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Abstract: In the present research work, the temperature effect on the corrosion inhibition process of
API 5L X60 steel in 1 M H2SO4 by employing three vinylimidazolium poly(ionic liquid)s (PILs) was
studied by means of electrochemical techniques, surface analysis and computational simulation. The
results revealed that the maximal inhibition efficiency (75%) was achieved by Poly[VIMC4][Im] at
308 K and 175 ppm. The PILs showed Ecorr displacements with respect to the blank from −14 mV to
−31 mV, which revealed the behavior of mixed-type corrosion inhibitors (CIs). The steel micrographs,
in the presence and absence of PILs, showed less surface damage in the presence of PILs, thus
confirming their inhibiting effect. The computational studies of the molecular orbitals and molecular
electrostatic potential of the monomers suggested that the formation of a protecting film could be
mainly due to the nitrogen and oxygen heteroatoms present in each structure.

Keywords: vinylimidazolium; API 5L X60 steel; mixed-type inhibitors; EIS; polarization; SEM; DFT

1. Introduction

The use of corrosion inhibitors (CIs) is a frequent practice for preventing the corrosion
phenomenon from occurring, which is based on the addition of chemical substances at
low concentration to the corrosive medium [1]. CIs are employed internally in pipeline
systems and carbon steel containers [2] as a low-cost-corrosion-control alternative whose
action mechanism proceeds through the adsorption of CI molecules on metal surfaces,
thus diminishing the corrosion rate of the metallic system to be protected; industry sec-
tors such as the exploration and production of oil and gas, oil refineries, production of
chemical products, heavy industry, water treatment and product additive industry are
normally benefited by the protective action of CIs [3]. The main advantage offered by
CIs before other control methods is that their implementation does not require a process
stop [4,5]. CIs are divided into two big classes: inorganic and organic. Anodic inorganic
CIs include nitrates, chromates, molybdates and phosphates, whereas cathodic ones are
represented by zinc derivatives and polyphosphates [6,7]. In contrast, organic CIs are
mainly film-forming compounds that work through physical and/or chemical adsorption
processes [8]; in general, these are compounds with heteroatoms (P, S, N and O) and π

bonds that include amines, amides, imidazolines, sodium benzoate mercaptans, esters
and ammonia derivatives [6]. The performance of a CI is based on a competition process
between CI molecules and corrosive ions (H+, H3O+, Cl−, and SO4

2−, among others) to
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occupy active sites on a metallic surface, where the higher the number of CI adsorbed
molecules, the better the inhibition efficiency (IE) against the corrosive medium in contact
with the metallic material [9]. The inhibition process is affected by many factors that modify
the stability of CIs in corrosive media such as the type of metallic surface, temperature,
immersion type, medium flow rate, pH, medium ion concentration and water hardness,
among others [10]. It is well known that the IE of most CIs diminishes with the temper-
ature increase due to a diminution of the adsorption strength on a metallic surface, thus
generating a desorption process; then, the performance of an inhibitor depends mainly on
the temperature [11]. For this reason, polymeric CIs are a viable alternative in corrosive
processes at temperatures above 298 K, for they feature diverse functional groups in one
molecule that can form complexes with metallic ions and occupy a higher surface area,
thus protecting the metallic material from corrosive agents. From this type of compounds,
the following have been the most studied: carbohydrates, polysaccharides, polysulfide,
phosphate esters, polycarboxylates/polycarboxylic acids, polyanilines, polyaspartates and
other polyaminoacids, and polyvinylamide and polyamine derivatives [2]. Their inhibiting
behavior is structurally reinforced by the presence of cyclic rings, double and triple bonds
and heteroatoms such as oxygen and nitrogen that work as adsorption active centers [12].
It has been reported that the protection against corrosion by polymeric CIs has been above
90% in acid, sour and sweet media [13]. The IE and stability of the polymer protecting
film highly depend on the hydrophilic and hydrophobic features of the polymers, where a
suitable relationship is fundamental for the inhibition activity to be satisfactory [14].

Poly(ionic liquid)s (PILs) are a special group of polymeric compounds [15,16] whose
design is wide and involves a big variety of monomers that provide unique properties
for specific applications [15,17]. PILs possess a macromolecular structure that does not
only consist of a polymeric skeleton, but also of at least of an ionic liquid (IL) monomer,
which along with other polymeric species produces additional properties to those of a con-
ventional IL such as stability in aqueous media, the presence of polymeric chains that can
displace a higher number of water molecules from the metallic surface, mechanical stability,
autoassembling and, above all, the presence of multiple adsorption centers that contribute
to a slower desorption process that favors the formation of complexes with the metallic sur-
face [18]. The presence of an IL monomeric species in the structure promotes two processes
that reinforce each other through a synergistic effect: (a) the charge transfer process from
the IL functional groups to the metallic d orbital, “donation” and (b) the intraelectronic
repulsion process through which the metal transfers its electrons to empty IL orbitals, “back-
donation” [14]. Notwithstanding, despite the aforementioned properties, their application
as CIs has not been studied enough. Wang et al. [19] and Odewunmi et al. [20] carried out
an interesting comparison between the structure of ILs and their corresponding polymeric
forms as PILs to be potentially used as CIs of steel in HCl and found that PILs displayed
a better inhibiting effect than their related IL species alone due to a higher number of
functional groups in their structure. Additionally, Odewunmi et al. stated that PILs with
halide anions provide an excess of electrons that allows for the attraction and adsorption of
the polymeric cationic species.

Table 1 shows some studies performed with polymeric CIs and their behavior as a func-
tion of temperature. Different types of polymers have been evaluated as CIs at different
temperatures: PILs [19,20], synthetic polymers [21], biomacromolecules [22], carbohy-
drates [23,24], recycled PET oligomers [25] and triblock copolymers [26,27]. The tempera-
ture effect of polymeric CIs has been analyzed by different authors such as Alaoui et al. [21],
who suggested that the IE behavior with respect to the medium temperature is associated
with the adsorption type change that presents a polymer; in this way, the increase in the IE
is related to a chemisorption process that is favored by a temperature increase. In contrast,
Gowraraju et al. [23], Charitha et al. [24] and Yasir et al. [25] observed that an IE decrease as
the temperature increases can be explained by a fast adsorption-desorption process and by
the decomposition and/or reordering of inhibiting molecules led by a prevailing physisorp-
tion process. An implicit variable in the temperature effect on corrosion inhibition processes
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is the activation energy (Ea). Chauhan et al. [22], Yasir et al. [25] and Kumar et al. [26,27]
stated that a high Ea value in the presence of a CI suggests the formation of a physical
barrier attributed to the interaction between inhibiting molecules and the active sites of
a metallic surface promoted by the adsorption process of heteroatoms, cyclic rings and
functional groups that increase the thickness of the electrical double layer for the formation
of an inhibiting film that diminishes the metal corrosion rate.

Table 1. State of the art of polymers and PILs.

Polymers Metal/Medium C (ppm):
T (K)/IE (%) Ref.
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In a previous study carried out by the authors of the present work, three vinylimi-
dazolium-derived PILs were evaluated as CIs of API 5L X60 steel in 1 M H2SO4 at 298 K,
concluding that such PILs behaved effectively as CIs [28]. For this reason, in this manuscript,
the temperature effect on the corrosion inhibition process of API 5L X60 steel employing



Int. J. Mol. Sci. 2023, 24, 6291 4 of 29

three PILs was investigated by means of polarization and impedance electrochemical
analysis, mass loss, surface analysis and computational calculations.

2. Results and Discussion
2.1. Weight Loss

The mass loss test is a frequently employed method for evaluating the performance
of CIs and establishing the corrosion rate (Vcorr) of a metallic material under different
conditions [29]. The Vcorr/∆W ratio as a function of the inhibitor concentration (CINH) at
308 K is shown in Figure 1, where the increase in concentration provoked less metallic
dissolution and then lower Vcorr; similar results were obtained with the other evaluated
temperature values.
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Figure 1. Corrosion rate (Vcorr) and mass loss (ΔW) of API 5L X60 steel after 4 h of immersion in 1 M 
H2SO4 and different CINH: (a) Poly[VIMC4][Im], (b) Poly[VIMC2][Br] and (c) Poly[VIMC4][Br] at 308 
K. 

Table 2 presents the steel Vcorr values at different temperatures and CINH after 4 h of 
immersion in 1 M H2SO4. It can be observed that the temperature produced an increase in 
Vcorr, even in the presence of PILs, which was attributed to desorption phenomena of the 
inhibiting macromolecules. In addition, it is shown that the lowest Vcorr values were ob-
tained at CINH of 175 ppm, indicating that a higher amount of PIL macromolecules can 
form a more homogeneous protecting film that reduces the diffusion of sulfate ions to-
ward the metallic surface [30–32]. 

 

Figure 1. Corrosion rate (Vcorr) and mass loss (∆W) of API 5L X60 steel after 4 h of immersion in 1 M
H2SO4 and different CINH: (a) Poly[VIMC4][Im], (b) Poly[VIMC2][Br] and (c) Poly[VIMC4][Br] at
308 K.

Table 2 presents the steel Vcorr values at different temperatures and CINH after 4 h of
immersion in 1 M H2SO4. It can be observed that the temperature produced an increase
in Vcorr, even in the presence of PILs, which was attributed to desorption phenomena of
the inhibiting macromolecules. In addition, it is shown that the lowest Vcorr values were
obtained at CINH of 175 ppm, indicating that a higher amount of PIL macromolecules can
form a more homogeneous protecting film that reduces the diffusion of sulfate ions toward
the metallic surface [30–32].
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Table 2. Vcorr of API 5L X60 steel in 1 M H2SO4 with and without CIs by weight loss.

CI
CINH Vcorr (mm Year−1) IEWL (%)

(ppm) 298 K 308 K 318 K 328 K 298 K 308 K 318 K 328 K

Blank 0 14.08 ± 2.53 37.85 ± 3.20 103.51 ± 3.57 165.77 ± 5.24 – – – –

Poly[VIMC4]
[Im]

100 4.55 ± 0.20 11.66 ± 0.42 32.80 ± 3.05 79.71 ± 3.76 67.9 ± 5.9 69.2 ± 2.8 68.3 ± 3.1 51.9 ± 2.7
125 4.50 ± 0.19 10.97 ± 0.55 29.71 ± 1.24 72.49 ± 4.75 68.2 ± 5.9 71.0 ± 2.9 71.3 ± 1.6 56.3 ± 3.2
150 4.44 ± 0.26 9.87 ± 0.42 27.88 ± 0.80 59.83 ± 2.98 68.7 ± 5.9 73.9 ± 2.5 73.1 ± 1.2 63.9 ± 2.1
175 3.31 ± 0.09 8.25 ± 0.67 26.67 ± 1.15 52.26 ± 1.54 76.6 ± 4.3 77.3 ± 2.6 74.2 ± 1.4 68.5 ± 1.4

Poly[VIMC2]
[Br]

100 4.24 ± 0.21 18.35 ± 0.72 77.50 ± 3.36 128.25 ± 5.07 70.1 ± 5.6 51.5 ± 4.5 25.1 ± 4.1 22.6 ± 3.9
125 3.77 ± 0.12 17.80 ± 1.15 64.42 ± 3.03 118.69 ± 4.80 73.4 ± 4.9 53.0 ± 5.0 37.8 ± 3.6 28.4 ± 3.7
150 3.56 ± 0.26 16.16 ± 0.76 60.90 ± 3.10 110.55 ± 5.13 74.9 ± 4.9 60.2 ± 3.9 41.2 ± 3.6 33.3 ± 3.7
175 3.24 ± 0.18 14.46 ± 0.66 56.79 ± 4.65 103.65 ± 1.04 77.1 ± 4.3 61.8 ± 3.7 45.1 ± 4.9 37.5 ± 2.1

