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a b s t r a c t

Two novel Schiff bases, 5-bromo-2-[(E)-(pyridin-3-ylimino)methyl]phenol (HBSAP) and 5-bromo-2-[(E)-
(quinolin-8-ylimino)methyl]phenol (HBSAQ) have been synthesized. They have been characterized by
elemental analysis and spectroscopic techniques (UV–Vis, IR and NMR). Moreover, the molecular struc-
ture of HBSAP and HBSAQ compounds are determined by single crystal X-ray diffraction technique. The
inhibition activity of HBSAP and HBSAQ for carbon steel in 3.5% NaCl + 0.1 M HCl for both short and long
immersion time, at different temperatures (20–50 �C), was investigated using electrochemistry and
surface characterization. The potentiodynamic polarization shows that, the inhibitors molecule is more
adsorbed on the cathodic sites. Its efficiency increases with increasing inhibitor concentrations (92.8%
at the optimal concentration of 10�3 M for HBSAQ). Adsorption of the inhibitors on the carbon steel
surface was found to obey Langmuir’s adsorption isotherm with physical/chemical nature of the adsorp-
tion, as it is shown also by scanning electron microscopy. Further, the electronic structural calculations
using quantum chemical methods were found to be in a good agreement with the results of the
experimental studies.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

One of the main problems in the industrial process is corrosion
of metals leading to increase in manufacturing costs, thereby
production costs. Carbon steel has been one of the most important
and widely used materials, playing a central role as basic material
for the metallurgical industries. There are various techniques to
protect carbon steel against corrosion in rough environments [1–
3]. The use of corrosion inhibitors is one of the most economical
and practical method to reduce the corrosive attack of the environ-
ment on carbon steel surface [4]. Corrosion inhibitors are common-
ly added in small amounts to corrosive environments to control
corrosion. The inhibitors act at the interphase created by corrosion
product between the metal and aqueous aggressive solution and
their interaction with the corroding metal surface, through adsorp-
tion process, often leads to a change in the surface available to the
process or in either the mechanism of the electrochemical process
at the double layer [5].

In the literature, several Schiff bases have reported as effective
corrosion inhibitors for different metals and alloys in acidic media
[6–9]. Increasing popularity of Schiff bases in the field of corrosion
inhibition science based on the ease of synthesis from relatively
inexpensive starting materials and their eco-friendly or low toxic
properties [10,11]. Due to the presence of the AC@NA group,
electronegative nitrogen, sulfur and/or oxygen atoms in the mole-
cule, Schiff bases should be good corrosion inhibitors. The action of
such inhibitors depends on the specific interaction between the
functional groups and the metal surface [12,13]. These molecules
normally form a very thin and persistent adsorbed film that lead
to decrease in the corrosion rate due to the slowing down of anod-
ic, cathodic reaction or both [14,15]. Chloride containing acidic
medium was used extensively in chemical and several industrial
processes [16,17]. Therefore, the protection efficiency of inhibitors
in this medium is very important.

Theoretical computational chemistry has been used recently to
explain the mechanism of corrosion inhibition [3]. Electronic
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structural calculations using quantum chemical methods have
been proved to be a very powerful tool for studying the electronic
properties of the system and from here to discuss or elucidate a
possible mechanism [3]. In this approach, the electronic properties
relevant to the inhibiting action are calculated [18–20]. Ashassi-
Sorkhabi et al. [21] investigated the possible application of benzyli-
dene-pyridine-2-yl-amine, (4-benzylidene)-pyridine-2-yl-amine
and (4-chloro-benzylidene)-pyridine-2-yl-amine as the corrosion
inhibitors for mild steel in 1 M HCl solution. The experimental ana-
lysis shows that (4-chloro-benzylidene)-pyridine-2-yl-amine has
better performance than the other inhibitors, which is supported
by theoretical calculations [21]. In this study, synthesis, charac-
terization, theoretical parameters and the inhibiting properties of
two novel Schiff bases namely 5-bromo-2-[(E)-(pyridin-3-
ylimino)methyl]phenol (HBSAP) and 5-bromo-2-[(E)-(quinolin-8-
ylimino)methyl]phenol (HBSAQ) for carbon steel protection in
3.5% NaCl + 0.1 M HCl have been investigated. Electrochemical
measurements have been performed and the adsorption mechan-
ism was elucidated. The effect of temperature, inhibitor concentra-
tion and immersion time on the inhibition efficiency of carbon
steel was also studied. The surface morphology of the carbon steel
was examined with a scanning electron microscope (SEM) in the
presence and absence of HBSAQ. In addition, the energies of the
highest occupied molecular orbital (EHOMO), the lowest unoccupied
molecular orbital (ELUMO), the energy gap (DE) and charge density
distribution on the atoms were calculated.
2. Materials and methods

