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Abstract

Three substituted imidazoles — 2-(3-methoxyphenyl)-4,5-diphenyl-1H-imidazole (IM-
1), 2,4,5-triphenyl-1H-imidazole (IM-2), and 2-(3-nitrophenyl)-4,5-diphenyl-1H-
imidazole (IM-3) — were synthesized, and their inhibiting action was tested using mass
loss, electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
(PDP) methods. The results show that methoxy substituted imidazole performed better
as a corrosion inhibitor than NO, substituted imidazole. These findings were
corroborated by density functional theory (DFT) and molecular dynamics (MD)
simulations methods. IM-1 was found to exhibit maximum IE of 97.5%, at 100 mgL‘l,
among the studied IMs. PDP study revealed that all the three IMs inhibitors
predominantly acted as cathodic inhibitors, and the adsorption study showed that they
followed Langmuir adsorption isotherm. The formation of an inhibitor film on the MS
surface was confirmed by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). MD study revealed that binding energy and interaction energy of
the inhibitors molecules on the MS surface followed the order IM-1> IM-2> IM-3. All
the three IMs molecules adsorbed onto the mild steel surface by flat orientation. DFT
and MD study results corroborated the experimental results.

Keywords: Corrosion inhibition, adsorption, EIS, AFM, DFT and MD.

Introduction

Metallic corrosion has drawn significant attention of scientists and technologists
all over the world, because it causes enormous economic losses. The global
economic loss due to corrosion has been estimated to be approximately US $ 2.5
trillion, by NACE [1]. Hydrochloric acid is widely used in many industrial
processes during descaling, cleaning, oil well acidizing and pickling.
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Heterocyclic compounds containing nitrogen atoms, such as imidazoles and
pyrimidines, have been reported as efficient corrosion inhibitors in a HCI
solution [2-4]. Among these heterocyclic compounds, imidazole derivatives have
attracted more attention, because of their wide biological activities, such as
analgesic, fungicidal and antitumor actions [5-7], and corrosion inhibition
properties [8-16]. The literature survey reveals that few imidazole derivatives act
as good corrosion inhibitors. Zheng et al. [17] have studied the corrosion
inhibition behavior of two ionic liquid based imidazoles, which exhibited
maximum IE of 96.4% and 95.2%, at 238 ppm, respectively. Yesudass et al. [18]
have studied the corrosion inhibition properties of others imidazole based ionic
liquids. These compounds showed an IE of 92%, at 500 ppm. El-Haddad [19] has
investigated the corrosion inhibition behavior of imidazole and methyl
substituted imidazoles. These compounds exhibited an IE of 70- 77%, at 150
ppm. Gutierrez et al. [20] have reported several imidazole derivatives as
corrosion inhibitors, which showed maximum IE of 57- 69%, at the
concentration of 100 to 200 ppm. Their non toxic nature and significant
anticorrosion properties prompted us to investigate the corrosion inhibition
properties of some new imidazoles derivatives. In view of this, we synthesized
three substituted imidazoles — 2-(3-methoxyphenyl)-4, 5-diphenyl-1H-imidazole
(IM-1), 2,4,5-triphenyl-1H-imidazole (IM-2), and 2-(3-nitrophenyl)-4,5-
diphenyl-1H-imidazole (IM-3) —, to study their corrosion inhibition performance
on mild steel corrosion in HCI, using chemical and electrochemical methods.
These compounds were selected as corrosion inhibitors, because of their non
toxic nature and facilitating molecular structure. These inhibitors contain one
imidazole ring, two nitrogen atoms, three phenyl rings, and one electron donating
methoxy group. Through these groups, imidazole derivatives can absorb onto
mild steel, and are likely to give high inhibition efficiency. All the selected
compounds have been investigated as corrosion inhibitors on MS corrosion in
HCl, using chemical and electrochemical methods. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM) were used for surface
characterization. Density functional theory (DFT) was used to study the
molecular structure effect on IE. Molecular dynamics (MD) simulations were
used to study imidazole molecules adsorption behavior onto the metal surface. A
very good correlation was obtained between experimental and theoretical results.

Experimental

Materials and chemicals

A mixture of benzyl (1.0 mmol), substituted aldehyde (1.1 mmol) and
ammonium acetate (2.0 mmol) was taken in the RB flask. Then, 5-6 mL of
glycerol were added, and the mixture was stirred at 90 °C. After 3-5 h, the
obtained reaction mixture was poured in the water. The precipitated solid was
filtered, washed with water, and the obtained product was purified and
recrystallized from ethanol. The inhibitors synthesis has been carried out by the
reported literature [21], and is given in Fig. 1. The molecular structures of the
synthesized compounds are given in Table 1. MS specimens, with the
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composition (in Wt %) 0.076 C, 0.012 P, 0.026 Si, 0.192 Mn, 0.050 Cr, 0.135
Cu, 0.023 Al 0.050 Ni and the remainder iron, were successively polished with
fine grade emery papers from 600 to 1200 grades. The specimens were
thoroughly washed with double distilled water, and dried at room temperature.
The aggressive 1 M HCI solution was prepared by dilution of analytical grade
HCI (37%) with double distilled water, and all experiments were carried out in
unstirred conditions.

