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ABSTRACT

Inhibitive properties of 7-(ethylthiobenzimidazolyl) theophylline (7-ETBT) molecule for the corrosion of alu-
minum (Al) in one molar hydrochloric acid medium have been investigated using mass loss and Tafel polariza-
tion methods. The results suggest spontaneous and predominant physical adsorption of 7-ETBT on the metal
surface which obeys Langmuir isotherm model. The studied inhibitor showed excellent inhibition efficiency up
to 94.07 % at 298 K for its optimum concentration (2 mM). Moreover, Tafel polarization method revealed that
7-ETBT is a cathodic-type inhibitor. Further investigation on the morphology using scanning electron microscopy
(SEM) has confirmed the existence of a protective film of inhibitor molecules on aluminum surface. Theoreti-
cal approach for the performance of 7-ETBT as Al corrosion inhibitor is also done using Density Functional
Theory (DFT) level with B3LYP exchange correlation functional for 6-31G (d, p) basis set. The results provided
by this theoretical study are consistent with the experimental data. All the results have shown an evidence of
the effectiveness of the inhibitive effect of 7-ETBT on Al.
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1. INTRODUCTION tions due to the increased awareness towards environ-
mental pollution. The new trend is the development of
organic corrosion inhibitors which are available, low-cost
and mostly non-toxic (Ajmal et al., 1994; Desai et al., 1986;
El-Maksoud, 2002). To be effective, an inhibitor must
interact with anodic or cathodic reaction sites to delay the
oxidation and reduction corrosion reaction, and prevent
corrosion-active species on the surface (Obot et al.,
2011). Most of the efficient inhibitors are organic com-
pounds that contain mainly, nitrogen, sulfur, oxygen or

Owing to their high technological value and wide range
of industrial applications especially in aerospace, automo-
tive, building and household industries of aluminum and
its alloys, several researchers have devoted great efforts
to study their corrosion inhibition. Although aluminum
and its alloys seem safe by the formation of a compact,
adherent passive oxide film for its corrosion immunity
in various environments, they are prone to corrode when
exposed to high concentrations of acids or bases (Fouda
etal.,, 2000; Hurlen et al., 1984). In order to reduce the cor-
rosion of metals, several techniques have been applied.

phosphorus atoms and aromatic ring in their structure
(Badr, 2009; Laarej et al., 2010) which are helpful to form
complexes with metal ions. These complexes constitute a
film barrier which separates the metal from the aggres-
sive environment.

Among these techniques, the use of corrosion inhibitors is
the most effective and practical way (Umoren et al., 2009).

However many corrosion inhibitors used in aqueous
heating and cooling systems are generally toxic (F. et al.,
2001). This toxic property limits the field of their applica-

In order to assess the effectiveness of the inhibition effect
of the molecule, quantum chemistry calculations are used.
The most used of quantum chemical methods for corrosion
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inhibitor evaluation (Cruz et al,, 2005; Khaled, 2010; Oguzie
etal, 2011a) is density functional theory (DFT). This method
(Cruz et al,, 2004; Oguzie et al., 2011b) leads to the ground
state properties of a many-electron system by using func-
tional (Ehouman et al,, 2016). Nowadays, quantum chemical
calculations are widely used to study or predict reaction
mechanisms and to interpret the experimental results
(Lukovits et al., 1997). To get insight into chemical reactivity
and selectivity of organic molecules, researchers use DFT
parameters including global parameters such as electron-
egativity x (Parr et al., 1978), hardness 1 (Parr and Pearson,
1983), softness S (Berkowitz et al., 1985), electrophilicity
index w (Parr and Pearson, 1983). The aim of the present
paper is to evaluate the behavior of 7-(ethylthiobenzimida-
zolyl) theophylline (Scheme 1) as an inhibitor of aluminum
corrosion in 1M HCI, by analyzing both experimental data
and theoretical parameters.

H 3C\N N/\/S H
Ofﬁz LEa
L,

Scheme 1: Chemical structure of
7-(ethylthiobenzimidazolyl) theophylline

2. MATERIAL AND METHODS
2.1 Aluminum specimen

The samples of aluminum used in this study were in
the form of rods with 10 mm as length and 2.5 mm as
diameter which is the type AA 1060 and purity of 99.6 %.

2.2 Reagents

The structure of 7-ETBT has C;;H;; N,O,S as formula.

The molecule of 7-ETBT of beige color was provided

by the Laboratory of Organic Chemistry and Natural

Substances, Felix Houphouet-Boigny University. Its

molecular structure was identified by 1H NMR and 13C

NMR spectroscopy:

e RMN 1H @00MHz, DMSO-d6, d ppm): 3.22 (s, 6H, -CH3-);
3.74 (dd, J=6.6, 5.1 Hz, 2H, N-CH2-); 4.60 (dd, 2H, -CH2-S);
7.04 (dd, 2H, HAr); 732 (dd, 2H, HAr); 796 (s, 1H, N=CH-).

e RMN 13C (DMSQO, d ppm): =27.56 (CH3-); 29.22 (CH3-);
32.00 (N-CH2-); 46.49 (-CH2-S); 150 (CAr); 149.34 (CAr);
148.34 (CA).

