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Corrosion protection of mild steel in 0.5 M H,SO, solution was studied using combination of benzene-1,2-
diamine and benzaldehyde with FeCls to in situ synthesis of new inhibitor at different temperatures
employing electrochemical, weight loss, quantum chemical studies and optical microscopy. The electro-
chemical results represent the combination of these components in the solution shows equal efficiency to
the compound which was synthesized in the laboratory which is 2-phenyl-1H-benzo[d]imidazole. To
indicate this compound was created on the metal surface, deposited layer was investigated by Fourier
transform infrared spectroscopy (FTIR). Optical microscopy examinations demonstrate a decrease in cor-
rosion attacks in presence of inhibitors.
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1. Introduction

The study of mild steel and iron is a matter of tremendous the-
oretical and practical concern and as such has received a consider-
able amount of interest [1-3]. Mild steel is widely applied as
constructional material in many industries due to its acceptable
mechanical properties and low cost [4]. Mild steels are subjected
to several industrial processes such as acid pickling, acid cleaning,
acid descaling and oil well acidizing. However the main problem of
applying mild steel is its dissolution in acidic solutions. Several
methods are available for corrosion prevention. Employing inhibi-
tors is one of the cost effective protection methods of metals and
alloys in acids. Most of the acid corrosion inhibitors are heterocy-
clic organic compounds containing N, S, O and aromatic rings [5].
Study of organic corrosion inhibitors is an attractive field of re-
search due to its usefulness in various industries [6]. It has been re-
ported that heterocyclic organic components have better inhibition
role in acidic media [7-12]. Among these, benzimidazole and its
derivatives intensively were investigated as effective corrosion
inhibitors in various acid solutions [13]. The organic inhibitors
function through adsorption on metal surface blocking the active
sites by displacing water molecules and forming a compact barrier
film to decrease the corrosion rate [14]. The adsorption of inhibi-
tors on metal [ solution interface is influenced by: (i) nature and
surface charge of metal; (ii) type of aggressive electrolyte; and
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(iii) chemical structure of inhibitors [5,13]. Benzimidazole mole-
cule shows two anchoring sites suitable for surface bonding: the
nitrogen atom with its lonely sp? electron pair and the aromatic
rings [9,15]. So the widespread interest in benzimidazole-contain-
ing structures has prompted extensive studies for their synthesis.
There are two general methods for the synthesis of 2-substituted
benzimidazoles. However, all these processes require stoichiome-
tric or excess amount of oxidants to be used. Many of these proce-
dures produce toxic or environmentally problematic by-products
often require laborious workup and purifications [16]. Thus during
our research involving the application of 2-phenyl-1H-
benzo[d]imidazole as a corrosion inhibitor, the combination of its
components which are benzene-1,2-diamine and benzaldehyde
along with ferric chloride catalyst was used as a new method of
producing 2-phenyl-1H-benzo[d]imidazole in acid solution
according to Fig. 1. So dc and ac electrochemical measurements
including open circuit potential (OCP) as corrosion potential, linear
polarization resistance (LPR) as corrosion resistance criterion,
potentiodynamic polarization (PDP) and EIS tests were performed
on mild steel in acid sulphuric media with different concentration
of the individuals benzene-1,2-diamine and benzaldehyde as water
dissolvable organic compounds and just the combination of them
to study the effect of in situ synthesising of benzimidazole in acid
solution in different temperatures of 25, 35, 45 and 55 °C. The 2-
phenyl-1H-benzo[d]imidazole which was synthesized by the com-
bination of these two organic compounds with catalyst in different
kinds of solvents in our chemical laboratory was investigated by all
the above tests to compare the inhibitive behaviour of this material
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Fig. 1. Synthetic route of in situ synthesized inhibitor.

with the in situ synthesized one in the solution. In this way the
material which was deposited on the steel surface was also exam-
ined by FTIR spectra. In addition to traditional techniques such as
electrochemical and gravimetric measurements, quantum chemi-
cal method has been employed in this study. Invaluable quantum
chemical parameters such as higher occupied molecular orbital
(HOMO), lower unoccupied molecular orbital (LUMO) and dipole
momentum (u) obtained by this method, help to understand the
adsorption properties by considering the structure of 2-phenyl-
1H-benzo|d]imidazole which we concluded that deposited on the
mild steel surface by FTIR spectra.

