ISSN 2070-2051, Protection of Metals and Physical Chemistry of Surfaces, 2020, Vol. 56, No. 5, pp. 1027—1038. © Pleiades Publishing, Ltd., 2020.

PHYSICOCHEMICAL PROBLEMS

OF MATERIALS PROTECTION

Theoretical Prediction and Experimental Study
of Benzimidazole Derivate as a Novel Corrosion Inhibitor
for Carbon Steelin 1.0 M HCI

Y. El Aoufir~?, J. Sebhaoui¢, H. Lgaz* ¢, Y. El Bakri¢, A. Guenbour?,
F. Bentiss®/, A. Zarrouk® *, E.M. Essassi¢, and H. Oudda®
¢ Laboratoire de Chimie Organique, Inorganique, Electrochimie et Environnement, Ecole Supérieure d'éducation
et de la Formation, Ibn Tofail University, PB 133-14050, Kenitra, Morocco

bLaboratory of Materials, Nanotechnology and Environment, Mohammed V University,
Faculty of Sciences, P.O. Box. 1014, Rabat, Morocco

¢ Laboratoire de chimie organique heterocyclique, URAC 21, Pble de compétence pharmacochimie,
Université Mohammed V, Faculté des sciences, Rabat, Maroc

4L aboratory of Applied Chemistry and Environment, ENSA, Ibn Zohr University, PO Box 1136, Agadir, 80000 Morocco

¢ Laboratoire de Catalyse et de Corrosion des Matériaux (LCCM), Faculté des Sciences,
Université Chouaib Doukkali, B.P. 20, El Jadida, M-24000 Morocco

TLille University, ENSCL, UMET CNRS UMR 8207, Lille, F-59000 France

&Laboratory of Materials, Nanotechnology, and Environment, Mohammed V University, Faculty of Sciences,
P.O. Box. 1014, Rabat, Morocco

*e-mail: azarrouk @gmail.com
Received March 30, 2018; revised April 15, 2020; accepted April 22, 2020

Abstract—The inhibiting effect of benzimidazole derivate (DBI) on corrosion of carbon steel (CS) at tem-
perature range of 303—333 K was investigated in hydrochloric acid by DC potential dynamic polarization and
AC electrochemical impedance spectroscopy. It was found that this compound behaved as a mixed-type
inhibitor with predominantly cathodic effect. The EIS results indicate that the inhibition efficiency increases
with increasing the inhibitor concentration and the maximum inhibition (%) was obtained in the presence of
1073 M of DBI. The adsorption of DBI on the carbon steel surface is described by the Langmuir adsorption
isotherm and had a physical and chemical mechanism. The results found experimentally were corroborated
by DFT-quantum chemical calculations and molecular dynamics simulations (MDS) methods.
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1. INTRODUCTION

Corrosion of metals is reckoned amongst the most
significant and challenging problems in industry. Car-
bon steel (CS) is used in mass amounts in marine
applications, chemical processing, petroleum produc-
tion and refining, storage tanks, reaction vessels,
chemical batteries, construction, and metal process-
ing equipment. Hydrochloric acid (HCI) solutions
commonly used throughout pickling, industrial acid
cleaning, acid de-scaling, and oil well acidifying pro-
cesses cause corrosion of steel. Thereby, the use of
corrosion inhibitors increases continually to protect
the metal from corrosion by development of inhibiting
films [ 1—6]. The mechanism of their action can be dif-
ferent, depending on the metal, the medium and the
structure of the inhibitor substance. The performance
of the organic corrosion inhibitor substances contain-
ing heteroatoms shows promising results. Neverthe-
less, the stability of the inhibitor film formed over the

metal surface depends on some physicochemical
properties of the molecule, related to its electronega-
tive functional groups (CO, NH, OH and CS) [7—10],
electron rich aromatic systems [11—13], the possible
steric effects, electronic density of donors, type of the
corrosive medium and nature of the interaction
between the p-orbital of inhibitors with the d-orbital
of iron [14—17]. So, the benzimidazole and its deriva-
tives have received considerable attention on their
inhibition properties for metallic corrosion of
mild/carbon steel over the past year [18, 19]. They
found that these compounds have fairly good inhibit-
ing properties for steel corrosion in acid medium.

