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In this work, a newly synthesized imidazole derivative, namely (N,N'E,N,N'E)-N,N'-(thiophene-2,5-diylbis(methanylylidene))bis(1H-
benzo[d]imidazol-2-amine) which is donated as (SJ1), was tested as an inhibitor in controlling the corrosion of carbon steel in 0.1 M
hydrochloric acid solution by using open circuit potential (OCP), potentiodynamic polarization (PDP), at four different temperatures (293,
303, 313 and 323 K) and various of SJ1 concentrations. Furthermore, the surface morphology was investigated using both the Atomic force
microscopy (AFM) and Scanning Electron Microscope (SEM), respectively. The effect of using different concentrations of SJ1 and
temperature was also investigated. SJ1 was synthesized and characterized via using the UV-Vis, mass spectroscopy, 'H NMR and
5C NMR spectroscopy, and the element analysis CHN. The experimental results shown that SJ1 can consider as an excellent corrosion
inhibitor for carbon steel in 0.1 hydrochloric acid solution, by presence of SJ1 the corrosion of carbon steel was significantly suppressed.
The inhibition efficiency is increased with increasing the inhibitor concentration but is decreased with the increases of temperature, and the
optimum inhibition efficiency by 0.5 mM of SJ1 is 96%. The adsorption behavior of SJ1 onto the surface of the carbon steel in the acidic
environment was investigated and found is obeyed the Langmuir adsorption isotherm. Also, both the thermodynamic and kinetic
parameters are computed and discussed. The observed results of the free energy of adsorption AG,g of -38.12 kJ mol' suggested that
adsorption of SJ1 onto the surface of carbon steel has both types of interaction physisorption/chemisorption. The modeling methods were
conducted by using the density functional theory (DFT/B3LYP) to study the electronic properties of SJ1 to discover the correlation
between the molecular structure and the inhibitor efficiency. Both the experimental and simulation results were in good agreement with
each other in this concern and authorize that SJ1 is an effective nhibitor.
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INTRODUCTION

Carbon steel is considered one of the most important
industrial materials that is used as a raw manufactured by
way of an alloy of iron, carbon, with some trace amounts of
other metals [1-2]. Due to the excellent features of carbon
steel as mechanical, welding, and annealing, and the
availability of low cost [3] also carbon steel reveals
excellent qualities that satisfy its application in different
sectors such as in industry, oil, and gas[2, 4-6]. In many
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industry fields are using acids as mineral acids or organic
acids to cleaning and descaling of steel substrates or to
dissolve the rubble, remove the mud to create channels
through rocks to access the crude oil [7], and as a result of
that the carbon steel employed for oil explorations in wells
will be corroded due to the harsh effects of the acid
solutions, which have been used as solvent to dissolve the
rocks on the oil wells. This practice is accepted around the
world to improve the production of extra oil and gas, and
the method of using (5-28%) HCI is reported as the most
prominent [2].

Today, due to the corrosion damages that effect on the
main three fields: economics, safety, and conservation,
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Scheme 1. Synthesis of SJ1

therefore, its became very important to control the corrosion
damages by using different methods and techniques such as
coating the surfaces or by adding some materials such as
inorganic or organic compounds to play as corrosion
inhibitors, and cathodic protection [8-11]. However, by
considering the fact that mentioned by using the acidic as
corrosive solutions for different purposes, the use of the
inhibitor is consider one of the most effective methods that
have been shown and improved the controlling on the
corrosion process due to the easily practicable, efficient, and
economically [12]. There are a huge number of different
inorganic and organic compounds have been used as
corrosion inhibitors for the carbon steel in acidic corrosive
medium [13]. Control the corrosion damages by using the
corrosion inhibitors depends on the chemical structure of
the inhibitor which plays an important role in the adsorption
mechanism of the inhibitor onto the surface of the
metal/alloy to form a protective layer as film. Such organic
molecules with the presence of heteroatoms which are
oxygen, sulfur,
n-electrons or those possessing certain functional groups
such as —NH,, —-COOH, or —OH (amines, acids, alcohols,
phenols, amino acids, etc.) [13-14]. In addition, the other