Ph 0] 0 Ph N
glycerol/ 90°C
I tOArTCHO  + 2NHOAC T tmin I\; ar
Ph o Ph

R CHO

R =OCHj3; IM-1
R=H; IM-2
R=NO,; IM-3

Figure 1. Synthetic route of inhibitors.

Table 1. IMs molecular structure and analytical data.

Inhibitor Structure Analytical data
2-(3-methoxyphenyl)-4,5- O Cx»HisN,O; 326.14; white
diphenyl-1H-imidazole (IM-1) crystalline powder;
/N m.p =190 °C
\
O N)\Q
H
OCH;
2,4,5-triphenyl-1H-imidazole O Cy1Hi6N2; 296.13; white
(IM-2) crystalline powder;
>N m.p =223°C
agA
N
H
2-(3-nitrophenyl)-4,5-diphenyl- O C21HisN302 5 341.12, pale yellow
1H-imidazole (IM-3) crystalline powder;

m.p =321°C

Methods

Mass loss measurements

The mass loss experiments were executed for optimization of the inhibitor
concentration. By the standard ASTM method, the mass loss experiments have
been performed [22] immersing abraded MS coupons in 1 M HCI, in the
inhibitors (IM-1, IM-2 and IM-3) absence and presence, at different
concentrations (from 25 mgL™! to 100 mgL"). The MS coupons were taken out
after 3 h of immersion, and then they were washed, dried and accurately
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weighted. The corrosion rates (Cr (mg cm™ h')) were calculated from the
following equation [23]:

w
G = A (1)
where W is the weight loss of a MS strip, A is the total area of a MS strip and t is
the immersion time (3 h). With the calculated corrosion rate, the inhibition
efficiency (M%) was calculated as follows [23]:

— CR B thR
n% —TXIOO )

R

and surface coverage (0) values were calculated by:

CR __inh CR

=0 ©

where Cr and ™ Cg are MS corrosion rates (mg cm™ h'') values in the inhibitors
absence and presence, respectively.

Electrochemical measurements

EIS and PDP were recorded from Echem Analyst (5.50 V) software for the data
fitting. It was a three cell structure assembly, in which platinum was used as
counter electrode, saturated calomel rod was used as reference electrode, and MS
was used as working electrode. The open circuit potential was measured after 30
min of immersion of the working electrode, with 1.0 cm? of exposed area. EIS
measurements were performed at corrosion potentials (Ecorr), Over a frequency
range of 100 kHz to 10 mHz, with an AC signal amplitude perturbation of 10 mV
peak to peak. The potential range for PDP measurement was +250 mV, with a
scan rate of 1 mVs™!. All potentials were recorded with respect to the saturated
calomel electrode (SCE).

Surface characterization

Scanning electron microscope (SEM) and Atomic Force Microscopy (AFM)
SEM study was carried out at an accelerating voltage of 5 kV and 5 KX
magnification, using a Ziess EVO 50 XVP instrument. SEM micrograph was
captured for the MS coupon, in the inhibitors absence and presence, at optimum
concentration (100 mgL™!), with the dimensions of (2.5 x 2 x 0.025) cm?, for 24
h. The three-dimensional images of MS coupons were recorded by AFM, using
NT-MDT multimode, with a dimension of 20 X 20 pm.

Quantum chemical calculations

Quantum chemical calculations were performed using Gaussian 03 suited
program [24]. The complete geometry optimization was conducted by DFT, with
Becke’s three parameter exchange functional, and with the Lee—Yang—Paar
correlation functional (B3LYP) [25]. Calculations were carried out by the basic
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6-311G (d, p) set, for neutral and protonated forms in the gas phase, respectively.
The quantum chemical parameters, such as energy of highest occupied molecular
orbital (Enomo), and lowest unoccupied molecular orbital (ELumo), have been
calculated by IMs optimized molecular structures. Other quantum parameters,
such as Energy gap (AE) among Erumo- Enomo, hardness (n), softness (o),
electronegativity (y), and the electrons transfer fraction were calculated by the
following equations:

AE = E o ~ Enono )
1
n= E(ELUMO = Epomo ) 5
o= 1 (6)
n

fraction of transferred electrons (AN) from the inhibitor to the mild steel surface
can be calculated with the help of y and ) values, using the equation given below:

[26]

—_ w_)(inh
AN = — = A 7
2(I7Fe+,71nh) ( )

where yre and yinn denote the absolute electronegativity of iron, and the inhibitor
molecule, respectively; and nre and 1inn denote the absolute hardness of iron, and
the inhibitor molecule, respectively. ¢ and nr. values were taken as 4.82 and 0 eV
mol!, respectively [27].