Poly[VIMC4]
[Br]

100 5.22 ± 0.19 13.28 ± 0.46 43.39 ± 1.65 122.25 ± 5.57 63.1 ± 6.8 64.9 ± 3.2 58.1 ± 2.2 26.3 ± 4.1
125 2.97 ± 0.15 13.01 ± 0.45 39.17 ± 1.34 110.75 ± 2.98 79.1 ± 3.9 65.6 ± 3.1 62.2 ± 1.8 33.2 ± 2.8
150 2.65 ± 0.22 12.79 ± 0.55 36.31 ± 1.39 91.80 ± 2.60 79.8 ± 4.0 66.2 ± 3.1 64.9 ± 1.8 44.6 ± 2.4
175 2.53 ± 0.11 12.33 ± 0.62 32.55 ± 2.35 83.60 ± 4.72 81.1 ± 3.5 67.4 ± 3.0 68.6 ± 2.5 49.4 ± 3.3

2.2. Electrochemical Measurements

Figure 2 shows the EOCP behavior as a function of the immersion time of the metallic
sample in 1 M H2SO4 in the absence and presence of PILs at different temperatures. In
the presence of PILs, it can be observed that the EOCP curves diminish toward more
negative values with respect to the blank at the different evaluated temperatures. The EOCP
displacement intervals at 308, 318 and 328 K ranged from −439 to −453 mV, from −420 to
−452 and from −420 to −451 mV, respectively. This behavior pattern is associated with
a fast PIL inhibitor adsorption due to the formation of a protecting film on the metallic
surface. On the other hand, the diminution of the blank EOCP with the temperature change
involved higher metallic degradation. Furthermore, it can be seen that in all the systems,
the EOCP stability was reached at 600 s of immersion, approximately.
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Figure 2. EOCP as a function of the immersion time of API 5L X60 steel in 1 M H2SO4 in the absence 
and presence of PILs as CIs at: (a) 308, (b) 318 and (c) 328 K. 

The inhibition behavior of the PILs assessed by the LPR and PDP tests at different 
temperatures and concentrations is shown in Figures 3–5. The addition of 

Figure 2. EOCP as a function of the immersion time of API 5L X60 steel in 1 M H2SO4 in the absence
and presence of PILs as CIs at: (a) 308, (b) 318 and (c) 328 K.

The inhibition behavior of the PILs assessed by the LPR and PDP tests at different
temperatures and concentrations is shown in Figures 3–5. The addition of Poly[VIMC4][Im],
Poly[VIMC2][Br] and Poly[VIMC4][Br] to the corrosive medium modified the slopes of the
steel overpotential (η)—current density (i) lines, where a lower slope is related to higher
resistance to polarization (Rp) in the metallic interface. As for the PDP results, it is observed
that the addition of CIs provoked the diminution of i and the potential displacement (∆Ecorr)
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toward more negative values. For all the systems, i was a function of the CINH of PILs,
where the Tafel curves displayed a lower i at 175 ppm.
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Figure 3. Electrochemical behavior of Poly[VIMC4][Im] as CI of API 5L X60 steel in 1 M H2SO4 by
the LPR and PDP techniques: (a) LPR—308 K, (b) LPR—318 K, (c) LPR—328 K, (d) PDP—308 K,
(e) PDP—318 K and (f) PDP—328 K.
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Figure 4. Electrochemical behavior of Poly[VIMC2][Br] as CI of API 5L X60 steel in 1 M H2SO4 by
the LPR and PDP techniques: (a) LPR—308 K, (b) LPR—318 K, (c) LPR—328 K, (d) PDP—308 K,
(e) PDP—318 K and (f) PDP—328 K.
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Figure 5. Electrochemical behavior of Poly[VIMC4][Br] as CI of API 5L X60 steel 1 M H2SO4 by the 
LPR and PDP techniques: (a) LPR – 308 K, (b) LPR – 318 K, (c) LPR – 328 K, (d) PDP – 308 K, (e) PDP 
– 318 K, and (f) PDP – 328 K. 

Table 3. Electrochemical parameters of API 5L X60 steel in 1 M H2SO4—CIs at different temperatures 
by the LPR and PDP techniques. 

T 
CI 

CINH Rp –βC  –Ecorr icorr IE 
(K) (ppm) (Ω cm2) (mV dec−1) (mV) (µA cm−2) (%) 

308 

Blank 0 12.2 ± 0.4 123 ± 2 439 ± 2 1276 ± 26 – 

Poly 
[VIMC4][Im] 

100 31.0 ± 1.2 128 ± 7 444 ± 3 425 ± 19 67 ± 2 
125 35.0 ± 0.8 127 ± 4 446 ± 3 383 ± 16 70 ± 1 
150 38.0 ± 1.5 128 ± 8 447 ± 3 349 ± 19 73 ± 2 
175 45.1 ± 1.5 133 ± 2 449 ± 1 319 ± 17 75 ± 1 

Poly 
[VIMC2][Br] 

100 30.0 ± 0.9 113 ± 2 451 ± 0 516 ± 19 60 ± 2 
125 33.3 ± 0.7 108 ± 1 449 ± 2 466 ± 19 63 ± 2 
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Figure 5. Electrochemical behavior of Poly[VIMC4][Br] as CI of API 5L X60 steel 1 M H2SO4 by
the LPR and PDP techniques: (a) LPR—308 K, (b) LPR—318 K, (c) LPR—328 K, (d) PDP—308 K,
(e) PDP—318 K, and (f) PDP—328 K.

Table 3 shows LPR and PDP electrochemical parameters obtained from Figures 3–5.
The changes of the Rp values of the CIs with respect to the blank (∆Rp = RpCI − RpBlank)
were 30.5, 8.2 and 2.0 Ω cm2 at 308, 318 and 328 K, respectively, whereas the corrosion
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current density (icorr) changes, in the same order (∆icorr = icorr,Blank − icorr,CI), were 917, 1441
and 2898 µA cm−2. This behavior pattern is attributed to the adsorption of the CIs through
the blocking of the metallic surface active sites [33]. From Table 3, it can be concluded that
the temperature increase accelerated the dissolution of the metallic surface in the presence
of H2SO4 and the different PILs [34]. As for ∆Ecorr, displacements from −14 mV to −31 mV
are displayed within the ±85 mV interval and indicate that the PILs exhibited the behavior
of mixed-type CIs [35]; the ∆Ecorr trend toward more negative values suggests higher
activity in the cationic part [Im+] of the PILs. Furthermore, their addition to the corrosive
medium with respect to the systems without CI provoked changes in the Tafel cathodic
slopes (βC), thus confirming that the presence of Poly[VIMC4][Im], Poly[VIMC2][Br] and
Poly[VIMC4][Br] affected the iron dissolution reactions, but mainly the evolution of H2 due
to the adsorption of the PILs on the predominantly cathodic active sites, which retarded
the electron transfer process necessary for the generation of hydrogen [36,37].

Table 3. Electrochemical parameters of API 5L X60 steel in 1 M H2SO4—CIs at different temperatures
by the LPR and PDP techniques.

T
CI

CINH Rp –βC –Ecorr icorr IE
(K) (ppm) (Ω cm2) (mV dec−1) (mV) (µA cm−2) (%)

308

Blank 0 12.2 ± 0.4 123 ± 2 439 ± 2 1276 ± 26 –

Poly
[VIMC4][Im]

100 31.0 ± 1.2 128 ± 7 444 ± 3 425 ± 19 67 ± 2
125 35.0 ± 0.8 127 ± 4 446 ± 3 383 ± 16 70 ± 1
150 38.0 ± 1.5 128 ± 8 447 ± 3 349 ± 19 73 ± 2
175 45.1 ± 1.5 133 ± 2 449 ± 1 319 ± 17 75 ± 1

Poly
[VIMC2][Br]

100 30.0 ± 0.9 113 ± 2 451 ± 0 516 ± 19 60 ± 2
125 33.3 ± 0.7 108 ± 1 449 ± 2 466 ± 19 63 ± 2
150 36.4 ± 0.9 113 ± 0 452 ± 2 409 ± 13 68 ± 1
175 40.0 ± 0.5 115 ± 3 451 ± 1 386 ± 08 70 ± 1

Poly
[VIMC4][Br]

100 30.8 ± 0.5 111 ± 2 453 ± 1 469 ± 15 63 ± 1
125 36.4 ± 0.6 113 ± 1 452 ± 1 456 ± 24 64 ± 2
150 38.8 ± 1.0 115 ± 4 452 ± 1 433 ± 10 66 ± 1
175 42.9 ± 1.6 111 ± 3 452 ± 1 373 ± 13 71 ± 1

318

Blank 0 3.8 ± 0.1 110 ± 2 420 ± 1 2282 ± 23 -

Poly
[VIMC4][Im]

100 10.0 ± 0.6 115 ± 6 442 ± 3 990 ± 26 57 ± 1
125 11.0 ± 0.7 109 ± 8 442 ± 5 861 ± 19 62 ± 1
150 12.0 ± 0.6 112 ± 6 442 ± 4 854 ± 19 63 ± 1
175 13.5 ± 0.8 122 ± 6 448 ± 1 721 ± 23 68 ± 1

Poly
[VIMC2][Br]

100 8.2 ± 0.3 99 ± 5 445 ± 1 1226 ± 24 46 ± 1
125 8.6 ± 0.7 104 ± 4 447 ± 1 1161 ± 20 49 ± 1
150 9.2 ± 0.3 95 ± 4 445 ± 3 1072 ± 22 53 ± 1
175 10.5 ± 0.5 101 ± 4 448 ± 0 925 ± 23 59 ± 1

Poly
[VIMC4][Br]

100 8.3 ± 0.2 100 ± 1 450 ± 1 1155 ± 14 49 ± 1
125 9.1 ± 0.3 105 ± 11 449 ± 2 1077 ± 22 53 ± 1
150 10.0 ± 0.3 107 ± 6 451 ± 1 1004 ± 21 56 ± 1
175 12.0 ± 0.5 99 ± 4 452 ± 1 877 ± 17 62 ± 1

328

Blank 0 2.0 ± 0.1 139 ± 3 420 ± 3 6467 ± 29 -

Poly
[VIMC4][Im]

100 3.8 ± 0.4 129 ± 10 437 ± 2 3356 ± 30 48 ± 1
125 4.4 ± 0.3 133 ± 6 436 ± 2 3147 ± 55 51 ± 1
150 5.0 ± 0.2 132 ± 9 438 ± 1 2837 ± 23 56 ± 1
175 5.6 ± 0.3 136 ± 7 445 ± 4 2659 ± 16 59 ± 1

Poly
[VIMC2][Br]

100 2.5 ± 0.2 99 ± 8 444 ± 3 4922 ± 21 24 ± 1
125 2.8 ± 0.3 98 ± 3 443 ± 1 4788 ± 15 26 ± 1
150 3.0 ± 0.1 118 ± 9 448 ± 0 4547 ± 12 30 ± 1
175 3.3 ± 0.4 130 ± 4 451 ± 4 4173 ± 20 35 ± 1

Poly
[VIMC4][Br]

100 2.9 ± 0.1 119 ± 4 439 ± 2 5113 ± 10 21 ± 1
125 3.1 ± 0.1 122 ± 10 442 ± 2 4752 ± 48 27 ± 1
150 3.3 ± 0.1 127 ± 3 445 ± 3 4299 ± 11 34 ± 1
175 3.5 ± 0.1 133 ± 3 451 ± 5 3876 ± 30 40 ± 1
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The IEs of the PILs obtained at 308, 318 and 328 K are shown in Figure 6. The re-
sults display maximal efficiencies at 175 ppm. The IEs exhibited the following trend:
Poly[VIMC4][Im] > Poly[VIMC4][Br] > Poly[VIMC2][Br]. The diminution of the IEs with
the T increase implies higher kinetic energy in the redox reactions and, as a consequence, the
increase in the steel anodic dissolution, which provoked the desorption of the PIL molecules
and less covered fraction [34,38]. The IEs of Poly[VIMC4][Br] and Poly[VIMC2][Br] dimin-
ished in ~33% with the temperature increase, which was related to the low contribution of
the non-ionic blocks (acrylamide and vinylpyrrolidone) to the adsorption process. As for
Poly[VIMC4][Im], the IE diminished in ~16%, indicating a higher PIL stability before the T
increase; this result is associated with the presence of the imidazolate monomers of butyl
vinylimidazolium, which along with their reticulated polymeric structure could occupy a
higher surface area and block the attack of corrosive ions. The preferentially cathodic ∆Ecorr
of the PILs would confirm the influence of the cationic part on their inhibition process
through the adsorption of vinylalkylimidazolium ions, mainly.
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Figure 6. Inhibition efficiencies of API 5L X60 steel in 1 M H2SO4 in the absence and presence of PILs:
(a) Poly[VIMC4][Im], (b) Poly[VIMC2][Br] and (c) Poly[VIMC4][Br].

