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Abstract- Two newly synthesised Quinoline  derivatives, namely  5-((2-(4-
dimethylamino)phenyl-1H-benzo[d]imidazol-1-yl)methyl)quinolin-8-ol (Q-N(CHz3)2) and 5-
((2-(4-nitrophenyl)-1H-benzo[d] imidazol-1-yl)methyl)quinolin-8-ol (Q-NO2) were studied as
inhibitors for the corrosion of mild steel in 0.5 M sulphuric acid solution has been examined
and characterized by weight loss, polarization and electrochemical impedance spectroscopy
(EIS). The experimental results reveal that the organic compound has a good inhibiting effect
on the mild steel in 0.5 M H>SO4 solution. The protection efficiency increases with increasing
inhibitor concentration, but the temperature has hardly effect on the inhibition efficiency of
Q-N(CHz)2 and Q-NO». The adsorption of the inhibitors on the surface of mild steel in a 0.5
M H>SO4 solution was found to obey Langmuir’s adsorption isotherm. Thermodynamic data
clearly show that the adsorption mechanism of Q-N(CHs). and Q-NO> on mild steel surface
in 0.5 M H2SO;4 solution is mainly electrostatic-adsorption. Potentiodynamic polarization
studies have shown that Quinoline derivatives acts as a mixed type of inhibitor. Data obtained
from EIS studies were analyzed to model inhibition process through appropriate equivalent
circuit model. The Scanning Electron Microscope (SEM) images of the corrosion product
confirmed the protection offered by the extract on the surface of the metal immersed in both
media.
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1. INTRODUCTION

Iron and its alloys used in industrial sectors became a great challenge for corrosion
engineers or scientists. So, to remove the scale and other products from the metal working,
cleaning of boilers and heat exchangers, the acid solutions are commonly used. In these cases
the metals were damaged by corrosion phenomena. Thus, to minimize this problem, many
inhibitors are used. In addition, organic compounds have many advantages such as high
inhibition efficiency, low price, and easy production [1,3].

The search for new and efficient corrosion inhibitors becomes an obligation to secure
metallic materials against corrosion. The effectiveness of organic compounds containing
heteroatoms as corrosion inhibitors for steels in sulfuric acid is well developed [4-9].

The adsorption of inhibitors takes place through heteroatoms such as nitrogen, oxygen,
phosphorus and sulfur, triple bounds or aromatic rings. The nature of heteroatom and
substituents plays the major role in adsorption phenomenon. Also the existing data show that
most organic inhibitors adsorb on the metal surface by displacing water molecules on the
surface and forming a compact barrier film [10,11]. These compounds inhibit corrosion by
adsorbing on metallic surface using heteroatoms (e.g. N, O, S), polar functional groups (e.g. -
OH, -NHz2, -NO», -CN etc.), pi-electrons and aromatic rings as adsorption centers [12,13].

Recently many workers have reoriented their attention to the development of new
corrosion inhibitors based on organic compounds such as pyrazole [14-16], triazole [17-22],
tetrazole [23,24], phenyltetrazole [1,25], quinolinol [26], quinoline [27], imidazole [28-30]
and oxadiazole derivatives [31-34]. The corrosion inhibition efficiency of organic
compounds is related to their adsorption properties. Studies report that the adsorption of
organic inhibitors mainly depends on some physicochemical properties of the molecule,
related to its functional groups, to the possible steric effects and electronic density of donor
atoms. Adsorption is supposed also to depend on the possible interaction of p-orbitals of the
inhibitor with d-orbitals of the surface atoms, which induces greater adsorption of the
inhibitor molecules onto the surface of mild steel, leading to the formation of a corrosion
protecting film.

Thermodynamic parameters such as adsorption heat, adsorption entropy and adsorption
free energy can be obtained from experimental data of the studies of the inhibition process at
different temperatures. The Kinetic data such as apparent activation energy and pre-
exponential factor at different inhibitor concentrations are calculated, and the effects of the
activation energy and pre-exponential factor on the corrosion rate of steel were discussed
[35-39]. The inhibition action is satisfactorily explained by using both thermodynamic and
kinetic models.

We have reported in a recent study the effect of new quinoline derivatives in the
corrosion of steel in hydrochloric acid [27]. The presence of -N(CHj3)2 group or -NO- group
in some quinoline derivatives increased the inhibition efficiency. In continuation of this work,
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we report the results of our evaluation of the tested quinoline derivatives, namely 5-((2-(4-
dimethylamino)phenyl-1H-benzo[d]imidazol-1-yl)methyl)quinolin-8-ol (Q-N(CHz3)2) and 5-
((2-(4-nitrophenyl)-1H-benzo[d] imidazol-1-yl)methyl)quinolin-8-ol (Q-NO2), as corrosion
inhibitors for mild steel in 0.5 M H>SO4 and its comparison with previous work in 1.0 M HCI
medium. In the following, we present experimental data obtained by gravimetric
measurements, potentiodynamic polarization curves, and electrochemical impedance
spectroscopy. It is also aimed to predict the thermodynamic feasibility of quinoline
adsorption on the metallic surface. In addition, detailed investigations of temperature on the
system’s electrochemical parameters were also studied and discussed to improve
understanding of the adsorption mechanism of the studied inhibitors.