2. Materials and methods

In this study benzene-1,2-diamine and benzaldehyde were pur-
chased from Merck. 2-phenyl-1H-benzo[d]imidazole was synthe-
sized from the combination of benzene-1,2-diamine and
benzaldehyde using ferric hydrogen sulphate (Fe(HSO,4);) as cata-
lyst by Eshghi et al. [17]. Since only ferric ions were important
for this reaction and ferric hydrogen sulphate was really difficult
to produce, in this study ferric chloride was used instead because
it is more available and cheaper. It is necessary to mention that
the same procedure has been already performed by other research-
ers [18]. The molecular structures of the investigated compounds
are given in Fig. 2. To produce in situ synthesized inhibitor, ferric
chloride as catalyst was purchased from Merck. Electrolyte solu-
tion was 0.5 M H,SO4 and prepared from the Merck reagent sul-
phuric acid and double distilled water. The tests were performed
on mild steel with the composition of 0.13% C; 0.51% Mn; 1.5%
Cr; 0.31% Si; 0.023% P; 0.010% Al; 1.55% Ni and Fe balance all rep-
resent in weight percent (wt.%) and its preparation procedure was
as follow: circular specimens with the diameter of 2.5 cm were cut
from a mild steel bar stock and made by cold mounting with a self-
cure epoxy resin. Before each test, specimens were ground
mechanically using abrasive SiC paper of Grade Nos. 60, 120, 320,
600 and 1200 and degreased prior to washing in deionized water
and dried with warm air. The tests were carried out at various tem-
peratures (within +1-2 °C accuracy) controlled by using a water
bath. In order to reach the in situ synthesized inhibitor in the acid
solution, different concentrations of benzene-1,2-diamine and
benzaldehyde along with the same concentration of ferric chloride
as the reactions catalyst were mixed at room temperature in 0.5 M
sulphuric acid solution. The electrochemical tests have been per-
formed using Gill AC laboratory potentiostat (ACM instrument).
The used corrosion cell was standard three electrodes in which
mild steel used as working electrode, the reference was the satu-
rated calomel electrode (SCE) and a 2 cm? foil of platinum elec-
trode was used as an auxiliary electrode. Before each experiment,
the working electrode was immersed for 60 min in the test cell un-
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til corrosion potential reaches a steady state condition. Linear
polarization resistance (LPR) was done by specimen polarization
in different inhibitor concentrations from —15 to +15 mV around
corrosion potential (OCP) by 10 mV/min scan rate. The R, values
have been measured by calculating the slope of the linear part of
current-potential plot. Potentiodynamic polarization was con-
ducted at constant sweep rate of 30 mV/min and scanning range
of —350 to +350 mV around the open circuit potential. Electro-
chemical impedance spectroscopy (EIS) measurements were per-
formed in frequency range of 30,000-0.01 Hz with amplitude of
15 mV peak-to-peak using AC signals at OCP. For the weight loss
measurements mild steel coupons of dimension 2 x 5 x 0.37 cm
were used. Specimens were ground with silicon carbide belts
320-600 grit followed by distilled water washing then with ace-
tone and finally dried by warm air. The weight loss was deter-
mined by weighing the cleaned samples before and after
immersion in stagnant 0.5 M H,SO4 solution in the absence and
presence of 0.0025 M in situ synthesized inhibitor which had the
best inhibition efficiency for different times. In each case duplicate
experiment were conducted and showed that the second result
were within £1% of the first. In order to investigate the effect of
inhibitors on corrosion morphology, optical microscope has been
employed. The specimen surface was mechanically polished down
to 0.05 um alumina slurry. Then, they were immersed in 0.5 M
H,SO, in absence and presence of 0.0001 M, 0.0005M and
0.0025 M concentration of in situ synthesized inhibitor for 1.5
and 24 h at ambient temperature. After eliciting of each specimen
from solution, it was washed and cleaned by ethanol and immedi-
ately dried with warm air. FTIR spectra were recorded in an AVA-
TAR-370-FTIR spectrophotometer (Thermo Nicolet Company,
USA). The molecular structures of benzene-1,2-diamine, benzalde-
hyde and 2-phenyl-1H-benzo[d]imidazole have been geometri-
cally optimized by DFT method using B3LYP level and 3-21G**
basis set with Gaussian 98. Quantum chemical parameters such
as the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) have been calculated.

3. Results
3.1. Polarization studies

Fig. 3 shows the polarization curves of mild steel in 0.5 M H,SO,4
at 25°C after 1h immersion in the absence and presence of
0.0025 M benzene-1,2-diamine, benzaldehyde, combination of
these two components with FeCl; which is called in situ synthe-
sized inhibitor and the synthesized 2-phenyl-1H-benzo[d]imidaz-
ole. Similar figures were also obtained for 0.0001, 0.0005 and
0.001 which are not brought here for summary. Electrochemical
parameters include corrosion potential (Ec,,), corrosion current

-0

2-phenyl-1H-benzo[d]
imidazole

Fig. 2. Molecular structure of investigated compounds.
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Fig. 3. Polarization curves for mild steel in 0.5 M H,SO4 containing 0.0025 M of the
examined compounds at 25 °C.

density (icorr) and cathodic and anodic Tafel slopes (3. and f,) were
measured by Tafel extrapolation of the anodic and cathodic lines
and listed in Table 1. The value of surface coverage (0) was calcu-
lated using the following equation:

0 = Leorr — Leorr (l)
lCDTT
where i, and i, are corrosion current densities of mild steel in

the absence and presence of inhibitor, respectively. Surface cover-
age values (0) and the percentage of inhibition efficiency
(%n = 6 x 100) represented in Table 1. It should be noticed that in
some curves, cathodic branch does not show a complete linear Tafel
behaviour, especially in the case of bulk solution. But, almost all the
anodic branches show linear behaviour in one decade. To measure
the cathodic Tafel slope of those curves, e.g. bulk solution cathodic
Tafel slope, a method which has been previously reported by
McCafferty [19] and some authors [20,21] was employed. In this
way the linear part of anodic curve is extended to negative poten-
tials (see Fig. 4) and then the cathodic current density is recalcu-
lated. Afterward, by linear extrapolating the calculated cathodic
data to more positive potentials with respect to corrosion potential,
the cathodic Tafel slope can be calculated. Fig. 5 represents the
polarization curves of different concentrations of in situ synthesized
inhibitor. The relationship between R, (polarization resistance) and
the immersion time for blank solution and 0.0025 M in situ synthe-
sized inhibitor is shown in Fig. 6.