The EIS spectra of API 5L X60 steel in the absence and presence of CIs at 308, 318 and
328 K are shown in Figures 7–9, respectively. The behavior of the real (Z′) and imaginary
(Z”) impedances in the Nyquist spectra shows a capacitive depreciated loop controlled
by a charge transfer process and an inductive loop at low frequencies. On the other
hand, in the presence of PILs, the Bode plots exhibit the displacement of the impedance
module |Z| toward higher values with respect to the blank, which is associated with the
adsorption of the CIs on the metallic surface [39]. The latter suggests that the evaluated
CIs retarded the kinetics of the redox reactions part of the corrosion process of steel in acid
medium [40]. At intermediate frequencies, the Bode plots presented maximal phase angle
values ascribed to the capacitive behavior of the electric double layer in the metal-solution
interface. Although the temperature increase diminished the maximal phase angle values,
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with the addition of PILs, they are higher than those displayed by the blank, which indicates
that the protection of the metallic surface by the effect of the PILs prevailed even with the
temperature increase [33,41].
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Figure 7. EIS spectra of API 5L X60 steel in 1 M H2SO4 in the presence of Poly[VIMC4][Im]: Nyquist
[(a) 308 K, (b) 318 K and (c) 328 K] and Bode [(d) 308 K, (e) 318 K and (f) 328 K].
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Figure 8. EIS spectra of API 5L X60 steel in 1 M H2SO4 in the presence of Poly[VIMC2][Br]: Nyquist
[(a) 308 K, (b) 318 K and (c) 328 K] and Bode [(d) 308 K, (e) 318 K and (f) 328 K].
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[(a) 308 K, (b) 318 K and (c) 328 K] and Bode [(d) 308 K, (e) 318 K and (f) 328 K].

The obtained impedance spectra of API 5L X60 steel were fitted by means of the EEC
model shown in Figure 10. The result of fitting the EIS experimental data is reported in
Table 4. Different electrical elements are described as follows: Rs is the resistive element
of the solution, which describes the resistance of the WE before the electrolytic solution.
The Rct and CPEdl elements represent the charge transfer process in the metal-solution
interface. Rct is the resistance to the charge transfer and CPEdl is the constant phase element
associated with the electric double layer. RL and L are inductive elements that are related to
relaxation processes of intermediate species in the oxidation reaction like adsorbed species
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from the acid medium such as H3O+ and SO4
2−. Finally, Rf and CPEf are the resistance and

constant phase element, respectively, ascribed to a film formed on the metallic surface with
different dielectric properties.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 14 of 32 
 

 

0 1 2 3 4 5

0

1

2

3

4

5
c)

-Z
'' (

Ω
 c

m
2 )

Z' (Ω cm2)

CINH (ppm)
   0
 100
 125
 150
 175
 Fitting

10 Hz

51.8 Hz
193 Hz

10-1 100 101 102 103 104 105

0

1

2

3

4

5

6 f)                  CINH (ppm)
 0      100    125
 150  175    Fitting

f (Hz)

|Z
| (

Ω
 c

m
2 )

0
10
20
30
40
50
60
70
80
90
100

 - 
φ 

(°
)

 fmax = 31 Hz

 

Figure 9. EIS spectra of API 5L X60 steel in 1 M H2SO4 in the presence of Poly[VIMC4][Br]: Nyquist 
[(a) 308 K, (b) 318 K and (c) 328 K] and Bode [(d) 308 K, (e) 318 K and (f) 328 K]. 

The obtained impedance spectra of API 5L X60 steel were fitted by means of the EEC 
model shown in Figure 10. The result of fitting the EIS experimental data is reported in 
Table 4. Different electrical elements are described as follows: Rs is the resistive element of 
the solution, which describes the resistance of the WE before the electrolytic solution. The Rct 
and CPEdl elements represent the charge transfer process in the metal-solution interface. Rct is 
the resistance to the charge transfer and CPEdl is the constant phase element associated with 
the electric double layer. RL and L are inductive elements that are related to relaxation pro-
cesses of intermediate species in the oxidation reaction like adsorbed species from the acid 
medium such as H3O+ and SO42−. Finally, Rf and CPEf are the resistance and constant phase 
element, respectively, ascribed to a film formed on the metallic surface with different dielectric 
properties. 

 
Figure 10. EEC for fitting the EIS experimental data of API 5L X60 steel in the acid—CI medium. 

The constant phase elements (CPEs) indicate the ideality deviation of the capaci-
tances of the EIS spectra and are represented in the Nyquist plots as depreciated semicir-
cles (Figures 7–9). The CPEs were calculated from two parameters: the proportional factor 
(Y0) and the exponent n. The latter is associated with possible surface irregularities due to 
roughness, inhibitor adsorption or the formation of porous layers. The CPE impedance is 
defined by Equation (1): 

( )1
0

n
CPEZ Y jω −−=  (1) 

where j is an imaginary number (−1)1/2 and ω = 2πf is the angular frequency of the maximal 
value of the real impedance; n falls within a close interval (−1 ≤ n ≥ 1), where −1, 0 and 1 
are usually related to an inductor, resistor and capacitor, respectively [42,43]. The pseu-
docapacitance derived from a CPE can be calculated by means of Equation (2): 
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The constant phase elements (CPEs) indicate the ideality deviation of the capacitances
of the EIS spectra and are represented in the Nyquist plots as depreciated semicircles
(Figures 7–9). The CPEs were calculated from two parameters: the proportional factor
(Y0) and the exponent n. The latter is associated with possible surface irregularities due to
roughness, inhibitor adsorption or the formation of porous layers. The CPE impedance is
defined by Equation (1):

ZCPE = Y0
−1(jω)−n (1)

where j is an imaginary number (−1)1/2 and ω = 2πf is the angular frequency of the
maximal value of the real impedance; n falls within a close interval (−1 ≤ n ≥ 1), where
−1, 0 and 1 are usually related to an inductor, resistor and capacitor, respectively [42,43].
The pseudocapacitance derived from a CPE can be calculated by means of Equation (2):

C =
(

Y0R1−n
)1/n

(2)

In the interfacial phenomena controlled by diffusion, relaxation processes occur at spe-
cific frequencies and temperatures; in an electrochemical system, the characteristic constant
of such a process within the time domain is known as the relaxation time (τdl), which is
defined as the time necessary for the charge distribution to recover the equilibrium state
and is commonly employed to distinguish the polarization effects that normally overlap in
the frequency domain and that can be attributed to underlying physical processes [44,45].
The relaxation time (τdl) is given by Equation (3) [46,47]:

τdl = Cdl Rct =
1

2π fmax
(3)

Table 4 shows the values of the EEC electric elements. It can be observed that the
Rct values are a function of CINH, where the highest results occurred at 175 ppm. The
polarization resistance exhibited by the system by the EIS (RpEIS) technique involves all
the EEC resistive elements [28]. The RpEIS values in the presence of the PILs were higher
than those shown by the blank at the different temperatures, indicating higher resistance
to the electron transfer in the electrochemical reactions involved in the corrosion process
and confirming the inhibiting behavior of the tested compounds. Rs did not display
any significant change, which revealed that the corrosive systems underwent a minimal
ohmic drop.
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Table 4. Electrochemical parameters of API 5L X60 steel in 1 M H2SO4—CIs at different temperatures by EIS.

T CI CINH χ2 Rs Rf Cf Rct Y0 n Cdl τdl RL L RpEIS IEEIS
K (ppm) (Ω cm2) (µF cm−2) (Ω cm2) (µS sn cm−2) (µF cm−2) (ms) (Ω cm2) (H cm2) (Ω cm2) (%)

308

Blank 0 0.087 3.18 ± 0 3.90 ± 0.00 0.112 ± 0.001 12 ± 1 363 ± 7 0.88 177 ± 4 2.09 ± 0.05 55 ± 3 2 ± 1 16.8 ± 0.4 –

Poly 100 0.018 3.18 ± 0 3.92 ± 0.01 0.126 ± 0.001 50 ± 0 346 ± 12 0.81 131 ± 4 6.60 ± 0.17 210 ± 4 79 ± 2 47.8 ± 0.3 64.8 ± 0.2
[VIMC4][Im] 125 0.016 3.18 ± 0 3.99 ± 0.05 0.130 ± 0.002 52 ± 0 376 ± 15 0.80 138 ± 4 7.12 ± 0.17 213 ± 3 85 ± 3 48.7 ± 0.1 65.5 ± 0.1

150 0.02 3.18 ± 0 4.13 ± 0.09 0.116 ± 0.002 56 ± 2 364 ± 27 0.80 133 ± 5 7.51 ± 0.03 231 ± 14 95 ± 9 52.6 ± 1.7 68.0 ± 1.0
175 0.021 3.18 ± 0 4.14 ± 0.05 0.115 ± 0.000 69 ± 0 340 ± 8 0.80 129 ± 2 8.94 ± 0.12 292 ± 8 140 ± 2 63.3 ± 0.4 73.5 ± 0.2

Poly 100 0.087 3.18 ± 0 3.90 ± 0.03 0.108 ± 0.002 36 ± 2 404 ± 8 0.81 151 ± 8 5.35 ± 0.04 152 ± 8 45 ± 1 35.8 ± 1.0 53.1 ± 1.9
[VIMC2][Br] 125 0.025 3.18 ± 0 3.81 ± 0.02 0.123 ± 0.001 39 ± 0 385 ± 10 0.81 146 ± 3 5.64 ± 0.13 171 ± 7 59 ± 3 38.4 ± 0.5 56.2 ± 0.5

150 0.031 3.18 ± 0 3.95 ± 0.11 0.117 ± 0.004 42 ± 2 370 ± 20 0.81 142 ± 8 5.96 ± 0.01 186 ± 6 63 ± 6 41.5 ± 1.5 59.4 ± 1.6
175 0.100 3.18 ± 0 3.84 ± 0.01 0.083 ± 0.003 47 ± 2 377 ± 29 0.81 148 ± 9 6.99 ± 0.25 211 ± 21 112 ± 3 45.6 ± 1.9 63.1 ± 1.5

