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Abstract
The hydrodynamic corrosion inhibitive performance of two imidazole derivatives 2-ethyl-4-methylimidazole and 1-
benzylimidazole was investigated on API X65 steel in 1.0M HCl solution. Structural features of the molecules derived
from density functional theory (DFT) calculations at B3LYP/6-31G(d.p) showed that 1-benzylimidazole possess high elec-
tron density due to π network which lies flat on the surface and tends to form a stronger interaction with the metal. The
addition of the inhibitor molecules in 1M HCl solution shifted the corrosion potential (Ecorr) in the noble direction. Tafel
polarization and electrochemical impedance spectroscopy (EIS) experiments performed at 0–1500 rpm and 50–500ppm of
inhibitor concentration revealed that the corrosion rate was increased with an increase in rotation speed in the absence of
inhibitor molecules. However, upon the addition of the inhibitor molecules in the solution minimized the corrosion rate with
an efficiency of 82% in the case of 1-benzylimidazole at 500ppm and 500 rpm electrode rotation. It was concluded that simple
imidazole molecules could serve as corrosion inhibitors under extreme hydrodynamic conditions.

Keywords Imidazole · API X65 steel · Rotating disk electrode (RDE) · DFT · Hydrodynamic

1 Introduction

Metallic structures deteriorate progressively by an electro-
chemical process of corrosion. The process industries, trans-
portation pipelines and fluid handling equipment damaged
severely because of corrosion process, and this contributed
toward huge economic loss in terms of increased main-
tenance/repair, replacement and inspection/monitoring of
damaged pipelines. Therefore, to reduce loss and to enhance
reliability of metallic structures, suitable corrosion protec-
tion strategies must be employed and one of such strategies
is to use compatible chemical inhibitors in aggressive fluids
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[1–3] Inhibitors are commonly used in petrochemical and
process industries for protection and chemical cleaning dur-
ing production [4]. The cutting tools and cooling systems
mostly face high temperatures and turbulent flow in severe
conditions, and this reduces the lifetime of cutting tools. It
has been reported that the addition of inhibitors under such
situations increased the life of cutting tools [5–8].

The corrosion rate of bare materials depends on many
factors such as the characteristics of a metallic material,
aggressiveness of the solution in terms of its concentration of
chemical species and temperature. The structure and chem-
ical composition of the inhibitor interacting with the metal
surface will determine its inhibition efficiency in decreasing
the corrosion rate in that environment. Acid solutions are
used for acid cleaning, oil well acidizing, descaling and acid
pickling in different process industries. Different inhibitors
are being used to protect the infrastructure in acid solutions
[9–14], andmost of these organic inhibitors contain nitrogen,
oxygen, sulfur and aromatic ring [15,16]. Corrosion inhibi-
tion performance of an inhibitor is related to its molecular
structure and that depends on various parameters, such as
electronic distribution, type of functional group, aromatic-
ity and frontier molecular orbitals (HOMO and LUMO).
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Structural features such as electron affinity (A), global hard-
ness (η), electronegativity (χ), ionization potential (I ) and
dipole moment (μ) also play a key role in determining the
inhibition efficiency. These features calculated using density
functional theory (DFT), a computational quantum mechan-
ical modeling method, provide a predictive insight into the
corrosion inhibitive characteristics of inhibitor molecules
[17]. Over the years, DFT has grown to be an efficient theo-
retical method, which can investigate the interaction between
the metallic surface and the inhibitor and structural nature of
inhibitor, and can interpret the experimental behavior. There
have been recent investigations on the use of benzimidazole
compounds in petroleum industry to examine their effective-
ness in cleaning of boilers and heat exchangers in acid media
and results were found very promising [18]. A rotating disk
electrode (RDE) experimental setup was used to evaluate the
behavior of various corrosion inhibitors for the petroleum
industry in order to predict the corrosion rate of pipe wall
efficiently. RDE is fixed in an insulating sheath of larger
diameter and a disk specimen inside can be exposed to the
solution under dynamic conditions. It is rotated about an
axis, which is normal to the surface of the disk electrode.
This acts as a pump which pulls the solution upward and
then throw outwards [19]. Such a setup can be used to inves-
tigate the general corrosion rate economically and rapidly
with a uniformly accessible surface [20–23]. There are many
reports on the effect of corrosion inhibitors in the petrochem-
ical industry under static conditions; however, the data under
dynamic condition are rarely reported. So, the aim of this
study was to evaluate the anti-corrosion behaviors of 2-ethyl-
4-methylimidazole and 1-benzylimidazole inhibitors under
dynamic conditions. The efficiency of these compounds as
corrosion inhibitors for API X65 steel in 1.0M HCl was
investigated by electrochemical techniques using a three-
electrode cell in RDE system.

