H, gas
S evolution

Figure 2.
Pictorial representation of hydrogen gas evolution in the absence and presence of [BMMB]"Br~ and
[BMEB]*BF4~ in 1 N HCI medium.
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minimum amount of energy used to transfer the electron from the highest occupied
orbital to the vacant “d” orbital of metal [34]. The AE value of the electrodeposition
of polyaniline using tetrabutyl phosphonium bromide is less than that using ethyl
tributyl phosphonium diethoxy phosphate. The above facts are the same as above

in the phosphonium bromide molecule. The energy difference is much higher when
substituting the 4-ethoxybenzyl group in the phosphonium [35] cationic part com-
pared to butyl substitution [36]. Likewise, increasing the carbon chain length on the
heterocyclic group also decreases the AE considerably [37]. The presence of methyl
and ethyl groups in the benzimidazolium groups will maintain the minimum energy
gap between the HOMO and LUMO groups as represented in Figure 3.

In addition, the binding energies of butyl and ethoxy-substituted phosphonium
bromide were 2040.9 and 25505.6 KkJ, respectively. Ethoxy-substituted phosphonium
bromide possessed more negative than butyl-substituted phosphonium bromide.
Hence, the ionic liquid is more stable and there is less chance of spitting in the
medium because of better passive film on the metal surface. Still, many researchers
are studying the structure impact on its corrosion performance. By introducing an
alkyl functional group to imidazoline ionic liquid, the relationship between corrosion
protection and structure can be discussed. Apparently, partial atomic charges of each
atom in the compound describe structural influence using quantum chemical param-
eters on corrosion protection in the comparison study of [DMIM] [BF,] and [BMIM]
[BE,] at corrosion inhibition efficiency; the partial atomic charges focus on cationic
moiety rather than anionic moiety, because cations possess large molecular size.
Finally, the carbon atom of the alkyl chain contains a negative charge. The Cs carbon
atom has a higher negative charge in [DMIM] [BF,] than in [BMIM][BF,]. This makes
DMIM ionic liquid effective in adsorption on the metal surface against corrosion [38].

In addition, Ibrahim et al. noted their point on structural effect in their research
[18]. The adsorption of imidazolium ionic liquid took place through the nitrogen
atom of the ring. The coordinate bond occurs between nitrogen and iron. On
evaluating two ionic liquids (benzyl and ethyl acetate-substituted imidazolium
ionic liquids), benzyl-substituted imidazolium ionic liquid has a higher rate of
adsorption on the anodic curve area than ethyl acetate-substituted imidazolium
ionic liquid, because the former has a higher rate of relaxation of adsorbed ionic
liquid from the metal surface.

LUMO
i — e
LUMO
i —  .4.09eV
AE (1.9)
€
@ ,] AE (1.5)
7] LUMO
a HOMO —_— -5.2eV
o 5.0 eV
— AE (1.2)
[BMB]* Br HOMO
6 — [BMmB]*Br -5.6 eV
HOMO
[Bmes) B 6.4€V

Figure 3.
Schematic representation of energy gap difference between various benzimidazolium ionic liquids.
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3. Conclusion

On the basis of the above discussion of the alkylation effect on ionic liquids in
various analyses, it can be concluded that structural effect is a considerable key
factor in enhancing corrosion protection performance of metal in acid medium.
Alkylation of the heterocyclic cation in the ionic liquid, particularly on N;/N, of
imidazolium, benzimidazolium, or N; of pyridinium or P; phosphonium, facili-
tates the physical/chemical properties of the ionic liquids compared to unalkyl-
ated ionic liquid. Not only had the physical/chemical properties changed but also
electrochemical properties. This effect has been discussed with respect to various
studies, such as electrochemical behavior, surface protection, electronic proper-
ties quantum chemical analysis (QCA), and hydrogen gas evolution. Adsorption
of ionic liquid is favored mostly when it is being structurally modified as a result
of passive film adsorption on the metal surface, which keeps the environment
corrosion free. The reason for the extraordinary maturity of the alkylated ionic
liquid could be described using theoretical study. This will support the alkylated
or structurally modified ionic liquid electronic properties. The electron-donating
nature of ionic liquid is being increased by alkylation. As a result, the resonance
effect also increased, which contributes to the stability of the ionic liquid com-
pared to the unalkylated form. The use of ionic liquid as a corrosion inhibitor is
predominant and more efficient for structural modification.

Acknowledgements

The author is thankful to his management for their help in assisting his work
on this chapter. Dr. P. Kannan is acknowledging Centre for Research, CHRIST
(Deemed to be University), Bengaluru for carrying out this work.