included: and nitrogen, or with the

preferred organic inhibitors can include the drugs, amino
acid, biopolymers, or ionic liquids and the heterocyclic
organic compounds, such as triazoles, thiazoles, imidazoles
benzimidazoles, benzotriazoles, purine, or adenine [14]. All
these make these inhibitors can have a strong interaction
with the metal and formed of an effective protection layer
over the surface of the metal/alloy that prevent the direct
contact with the corrosive medium, and for the protection of
the carbon steel particularly in the presences of hydrochloric
acid the organic inhibitors are the most common used.
Recently, there are a huge number of Schiff bases
compounds were prepared and used as corrosion inhibitors
[14]. These inhibitors usually become efficient through
adsorption on the surface of metal/alloy and the adsorption
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consists of the structure, charge, and nature of inhibitors
[15]. As known that the benzimidazole is part of vitamin
B12 and is a heterocyclic compound and is used in various
fields such as dyes or pigments, optical sensing, electrolyte
for fuel cells, efc. [16]. Moreover, the recent works
reported benzimidazole and its derivatives can work as
corrosion inhibitors due to the spatial molecular structure,
surface charge density, electronic parameters, and their
affinity for the metal surface [17]. A great deal of this work
is synthesis a new corrosion inhibitor from benzimidazole.
The benefits of this new derivative it can prepared at low
cost and in one pot reaction, as well as the design of the
synthesized compound was made from donor parts from
benzimidazole and thiophene which is a rich in electrons
with fully conjugated compound as well as the compound
has three parts of resonance (two imidazole and thiophene).
The structure of the studied inhibitor is approaching in
Scheme 1. Another goal of this work is to investigate the
effect of the SJ1 on the corrosion behavior of carbon steel in
0.1 hydrochloride acid by using different methods namely
Tafel extrapolation technique, density Functional theory and
supported by the investigated the surface morphology by
using Atomic Force Microscope (AFM) and Scanning
Electron Microscopy (SEM), respectively.

EXPERIMENTAL

Materials and Synthesis of SJ1 Inhibitor

In this work, all the starting compounds and solvents
that have been used in the synthesis of the inhibitor SJ1 and
the corrosive medium were of reagent grade and purchased
from Sigma-Aldrich, and were used without further
purification. To elucidate the chemical structure of the
inhibitor under study was characterized by using several
techniques; UV-Vis was performed by UV-1601(USA), the
'H NMR and "C NMR were recorded on a 500 MHz

Bruker-Plus (USA) spectrometer (Bruker, Germany) in
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DMSO using TMS as a reference, the element analysis
CHN was done by Carlo Erba 5500 elemental analysis, and
the mass spectroscopy was recorded by Agilent 5973
(USA).

SJ1 was synthesized by refluxed ethanolic solution
of 1H-benzo[d]imidazol-2-amine (1) (5.33 x 10~ mmol,
0.712 g) and  thiophene-2,5-dicarbaldehyde  (2)
(1.78 x 10™ mmol, 0.25 g) and stirring for 18 h. The thin
layer chromatography technique was used to monitor the
completion reaction. The reaction mixture was cooled then
filtered and washed with ethanol. Afterward, the product
was dried and recrystallized by ethanol: acetone, (1:3), to
yield 70.79% of solid red-purple compound with melting
point of (197-200 °C) and the A,.x was 430 nm in THF 1 x
10 M. The chemical structure of SJ1 was demonstrated in
Scheme 1.

(N,N'E,N,N'E)-N,N'-(thiophene-2,5-diylbis(methanylyl-
idene))bis(1 H-benzo[d]imidazol-2-amine) (SJ1),
CyoHiuNgS, m. p.: 197-200 °C; 'H NMR (400 MHz,
DMSO) 6 12.81 (s, 2H), 8.01 (s, 2H), 7.51 (s, 2H), 7.18-
6.92 (m, 8H). "C NMR (100 MHz, DMSO) & 158.26,
155.71, 155.35, 146.41, 137.51, 122.71, 119.39, 11191,
56.48, 19.01. Anal. Calcd.; C, 64.85; H, 3.81; N, 22.69;
Found C, 64.91; H, 3.77; N, 22.65; EI-MS: m/z 371.1.

Corrosion Test

The carbon steel specimens used in this study as
working electrodes were supplied by one of the Metal
Sample Companies, with the composition that given in
Table 1. The corrosive medium 0.1 M hydrochloric acid
solution was prepared from the analytical grade 37% HCI
(Sigma Aldrich) by dilution with double-distilled water.
Through this work, all carbon steel specimens were used
within dimensions of (25 mm diameter and 3 mm height),
but practically the carbon steel specimen effective area was
1 cm’. Before each run, the surface of specimens was
mechanically polished with fine grade emery paper
(80/3000 grades), then washed with double distilled water,
degreased with acetone, dried, and kept in a desiccator.

Electrochemical measurements were performed with a
potentiostat (WENKING M Lab Bank Electronik-Intelligent
controls GmbH]. M Lab is a multichannel potentiostat
/galvanostat organized on a hardware board connecting to a
computer by RS 232 cable. M Lab has three operation
modes for each channel: (I) Potentiostatic mode (II)
Glvanostatic mode (III) Open circuit mode. However,
potentiodynamic polarization was conducted in a water
jacketed three-electrode glass cell, and the three-electrodes
corrosion cell is included; the carbon steel specimens as
working electrode, platinum electrode, and silver-silver
chloride electrode as a counter electrode and reference
electrode, respectively. The specimens of carbon steel were
immersed in the tested solution once in the absence of
inhibitor and then in the presence of different inhibitor
concentrations (0.1, 0.3, 0.5) mM with a range of
(293-323) K. The Tafel
measurement was made for a potential range (£200) mV to

temperature polarization
the open circuit potential (OCP). All experiments for
polarization curves were initiated about 30 min after the
working electrode was immersed in the solution to stabilize
the steady state potential. To confirm the reproducibility of
the experiments, have been repeated the measurements three
times, and only the average values are stated.