Although the experimental techniques have shown
that the inhibitory substances act by adsorption at the
metal interface, the mechanism of protection of
organic corrosion inhibitor molecules has not been
accurately understood. Actually, little attention has
been paid to how these organic surface modifiers bind
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Fig. 1. The chemical structure of 1-dodecyl-2-[(5-methyl-
isoxazol-3-yl)-methyl]-benzimidazole.

to metal surfaces, and why seemingly minor modifica-
tions in the structures of organic active compounds
can have a profound effect on their effectiveness. The
evolution in computer simulation methods hold
promise that questions regarding the inhibitive prop-
erties of such compounds can be addressed at the
atomic level. Therefore, there is a wealth of theoretical
studies concerning the associations between molecu-
lar mechanism and inhibition effect [20].

The aim of this work is to study the effect of ben-
zimidazole derivate on inhibition properties on the

EL AOUFIR et al.

corrosion of Carbon steel in 1 M HCI by using electro-
chemical methods. Invaluable quantum chemical
parameters such as Eygyo (highest occupied molecu-
lar orbital energy), E; ymo (lowest unoccupied molec-
ular orbital energy) and Fukui indices calculations
were obtained by using DMo/l? module, help to under-
stand the adsorption properties by considering the
structure of 1-dodecyl-2-[(5-methyl-isoxazol-3-yl)-
methyl]-benzimidazole (DBI) (Fig. 1).

2. EXPERIMENTAL
2. 1. Synthesis of Corrosion Inhibitor

1,5-Benzodiazepine derivatives are a raw material
in obtaining various heterocyclic systems. Authors of [21]
have obtained isoxazolyl-methylbenzimidazole from
the action of hydroxylamine hydrochlorideon 4-(2-
oxo-propylidene)-1,5-benzodiazepin-2-one (Azzaoui
et al. 2006). We took over the same method for the
preparation of the new derivative 1-dodecyl-2-[(5-
methyl-isoxazol-3-yl)-methyl]-benzimidazole 2)
from 1-dodecyl-4-(2-oxopropylidene)-2,3,4,5-tetra-
hydro-1 H-1,5-benzodiazepin-2-one (1). Scheme 1

(0]
H
i (L,
NH,0H, HCI N\
C[ EtOH, A N 7
o Vo
CH,);; ©
(H2C<11 /( D1
cH, H:C
1 2
Scheme 1

A mixture of 1-dodecyl- 2-[(5-methyl-isoxazol-3-
yl)-methyl]-benzimidazole (10 mmol) and hydroxyl-
amine hydrochloride (10 mmol) in ethanol was
refluxed for a period of 2h. After neutralization with
NaHCO;, the residue formed was recrystallized from
hexane to afford 2 as a dark brown solid.

'H-NMR, (DMSO-db): 0.82(s,3H,CH,),
1.19(s,18H,CH,), 1.59(q,2H,CH,),4.14(t,2H;CH,-
N), 6.14(s,1H,CH), 7.10-7.53(4H,CH ;;omatique)
(d ppm): B*C-NMR (DMSO-d6) (d ppm): 12.19(CH,),
14.40(CH;), 31.75-22.55(CH,-aliph), 43.62 (C—N),
115(C—CH3;), 135.53-102.87(Comatique)> 160(C=N),
169.96(C=C).

2.2. Test Solution and Material

An aggressive solution of hydrochloric acid of
1.0 M concentration was prepared by dilution with
double distilled water of 12.076 M HCI (analytical
grade). The concentration of inhibitor used was varied

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

from 107® to 1073 M, and the volume of the electrolyte
employed was 80 mL in all studies. The carbon steel
C35 used had the following chemical composition
(wt %): 0.370 C, 0.230 Si, 0.680 Mn, 0.016 S, 0.077 Cr,
0.011 Ti, 0.059 Ni, 0.009 Co, 0.160 Cu and balance Fe.