The corrosive aqueous solution of 1M HCl was pre-
pared by dilution of analytical grade 37 % HCl purchased
from Sigma-Aldrich Chemicals with bi-distilled water.

Acetone of purity 99.5 % was also purchased from Sigma-
Aldrich Chemicals.

2.3 Solution preparation

1M HCI solutions without or with different concentra-
tions of 7-ETBT ranging from 0.02 to 2 mM were then
prepared.

2.4 Mass loss measurements

Each test was conducted in 50 mL aerated and unstirred
1M HCI solution without or with the desired concen-
trations of the tested inhibitor for 1Th immersion time
at different temperatures by using a water controlled
thermostat (Memmert, precision + 0.5 °C). Prior, the
aluminum samples were polished with different
emery papers, washed thoroughly with bi-distilled
water, degreased and dried with acetone. The obtained
samples were then kept in an oven (Memmert) at 70 °C
and weighed accurately. After 1h of immersion in the
corrosive media with or without 7-ETBT, the specimens
were carefully washed in bi-distilled water, dried and
reweighed accurately. Triplicate experiments were per-
formed in each case and the mean value of the mass loss
was reported. From the mass loss measurements, the
corrosion rate (W), degree of surface coverage (6), and
inhibition efficiency (IE) were calculated using Equation
1-3 respectively (Khaled, 2008):

W = Am
St
_W-W

W,

)
IE(%):( "

W -w
*100 (3)
v,
Where,

Wyand W (expressed in mg h'em™) are respectively the
corrosion rate without and with 7-ETBT, Am is the mass
loss, Sis the total surface of the aluminum specimen and
t is the immersion time.

M

0

2.5 Electrochemical measurement

The measurements were performed with an Autolab
PGSTAT 20 potentiostat (Ecochemie, Utrecht Nether-
lands) controlled by GPES 4.4 software. Origin version
6.0 Software was used for plotting, graphing and fitting
data. The electrochemical measurements were performed
in a typical three-compartment glass cell consisting of
the aluminum rod (treated as describe earlier) as working
electrode (WE) with the exposed surface of 0.884 + 0.001
cm?, a rolled platinum rod as counter electrode (CE),
and a saturated calomel electrode (SCE) as the reference
electrode. Prior to the electrochemical measurement,

the working electrode was immersed in test solution
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Figure 1: Optimized structure of 7-ETBT by B3LYP/6-31G (d, p).

for approximately 30 min until a steady open-circuit
potential (OCP) was reached (Singh et al., 2016). All the
experiments were conducted at room temperature (298 K).
The electrolyte solution preparations were similar to
those used for mass loss measurements. Tafel curves
were obtained by changing the electrode potential auto-
matically from —1500 mV/SCE to +500 mV/SCE versus
open-circuit potential with a scan rate of 1mV/s. In each
measurement, a fresh working electrode was used and
the experiments were carried out in triplicate to obtain
reproducible data. The inhibition efficiency (IE %) was
calculated using Equation 4:

.0 .inh
IE(%)Z(M)XIOO 4)
.0
S cor
Where,
]'gw and ]ézfr are referred to the corrosion current density
without and with the addition of the inhibitor, respec-

tively.

2.6 Surface characterization

The scanning electron microscopy (FEG-SEM, SUPRA
40VP, ZEISS, Germany) was used to study the morphol-
ogy of the aluminum surface after its treatment in the
presence or absence of 7-ETBT for 1 h immersion at room
temperature. Comparison was made between the bare
sample and the immersed ones.

2.7 Computational details

Theoretical approach was needed to correlate experi-
mental data and the electronic properties of the studied
inhibitor. In this way, density functional theory (DFT) cal-

culations were performed using the Lee-Yang-Parr (LYP)
functional (Lee et al., 1988) implemented in Gaussian 09
W program package (Frisch et al.). This method is referred
as B3LYP/6-31 G (d, p) in the standard nomenclature. The
geometry of the studied molecule was optimized without
symmetry constraints. The aim of the present work is
to highlight the relationship between the computed
quantum chemical parameters and the experimentally
determined inhibition efficiency of 7-ETBT against alu-
minum corrosion in IM HCl. Figure 1 gives the optimized
chemical structure of 7-ETBT.

3. RESULTS AND DISCUSSION
3.1 Mass loss measurements

3.1.1 Effect of concentration and temperature on
corrosion rate

Mass loss studies were performed in the absence and
presence of 7-ETBT. The concentration in that molecule
ranges from 0.02 to 2 mM. The temperature varies from
298 to 318 K. As displayed in Figure 2A&B, the increase
in 7-ETBT concentration is accompanied by a decrease
in corrosion rate (Figure 2A) and increase in inhibition
efficiency up to 94.07 % for 2 mM of 7-ETBT at 298 K
(Figure 2B). These results suggest that 7-ETBT acts as an
effective inhibitor of aluminum corrosion in 1M HCl over
the concentration range studied.