All
potential (E.), and corrosion current density (i) values

corrosion parameters included the corrosion
were determined. Also, both Tafel slopes ‘b,” and ‘b’ are
obtained from the slope of the linear Tafel portion of the
anodic and cathodic curves, respectively [18]. From the
polarization study, the inhibition efficiency (/E) was
calculated by using Eq. (1) [19].

ey
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where i and i.y; are the corrosion current densities
without and with the presence of SJ1, respectively.

Surface Morphology Observation and Analysis
The surface morphology of carbon steel surface was

Table 1. Chemical Composition of the Carbon Steel Specimens Materials Used

Element C Si Mn S

P Cu Ni Cr Fe

% 0.42 0.30 1.40 0.05

0.05 0.50 0.20 0.20 96.88
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also investigated in the absence and presence of corrosion
inhibitor using Atomic force microscopy (AFM) which
performance with the (AA3000\220V Angstrom, USA) and
Scanning electron microscopy (SEM) (FEI Inspect-S50,
Netherlands) techniques, respectively.

Computational Study

In order to reveal the optimization molecular structure
of the synthesis inhibitor, as well as the mechanism of the
inhibition, was carried out theoretically by using Density
Functional Theory (DFT). The runs of Density functional
theory (DFT) were carried out using the B3LYP functional
at basis set of standard double-zeta plus polarization
6-311G(d,p) [20] implemented in the GAUSSIAN 09
software, and following the standard nomenclature, the
B3LYP/6-311G**.
Quantum chemical parameters such as Epomo (highest
orbital energy), Eiymo (lowest
energy) and p (dipole

calculation will be referred to as

occupied molecular
unoccupied molecular orbital
moment), (A) electron affinity, (I) ionization potential, (1)
global hardness, (S) chemical sofiness, (y) electronegativity
and (o) Electrophilicity Index were calculated, reported and
discussed as shown in Eqs. ((2)-(8)) [20].

AE =E ;0 = Enono (2)
I(lonization potential) = — E (3)
A(Electron affinity) =—E ;0 4)
X (Electronegativity) = I1+4 ; 4 ®)
n(Absolut hardness) = % (6)
S(Chemical softness) = L (7
n
(Electrophilicity index) = 2£ @)
n

RESULTS AND DISCUSSION

Synthesis of Inhibitor
New organic compound has been designed and
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a donor is fully
conjugated, contained two aromatic rings (imidazole and
thiophene) and has two types of heteroatoms (N and S). The

compound was prepared in a simple Schiff bass reaction by

synthesized as compound, which

reacting one equivalent of thioaldehyde with two equivalent
of imidazole derivative in ethanolic solution under reflux
condition. The 'H NMR and “C NMR were used to
characterize the inhibitor. The 'H NMR showed singlet
peak, 2H, 8.01 ppm for N=CH (Schiff base) and multiple
peaks from 7.18-6.92 for proton benzene rings. The
PC NMR for SJI was showed the important peak at
158.26 ppm for Schiff base bond.

Potentiodynamic Polarization

Figures la-d shows the polarization curves for the
carbon steel sample immersed in the corrosion medium in
the the of different
concentrations of SJ1 at four different temperatures (293,
303,313,323) K.

From Figs. 1a-d, it is obvious there is a difference in the

absence and with presences

Tafel region of the polarization curves and have found a
linear relationship between the potential and the logarithm
form of the current density. All the electrochemical kinetic
parameters for corrosion process such as corrosion potential
(Econ), corrosion current density (/.,,), both cathodic and
anodic Tafel slopes (b., b,) were obtained by extrapolation
of anodic and cathodic regions of the Tafel lines are listed in
Table 2.

It can be seen from Table 2 that the polarization results
showed that SJ1 had an impact effect on corrosion process
if compared with the blank solution only, in general, the
corrosion current density (which is directly proportioned
with the corrosion rate) of the sample was decreased
significantly after addition of SJ1, for example, at 293 in
blank solution and with the presence of 0.5 mM SJ1, it is
reduced from 139.99 puA cm™ to 7.87 pA cm™ in other
words, the corrosion rate (Cgr) is decreased with increasing
SJ1 concentration and reduced from 14.38 to 0.808 mm/y,
this is due to the phenomenon of the adsorption that can
occur on to the surface of metal [21]. At the same time, the
corrosion rate was increased significantly with increasing
the temperature in the absence and presence of various
concentrations of SJ1. Furthermore, the inhibition efficiency
as evident from the decrease in Cg values with an increase in
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Fig. 1a-d. Polarization curves of carbon steel corrosion in the absence and presence of different SJ1 concentrations with a
range of temperature (293-323) K.