2.1. Synthesis of Schiff base compounds

Starting materials were purchased from Aldrich and all
manipulations and used directly without further purification in
the preparation of the Schiff bases compounds.
2.1.1. Synthesis of 5-bromo-2-[(E)-(pyridin-3-ylimino)methyl]phenol
(HBSAP) compound

Suitable orange crystals were obtained directly from the
synthesis of HBSAP compound. A solution of 4.04 g of 5-bromos-
alicylaldehyde (20 mmol) were dissolved in 60 ml of ethanol and
heated to reflux. On the other hand, 3-aminopyridine (1.89 g,
20 mmol) was dissolved in 50 ml of ethanol. The mixture of both
solutions was refluxed for 3 h. Yield: 90%. IR (cm�1) 1615 s,
1560 m, 1474 s, 1354 s, 1273 s, 1181 s, 977 w, 915 w, 809 s, 699
m, 563 w, 451 w. Elemental analysis calculation for HBSAP
(C12H9N2OBr): C, 51.96; H, 3.24; N, 10.10%. Found: C, 51.77; H,
3.11; N, 10.11%. 1H NMR (400 MHz, DMSO-d6): d(ppm) 6.81 (d,
1H), 7.41 (d, 1H), 7.8 (s, 1H), 7.34 (t, 1H), 8.31 (s, 1H), 8.45(d, 1H),
7.71 (s, 1H), 8.59 (s, 1H), 13.48 (s, 1H).
Table 1
List of the synthesized Schiff base compounds includes abbreviation, name, M. wt and
structure.

Compound name Abbreviation Structure M. wt

5-Bromo-2-[(E)-
(pyridin-3-
ylimino) methyl]
phenol

HBSAP

N

N

OHBr

277.12

5-Bromo-2-[(E)-
(quinolin-8-
ylimino) methyl]
phenol

HBSAQ

N

OHBr

N 327.18
2.1.2. Synthesis of 5-bromo-2-[(E)-(quinolin-8-ylimino)methyl]phenol
(HBSAQ) compound

Suitable bright-red crystals were obtained directly from the
synthesis of the HBSAQ compound. A solution of 4.04 g of 5-bro-
mosalicylaldehyde (20 mmol) were dissolved in 60 ml of ethanol
and heated to reflux. On the other hand, 8-aminoquinoline
(5.76 g, 20 mmol) was dissolved in 50 ml of ethanol. The mixture
of both solutions was under reflux for 3 h. Yield: 87%. IR (cm�1)
1617 s, 1474 m, 1382 w, 1283 m, 1186 m, 964 w, 828 m, 792 s,
753 m, 589 m, 482 m. Elemental analysis calculation for HBSAQ
(C16H10N2OBr): C, 58.68; H, 3.06; N, 8.56. Found: C, 58.89; H,
3.15; N, 8.42%. 1H NMR (400 MHz, DMSO-d6): d(ppm) 6.97 (d,
1H), 6.99 (d, 1H), 7.89 (d, 4H), 7.94 (d, 1H), 8.43 (d, 1H), 8.46 (d,
1H), 8.98 (s, 1H), 9.11 (s, 1H), 14.08 (s, 1H).
2.2. Structure determination

C, H and N analyses were performed with a Perkin–Elmer 2400
series II analyzer. Infrared spectra (4000–400 cm�1) were recorded
from KBr pellets on a Bruker IFS-125 FT-IR spectrophotometer.
NMR spectra were measured and recorded in the Central Lab.,
Chemistry Department, Faculty of Science, Sohag University at
25 �C on a multinuclear FT-NMR spectrometer Bruker ARX400 at
400.1 (1H) and 100.6 (13C and dept) MHz. The 1H and 13C chemi-
cal shifts d are given in ppm absorption spectra were recorded with
1 nm resolution for all cases on a Cary 100 Bio UV–
spectrophotometer.