For a given temperature, inhibition efficiency increases
with the inhibitor concentration. This behavior could be
explained by the formation of a protective film which
separates aluminum from the corrosive medium.

The inhibition efficiency of the studied compound
during the temperature variation was also studied over
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Figure 2: A) Evolution of corrosion rate with temperature for different concentrations of 7-ETBT and B) Inhibition efficiency versus
inhibitor concentration at different temperatures.

the inhibitor concentration range. The evolution of inhibi-
tion efficiency versus temperature is plotted in Figure 3A.

As shownin Figure 3A, the inhibition efficiency decreases
with the rise in temperature for the concentration
range studied. According to the literature (Saratha and
Meenakshi, 2010) the decrease in inhibition efficiency
with increase in temperature indicates that the process of
adsorption of the inhibitor on the corroding metal surface
is physisorption. This effect can be also attributed to the
increase in the solubility of the protective films and of
any reaction products precipitated on the surface of the
metal (Santhini and Jeyaraj, 2012) thereby increasing

E/
/

&0

C, /M)

chh (mM}

the metal surface exposure to corrosive attack when the
temperature rises.

3.1.2 Adsorption isotherms and thermodynamic
parameters

A determination of the type of adsorption isotherm itself
provides useful information on the adsorption process
such as surface coverage, adsorption equilibrium con-
stant and information on the interaction between the
organic compound and the metal surface (Desimone
etal,, 2011). In order to obtain the suitable adsorption iso-
therm, attempts were made to fit the © values to various
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Figure 3: A) Inhibition efficiency versus temperature for different concentrations, B) Langmuir, C) Temkin and
D) El-Awady adsorption isotherms for different temperatures.
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adsorption isotherms namely Langmuir, Temkin, and
El-Awady isotherm (Equation 5-7 respectively):

C
S L4, ®
9 Kads
2.303
0= [logK , +10gC,.,.] (6)
6
log (_6?) =logK + ylogC, (7)

Where, C;,, is 7-ETBT concentration, K, is the equilib-
rium constant of the adsorption process, fis a factor of
energetic in homogeneity in the surface, 0 is the coverage
rate while K is related to K, (K, = K7

Figures 3B-D give the representations of the tested
adsorption isotherms. The parameters of all tested iso-
therms are listed in Table 1.

Table 1: Isotherms parameters for various temperatures.

Isotherm

model T(K) R? Slope Intercept

Langmuir 298 0.9995 1.0595 0.0225
303 0.9990 1.0829 0.0274
308 0.9987 1.1255 0.0304
313 0.9987 1.1482 0.0321
318 0.9983 1.1943 0.0365

Temkin 298 0.9967 0.1145 0.9012
303 0.9844 0.1106 0.8753
308 0.9707 0.1024 0.8396
313 0.9888 0.1143 0.8221
318 0.9842 0.1129 0.7872

El-Awady 298 0.9597 0.3923 1.0072
303 0.9373 0.3369 0.8822
308 0.9302 0.2722 0.7404
313 0.9620 0.2782 0.6819
318 0.9615 0.2502 0.5800

The choice of the best adsorption isotherm was based
on the values of the correlation coefficients (R,). As it can
be seen in Table 1, by far the results are better fitted by
Langmuir adsorption isotherm as the linear correlation
coefficients (R,) are almost equal to 1 and the slopes are
close to 1. These results confirm that the adsorption of
7-ETBT on aluminum surface better follows Langmuir
adsorption isotherm.

In order to evaluate the strength of the interactions
between the inhibitor molecules and the metal surface,
the values of adsorption equilibrium constant K ;;, were
calculated using the intercepts of the straight lines on
Cui _axis. The calculated adsorption equilibrium con-
stant was related to the standard free adsorption enthalpy
by the following equation (Keles et al., 2008):

In the above equation (Villamil et al., 1999), 55.5 is
the concentration of water in mol. L™, T is the absolute
temperature while R is the perfect gas constant. The
values of S and the other adsorption thermodynamic

functions are summarized in Table 2.

Table 2: Adsorption thermodynamic functions.
T(K) Kogs™™) | 86 tkmor ™™ | ar? 1o (kmor™ ") | a8, (mor k")
298 44444 44 | -36.45
303 36496.35 | -36.56
308 32894.74 | -36.90 -17.636 62.80
313 31152.65 | -37.36
318 27397.26 | -37.62

In our work, the computed values of AG’, for 7-ETBT
were ranging from -36.45 to —37.62 kJmol™ which indi-
cated that the adsorption of 7-ETBT on the aluminum
surface may involve physical as well as chemical adsorp-
tion (Khaled and Hackerman, 2004; Quraishi et al., 2010)
and the decrease in values of K,;, with increasing tem-
perature suggested that the desorption process enhances
with the increase in temperature (Quraishi et al.,,
2010). The large negative values of AG', reveal that the
adsorption process takes place spontaneously and the
adsorbed layer on the surface of aluminum is highly
stable (Scendo and Hepel, 2008).