Conflict of interest

The author of this manuscript has no conflict of interest.

Notes/thanks/other declarations

I express my heartfelt thanks to my friends Mr. P. Mathavan, Dr. L. Mohan, and
Dr. K. Vidya for their constant support and encouragement on this endeavor.



Structural Effect in Ionic Liquids Is the Vital Role to Enhance the Corrosion Protection of Metals...
DOI: http://dx.doi.org/10.5772/intechopen.82422

Author details
Perumal Kannan® and Anitha Varghese
Department of Chemistry, CHRIST (Deemed to be University), Bengaluru,

Karnataka, India

*Address all correspondence to: kannanperumall04 @gmail.com

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.



Corrosion Inhibitors

References

[1] Morsi RE, Khamis EA, Al-Sabagh AM.
Polyaniline nanotubes: Facile synthesis,
electrochemical, quantum chemical
characteristics and corrosion inhibition
efficiency. Journal of the Taiwan
Institute of Chemical Engineers.
2016;60:573-581. DOI: 10.1016/j.
jtice.2015.10.028

[2] Hegazy MA, Atlam FM. Three novel
bolaamphiphiles as corrosion inhibitors
for carbon steel in hydrochloric acid:
Experimental and computational
studies. Journal of Molecular Liquids.
2016;218:649-662. DOI: 10.1016/j.
molliq.2016.03.008

[3] Farag AA, Ismail AS, Migahed MA.
Inhibition of carbon steel corrosion

in acidic solution using some newly
polyester derivatives. Journal of
Molecular Liquids. 2015;211:915-923.
DOI: 10.1016/j.molliq.2015.08.033

[4] Zarrouk A, Hammouti B, Touzani R,
Al-Deyab SS, Zertoubi M, Dafali A,

et al. Comparative study of new
quinoxaline derivatives towards
corrosion of copper in nitric acid.
International Journal of Electrochemical
Science. 2011;6:4939-4952

[5] Wang D, Yang D, Zhang D, Li K,

Gao L, LinT. Electrochemical and

DFT studies of quinoline derivatives

on corrosion inhibition of AA5052
aluminium alloy in NaCl solution. Applied
Surface Science. 2015;357:2176-2183. DOI:
10.1016/j.apsusc.2015.09.206

[6] Zhang QB, Hua YX. Corrosion
inhibition of aluminum in hydrochloric
acid solution by alkylimidazolium

ionic liquids. Materials Chemistry and
Physics. 2010;119:57-64. DOI: 10.1016/j.
matchemphys.2009.07.035

[71 Deyab MA, Zaky MT, Nessim MI.
Inhibition of acid corrosion of

carbon steel using four imidazolium
tetrafluoroborates ionic liquids. Journal

10

of Molecular Liquids. 2017;229:396-404.
DOI: 10.1016/j.molliq.2016.12.092

[8] Atia AA, Saleh MM. Inhibition

of acid corrosion of steel using
cetylpyridinium chloride. Journal of
Applied Electrochemistry. 2003;33:
171-177. DOI: 10.1023/A:1024083117949

[9] El-Shamy AM, Zakaria K, Abbas MA,
El Abedin SZ. Anti-bacterial and
anti-corrosion effects of the ionic

liquid 1-butyl-1-methylpyrrolidinium
trifluoromethylsulfonate. Journal of
Molecular Liquids. 2015;211:363-369.
DOI: 10.1016/j.molliq.2015.07.028

[10] El Belghiti M, Karzazi Y, Dafali A,
Hammouti B, Bentiss F, Obot IB, et al.
Experimental, quantum chemical

and Monte Carlo simulation studies

of 3,5-disubstituted-4-amino-1,2,4-
triazoles as corrosion inhibitors on
mild steel in acidic medium. Journal of
Molecular Liquids. 2016;218:281-293.
DOT: 10.1016/j.molliq.2016.01.076

[11] Zhang QB, Hua YX. Corrosion
inhibition of mild steel by
alkylimidazolium ionic liquids in
hydrochloric acid. Electrochimica Acta.
2009;54:1881-1887. DOI: 10.1016/j.
electacta.2008.10.025

[12] Vastag G, Shaban A, Vranes M,

Tot A, Beli¢ S, GadZuri¢ S. Influence of
the N-3 alkyl chain length on improving
inhibition properties of imidazolium-
based ionic liquids on copper corrosion.
Journal of Molecular Liquids.
2018;264:526-533. DOI: 10.1016/j.
molliq.2018.05.086

[13] Guzman-Lucero D, Olivares-Xometl
O, Martinet-Palou R, Likhanova NV,
Dominguez-Aguilar MA, Garibay-
Febles V. Synthesis of selected
vinylimidazolium ionic liquids and their
effectiveness as corrosion inhibitors for
carbon steel in aqueous sulfuric acid.
Industrial & Engineering Chemistry



Structural Effect in Ionic Liquids Is the Vital Role to Enhance the Corrosion Protection of Metals...