Table 2. Corrosion Parameters Obtained From Tafel Scan for Carbon Steel in Absence and Presence of Different
Concentrations of SJ1 at Range of Temperature (293-323) K

Conc. of SJ1 Temp. -Ecor Leorr -b, b, WL Cr 0 IE
(mM) (K) (mV) (pAcm?) (mVDec') (mVDec') g/(m**d) mmly (%)
None 293 1385 139.99 145.9 101.9 349 14.38 - -
303 1410  256.55 186.7 130.6 56.4 2322 - -
313 1432 35591 233.8 161.1 89.0 36.56 - -
323 1437 45841 299.3 175.7 116.0 47.09 - -
0.1 293 79.5 2533 139.6 78.7 6.4 260 082 82%
303 85.7 46.16 136.5 69.1 11.5 474 080 80%
313 104.0 78.79 200.6 125.8 9.7 8.09 078 78%
323 1046  128.54 303.6 139.1 21.0 1320 072  72%
03 293 58.7 17.14 36.4 23.5 43 176 088 88%
303 60.2 36.87 56.1 38.3 9.2 379 083 83%
313 68.7 72.53 73.0 40.0 182 745 080 80%
323 93.7 94.84 90.0 46.0 23.7 974 079 7%
0.5 293 2775 787 40.7 30.6 1.8 081 096 96%
303 280.3 15.65 454 473 39 161 093 93%
313 2812 33.68 56.1 51.0 8.4 346 091 91%
323 281.9 53.99 593 49 4 0.6 5546 088 88%

183



Al-Najjar and Al-Baitai/Phys. Chem. Res., Vol. 10, No. 2, 179-194, June 2022.

SJ1 concentration. However, SJ1 is considered as good
inhibitor, if compared to the previous work that the highest
IE% using different imidazole derivatives was between (60-
70) [17,22], while in this work the highest /E% of 96.00%
was observed at 293 K with using 0.5 mM SJ1. On one
hand, Table 2 shown there is an appreciable improvement in
the IE% from 82.00 to 96.00%, with increasing the inhibitor
concentrations under the same experiment temperature. On
the other hand,
concentration, the corrosion of carbon steel was more and

independent of the impact of SJ1
faster with an increase in experiment temperature. However,
at each temperature, the effectiveness of SJ1 and its
inhibitive action was predicted from the significant decrease
in Cr and from the improvement increasing of the /E%.
From the results in Table 2, it can be realized that SJ1 could
be adsorbed onto the carbon steel surface and provided a
physical barrier to the corrosion media to interact with the
surface of carbon steel, and this is also supported from the
direct relation of SJ1 concentration and /E%. On the other
hand, with the further increase in solution temperature, the
IE% was decreased from 96 to 88% and similar behavior at
each addition of inhibitor concentration. This can be
associated with the degradation and incompatibility of SJ1
with the surface of carbon steel at higher temperature,
which also indicates that the action of SJ1 as inhibitor was
hampered due to the increase of ionic mobility at the
metal/electrolyte interface.

Moreover, Each additional of inhibitor concentration
can play an important role in determining the type of
inhibitor, as we can see from the polarization curve that the
addition of various concentrations of SJ1 acts on both Tafel
regions, the anodic and cathodic branches, which indicates
that both anodic metal dissolution and cathodic reduction
reactions were inhibited. This can explain to the difference
of E.., value respect to the corrosion potential of blank
solution [23-24]. According to the literatures [23-24], it is
said if the difference in the value Ecor (AEcorr = Ecorr without -
E comwitn) 1S higher than 85 mV, then the inhibitor can be
classified as a cathodic or anodic inhibitor, but if it is lower
than 85 mV, in this case, the inhibitor can be considered as
an inhibitor mixture. In this study our results have shown
that the addition of SJ1 has some types of inhibitors due to
the differences in the values of E,. The difference in value
E corr higher than 85 mV occurs at add 0.5 mM of SJ1, while
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it was lower than 85 mV found at concentration of 0.1 and
0.3 mM of SJ1, that means the addition of 0.1 and 0.3 mM
of SJ1 confirms that the SJ1 acts as a mixed inhibitor and in
both cases of using 0.1 and 0.3 mM the SJ1 was dominated
the anodic side due to the shift of polarization curves
towards the positive side and in this case, SJ1 is maybe
formed a thin layer onto the surface of the steel [25-26].
While the addition of 0.5 mM of SJ1 acted as a cathodic
inhibitor and this was supported by the polarization curves
demonstrated in Fig. 1d when the corrosion potential (£.,)
shifted to the more negative values (cathodic) in the
presence of inhibitor. On the other hand, Table 2 shows
there is a variation in b, which is can be explain the
formation of an adsorbed barrier layer, which was
controlled the dissolution of carbon steel in HCI solution.
Also from the results in Table 2 its clearly show that an
increasing in temperature from 293 to 323 K, lead to
increase the b, values, but overall, decreasing trend of i,
was detected with an increase in SJ1 concentration as given
in Table 2. This behavior demonstrated that the SJ1 could
cover the surface by forming a protective layer on the
carbon steel and considerably improved the corrosion
resistance as evident from the decrease in Cr with an
increase in SJ1 concentration.