2 Experimental

2.1 Computational Procedure

DFT calculations were carried out using the Gaussian 09
package [24], with hybrid function of the Becke three-
parameter Lee, Yang and Par (B3LYP) method and 6-
31G(d.p) basis set. Aqueous-phase calculations were carried
out using SMD implicit solvation model implemented on
GaussView 5.0 [25]. Structural geometry of each molecule
wasoptimized, and thevibrational frequency analysis showed
no imaginary frequency prior to the computational calcu-
lations. Structural parameters such as global hardness (η),
electron affinity (A), ionization potential (I ), electronegativ-
ity (χ) and dipolemoment (μ)were subsequently calculated.

According to DFT Koopman’s theorem [26], the ioniza-
tion potential I can be approximated as the negative of the
highest occupied molecular orbital (HOMO) energy,

I = −EHOMO (1)

Electron affinity A is approximated in the samemanner as the
negative of the lowest unoccupiedmolecular orbital (LUMO)
energy,

A = −ELUMO (2)

Electronegativity χ is defined as,

χ = −μ = I + A

2
(3)

Global hardness η is calculated as follows,

η = I − A

2
(4)

while global softness σ is the inverse of global hardness

σ = 1

η
(5)

2.2 Reagents and Solutions

The analytical-grade reagents (2-ethyl-4-methylimidazole
and 1-benzylimidazole) from Sigma-Aldrich were of stan-
dard purity and used as-received without further purifica-
tions. The solutions were prepared by dissolving the appro-
priate masses in 1.0M HCl (Fluka) using double-distilled
water. The structures of the molecules, their abbreviations
and their respective molar masses are given in Table 1.

2.3 Electrochemical Studies

Corrosion tests were carried out using a Gamry rotating
disk electrode (RDE 710) equipped with a three-electrode
cell opened to the air, which composed of a specimen as
a working electrode, a Pt wire as a counter electrode and
a saturated calomel reference electrode (SCE). API X65
(C, 0.04–0.16%; Mn, 1.00–1.60%; P, 0.02%; S, 0.01%;
Si, 0.45%; V, 0.09%; Nb, 0.05%; Ti, 0.06%, remaining
Fe) was used as a working electrode in these investiga-
tions. The specimens were ground with emery paper up
to 800 grits, degreased with acetone and cleaned ultra-
sonically in distilled water prior to electrochemical tests.
The electrochemical investigations were carried out with an
exposed working electrode area of 0.2 cm2 in chloride solu-
tion at room temperature in Gamry potentiostat (Reference
3000) and repeated thrice to ensure the reproducibility of
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Table 1 Inhibitor molecules under study

the data. DC105 corrosion software was used to conduct
Tafel polarization experiments as well as electrochemical
impedance spectroscopy. Tafel curveswere obtained by scan-
ning the potential at 1.0mV/s in the range +250 mV to
−250mV against the open-circuit potential (Eocp). Cor-
rosion potential (EcorrVSCE) and corrosion current density
(icorr,Acm−2)were obtained by extrapolation of anodic (βa)

and cathodic (βc) branches of the Tafel curves. Electrochemi-
cal impedance spectroscopy measurements (EIS) were taken
at open-circuit potential (Eocp vs SCE) in the frequency range
100KHz to 100mHz, with amplitude of perturbation 10mV
r.m.s. Gamry Echem Analyst version 6.03 was used for data
analysis and fittings. Open-circuit potential measurements
of the inhibitor molecules were taken during two hours of
immersion in 50ppm freshly prepared solutions in 1.0M
HCl. To determine whether the flow of the medium was lam-
inar or turbulent, the Reynolds numbers were calculated.