The standard adsorption enthalpy change AH”d and the
standard adsorption entropy change AS’ are correlated
with standard Gibbs free energy by Equation 9:

AG' =AH' —TAS' ©)

ads ads

Figure 4A gives the plots of AG’_versus the temperature.
The values of AH' and AS’, obtained by linear regression
are listed in Table 3. AH;; is negative, showing an exo-
thermic process. According to the literature (Durnie etal.,
1999) an exothermic process means either physisorption
or chemisorption. Therefore this result confirms that the
process of adsorption is both physisorption and chem-
isorption (Diki et al., 2018b). AS;S is positive, meaning that
disorder increases during the adsorption process. This
situation can be explained by the desorption of water
molecules replaced by the inhibitor.

3.1.3 Effect of temperature and activation parameters
of the corrosion process

The apparent activation energy (E,) can be calculated by
using Arrhenius equation (Equation 10):
E
logW =logA - ———
8 8 2.303RT
Where, W is the corrosion rate, A is the Arrhenius pre-

exponential constant, R is the molar gas constant and T'is

(10)

AG,,, = -RTIn(55.5K ) ®) the absolute temperature. A plot of logW versus /1 yields
——————— ————————
International Journal of Applied Pharmaceutical Sciences and Research Vol 3 Issue 4 October-December, 2018 Page | 45



N. Y. S. Diki et al.: Aluminum Corrosion Inhibition by 7-(Ethylthiobenzimidazolyl) Theophylline

www.sierrajournals.com

AG?, = 00628T - 17.636
R= 0988

AG® (KInol')

A

300 305 310 315

[}
0.5
-1
E-15
§ .2 [eBmk
0 02m M
25
A0 ImI
-3 < 1lmM
v 2m I
35
13 31 3.15 3.2 35 33 335 34
320 10065 (K1)
4
B

Log j (Alem’

37T
— 0. mM
0.1mM
— 1M
2mM

=10

45

L

33 3.35

[T
"
(Y]

lilllz'fi:'%K'}

=14 o

-CIE
E(VviSCE)

4.0 ol 0s

0
Figure 4: A) Free adsorption enthalpy AG,4s versus temperature, B) Arrhenius plots for aluminum corrosion in 1M HCI,
C) Transition state plots of the adsorption behavior of 7-ETBT and D) Potentiodynamic polarization curves obtained
for aluminum at 298 K in 1M HCl in various concentrations of 7-ETBT.

a straight line (Figure 4B) with _Ea/ as slope and
logA as intercept. 2.303R

The other activation parameters for the corrosion process
were calculated from the Arrhenius equation:

* AH*
(1)

w R\ AS, .
log| — |=|log| — |+ -

T Nh ) 2303R | 2.303RT
Where, AS™ is the change in apparent activation entropy,
AH is the change in apparent activation enthalpy, R is
the perfect gas constant, X is the Avogadro number and
h is the Planck’s constant.

Y.

AH .
The slope -———2_ and the intercept lag(i}fi’l
2.303RT Nh) 2.303R

straight line lead to the values of activation enthalpy
change and activation entropy change (Table 3).

W
Figure 4C gives the plot of log (?J versus .
ns,

From Table 3, it seems that E, and AH varied in the
same manner increasing with the conce{:ltration, prob-
ably due to the thermodynamic relation between them
(AH, = E —RT). It can be seen that the values of E, are
higher in the inhibited solutions than those in uninhib-
ited solutions. On the other hand, the higher values of

Table 3: Calculated activation energy, activation enthalpy
change and activation entropy change.

System E,(kimol-1)  AH,(kimol”' ) AS(Umol"K")
Blank 94.77 92.09 78.73

0.02 mM 108.11 107.97 112.91

0.1 mM 110.23 110.09 118.07

1 mM 125.94 125.78 164.65

2 mM 134.90 134.72 190.03

E, in the presence of inhibitor compared to that in its
absence and the decrease of the inhibition efficiency (IE)
with the increase in temperature can be interpreted as an
indication of predominant physical adsorption process
(Chaubey et al., 2017; DIKI et al., 2018a; Umoren, 2008).
Moreover, the positive signs of AH reflected the endo-
thermic effect of the aluminum dissolution process. The
value of AS; is higher for the inhibited solution than that
for the uninhibited solution. This phenomenon suggested
that a randomness decrease occurred from reactants to
the activated complex. This might be the result of the
adsorption of organic inhibitor molecules from the acidic
solution which could be regarded as a quasi-substitution

Page | 46

International Journal of Applied Pharmaceutical Sciences and Research Vol 3 Issue 4 October-December, 2018



www.sierrajournals.com

N. Y. S. Diki et al.: Aluminum Corrosion Inhibition by 7-(Ethylthiobenzimidazolyl) Theophylline

process between the organic compound in the aqueous
phase and water molecules at the metal surface (Afia
et al,, 2012).