Also, it’s apparent that the values of polarization
resistance (Rp) obtained from linear polarization (LPR)
studies are listed in Table 3 shown that Rp regularly
increases with increasing the concentration of SJ1 and
reaches a maximum of 0.964 Q cm’ with the addition of
0.5 mM SJ1, if compared with the blank solution, which
was only 0.186 Q cm’. This indicates that the presence of
inhibitor suggests there is a non-conducting physical barrier
is formed at metal electrolyte interface [27].
and the
parameters at various temperatures were also determined

The adsorption behavior thermodynamic

and discussed in the below sections.

Adsorption Study and Surface Coverage

There are different ways that the inhibitor molecules can
adsorb onto the metal/alloy surface and the main step to
justify the process of inhibitor adsorption on the surface of
metal based on calculated the inhibition efficiency. Hence,
the significant decrease in the corrosion current density
suggests the strong interaction between the adsorbed
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Table 3. The Polarization Resistance and Equilibrium
Exchange Current Density for Carbon Steel
Corrosion in the Absence and Presence of
Various SJ1 Concentrations at the Range of
Temperature (293-323) K

Conc. of SJ1 Temp. Rp ip
(mM) (k) (Q cm?) (A cm™)
None 293 0.186 0.1380
303 0.147 0.177
313 0.116 0.232
323 0.105 0.265
0.1 293 0.863 0.0297
303 0.432 0.0604
313 0.426 0.063
323 0.322 0.086
0.3 293 0.362 0.0709
303 0.268 0.097
313 0.154 0.175
323 0.139 02
0.5 293 0.964 0.026
303 0.643 0.04
313 0.344 0.078
323 0.217 0.128

inhibitor molecule on the surface of the metal and formed a
thin protective layer [28-29]. This layer can be expressed as
the surface coverage (), and it’s calculated as in Eq. (9),
and the results are listed in Table 2

%IE =6 x100% ©
Ilustrated data in Table 2 show the linear relation between
the surface coverage (0) and different SJ1 concentration,
and this connection is more suitable to Langmuir adsorption
isotherm [30] which can be used to describe the type of the
adsorption process as physical or chemical adsorption.
However, The Langmuir model is expressed as in the
following equation:

c 1
6 Kads

where K4, is the equilibrium adsorption constant and C is

+C (10)

the concentration of inhibitor that are used. Figure 2 shows
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SJ1 Langmuir adsorption isotherm in a 0.1 M HCIl solution.
The linearity in the results at various concentrations with
correction factor (R’ > 0.9) evidences that inhibition effect
of SJ1 as a result of its molecules adsorption onto the
carbon steel surface. Additionally, the free adsorption
energy (AG,g) for the 0.1 M HCI containing different SJ1
concentrations at the temperature range from 293-323 K
was calculated from The Langmuir model, using the

following relation:
1 ~AG,4

K., - o B (11)
55.55

The obtained results for both K,; and AG,, are listed in
Table 4.
Generally, the adsorption process is classified as
physisorption or chemisorption according to the values of
adsorption free energy value, if AGyg around -20 kJ mol™
or lower, in this case, the adsorption is physisorption due to
the electrostatic interaction between the inhibitor molecule
and the metal surface, whereas, the change of G,y around
-40 kI mol™" or higher, then adsorption that occurs is
chemisorption, and this typically correlated with the charge
sharing, or charge transfer from the inhibitor molecules

to the metal surface to form a co-ordinate type ofbond

— 283
—_— 303
— 313

323

0.6

0.55
0.5
0.45
0.4
0.35

0.3

., (mm)/@

0.25
0.2
0.15

0.1

0.3 0.4 0.5
c,_ ., (mmM)

s41

0.2

Fig. 2. Langmuir isotherm plot of SJ1 adsorption onto
carbon steel surface in a 0.1 M HCI solution, at
the range of temperatures (292-323) K.
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Table 4. Thermodynamic Parameters of the Adsorption of
SJ1 on Carbon Steel in 0.1 M HCI

Temp . Kads -A Gads 'AHadS ASads
(K) M (kImol) (kImol") (kJK'mol")
293 36036.0 3534 27.34
303 31250.0  35.00 26.72 0.03
313 286392 3478 26.23 '
323 255319 3450 25.68
-36 —
-36.4
g 368
S
E 372
2
n .37.6 -
"-DE -
=] 38
-38.4
-38.8 T T T T T
295 300 305 310 315 320 325
T (K)