2.3. Electrochemical Studies of Corrosion Inhibition

The experimental device allowing the plotting of
the polarization curves and impedance diagrams is
a Voltalab PGZ 100 potentiostat/galvanostat driven by
a computer and associated with “Voltamaster 4” soft-
ware. For all the tests we used a thermostated double
cell wall (Tacussel type CEC/TH) containing three
electrodes; a working electrode consisting of a carbon
steel. The latter is disposed opposite the platinum aux-
iliary electrode and a saturated calomel KCl electrode
(SCE) as the reference electrode. The electrode is
maintained at its free corrosion potential for 30 min
under normal aeration conditions. The measurements
are carried out at 303 K in a 1 M solution of dilute
Vol. 56
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hydrochloric acid. The intensity-potential curves are
obtained with a scanning speed of 0.5 mV/s. The
recording of these curves takes place within a potential
interval of between —800 and —200 mV/SCE. The
measurement of the electrochemical impedances was
carried out under the same conditions as the plotting
of the polarization curves at frequencies between
100 kHz and 10 mHz exercising a sinusoidal perturba-
tion potential of 10 mV.

For DC technique, the inhibition efficiency (M%)
was defined as:

o

I.. -1
Nrafel (%) = —foi—<lt 100, (1)

corr

where I, and I_,,, are the corrosion current density

values without and with inhibitor [22].
For AC-impedance, the inhibiting efficiency 1 is
also calculated using the equation (2):

Nz (%) = L{.Rﬁxmo. ()
t

Where, R:t and R/, are the charge transfer resistance in

absence and in presence of inhibitor, respectively.

2.4. Quantum Chemical Calculations

Eyomo 1s the highest occupied molecular orbital
energy, Eiumo iS the lowest unoccupied molecular
orbital energy and Fukui indices calculations were
executed utilizing DMol? module in Materials Studio
version 6.0 [23]. These calculations employed an
ab initio, gradient-corrected functional (GGA)
method with a double numeric plus polarization
(DNP) basis set and a Becke One Parameter (BOP)
functional. It is well-known that the phenomena of
electrochemical corrosion appear in aqueous phase.
DMoP includes certain COSMO controls, which allow
for the treatment of solvation effects [24, 25].

2.5. Monte Carlo Simulation Study

The Monte Carlo (MC) search was adopted to
compute the low configuration adsorption energy of
the interactions of the DBI on a clean iron surface.
The Monte Carlo (MC) simulation was carried out
exploitating Materials Studio 6.0 software (Accelrys,
Inc.). Detail theoretical procedures using Monte
Carlo methodology are well documented previously
[26—28].

3. RESULTS AND DISCUSSION
3.1. Polarization Study

Figure 2 shows the DC-technique for the corrosion
of CSin 1.0 M HCl solution without and with addition
of different concentrations of DBI at 303 K. The cor-
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Fig. 2. Anodic and cathodic polarization curves for the
corrosion of CS in 1.0 M HCl in the absence and presence
of different concentrations of DBI.

rosion electrochemical parameters such as corrosion
potential symbolized by E_,,,, corrosion current den-
sity (I.,), anodic Tafel slope (B,), cathodic Tafel
slope (B.) and the inhibitory efficacy (%) were deter-
mined and gathed in Table 1.

It is clear from Fig. 2 that the anodic and cathodic
current densities decrease effectively when the con-
centration of DBI in the acid solution increases and
generally with a slight shift in the £, values towards
negative potentials, suggesting that the inhibitor mol-
ecule retard the corrosion process. In the acidic media
in our study (hydrochloric acid solution), oxidative
dissolution of CS in the anodic region and hydrogen
reduction in the cathodic region are observed in the
Tafel plots. In addition, the parallel cathodic Tafel
curves in Fig. 1 show that the hydrogen evolution is
activation-controlled and the reduction mechanism is
not touched by the presence of DBI [29].

In Fig. 2 the anodic branch of polarization curves,
at the polarization initial stage, the current densities
increased slowly and anodic polarization was
enhanced predominantly with the polarization poten-
tial shifting positively, which signify that the adsorp-
tion process dominates the anodic reaction and the
adsorption rate is higher than the desorption rate of
DBI molecule on CS surface. However, for polariza-
tion potential higher than 300 mV/SCE, desorption of
DBI was visible, and the current density also increased
markedly in comparison with that at the anodic scan
initial stage [30]. The phenomenon may be due to the
significant dissolution of metal, leading to some
desorption of DBI molecules from the electrode sur-
face [31, 32]. This result shows that the inhibition
effect of this compound depends on the electrode
potential.