3 Results and Discussion

3.1 Computational Studies

Structural properties of the molecules under study derived
from DFT calculations using the B3LYP method and 6-
31G(d.p) basis set are summarized in Table 2. The table
shows the gas-phase optimized structural geometries, the
frontier orbital diagrams (HOMO, LUMO) and the molec-
ular electrostatic potential (MEP) maps of the inhibitor
molecules, respectively.The tendencyof an inhibitormolecule
to adsorb on metallic surfaces has been linked to the donor–
acceptor interaction indices of the molecule obtained from
DFT studies [27–30]. The HOMO electron density distri-
bution serves as the region of the molecule from where
electrons are readily donated to the vacant orbitals of metal.
The LUMO electron density distribution on the other hand

reveals the molecular centers that are prone to electron back-
acceptance from the occupied d orbitals of the metal [31].

Examining the HOMO electron distribution of the
molecules revealed that the electron density is distributed
over the nitrogen heteroatoms of the imidazole ring. This
indicates that the molecules can interact with the metal
atoms by donating charges from the electron-rich centers to
the vacant d orbitals of the metal atom. The corresponding
LUMO electron density distribution of the molecules indi-
cates that the molecules are capable of accepting charges
using the electron density-deficient centers, which shows
their ability to form a strong interaction with the metal.
Similarly, the molecular electrostatic potential maps of the
molecules as given in Table 2 indicate the region of high
electron density on the molecules, with the regions in red
signifying electron-rich sites and those in blue electron-
deficient sites. This explains the HOMO–LUMO electron
density distribution already discussed. The overall chemical
reactivity indicators and quantum chemical descriptors of the
molecules derived from DFT calculations in both gaseous
and aqueous phases are summarized in Table 3.

Parameters which include the HOMO energy (EHOMO),
LUMO energy (ELUMO), HOMO–LUMO energy gap (�E),
global hardness (η), global softness (σ) and electronegativ-
ity (χ) are listed in Table 3. It has been established that a
high value of EHOMO, and/or low value of ELUMO, a small
�E , a low value of η, and/or a high value of χ is an indica-
tion of a better inhibition performance of a molecule. Global
hardness (η), a measure of chemical reactivity of a molecule,
indicates the resistance of a molecule to electron density dis-
tortion. Molecules with high global hardness are usually less
reactive and tend to adsorb less on the metal according to
the hard–soft acid base (HSAB) theory [32]. Molecules with
high global softness on the other hand are easily polarized
and prone to acquire electronic charge. This in turn enhances
their ability to adsorb on the metal surface, acting as corro-
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Table 2 Structural features of inhibitor molecules obtained at B3LYP/6-31G(d.p)

Table 3 Structural data of inhibitor molecules obtained at B3LYP/6-31G(d.p)

Molecule Phase EHOMO (eV) ELUMO (eV) �EL−H (eV) η (eV) χ (eV) σ(eV−1 )

2-EM-Imz Gas −5.975 −0.487 5.488 2.744 3.231 0.364

Water −6.015 −0.098 5.917 2.959 3.057 0.338

1-B-Imz Gas −6.431 −0.893 5.538 2.769 3.662 0.361

Water −6.439 −0.668 5.771 2.886 3.552 0.346

sion inhibitors. From Table 3, 2-EM-Imzwas found to have a
lower HOMO–LUMOenergy gap (�E) and tend to be softer
in the gaseous phase. Hence, it would be projected to have
a better interaction with the metal. However, the electroneg-
ativity (χ) results showed that 1-B-Imz has a high electron
cloud due to the presence of the phenyl ring in the molecule
and this tends to furnish the metal with electrons forming a
stronger interaction. Since several factors contribute to the
inhibition performance of a given molecule, we further car-
ried out experimental studies to investigate the inhibition
performance of the molecules.