DOI: http://dx.doi.org/10.5772/intechopen.82422

Research. 2011;50:7129-7140. DOI:
10.1021/ie1024744

[14] Yousefi A, Javadian S, Dalir N,
Kakemam J, Akbari J. Imidazolium-
based ionic liquids as modulators of
corrosion inhibition of SDS on mild
steel in hydrochloric acid solutions:
Experimental and theoretical studies.
RSC Advances. 2015;5:11697-11713.
DOI: 10.1039/C4RA10995C

[15] Murulana LC, Singh AK, Shukla SK,
Kabanda MM, Ebenso EE. Experimental
and quantum chemical studies of some
bis(trifluoromethyl-sulfonyl) imide
imidazolium-based ionic liquids as
corrosion inhibitors for mild steel in
hydrochloric acid solution. Industrial

& Engineering Chemistry Research.
2012;51:13282-13299. DOI: 10.1021/
ie300977d

[16] Kowsari E, Arman SY, Shahini MH,
Zandi H, Ehsani A, Naderi R, et al. In situ
synthesis, electrochemical and quantum
chemical analysis of an amino acid-
derived ionic liquid inhibitor for corrosion
protection of mild steel in 1M HCI
solution. Corrosion Science. 2016;112:
73-85. DOI: 10.1016/j.corsci.2016.07.015

[17] Likhanova NV, Dominguez-Aguilar
MA, Olivares-Xometl O, Nava-Entzana
N, Arce E, Dorantes H. The effect of
ionic liquids with imidazolium and
pyridinium cations on the corrosion
inhibition of mild steel in acidic
environment. Corrosion Science.
2010;52:2088-2097. DOI: 10.1016/j.
corsci.2010.02.030

[18] Ibrahim MAM, Messali M,
Moussa Z, Alzahrani AY, Alamry SN,
Hammouti B. Corrosion inhibition

of carbon steel by imidazolium and
pyridinium cations ionic liquids in
acidic environment. Portugaliae
Electrochimica Acta. 2011;29:375-389.
DOI: 10.1016/j.corsci.2010.02.030

[19] El-Hajjaji F, Messali M, Aljuhani A,
Aouad MR, Hammouti B, Belghiti ME,

11

et al. Pyridazinium-based ionic liquids
as novel and green corrosion inhibitors
of carbon steel in acid medium:
Electrochemical and molecular
dynamics simulation studies. Journal of
Molecular Liquids. 2018;249:997-1008.
DOI: 10.1016/j.molliq.2017.11.111

[20] Martins VL, Sanchez-

Ramirez N, Calderon JA, Torresi

RM. Electrochemistry of copper in
ionic liquids with different coordinating
properties. Journal of Materials
Chemistry A. 2013;1:14177-14182. DOL:
10.1039/C3TA12992F

[21] Saleh MM. Inhibition of mild steel
corrosion by hexadecylpyridinium
bromide in 0.5M H,SO,.

Materials Chemistry and Physics.
2006;98:83-89. DOI: 10.1016/j.
matchemphys.2005.08.069

[22] SasikumarY, LO O, BahadurI,
Kabanda MM, Obot IB, Ebenso EE.
Experimental and theoretical studies on
some selected ionic liquids with different
cations/anions as corrosion inhibitors
for mild steel in acidic medium. Journal
of the Taiwan Institute of Chemical
Engineers. 2016;64:252-268. DOI:
10.1016/jjtice.2016.04.006

[23] Kannan P, Rao TS, Rajendran N.
Anticorrosion behavior of
benzimidazolium tetrafluoroborate
ionic liquid in acid medium using
electrochemical noise technique. Journal
of Molecular Liquids. 2016;222:586-595.
DOI: 10.1016/j.molliq.2016.07.116

[24] Kannan P, Karthikeyan J, Murugan P,
Rao TS, Rajendran N. Corrosion
inhibition effect of novel methyl
benzimidazolium ionic liquid for
carbon steel in HCI medium. Journal of
Molecular Liquids. 2016;221:368-380.
DOI: 10.1016/j.molliq.2016.04.130

[25] Gabler C, Tomastik C, Brenner J,
Pisarova L, Doerr N, Allmaier G.