Table 1

-300
Extrapolated cathodic line
-350 1 slope=-133 mV/decade
S 400 1
&) Experimental data
v -450 A
= C i ial
orrosion potentia:
-500 H
> (Ecorr)
g
= -550 H
= —> Calculated cathodic
g 600 1 : : data
.g Corrosion current density’
A -650 -
700 A Extrapolated anodic line
slope=77 mV/decade
-750 T T T T

-2 -1 0 1 2 3
log (i) (mA/cm?)

Fig. 4. Extrapolation method applied for measuring Tafel slopes, corrosion potential
and corrosion current density.
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Fig. 5. Polarization curves for mild steel in 0.5M H,SO4 containing different
concentrations of in situ synthesized inhibitor.

3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has been em-
ployed in order to investigate the surface layer created by inhibi-
tors. The effect of inhibitor concentration on the impedance
behaviour of mild steel in 0.5 M H,SO,4 solution at 25 °C is investi-
gated for expressed concentrations and just the results of 0.0025 M
is shown in Fig. 7 for summary. Nyquist plots for mild steel at var-
ious concentrations of all compounds are nearly similar and

Electrochemical parameters obtained from the polarization curves of different concentrations of the laboratory synthesis and in situ synthesis of 2-phenyl-1H-benzo[d]imidazole

in 0.5 M H,SO, solution.

Method of synthesis Concentration  Ecorr (mV Vs, SCE) e (MAJcm?) B, (mV/decade) —p. (mV/decade) 0 %n

Laboratory synthesis of 2-phenyl-1H-benzo[d]imidazole = Blank -511 0.7 77 133 - -
0.0001 M —488 0.6 73 165 014 14
0.0005 M —498 0.6 77 166 0.14 14
0.001 M -500 0.10 63 172 085 85
0.0025 M —494 0.02 46 151 097 97

In situ synthesis of 2-phenyl-1H-benzo[d]imidazole 0.0001 M —491 0.6 77 180 0.14 14
0.0005 M -501 0.5 81 160 028 28
0.001 M —476 0.09 46 135 087 87
0.0025 M —481 0.02 60 130 097 97
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Fig. 6. Relation between R, and immersion time and inhibition efficiency and
immersion time for mild steel in 0.5M H,SO,4 in the presence and absence of
0.0025 M in situ synthesized inhibitor.
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Fig. 7. Nyquist plots for mild steel in 0.5 M H,SO, containing 0.0025 M of different
materials at 25 °C.

contain a depressed semicircle at higher frequencies that is related
to the charge transfer process. The extracted impedance parame-
ters such as solution resistance (Ry), the charge transfer resistance
(Re) and the constant phase element (CPE) parameters analyzed by
EIS analyzer software from EIS plots are listed in Table 2. Inhibitor
efficiency can also be estimated by charge transfer resistance
according to the following equation [22]:

R-FK

= 100 )

%n =

where R° and R are charge transfer resistances of mild steel in the
absence and presence of inhibitor, respectively. Calculated effi-
ciency by charge transfer resistance is in close correlation with
those obtained from polarization results. Furthermore the double
layer capacitance (Cy) can be calculated from the following equa-
tion [21]:

Ca = P(%)RS%) 3)

In the above expressions P is the magnitude of CPE and n is the
deviation parameter. In the Helmholtz model of the surface ad-
sorbed film capacitance, it is defined that the capacitance is inver-
sely proportional to the surface film thickness [23].

Ca = %S (4)
where d is the thickness of the film, S is the surface of the electrode,
€o is the permittivity of the air, and ¢ is the local dielectric constant.
The decrease in Cy is probably due to a decrease in local dielectric
constant and/or an increase in thickness of the protective layer
formed at electrode surface [21].

3.3. Linear polarization resistance

LPR method is another useful and fast method for inhibitors
study. The effect of inhibitors concentration on R, value at 25 °C
has been measured and listed in Table 2. LPR results confirm the
inhibitive properties of present compounds, also conclusions ob-
tained from potentiodynamic polarization and EIS results. In addi-
tion, surface coverage and inhibitor efficiency have been calculated

by Eq. (2).
3.4. Effect of temperature

The effect of temperature on the inhibited acid—-metal reaction
is very complex, because many changes occur on the metal surface
such as rapid etching and desorption of inhibitor and the inhibitor
itself may undergo decomposition [13]. The change of the corro-
sion rate with the temperature was studied in 0.5 M H,SO,4, both
in absence and presence of 0.0025 M of the in situ synthesized
inhibitor. For this reason the polarization readings were performed
at different temperatures from 25 to 55 °C in the absence and pres-
ence of different concentrations in Fig. 8. The electrochemical
parameters were extracted and summarized in Table 3. As seen
the inhibition efficiencies did not change considerably.