3.2 Open-Circuit Potential

Prior to electrochemical test, open-circuit potential (OCP)
was measured in 1.0M HCl in the absence (blank) and
presence of 50ppm inhibitor molecules under dynamic
conditions to optimize the immersion time before each exper-
iment. The results of Fig. 1 showed a corresponding shift in
noble direction when the inhibitor molecules were used as
compared to the blank medium. It is clear that open-circuit
potential became almost completely stable after about 60min
of immersion time, which is an indication of attainment of
steady state. The open-circuit potential trend followed the
order, i.e., 1-B-Imz > 2-EM-Imz > blank solution, which

implies a possible increase in the inhibition efficiency of the
molecules in that order. It is reported that the inhibitive prop-
erties of any molecule are linked to its OCP value, i.e., a
moleculewith a lower (more negative) potential is considered
less efficient compared to that with a higher (more positive)
potential. Since there was no significant difference in OCP
values after 60min of immersion, newOCPvaluesweremea-
sured after 120 min of immersion.

OCP is a mixed potential that results from the kinet-
ics of the dominant anodic and cathodic processes in an
electrochemical reaction. It is can be used to study the per-
formance of corrosion inhibitors on the metal surface under
open-circuit conditions (without the application of external
current). It gives the potential at which the metal will cor-
rode or passivate without the application of external current.
Choudhary et al. [33] studied the relationship between OCP
and polarization resistance of mild steel in 3.5% NaCl and
reported an increased oxide film formation with an increase
in exposure duration up to 25days. The results obtained from
OCP measurements were correlated with polarization resis-
tancemeasurements andwere found to follow the same trend.
Saker et al. [34] reported the inhibition of carbon steel cor-
rosion in 3% NaCl using OCP measurements. The potential
of carbon steel was shifted toward more negative values in
the first few minutes of immersion due to chloride attack
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Fig. 1 Open-circuit potential (Eocp) versus time curves of mild steel
in 1.0M HCl in the absence: a blank; and in the presence of: 50ppm b
2-EM-Imz and c 1-B-Imz at 500 rpm electrode rotation, bottom to top

and later to less negative values due to the formation of rela-
tively stable oxide films. The formation of a self-assembled
layer of phosphono molecules on iron was studied by Fel-
hosi et al. [35]. A corresponding shift of Ecorr in the anodic
direction was observed and attributed to the adsorption of
the phosphono compounds on the surface of iron. In general,
OCPmeasurements can provide informationwhether the sys-
tem under investigation is in the active or passive state. OCP
measurement data can serve as a starting point in evaluat-
ing the electrochemical performance of different materials
with/without the presence of inhibitors.

3.3 Hydrodynamic Studies

3.3.1 Tafel Polarization Measurements

Tafel polarization experiments to evaluate the corrosion per-
formance of API X65 steel were carried out in 1.0M HCl
solution with and without inhibitor molecules under both
static and dynamic conditions. Preliminary studies showed
an increase in the corrosion rate of API X65 steel with an
increase in rotation rate when compared with its behavior
under static condition. This trend was also observed when
50ppm of inhibitor molecules was added to the medium.
Electrochemical data obtained from Tafel polarization in
terms of corrosion potential (Ecorr), anodic and cathodic
Tafel slopes (βa and βc), corrosion current density (icorr)
and corrosion rate are presented in Table 4. The inhibition
efficiencies (%Inh) were calculated using the equation:

%Inh =
(
i◦corr − icorr

i◦corr

)
× 100 (6)

where iocorr and icorr are corrosion current densities in the
absence and presence of inhibitor molecules, respectively
[36].

Organic molecules containing heteroatoms such as N and
O are considered a class of inhibitor molecules that tend to
adsorb on steel through donor–acceptor interaction mecha-
nism to form a protective barrier which prevents the metal
from undergoing corrosion [37]. It is generally believed that
the first step in the adsorption of such molecules on a metal
is the displacement of one or more molecules of water on
the surface which is then followed by the combination of
a freshly generated Fe2+ ions on the steel surface to form
metal–inhibitor complex [38]. The complex formed depend-
ing on its solubility can either lead to more metal dissolution
or inhibit further dissolution. In most cases, the complex
formed shield water molecules from reaching the metal,
thereby forcing iron into passivation [38]. Usually in acidic
medium, the inhibition effect can be due tometal ion inhibitor
complexation or more likely as a result of physisorption.