3.2 Potentiodynamic polarization
measurements

For the purpose of detecting the anodic, cathodic or
mixed nature of the studied inhibitor, potentiodynamic
polarization measurements have been carried out. Polari-
zation curves for aluminum in 1M HCl without and with
7-ETBT at different concentrations are shown in Figure 4D.
The anodic and cathodic current—potential curves are
extrapolated up to their intersection at the point where
corrosion current density (j,,,) and corrosion potential
(Eeor)
of 7-ETBT on the anodic and cathodic polarization curves
of Al in 1M HCI solution at 298 K is also presented in
Figure 4D. In all cases, addition of the 7-ETBT induced a
marked decrease in the cathodic current density and a
slight decrease for the two highest concentrations (1 and
2mM) of 7-ETBT in anodic current density. As a result,
the tested inhibitor slightly affected the dissolution of the
metal and greatly affected the hydrogen evolution reac-
tion. In our case, cathodic Tafel slopes are comparable to
parallel straight lines. This suggests that the hydrogen
evolution reaction is under activation controlled (Bentiss,
2006). Therefore, the addition of the inhibitor to the cor-
rosive solution does not modify the mechanism of the
proton reduction process. The sharp decrease in the
cathodic process can be due to the covering of the metal
surface with monolayer of the inhibitor molecules due
to the adsorbed inhibitor molecules (Khaled and Al-
Qahtani, 2009). The electrochemical parameters E ., j.,»
IE, anodic and cathodic Tafel slopes (b, b,) obtained from
the polarization measurements are displayed in Table 4.

are obtained. The effect of increasing concentration

From Table 4, anodic and cathodic Tafel slopes are
almost constant in the presence of 7-ETBT, meaning that
the inhibiting action of this molecule occurred by simple
blocking of the available surface area (Azim et al., 1974;
Quraishi et al., 2010). Furthermore, it is clear that the cor-
rosion current density (j,,) values decrease from 201.06

Table 4: Electrochemical kinetic parameters obtained from
potentiodynamic polarization curves in 1M HCI in different
concentrations of 7-ETBT at 298 K.

tA/cm? to 18.00 uA/cm? with the addition of various
concentrations of 7-ETBT. When the current density (j,,,,)
decreases, the inhibition efficiency (IE) increases from
69.01 % to 91.05 %. It is known that when the value of
E.,, shifts beyond 85 mV, the chemical compound can be
designated as an anodic or a cathodic-type inhibitor. As
E.,,, values cathodically shifted in the presence of 7-ETBT
with the maximum displacement about 89.15 mV vs.
SCE which is more than 85 mV. This result suggests that
7-ETBT is a cathodic-type inhibitor (Ansari and Quraishi,
2015; Satapathy et al.,, 2009). From the potentiodynamic
polarization data, one can see that the inhibition efficien-
cies obtained with the potentiodynamic polarization
method are in agreement with those obtained from the
mass loss measurements over the inhibitor concentra-
tion range studied. These results suggest that 7-ETBT
can be considered as an efficient metal inhibitor in acidic
aqueous media.

3.3 Surface characterization

In order to characterize the metal surface behavior in
contact with chloride acid solution in the absence and
presence of the studied inhibitor, a surface analysis
was carried out using a scanning electron microscope,
immediately after the corrosion tests. The aluminum
samples in 1M HCI solution with and without optimal
concentration of the 7-ETBT were subjected to analysis.
SEM images are shown in Figure 5 A-C.

As displayed, without inhibitor (Figure 5C), the metal
surface is subject to corrosion. Severe damage, clear pits
and cavities are observed on the surface of aluminum
in the absence of inhibitor compared with polished bare
metal before immersion (Figure 5A). In the presence of
7-ETBT (Figure 5B), the metal surface is not available
confirming that the metal surface is fully covered with
the inhibitor molecules and a protective inhibitor film
was formed. These results suggest the inhibitor effect of
7-ETBT.

3.4 Quantum calculations

The electronic parameters describing inhibitor molecules
can be assessed at two different levels: the global level
and the local one.