2. EXPERIMENTAL SECTION
2.1. Material preparation

The molecular formulas of the examined inhibitors are shown in Fig. 1. Their
concentrations range were from 10 M to 10 M. Corrosion tests were performed on a mild
steel with percentage composition as follows (wt%): 0.09% P; 0.38% Si; 0.01% Al; 0.05%
Mn; 0.21% C; 0.05% S; and remainder Fe.

N
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(Q-N(CHs)2) (Q-NOy)

Fig. 1. Chemical structures of inhibitors, (Q-N(CHz)2) 5-((2-(4-dimethylamino)phenyl-1H-
benzo[d]imidazol-1-yl)methyl)quinolin-8-o and  (Q-NO2)  5-((2-(4-nitrophenyl)-1H-
benzo[d]imidazol-1-yl)methyl)quinolin-8-ol

Prior to the immersion test, the surface of the specimens was abraded using emery paper
up to 1,200 grade, cleaned with acetone, washed with distilled water, and finally dried. The
aggressive solution of 0.5 M H>SO4 was prepared by dilution of analytical grade 95-97%
H2SO4 with distilled water.
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2.2. Weight loss measurements

Weight loss experiments were done according to ASTM methods described previously
[40,41]. Tests were conducted in 0.5 M of H>SO4 at 298+2 K. Gravimetric measurements
were carried out in an electrolysis cell equipped with a thermostat-cooling condenser. The
mild steel specimens used have a rectangular form 2.5 cmx2.0 cmx0.05 cm. After immersion
period, the specimens were cleaned according to ASTM G-81 and reweighed to 10 g for
determining corrosion rate [41]. Duplicate experiments are performed in each case, and the
mean value of the weight loss is reported. Weight loss allows us to calculate the mean
corrosion rate as expressed in (mg cm? ht), either by chemical analysis of dissolved metal
in solution or by gravimetric method measuring. The resulting quantity, corrosion rate
(weorr) is there by the fundamental measurement in corrosion. (wcorr) can be determined
weight of specimen before and after exposure in the aggressive solution applying the
following equation 1:

m, —m,

Dcore :IS—Xt (1)
Where mi, ms, S and t de note initial weight, final weight, surface of specimen and
immersion time, respectively.
The inhibition efficiency, 7,%, is determined as follows:

n, (%) =L Zer 100 @)

corr

Where o%or and wcorr are the corrosion rates in the absence and presence of inhibitors,
respectively.

2.3. Potentiodynamic polarization measurements

The working electrode was immersed in the test solution until the steady state corrosion
potential (Ecorr) was obtained. The anodic and cathodic polarization curves were recorded by
polarization from a negative direction to a positive direction with the potential sweep rate
equal to 1 mV/s using a VoltaLab PGZ 100 (Radiometer Analytical), monitored by a personal
computer. The evaluation of corrosion kinetics parameters was obtained using a non-linear
regression calculation according to Stern—Geary equation:

i :ia1 +ic :icorr {exp[ba X(E —Em)]—eXp[bcx(E _Ecorr):l} (3)
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Where icorr is the corrosion current density (A cm™), ba and b are the Tafel constants of
anodic and cathodic reactions (V1), respectively. These constants are linked to the Tafel
slopes £ (V/dec) in usual logarithmic scale given by equation (4):

_In10 2303

g b b

(4)
The corrosion parameters were then evaluated by means of nonlinear least square method
by applying equation (2) using Origin software. However, for this calculation, the potential
range applied was limited to +0.100 V around Ecor, else a significant systematic divergence
was sometimes observed for both anodic and cathodic branches.
The corrosion inhibition efficiency is evaluated from the corrosion current densities
values using the relationship (5):

i2 i
npp — _corr corr XlOO (5)

i 0
|

corr

The surface coverage values (0) have been obtained from polarization curves for various
concentrations of inhibitor using the following equation [42]:

g=1-—-2r (6)

lcorr

Where i° and i

corr corr

are the corrosion current densities values without and with inhibitor,

respectively.

2.4. EIS measurements

The electrochemical impedance spectroscopy measurements were carried out using a
transfer function analyzer (VoltaLab PGZ 100), with a small amplitude a.c. signal (10 mV
rms), over a frequency domain from 100 kHz to 100 mHz with five points per decade. The
EIS diagrams were done in the Nyquist representation. The results were then analyzed in
terms of an equivalent electrical circuit using Bouckamp program [43].