Molecular dynamics simulations

MD simulations for investigated IMs molecules were carried out in a simulation
box with periodic boundary conditions, using Materials Studio 6.0 (from
Accelrys Inc.) [28]. The iron crystal was imported and cleaved along (110) plane,
and a slab of 5 A was employed. The Fe (110) surface was relaxed by
minimizing its energy, using a smart minimiser method. The Fe (110) surface
was enlarged to a 10 x 10 supercell, to provide a large surface for the inhibitors
interaction. A vacuum slab with zero thickness was built. A supercell, with a size
of a=b=2482A, and ¢ = 25.14 A, containing 500 H>O,5H,0" 5CI" and one

molecule of tested inhibitors, was created. The simulation was carried out in a
simulation box (24.82 x 24.82 x 35.69) A3, using a discover module with a time
step of 1 fs, a simulation time of 500 ps, at 303 K, NVT ensemble (constant
number of atoms, constant-volume, constant-temperature) and COMPASS force
field [29]. In the simulation system, the interactions between inhibitors and Fe
(110) surface can be understood by the interactions and binding energies
calculated using the following equations [30]:

E =E )

N - - +E )+E.
interaction total (Esurface+solullon Emhlbltor+solut10n Esolullon
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E = _E interaction (9)

Binding

where Eiww is the total energy of the entire system, Egurface+soluion 18 the total
energy of the Fe (110) surface and of the solution without inhibitor, Einnibitor+solution
is the total energy of the inhibitor and of the solution, and Esowtion is the total
energy of the solution.

Results and discussions

Gravimetric measurements

Inhibitor concentration effect

The corrosion inhibition parameters data obtained from Fig. 2 (a) are listed in
Table 2. The results show that the corrosion inhibition efficiency increased with
higher imidazoles concentrations, which is attributed to the maximum metal
surface coverage by inhibiting molecules. The maximum inhibition efficiency
observed, in the present case, for IM-1- , IM-2- and for IM-3-, was 97.6%, 94.2%
and 91.8%, respectively, at 100 mgL.

100

—
95 /:?p—-—-’”

= 90 4 /
L N g | V-1
= |M-2
851, . . -3
20 40 60 80 100

10g Cimgt.

Figure 2 (a). Variation of inhibition efficiency (n%) with the inhibitor concentration, at
308 K.

Table 2. Weight loss parameters obtained for mild steel in 1 M HCI containing different
IMs concentrations.

Inhibitor Concentration CR Sur. coverage n)
(mgL™1) (mm/year) (0) %
Blank -- 77.91 (0.03) -- --
IM-1 25 5.56 (0.01) 0.928 92.8
50 4.08(0.01) 0.947 94.7
75 2.59(0.02) 0.966 96.6
100 1.11(0.02) 0.985 98.5
IM-2 25 8.90(0.01) 0.885 88.5
50 5.93(0.01) 0.923 92.3
75 4.08(0.03) 0.947 94.7
100 3.33(0.03) 0.957 95.7
IM-3 25 10.0(0.02) 0.871 87.1
50 7.42(0.03) 0.904 90.4
75 5.93(0.02) 0.923 92.3
100 4.08(0.03) 0.947 94.7
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Figure 2 (b). Inhibition efficiency (n%) variation with the solution temperature (308-
338 K), at optimum IMs concentration.

Thermodynamic adsorption parameters

The temperature effect on the corrosion rate (Cr) for mild steel, in IMs absence
and presence, is shown in Fig. 2 (c¢), and can be represented by Arrhenius
equation:

-E

loeC, =——+—+) 10

O8RS 303RT (10)
RT AS” AH®

C,=——exp| — |exp| ——— 11

=R p[ij[ j i

where E, is the apparent activation energy, R is the universal gas constant, A is
the Arrhenius pre-exponential factor, and T is the absolute temperature. The
AH*, AS*and AE. values are given in Table 3. The calculated E. value for mild
steel in 1 N HCI, in the inhibitors absence, was 27.9 kJmol!, while in the
imidazoles presence, the E, values were 113.3, 90.1 and 76.6 kJmol™!, for IM-1,
IM-2 and IM-3, respectively (Table 3). The higher Ea values, in the inhibitors
presence, can be attributed to the creation of a physical barrier at the
metal/solution interface, which decreases MS corrosion rate [31].