Fig. 3. Gibbs fiee
temperature for SJ1 adsorption onto carbon steel

energies (AG,) variation with
surface in a 0.1 M HCl solution.
[31]. However, from the results in Table 4 it’s obvious that

the adsorption of SJ1 on the carbon steel surface is included
both types of interactions with AG,gs of -38.12 kJ mol™ with

dominates chemisorption (mixed type adsorption).
Furthermore, the negative value of AG,y indicates that
the adsorption process is spontaneous. The other

thermodynamic parameters such as AH, and AS, are
calculated from the Gibbs-Helmholtz equation, as shown
below:

(12)
The plot of AG,4 against T for SJ1 adsorption on the carbon
steel surface carbon surface in a 0.1 M HCL solution, over

AGads = AHads + TASads

the temperature range from 293 K to 323 K, is shown in
Fig. 3 and Table 4. From the results obtained as given in
Table 4 the negative values of AH,4s means the adsorption

186

process is exothermic, this could explain why the Inhibition
efficiency of adsorbed inhibitor molecules was decreased at
higher temperature as seen in Table 2 [32]. Also, the
inhibitor molecules adsorption is accompanied by AS,u
positive values, this is due to the disorder of the system as a
result of adsorption of the inhibitor molecules onto the
carbon steel surface.

Corrosion Kinetic

To further the of
temperature on the inhibitive action of SJ1 on carbon steel
surface was predictable from the Arrhenius equation [33],

elucidate influence solution

activation energy that is required for the progress of the
corrosion process [34] was calculated from the following
equation:

(13)

2.303
where A and E, are the pre-exponential factor and the

logi,,, = RT +log 4

activation energy, respectively.

Figures 4a-b illustrates Arrhenius plots for the sample of
carbon steel which was immersed in the blank and in the
presence of different concentrations of inhibitor, values of
E, and 4 were derived from the slopes and intercept of the
plots, respectively. The calculated values of E, were higher
for inhibited solutions to the blank solution which confirm
the inhibitory effect of SJ1 on the corrosion process of the
studied alloy [35].

Also, the values of standard enthalpy of activation (AH")
and standard entropy of activation (AS") which can give
some information about the formation of the activation,
were calculated using the Arrhenius equation and its
alternative formulation known as transition state equation
were employed (14) [112].

‘ RT AS® —AH'
oo =| — | €XP exp
(Nh) ( R j ( RT j

where h is planks constant, N is Avogadro’s number, T is
the solution temperature, and AS™ and AH" is the entropy of
activation and is the enthalpy of the activation, respectively.

(14)

However, Eq. (14) can be converted to:

o5l (e Ho

AH®
RT

AS®
R

(15)
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Fig. 4a-b. Arrhenius plots relationship for carbon steel corrosion in a 0.1 M HCl solution, in the absence and

presence of various SJ1 concentrations at a range of temperature (293-323) K.

Table 5. The Activation Parameters for the Corrosion of the Carbon Steel Alloy in the Absence and
Presence Various SJ1 Concentrations in the Temperature Range 293-323 K

*

*

*

Conc. of SJ1 Temp. E, A AH -AS AG
(mM) (K) (kImol")  (dm’mol”s™) (kImol™)  (kJmol' K"  (kJmol")
None 293 59.59
303 60.63
81 5843 x 1 29.12 1
13 36.8 0.5843 x 108 9 0.10 61.67
323 62.71
0.1 293 63.82
303 s 64.63
113 42.58 9.954 x 10 40.03 0.08 65.44
323 66.26
0.3 293 65.00
303 0 65.32
113 45.94 2.880 x 10 43.38 0.07 66.04
323 66.77
0.5 293 66.65
303 " 67.26
1. 1.242 x 1 49.02 .
113 51.57 x 10 9.0 0.06 6786
323 68.46

and AG" can be calculated according to the following

equation [33-34]:

AG' = AH" — TAS" (16)
The values thus obtained, are recorded in Table 5, as seen
from the results listed in the above Table 5 that the change
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of AS™ for the sample test in the absence and presence of
inhibitor is negative, this behavior could be mean that in the
rate-determining step the activated complex is represented
association rather than the dissociation step, and this lead to
a decrease in disorder takes place [36]. It was also observed
that the change of the activation enthalpy AH" is positive for



Al-Najjar and Al-Baitai/Phys. Chem. Res., Vol. 10, No. 2, 179-194, June 2022.

blank solution and with the presence of different additive of
SJ1, this behavior contributed to the endothermic property
of the studied alloy, and this can be explained the negative
effect of high temperature on the inhibition -efficiency,
which has been decreased with increasing the temperature
[37].