The inhibiting efficiency derived from EIS, #eis is also added in Table 3 and calculated
using the following equation (7):

0
Meis = RCtR_ i x100 (7)

ct

Where RJ and R are the charge transfer resistance values in the absence and in the

presence of inhibitor, respectively.
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In order to ensure reproducibility, all experiments were repeated three times. The
evaluated inaccuracy did not exceed 10%.

2.5. Scanning Electron Microscope Characterization (SEM)

The morphological changes over the mild steel surfaces in absence and presence of
Q-(CH3)2 and Q-NO2 compounds were analyzed by Scanning Electron Microscope
Characterization (SEM). Here the specimens were immersed in 0.5 M H>SO; in absence and
presence of optimum concentration (10 M) of inhibitors for 6 h, respectively, then taken out
from the test solutions, cleaned with bi-distilled water and dried it.

3. RESULTS AND DISCUSSION
3.1. Comparative study in 1.0 M HCl and 0.5 M H2SO4

The addition effect of Q-N(CHs)2 and Q-NO: at different concentrations on mild steel
corrosion in 0.5 M H>SOs solutions was studied by weight loss at 298+2 K after 12 h of
immersion. The calculated values of corrosion rate (wcorr) and E(%) are given in Table 1.

Corrosion rate decreases with increase in inhibitor concentration while E(%) values
increase with increase in quinolines derivatives compounds concentration (Table 1). The
inhibition efficiencies in the case of hydrochloric acid show the same trend as those
previously obtained from AC impedance studies [27].

At the highest inhibitor concentration, 10° M, the maximum values of inhibition
efficiency is 95.2% for Q-N(CHz3), and 82.0% for Q-NO2 were obtained in 1.0 M HCI
solution. In the case of H2SO4, a small deviation of E.(%) was observed. The results obtained
IS 93.6% for Q-N(CHa)2 and 92.3% for Q-NO2 (Table 1). This result is best explained in
terms of adsorbability of CI- and SO, [44].

Adsorption of organic molecules is not always a direct combination of the organic
molecules with the metal surface [45]. In some cases, the adsorption occurs through the
already adsorbed chloride or sulphate ions which interfere with the adsorbed organic
molecules [46]. Indeed, the specific adsorption of anions is expected to be more pronounced
with anions having a smaller degree of hydration, such as chloride ions. Being specifically
adsorbed, they create an excess of negative charge towards the solution phase and favour
more adsorption of quinoline derivatives compounds, leading to greater inhibition [47].

It is demonstrated during this study that these compounds are good inhibitor’s for mild
steel corrosion in 1.0 M HCI and 0.5 H2SO4 solution which.

In order to confirm the best protective properties of 5-((X-1H-benzo[d]imidazol-1-yl)-
methyl)quinolin-8-ol (X : -N(CHz)2 and -NO2) in 0.5 M H2SOs medium, the effect of
concentration, temperature and immersion time, was investigated using ac and dc
electrochemical techniques.
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3.2. Effect of concentration sulfuric acid inhibitor’s
3.2.1. Weight loss measurements

The effect of different concentration of substituted quinoline compounds on the inhibition
of mild steel corrosion in 0.5 M H>SO4 was studied using gravimetric method due to its
simplicity and good reliability.

Table 1. Corrosion parameters obtained from weight loss and electrochemical measurements
of mild steel in 0.5 M H2SO4 without and with different concentrations of Q-N(CHzs)2 and
Q-NO2

Inhibitor Weight loss Polarisation curves
Conc. /M Wcorr No Ecorr icorr Tafel plOt (mV deC_l) Mpp 0
(mgem?h?) % (MV/ISCE) (MAcm?) - Ba %
0 1.53 - -451 1850 -90 144 - -
Q-N(CHs)z /0.5 M of H,SO4 / Mild steel
10 0.86 43.8 -458 1014 -125 97 43.7 0.44
10° 0.62 59.5 -489 920 -118 111 50.3 0.50
10* 0.16 89.5 -480 183 -115 114 90.1 0.90
103 0.12 92.2 -500 118 -84 115 936 094
Q-N(CHs)2/ 1.0 M of HCI / Mild steel [27]
10 9.20 76.4 494 226 -86 90 77.0 494
10° 6.01 84.6 475 135 -90 88 86.3 475
10* 3.89 90.1 496 77 -106 99 92.2 496
103 2.67 93.1 482 47 -96 92 95.2 482
Q-NO2/0.5 M of H,SO4 / Mild steel
10 0.79 48.4 -452 1040 -126 103 43.7 0.44
10° 0.56 63.4 -451 680 -120 84 63.0 0.63
10* 0.31 79.7 -461 394 -112 111 79.0 0.79
103 0.14 90.8 -483 154 -102 120 92.3 0.92
Q-NO;/ 1.0 M of HCI / Mild steel [27]
10 32.70 32.7 484 644 -153 78 345 484
10° 19.20 50.7 513 490 -85 66 50.2 513
10* 18.01 53.7 504 450 -87 62 54.3 504
103 6.67 82.9 499 179 -84 73 82.0 499