3.4.1 Global parameters

Ecorr
(MVWs.  joon b (mV/  —b(mV/
Cpp(mM)  SCE) (WA/cm?)  dec) dec) IE(%) Recently, DFT has become a very powerful technique to
0 (Blank) -783.53 201.06 154.85 11532 - probe the inhibitor/surface interaction and to analyze
0.02 -869.42 62.30 158.13  204.02  69.01 experimental data by providing insights into the chemical
0.1 —-870.30 47.83  157.52 199.60  76.21 reactivity and selectivity (Patel et al., 2014; Rodriguez-Val-
1 —-872.61 26.50 171.93  198.68  86.81 dez etal,, 2005). So, the molecular descriptors namely the
2 ~872.68 18.00 16980 20290 91.05 highest occupied molecular orbital energy (Epono), the
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{22C)

Figure 5: SEM images of aluminum (A) Before immersion in 1M HCI, and after 1h of immersion in 1M HCI solution (C) without and
(B) with 7-ETBT (2 mM). (D) HOMO, (E) LUMO of 7-ETBT by B3LYP/6-31G (d, p).

lowest unoccupied molecular orbital energy (ELUMO),
the energy gap (AE= E;ymo—Enowmo) and the dipole
moment (i) were calculated. The reactivity descriptors,
including ionization energy (I), electron affinity (A),
electronegativity (x), hardness (1)), softness (S), the frac-
tion (AN) of electrons transferred and the electrophilicity
index (w) were also calculated. According to Koopman's
theorem (Koopmans, 1934), the ionization potential I can
be approximated as the negative of the highest occupied
molecular orbital (HOMO) energy (Equation 12):

I=—Enomo (12)

The negative of the lowest unoccupied molecular orbital
(LUMO) energy is related to the electron affinity A and
is obtained from Equation 13:

The electronegativity (Parr et al,, 1978) is obtained using the
ionization energy I and the electron affinity A by Equation 14:
I+4 (14)

Z =
2
The hardness which is the reciprocal of the electronega-
tivity was obtained by Equation 15:
I1-4

n=——-o"
2

When the organic molecule is in contact with the metal,
electrons flow from the system with lower electronega-
tivity to that of higher electronegativity until the chemi-
cal potential becomes equal. The fraction of electrons
transferred, AN, was estimated according to Equation
16 (Kokalj and Kovacevic, 2011):

(15)

AN = 2" X (16)
A= _ELUMO (13) 2(77A1 +77inh)
O ——————————
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The values of experimental work function ©,=4.28 eV
(Michaelson, 1977) and hardness 1,,=0 (Sastri and Peru-
mareddi, 1997) (since for bulk metallic atoms I = A) were
considered to calculate AN.

The global electrophilicity index, introduced by Parr (Parr
et al, 1999) is given by Equation 17:

X
0=

27
The quantum chemistry parameters of 7-ETBT were
calculated and listed in Table 5.

(17)

According to the frontier molecular orbital (FMO)
theory, of chemical reactivity, transition of electron is
due to interaction between highest occupied molecular

Table 5: Molecular and global reactivity descriptors of 7-ETBT.

Descriptor Value Descriptor Value
Enomo (V) -5.7950 I (eV) 5.7950

E umo (eV) -1.1778 A (eV) 1.1778

AE (eV) 4.6172 u (Debye) 5.5740

AN 0.1719 n (ev) 2.3086

S (eV)! 0.4332 ® 2.6325

A (eV) 3.4864 TE (a.u) —1496.5743

orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of reacting species (Lukovits et al., 1997, Musa
et al,, 2010) are very important in defining the reactiv-
ity of a given compound. Eyoyo (Popova et al., 2003) is
often associated with the electron donating ability of a
molecule. High Ey5y0 values indicate that the molecule
has a tendency to donate electrons to appropriate accep-
tor molecules with low energy empty molecular orbital.
Increasing values of the Ef;qyo facilitate adsorption (and
therefore inhibition) by influencing the transport process
through the adsorbed layer (Ozcan and Dehri, 2004). On
the other hand, the LUMO energy (Popova et al., 2003),
indicates the ability of the molecule to accept electrons.
The lower the value of Eyjoy 10, the more probable it is that
the molecule accepts electrons. In this work, the higher
value of Eyjopo (-5.7950 €V) and the lower value of E; ;10
(-1.1778 eV) could involve charge sharing or charge trans-
fer from the inhibiting molecule to the vacant p-orbital
of aluminum (Lebrini et al.,, 2005). That could explain
good inhibition efficiency of 7-ETBT. In the same way,
low values of the energy gap (AE= E; ;i0—Eromo) lead to
high inhibition efficiencies because (F., 2003) the energy
to remove an electron from the last occupied orbital will
be low. Literature (Ouédraogo et al., 2018) revealed that
excellent corrosion inhibitors are organic compounds
which not only offer electrons to unoccupied orbital of
a metal but also accept free electrons from the metal.
A molecule with a low energy gap (Obot et al., 2009) is
more polarizable and is generally associated with high
chemical reactivity and is considered as a soft molecule.
The value of AE (4.6172 eV) is low compared with that

of many molecules in the literature, suggesting good
inhibition efficiency as obtained from mass loss and Tafel
polarization methods.