Poly 100 0.035 3.18 ± 0 3.81 ± 0.02 0.116 ± 0.001 40 ± 1 359 ± 2 0.86 142 ± 5 5.67 ± 0.25 179 ± 5 61 ± 1 39.6 ± 0.4 57.6 ± 0.4
[VIMC4][Br] 125 0.055 3.18 ± 0 3.85 ± 0.01 0.114 ± 0.006 43 ± 1 345 ± 8 0.84 136 ± 1 5.89 ± 0.10 191 ± 5 69 ± 3 41.9 ± 1.2 59.9 ± 1.1

150 0.060 3.18 ± 0 3.82 ± 0.01 0.103 ± 0.002 46 ± 2 347 ± 12 0.81 138 ± 4 6.36 ± 0.21 209 ± 10 77 ± 2 44.8 ± 1.7 62.5 ± 1.5
175 0.027 3.18 ± 0 3.81 ± 0.03 0.113 ± 0.001 55 ± 2 336 ± 13 0.81 135 ± 4 7.39 ± 0.13 273 ± 12 87 ± 6 52.6 ± 2.0 68.0 ± 1.2

318

Blank 0 0.044 3.18 ± 0 3.84 ± 0.08 0.106 ± 0.005 3 ± 0 696 ± 14 0.90 350 ± 7 1.13 ± 0.01 16 ± 1 1 ± 0 9.7 ± 0.1 -

Poly
[VIMC4][Im]

100 0.020 2.42 ± 0.05 3.18 ± 0.05 0.218 ± 0.007 21 ± 0 540 ± 15 0.79 165 ± 5 3.39 ± 0.05 82 ± 1 17 ± 2 22.0 ± 0.1 55.8 ± 0.3
125 0.018 2.41 ± 0.03 3.17 ± 0.03 0.231 ± 0.007 22 ± 0 559 ± 8 0.78 167 ± 3 3.65 ± 0.03 85 ± 1 16 ± 0 23 ± 0.2 57.6 ± 0
150 0.029 2.63 ± 0.01 3.55 ± 0.04 0.194 ± 0.003 25 ± 2 535 ± 8 0.78 161 ± 8 4.05 ± 0.09 99 ± 8 14 ± 3 26.3 ± 1.5 62.9 ± 2.1
175 0.021 2.68 ± 0.06 3.61 ± 0.05 0.157 ± 0.005 29 ± 2 514 ± 29 0.78 156 ± 5 4.49 ± 0.11 107 ± 7 25 ± 3 29.0 ± 1.4 66.4 ± 1.6

Poly
[VIMC2][Br]

100 0.035 3.18 ± 0.00 3.87 ± 0.03 0.128 ± 0.001 14 ± 0 639 ± 6 0.80 202 ± 11 2.78 ± 0.08 56 ± 4 9 ± 2 18.1 ± 0.4 46.2 ± 1.1
125 0.026 3.18 ± 0.00 3.87 ± 0.01 0.125 ± 0.004 14 ± 0 592 ± 28 0.81 198 ± 8 2.81 ± 0.10 59 ± 1 9 ± 0 18.5 ± 0.1 47.3 ± 0.3
150 0.042 3.18 ± 0.00 3.81 ± 0.0 0.138 ± 0.002 16 ± 0 706 ± 11 0.79 216 ± 3 3.50 ± 0.05 59 ± 2 3 ± 0 19.7 ± 0.1 50.6 ± 0.2
175 0.039 3.18 ± 0.00 3.82 ± 0.04 0.118 ± 0.003 19 ± 1 584 ± 8 0.81 185 ± 5 3.45 ± 0.09 90 ± 10 12 ± 1 22.5 ± 0.9 56.6 ± 1.7

Poly
[VIMC4][Br]

100 0.027 3.18 ± 0.00 3.91 ± 0.03 0.122 ± 0.00 13 ± 0 641 ± 13 0.81 206 ± 4 2.58 ± 0.03 51 ± 0 7 ± 0 17.1 ± 0.2 43.2 ± 0.8
125 0.030 3.18 ± 0.00 3.95 ± 0.05 0.128 ± 0.003 13 ± 0 611 ± 11 0.81 189 ± 2 2.46 ± 0.04 53 ± 7 8 ± 0 18.0 ± 0.3 46.1 ± 0.9
150 0.048 3.18 ± 0.00 3.95 ± 0.09 0.116 ± 0.002 15 ± 1 612 ± 33 0.81 197 ± 4 2.95 ± 0.18 56 ± 4 5 ± 0 19.0 ± 0.7 48.9 ± 1.8
175 0.059 2.82 ± 0.37 3.55 ± 0.39 0.161 ± 0.040 21 ± 1 501 ± 10 0.80 162 ± 13 3.34 ± 0.18 116 ± 14 16 ± 5 23.9 ± 1.1 59.2 ± 1.8

328

Blank 0 0.016 2 ± 0.1 2.9 ± 0.1 0.3 ± 0.035 1.3 ± 0.1 961 ± 99 0.91 500 ± 18 0.66 ± 0.02 6.2 ± 0.4 0.14 ± 0.01 4.0 ± 0.1 -

Poly
[VIMC4][Im]

100 0.022 1.7 ± 0 2.8 ± 0.3 0.435 ± 0.067 6.2 ± 0.5 2029 ± 125 0.72 342 ± 21 2.11 ± 0.04 25 ± 2.4 1.25 ± 0.19 7.7 ± 0.1 47.8 ± 0.9
125 0.029 1.4 ± 0.1 2.7 ± 0.1 0.454 ± 0.022 7 ± 0.2 2280 ± 116 0.7 349 ± 9 2.45 ± 0.10 27.4 ± 1.3 1.19 ± 0.27 8.3 ± 0.2 51.5 ± 1.3
150 0.019 1.4 ± 0.1 3.1 ± 0.1 0.406 ± 0.025 7.2 ± 0.2 1976 ± 36 0.72 357 ± 5 2.59 ± 0.12 28.4 ± 1.6 1.68 ± 0.08 8.9 ± 0.1 54.5 ± 0.5
175 0.031 1.4 ± 0.2 3.0 ± 0.1 0.477 ± 0.046 8.8 ± 0.4 2283 ± 170 0.70 384 ± 31 3.38 ± 0.10 32.7 ± 2.7 1.92 ± 0.39 9.9 ± 0.2 59.3 ± 1.0

Poly
[VIMC2][Br]

100 0.064 1.4 ± 0.2 2.3 ± 0.2 0.513 ± 0.08 3 ± 0.2 3220 ± 730 0.71 426 ± 12 1.29 ± 0.08 10.6 ± 0.7 0.42 ± 0.18 4.7 ± 0.2 14.2 ± 4.0
125 0.050 1.5 ± 0 2.4 ± 0 0.504 ± 0.01 3.2 ± 0.1 2163 ± 68 0.75 373 ± 15 1.19 ± 0.09 12.5 ± 0.9 0.50 ± 0.06 4.9 ± 0.1 17.8 ± 1.4
150 0.037 1.7 ± 0.1 2.6 ± 0 0.411 ± 0.011 3 ± 0.1 2040 ± 189 0.76 381 ± 24 1.14 ± 0.04 11 ± 0.4 0.46 ± 0.10 5.0 ± 0.1 19.2 ± 1.0
175 0.025 2.1 ± 0.2 3.0 ± 0.1 0.292 ± 0.034 3.4 ± 0.1 2306 ± 69 0.74 385 ± 16 1.32 ± 0.08 12.3 ± 0.9 0.45 ± 0.07 5.7 ± 0.1 28.9 ± 1.6

Poly
[VIMC4][Br]

100 0.032 1.5 ± 0 2.4 ± 0 0.492 ± 0.009 3.8 ± 0.2 3969 ± 483 0.69 554 ± 37 1.38 ± 0.08 12.7 ± 1.1 0.52 ± 0.15 5.3 ± 0.2 23.3 ± 2.3
125 0.035 1.8 ± 0.1 2.8 ± 0.1 0.366 ± 0.023 3.3 ± 0 4566 ± 425 0.67 526 ± 40 1.72 ± 0.11 14.3 ± 0.8 0.48 ± 0.13 5.5 ± 0.1 26.4 ± 1.2
150 0.011 1.7 ± 0 3.1 ± 0.1 0.286 ± 0.011 3.1 ± 0.1 2772 ± 191 0.73 450 ± 15 2.08 ± 0.10 14.9 ± 0.6 0.85 ± 0.25 5.7 ± 0.1 29.0 ± 1.2
175 0.031 1.6 ± 0 2.5 ± 0.1 0.533 ± 0.017 4.2 ± 0.1 2848 ± 511 0.72 455 ± 16 1.89 ± 0.12 17.3 ± 1.9 0.74 ± 0.16 5.9 ± 0.2 31.2 ± 2.2
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The effect observed with the temperature was as follows: the Rct diminution and
increase in the capacitance of the electric double layer (Cdl) reveal a small surface fraction
covered by the CIs, which can be attributed to the growing diffusion rate of corrosive ions
such as [H3O+] and [SO4

2−] that promotes the transfer of electrons and steel dissolution.
The inductance elements RL and L diminished with the increasing temperature, which
suggests that the desorption of species adsorbed on the surface originated mainly by the
relaxation process of intermediate compounds involved in oxidation reactions [40]. The
reduction of Rf and slight increase in the film capacitance (Cf) shows the possible formation
of a film consisting of corrosion products and/or CI adsorbed species that could be removed
from the metallic surface more easily by the temperature effect.

The τdl values were higher in the presence of PILs with the increasing CINH (Table 4),
revealing that the electric charge and discharge process occurring in the metal-solution
interface is slower due to the presence of a higher number of macromolecules adsorbed
on the metallic surface [46,48]. However, the number of these molecules falls with the
increasing temperature, for it reduces the necessary time for their right orientation; as the
temperature rises, the molecular thermal movement increases and τdl goes on diminish-
ing, which negatively affects the migration of PIL inhibiting species toward the metallic
surface [49].

In summary, at 308, 318 and 328 K, the reduction of the values of the EEC resistive
elements was observed, which was associated with the desorption of PIL species forming
the inhibiting film on the surface as a result of the intensification of the charge transfer
process related to the kinetics of the redox reactions that occurred in the metal-solution
interface when the temperature was raised, thus causing a higher anodic dissolution of the
metallic sample.

2.3. Thermodynamic and Kinetic Properties

The action of a film-forming CI is based on a solid-liquid adsorption process that
consists in the union of molecules and/or ions on a metallic surface through either chemical
or physical interactions. The degree of surface coverage (θ) as a function of the CI concen-
tration can be represented with adsorption isotherm models such as Langmuir, Temkin,
Frumkin, Freundlich and Flory-Huggins, among others [50].

Figure 11 shows the adsorption process of the PILs Poly[VIMC4][Im], Poly[VIMC2][Br]
and Poly[VIMC4][Br] on the steel surface at 308 and 318 K, which can be described by the
Langmuir adsorption isotherm (Equation (4)) due to the correlation coefficients (R2) close
to unity. This model is related to ideal adsorption with the formation of a monolayer on
a finite number of identical and equivalent adsorption sites, considering that there is no
lateral interaction between the adsorbed molecules [51,52]:

KadsCinh =
θ

(θ − 1)
(4)

By increasing the temperature to 328 K, a better fitting of the experimental data was
obtained with the Freundlich isotherm (Figure 11) whose model is described by Equation
5. This model is associated with non-ideal, reversible and heterogeneous adsorption [53].
This change in the adsorption isotherm model is ascribed to a desorption process of the
CIs with the increasing temperature, which generates more unprotected metallic sites by
the attack in the corrosive medium. The thermodynamic parameters obtained for each
adsorption isotherm at different temperatures are shown in Table 5.