Table 3. Thermodynamic parameters for mild steel dissolution in 1 M HCI, in the
absence and presence of optimum inhibitors concentration (100 mgL™).

Inhibitor Kaas -AG’ags E, AH AS
104 M1 (kJ mol!) (kJ mol!) (kJmol?) (JK! mol?)
Blank - -—-- 279 -18.60 -151.5
IM-1 10.4 41.84 113.39 111.04 116.24
IM-2 8.34 39.74 90.16 89.61 54.58
IM-3 6.76 38.51 76.66 73.35 8.63
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Figure 2 (c). Arrhenius plots of the corrosion rate (Cr) of mild steel, in the absence and
presence of optimum inhibitors concentration.

Adsorption isotherm

Adsorption isotherms studies play an important role in understanding the
inhibitors adsorption behavior onto the metal surface. [32-33]. Various
adsorption isotherms, such as Frumkin, Langmuir, Temkin, and Flory—Huggins,
have been tested and fitted; however, the best fit was found to be Langmuir
adsorption isotherm (Fig. 2 (d). The calculated data are given in Table 4.
Langmuir adsorption isotherm is represented by the following equation:

+C,p, (12)

where Kags is the equilibrium constant, C is the inhibitor concentration and 9 is
the surface coverage. A straight line was observed by plotting a graph between
log Cinn/0 vs. Cinn, as shown in Fig. 2 (d), which suggested that the inhibitor
molecules adsorption onto the metal surface obeyed Langmuir adsorption
1sotherm.

3.5

3.0

2.5

2.0

[(C/8).107% / M

1.5

# IM-1; R2 = 0.999; slope=0.998
rIM-2; R2= 0.998; slope=0.995
1M-3; R2 = 0.997; slope=0.993

1.0 4

0.5 e L e
0.6081.01.2141.61.82.02224

[(C).107% / M
Figure 2 (d). Langmuir adsorption isotherm plots.
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The values of Kags and standard Gibbs free energy of adsorption (AG®°(ads)) were
obtained from the Langmuir adsorption isotherm, by the following equation:

1 AG®
K, = exp| —= (13)
‘ (sol.) ( RT j

where R is the universal gas constant, T is the absolute temperature and C is the
water concentration (1000 g/L). The Kads values are herein represented in g''L;
thus, in this equation, the water concentration is taken in g/L (1000 g/L), instead
of 55.5 mole/L. Kags and AG°uds) values are reported in Table 3. Generally, the
higher Kags value is associated to stronger adsorption and higher inhibition. In our
present study, Kags value obeyed the order IM-1 > IM-2 > IM-3, which is in
accordance with the inhibition efficiency order obtained by the mass loss
method. AG%qs values varied from -41.84 to -38.59 kJ mol'!, which means that
the inhibitors were adsorbed onto the mild steel surface by a mixed mode
mechanism; predominantly, by the chemical adsorption mode [23, 34].

Table 4. Adsorption parameters for IMs calculated from different adsorption isotherms
onto mild steel in a 1 M HCI solution, at 308 K.

Adsorption . Correlation
isotherm Inhibitor coefficient Slope
Langmuir IM-1 0.997 1.042
IM-2 0.999 0.964
IM-3 1.000 0.966
Temkin IM-1 0.998 0.737
IM-2 0.996 0.825
IM-3 0.994 0.872
Frumkin IM-1 0.822 0.882
IM-2 0.981 0.373
IM-3 0.415 0.441
Flory & Huggins IM-1 0.265 0.623
IM-2 0.327 0.543
IM-3 0.328 0.601
400
3001
£200/
o]

-100 - - -
0 100 200 300 400
Z (€2 cm®)

Figure 3 (a). Nyquist plots for mild steel at optimum IMs concentration.
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Electrochemical impedance spectroscopy (EIS) study

Fig. 3 (a) represents the impedance results in the form of Nyquist plots, in the
inhibitors (IMs) absence and presence, at their optimum concentration of 100
mgL-!.

The fitted Nyquist plots for IMs molecules are given in Figs. 3 (b-d). A careful
examination of Nyquist plots reveals that the capacity loop diameter was higher
in the imidazoles presence than in their absence, which indicates that mild steel
corrosion in a 1 M hydrochloric acid solution was controlled by polarization
resistance [35]. Generally, the difference in the real impedance at the lower
frequency and higher frequency is denoted as the charge transfer resistance (Rct).
IE (Fig. 3(a)) was calculated by the polarization resistance obtained from Nyquist
plots, according to the following equation:

% {Rm -RPJXIOO (14)

p(D)
where Rp is the sum of Ree and Ry, Ry is the film resistance, in the inhibitors
presence, and Rp is the polarization resistance, in the inhibitors absence.