Another important electronic parameter calculated
is the dipole moment (u) that results from non-uniform
distribution of charges on atoms in the molecule. Several
authors point out that low values of dipole moment
(Khalil, 2003) promote accumulation of the inhibitor mol-
ecules in the surface layer and therefore higher inhibition
efficiency. However, many papers indicate that inhibition
efficiency increases with rising values of dipole moment.
On the other hand, survey of the literature (Bereketetal.,
2002; Khaled et al., 2005) reveals that several irregularities
appeared in case of correlation of dipole moment with
inhibitor efficiency. So, in general (Gece, 2008), there is no
significant relationship between dipole moment values
and inhibition efficiencies.

Absolute hardness and softness are important param-
eters to measure the molecular stability and reactivity of
a molecule. The chemical hardness fundamentally rep-
resents the resistance towards the deformation or polari-
zation of the electron cloud of atoms, ions or molecules
under small perturbation of chemical reaction. A hard
molecule has a large energy gap and a soft molecule has
a small energy gap (Gece and Bilgic, 2009). In our work,
the studied molecule has a low hardness value (2.3086 V)
and a high value of softness (0.4332 V)™ when compared
(Udhayakala and Rajendiran, 2015; Udhayakala et al.,
2012) with molecules in the literature.

The ionization potential (I) and the electronic affinity (A)
are respectively (5.7950 eV) and (1.1778 eV). This low value
of (I) and the high value of electron affinity indicate the
capacity of the molecule both to donate and accept elec-
tron. The electronegativity (x) indicates the capacity of a
system to attract electrons. In our work the low value of the
electronegativity of the studied molecule (x = 3.4864 eV)
when compared to that of aluminum (@,,=4.28 eV) shows
that aluminum has the better attraction capacity. Then
the low value of hardness (2.3086 eV) confirms the rela-
tively higher value of the fraction of electrons transferred
(AN = 0.1719) indicating a possible motion of electrons
from the inhibitor to the metal. The electrophilicity index
measures the propensity of chemical species to accept
electrons; a high value of electrophilicity index describes
a good electrophile while a small value of electrophilic-
ity index describes a good nucleophile. In this work the
obtained value (w = 2.6325 V) shows the good capacity
of 7-ETBT to accept electrons. The HOMO and LUMO
densities of 7-ETBT are shown in Figure 5D and E.

The analysis of Figure 5D&E show that the density
HOMO (see Figure 5D) and LUMO (see Figure 5E) for this
compound are distributed only around the benzimida-
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zole cycle for HOMO and only around theophylline cycle
for LUMO respectively, suggesting that these regions are
probably the active areas where transfers of electrons
could occur (from 7-ETBT to aluminum or vice-versa).

3.4.2. Local parameters

The local selectivity of a corrosion inhibitor (Fuentealba
et al.,, 2000) is generally assessed using Fukui functions
which enable us to distinguish each part of the studied
compound on the basis of its chemical behavior due to
different substituent functional groups. The Fukui func-
tion is defined as the derivative of the electronic density
o(r) with respect to the number N of electrons:

(18)
ON

The condensed Fukui functions provide information
about atoms in a molecule that have a tendency to either
donate (nucleophilic character) or accept (electrophilic
character) an electron or a pair of electrons (Kouakou et al,,
2016). The nucleophilic and electrophilic Fukui function
for an atom k (Eddy et al., 2010) can be computed using
a finite difference approximation as seen in Equation
19-20 respectively:

f =[q,(N+1)-q,(N)] for nucleophilic attack (19)

f =[q, (N)-q (N-1)] for electrophilic attack (20)

()
Where,

gr (N + 1), g (N) and g, (N—1) are the charges of the
atoms on the systems with (N + 1), N and N -1 electrons
respectively.

Recently, it has been reported (Yeo et al., 2017) that
a new descriptor has been introduced (Morell et al,
2005, 2006) which allows the determination of individual
sites within the molecule with particular behaviors. A
mathematical analysis reveals that dual descriptor is a
more accurate tool than nucleophilic and electrophilic
Fukui functions (Martinez-Araya, 2015). This descriptor
is defined through Equation 21:

(21)

ON
The condensed form (Morell et al.,, 2006) of the dual
descriptor is given by Equation 22:

A (r)=f - f

When, Afy (r) > 0, the process is driven by a nucleophilic
attack and atom k acts as an electrophile; conversely,
when, Afy () <0 the process is driven by an electrophilic
attack on atom k acts as a nucleophile. The dual descrip-

(22)

tor Afy (r) is defined within the range [-1; 1], what really

facilitates interpretation (Martinez-Araya, 2015). The
computed Mulliken atomic charges, Fukui functions and
dual descriptor by DFT at the B3YLP/6-31G (d, p) level are
gathered in Table 6.

From shaded rows in Table 6, one can see that (22 C)
with the maximum value of fk+ and positive value of Af,
(r) is the preferred nucleophilic attack site while (23 S)

Table 6: Calculated Mulliken atomic charges, Fukui functions
and dual descriptor by DFT B3YLP/6-31 G (d, p).