The observed weight-loss values of triplicate measurements are highly reproducible
giving standard deviations. The inhibition efficiency (n.%) and other parameters such as
corrosion rate (wcorr) and surface coverage (8) at various concentration of the inhibitors are
given in Table 1. Careful examination of the results showed that protection efficiencies of the
studied inhibitors increase with increasing concentrations. Maximum values of (inhibition
efficiency) 92.2% for Q-N(CHs)2 and 90.8% for Q-NO were obtained at 10 M. It has been
reported that at lower concentrations, inhibitors preferably adsorb by flat orientation such that
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as the concentration increases, surface coverage and consequently inhibition efficiency
increases. However, if the concentration of the inhibitor is increased beyond certain
(optimum) value, the inhibitor molecules adsorb perpendicularly onto the metallic surface
due to electrostatic repulsion between the molecules at higher concentration. Therefore, after
the optimum concentration of the inhibitor, the inhibition performance does not change
significantly.

The order of inhibition efficiencies in Table 1 is Q-N(CHz3)2>Q-NO. The high inhibition
efficiency of Q-N(CHs)2 compared to Q-NO: is due to the presence of electron donating (-
CHB3) group in Q-N(CHz3)2 there by enhances its ability to donate charges to the metal during
the adsorption process.

3.2.2. Open circuit potential (OCP) measurements

The variances of OCP of the mild steel as a function of time in aerated 0.5 M H2SO4
solution, in the absence and presence of different concentrations of Q-N(CHs)2 and Q-NO- are
shown in Fig. 1 and 2 respectively.

It was noticed that the addition of the inhibitors molecules induces a continuous shift in
OCP (i.e., Ecorr) to nobler potentials, indicating the spontaneous adsorption of inhibitor onto
the metallic surface.
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Fig. 1. OCP vs. time for mild steel in 0.5 M H>SO4 without and with Q-N(CHs)z
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Fig. 2. OCP vs. time for mild steel in 0.5 M H2SOs, without and with Q-NO-

3.2.3. Potentiodynamic polarization curves

Polarisation curves of the mild steel electrode in 0.5 M H>SO4 without and with addition
of Q-N(CHzs)2 and Q-NO: at different concentrations are shown in Fig. 3 and 4 respectively.
As it can be seen, both cathodic and anodic reactions of mild steel electrode corrosion were
inhibited by the increase of quinoline derivatives concentration in 0.5 M H2SOs. Q-N(CHa)2
and Q-NO: suppressed the cathodic reaction to greater extents than the anodic one, especially
at low concentration.

Current density (mafcm?)

0.3 0.8 0.7 0.8 0.5 0.4 0.2 -0,2 -0,1
Puotential (V/ECS)

Fig. 3. Polarisation curves for mild steel in 0.5 M H2SO4 containing different concentrations
of Q-N(CHs)2 at 298+2 K
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This result suggests that the addition of quinoline derivatives reduces anodic dissolution
and also retards the hydrogen evolution reaction. Tafel lines of nearly equal slopes were
obtained, indicating that the hydrogen evolution reaction was activation-controlled.

Current density {mAscm?)

0.8 0.8 0.7 -0,8 0.5 0,4 0,2 -0,2 -0.1
Potential (V/EC S)

Fig. 4. Polarisation curves for mild steel in 0.5 M H2SO4 containing different concentrations
of Q-NO2 at 298+2 K

Values of corrosion current density (lcorr) are presented in Table 1. The data show that the
lcorr Values decreased considerably in the presence of Q-N(CHs)2 and Q-NO2 and decreased
with increasing inhibitor concentration. No definite trend was observed in the shift of Ecorr
values, in the presence of various concentrations of these inhibitors in 0.5 M H2SO4 solutions.
In anodic domain, we notice that the presence of Q-N(CHs)2 and Q-NOz in 0.5 M H2SO4
results in a reduction of the anodic current density. This result indicated that these inhibitors
exhibited cathodic and anodic inhibition effects.

Therefore Q-N(CHz3)2 and Q-NO2 can be classified as inhibitors of relatively mixed effect
(anodic/cathodic inhibition) in 0.5 M H2SOa.

It is apparent also that the npp followed the order Q-N(CHz)2>Q-NO> such as found by
the weight loss measurements.

From results given in Table 1, an increase of n(%) with inhibitor concentrations, reaching
a maximum value at of 10° M for both inhibitors, was observed, but better performances
were obtained by Q-N(CHz3)..We can conclude that the ability of the molecule to chemisorb
on the iron surface was dependent on the quinoline substitution. The greater inhibition
efficiency may be attributed to the presence of electron donating (-CHs) group in Q-N(CHx)
compared to electron withdrawing (—NO3) substituent present in Q-NOz. These results are
comparable with those calculated from weight loss measurements in Table 1 but a little
difference can be observed. This observation was also reported by several authors [48,49].
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3.2.4. Electrochemical Impedance Spectroscopy (EIS)

The corrosion behaviour of mild steel in 0.5 M H>SO4 solution in the absence and
presence of quinolinee derivatives was also investigated by the electrochemical impedance
spectroscopy (EIS) at 298+2 K. Nyquist plots of mild steel in uninhibited and inhibited acidic
solutions (0.5 M H2S0a) containing various concentrations of Q-N(CHs)2 and Q-NO: are
given in Fig. 5 and 6.