2.3. Crystal structure determination

Single crystal diffraction data for HBSAP and HBSAQ were
collected on a yellow plate on a Bruker APEXII SMART diffractome-
ter at the Facultat de Química, Universitat de Barcelona, using a
microfocus Molybdenum ka radiationsource. The crystal was kept
at 101.0 K during data collection. Using Olex2 [22], the structure
was solved with the ShelXS-2013 [23] structure solution program
using Direct Methods and refined with the olex2.refine [24] refine-
ment package using Gauss–Newton minimization.

2.4. Chemical composition of carbon steel alloy

The chemical composition (wt%) of carbon steel C1018 elec-
trodes used in this study was C 0.18%, Si 0.17%, Mn 0.70%, P
0.011%, S 0.03%, Ni 0.01%, Cr 0.01% and Fe balance. The data were
provided by European Corrosion Supplies Ltd.

2.5. Test solution

The aggressive solution 3.5% NaCl + 0.1 M HCl (pH = 1.29), 3.5%
NaCl (E. Merck), was prepared by dissolving of analytical grade
NaCl in deionized water. Appropriate volume (0.1 M) of the acid
was added to NaCl solution. The concentration range of inhibitors
employed was 1 � 10�5 to 1 � 10�3 M in 3.5% NaCl + 0.1 M HCl. All
the Schiff bases inhibitors (as sodium salt) are soluble in bidistilled
water. The scheme of the structures of HBSAP and HBSAQ
compounds is shown in Table 1.

2.6. Corrosion measurements

All the experiments were performed at atmospheric pressure in
a one liter glass cell. It consisted of a typical three electrode
configuration where a carbon steel was used as working electrode
(A = 4.55 cm2). This electrode was used for one time, a concentric
platinum wire was used as a counter electrode and a saturated
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Fig. 1. UV–vis spectra of 10�6 M HBSAP and HBSAQ compounds in CH2Cl2.
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calomel electrode (SCE) electrode served as reference to which all
potentials are referred.

The glass cell was filled with the prepared 3.5% NaCl + 0.1 M HCl
solution. Then this cell was thermostated at temperature range 20–
50 �C for 1 h before beginning the experiment. In order to remove
any surface contamination and air formed oxide, the working elec-
trode was kept at �1500 mV (SCE) for 5 min in the tested solution,
disconnected shaken free of adsorbed hydrogen bubbles and then
cathodic and anodic polarization was recorded. VersaSTAT4 poten-
tiostat/galvanostat connected with laptop was used for the
measurements.

Each experiment was performed with freshly prepared solution.
Measurements were conducted at 20, 30, 40, and 50 ± 0.5 �C for the
investigated 3.5% NaCl + 0.1 M HCl solution. For this purpose,
magnetic stirrer with heater (115 V, 50/60 Hz) was used. Some
experiments were repeated two or three times and reproducibility
were found to be satisfactory.

2.6.1. Potentiodynamic measurements
The extrapolation of cathodic and anodic Tafel lines was carried

out in a potential range ±250 mV vs. the corrosion potential (Ecorr)
at scan rate of 1 mV/s. The linear Tafel segments of anodic and
cathodic curves were extrapolated to corrosion potential to obtain
corrosion current densities (Icorr).

2.6.2. Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) measurements

were performed with a phase-sensitive detector (amplifier)
(Model 5208) driven by using VersaSTAT4 potentiostat/galvanostat
with a frequency response analyzer (FRA) contained in a single unit
and connected with laptop. EIS measurements were conducted in
3.5% NaCl + 0.1 M HCl solution at 50 �C after 45 min immersion.
Measurements were performed in the frequency range from
100 kHz to 0.5 Hz. The amplitude of the voltage perturbation was
10 mV RMS. All experiments were performed at open circuit
potential (Eo.c.p). The EIS results were represented using Nyquist,
Bode and phase angle plots. The Nyquist representations of the
impedance data were analyzed with ZSimDemo V3.60 software.
Moreover, the effect of exposure time of the carbon steel sample
to the corrosion media was also studied.