Corrosion properties of ammonium based
ionic liquids evaluated by SEM-EDX,



Corrosion Inhibitors

XPS and ICP-OES. Green Chemistry.
2011;13:2869-2877. DOI: 10.1039/
C1GC15148G

[26] Kaczerewska O, Leiva-Garcia R,
Akid R, Brycki B, Kowalczyk I,
Pospieszny T. Effectiveness of
O-bridged cationic gemini surfactants as
corrosion inhibitors for stainless steel in
3 M HCI: Experimental and theoretical
studies. Journal of Molecular Liquids.
2018;249:1113-1124. DOI: 10.1016/j.
molliq.2017.11.142

[27] Zuriaga-Monroy C, Oviedo-Roa R,
Montiel-Sanchez LE, Vega-Paz A,
Marin-Cruz J, Martinez-Magadan JM.
Theoretical study of the aliphatic-
chain length’s electronic effect on

the corrosion inhibition activity of
methylimidazole-based ionic liquids.
Industrial & Engineering Chemistry
Research. 2016;55:3506-3516. DOI:
10.1021/acs.iecr.5b03884

[28] Luo L, Zhang S, Qiang Y, Chen N,
Xu S, Chen S. Study on 1-allyl-3-
butylimidazalium bromine as corrosion
inhibitor for X65 steel in 0.5 M H,SO.,
solution. International Journal of
Electrochemical Science. 2016;11:8177-
8192. DOI: 10.20964/2016.10.52

[29] MaY, Han F, Li Z, Xia C. Acidic-
functionalized ionic liquid as
corrosion inhibitor for 304 stainless
steel in aqueous sulfuric acid. ACS
Sustainable Chemistry & Engineering.
2016;4:5046-5052. DOI: 10.1021/
acssuschemeng.6b01492

[30] Masroor S, Mobin M, Alamb M]J,
Ahmad S. The novel iminium surfactant
p-benzylidene benzyldodecyl iminium
chloride as a corrosion inhibitor

for plain carbon steel in 1 M HCl:
Electrochemical and DFT evaluation.
RSC Advances. 2017;7:23182-23196.
DOI: 10.1039/C6RA28426D

[31] Wang HL, Liu RB, Xin J. Inhibiting

effects of some mercapto-triazole
derivatives on the corrosion of mild

12

steel in 1.0 M HCI medium. Corrosion
Science. 2004;46:2455-2466. DOI:
10.1016/j.corsci.2004.01.023

[32] Obot IB, Gasem ZM, Umoren SA.
Understanding the mechanism of

2- mercaptobenzimidazole adsorption
on Fe (110), Cu (111) and Al (111)
surfaces: DFT and molecular dynamics
simulations approaches. International

Journal of Electrochemical Science.
2014;9:2367-2378

[33] Gad EAM, Azzam EMS, Halim SA.
Theoretical approach for the
performance of 4-mercapto-
1-alkylpyridin-1-ium bromide

as corrosion inhibitors using

DFT. Egyptian Journal of Petroleum.
2018;27:695-699. DOI: 10.1016/j.
ejpe.2017.10.005

[34] Ortaboy S. Electropolymerization
of aniline in phosphonium-based
ionic liquids and their application as
protective films against corrosion.
Journal of Applied Polymer Science.
2016;133:43923-43935. DOI: 10.1002/
app.43923

[35] Kumar S, Goyal M, Vashisht H,
Sharma V, Bahadur I, Ebenso EE.
Ionic salt (4-ethoxybenzyl)-
triphenylphosphonium bromide as a
green corrosion inhibitor on mild steel
in acidic medium: Experimental and
theoretical evaluation. RSC Advances.
2017;7:31907-31920. DOI: 10.1039/
C6RA27526E

[36] Bhrara K, Kim H, Singh G.
Inhibiting effects of butyl triphenyl
phosphonium bromide on corrosion
of mild steel in 0.5 M sulphuric

acid solution and its adsorption
characteristics. Corrosion Science.
2008;50:2747-2754. DOI: 10.1016/j.
corsci.2008.06.054

[37] Kannan P. Synthesis,
characterization and corrosion
protection performance of
benzimidazolium ionic liquids for



Structural Effect in Ionic Liquids Is the Vital Role to Enhance the Corrosion Protection of Metals...
DOI: http://dx.doi.org/10.5772/intechopen.82422

carbon steel in acid environment
[thesis]. Chennai: Anna University;
2017

[38] Manamela KM, Murulana LC,
Kabanda MM, Ebenso EE. Adsorptive
and DFT studies of some imidazolium
based ionic liquids as corrosion
inhibitors for zinc in acidic medium.
International Journal of Electrochemical
Science. 2014;9:3029-3046

13