KadsCinh = θ (5)
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Table 5. Thermodynamic parameters of API 5L X60 steel in the presence of 1 M H2SO4—CIs at
different temperatures.

CI T
(K) R2 Slope Kads

(L mol−1)
−∆G◦ads

(kJ mol−1)
−∆H◦ads
(kJ/mol)

−∆S◦ads
(J/mol K)

Poly[VIMC4][Im]
308 1.000 1.117 1.85 × 104 35.46

61.81 84.82318 0.988 1.129 1.12 × 104 35.29
328 0.985 0.382 4.22 × 103 30.64

Poly[VIMC2][Br]
308 0.996 1.089 1.04 × 104 33.98

89.48 178.97318 0.960 1.062 5.26 × 103 33.29
328 0.954 0.673 8.25 × 102 24.37

Poly[VIMC4][Br]
308 0.982 1.181 1.61 × 104 35.11

79.69 144.24318 0.975 1.066 7.12 × 103 34.09
328 0.999 1.162 1.91 × 103 28.69

It is known that the adsorption equilibrium constant (Kads) represents either the
adsorption or desorption strength between the adsorbate (PILs) and adsorbent species (API
5L X60 steel), which indicates the equilibrium relationship between the CI concentration on
the metallic surface and in the solution core [54]. From the linear regression of the plots
displayed in Figure 11, the Kads values were estimated (Table 5). High Kads values reveal
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a better adsorption efficiency of the CIs and suggest that the adsorption was favored by
forming a stable film on the steel surface [43,55], notwithstanding, the temperature increase
promoted the diminution of Kads, which showed that the interaction between the PILs and
steel surface was weakened and, as a consequence, the adsorbed species could be desorbed
at higher temperatures [56].

With the Kads values, the change in the standard Gibbs free energy of adsorption
(∆G◦ads) was obtained by means of Equation (6) [57]:

∆G◦ads = −RTln(55.5Kads) (6)

The negative values of ∆G◦ads express that the adsorption was thermodynamically
spontaneous [9]. The values of ∆G◦ads are associated with the type of adsorption that
occurred in a metal-liquid system [58–60]: when ∆G◦ads > −20 kJmol−1, physical adsorp-
tion or physisorption took place, which is characterized by the electrostatic interaction
between the charge of the CI molecules and the charge of the metallic surface; when
∆G◦ads < −40 kJmol−1, the behavior indicates that the CI molecules and metallic surface
share or transfer their charge in such a way that a coordinate metallic bond is formed,
having chemical adsorption or chemisorption. When ∆G◦ads displays intermediate values
between−20 and−40 kJmol−1, it is considered that the CI undergoes an adsorption process
that is both physical and chemical.

The obtained ∆G◦ads values (Table 5) of the PILs evaluated at 308, 318 and 328 K ranged
from −26 to −35 kJmol−1, which suggested a physicochemical adsorption process, where
adsorption started under electrostatic forces (physisorption) between the steel surface and
functional groups of the PIL polymeric blocks. Furthermore, the formation of coordinate
complexes between the substituents of the mentioned PILs and vacant d iron orbital of
the metallic surface was possible [61,62]. However, the chemisorption process had a
minor contribution to the adsorption mechanism of the PILs at the different evaluated
temperatures [59,63]. The slight growth in the ∆G◦ads values as a consequence of the system
temperature increase suggested that the desorption process of the PIL adsorbed species was
favorable, making their inhibition process difficult and promoting the anodic dissolution
of iron.

In order to understand the behavior of the PILs with respect to the temperature,
the standard adsorption enthalpy (∆H◦ads) was calculated from the Van’t Hoff model, as
indicated in Equation 7 [18,64]. ∆H◦ads stems from the slope obtained by linear regression
of lnKads vs. 1/T, whereas the standard adsorption entropy (∆S◦ads) was calculated from
the ordinate of the origin. The Van’t Hoff plot is shown in Figure 12 and the ∆H◦ads and
∆S◦ads values are reported in Table 5.

ln Kads = −
∆H◦ads

RT
+

∆S◦ads
R

+ ln
1

55.5
(7)

The negative values of ∆H◦ads for the H2SO4—CI system indicate not only that the
adsorption process of Poly[VIMC4][Im], Poly[VIMC2][Br] and Poly[VIMC4][Br] had an
exothermic nature, which is characteristic of physical adsorption [65], but also that the
spontaneity of the adsorption process is limited by the temperature and that the protection
of the metallic surface was favored at 298 K. On the other hand, the negative value of ∆S◦ads
reveals that the inhibiting molecules present in the acid-inhibitor electrolytic solution are
adsorbed orderly on the surface [66].

The temperature effect on the corrosion inhibition of steel in the presence and absence
of PILs can also be studied from the kinetic point of view by employing the Arrhenius
equation shown in Equation (8). The activation energy (Ea) is the energy that is necessary
for a chemical reaction to be carried out and is related to the corrosion rate [67]:

ln vcorr = −
Ea

RT
+ ln A (8)
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where vcorr represents the corrosion rate in g m−2 h−1 calculated with icorr values [68] and
A is the Arrhenius pre-exponential factor. The kinetic parameters Ea and A were obtained
from the slope and ordinate of the origin in Figure 13, respectively.
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Table 6 shows that Ea augmented from 68.00 kJ/mol in the H2SO4 solution in the
absence of CIs to 101.00 kJ/mol in the presence of PILs. According to the literature, if the Ea
values of the system in the presence of CIs are higher than those of the blank, the behavior
can be associated with a physisorption process or also with the diminution of the inhibitor
adsorption on the metallic surface as a consequence of the temperature increase; on the
contrary, if the Ea values are lower, the charge transfer from the inhibitor to the metallic
surface to form coordinate covalent bonds, that is to say through a chemisorption process,
is suggested [69].

Table 6. Kinetic parameters of the inhibition process of API 5L X60 steel in 1 M H2SO4 with and
without CIs.

Poly[VIMC4][Im] Poly[VIMC2][Br] Poly[VIMC4][Br]

CINH
(ppm)

Ea
(kJ mol−1)

A
(g m−2 h−1)

Ea
(kJ mol−1)

A
(g m−2 h−1)

Ea
(kJ mol−1)

A
(g m−2 h−1)

0 68.00 4.12 × 1012 68.00 4.12 × 1012 68.00 4.12 × 1012

100 86.67 2.03 × 1015 95.13 6.49 × 1016 100.13 4.11 × 1017

125 88.29 3.37 × 1015 97.59 1.54 × 1017 98.22 1.88 × 1017

150 87.92 2.73 × 1015 101.00 5.12 × 1017 96.19 8.12 × 1016

175 88.89 3.54 × 1015 99.76 2.91 × 1017 98.09 1.47 × 1017

An increase in the temperature of the acid medium implies the acceleration of the
metal dissolution process and then higher Ea values in the presence of CIs suggest that a
higher energy physical barrier is formed by the electrostatic adsorption of Poly[VIMC4][Im],
Poly[VIMC2][Br] and Poly[VIMC4][Br] molecules on the steel surface [59,70]. Such a physi-
cal barrier made of PILs limits the charge and mass transfer in the metallic interface [18].
On the other hand, A is related to the collision frequency between CI molecules and the
acid medium and an increase in these values in the presence of PILs is associated with the
increase in the system kinetic energy by effect of T.

Furthermore, although the vcorr values diminished in the presence of PILs, the tempera-
ture increase reduced the adsorption process by the increase in the molecular kinetic energy
of the corrosive medium, which provoked the growth of unprotected metallic surface
fractions, as confirmed by the lowering of the IE values of the PILs from 298 to 328 K at
constant CINH.

2.4. Surface Analysis

Figure 14 shows the surface analysis of the steel sample after its exposure to 1 M
H2SO4 in the absence and presence of CIs at 308 K for 4 h by SEM. Figure 14a displays the
blank micrograph with evident surface damage and heterogeneous morphology caused
by SO4

2− and H3O+ ions, which are characteristic of the corrosive medium and by the
temperature effect. In the presence of PILs at 175 ppm (Figure 14b–d), a less damaged and
more homogeneous morphology is observed; even some surface fractions spared by the
corrosive attack can be seen, which reveals higher corrosion resistance originated by the
adsorption of a CI protecting film; however, like in Figure 14a, there are also some sections
that present localized corrosion promoted by the H2SO4 acid medium.

2.5. DFT Study

The quantum chemical calculation of the IL monomers helps better understand the in-
hibition mechanism by identifying the reactive sites of the CIs from the energy of the molec-
ular orbitals and other quantum parameters. The optimized structures, molecular orbitals
and molecular electrostatic potential (MEP) of the Poly[VIMC4][Im] and Poly[VIMC4][Br]
monomers are shown in Table 7.

The CI behavior of the PIL monomers was studied by employing the energy of the
highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied molecular
orbital (ELUMO) and the charge distribution of the MEP (Table 7) [71,72].
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Table 7. Optimized structures, HOMO, LUMO and molecular electrostatic potential mapping of
monomers obtained at the B3LYP/6-311++ theory level in aqueous medium.

PIL Monomer Optimized Structure HOMO LUMO MEP

Po
ly

[V
IM

C
4]

[I
m

]

Vinyl-
butylimidazolium

imidazolate
(VBII)
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accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
of the molecule on the metallic surface. The results suggest that the imidazolate anions 
can work synergistically both with their imidazolium cations and diacetamide groups. 

In the case of the VAA monomer of Poly[VIMC4][Br], the HOMO and LUMO 
distribution and the positive and negative charges are localized on the N and O 
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anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that 
accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
of the molecule on the metallic surface. The results suggest that the imidazolate anions 
can work synergistically both with their imidazolium cations and diacetamide groups. 
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ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
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ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
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In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate 
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accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
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In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate 
anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that 
accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
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because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
of the molecule on the metallic surface. The results suggest that the imidazolate anions 
can work synergistically both with their imidazolium cations and diacetamide groups. 

In the case of the VAA monomer of Poly[VIMC4][Br], the HOMO and LUMO 
distribution and the positive and negative charges are localized on the N and O 

Vinyl-
butylimidazolium

bromide
(VBIB)

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 24 of 33 
 

 

Table 7. Optimized structures, HOMO, LUMO and molecular electrostatic potential mapping of 
monomers obtained at the B3LYP/6-311++ theory level in aqueous medium. 

PIL 
Monome

r Optimized Structure HOMO LUMO MEP 

Po
ly

[V
IM

C
4]

[I
m

] 

Vinyl-
butylimi
dazoliu

m 
imidazol

ate 
(VBII) 

 

  
 

 

 

Vinyl-
diacetam

ide 
(VDAA) 

 

 
  

 

 

 

Po
ly

[V
IM

C
4]

[B
r]

 

Vinylacr
ylamide 
(VAA) 

 

  
 

 

 

Vinylpyr
rolidone 

(VP) 

 

   

 

 

Vinyl-
butylimi
dazoliu

m 
bromide 
(VBIB) 

 

  
 

 

The CI behavior of the PIL monomers was studied by employing the energy of the 
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In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate 
anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that 
accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
of the molecule on the metallic surface. The results suggest that the imidazolate anions 
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The CI behavior of the PIL monomers was studied by employing the energy of the 
highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied 
molecular orbital (ELUMO) and the charge distribution of the MEP (Table 7) [71,72]. 