2.7. Surface characterization

The micrographs of corroded and inhibited carbon steel sur-
faces were examined using scanning electron microscope (JEOL,
model 5300). The energy of the acceleration beam employed was
30 kV.

2.8. Theoretical calculations and simulation

All molecular orbitals calculations are run with restricted
Hartree–Fock wave functions. Full geometry optimization by an
eigenvector following (EF) method without restriction of any sym-
metry was conducted using the MOPAC 2002 program [25] in
WinMOPAC 3.9 (Fujitsu Ltd.) as graphic interface with the AM1
parameterization implemented therein. Some of the quantum che-
mical parameters such as dipole moment (l), EHOMO, ELUMO, energy
gap (DE), chemical hardness (g), electronic chemical potential (pi),
softness (r), susceptibility v and electrophilicity (x) of the Schiff
base models were calculated. The concepts of these parameters
are related to each other as follows [26,27]:

Pi ¼ �v ð1Þ

Pi ¼ EHOMO þ ELUMO

2
ð2Þ
g ¼ EHOMO � ELUMO

2
ð3Þ

DE ¼ ELUMO � EHOMO ð4Þ

r ¼ 1
g

ð5Þ

According to frontier molecular orbital theory, the chemical
reactivity is a function of interaction between HOMO and LUMO
levels of reacting species [27]. The discussion of the theoretical
computational studies will be done.
3. Results and discussions

3.1. Chemical structure of the synthesized phenolic Schiff bases
inhibitors

3.1.1. Elemental analysis
It is clear from data that, the experimental characterization

tools shown for both HBASP and HBSAQ compounds are in good
agreement with the theoretical values calculated.

3.1.2. IR and electronic spectra
Infrared spectra for both inhibitors system were recorded in the

range of 400–4000 cm�1. A broad hydroxyl (AOH) peak is observed
in the range of 3207–3338 cm�1. The low frequency and the broad-
ening of these bands suggest that these compounds have a strong
hydrogen bonding (OAH� � �N) in the solid state [28,29]. The peaks
appearing in the region 1615 and 1610 cm�1 for HBSAP and
HBSAQ respectively, are attributed to m(C@N) stretching indicating
that condensation between aldehyde and amine has taken place,
resulting in the formation of the desired Schiff base compounds
[30,31]. The appearance of bands at 1283 and 1273 cm�1 for
HBSAP and HBSAQ respectively are mainly due to the bending of
CAO bond.

The UV–visible spectroscopy of both two investigated
compounds was conducted in CH2Cl2 at room temperature at con-
centration 10�5 M, respectively. The inhibitors, which are mainly
organic compounds, have absorption in ultraviolet region (200–
350 nm) of the electromagnetic spectrum and in some cases these
bands extends over to higher wavelength region due to conjuga-
tion. The spectral profiles at 265–275 nm are due to ligand centered
transitions (intraligand (IL) p–p⁄ of benzene (cf. Fig. 1). Absorption



Fig. 2. (a) ORTEB diagram showing atomic numbering scheme and (b) close packing structure for HBSAP and HBSAQ compounds.
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bands around 358 and 353 nm were observed and assigned to
n ? p⁄ transitions originating from the amide or imine function
of the Schiff base ligand [29,30].

3.1.3. NMR spectra
Data are reported along with the possible assignments in

experimental. From the 1H NMR spectra of HBSAP and HBSAQ all
the protons were identified. The 1H NMR spectra of HBSAP and
HBSAQ show a singlet due to the hydrogen bonded AOH proton
Table 2
Crystal data and structure refinement for HBSAP and HBSAQ compounds.