Considering the corrosion current density (ic) Which corre-
sponds to different temperatures, the activation parameter (E,)
for corrosion process can be obtained using Arrhenius equation:
Inicr =InA— % (5)
where E, represents the apparent activation energy, R the gas con-
stant, A the pre-exponential factor and i, is the corrosion rate, ob-
tained from the polarization method. Arrhenius plots for the
corrosion rate of mild steel were given in Fig. 9. Values of E, for mild
steel in 0.5 M H,SO,4 with in situ synthesized inhibitor and in the
absence of inhibitor was estimated by calculating the slope of
In(icor) Vs. 1/T. These results have been represented in Table 4.

3.5. Adsorption considerations

The primary step in the action of inhibitors in acid solutions is
adsorption onto the metal surface, which is usually oxide-free.
The existing data show that most organic inhibitors act by adsorp-
tion on the metal surface [24]. The adsorbed inhibitor then acts to
retard the cathodic and/or anodic electrochemical corrosion reac-
tion. They change the structure of the electrical double layer by
adsorption on the metal surface. Basic information on the interac-
tion between the inhibitor and the mild steel surface can be pro-
vided by the adsorption isotherm [14]. The adsorption of organic
compounds can be expressed by two main types of interactions:
physical adsorption and chemical adsorption [25]. Adsorption of
organic molecule at the metal/solution interface can be elucidated
by substitution adsorption process between the organic molecules
in aqueous solution and water molecule on metal surface [6].

Org(ads) + xH,0(ads) — Org(ads) + xH,0(sol) (6)

where Org (sol) and Org (ads) are inhibitor molecules dissolved in
solution and adsorbed on metal surface respectively. H,O (ads) is
water molecule on metal surface, H,O (sol) is water molecule in
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Table 2

Impedance parameters data and LPR results for mild steel with different concentrations of the laboratory synthesis and in situ synthesis of 2-phenyl-1H-benzo[d]imidazole in

0.5 M H,SO4 solution at 25 °C.

Method of synthesis Concentration EIS LPR
R, Ret P (pF/ n Car (1F/ 0 %n Ry 0 %
(@cm?)  (Qcm?) cm?) cm?) (Qcm?)
Blank 6 17 365 0.86 166 - - 24 - -
Laboratory synthesis of 2-phenyl-1H- 0.0001 M 4 28 213 091 130 037 37 34 029 29
benzo[d]imidazole 0.0005 M 8 39 111 093 76 056 56 44 045 45
0.001 M 7 53 131 0.88 69 0.68 68 49 051 51
0.0025 M 5 611 71 085 41 097 97 397 094 94
In situ synthesize of 2-phenyl-1H- 0.0001 M 6 24 290 0.87 143 029 29 31 022 22
benzo[d]imidazole 0.0005 M 6 28 198 091 120 039 39 31 022 22
0.001 M 5 87 155 090 62 093 93 250 0.90 90
0.0025 M 4 500 52 084 27 0.96 96 440 094 94
-150 - — 0
4 —=— 0.0025M In-situ synthesized inhibitor at 25 C degree — = KadsC (7)
200 4 —»— 0.0025M In-situ synthesized inhibitor at 35 C degree 1-0
250 4 4 0.0025M In-situ synthesized inhibitor at 45 C degree . .
a0 37 0.0025M in-situ synthesized inmibitor at 55 C cgred By rearranging Eq. (7):
m c_1l.c (8)
8 0 Kags
; where K4 is equilibrium constant for adsorption reaction. This is a
£ general model and has been used for inhibitor studies. Fig. 10 shows
% the C/6 vs. C for the in situ synthesized inhibitor. According to Eq.
= (8), Kug4s can be calculated from intercept line on C/0 axis. With
% the following equation, AG,,, can be calculated from Kggs:
o
AG, ;. = —RT In(55.5K gq5) 9)
800 where R is gas constant and T is absolute temperature of experiment
PRSI SL 2L TR S AL R R and the constant value of 55.5 is the concentration of water in solu-
10 10 10 10 . 10 10 tion in mol dm~3 [4]. Normally, the magnitude of AG, around
Current density (mA/cm’) —20 kJ/mol or less negative is assumed for electrostatic interactions
exist between inhibitor and the charged metal surface (i.e. physi-
-200 sorption). Those around —40 kJ/mol or more negative are indication
4 = 0.5MH_ SO, at 25 C degree . . . .
-250 S of charge sharing or transferring from organic species to the metal
E *— 0.5M H SO, at 35 C degree . . . .
300 3 2= 4 surface to form a coordinate type of metal bond (i.e. chemisorption)
1 4 0.5MH_ SO, at 45 C degree o
.350 3 2t [11,12-18,21-32]. Some authors have reported the values of AG,,
— 4 v 0.5MH_SO, at 55 C degree . . . acs
3 il less negative than —40 kJ/mol for physical adsorption frequently
Um! interpreted as the formation of an adsorptive film with an electro-
> static character [31,33,34]. Gibbs-Helmholtz equation can be used
E to calculate the heat of adsorption process (AHg,,). With good esti-
‘T_u’ mation, Ac, reaction can be considered as constant value, thus AH
s of reaction and Gibbs-Helmholtz equation will appear as follows
% [21]:
& e
3 (b) AHy, = Ac,T+A (10)
. . ———————— Ac A
— p
102 10" 10° 10" 102 anlenT—ﬁ-&-B (11)

Current density (mAIcmz)

Fig. 8. Polarization curves for mild steel in different temperatures in the (a) absence
of and (b) presence of 0.0025 M in situ synthesized inhibitor.