In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate 
anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that 
accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
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can work synergistically both with their imidazolium cations and diacetamide groups. 

In the case of the VAA monomer of Poly[VIMC4][Br], the HOMO and LUMO 
distribution and the positive and negative charges are localized on the N and O 

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 24 of 33 
 

 

Table 7. Optimized structures, HOMO, LUMO and molecular electrostatic potential mapping of 
monomers obtained at the B3LYP/6-311++ theory level in aqueous medium. 

PIL 
Monome

r Optimized Structure HOMO LUMO MEP 

Po
ly

[V
IM

C
4]

[I
m

] 

Vinyl-
butylimi
dazoliu

m 
imidazol

ate 
(VBII) 

 

  
 

 

 

Vinyl-
diacetam

ide 
(VDAA) 

 

 
  

 

 

 

Po
ly

[V
IM

C
4]

[B
r]

 

Vinylacr
ylamide 
(VAA) 

 

  
 

 

 

Vinylpyr
rolidone 

(VP) 

 

   

 

 

Vinyl-
butylimi
dazoliu

m 
bromide 
(VBIB) 

 

  
 

 

The CI behavior of the PIL monomers was studied by employing the energy of the 
highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied 
molecular orbital (ELUMO) and the charge distribution of the MEP (Table 7) [71,72]. 

In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate 
anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that 
accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
of the molecule on the metallic surface. The results suggest that the imidazolate anions 
can work synergistically both with their imidazolium cations and diacetamide groups. 

In the case of the VAA monomer of Poly[VIMC4][Br], the HOMO and LUMO 
distribution and the positive and negative charges are localized on the N and O 

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 24 of 33 
 

 

Table 7. Optimized structures, HOMO, LUMO and molecular electrostatic potential mapping of 
monomers obtained at the B3LYP/6-311++ theory level in aqueous medium. 

PIL 
Monome

r Optimized Structure HOMO LUMO MEP 

Po
ly

[V
IM

C
4]

[I
m

] 

Vinyl-
butylimi
dazoliu

m 
imidazol

ate 
(VBII) 

 

  
 

 

 

Vinyl-
diacetam

ide 
(VDAA) 

 

 
  

 

 

 

Po
ly

[V
IM

C
4]

[B
r]

 

Vinylacr
ylamide 
(VAA) 

 

  
 

 

 

Vinylpyr
rolidone 

(VP) 

 

   

 

 

Vinyl-
butylimi
dazoliu

m 
bromide 
(VBIB) 

 

  
 

 

The CI behavior of the PIL monomers was studied by employing the energy of the 
highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied 
molecular orbital (ELUMO) and the charge distribution of the MEP (Table 7) [71,72]. 

In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate 
anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that 
accepts electrons). In addition, by being an IL species, it is confirmed that the negative 
charge is localized in the imidazolate anion and the positive charge in the imidazolium 
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer 
displayed the HOMO and LUMO orbitals distributed throughout its structure and 
because it is an organic species, the reactive sites are distinguished on the negative charges 
in C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that 
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity 
of the molecule on the metallic surface. The results suggest that the imidazolate anions 
can work synergistically both with their imidazolium cations and diacetamide groups. 

In the case of the VAA monomer of Poly[VIMC4][Br], the HOMO and LUMO 
distribution and the positive and negative charges are localized on the N and O 

In the case of Poly[VIMC4][Im], the species VBII presents HOMO in the imidazolate
anion (site that cedes electrons) and LUMO in the imidazolium ring of the cation (site that
accepts electrons). In addition, by being an IL species, it is confirmed that the negative
charge is localized in the imidazolate anion and the positive charge in the imidazolium
ring, thus identifying the molecule reactive sites. On the other hand, the VDAA monomer
displayed the HOMO and LUMO orbitals distributed throughout its structure and because
it is an organic species, the reactive sites are distinguished on the negative charges in
C=O, positive charges in N–H2 and neutral charges in C–C. These results evidence that
Poly[VIMC4][Im] has multiple adsorption sites that can increase the “anchoring” capacity
of the molecule on the metallic surface. The results suggest that the imidazolate anions can
work synergistically both with their imidazolium cations and diacetamide groups.

In the case of the VAA monomer of Poly[VIMC4][Br], the HOMO and LUMO distribu-
tion and the positive and negative charges are localized on the N and O heteroatoms, re-
spectively, which indicates that the monomer presents donor-acceptor interactions; notwith-
standing, some authors suggest that acrylamide participates mainly as an e− donor with
the metallic surface through π electrons present in the structure that promote the formation
of coordination bonds with the d orbitals of Fe [71,73]. As for the VP monomer, it exhibits
a distribution of the molecular orbitals and charge similar to that of VAA [74]. On the
other hand, VBIB displays the HOMO and LUMO orbitals through the imidazolium ring as



Int. J. Mol. Sci. 2023, 24, 6291 22 of 29

reported by Cui et al. [75], whereas the positive charge was localized in N and C=C of the
imidazolium ring and the negative charge in the bromide anion. These results confirm that
Br and C=C and the heteroatoms N and O work as reactive sites in the different polymeric
blocks that favor the adsorption process through them.
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The µ results indicate that both IL blocks (VBII > VBIB) present high values in com-
parison with the organic blocks (VAA > VP > VDAA), which reveals behavior associated
with the ionic nature of the monomers that enhanced the adsorption process through
dipole-dipole interactions between the CI and the metallic surface [71].

Table 8 reports the quantum parameters obtained from the monomers of the PILs.
Based on the literature, the energy gap (∆GL-H) is associated with the donor—acceptor
activity of a molecule and is defined as the difference in LUMO and HOMO energies
(Equation (9)):

∆GL−H = ELUMO − EHOMO (9)

Low ∆GL−H values suggest higher donor-acceptor activity of the monomers and based
on the values shown in Figure 15, improved inhibiting behavior of the monomeric species
of Poly[VIMC4][Im] can be considered.
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Table 8. Quantum parameters obtained from PIL monomers at B3LYP/6-311++ level in aque-
ous medium.

PIL Monomers –EHOMO
(eV)

–ELUMO
(eV)

µ
(debye)

Poly[VIMC4][Im] VBII 8.78 4.82 20.82
VDAA 9.54 5.54 1.03

Poly[VIMC4][Br]
VAA 10.01 5.50 6.14
VP 8.89 4.57 5.94

VBIB 9.07 4.83 19.51
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3. Materials and Methods

Table 9 shows the chemical structures of the compounds evaluated as CIs: Poly(1-butyl-
3-vinylimidazolium)imidazolate, Poly[VIMC4][Im], Poly(acrylamide-N-vinylpyrrolidone-
1-ethyl-3-vinylimidazolium bromide), Poly[VIMC2][Br], and Poly(acrylamide-N-
vinylpyrrolidone-1-butyl-3-vinylimidazolium bromide), Poly[VIMC4][Br]. The synthe-
sis and characterization of the PILs was already reported in a previous work [28].

The corrosive acid medium employed in the present study was 1 M H2SO4, which was
prepared by diluting reagent grade sulfuric acid (Sigma-Aldrich, Edo.de México, México)
with deionized water. Afterward, PIL dilutions were prepared in the corrosive medium
until obtaining concentrations of 100, 125, 150 and 175 ppm; the systems were evaluated at
308, 318 and 328 K.

API 5L X60 steel was used as the metallic sample whose chemical composition is
displayed in Table 10. For the weight loss (WL) tests, the samples were abraded with 600 to
1200 grade SiC emery paper; then, the surfaces were cleaned with ethanol and deionized
water, and finally, dried with nitrogen [76,77]. The initial mass of the samples was recorded
before proceeding to their immersion in the acid-CI system. Gravimetric essays were carried
out under static conditions without O2 extraction. The tests were performed at constant
temperature (298, 308, 318 and 328 K) for 4 h employing a Carbolite LHT 4/60 oven. After
the immersion process, the samples were extracted from the corrosive medium, washed,
dried and weighed by following the ASTM G-01 standard [77].
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Table 9. Chemical structures of the PILs evaluated as CIs.

Abbreviation Name Chemical Structure

Poly[VIMC4][Im] Poly(1-butyl-3-vinylimidazolium)imidazolate
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Table 10. Percentage chemical composition of API 5L X60 steel [78].

C Mn Si Cr Mo V Cu Ni Al P S Ti Nb Fe

0.14 1.04 0.25 0.07 0.08 0.03 0.03 0.05 0.026 0.014 0.011 0.015 0.001 balance

The corrosion rate (Vcorr, mm year−1) and IE, obtained by means of the weight loss
technique (IEWL, %), were calculated employing Equations (10) and (11) [76]:

Vcorr =
K× ∆W

A× t× D
(10)

%IEWL = 100×
(

V0
corr −VCI

corr

V0
corr

)
(11)

where K is a conversion factor equal to 8.76 × 104, ∆W is the mass loss in g, A is the area in
cm2, t is the time in h and D is the steel density equal to 7.86 gcm−3; the superindexes CI
and 0 represent the presence and absence of CIs in the system, respectively [78].

As for the electrochemical evaluation, API 5L X60 steel was the working electrode
(WE), which was mounted on Teflon tubes cured with epoxy resin, leaving a contact area
of 0.2894 cm2. The open circuit potential (EOCP) of the WE was recorded for 1200 s at 308,
318 and 328 K in the absence and presence of CIs. The electrochemical measurements
took place in a glass electrochemical cell with a three-electrode arrangement: platinum
electrode (99.9%), Ag/AgCl in 3M KCl as the reference electrode and WE. The behavior of
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the PILs as CIs was analyzed electrochemically by means of an Autolab PGSTAT312N Po-
tentiostat/Galvanostat controlled by the software NOVA 2.1.4, running linear polarization
resistance (LPR) and potentiodynamic polarization (PDP) tests within an interval between
±25 mV and ±250 mV with respect to the EOCP, respectively, employing a scanning rate of
0.166 mVs−1.

Additionally, electrochemical impedance spectroscopy (EIS) tests were carried out at
frequencies from 100 kHz to 100 mHz with a sinusoidal wave with an amplitude of 5 mV.
In order to ensure the reproducibility of the electrochemical tests, all the experiments were
run in triplicate [79–81]. The electrochemical parameters were obtained through linear
regression of the LPR data and linear extrapolation of the PDP Tafel curves and EIS data
by means of equivalent circuits. The IE of the PDP and EIS techniques were calculated
employing Equations (12) and (13), respectively [82,83]:

%IEPDP = 100×
[

i0corr − iCI
corr

i0corr

]
(12)

%IEEIS = 100×
[

RpCI
EIS − Rp0

EIS

RpCI
EIS

]
(13)

where icorr is the current density in µAcm−2 and RpEIS is the polarization resistance in
Ωcm2 by the EIS technique.

In order to observe the surface morphology and identify the chemical elements present
on the metallic surface in the absence and presence of PILs, the API 5L X60 steel samples
were analyzed by scanning electron microscopy (SEM) employing a JEOL-JSM-6300 model
of equipment. Before carrying out these analyses, the metallic samples were polished until
reaching a mirror finishing and were submitted to immersion for 4 h in the absence and
presence of 175 ppm of PILs at 308 K [76,77].