Atom g (N+1) g (N) g (N-1) F¢ fe of

1C 0.457 0.471 0.532 -0.014 -0.061 0.047
2C 0.229 0.216  0.220 0.013 -0.004 0.017
3C 0.293 0.228 0.291 0.065 -0.063 0.128
5N —0.553 -0.544 -0.605 -0.009 0.061 -0.070
6N -0.520 -0.527 -0.540 0.007 0.013 -0.006
7C 0.619 0.633 0.669 -0.014 -0.036 0.022
80 —0.553 -0.545 -0.517 -0.008 -0.028 0.020
9N —0.588 -0.590 -0.593 0.002 0.003 -0.001
10C 0.779 0.788 0.799 -0.009 -0.011 0.002
11C -0.162 -0.170 -0.181 0.008 0.011 -0.003
150 -0.559 -0.527 -0.491 -0.032 -0.036 0.004
16N -0.601 -0.608 -0.619 0.007 0.011 -0.004
17C -0.171 -0.177 -0.197 0.006 0.020 -0.014
21C -0.092 -0.028 -0.099 -0.064 0.071 -0.135
22C -0.217 -0.406 -0.202 0.189 -0.204 0.393
23S -0.307 0.471 0.342 -0.778 0.129 -0.907
28C 0.237 0.316  0.308 -0.079 0.008 -0.087
29C 0.317 0.228 0.357 0.089 -0.129 0.218
31N -0.592 -0.523 -0.591 -0.069 0.068 -0.137
32N -0.613 -0.632 -0.623 0.019 -0.009 0.028
33C 0.315 0.316  0.301 -0.001 0.015 -0.016
34C -0.122 -0.104 -0.084 -0.018 -0.020 0.002
35C -0.133 -0.107 -0.081 -0.026 -0.026 0.000
36C -0.105 -0.100 -0.091 -0.005 -0.009 0.004
37C -0.115 -0.104 -0.090 -0.011 -0.014 0.03

with the maximum value of fk- and negative value of Af;
(r) is the preferred electrophilic attack site. These results are
confirmed by the great electron cloud on (23 S) (Figure 5D)
and the absence of electron density on (22 C) (Figure 5E).

4. INHIBITION MECHANISM

Inhibition of aluminum by 7-ETBT in hydrochloric acid
solutions might be related to the molecular structure of
the inhibitor which possesses several heteroatoms (N,
S, O) and delocalized m-electrons of heterocyclic rings.
In acid aqueous solution, the studied inhibitor exists as
protonated species. The molecules of 7-ETBT could be
protonated since they contain heteroatoms:

7-ETBT+xH" < [7T—ETBTH,J** (23)

Due to their specific adsorption and their small
degree of hydratation, chloride ions (CI”) from HCl firstly
adsorbed on the positively charged metal surface (AI®")
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[7-ETBTH]™

Cr
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T-ETBT [7-ETBTH.]*

Aluminum

Figure 6: Schematic mechanism of Al corrosion inhibition in 1M HCI by 7-ETBT.

ions cover the surface of the metal) and create an excess
negative charge along the metal surface towards the solu-
tion side, what leads to the adsorption of the protonated
form of the inhibitor (Luo et al., 1998).

Therefore, a protective layer due to the electrostatic
interaction between the charged species from the inhibi-
tor and the chloride ions is formed (physisorption). The
positive sign of fraction of electron transferred shows that
electrons can be transferred from the inhibitor species
to the aluminum and that positive charged species have
a strong tendency to accept electron from porbital of the
aluminum to form a bond, what could explain the exist-
ence of chemisorption. So, a probable schematic mecha-
nism (Fig. 6) can be proposed where the black arrows
point out chemisorption, whereas the broken lines show
the electrostatic interaction between the chloride ions and
the cationic form of the inhibitor (physisorption).

5. CONCLUSION

The results of this study can be concluded as follows:

e The inhibition efficiency is temperature and concen-
tration dependent;

e The studied molecule adsorbs on aluminum accord-
ing to the Langmuir isotherm;

® The values of adsorption thermodynamic functions
and that of the activation energy suggest both phy-
sisorption and chemisorption with a predominant
physisorption;

¢ Tafel polarization data reveal that 7-ETBT is a
cathodic-type inhibitor;

¢ The SEM images confirm the formation of a protective
layer on the metal surface;

* The quantum descriptors confirm the good inhibition
efficiency of 7-ETBT;

® Theoretical results are consistent with the experi-
mental data;

e 7-ETBT is an effective inhibitor for aluminum corro-
sion in 1M HCJ;

e 7-ETBT could be an efficient metal corrosion inhibitor
and could be used for industrial equipment protec-
tion such as petroleum pipeline where fluid leakage is
prevalent in order to avoid an environmental pollution.
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