400
|+ ZCURVE [EXPERIMENTAL] — Fit 1 [CPE] I -~ ZCURVE [EXPERIMENTAL] FIT1[CPE]
300 — Fit [CPE]
—
"E 200 (b) ()

AAAAAA

0 100 200 300 400 0 50 100 150 200
Ze (2 em’)

150
120

I-v— ZCURVE [EXPERIMENTAL] — Fit 1 [CPE]

s 601 @

0 3IO GIO 9IO 1.20 150

Ze (€2 cm’)
Figures 3 (b, ¢ and d). Fitted Nyquist plots respectively for IM-1, IM-2 and IM-3, at
optimum concentrations.

EIS data were analyzed using the equivalent circuit (Fig. 3(e)) [36-37], which

includes reference electrode (R.E), solution resistance (Rs), constant phase angle
(Yo), phase shift (n), polarization resistance (R;), and working electrode (WE).
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RE. —e 3

Rs

A

Rp

Figure 3 (e). Equivalent circuit model used to fit the EIS data.

For metal corroding in an acidic solution, replacement of the capacitance with
CPE gives a better approximation. The CPE impedance can be represented as
follows:

Yopp =Y, (j@)" 15

where Yo is the constant phase element (CPE), o is the angular frequency, j is
the imaginary number, and n is the phase shift that measures the surface
homogeneity [38].

Table 5 shows that, with an increasing inhibitor concentration, Rp increases, due
to the formation of a protective film onto the metal surface, and the Ca value
decreases, which is attributed to the increase in the thickness of the electrical
double layer on the metal/solution interface, or to the decrease in the local
dielectric constant.

Table 5. Electrochemical impedance parameters (+SD) for mild steel in 1 M HCI, in
the absence and presence of optimum inhibitors concentration (100 mg L™).

Cinn Rs Ry Yo Ca n
(mgL") Q) (Q cm?) " (uF/cm?) (uF/em?) (%)
Blank 1.02(0.02) 7.44(0.05) 0.798 481.2 137.9 -
IM-1 0.65(0.02) 332.9(0.03) 0.830 131.6 39.8 97.45
IM-2 0.56(0.02) 187.2(0.05) 0.768 126.7 449 95.46
IM-3 0.73(0.02) 121.7(0.03) 0.724 185.3 57.7 93.00

Table 5 shows that the IMs molecules’ IE follows the order IM-1> IM-2> IM-3,
which is in accordance to the data obtained from mass loss and PDP methods.
The double layer capacitance (Ca) was derived from the following relationship:

Car= Yo (Wmax) ol (16)
where wmax 1S the frequency at which the impedance imaginary part has attained

the maximum (rad s'!) value.

EIS results depicted in Table 5 reveal that the “n” value for the present case
ranges from 0.798 to 0.830, which signifies that CPE behaves as a non ideal
capacitor. Deviation from the ideal capacitive behavior (deviation from n = 1) is
attributed to surface heterogeneity [31].

Fig. 3 (f) represents Bode plots for uninhibited and inhibited mild steel
specimens.
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Figure 3 (f). Bode (log f vs. log |Z]) and phase angle (log f vs. a°) plots of impedance
spectra, in the absence and presence of optimum IMs concentrations, at 308 K.
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Figure 3 (g, h and i). Fitted Bode (log f vs. log |Z|) and phase angle (log f vs. o) plots

of impedance spectra, in the absence and presence of optimum IM-1, IM-2, and IM-3
concentrations, at 308 K.

The fitted Bode plots for IMs are given in Figs. 3 (g-1). Generally, the ideal
capacitor slope and phase angle (0°) values should be -1 and -900, respectively.
However, in the present case, the corresponding slope and phase angles values
are as follows: -0.503, -40.780 for the blank; -0.825, -71.240 for IM-1; -0.739, -
70.000 for IM-2; and -0.733, -62.940 for IM-3. This deviation in the slope and
phase angle is due to the surface heterogeneity, which has structural and
interfacial origins [39-40]. However, in IMs presence (Fig. 3 (f)), phase angles
values have been enhanced, indicating significant improvement in the surface
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smoothness, due to the formation of a protective film of imidazoles over the
metallic surface, which protects it from corrosion [41-42].

Potentiodynamic polarization study

Mild steel potentiodynamic polarization curves in a 1 M HCI solution at 35 °C,
with optimum imidazoles molecules concentration (100 mgL!) are shown in Fig.