The inhibiting behavior exhibited by the PILs was supported by first principle energy
calculations. The structures were optimized structurally, confirming the optimal position
without symmetry restriction and in singlet state (M = 1). The computational calculations
were developed under the density functional theory (DFT) through the software Gaussian
09W [84] based on the B3LYP/6-311++ theory level; Gauss view v6.0 was employed for
visualization and input files. Once the optimal structure was produced, the molecular
orbitals (MOs), molecular electrostatic potential (MEP) and dipolar moment (µ) of each PIL
monomer were analyzed.

4. Conclusions

By performing the present research work, the temperature effect on the corrosion
inhibition process of API 5L X60 steel in 1 M H2SO4 was confirmed by the presence of a pro-
tecting film consisting of the PILs Poly[VIMC4][Im], Poly[VIMC2][Br] and Poly[VIMC4][Br].
Based on the electrochemical and mass loss results, it was found that temperature is a
variable that promotes the partial desorption process of CIs and, as a consequence, fewer
fractions of protected metallic surface. Poly[VIMC4][Im] displayed a better adsorption
process of the PIL derived from Poly[VIMC][Br] with a maximal IE of 75% at 175 ppm at
35 ◦C, which was attributed to the reticulated form of its chemical structure and to higher
cationic participation of the vinylbutylimidazolium monomers. The evaluated compounds
were classified as mixed-type CIs.

The SEM results supported the inhibition process of the PILs, revealing less surface
damage through the adsorption and formation of an inhibiting film consisting of PILs,
even with the temperature increase. The analysis of the molecular orbitals and molecular
electrostatic potential of the monomers suggests that the PILs possess different reactive
sites located mainly on the N and O heteroatoms present in their chemical structure.



Int. J. Mol. Sci. 2023, 24, 6291 26 of 29

Author Contributions: Conceptualization, N.V.L. and P.A.-L.; methodology, G.G.-S., I.V.L., V.D.-J.
and J.L.-R.; software, V.D.-J. and J.L.-R.; validation, G.G.-S. and I.V.L.; formal analysis, G.G.-S. and
O.O.-X.; investigation, G.G.-S. and O.O.-X.; resources, P.A.-L. and N.V.L.; data curation, J.A.-M.;
writing—original draft preparation, G.G.-S.; writing—review and editing, O.O.-X., P.A.-L. and N.V.L.;
visualization, G.G.-S. and O.O.-X.; supervision, P.A.-L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Gómez-Sánchez thanks CONACyT for the scholarship granted to pursue post-
degree studies. The authors acknowledge the VIEP-BUAP support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ardakani, E.K.; Kowsari, E.; Ehsani, A.; Ramakrishna, S. Performance of all ionic liquids as the eco-friendly and sustainable

compounds in inhibiting corrosion in various media: A comprehensive review. Microchem. J. 2021, 165, 106049. [CrossRef]
2. Tiu, B.D.B.; Advincula, R.C. Polymeric corrosion inhibitors for the oil and gas industry: Design principles and mechanism. React.

Funct. Polym. 2015, 95, 25–45. [CrossRef]
3. Zunita, M.; Kevin, Y.J. Results in Engineering Ionic liquids as corrosion inhibitor: From research and development to commercial-

ization. Results Eng. 2022, 15, 100562. [CrossRef]
4. Thirumoolan, D.; Anver BashaK, K.; Sakthinathan, S.P.; Siva, T. Corrosion protection properties of poly((benzoyl phenyl)

methacrylate-co-methoxy ethylmethacrylate) coating on mild steel. J. Mol. Struct. 2022, 1264, 133186. [CrossRef]
5. Ahmad, Z. Principles of Corrosion Engineering and Corrosion Control; Elsevier: Great Britain, 2006; Volume 136, pp. 23–42.
6. Dhawan, S.; Bhandari, H.; Ruhi, G.; Bisht, B.M.S.; Sambyal, P. Corrosion Preventive Materials and Corrosion Testing, 1st ed.; CRC

Press: New York, NY, USA, 2020; pp. 1–60.
7. Yang, H.-M. Role of Organic and Eco-Friendly Inhibitors on the Corrosion Mitigation of Steel in Acidic Environments—A

State-of-Art Review. Molecules 2021, 26, 3473. [CrossRef] [PubMed]
8. Dayu, X.; Mingxing, L.; Ansari, K.R.; Singh, A. Synthesis of novel nano polymeric composite of zinc oxide and its application in

corrosion inhibition of tubular steel in sweet corrosive medium. J. Mol. Liq. 2022, 359, 119327. [CrossRef]
9. Kamal Ardakani, E.; Kowsari, E.; Ehsani, A. Imidazolium-derived polymeric ionic liquid as a green inhibitor for corrosion

inhibition of mild steel in 1.0 M HCl: Experimental and computational study. Colloids Surf. A 2020, 586, 124195. [CrossRef]
10. Li, H.; Zhang, Y.; Li, C.; Zhou, Z.; Nie, X.; Chen, Y.; Cao, H.; Liu, B.; Zhang, N.; Said, Z.; et al. Cutting fluid corrosion inhibitors

from inorganic to organic: Progress and applications. Korean J. Chem. Eng. 2022, 39, 1107–1134. [CrossRef]
11. Aslam, J.; Aslam, R. 21-Corrosion inhibitors for high temperature corrosion in oil and gas industry. In Environmentally Sustainable

Corrosion Inhibitors Fundamentals and Industrial Applications, Hussain, C.M., Verma, C., Aslam, J.B.T., Eds.; Elsevier: Amsterdam, The
Netherlands, 2022; pp. 423–437.

12. Goni, L.K.M.O.; Jafar Mazumder, M.A.; Tripathy, D.B.; Quraishi, M.A. Acridine and Its Derivatives: Synthesis, Biological, and
Anticorrosion Properties. Materials 2022, 15, 7560. [CrossRef]

13. Verma, C.; Quraishi, M.A.; Rhee, K.Y. Aqueous phase polymeric corrosion inhibitors: Recent advancements and future opportuni-
ties. J. Mol. Liq. 2022, 348, 118387. [CrossRef]

14. Shehata, O.S.; Korshed, L.A.; Attia, A. Green Corrosion Inhibitors, Past, Present, and Future. In Corrosion Inhibitors, Principles and
Recent Applications, 1st ed.; Aliofkhazraei, M., Ed.; IntechOpen: London, UK, 2018; Volume 1, pp. 121–142.

15. Mecerreyes, D. Polymeric ionic liquids: Broadening the properties and applications of polyelectrolytes. Prog. Polym. Sci. 2011, 36,
1629–1648. [CrossRef]

16. Shaplov, A.S.; Marcilla, R.; Mecerreyes, D. Recent Advances in Innovative Polymer Electrolytes based on Poly(ionic liquid)s.
Electrochim. Acta 2015, 175, 18–34. [CrossRef]

17. Qian, W.; Texter, J.; Yan, F. Frontiers in poly(ionic liquid)s: Syntheses and applications. Chem. Soc. Rev. 2017, 46, 1124–1159.
[CrossRef]

18. Rahiman, A.F.S.A.; Sethumanickam, S. Corrosion inhibition, adsorption and thermodynamic properties of poly(vinyl alcohol-
cysteine) in molar HCl. Arab. J. Chem. 2017, 10, S3358–S3366. [CrossRef]

19. Wang, J.; Liu, D.; Cao, S.; Pan, S.; Luo, H.; Wang, T.; Ding, H.; Mamba, B.B.; Gui, J. Inhibition effect of monomeric/polymerized
imidazole zwitterions as corrosion inhibitors for carbon steel in acid medium. J. Mol. Liq. 2020, 312, 113436. [CrossRef]

20. Odewunmi, N.A.; Solomon, M.M.; Umoren, S.A.; Ali, S.A. Comparative Studies of the Corrosion Inhibition Efficacy of a Dicationic
Monomer and Its Polymer against API X60 Steel Corrosion in Simulated Acidizing Fluid under Static and Hydrodynamic
Conditions. ACS Omega 2020, 5, 27057–27071. [CrossRef]

http://doi.org/10.1016/j.microc.2021.106049
http://doi.org/10.1016/j.reactfunctpolym.2015.08.006
http://doi.org/10.1016/j.rineng.2022.100562
http://doi.org/10.1016/j.molstruc.2022.133186
http://doi.org/10.3390/molecules26113473
http://www.ncbi.nlm.nih.gov/pubmed/34200445
http://doi.org/10.1016/j.molliq.2022.119327
http://doi.org/10.1016/j.colsurfa.2019.124195
http://doi.org/10.1007/s11814-021-1057-0
http://doi.org/10.3390/ma15217560
http://doi.org/10.1016/j.molliq.2021.118387
http://doi.org/10.1016/j.progpolymsci.2011.05.007
http://doi.org/10.1016/j.electacta.2015.03.038
http://doi.org/10.1039/C6CS00620E
http://doi.org/10.1016/j.arabjc.2014.01.016
http://doi.org/10.1016/j.molliq.2020.113436
http://doi.org/10.1021/acsomega.0c02345


Int. J. Mol. Sci. 2023, 24, 6291 27 of 29

21. Alaoui, K.; El-Kacimi, Y.; Galai, M.; Touir, R.; Dahmani, K.; Harfi, A.; Ebn-Touhami, M. Anti-corrosive properties of Polyvinyl-
Alcohol for carbon steel in Hydrochloric acid media: Electrochemical and Thermodynamic investigation. J. Mater. Environ. Sci.
2016, 7, 2389–2403.

22. Chauhan, D.S.; Srivastava, V.; Joshi, P.G.; Quraishi, M.A. PEG cross-linked Chitosan: A biomacromolecule as corrosion inhibitor
for sugar industry. Int. J. Ind. Chem. 2018, 9, 363–377. [CrossRef]

23. Gowraraju, N.D.; Jagadeesan, S.; Ayyasamy, K.; Olasunkanmi, L.O.; Ebenso, E.E.; Subramanian, C. Adsorption characteristics of
Iota-carrageenan and Inulin biopolymers as potential corrosion inhibitors at mild steel/sulphuric acid interface. J. Mol. Liq. 2017,
232, 9–19. [CrossRef]

24. Charitha, B.P.; Padmalatha, R. Carbohydrate biopolymer for corrosion control of 6061 Al-alloy and 6061Aluminum-15% (v) SiC
(P) composite—Green approach. Carbohydr. Polym. 2017, 168, 337–345. [CrossRef]

25. Yasir, A.H.; Khalaf, A.S.; Khalaf, M.N. Preparation and Characterization of Oligomer from Recycled PET and Evaluated as a
Corrosion Inhibitor for C-Steel Material in 0.1 M HCl. Open J. Org. Polym. Mater. 2017, 07, 1–15. [CrossRef]

26. Kumar, S.; Vashisht, H.; Olasunkanmi, L.O.; Bahadur, I.; Verma, H.; Goyal, M.; Singh, G.; Ebenso, E.E. Polyurethane Based
Triblock Copolymers as Corrosion Inhibitors for Mild Steel in 0.5 M H2SO4. Ind. Eng. Chem. Res. 2017, 56, 441–456. [CrossRef]

27. Kumar, S.; Vashisht, H.; Olasunkanmi, L.O.; Bahadur, I.; Verma, H.; Singh, G.; Obot, I.B.; Ebenso, E.E. Experimental and theoretical
studies on inhibition of mild steel corrosion by some synthesized polyurethane tri-block co-polymers. Sci. Rep. 2016, 6, 30937.
[CrossRef] [PubMed]

28. Gómez-Sánchez, G.; Olivares-Xometl, O.; Likhanova, N.V.; Arellanes-Lozada, P.; Lijanova, I.V.; Díaz-Jiménez, V.; Guzmán-Lucero,
D.; Arriola-Morales, J. Inhibition Mechanism of Some Vinylalkylimidazolium-Based Polymeric Ionic Liquids against Acid
Corrosion of API 5L X60 Steel: Electrochemical and Surface Studies. ACS Omega 2022, 7, 37807–37824. [CrossRef] [PubMed]