From the results depicted in Table 1, it is clear that
the values of /., decrease considerably with increas-
Vol. 56
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Table 1. The electrochemical parameters calculated by using the potentiodynamic polarization technique for the corrosion
of CS in 1.0 M HCl in the absence and presence of different concentrations of DBI at 303 K

Medium Concethratlon, ~Ecor, mV/SCE| [, uAcem™ | B, mVdec™' | —B. mV dec™! n, %
Blank 1.0 452.0 507 100 122 —
10-¢ 495.3 127 72.1 56.7 74.9

DBI 1073 504.7 81 70.0 59.5 84.0
104 514.9 50 70.9 60.0 90.1

103 506.1 34 98.3 103.5 93.3

ing of the concentration of DBI. This observation pro-
poses that the rate of CS dissolution was retarded by
the formation of a protective inhibitor film on the
metal surface, and this protective film creates a barrier
on the interface metal/solution. The corrosion poten-
tials shift to negative values in the presence of DBI.
Furthermore, the cathodic and anodic Tafel slopes
modify with concentration, the observed behaviors
indicate that DBI acts as the mixed type corrosion
inhibitor with predominantly cathodic effect [33—35].
According to the polarization measurements, the
inhibitory efficacy increases with increasing of con-
centration of DBI and attain a maximum value of
93.24% at 10~ M.

3.2. Electrochemical Impedance Spectroscopy (EILS)

EIS can give more details about corrosion mecha-
nisms. The Mechanistic information can be derived
from the impedance diagram forms. The representa-
tive Nyquist of CS electrode in 1.0 M HCI solution in
the absence and presence of various concentrations of
DBI at corrosion potential is represented in Fig. 3.
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The impedance parameters obtained for DBI mole-
cules are given in Table 2.

The results confirm that DBI effectively inhibited
the corrosion of CS in 1.0 M HCIL An important
change in the corrosion behavior of carbon steel can be
observed from the impedance responses after the
addition of DBI in 1.0 M HCI solution. This is
attributed to increasing of DBI concentration that
leads to an increase in surface coverage and an
increase in diameter of the loops. Adsorbed DBI mol-
ecules form a protective film which protects the CS
surfaces and inhibits the corrosion of metal.

The Nyquist diagrams in Fig. 3 show single semi-
circles with centers below the real impedance, reveal-
ing that the dissolution of CS in the studied electrolyte
systems is controlled by single charge transfer process.
The Nyquist diagrams in the absence and presence of
DBI are characterized by one capacitive loop. The
capacitive loops are not perfect semicircles because of
heterogeneity and irregularity of the carbon steel sur-
face [36].

In this case, the standard Randle’s circuit model of
Fig. 4, which has been previously used to model the

—e— Blank

——10°M
—0— 107 M
——107*M
——103M

Fig. 3. Nyquist plots for carbon steel in 1.0 M HCl solution without and with different concentration of DBI at 303K.
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Table 2. Impedance parameters recorded for carbon steel electrode in 1.0 M HCI solution in the absence and presence of

DBI at 303K
Medium C(&r(l)cl:inﬁa— R,Qcm? | Ry, Qcem? |1074Q,Q 'em %" | n |Cy, uFcm™> T,8 Nz, %
Blank 1.0 0.568 20.24 2.420 0.860| 112.04 0.00227 —
10~ 0.869 95.76 2.21 0.70 42.34 0.00405 79.0
1073 1.102 147 111 0.71 36.61 0.00538 86.3
DBl 10~ 0.649 285.2 1.0 0.71 23.86 0.00680 92.9
1073 0.202 486 0.80 0.72 14.47 0.00703 95.8

iron/acid interface [37, 38], fits well our experimental
results. Figure 4 shows the suitable equivalent circuite,
comprises parallel combination of the charge transfer
resistance (R,) and the constant phase element
(CPE), both in series with the solution resistance (R,).
CPE is introduced in place of pure double layer capac-
itance (Cy) to give more accurate fit as the double
layer at interface does not react as ideal capacitor. The
CPE impedance is given by the following relation [39]:

Zepe = A" (i)™ (3)

Where, A is the CPE constant, x is the angular fre-
quency (inrad s7!), i> = 1 (the imaginary number) and
n is a CPE exponent that can be used as a gauge of the
non- homogeneity of the surface.