Hydrodynamic conditions affect the corrosion inhibition
of organic molecules and this is mainly because under flow
conditions, several factors play a role on the inhibitive per-
formance of such molecules [39] such as:

I. Mass transport of the inhibitor molecules can increase
under flow conditions causing more inhibitor molecules
to be present at metal surface. If this happens, the
inhibitive performance of the molecule is observed with
increasing flow.

II. Mass transport of metal ions produced during dissolution
can increase under flow conditions from themetal surface
to the bulk of the solution. If this happens, less metal–
inhibitor complex will be present at the metal surface.
Hence, the metal dissolution will be enhanced.

III. The high shear stress resulting from high flow velocity
in turbulent flows can lead to the detachment of adsorbed
inhibitor molecules from the metal surface exposing the
metal to the aggressivemedium and that will lead tomore
dissolution of the metal

To check the flow of the system whether it follows the lam-
inar or turbulent flow principle, Reynolds number (Re) was
calculated using the equation:

Re = r2ω

kν

(7)

where r is the radius of the RDE active area in mm, ω

the angular velocity in rad/s and kν the kinematic viscos-
ity of the medium in stokes (mm2/s), respectively [38]. The
Reynolds number is used for predicting whether a flow con-
dition will be turbulent or laminar. Lower values of Re (less
than 2000) indicate that fluid particles move in straight line
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Table 4 Electrochemical data derived from Tafel at 50ppm inhibitor molecules

Rotation speed
(rpm)

Reynolds
number

Ecorr /V versus
SCE

βa (V/dec) −βc (V/dec) Icorr(x10−4)/Acm−2 Corrosion rate
(mpy)

% Inh.

1.0M HCl

0 0 −0.522 0.074 0.122 2.29 104.3 –

500 600 −0.466 0.078 0.192 2.62 124.2 –

1000 1200 −0.452 0.056 0.143 3.48 158.6 –

1500 1800 −0.455 0.066 0.284 4.63 211.0 –

2-EM-Imz

0 0 −0.528 0.074 0.082 1.21 55.06 47.2

500 600 −0.469 0.042 0.229 2.09 99.08 20.2

1000 1200 −0.483 0.065 0.132 3.04 138.55 12.6

1500 1800 −0.487 0.097 0.230 6.36 289.40 –

1-B-Imz

0 0 −0.516 0.079 0.123 1.21 55.26 47.2

500 600 −0.481 0.069 0.167 2.02 95.76 22.9

1000 1200 −0.484 0.070 0.131 3.16 144.00 9.2

1500 1800 −0.460 0.069 0.196 4.49 204.70 3.0

flowing over one another at different speeds with virtually
no mixing between the layers; hence, the flow is said to be
laminar. Larger values of Re (greater than 8000) on the other
hand imply that the flow is characterized by irregular move-
ment of particles of the fluid with high velocity, and such
flow is said to be turbulent [38]. The values of Re obtained
in this study as shown in Table 4 indicates that the flow of the
medium follows the laminar principle; hence, other factors
already highlighted could account for the observed increase
in corrosion current as shown in Table 4.

The observed increase in corrosion current with an
increase in electrode rotation (0–1500 rpm) with a conse-
quent decrease in the inhibitive performance of themolecules
under study is attributed to the increase in mass transport of
the metal ions from the metal surface to the bulk of solution
leading to less surface coverage by the inhibitor molecules.
Hence, to further study the effect of the inhibitor molecules
on the corrosion of API X65 steel under dynamic condi-
tions, Tafel polarization measurements were further taken by
increasing the concentration of the inhibitor molecules (50–
500ppm) at 500 rpm electrode rotation in order to observe
whethermass transport of the inhibitormolecules to themetal
surface will overcome that of the metal ions into the bulk of
solution as shown in Fig. 2.