29. El Azzouzi, M.; Azzaoui, K.; Warad, I.; Hammouti, B.; Shityakov, S.; Sabbahi, R.; Saoiabi, S.; Youssoufi, M.H.; Akartasse, N.; Jodeh,
S.; et al. Moroccan, Mauritania, and senegalese gum Arabic variants as green corrosion inhibitors for mild steel in HCl: Weight
loss, electrochemical, AFM and XPS studies. J. Mol. Liq. 2022, 347, 118354. [CrossRef]

30. Aziz, I.A.A.; Abdulkareem, M.H.; Annon, I.A.; Hanoon, M.M.; Al-Kaabi, M.H.H.; Shaker, L.M.; Alamiery, A.A.; Isahak, W.N.R.W.;
Takriff, M.S. Weight Loss, Thermodynamics, SEM, and Electrochemical Studies on N-2-Methylbenzylidene-4-antipyrineamine as
an Inhibitor for Mild Steel Corrosion in Hydrochloric Acid. Lubricants 2022, 10, 23. [CrossRef]

31. Parajuli, D.; Sharma, S.; Oli, H.B.; Bohara, D.S.; Bhattarai, D.P.; Tiwari, A.P.; Yadav, A.P. Comparative Study of Corrosion Inhibition
Efficacy of Alkaloid Extract of Artemesia vulgaris and Solanum tuberosum in Mild Steel Samples in 1 M Sulphuric Acid. Electrochem
2022, 3, 416–433. [CrossRef]

32. Hegazy, M.A.; Abdallah, M.; Awad, M.K.; Rezk, M. Three novel di-quaternary ammonium salts as corrosion inhibitors for API
X65 steel pipeline in acidic solution. Part I: Experimental results. Corros. Sci. 2014, 81, 54–64. [CrossRef]

33. El-Lateef, H.M.A.; El-Sayed, A.-R.; Mohran, H.S.; Shilkamy, H.A.S. Corrosion inhibition and adsorption behavior of phytic acid
on Pb and Pb–In alloy surfaces in acidic chloride solution. Int. J. Ind. Chem. 2019, 10, 31–47. [CrossRef]

34. Konovalova, V. The effect of temperature on the corrosion rate of iron-carbon alloys. Mater. Today: Proc. 2021, 38, 1326–1329.
[CrossRef]

35. Wang, X.; Yang, H.; Wang, F. An investigation of benzimidazole derivative as corrosion inhibitor for mild steel in different
concentration HCl solutions. Corros. Sci. 2011, 53, 113–121. [CrossRef]

36. Tekaligne, T.M.; Merso, S.K.; Yang, S.-C.; Liao, S.-C.; Tsai, F.-Y.; Fenta, F.W.; Bezabih, H.K.; Shitaw, K.N.; Jiang, S.-K.; Wang,
C.-H.; et al. Corrosion inhibition of aluminum current collector by a newly synthesized 5-formyl-8-hydroxyquinoline for
aqueous-based battery. J. Power Sources 2022, 550, 232142. [CrossRef]

37. Thakur, A.; Kaya, S.; Abousalem, A.S.; Kumar, A. Experimental, DFT and MC simulation analysis of Vicia Sativa weed aerial
extract as sustainable and eco-benign corrosion inhibitor for mild steel in acidic environment. Sustain. Chem. Pharm. 2022,
29, 100785. [CrossRef]

38. Wang, J.; Wang, J.; Ming, H.; Zhang, Z.; Han, E.-H. Effect of temperature on corrosion behavior of alloy 690 in high temperature
hydrogenated water. J. Mater. Sci. Technol. 2018, 34, 1419–1427. [CrossRef]

39. Porcayo-Calderon, J.; Casales-Diaz, M.; Rivera-Grau, L.M.; Ortega-Toledo, D.M.; Ascencio-Gutierrez, J.A.; Martinez-Gomez, L.
Effect of the Diesel, Inhibitor, and CO2Additions on the Corrosion Performance of 1018 Carbon Steel in 3% NaCl Solution. J.
Chem. 2014, 2014, 940579. [CrossRef]

40. Arellanes-Lozada, P.; Díaz-Jiménez, V.; Hernández-Cocoletzi, H.; Nava, N.; Olivares-Xometl, O.; Likhanova, N.V. Corrosion
inhibition properties of iodide ionic liquids for API 5L X52 steel in acid medium. Corros. Sci. 2020, 175, 108888. [CrossRef]

41. Singh, A.; Lin, Y.; Ansari, K.R.; Quraishi, M.A.; Ebenso, E.E.; Chen, S.; Liu, W. Electrochemical and surface studies of some
Porphines as corrosion inhibitor for J55 steel in sweet corrosion environment. Appl. Surf. Sci. 2015, 359, 331–339. [CrossRef]

42. Farag, A.A.; El-Din, M.N. The adsorption and corrosion inhibition of some nonionic surfactants on API X65 steel surface in
hydrochloric acid. Corros. Sci. 2012, 64, 174–183. [CrossRef]

43. Luna, M.C.; Le Manh, T.; Sierra, R.C.; Flores, J.V.M.; Rojas, L.L.; Estrada, E.M.A. Study of corrosion behavior of API 5L X52 steel
in sulfuric acid in the presence of ionic liquid 1-ethyl 3-methylimidazolium thiocyanate as corrosion inhibitor. J. Mol. Liq. 2019,
289, 111106. [CrossRef]

http://doi.org/10.1007/s40090-018-0165-0
http://doi.org/10.1016/j.molliq.2017.02.054
http://doi.org/10.1016/j.carbpol.2017.03.098
http://doi.org/10.4236/ojopm.2017.71001
http://doi.org/10.1021/acs.iecr.6b03928
http://doi.org/10.1038/srep30937
http://www.ncbi.nlm.nih.gov/pubmed/27515383
http://doi.org/10.1021/acsomega.2c04787
http://www.ncbi.nlm.nih.gov/pubmed/36312349
http://doi.org/10.1016/j.molliq.2021.118354
http://doi.org/10.3390/lubricants10020023
http://doi.org/10.3390/electrochem3030029
http://doi.org/10.1016/j.corsci.2013.12.010
http://doi.org/10.1007/s40090-019-0169-4
http://doi.org/10.1016/j.matpr.2020.08.094
http://doi.org/10.1016/j.corsci.2010.09.029
http://doi.org/10.1016/j.jpowsour.2022.232142
http://doi.org/10.1016/j.scp.2022.100785
http://doi.org/10.1016/j.jmst.2017.11.028
http://doi.org/10.1155/2014/940579
http://doi.org/10.1016/j.corsci.2020.108888
http://doi.org/10.1016/j.apsusc.2015.10.129
http://doi.org/10.1016/j.corsci.2012.07.016
http://doi.org/10.1016/j.molliq.2019.111106


Int. J. Mol. Sci. 2023, 24, 6291 28 of 29

44. Wang, J.; Huang, Q.-A.; Li, W.; Wang, J.; Bai, Y.; Zhao, Y.; Li, X.; Zhang, J. Insight into the origin of pseudo peaks decoded by the
distribution of relaxation times/differential capacity method for electrochemical impedance spectroscopy. J. Electroanal. Chem.
2022, 910, 116176. [CrossRef]

45. Iurilli, P.; Brivio, C.; Wood, V. Detection of Lithium-Ion Cells’ Degradation through Deconvolution of Electrochemical Impedance
Spectroscopy with Distribution of Relaxation Time. Energy Technol. 2022, 10, 202200547. [CrossRef]

46. Popova, A.; Vasilev, A.; Deligeorgiev, T. Evaluation of the Electrochemical Impedance Measurement of Mild Steel Corrosion in an
Acidic Medium, in the Presence of Quaternary Ammonium Bromides. Port. Electrochimica Acta 2018, 36, 423–435. [CrossRef]

47. Singh, A.; Ansari, K.R.; Chauhan, D.S.; Quraishi, M.A.; Lgaz, H.; Chung, I.-M. Comprehensive investigation of steel corrosion
inhibition at macro/micro level by ecofriendly green corrosion inhibitor in 15% HCl medium. J. Colloid Interface Sci. 2020, 560,
225–236. [CrossRef] [PubMed]

48. Díaz-Jiménez, V.; Arellanes-Lozada, P.; Likhanova, N.V.; Olivares-Xometl, O.; Chigo-Anota, E.; Lijanova, I.V.; Gómez-Sánchez, G.;
Verpoort, F. Investigation of Sulfonium-Iodide-Based Ionic Liquids to Inhibit Corrosion of API 5L X52 Steel in Different Flow
Regimes in Acid Medium. ACS Omega 2022, 7, 42975–42993. [CrossRef] [PubMed]

49. Sun, F.; Peng, X.; Bai, X.; Chen, Z.; Xie, R.; He, B.; Han, P. EIS analysis of the electrochemical characteristics of the metal–water
interface under the effect of temperature. RSC Adv. 2022, 12, 16979–16990. [CrossRef]

50. Ogunleye, O.O.; Arinkoola, A.O.; Eletta, O.A.; Agbede, O.O.; Osho, Y.A.; Morakinyo, A.F.; Hamed, J.O. Green corrosion inhibition
and adsorption characteristics of Luffa cylindrica leaf extract on mild steel in hydrochloric acid environment. Heliyon 2020,
6, e03205. [CrossRef]

51. Fernandes, C.M.; Alvarez, L.X.; dos Santos, N.E.; Barrios, A.C.M.; Ponzio, E.A. Green synthesis of 1-benzyl-4-phenyl-1H-1,2,3-
triazole, its application as corrosion inhibitor for mild steel in acidic medium and new approach of classical electrochemical
analyses. Corros. Sci. 2019, 149, 185–194. [CrossRef]

52. Khan, M.A.; Wabaidur, S.M.; Siddiqui, M.R.; Alqadami, A.A.; Khan, A.H. Silico-manganese fumes waste encapsulated cryogenic
alginate beads for aqueous environment de-colorization. J. Clean. Prod. 2020, 244, 118867. [CrossRef]

53. Foo, K.Y.; Hameed, B.H. Insights into the modeling of adsorption isotherm systems. Chem. Eng. J. 2010, 156, 2–10. [CrossRef]
54. Papavinasam, S. Corrosion Inhibitors, 3rd ed.; Revie, R.W., Ed.; John Wiley & Sons: Toronto, ON, Canada, 2011; pp. 1021–1032.
55. Khadom, A.A.; Abd, A.N.; Ahmed, N.A. Xanthium strumarium leaves extracts as a friendly corrosion inhibitor of low carbon

steel in hydrochloric acid: Kinetics and mathematical studies. S. Afr. J. Chem. Eng. 2018, 25, 13–21. [CrossRef]
56. Achary, G.; Naik, Y.A.; Kumar, S.V.; Venkatesha, T.V.; Sherigara, B.S. An electroactive co-polymer as corrosion inhibitor for steel in

sulphuric acid medium. Appl. Surf. Sci. 2008, 254, 5569–5573. [CrossRef]
57. Yadav, D.K.; Maiti, B.; Quraishi, M.A. Electrochemical and quantum chemical studies of 3,4-dihydropyrimidin-2(1H)-ones as

corrosion inhibitors for mild steel in hydrochloric acid solution. Corros. Sci. 2010, 52, 3586–3598. [CrossRef]
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