It can be seen from Table 2 that charge transfer
resistance increases considerably after the addition of
DBI to the corrosive solution, while Cg decreases.
These observations can be explaining by the formation
of insulating protective film of the inhibitors at the
metal/solution interface [40, 41].

The relaxation time () of a surface state is the time
needed for the return of the charge distribution to
equilibrium after an electrical disturbance. In the case
when no distributed element is introduced to replace
the double-layer capacitance, it is defined [42] as (4):

T=R.Cy. 4)

In this investigation, the additions of DBI caused
an increase in T values, signifying that the charge and
discharge rates to the metal-solution interface are
greatly decreased.

The single maximum obtained in Bode phase angle
plots (Figs. 5a, 5b) confirmed the presence of one time
constant at intermediate frequencies, broadening of
this maximum in the presence of inhibitors accounts
for the adsorption of DBI on the electrode surface [43,
44]. The magnitude of impedance in the presence of
DBI is important than in the absence of DBI and the
value of impedance increases on increasing the con-
centration of DBI suggested that the corrosion rate is
reduced in the presence of the DBI.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

Electrochemical impedance spectroscopy results
(M %) are in good agreement with the results (n %)
obtained by potentiodynamic polarization method.

3.3. Adsorption Isotherm

On the basis of evaluation of the interaction
between the inhibitors and steel surface, it is important
to consider the adsorption isotherms to analyze the
mechanism and nature of the adsorption processes of
chemicals species on the CS surface [45]. For the stud-
ied organic inhibitor substance, it was found that the
experimental data obtained from polarization readings
could be fitted by Langmuir’s adsorption isotherm.
According to this isotherm, the surface coverage (0) is
related to inhibitor concentration (C) by using the
equation (5) [46]:

0

— = K, C. 5

=K )
Rearranging equation gives (6):

g = L +C. (6)

9 Kads

Where 0 is the surface coverage, K, is the equilibrium
constant of the DBI adsorption process, C is the con-
centration of DBI and 0 is the surface coverage. A fit-
ted straight line is obtained for the plot of C/6 versus C
with slope close to 1 as seen in Fig. 6. The strong cor-
relation (R? > 0.999) indicates that the adsorption of
DBI inhibitor on the carbon steel surface obeyed this
isotherm. Langmuir isotherm arrogates that the
adsorbed molecules occupy only one site and there are
no interactions with other adsorbed species [47].

R, CPE
AN > >
R

Fig. 4. Equivalent circuit used to fit the EIS data.

Vol.56 No.5 2020
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Fig. 5. Bode diagrams (a) and phase angle (b) for carbon steel in 1.0 M HCI without and with DBI at 303K.

Large value of K4 obtained for DBI inhibitor implies
more efficient adsorption and hence better corrosion
inhibition efficiency. Using the value of K, and value

o

of AG, 4, are evaluated by [48]:

AG,q, = —RTLn(55.5K,,,). (7)

Where R is the gas constant equal to 8.314 J mol~' K,
T is the absolute temperature expressed in Kelvin and
the value of 55.5 is the concentration of H,O in solu-
tion in mol/L. The thermodynamic parameters (K,

and AG,,,) are displayed in Table 3. The negative sign
of the Gibbs free energy of adsorption reveals the
adsorption of inhibitor onto the metal surface [47].
The calculated value of AG,g is around —39 kJ/mol,
which may indicate that the adsorption mechanism of
DBI on CS is complex mixed type adsorption
(chemisorption and physisorption) [49].

o

0.0012 -
/.
0.0009 |- /
p= e
—=0.0006 |- //
~
Q
0.0003 //
re
oL o«
1 1 1 1
0 0.0003  0.0006  0.0009
C,M

Fig. 6. Langmuir adsorption isotherm (C/0 vs. C) of DBI
in 1.0 M HCI

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

3.4. Effect of Temperature

The variation of the corrosion density with the
temperature was investigated in 1.0 M HCI, both in
absence and presence of DBI. For this objective,
polarization readings were performed at temperatures
between 303 and 333 k in absence (Fig. 7a) and pres-
ence of 10—>M of DBI (Fig. 7b). The electrochemical
parameters such as corrosion density (/.,,,), corrosion
potential (E,.,,), surface coverage (0) and nN% are
shown in Table 4.