It was found that increasing the concentrations of the
inhibitor molecules under dynamic conditions tends to
reduce the dissolution of the metal ions. This reduction was
attributed to the mass transport of the inhibitor molecules to
the metal surface as more molecules are now present in the
medium. The observed reduction was, however, more pro-
nounced in the case of 1-B-Imz which was found to have an

inhibition efficiency of 82% due to the presence of an aro-
matic ring in the molecule. It has been proposed that among
the mechanisms by which organic molecules adsorb on a
metal is through π–electron interactions between the aro-
matic rings (if present) in themolecules andFe2+ of themetal
forming Fe–Inh complex [37]. It is this complex that forms
the protective film on themetal which tends to prevent it from
further dissolution. The electrochemical data extracted from
the Tafel polarization curves are given in Table 5.

Tafel polarization method is a very reliable tool to study
the corrosion process as it provides information such as cor-
rosion potential, corrosion current density and corrosion rate
of the material under investigation. McCafferty [40] reported
the validation of corrosion rates measured by Tafel extrap-
olation in the corrosion of metals such as iron and titanium
using non-electrochemical methods in HCl, 3.5% NaCl and
H2SO4. A good agreement was found between the rates
found from Tafel extrapolation and the non-electrochemical
methods. Shi et al. [41] evaluated the reliability of corrosion
rate measurements of magnesium alloys by Tafel extrap-
olation method and reported that, unlike iron, aluminum
and copper alloys, results obtained for magnesium alloys
did not agree with those from weight loss and hydrogen
evolution measurements. Marco et al. [42] later confirmed
that corrosion parameters of the electrochemical corrosion
of magnesium obtained from Tafel extrapolation could be
reliable under dynamic conditions. This study confirms the
reliability of Tafel extrapolation methods for determining
corrosion rate of iron under dynamic conditions as the results
obtained were not significantly different from those obtained
using AC impedance technique.
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Fig. 2 Tafel polarization curves for corrosion of mild steel at 500 rpm
electrode rotation and 50–500ppm: a 2-EM-Imz and b 1-B-Imz

3.3.2 Electrochemical Impedance Spectroscopy (EIS)
Measurements

EIS is a useful technique in corrosion and other surface and
electrochemical studies. In this technique, a small amplitude
sinusoidal perturbation is applied to the steel specimen and
the resulting impedance is measured; hence, it is regarded
as a less intrusive technique. It is capable of revealing the
mechanism of film formation on the surface of the metal
and the persistence or otherwise of such films. It also yields
information such as interfacial properties of a metal where
basic microscopic reactions take place, and from these prop-
erties, electrochemical features of an electrically conducting
surface are extracted [43–45].

EIS measurements were taken under dynamic conditions
in the presence of the inhibitors under study by varying the
concentration of the inhibitor molecules. Inhibition efficien-
cies were calculated using the equation:

η (%) =
(
Rct − R◦

ct

Rct

)
× 100 (8)

where Rct and Ro
ct are the charge transfer resistances of the

metal in the presence and absence of the inhibitor molecules,
respectively [46]. Figure 3 shows theNyquist plots of the two
inhibitor molecules obtained by varying their concentrations
(50–500ppm) and under hydrodynamic conditions.

The Nyquist plots in both cases give a depressed semi-
circle, an indication that there is only one time constant
equivalent to the charge transfer process in the system [47].
In addition, the observed depressed capacitive loops are as a
result of the dispersion effect which occurs due to the rough-
ness of the metal surface, existence of porous layers on the
surface and adsorption of the inhibitor molecules onto the
surface [48]. The addition of the inhibitors resulted into an
increase in the capacitive loopdiameter compared to the unin-
hibited medium, and this increased as the concentration of
the inhibitors was increased due to an increase in surface
coverage (θ) of the molecules. The charge transfer resis-

Table 5 Electrochemical data derived from Tafel measurements at 50–500 ppm inhibitor

Medium Inhibitor conc. (ppm) Ecorr /V versus SCE βa (V/dec) −βc (V/dec) Icorr(× 10−4)/Acm−2 Corrosion rate (mpy) % Inh.