4,
{1 & Blank
1 1M1
) IM-2 _xef

-400{ =+ IM-3

-200

E (V vs. SCE)
L

@
o
o

B0 eTE a3 3 1 0

log # (A/em®)
Figure 4. Polarization curves for mild steel corrosion, in the absence and presence of
IMs optimum concentrations.

Potentiodynamic polarization parameters, i.e., corrosion potential (Ecorr), cathodic
and anodic Tafel slopes (B¢, Pa), and corrosion current density (icorr), obtained
from the Tafel extrapolation of the polarization curves, are given in Table 6.

o/ — icorr - icorr(inh)
n% = ————x100 (17)
lcorr

where icorr and icorinhy are the corrosion current densities, in the inhibitor absence
and presence, respectively. The polarization results showed that the corrosion
current density was significantly reduced in imidazoles presence, without any
change in the appearance of polarization curves. This reveals that IMs inhibit the
corrosion by blocking the metallic surface’s active sites, without any change in
the corrosion mechanism [43]. The maximum displacement in the Ecorr values for
the inhibited specimen, with respect to the uninhibited specimen, is 67 mV
towards the cathodic side, which is less than 85 mV. This clearly suggests that
the investigated IMs are mixed type inhibitors, and predominantly act as cathodic
inhibitors. Fig. 4 reveals that IMs addition decreases both anodic and cathodic
reactions, which suggests that inhibiting molecules are adsorbed on anodic and
cathodic sites. The values of both anodic and cathodic tafel slopes (Ba, Pc)
slightly changed with the IMs addition, indicating the reduction of MS anodic
dissolution and cathodic hydrogen evolution reactions, without affecting the
reaction mechanism [44].
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Table 6. Potentiodynamic polarization parameters (=SD) for mild steel in 1 M HCI, in

the absence and presence of optimum inhibitors concentration (100 mgL™').

Inhibitor (mglcg(rIE) (p,;c/ocr:nz) (mé}laclec) (mVetciec) (‘:/{;)
Blank -445 1320(0.03) 74.6 123.9 -
IM-1 -512 74.3(0.02) 89.3 133 97.67
IM-2 -513 116.0(0.02) 81.1 143.9 96.37
IM-3 -507 190.0(0.03) 71.3 186.6 94.06

Figure 6. Atomic Force Microscopy (AFM) images: (a) Blank, (b) IM-1, (¢) IM-2

(d) IM-3.
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Figure 7 (a-i). Optimized structure and frontier molecular orbital density distributions
for neutral IMs, (d-e) IM-1, (f-g) IM-2 and (h-i) IM-3, respectively.

Atomic force microscopy

The three-dimensional AFM images of uninhibited and inhibited MS samples are
shown in Figs. 6 (a-d). The average roughness of the MS sample in a 1 M HCI
solution without inhibitor (Fig. 6 (a)) was 400 um. However, with IM-1, IM-2
and IM-3 optimum concentration (100 mgL™), as shown in Figs. 6 (b-d), the
average roughness was reduced to 30 um, 100 um and 150 um, respectively. The
lower roughness value for imidazoles reveals the presence of a protective film on
the metal surface.

Quantum chemical calculations

Quantum chemical study played an important role in analyzing the molecular
structure effect on inhibition performance. IMs Enomo and ELumo for neutral and
protonated inhibitors, are shown in Figs. 7 (a—1), and Figs. 8 (a—1).
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Figure 8(a-i). Optimized structure and frontier molecular orbital density distributions
for protonated IMs, (d-e) IM-1, (f-g) IM-2, and (h-i) IM-3, respectively.

Energy of highest occupied molecular orbital (Enomo), energy of lowest
unoccupied molecular orbital (ELumo), energy gap (AE) (AELumo-Enomo), dipole
moment (u), electronegativity (y), hardness (n), softness (c), and the electrons
transfer (AN) fraction calculations for neutral and protonated molecules are given
in Table 7. According to the frontier molecular orbital theory, only HOMO and
LUMO are involved in electrons sharing during the adsorption process [46]. It
was reported that Enomo 1s often associated with the inhibitor’s electron donating
capacity to the metal’s vacant d-orbital, whereas Erumo indicates its ability to
accept electrons from the filled metal orbitals. Lower energy gap (AE) favors
inhibitor molecules adsorption onto the metal surface [47]. A good corrosion
inhibitor easily gives electrons to metal, and readily accepts electrons from the
filled metal orbital [48].
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Table 7. Calculated quantum chemical parameters of neutral and protonated IMs in the
gas phase.