Although, Table 4 data clearly shows an increase in
corrosion rate with increasing of the temperature,
however the corrosion rate in the presence of DBI
solutions is always lower than the blank one. It is seen
also that the investigated DBI inhibitor have been
inhibiting properties at all temperatures studied and
the values of inhibitory efficacy remain slightly con-
stant with temperature increase.

Activation thermodynamic parameters were uti-
lized to give some insight about the inhibition mecha-
nism and adsorption mechanism. It has been observed
that /... depends of temperature and this temperature
dependency can be expressed using Arrhenius (8):

Ln(/.,)=LnA+ (_Ej (8)

RT

Where E, is the apparent activation energy expressed
in kJ/mol, R is the universal gas constant (8.314 J/K
mol), T is the absolute temperature (K), and A is the
Arrhenius preexponential factor. The Arrhenius plot
for CS corrosion in absence and presence of optimum
concentration of DBI is shown in Fig. 8. The values of
the activation energies are listed in Table 5. It is clear
for this Table that the values of E, for the CS dissolu-
tion in presence of DBI were higher than that in their
absence. This increase in the FE, suggests the phy-
sisorption that occurs during first stage of adsorption
processes [50]. Further, increase in E, value signifies
that DBI decrease the CS dissolution by increasing the
energy barrier for corrosion process [51, 52].

Vol. 56
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Table 3. Equilibrium adsorption parameters for adsorption DBI on carbon steel surface in 1.0 M HCI solution

Inhibitor R?

Slope

Kygey M7 ~AG,y,, kI mol™!

DBI 0.9998

0.98896

128158.3 39.74

Table 4. Electrochemical parameters and the corresponding inhibition efficiencies at various temperature studied of car-
bon steel in 1.0 M HCl in absence and presence 10—>M of DBI

Medium Temperature, K —FE.or, mV/SCE Lo WA cm™2 n, %
303 452.0 507 —
313 454.0 860 —
Blank
323 443.0 1840 —
333 450.0 2800 —
303 506.1 34 93.3
313 515.8 126 85.3
DBI
323 527.1 287 84.4
333 531.5 495 82.3

An alternative formulation of Arrhenius equation is

(9) [53]:
_RT AS, -AH,
——exp(—R )exp(—RT j )

Where 4 is Planck’s constant, N is Avogadro’s number,
AS, is the entropy of activation and AH, is the
enthalpy of activation. Figure 10 shows a plot of Ln
(Ioor/ T) vs. 1/T. Straight lines are obtained with a
slope of AH,/R and an intercept of Ln(R/Nh + AS, /R)

from whichthe values of AS, and AH, are calculated
and are given in Table 5. Examination of these data

revealed that the thermodynamic parameters (AS,

and AH,) for dissolution reaction of CS in 1.0 M HCl
in the presence of DBI are higher than that obtained in

corr

(@)

100 |

10

2
I o, mA/cm

0.1k

0.01 i 1 1 1 1 1 1 )
—600 —550 —500 —450 —400 —350 —300 —250

E o, mV/SCE

the absence of DBI. The positive sign of AH, reflects
that the adsorption of DBI used is endothermic [54].
On comparing the values of the entropy of activation

AS, given in Table 5, it is clear that entropy of activa-
tion increased positively in the presence of DBI than

in corrosive solution. The increase of A, value reveals
that an increase in disordering takes place on going
from reactant to the activated complex [54].

3.5. Quantum Chemical Calculations

3.5.1. Global molecular reactivity. In order to ana-
lyze the effect of molecular structure and also elec-
tronic parameters on DBI inhibitor performance the
quantum chemical calculations were performed [55].

1000 ¢ ®
100
of
0.1

orrs MA/cm?