120 | L ;_-.;
. :"'Ill
[e IR
100 % * 107
5 w10t
50 b
T
S el
a3 . ® LI *
= .
= %y o = 4 *e
I~ o o ]
T4 - - *
L = .
o [a] *
o
20 b o
@
o
: g
1 1 1 IOcojﬁ?I} 1 1
0 20 40 &0 ED 100 120 140 180
Z_(0rcm?)
me

Fig. 5. Nyquist diagrams for mild steel in 0.5 M H2SO4 solution in the absence and presence
of various concentrations of Q-N(CHj3)2 at 298+2 K
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Fig. 6. Nyquist diagrams for mild steel in 0.5 M H2SO4 solution in the absence and presence
of various concentrations of Q-NO- at 298+2 K



Anal. Bioanal. Electrochem., Vol. 10, No. 1, 2018, 111-135 122

The impedance response of mild steel in 0.5 M H2SO4 solution was significantly changed
after the addition of both inhibitors, and the impedance of the inhibited system increased with
inhibitor concentration. Furthermore, at 103 M concentration of Q-N(CHs)2 and Q-NO: larger
diameter semicircles were obtained than the other three lower concentrations of these
compounds (Figures 5 and 6). In the presence of these inhibitors, in the completely studied
concentration interval, the electrochemical impedance spectra in complex plane depiction of
Nyquist diagram show a depressed capacitive loop in the high frequency (HF) range and an
inductive loop in the lower frequency (LF) range. The HF capacitive loop can be attributed to
the charge transfer reaction and time constant of the electric double layer and to the surface
non-homogeneity of interfacial origin, such as those found in adsorption processes on metal
surface and the LF inductive loop may be attributed to the relaxation process obtained by
adsorption of the species like CI__ and H__on working electrode surface [50-55]. It may also
be attributed to the adsorption of inhibitor on the electrode surface [56] or to the re-
dissolution of the passivated surface at low frequencies [57]. In other words, the inductive
behaviour at low frequency is probably due to the consequence of the layer stabilization by
products of the corrosion reaction on the electrode surface (for example, [FeOH]ags and
[FeH]ags) involving inhibitor molecules and their reactive products [58].

The LF inductive loop (10® M, 10° M, 10* M and 10° M) of Q-NO2 and (10° M, 10°
M, and 10* M) of Q-N(CHs)2 may be a consequence of the layer stabilization by-products of
the corrosion reaction at the electrode involving inhibitor molecules and their reactive
products [59].

Table 2. Impedance parameters and inhibition efficiency for mild steel in 0.5 M H2SO4
solution without and with different concentration Q-X at 298+2 K

Conc. /M R/Qcm* CaluFcm? Ra/Qcm® n/%
Blank 1.3 244 9 -
Q-N(CHs), /0.5 M H,SO. / Mild steel

10° 4.9 203 16 43.7
10° 4.0 194 18 50.0
10* 2.0 106 107 91.5
103 3.5 104 139 935
Q-NO2/0.5 M H,SO4 / Mild steel

10° 6.3 253 16 43.7
10° 6.0 203 25 64.0
10* 6.2 131 42 79.0

103 4.0 91 118 92.3
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The LF inductive loop was absent for 10° M of Q-N(CHs)2 concentration which may be
attributed to the formation of a protective film causing hindrance in the dissolution process
[60]. The impedance parameters, such as Rs, Ret, Cai and inhibition efficiency » (%), obtained
from fitting the EIS data using the equivalent circuits of Figure 7.a and 7.b, are calculated and
listed in Table 2.

Rs CPE
Rs CPE 3
\

7 Ret RL
Rct

(@) ®

Fig. 7. Equivalent circuit of mild steel in 0.5 M H>SO4 (a) without inductive loop. (b) and
with inductive loop

The characteristic parameters associated to the impedance diagram (Rt and Ca) and n(%)
are given in Table 2. In the case of impedance study, n(%) is calculated using R as described
elsewhere [61]. n(%) for Q-N(CHz)2 and Q-NO2 has increased with inhibitor concentration.
The inhibition efficiencies, calculated from Ac impedance results, show the same trend as
those obtained from dc polarisation and weight loss measurements. Comparison of the n(%)
values obtained using these methods show acceptable agreement. As it can be seen from
Table 2, the Rt values increased with the increasing the concentrations of the inhibitors. On
the other hand, the values of Cq decreased with an increase in the inhibitors concentration.
This situation was the result of an increase the surface coverage by the inhibitor, which led to
an increase in the inhibition efficiency (Table 2). The thickness of the protective layer, dorg,
was related to Cqi by the following equation:

Sorg = SO,Sr/ Cdl (8)

where &g is the vacuum dielectric constant and & is the relative dielectric constant.