Quantum Chemical Calculations

In order to examine the interaction nature between our
new synthesis inhibitor (SJ1) and the studied alloy (carbon
steel), DFT was performed to optimize the inhibitor
structure and calculate the quantum chemical parameters
such as highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO), which are
reflecting the relation between the electronic structure of the

inhibitor molecule and its effect on the corrosion process.
According to the Frontier molecular orbital theory, the
reactivity of the molecule toward the adsorption on the
metal surface is based on the tendency of donating and
acceptance of electrons and this is related to the HOMO and
LUMO values. Basically, the high value of HOMO (Eyoum0)
refers to the higher donation ability of inhibitor molecule to
the empty molecular orbital in the metal/alloy whereas, the
low LUMO energy level (E yyo) refers to the ability of
inhibitor to accept electrons [23-24,38-43]. Usually, the
organic inhibitor can be as efficient corrosion inhibitors
according to these two roles.

For SJ1, the calculated quantum chemical parameters
are listed in Table 6 and the inhibitor optimized structure
HOMO and LUMO are displaced in Figs. 5b, ¢, Fig. 5b

Table 6. Calculated Quantum Chemical Parameters of the Studied SJ1 Inhibitor, Using DFT Method

NO. Parameters Value
(eV)
1 Energy of highest occupied molecular orbital (Eyomo) -5.852
2 Energy of lowest unoccupied molecular orbital (E;omo) -3.124
3 Ionization potential (/) 5.852
4 Electron affinity (4) 3.124
5 Energy gap (AE) 2.73
6 Electronegativity (X) 4488
7 Chemical hardness (7) 1.364
8 Chemical softness (o) 0.733
9 Chemical potential (p) -4.488
10 Electrophilicity index () -7.383
11 Maximum charge transfer index (AN) 0.920
12 Dipole moment (Debye) 4.573
. 2 9
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Fig. 5a-c. Molecular orbitals HOMO/LUMO for SJ1. (a) optimized structure of SJ1, (b) HOMO of SJ1, and

(c) LUMO of SJ1.
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shown that The electron distribution of HOMO was
localized on the whole of molecules. This could be said that
all parts of the inhibitor molecule can be considered as an
adsorption active sites which will have the ability to donate
the electrons to the empty (d-orbital) of Fe in the carbon
steel and form a coordination bond. Furthermore, the
presence of heteroatoms which are included S and N in the
SJ1 structure, suggestion that the electrons may be mainly
provided by these two atoms. Whereas the electron
distribution of LUMO was mainly located in the center of
the inhibitor molecule.

As well, the nature of strong or weak interaction that can
be occurred between the active site of the metallic surface
and inhibiter molecule is also based on the value of energy
band gap (AE = Ervumo - Enomo) and the lower AE will lead
to the strong interaction between the inhibitor and the
surface of metal due to the formation of the protective film
on the metal surface by adsorption of the inhibitor
molecules [23-24].

On one hand, the other quantum chemical parameters
that can give information about the relative reactivity or
stability of a compound is the absolute hardness (), which
denotes the resistance ability of an atom to a charge transfer
[44], and because the relation between the energy band gap
and hardness this mean that the inhibitor molecule with
lower hardness is more preferred as inhibitor because its
ability to form the bond and anti-bond with the metallic
surface through the donating or accepting electrons [45]. On
the other hand, many studies show that (1) is not correlate
and reflect the inhibition efficiency, this is due to the
different
materials [46-47]. Meanwhile, The inhibition efficiency of
be the
electronegativity (X) which is refer to the ability of an atom

adsorption mechanisms by wusing different

a compound can explained by calculate
to attract electrons and retain its electrons via the donor-
accepter interaction type then, this will lead to corrosion
inhibition [48]. From Table 6 the lower values of
electronegativity for SJ1 (X = 4.488 eV) and higher values
of absolute hardness (1 = 1.364 eV) if compared with Fe
(metallic atom), mean the flow of electrons is occurring
from the inhibitor molecule to the Fe atoms until the system
reach and have the same chemical potential. Moreover, the
fraction of electron transfer number (AN) has an impact on

the inhibitive efficiency as well and is calculated as shown
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in the following equation [49] :

AN = (Lo = 2 1) 2005 + Myior0) (17
where yg. is the electronegativity of bulk iron was used
(7 eV), ng is the global hardness of iron (0). From the
literatures it reported that if AN > 0, this indicates there is
an electron transfer from the inhibiter molecule to the metal
surface and this [44-45]. In this work, the calculated AN for
SJ1 is 0.920, which confirm that our new synthesis inhibitor
SJ1 has an excellent ability to donate the electrons to the
empty (d-orbital) of Fe and form a coordination bond and
form adsorbed on to the surface formed a protective film
layer which will reduce the metal corrosion. According to
the HSAB theory, inhibitor molecule and metal can act as
Lewis base and Lewis acid then will follow the principle of
soft-soft and hard-hard. In this work, SJ1 can be considered
as a soft base while Fe as soft acid, however, the high global
softness values of SJ1 signify another evidence that it is an
excellent corrosion inhibitor.