C

<~ 0.01

1E-3

E—4 [ 1 1 1 1 1 1 1 1
—600—550—500—450—400—350—300—250—200
Eqors mV/SCE

Fig. 7. Effect of temperature on the behavior of carbon steel/1.0 M HCl interface in (a) uninhibited solution, (b) at 10~>M of DBI.
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Quantum chemical parameters obtained from the cal-
culations which are responsible for the inhibitory effi-
cacy of DBI such as the energy of highest occupied
molecular orbital (Egonme), energy of lowest unoccu-
pied molecular orbital (E;ymo), HOMO—-LUMO
energy gap (AE) and the fraction of electrons trans-
ferred (AN) have been listed in Table 6. In addition,
Fig. 10 illustrates the optimized molecular structure,
HOMO and LUMO orbitals of DBI.

From the Fig. 10 it can be seen that the electron
density of both HOMO and LUMO are localized prin-
cipally on the m-bonds and heteroatoms which indi-
cates that the heteroatoms of DBI could be both the
acceptor and the donor of the electron. According to
the frontier molecular orbital theory (FMO) of chem-
ical reactivity, the formation of a transition state is due
to an interaction between the frontier orbitals (HOMO
and LUMO) of reacting species. Hence, only the
HOMO and LUMO of both reactants are considered
when analyzing the chelation processes of adsorption
[56—58]. The difference between the energy levels of
these orbitals is important in the evaluation of inhibi-
tory efficacy. The littler the orbital energy gap (AE)
between the participating HOMO and LUMO, the
stronger are the interactions between two reacting spe-
cies which cause the adsorption of the inhibitor sub-
stance on the metal surface [59].

The results in Table 6, explain the better inhibitive
properties of tested compound. The DBI contain het-
eroatoms and double bonds in their molecular struc-
ture, which favorite the interactions between these
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Fig. 9. Transition state plot of carbon steel i in 1.0 M HCI
solution without and with the addition of 107>M of DBI.

actives centers and the metal surface. On the other
hand, It is well reported that the alkyl chain length
increase the inhibition efficiency of an organic com-
pound [60] which further support the good inhibitive
performance of DBI. The electron affinity (EA) and
ionization potential (IP) are deduced from E gy and
ELumo by the Egs. (10) and (11):

IP = _EHOMO’ (10)
EA =-E ymo- (11)

Mulliken electronegativity () and Absolute hard-
ness (1)) can be approximated using [61, 62]:
IP + EA

g Ll 7, 2
X 7 (12)

The fraction of electrons (AN) transferred can be

evaluated by Pearson electronegativity scale:

¢ — Xinh . (14)
2 (nFe + T]inh)

Where ¢ is the work function of the iron surface with
the value of 4.06 eV for Fe (1 1 0) [63], Y., is the abso-
lute electronegativity associated to the inhibitor mole-
cule, Ng.= 0 and m,,, are the absolute hardness of
metal and the inhibitor molecule, respectively. Values
of AN exhibit inhibitive performance resulted from
electrons donations. If AN < 3.6, the inhibitory effi-
cacy increases with the increase in electron-donation

AN =

Table 5. Thermodynamic parameters for adsorption of DBI on carbon steel surface in 1.0 M HCI. Solutions

Medium E,, k] mol™! AH,, k] mol™! AS,, mol~! K~!
Blank 49.41 46.77 —39.06
DBI 74.67 72.03 23.38
PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES  Vol. 56 No.5 2020
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Quantum parameters

Eriomos €V

Eyymos eV

AE

ap> €V

AN

Value

—5.085

—1.687

3.398

0.198

ability to the metal surface [64]. In this paper, there is
a good correlation between inhibitory efficacy and the
parameter of AN.