solution, and x is size ratio and represents the number of molecules
of water replaced by inhibitor molecules. In order to obtain the iso-
therm, linear relation between 6 values and inhibitor concentration
C must be found. Attempts were made to fit the 0 values to various
isotherms including Langmuir, Temkin, Frumkin and Flory-Hug-
gins. The Langmuir adsorption isotherm model has been used
extensively in the literature for various metals, inhibitor and acid
solution systems [12,26-30]. It was assumed that the adsorption
of this inhibitor followed the Langmuir adsorption isotherm.
According to this model the surface coverage (0) is proportional to
inhibitor concentration (C):

where A and B are equation constants and K is equilibrium constant
of reaction. Using Eqgs. (7), (9), and (11), the surface coverage is re-
lated to temperature:

0 Ac, A ,
1n<1—70>_Tlanﬁ+B (12)
in which 6 and B’ are surface coverage and equation constant,
respectively. By solving Eq. (12) for different surface coverage in
presence of 0.0025 M in situ synthesized inhibitor at various tem-
peratures (Table 3), Ac, and A constants were obtained and accord-
ing to Eq. (10), AH,, was calculated at 298 K and presented in
Table 4. The entropy of adsorption process (AS;,,) which is brought
in Table 4 can be calculated based on the following thermodynamic

basic equation [24,35]:
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Table 3
Electrochemical parameters obtained from the polarization curves at different temperatures.
Examined solution Temperature (°C) Ecorr (MV vs. SCE) icorr (MA/cm?) Ba (mV/decade) —Bc (mV/decade) 0 %n
0.5 M H,S04 25 -511 0.7 77 133 - -
35 -509 1.6 79 140 - -
45 —511 2.2 70 132 - -
55 -513 3.5 83 143 - -
0.0025 M In situ synthesized inhibitor 25 —481 0.02 60 130 0.97 97
35 —497 0.04 83 137 0.97 97
45 —480 0.06 40 130 0.97 97
55 —492 0.2 45 147 0.94 94
4.5
1 A Blank 00051 Y= 8.33E-01x + 7.39E-04 °
35 ] R?=9.43E-01
254 B 0.5M In-situ synthesized inhibitor 0.004
T 151 S
3 05 ‘\t\t\‘ —g 0.003 7
E 1 -~
%08 S 0002
2 .15 4 o
= ]
-25 ] & 0.001 A
-3.5 1
1 0+ — —T — —
-4.5 VRV DV 0 0.001 0.002 0.003 0.004 0.005
0.003 0.0031 0.0032 0.0033 0.0034 C (mol/L)
mo
1/T (KD

Fig. 9. In(icrr) vs. 1/T for mild steel dissolution in 0.5 M H,SO, in the absence and
presence of 0.0025 M in situ synthesized inhibitor.

Table 4
Thermodynamic parameters for adsorption of in situ synthesized inhibitor on mild
steel surface in 0.5 M H,SO, solution.

Examined solution Ea (Kl AGgs (K| AHgs (KJ|  ASggs (J/
mol) mol) mol) mol K)

0.5 M H,S504 42 - - -

0.0025 M In situ 59 -27.8 -23.7 13

synthesized inhibitor

Table 5
Corrosion rates of mild steel in 0.5 M H,SO4 in the absence and presence of 0.0025 M
in situ synthesized inhibitor at different times.

Examined solution Corrosion rate (mgcm 2h™1)

24h 48 h 72h 96 h

0.5 M H,S04 0.29 0.49 0.52 0.54

0.0025 M In situ synthesized inhibitor 0.02 0.02 0.02 0.02
AGads = AHads - TASads (13)

o

An endothermic adsorption process (AH,,, > 0) is due to chem-
isorptions while an exothermic one (AH,,, < 0) may be attributed
to physisorption, chemisorption or a mixture of both [12,21]. In
an exothermic process, physisorption can be distinguished from
chemisorption by considering the absolute value of AH,,. For
physisorption, AH, is lower than 40 kjJ/mol while for chemisorp-

tion, AH,,, approaches 100 kj/mol [4,12,22,32,36,37].

3.6. Weight loss measurements

Weight loss measurements of mild steel subjected to the effects
of acidic media in the absence and presence of 0.0025 M concen-

Fig. 10. Langmuir adsorption isotherm of the combination in 0.5 M H,SO, at 25 °C.

Table 6
Percentage inhibition efficiency of in situ synthesized inhibitor in 0.5 M H,SO4.

Examined solution %Inhibition efficiency with time in

hour

24 48 72 96
0.5 M H,S0,4 - - - _
0.0025 M In situ synthesized inhibitor 91.40 94.75 94.90 95.01

tration of the in situ synthesized inhibitor were made after differ-
ent times of immersion at room temperature. The corrosion rates
(mg cm 2 h~!') were shown in Table 5. The inhibition efficiencies
were calculated from Eq. (14) and represented in Table 6.

Wo — W;
%7’:7W L x
0

100 (14)

where wg and w; are the values of corrosion weight loss of mild steel
in uninhibited and inhibited solutions, respectively. Fig. 11 shows
the plot of weight loss vs. time for mild steel in 0.5 M H,SO,4 without
and with 0.0025 M of the in situ synthesized inhibitor.