This decrease in the Cq, which can result from a decrease in local dielectric constant
and/or an increase in the thickness of the electrical double layer, suggested that the
Q-N(CHz3)2 and Q-NO2 molecules function by adsorption at the metal/solution interface.

Thus, the change in Cqa values was caused by to the gradual replacement of water
molecules by the adsorption of the organic molecules on the metal surface, decreasing the
extent of the metal dissolution [62]. In general, two modes of adsorption can be considered.
The proceeding of physical adsorption requires the presence of electrically charged metal
surface and charged species in the bulk of the solution. Chemisorption process involves
charge sharing or charge transfer from the inhibitor molecules to the metal surface. This is
possible in case of positive as well as negative charges on this surface. The presence, with a
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transition metal, having vacant, low-energy electron orbital, of an inhibitor molecule having
relatively loosely bound electrons or heteroatoms with lone-pair electrons facilitates this
adsorption [63,64]. In other hand, the quinolines derivatives which possess two nitrogen
atoms with electron-pair donors can accept a proton, leading the cationic forms. These
species can be adsorbing by the metal surface because of attractive forces between the
negatively charged metal and the positively charged quinolines.
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Fig. 8. Nyquist and Bode diagrams (log f vs. log|Z|) and phase angle (log f vs. a°) plot
of impedance spectra for mild steel in 0.5 M H2SO; at 298+2 K
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of impedance spectra for mild steel / 0.5 M H2SO4 / 10° M Q-N(CHs). interface: (scater)
experimental; (---) fitted data using structural in Fig. 4b



Anal. Bioanal. Electrochem., Vol. 10, No. 1, 2018, 111-135 125

LI - Y-

114 e -1
0o ——Fmng arves ——FErg anes -
20 ]

(2 cm'}
5 S
(r2.cnf)
f;
-4
]
k{_.‘%
X.

:I
&
T
fog 2
o~ -
‘h‘w

phase angle o« /™

N ] L.
10 —i ) -os0
05
[, ra . .‘q"’-'—!lluu._'_"“
- > N ] "
= T T r T T T + T T T T =3 T T T T T -
[ 20 40 &0 - 1= 120 e.1 1 10 1= 1600 10000 100000

2. (QenT g fiEE

Fig. 10. EIS Nyquist and Bode diagrams (log f vs. log|Z|) and phase angle (log f vs. a°) plot
of impedance spectra for mild steel/0.5 M H2S04/10° M Q-NO; interface: (scater)
experimental; (---) fitted data using structural in Fig. 4b

Excellent fit with the model was obtained for all experimental data (Fig. 8, 9 and 10). The
Nyquist and Bode plots of both experimental and simulated data of mild steel in 0.5 M H2SO4
solution without and with 10 M of Q-(CHs), and Q-NO; are shown in Fig. 8, 9 and 10. It is
clear that the impedance plots are in accordance with those calculated by the used equivalent
circuit model. Various parameters such as charge-transfer resistance (Rct) and double layer
capacitance (Cq) obtained from impedance measurements are shown in Table 2, which
contains all the impedance parameters obtained from the simulation of experimental
impedance data, including Ret.

Current density {madem?)

-0.% -0k -0.7 -0.2 -0.8 -0.4 -0 -0.2

FPotential (WIECS)

Fig. 11. Potentiodynamic polarization curves for mild steel in 0.5 M H2SO, at different
temperature
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3.3. Effect of temperature

The effect temperature on the corrosion inhibition of mild steel 0.5 M H>SO4 without and
with inhibitors was studied in the temperature range 298 to 328+2 K. Their potentiodynamic
polarization is shown in Fig. 11 and 12,

10” 5

10° 4

1x10* 4

1x10°

Current density (mA/Cm?)

Currert density (mAem™)

10° 3

T T T T T T T
T T -09 Rk =i 05 -5 04 0= -azs 1

09 08 07 06 05 04 03 02 01
Potential (V/ECS) Potential (W/ECS)
(a: Q-N(CHa)2) (b: Q-NO2)

Fig. 12. Potentiodynamic polarization curves for mild steel in 0.5M H;SO4 with 1073 of
quinoline derivatives at different temperature

Table 3. Electrochemical and activation parameters and the corresponding inhibition
efficiencies at various temperature of mild steel in 0.5 M H>SO;4 in absence and presence of
10 M of quinoline derivatives

Temperature Ecorr icorr nep Es 4 AHa A5 o
(K) (MVISCE) (mAcm?) (%) (KJmor) rfwif‘l) (J K= mol™)
Blank solution (0.5 M H,SO. without inhibitor’s)