3.5.2. Fukui functions. Fukui function is necessary

The nucleophilic attack Fukui function (£,") and

electrophilic attack Fukui function (f, ) can be calcu-

in understanding the local site selectivity. The Fukui
function ( /(7)) is defined as [65]:

Table 7. Fukui indices of the investigated compound

15)

Atom A fe
C (1) 0.011 0.021
C () ~0.002 0.018
C(3) 0.001 0.023
C (4) 0.004 0.038
C(5) 0.009 0.019
C (6) 0.007 0.020
N (7) 0.024 0.195
C(@®) ~0.024 0.088
N (9) 0.002 0.029
C (10) —0.006 —0.025
C (1) 0.006 ~0.012
C (12) ~0.009 ~0.010
C (13) —0.011 ~0.013
C (14) ~0.006 ~0.005
C (15) 0.010 —0.005
C (16) —0.001 —0.008
C (17) ~0.001 ~0.002
C (18) ~0.007 ~0.004
C (19) ~0.003 ~0.003
C (20) ~0.004 ~0.004
C (1) ~0.003 ~0.002
C(22) —0.009 —0.016
C (23) 0.071 —0.007
N (24) 0.174 0.006
0 (25) 0.087 0.014
C (26) 0.127 0.012
C(7) 0.040 0.001
C(28) ~0.030 —0.005

lated as [66]:

Fig. 10. Optimized molecular structure of DBI (a),
HOMO (b) and LUMO (c) orbitals.
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Fig. 11. The most stable low energy configuration for the adsorption of the inhibitor on Fe (1 1 0) surface obtained through the

Monte Carlo simulation (a) side view, (b) top view.

fk+ZQk(N+1)_Qk(N)’ (16)

fk_=CIk(N)_Qk(N_1)~ (17)

Where g, (N +1), g, (N), g, (N —1) are charge values
of atom k for cation, neutral and anion, respectively.

The values of f; and f, are also given in Table 7.

Generally, high values of f; and f, mean the high
capacity of the atom to gain and lost electron, respec-
tively. For the nucleophic attack, the most reactive
sites are N (24), O (25) and C (26), which can accept
electrons from metal surface to form back-donating

bond. On the other hand, the values of f, indicate
that they will happen on the N (7) and C (8); which
can denote electrons to metal surface to form coordi-
nate bond.

3.6. Monte Carlo Simulations

Nowadays, molecular dynamics simulation has
been extensively used to describe the interactions
between the inhibitor and metal surface [67, 68]. In
our present study the Monte Carlo simulation calcula-
tion was used to find the lowest energy for the DBI/Fe
(110) system. The outputs and descriptors calculated
by the Monte Carlo simulation, such as the total
adsorption, adsorption energy, rigid adsorption and
deformation energies are listed in Table 8. Figure 11
represents the most stable low energy configuration for
the adsorption of DBI on Fe(110) surface obtained
through the Monte Carlo simulations. It is evident
from Fig. 11 that the DBI molecule adsorbed on a par-

allel orientation on the iron surface to maximize sur-
face coverage and contact. This ensures strong interac-
tion and by extension high inhibition action observed
experimentally. It has been reported that the more
negative the adsorption energy, the stronger the adsor-
bate-metal interaction [61]. It is clear from Table 8,
that DBI gave the strong negative adsorption energy.
Therefore, DBI is expected to exhibit greater inhibi-
tion abilities

4. CONCLUSIONS

The benzimidazole compound has been tested as
corrosion inhibitor for carbon steel protection in 1.0 M
HCI solution. The results illustrated that tested com-
pound acts as the mixed type corrosion inhibitor with
predominantly cathodic effect. The detailed studies of
DBI showed that the corrosion inhibition efficiency of
this compound increases with increasing inhibitor
concentration and attain 95.8% at 10~3M. EIS studies
revealed that the studied compound formed a protec-
tive surface film at metal/electrolyte interface. The
inhibition efficiency was decreased modestly with
increasing temperature. Adsorption of the DBI mole-
cule on the carbon steel obeyed the Langmuir iso-
therm and thermodynamic data extracted by this iso-
therm explains physical and chemical adsorption.
Quantum chemical calculations indicated that the
inhibition is achieved more through the active sites of
present inhibitor. Monte Carlo simulations showed
that the inhibitor adsorb on a parallel orientation on
the iron surface.

Table 8. Outputs and descriptors calculated by the Monte Carlo simulation for the lowest adsorption configurations of DBI

on Fe (110) surface (in kcal/mol)

Total energy | Adsorption energy |Rigid adsorption energy| Deformation energy | DBI : dEad/dNi | H,O : dEad/dNi
—1464 —1471 —1502 31.14 —245.84 —0.73
PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES Vol. 56 No. 5 2020
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