3.7. Corrosion attack morphology

Corrosion attack morphologies in absence and presence of dif-
ferent concentrations of in situ synthesized inhibitor after 1.5
and 24 h have been investigated by employing optical microscopy
and presented in Figs. 12 and 13, respectively. In both times, it is
obvious that by increasing inhibitor concentration the corrosion at-
tack decreases. For instance the corrosion attack decrease from
0.0001 M to 0.0005 M and reaches its minimum deteriorated in
the case of 0.0025 M in both times.
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Fig. 11. Variation of weight loss against time for mild steel corrosion in 0.5 M
H,S0, in the presence of 0.0025 M combination.

3.8. FTIR spectra

Fourier transform infrared spectroscopy is a well-established
characterization tool offering a ‘fingerprint’ for chemical com-
pounds [38,39]. The FTIR reflectance spectrum of corrosion layer
formed on the steel surface after immersion in 0.5 M H,SO4 with

0.0025 M in situ synthesized inhibitor and the 2-phenyl-1H-
benzo[d]imidazole which is synthesized in the laboratory are
shown in Fig. 14a. The FTIR reflectance spectrum of the commercial
2-phenyl-1H-benzo[d]imidazole is shown in Fig. 14b.

3.9. Quantum chemical calculations

Being obvious that the layer which was deposited on the metal
surface was 2-phenyl-1H-benzo[d]imidazole with FTIR techniques,
we investigated the correlation between molecular structure of
this organic compound and its inhibition effect with quantum
chemical study. So geometric structures and electronic properties
of 2-phenyl-1H-benzo[d]imidazole has been calculated by DFT
method using B3LYP level and 3-21G** basis set. These analysis
have been employed for benzaldehyde and benzene-1,2-diamine
too. Figs. 15 and 16 show optimized molecular structures, HOMO
and LUMO of the studied molecules and reveal that the benzene
ring and N atoms have larger electronic density. Type of benzene
ring electrons is m-bonding electrons while for N atoms those are
non-bonding electrons pair. It is suggested that the benzene ring
and N atoms can be suitable places for adsorption onto surface,
especially in the case of N atoms because of having lone pairs of
electrons. Molecules of present inhibitor can be directly adsorbed
at the steel surface on the basis of donor acceptor interactions be-
tween m-electrons of benzene ring, nonbonding lone pairs of N
atoms, and vacant d-orbitals of iron atoms. Quantum chemical

Fig. 12. Corrosion attack morphology after 1:30 h (a) blank solution (b) in the presence of 0.0001 M in situ synthesized inhibitor (c) in the presence of 0.0005 M in situ

synthesized inhibitor (d) in the presence of 0.0025 M in situ synthesized inhibitor.
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Fig. 13. Corrosion attack morphology after 24 h (a) blank solution (b) in the presence of 0.0001 M in situ synthesized inhibitor (c) in the presence of 0.0005 M in situ

synthesized inhibitor (d) in the presence of 0.0025 M in situ synthesized inhibitor.

indices COntaining Exomo, Erumos AE(AE =Erumo — EHOMO) and Di-
pole moment (u) for the studied molecules have been presented
in Table 7. It has been reported that good inhibition corrosion
properties are usually obtained using organic compounds that
not only offer electrons to unoccupied orbitals of the metal but also
accept free electrons from the metal by using their anti-bond orbi-
tals to form stable chelates [17,18]. By looking to the Fig. 15, it is
understandable that this inhibitor also could accept the d-orbital
electrons of iron by LUMO on the benzene ring and N atoms. Con-
sequently, this electron acceptance could help to form more stable
bond between inhibitor molecule and iron surface.

4. Discussion

With a brief glance to Fig. 3 which indicates the polarization
curves of mild steel in 0.5 M H,SO,4 at 25 °C, it is clear that the
net cathodic current densities for benzene-1,2-diamine, benzalde-
hyde in the 0.0025 M concentration and blank solution are similar.
This is obvious for anodic part except a slight difference up to
—350 mV, which means that the inhibitive properties of these or-
ganic compounds are not noticeable. It is also shown that the com-
bination of these components by in situ inhibitor synthesis manner
have the better inhibitive performance in compared with them-
selves individually and the equal one to the synthesized 2-phe-
nyl-1H-benzo[d]imidazole. = Therefore, using 2-phenyl-1H-
benzo[d]imidazole can be replaced efficiently by using the combi-
nation of its components as a new method of in situ producing this
organic compound in acid solution according to Fig. 1. Assessment