Inhibitors H Enomo ELumo AE 'l be AN
All energy values are in eV; o is in eV !
IM-1 7.1624 -4.8373 -3.4501 1.3872 0.6936 1.4417 0.4874
IM-2 4.5999 -4.5905 -1.6530 2.9374 1.4687 0.6807 0.5781
IM-3 3.0231 -4.5157 -1.4778 3.0387 1.5379 0.6581 0.6098
IProtonated form I All energy values are in eV; Y6 is in eV !

IM-1 6.7837 -7.9881 -6.8608 1.1273 0.5636 1.7741  -2.3102
IM-2 4.3914 -7.7517 -5.4303 2.3214 1.1607 0.8615  -0.7629
IM-3 2.5387 -7.6785 -5.2286 2.4499 1.2249 0.8163  -0.7228
Neutral IMs

From Figs. 7(d-1) it can be observed that IM-1 and IM-2 HOMO regions are
delocalized over the imidazole ring, but IM-3 HOMO is distributed over the NO»
group and the imidazole ring. IM-1 and IM-2 LUMO regions are localized over
the imidazole ring, and the methoxy substituted phenyl ring. In IM-3, these
regions are spread over the NO> substituted phenyl ring. Table 7 shows that the
energy gap (AE) order among the three IMs is IM-1< IM-2< IM-3, respectively.
A chemical species with high softness () value and lower hardness (1) value is
associated to a strong interaction with the metal, and a high IE. In the present
study, the softness values follow the order IM-1> IM-2> IM-3, and the hardness
order is IM-1< IM-2< IM-3, respectively, which is in accordance to the IE order
experimentally obtained. The relative performance of inhibiting molecules can
also be predicted on the basis of their AN values (fraction of electrons transfer). It
is reported that higher AN values are associated to the high IE [49-50]. In the
present study, the AN value for imidazole did not follow the regular trends.
Generally, dipole moment (un) is a polarizability measure of any organic
molecule. Chemical species with high p values are more polarizable, and cover a
wider area of the metal surface, thereby acting as good corrosion inhibitors, when
compared to the molecule with a lower u value [51-52]. In the present case, the
dipole moment order is IM-1> IM-2> IM-3, indicating that IM-1 is the best
inhibitor among the three imidazoles.

Protonated IMs

The inhibitor molecules undergo the protonation in the aqueous acidic media.
These protonated inhibitors molecules (IMs) are adsorbed onto the mild steel
surface over pre adsorbed chloride ions. Fig. 8(a-1) represent optimized HOMO
and LUMO of the protonated imidazole inhibitors. HOMO regions of protonated
IM-1 and IM-2 are distributed over the 3,4 substituted phenyl rings of imidazole,
while, in the case of IM-3 HOMO regions, they are distributed over 4 imidazole
substituted phenyl rings. LUMO regions of IM-1 and IM-2 are distributed over
the methoxy substituted phenyl ring of imidazole ring. And, in the case of IM-3,
LUMO regions are distributed over the imidazole ring and the NO: substituted
phenyl ring. From Table 7, AE values are lower for protonated inhibitors than for
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neutral imidazoles, suggesting that protonated molecules are more readily
adsorbed onto the MS surface than the neutral inhibitors. The predominant
cathodic behavior of imidazole molecules supports the high IE of the protonated

molecules.

2000 4 (a)

Temperature (K )
[

T T T
0 100000 200000 300000
simulation time (fs)

T
400000

T
E00000

4000 4

3000 4

Hwenzy (Kealumly

2000 4

1000 4

[Bessss S S8 saEEES S S LSsis s ]

(b)

Noobond ener

T
100000

T T T T
200000 300000 400000 200000

simulation time (f3)

Figure 9. (a) Temperature and (b) energy equilibrium curves of the studied inhibitors

adsorbed onto the Fe (1 1 0) surface in the solution.

Side view

IM-1

IM-Z

IM-3

Figure 9 (c). Side and top views of the neutral inhibitors final adsorption onto the Fe

(110) surface in the solution.
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The hardness values for the protonated molecules are given in Table 7, following
the order IM-1<IM-2<IM-3, respectively. The protonated imidazole molecules’
softness follows the order IM-1>IM-2>IM-3. Table 7 reveals that all the
calculated AN values are negative, which means that the electrons donation from
the inhibitor molecules to the metal surface is not possible [31]. The AE values
for protonated IMs are lower as compared to the neutral molecules, which
suggests that the former are more reactive than the latter, and that they readily
accept electrons from the metal surface, thereby forming a strong bond between
metal and inhibitor.