Blank 0 −0.466 0.078 0.192 2.62 124.2 –

2-EM-Imz 50 −0.469 0.042 0.229 2.09 99.08 20.2

100 −0.483 0.066 0.131 1.89 86.05 30.9

200 −0.488 0.047 0.071 1.25 59.26 52.3

500 −0.475 0.041 0.072 0.65 30.81 75.2

1-B-Imz 50 −0.481 0.069 0.167 2.02 95.8 22.9

100 −0.485 0.064 0.128 1.78 84.4 32.1

200 −0.482 0.079 0.154 1.06 50.3 59.5

500 −0.478 0.075 0.151 0.47 22.2 82.1
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Fig. 3 Nyquist plots for corrosion of mild steel at 500 rpm electrode
rotation and 50–500ppm: a 2-EM-Imz and b 1-B-Imz

tance which is the resistance to the flow of electrons in the
corrosion of the metal significantly increases upon addition
of the inhibitor molecules compared to the uninhibited solu-
tion. This is attributed to the mass transport of the inhibitor

molecules to the electrode, thereby reducing the rate of dis-
solution of the metal as was evidenced by the continuous
increase in the Rct values with increasing inhibitor concen-
trations [49]. The results of the EIS measurements are given
in Table 6.

The equivalent circuit utilized in the extraction of EIS
data and representatives of the fitted Nyquist curve are
shown in Fig. 4a–c. It consists of a parallel arrangement of
charge transfer resistance (Rct) which is the resistance due
to electron transfer across the specimen and a constant phase
element (CPE), both in series with the solution resistance
(Rs). The constant phase element was included in the model
in order to account for the local inhomogeneity in the dielec-
tric material and the porosity in mass transport effects [50].

The impedance of constant phase element is given as:

ZCPE = 1

Q (iω)n
(9)

where Q is the magnitude of CPE, n the phase shift, ω the
angular frequency and i an imaginary number. The interpre-
tation of CPE is determined by the value of n, where n = 0
implies that CPE represents a resistance, n = 1 a capacitance
and n = −1, an inductance.

The double-layer capacitance Cdl is estimated using the
equation:

Cdl = 1

2π fmaxRct
(10)

where fmax stands for maximum frequency of the imagi-
nary component of the impedance andRct the charge transfer
resistance.

From the results presented in Table 6, there was a signifi-
cant decrease in Cdl upon addition of the inhibitor molecules
which is due to an increase in the double-layer thick-
ness resulting from the adsorption of the inhibitors. This
is in agreement with the mathematical expression of the
Helmholtz model [51] given as:

Table 6 Electrochemical data derived from EIS measurements at 50–500ppm inhibitors

Medium Inhibitor conc. (ppm) Rs (
 cm2) Rct (
 cm2 ) Cdl (μFcm−2 ) n θ % Inh.

Blank 0 4.384 147.5 215.4 0.88 – –

2-EM-Imz 50 2.535 197.2 22.64 0.86 0.25 25.2

100 2.718 222.0 22.04 0.84 0.34 33.6

200 2.466 308.8 25.95 0.83 0.52 52.2

500 2.601 488.5 16.41 0.84 0.70 70.0

1-B-Imz 50 2.519 196.7 20.37 0.83 0.25 25.0

100 2.377 224.0 28.50 0.80 0.34 34.2

200 2.708 385.0 20.82 0.81 0.62 61.7

500 2.772 610.2 26.27 0.80 0.76 76.0
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Fig. 4 a EIS model used to fit
the Nyquist data obtained in
figure. Curve fitting to Nyquist
data of mild steel at 500 rpm
electrode rotation and 50–500
in: b 2-EM-Imz and c 1-B-Imz

Cdl = εεo A

d
(11)

whered is the thickness of the protective layer, ε the dielectric
constant, εo vacuum permittivity and A the effective surface
area of electrode. 1-B-Imz was found to have a surface cov-
erage of 0.76 and a dynamic corrosion inhibition of 76% at
500ppm. This is attributed to the presence of delocalized pi
electrons in its molecular backbone which tends to form a
stronger adsorption.