of Table 1 data, it is evident that increasing concentration of the
inhibitor resulted in a decrease in the corrosion current densities
and an increase in%y, suggesting that the adsorption protective
film tend to be more complete and stable on mild steel surface
[40]. It is seen that E.,, shifts slightly in positive direction with
concentration increase and both anodic and cathodic branches to-
wards lower currents. Hence in situ synthesized inhibitor acts as
mixed type inhibitor with predominantly control of anodic reac-
tion [40-44]. As seen from Fig. 5 the cathodic corrosion current
densities decreased dramatically, revealing that the addition of
in situ synthesized inhibitor does not change the cathodic hydro-
gen evolution mechanism and the decrease of H" ions on surface
of mild steel takes place mainly through a charge transfer mecha-
nism. However in the anodic part of polarization curve of 0.0025 M
inhibitor concentration, initially, the corrosion current densities in-
creased with the potential shifting positively, which means that
the adsorption process is dominant. When the polarization potential
moved positively to about —400 mV, desorption of the inhibitor oc-
curred and corrosion current densities increased markedly in com-
pared with the initial stage. As the potential passed approximately
—450 mV, the polarization behaviour resembled that in blank solu-
tion which implies that inhibitor thoroughly desorbed from the sur-
face [34,40]. The relationship between R, values and immersion
time in Fig. 6 represented that the R, values for mild steel in
0.5M H,SO4 without inhibitor (blank) decrease with immersion
time but the R, values for mild steel in 0.5 M H,SO,4 with the inhib-
itor increase with immersion time. There for the inhibition effi-
ciency increases with the increase in the time of immersion.
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Fig. 14. (a) FTIR spectra of mild steel after immersion in 0.5 M H,SO, solution with 0.0025 M in situ synthesized inhibitor and 0.0025 M laboratory synthesized 2-phenyl-1H-
benzo[d]imidazole; (b) FTIR spectra for the commercial 2-phenyl-1H-benzo[d]imidazole.

The corrosion behaviour of mild steel in 0.5 M H,SO4 in the
presence of the studied compounds investigated by EIS method
at 25 °C is represented in Fig. 7 and the extracted data listed in Ta-
ble 2. From Fig. 7 it is obvious that the impedance response of mild
steel is significantly changed after adding in situ synthesized inhib-
itor in compared whit its components separately and blank solu-
tion. An increase in semi-circle diameter is indicating an increase
in corrosion resistance of mild steel in presence of inhibitors. As
seen from Table 2, the R, values increased with increase in inhib-
itor concentration. This indicates formation of an insulated adsorp-
tion layer. The values of double-layer capacitance (Cy) decrease

with increasing in the concentration of employed organic com-
pounds which is due to the steady replacement of water molecules
by the adsorptive inhibitor molecules at metal/solution interface,
which is leading to a protective film on the steel surface and
increasing the d value [4]. Although the decrease in efficiencies
which were obtained from LPR method is not ignorable, these val-
ues are close to those calculated by polarization and EIS methods.
The difference between obtained efficiencies from LPR and EIS results
can be attributed to the fact that, in EIS results, the effect of solution
resistance (R;) is not considered. However the results of LPR method
contain this parameter as well as charge transfer resistance.
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Fig. 15. (a) Molecular structure, (b) HOMO and (c) LUMO of 2-phenyl-1H-
benzo[d]imidazole.
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Fig. 16. (a) Molecular structure, (b) HOMO and (c) LUMO of benzaldehyde; (a’)
Molecular structure (b’) HOMO and (¢’) LUMO of benzene-1,2-diamine.

Table 7
HOMO and LUMO values of the studied molecules calculated by DFT method.

Quantum chemical ~ 2-Phenyl-1H- Benzene-1,2-  Benzaldehyde
parameters benzo[d]imidazole diamine

Enomo -5.95 -5.24 -7.15

Erumo -1.44 0.19 -1.93

AE = E;ymo — Enomo 4.51 5.44 522

Dipole moment 3.13 1.38 2.99

The change of the corrosion rate with the temperature was
studied in 0.5M H,SO4 both in absence and presence of
0.0025 M of the in situ synthesized inhibitor and the electrochem-
ical parameters were extracted and summarized in Table 3.
Although, Table 3 data obviously shows an increase in corrosion
rate with rising in temperature, however the corrosion rate of
inhibited solutions is always lower than the blank one. So raising
the temperature did not change the inhibition efficiencies. As it
is shown from Arrhenius plots in Fig. 9 and the results in Table 4,
by synthesizing inhibitor in solution containing 0.5 M H,SOy,, the
activation energy for corrosion process increases from 42 kj/mol
to 59 kJ/mol. The increase in the corrosion current density activa-
tion energy indicates that dissolution of mild steel in 0.5M
H,S0, in the presence of inhibitor is lower than the solution with
no inhibitor. It has been reported that higher E, in presence of inhib-
itors for mild steel in comparison with blank solution is typically
showing physisorption [21]. Considering E, values, the combination
has an electrostatic interaction on metal surface (physisorption).

The C/0 when plotted vs. C for the in situ synthesized inhibitor
in Fig. 10 demonstrates that adsorption of this inhibitor on mild
steel follow the Langmuir isotherm and supposed that the ad-
sorbed molecules occupy only one site and there are no interac-
tions with other adsorbed species [31]. The thermodynamic
parameters calculated and listed in Table 4. As it is represented
in this table AG,, for the in situ synthesized inhibitor will be
—27.8KkJ/mol. The calculated AG,, value was within —40 and
—20 kJ/mol. This reflects electrostatic interaction between the
inhibitor and positively charged metal surface and maybe de-
scribed by physical adsorption [45]. Since AH,,, was negative, the
adsorption of in situ synthesized inhibitor molecules onto the mild
steel surface was an exothermic process. On the other hand, the va-
lue of AH; is indicating physisorption mechanism that is in agree-
ment with results obtained by activation parameter (E,) [4,21]. The
positive sign of AS,,, arise from substitutional process, which can
be attributed to the increase in the solvent entropy and more posi-
tive water desorption entropy [4,33,38,46].