298+2 -451 1850 - 15.2 12.5 -28.6
303+2 -453 2250 - - - -

318+2 -449 2480 - - - -

328+2 -442 3340 - - - -

1073 of Q-N(CH3)2/ 0.5 M of H,SO.,

298+2 -500 118 93.6 457 43.1 50.7
303+2 -527 190 916 - - -

318+2 -507 328 86.8 - - -

328+2 -450 644 80.7 - - -

1073 of Q-NOz /0.5 M of H,SO,

298+2 -483 154 91.7 37.0 34.5 23.6
303+2 -585 201 91.1 - - -

318+2 -628 369 85.1 - - -

328+2 -660 577 827 - - -
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Table 3 shows the electrochemical parameters extracted from the potentiodynamic
polarization curves of mild steel in 0.5 M H2SOs in the presence of 10 M of each substituted
quinoline compounds. It is clear that the current density values increased and the inhibition
efficiency of the studied compounds decreased slightly with increasing of temperature.

However, the logarithm of corrosion rates (Ln icor) Versus reciprocal of absolute
temperature (1/T) for 0.5 M H>SO4 without and with substituted phenyltetrazole was
examined (Figure 13) using the Arrhenius equation:

LN icoyy = — 1%+ LnA (9)

where A is the Arrhenius pre-exponential constant, R is the universal gas constant, E, is the
apparent activation energy and T is the absolute temperature. The values obtained from the
slope of the linear plots are shown in Table 3.
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Fig. 13. Arrhenius plots of mild steel in 0.5 M H2SO4 without and with 10 M of different
substituted quinoline

It is found that all the linear regression coefficients are close to 1, indicated that the
corrosion of mild steel in hydrochloric acid can be explained using the kinetic model. As
observed from the Table 3, the Ea increased with Q-N(CHs). addition and decreased in the
case of Q-NO: addition compared to the uninhibited solution (Blank solution). The increase
in Ea in the presence of Q-N(CHz)2 may be interpreted as physical adsorption. Indeed, a
higher energy barrier for the corrosion process in the presence of inhibitors was associated
with physical adsorption or weak chemical bonding between the inhibitors species and the
mild steel surface [65,66]. Szauer et al. have explained that the increase in Ea can be
attributed to decrease in the inhibitor adsorption at metallic surface with the rise of
temperature [67]. Q-N(CHz3)2 is an organic base that easily protonates to give a cationic form
in acid medium. The Ea value was greater than 20 kJ mol™ in both the presence and absence
of inhibitor, which revealed that the entire process was controlled by the surface reaction
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[68]. So, the decrease of Ea in the case of Q-NO probably was attributed to chemisorption of
these inhibitors molecules on the mild steel surface [69]. In this context, Singh et al. have
considered that the increase in temperature caused an increase in the electron density at the
adsorption centers, which improved the inhibition efficiency.

The other kinetic parameters such as enthalpy of adsorption (AHa.) and entropy of
adsorption (ASa) were obtained from transition state equation:

il = (1) (5 - @

Where icorr is the corrosion rate, h the Plank’s constant and N is Avogrado's number, AH,
the enthalpy of activation and AS, the entropy of activation.

e | I I I : i : . T T T T T T
— 4 —
Lol 4777‘ ]
15+ |
< = 10-3M du prodit 2 -
= 1op e 10-3Mdu produit 1 ]
: 3 < Blank -
< osl S ]
e | o |
5 00| TS ]
s | o |
5 o5t = |
L \\\\:\\ . - |
10 o
B I I . | 1 1 1 1 1

300 305 310 315 320 325 330 335 340
1000/T K*

Fig. 14. Transition Arrhenius plots of mild steel in 0.5 M H2SO4 without and with 103 M of
different substituted quinoline

Figure 14 shows the variation of Ln (icon/T) function (1/T) as a straight line with a slope
of (-AH«/ R) and the intersection with the y-axis is [Ln(R/Nh)+(ASa /R)]. From these
relationships, values of ASa and AHa can be determined. The activation parameters (AHa and
ASa) which determined from the slopes of Arrhenius lines without and with inhibitors, are
summarized in Table 3. It is seen that the AHa value for dissolution reaction of mild steel in
0.5 M H2SO04 in the presence of Q-N(CHs3): is higher than that in the presence Q-NO. and the
free solution. In addition, the AHa values in the presence Q-NO; are lower than that in their
absence.

However, the positive values of AHa for both corrosion processes without and with
inhibitors reveal the endothermic nature of the mild steel dissolution process and indicate that
the dissolution of the mild steel is difficult [70]. The same remarks were observed for the Ea
values indicating that the corrosion process must involve a gaseous reaction, simply the
hydrogen evolution reaction, associated with a decrease in the total reaction volume [71].
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Additionally, Table 3 shows that the ASa values increase with the presence of Q-N(CHzs)2
compared to blank solution, which mean an increase in disorder during the transition from
reactant to the activated complex during corrosion process [72]. Also the ASa values tend to
more negative values as the Q-NO; addition showing more ordered behaviour leading to
increase inhibition efficiency.