3.4 Adsorption Isotherms

One important feature of organic corrosion inhibitors is their
ability to adsorb on metallic surfaces forming a protective
film. Adsorption is a surface phenomenon and a consequence
of surface energy. Solids are usually in a state of strain
which leads to unbalanced residual forces on their surfaces.
These forces cause solids to have high surface energies, and
hence, they have the tendency to attract and retain molecu-

123



5886 Arabian Journal for Science and Engineering (2019) 44:5877–5888

lar species with which they come in contact, a phenomenon
known as adsorption. Adsorption could be through electro-
static attractions between charged molecules and the metal
ions or through electron transfer and/or sharing between
the molecules and the metal ions. The former is known as
physisorption, while the latter is known as chemisorption.

In corrosion inhibition studies, adsorption isotherms are
used to propose the mechanism through which inhibitor
molecules interacts with the metal ions [46], by first deter-
mining the extent of surface coverage θ of the molecules.
Surface coverage is a dimensionless parameter derived from
the charge transfer resistances of the inhibitor molecules
using the equation:

θ =
(
Rct − R◦

ct

Rct

)
(12)

as already presented in Table 6.
Langmuir, Temkin and Frumkin isotherms are among the

commonly usedmodels each ofwhich relates the surface cov-
erage of a given adsorbate to its concentration [52]. Langmuir
model proposes that an adsorbate only covers one substrate
site, that surface free energy of all sites on the substrate is
equal and that no interaction occurs between the adsorbed
species. However, once the concentration of the adsorbed
species is high to the extent that there is the possibility of
attractive or repulsive interactions among the species, this
model fails and it becomes necessary to fit using either the
Frumkin or Temkin isotherms.

The results obtained in this study were fitted into the three
adsorption models and were found to fit well into the Lang-
muir adsorption model which is represented as follows:

C

θ
= 1

Kads
+ C (13)

where Kads is the adsorption equilibrium constant. TheGibbs
free energy of adsorption was calculated by the equation:

�Gads = −RT ln (55.5Kads) (14)

where R is the molar gas constant, T the absolute tempera-
ture and 55.5 the molar concentration of water [52]. The plot
of Langmuir adsorption isotherm of the inhibitor molecules
under study is shown in Fig. 5, while the corresponding
adsorption parameters are given in Table 7.

Typical values of �Gads up to around − 20KJ are usually
ascribed to electrostatic interactions (physisorption), while
values around− 40 KJ or higher are associated with electron
transfer or sharing between the adsorbate and the substrate
(metal ions) to form a coordinate type of bond (chemisorp-
tion) [27]. The values obtained in this study fall between the
two which shows a mixture of physical and chemical inter-
actions between the inhibitor molecules and the metal ions.

Fig. 5 Langmuir adsorption isotherm plots of the studied inhibitor
molecules

Table 7 Adsorption parameters for 2-I-Imz and 2-Cl-Imz

Inhibitor Kads(x103Lmol−1) �Gads(KJmol−1) R2

2-EM-Imz 0.676 −26.10 0.995

1-B-Imz 0.687 −26.14 0.980

4 Conclusions

The corrosion inhibitive performance of two imidazole
molecules under hydrodynamic conditions was success-
fully carried out. DFT calculations conducted at B3LYP/6-
31G(d.p) on the molecules predicted 1-benzylimidazole as a
better corrosion inhibitor due to its low energy gap and low
global hardness in aqueous medium. The inhibitor molecules
were found to decrease the rate of dissolution of iron due to
mass transport to the surface of themetal under dynamic con-
ditions with an overall inhibition efficiency of 82% achieved
in 1-benzylimidazole at 500ppm and 500 rpm electrode rota-
tion. Adsorption studies carried out showed a mixture of
physical and chemical interactions between the molecules
and the metal and were found to fit the Langmuir adsorption
isotherm. Overall, the study demonstrates that simple imi-
dazole molecules could serve as corrosion inhibitors under
extreme hydrodynamic conditions primarily due to their
kinetic control and strong adsorption on the surface.
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