Mechanism of Corrosion Inhibition
Above all,
thermodynamic parameters of adsorption process by using

and from the experimental values of

the electrochemical method it was clear that both types of

interactions the physisorption and chemisorption are
occurred in the adsorption process of SJ1 on the surface of
carbon steel, with dominant of chemisorption and this
supported by applied the method of quantum chemical
calculations that based on used DFT method. This suggests
that the chemisorption occurred due to the SJ1 molecules
were adsorbed onto the carbon steel surface through formed
the coordination bonds between the Fe atoms which are
available on the surface of studied alloy and SJ1 molecules,
and these bonds formed based on the donor-acceptor
principle of electrons between the inhibitor molecule and
Fe of carbon steel. The first and strongest possibility of
coordination bonds formed is due to the electrons which are
mainly donated from S or N atoms that presences in the SJ1
structure because these are heteroatoms and have a lone pair
of electrons which is more easily to coordinate or transfer to
the empty orbital (d-orbital) of Fe and form the coordination

bond between the inhibitor molecules and the Fe, the second
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Fig. 6. Proposed mechanism of the SJ1 as corrosion

inhibitor on Carbon steel.

possibility of coordination bonds formed is due to the
n-electrons which available over whole the structure of
inhibitor molecule as seen in Fig. 5b. The interaction
between the d-orbital of Fe and the unshared and the -
electrons will lead to form the protective film layer over the
surface of the alloy [35-37]. The planarity of SJ1 and due to
the electron distributions over whole the molecule that
indicated the SJ1 can adsorb onto the surface of carbon steel
in parallel manner way as shown in Fig. 6.

Surface Morphology Studies

The surface morphology of the carbon steel samples in
0.1 M HCI in the absence and presence of 0.5mM of SJ1 is
shown in Figs. 7a,b,c,d.e.f, by used both the AFM and SEM
techniques, respectively. AFM technique was used to give
information about the effect of SJ1 as an inhibitor on the
corrosion of the alloy under investigation by study the
morphology of the surface via measure the roughness of
specimens that applied under the same conditions to study
the surface morphology by using SEM. 2D and 3D AFM
figures for the corroded and inhibited specimens are
obtainable and displaced in Figs. 6a-d. The obtained results
have shown that the average roughness of carbon steel
surface in aggressive media is about (0.668 nm) as shown in
Figs. 7a,b but it increased to (16.2 nm) by the addition of
0.5 mM of SJ1 at 323 as presented in Figs. 7c,d. This
increase in average roughness of inhibited solutions is
contributed to the aggregation of inhibitor molecules as
cluster groups on the carbon steel surface [50-51].

Furthermore, to imagine the effect of the aggressive
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medium on the surface of the carbon steel again in the
absence and presence of 0.5 mM SJ1, SEM was recorded
for the samples at 323 and presented in Figs. 8a,b. Figure
8a, shows the recorded image for the uninhibited surface of
carbon steel in 0.1 M HCI, the bad damage on the surface is
due to the corrosion process, while in the presence of
inhibitor as seen in Fig. 8b it’s shown that the molecules of
the inhibitor adsorbed on the surface formed the protective
film layer.

CONCLUSIONS

In conclusion, the easily prepared and costly effect of a
new imidazole derivative (SJ1) was synthesized and
characterized by wusing several spectrophotometric
techniques and tested as an organic corrosion inhibitor for
CS in the acidic medium by using both the experimental
techniques and computational tools based on DFT. Obtained
results from both experimental and theoretical analysis
showed that the SJ1 can consider as an effective inhibitor
for CS in 0.1 M HCI. The inhibition efficiency /E% was
increased with increasing the SJ1 concentrations, but it
decreased with rising the solution temperature and the
maximum /E% was 96%. The analysis showed that the SJ1
can be adsorbed onto the CS surface, and its fit to the model
of Langmuir adsorption isotherm, and have two types
of interaction physisorption and chemisorption with
predominated of chemisorption process. The obtained
results from DFT calculations, which is included HOMO,
LUMO, and band gap energy, shown that the SJ1 can
donate the electrons from the whole inhibitor structure, but
could be more easily from the heteroatoms that occur which
are included (N and S) to the empty d-orbital of Fe in the
CS forming coordinated bonds, which reflect the type of
chemisorption. In addition, the Molecule planarity seems
like another potential factor that reflects the capability of
SJ1 to be a corrosion inhibitor via the strong adsorption
capability onto the CS coupon tested. Overall, the analyses
of the quantum chemical study based on the DFT
calculations are in agreement with the experimental results.
Also, the surface analysis by using AFM and SEM revealed
that the addition of SJ1 to the aggressive medium in the

maximum concentration (0.5 mM) at the highest tested
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Fig. 7a-d. 3D and 2D AFM image of carbon steel in absence and presence of SJ1 inhibitor at 323K, (a-b) for
corroded and (c-d) for inhibited.
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Fig. 8a-b. SEM for carbon steel in absence and presence of SJ1 inhibitor at 323K, (a) for corroded and (b) for
inhibited.
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