MD simulations

MD simulations have been carried out in the presence of 500 water molecules, 5
H3O", 5 CI" and one molecule of the tested imidazole inhibitor, to study the
interaction between the inhibitor and the metal surfaces (Fe (110) [53]. Each
simulation was run until the system reached equilibrium. Figs. 9 (a and b) show
that both temperature and energy were balanced. The interactions and binding
energies of the inhibitor molecules have been calculated by equations 9 and 10.
Fig. 9 (c) represents the top and side view of IMs inhibitors adsorption onto the
Fe surface. To maximize the contact surface area, the inhibitors molecules
gradually moved parallel to the Fe surface, which could enhance the surface
coverage degree, by forming a protective film. There are significant interactions
between the studied compounds and iron atoms, mostly due to the presence of n-
bonds in phenyl rings, as well as of nitrogen atoms in imidazole rings. Table 8
shows that the interaction and the binding energies are higher for IM-1 than for
IM-2 and IM-3, which suggests that IM-1 is strongly bonded to iron atoms,
compared to IM-2 and IM-3. In the literature, it is reported that more negative
interaction energy values indicate the highest adsorption ability of an inhibitor
onto the Fe surface [54-57]. Furthermore, the higher magnitude of binding
energies means easier inhibitor molecules adsorption onto the metal surface, and
higher stability of the adsorptive system [56]. The lowest IM-3 IE is attributed
to the electrons withdrawing (—NO>)[8], while the highest IM-1 IE is due to the
electron donating group (-OCH3) [58].

Table 8. Selected energy parameters obtained from MD simulations for inhibitors
adsorption onto the Fe (110) surface.

Neutral form
E, B

System Elntaraction inding

(kJ/mol) (kJ/mol)

Fe + IM-1+500 H.0 + 5H,0" + 5CI~ -1060.343 1060.343
Fe + IM-2+500 H,0 + SH,0" + 5CI~ -987.014 987.014
Fe + IM-3+500 H,0 + SH,0" + 5CI~ -956.111 956.111

In the present study, we have also examined the different interactions between
the inhibitor and iron atoms, using radial distribution functions (RDFs) [59].
RDF is widely used as a useful method to investigate the bond length between
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metal and inhibitor. RDFs were calculated from the MD simulations trajectories
[60]. RDF, g(r), is defined as the probability of finding particle B within the
range r + dr around particle A. It is defined as follows [60]:

%4: %ﬂl o(r; =)
<p >loca1 NA DA jUB 4]77
where (pB)iocal 18 B’s particle density averaged over all shells around particle A.
The peak distance in RDFs indicates how much meaningful are the interactions
with the iron surface [61]. The peak within 3.5 A is an indication of small bond
length, which indicates the chemisorptions, while the peak greater than 3.5 A
shows the physical interactions [62]. Fig. 9 (d) shows RDF curves for the neutral
IM-1 molecule. Bond lengths of IM-1 atoms (Fe-N, Fe-O and Fe-C) are around
3.22, 3.25 and 3.25 A, respectively, which is lower than 3.5 A, suggesting a
strong chemical interaction between the metal and IM-1. The results are
consistent with experimental findings.

8as(r) = (18)
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Figure 9 (d). RDF of IM-1’s neutral forms on the Fe (110) surface in the solution.

Figure 10. IM-1 physio-chemical mechanism on the MS surface.
Inhibition mechanism

On the basis of experimental and theoretical results, adsorption and inhibition
mechanisms can be proposed (Fig. 10):
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(1) The protonated inhibitor molecules in a chloride solution get adsorbed on

chloride ions through electrostatic interaction (physical adsorption).
[IM] +x H" S [IM ]

(2) At the cathodic site, these protonated molecules accept electrons and
become neutral. These neutral inhibitor molecules are chemically adsorbed
onto the metal surface, through their lone pair of electrons present on
heteroatoms.

(3) Inhibitors molecules can also accept electrons in their antibonding orbital
from the Fe d orbital, through retro-donation, thereby strengthening the
adsorption onto the metal surface.

Conclusions
The main conclusions of this study are as follows:
1. All the three IMs act as efficient CI for MS in a 1 HCI solution, and IM-1

exhibited 97.3%, at 100 mgL"!.

2. The EIS results revealed that corrosion inhibition takes place by the adsorption
process.

3. PDP curves indicated that IMs acted as mixed inhibitors, but predominantly as
from the cathodic type.

4. The negative AG°.qs values suggest IMs spontaneous adsorption onto the metal
surface.

5. The IMs adsorption isotherm is followed by Langmuir adsorption isotherm.

6. The higher Kags value suggests that the studied IMs are strongly adsorbed at
the MS/hydrochloric acid interface.

7. SEM and AFM investigations indicated the formation of an inhibitor film on
the metal surface.

8. DFT and MD corroborated the experimentally obtained results.
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