By the weight loss measurements for inhibited solution the cor-
rosion rates changed slightly with increasing exposure time while
it was increased dramatically for blank solution. So the inhibition
efficiencies were increased with increasing time and reached 95%
after 96 h (Tables 5 and 6). From Fig. 11 it is very obvious that
the weight loss of mild steel in the different test solutions increases
with time. It is also clear that weight loss of mild steel decreases
with introduction of the inhibitor into the acid solution indicating
this inhibitor functioned as an inhibitor isolating the metal from
attack by the aggressive anions present in the solution [22].

It can be clearly seen that in the absence of inhibitor after 1:30 h
(Fig. 12a), the specimen surface has been severely corroded. At same
time, the corrosion attack is significantly lower than uninhibited
solution in presence of in situ synthesized inhibitor. Surface evalua-
tion of specimenimmersed during 1.5 h, reveals that mirror-like pol-
ished specimen surface has been just partially etched after
immersion test, while the surface of specimen in absence of inhibitor
has changed to rough and a black appearance due to severe corro-
sion. With comparing Figs. 12 and 13 it can be clearly seen that by
increasing the time of immersion from 1.5 to 24 h the surface of
specimen which was immersed in blank solution deteriorated com-
pletely while the surface of specimen in 0.0025 M in situ synthesized
inhibitor is so bright and seems to be etched slightly.

The FTIR reflectance spectrum of corrosion layer formed on the
steel surface after immersion in 0.5 M H,SO,4 with 0.0025 M in situ
synthesized inhibitor and the 2-phenyl-1H-benzo[d]imidazole
which is synthesized in the laboratory is shown in Fig. 14a. The
band at 34283 cm ' is attributed to N H stretching and
1625.91 cm ™! is for C N stretching. The other peaks are attributed
to C H aromatic bands [39]. As it is shown in the molecular struc-
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ture of the commercial 2-phenyl-1H-benzo[d]imidazole (Fig. 14b)
these kinds of bands are typical for this material. So we can con-
clude that this organic compound is produced with the in situ
manner on the metal surface in 0.5 M H,SO4 solution.

In quantum chemical studies we can mention the energy of
HOMO that is often associated with the electronic donating ability
of a molecule. Therefore, an increase in the values of Eyonmo can
facilitate the adsorption and therefore the inhibition efficiency, by
indicating the disposition of the molecule to donate orbital elec-
trons to an appropriate acceptor with empty molecular orbitals
[14,47]. The energy of LUMO on the other hand, indicates the ability
of the molecule to accept electrons. The lower the value of
Erumo, the more probable it is that the molecule accepts electrons
[14]. In the same way, low values of the energy of the gap
AE =Eiymo — Enomo Will render good inhibition efficiencies,
because the energy to remove an electron from the last occupied
orbital will be low [15]. Increasing values of dipole moment has
been reported to facilitate adsorption (and therefore inhibition)
by influencing the transport process through the adsorbed
layer. So, the inhibition efficiency increases with increasing
values of the dipole moments [14]. Table 7 data reveal that
although 2-phenyl-1H-benzo[d]imidazole does not get the highest
Enomo and the lowest Ejyyo, but it has the smaller energy gap
(AE = Erymo — Eqomo) and the greater Dipole moment (u) as
compared to other molecules which indicate the better inhibition
efficiency rather than its components.

5. Conclusions

From the present study, the following main conclusions can be
drawn:

1. In situ synthesis of the inhibitor has great effect on achieving
high efficiencies compared with its components. In fact a new
inhibitor with high efficiency obtained from two components
which have not inhibitive properties. The beneficial condition
among the in situ synthesized inhibitors concentration was
0.0025 M with the approximate efficiency of 97% and it is equal
to the efficiency of 2-phenyl-1H-benzo[d]imidazole.

2. In situ synthesized inhibitor acts as an adsorptive inhibitor. It
reduces anodic dissolution, retards the hydrogen evolution
reaction via blocking the active reaction sites on the metal sur-
face and its adsorption obeys the Langmuir's adsorption
isotherm.

3. The results show that by increasing time the R, of acid
decreases while it increases in the case of inhibitor.

4. Evaluating temperature effect on efficiency of in situ synthe-
sized inhibitor at 0.0025 M concentration indicates that corro-
sion current densities increases with rising temperature, they
always are lower than blank solution one.

5. Thermodynamic adsorption parameters such as AG,,, AH,,, and
AS,, show that the in situ synthesized inhibitor adsorbed by an
exothermic process and its adsorption is physical adsorption.

6. Data obtained from weight loss and electrochemical measure-
ments are strongly comparable and have shown that the
in situ synthesized inhibitor has the very good inhibiting prop-
erties for mild steel in H,SO,4 solution.

7. Optical microscopy obviously shows the corrosion attack mor-
phology in absence and presence of inhibitors in 0.5 M H,SO4
solution and it depicts that mild steel surface severely corrodes
if inhibitors are not used.

8. The results obtained from FTIR spectra proved that 2-phenyl-
1H-benzo[d]imidazole synthesized on the metal surface from
the combination of benzene-1,2-diamine and benzaldehyde
along with ferric chloride catalyst in electrolyte solution.

9. Quantum chemical study reveals that the benzene ring and N
atoms can be suitable sites for adsorption onto surface. This is
pronounced for N atoms because of having lone pair of
electrons.
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