3.4. Mechanism of adsorption and inhibition

A clarification of the mechanism of inhibition requires full knowledge of the interaction
between the protective organic inhibitor and the metal surface. The corrosion behavior of
mild steel in H>SO4 solution has received considerable attention in the literature [73,74]. The
mechanism of the anodic dissolution of iron is shown in the following equations:

[H20]ads + SO4%” — H20 + [SO4%ads (11)
Fe + SO4> < [FeSO0s% ]ads (12)
[FeS04?ads <> [FeSOxs]ags + 2 - (13)
[FeSOsags <> Fe?* + SO4* (14)

Assumed in presence of SO4% ions, reaction (9) rapid proceeds on the metal surface.
Hence, the anodic iron dissolution was controlled by both electrodissolution of mild steel and
diffusion of soluble [FeSOa]ags to the bulk solution. As illustrated in Fig. 15, a mechanism has
been proposed to explain the adsorption model of inhibitor (Inh) on the mild steel surface. In
the low-lying area, sulfate anions are first adsorbed onto the positively charged metal surface.
Because quinoline derivatives are organic bases, then Q-N(CHs)2 and Q-NO2 molecules can
exist as protonated form (Org.inh,H") in acidic solution.

2

SO,
) Inh(H")
. Q-N(CHs), or Q-NO,

Medium (H,SO,)

20000000 00

Fig. 15. Proposed mechanism for the adsorption of inhibitor molecules on the mild steel
surface in H2SO4 medium

Inhibitor quickly reacts with “Fe” and forms a strong protective layer in the non-corroded
area. The layer is very thin and is presumably a single monolayer. On the other hand, Inh(H")
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reacts with Fe(I1) and forms a thick and protective [FeSO4%, Org.inh,H*] complex. Therefore,
aggressive ions were obstructed by the protective film and the steel was effectively protected
from corrosion. Cathodic chemical process occurs as following: [75]

Fe + H" < [FeH"aas (15)
[FEH+]ads +e & [FCH]ads (16)
[FeH]ads + H"+e < Fe + H» (17)

Then, the protonated inhibitor molecules can be also adsorbed at cathodic sites of mild
steel in competition with hydrogen ions that going to reduce to H> gas evolution.

3.5. Surface morphology analysis

The surface morphology of mild steel due to corrosion process was confirmed by the
SEM images of the polished and corroded mild steel surface in the absence and presence of
inhibitors (Figs. 16 and 17).

Fig. 16. Surface morphology of mild steel after immersion for 6 h in 0.5 M H>SO4 without
inhibitor

C)) (b)
Fig. 17. Surface morphology of mild steel after immersion for 6 h in 0.5 M H2SO4 (a) with
10 M of Q-N(CHs)2 and (b) with 102 M of Q-NO;
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Fig. 16 represents the SEM image for mild steel surface in 0.5 M H>SOs; without
inhibitors. It was found that the surface morphologies served as a good indicator of the
severity of corrosion attack. However, SEM images of mild steel surface in the presence of
inhibitors were observed to be smoother than that of mild surface in 0.5 M H>SO4 alone
(Figs.17a and 17b).

The influence of the inhibitors addition on the sulfuric acid medium is shown in Fig. 17.
The morphology shows a rough surface, characteristic of uniform corrosion of mild steel in
acid, that corrosion does not occur in presence of inhibitors and hence corrosion was
inhibited strongly when the inhibitors was present in the sulfuric acid solution, and the
surface layer is very rough. Also, there is an adsorbed film adsorbed on mild steel surface
Fig. 17. In accordance, it might be concluded that the adsorption film can efficiently inhibits
the corrosion of mild steel.

4. CONCLUSION

The studied organic compounds Q-N(CH3)2 and Q-NO2 shows excellent inhibition
properties for the corrosion of mild steel in 0.5 M H2SO4 at 29812 K, and the corrosion rate
of mild steel decreased with increasing the inhibitor’s concentration to reach a minimum at
10-3 M. However, the inhibition efficiency decrease with temperature of the synthesized
inhibitors and the order of inhibition efficiency decreased as follows: Q-N(CH3)2 > Q-NO2.
These compounds act as mixed type inhibitors. The results of EIS indicate that the values of
Cdl tend to decrease and both Rct and n% tends to increase with increasing the inhibitors
concentrations. This result can be attributed to an increase of the thickness of the protective
film formed on the mild steel surface. These inhibitors were found to obey Langmuir
adsorption isotherm. Thermodynamic adsorption parameters (AHa, ASa and AGa) showed
that the studied inhibitor was adsorbed on mild steel surface by an endothermic and
spontaneous process. Reasonably good agreement was observed between the obtained data
from weight loss, potentiodynamic polarization curves and electrochemical impedance
spectroscopy techniques. The passive film formed on the metal surface was characterized by
SEM.
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