Empirical formula C12H9N2OBr (HBSAP)

Formula weight 277.12
Temperature (K) 101.0
Crystal system Monoclinic
Space group P21/c
a (Å) 4.4525(3)
b (Å) 19.5299(12)
c (Å) 12.0853(7)
a (�) 90.00
b (�) 94.958(4)
c (�) 90.00
Volume (Å3) 1046.97(11)
Z 4
qcalc (mg/mm3) 1.7580
m (mm�1) 3.902
F(000) 551.1
Crystal size (mm3) 0.25 � 0.05 � 0.05
2H range for data collection 4.18–60.36�
Index ranges �6 6 h 6 6, �24 6 k 6 27, �
Reflections collected 11,723
Independent reflections 3061 [Rint = 0.0690, Rsigm
Data/restraints/parameters 3061/0/147
Goodness-of-fit on F2 1.010
Final R indexes [I P 2r (I)] R1 = 0.0476, wR1 = 0.0926
Final R indexes [all data] R1 = 0.0888, wR2 = 0.1083
Largest diff. peak/hole (e Å�3) 1.06/�1.09
in the region of 13.48 and 14.08 ppm. Signals in the region 8.59
and 9.11 ppm are assigned to the ACH@N of the Schiff bases. It
was observed that DMSO did not have any coordinating effect on
the prepared ligands.

3.1.4. X-ray crystallographic studies
Fig. 2 shows the ORTEP diagram with atomic numbering

scheme and close packing structure for HBSAP and HBSAQ com-
pounds, respectively. Details of crystallographic parameters, data
C16H10N2OBr (HBSAQ)

327.18
101.0
Monoclinic
P21/c
16.4618(10)
4.6857(2)
17.1568(10)
90.00
99.747(3)
90.00
1304.29(12)
4
1.6661
3.147
655.1
0.125 � 0.125 � 0.1
4.18–60.22�

16 6 l 6 16 �20 6 h 6 19, �6 6 k 6 6, �24 6 l 6 19
10,833

a = 0.0832] 3477 [Rint = 0.0661, Rsigma = 0.0791]
3477/114/183
1.077
R1 = 0.0760, wR1 = 0.2409
R1 = 0.1016, wR2 = 0.2872
2.60/�2.92



Table 3
Selected bond lengths and angles of HBSAP and HBSAQ compounds.

HBSAP HBSAQ

Bond lengths (Å)
Br(1)AC(12) 1.898(3) N(1)AC(6) 1.3633(2)
O(1)AC(7) 1.358(4) N(1)AC(7) 1.3211(2)
N(1)AC(4) 1.426(4) N(2)AC(4) 1.2819(2)
N(1)AC(5) 1.286(4) N(2)AC(5) 1.4075(2)
N(2)AC(1) 1.333(4) O(1)AC(11) 1.3389(2)
N(2)AC(10) 1.343(4) C(1)AC(2) 1.3825(2)
C(1)AC(2) 1.385(5) C(1)ABr(1) 1.9009(2)
C(2)AC(3) 1.383(4) C(2)AC(3) 1.3871(2)
C(4)AC(10) 1.394(4) C(14)AC(15) 1.4110(3)
C(9)AC(12) 1.390(4) C(12)AC(13) 1.40233(19)

Bond angles (�)
C(5)AN(1)AC(4) 120.2(3) C(7)AN(1) –C(6) 117.927(13)
C(10)AN(2)AC(1) 117.5(3) C(5)AN(2) –C(4) 122.226(18)
C(2)AC(1)AN(2) 123.1(3) Br(1)AC(1)AC(2) 119.728(15)
C(3)AC(2)AC(1) 119.0(3) C(3)AC(11)AO(1) 122.547(13)
C(3)AC(4)AN(1) 117.4(3) C(10)AC(11)AO(1) 118.207(17)
C(10)AC(4)AN(1) 124.8(3) C(5)AC(6)AN(1) 118.954(13)
C(10)AC(4)AC(3) 117.8(3) C(15)AC(6)AN(1) 122.172(15)
C(6)AC(5)AN(1) 121.1(3) C(8)AC(7)AN(1) 123.491(16)
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Fig. 3. Potentiodynamic polarization curves for the carbon steel in 3.5%
NaCl + 0.1 M HCl in the absence and presence of different concentrations of
inhibitors (a) HBSAP and (b) HBSAQ at 50 �C.
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collection and refinements are listed in Table 2. Selected bond
lengths (Å) and angles (�) for HBSAP and HBSAQ are listed in
Table 3. The bond lengths of N(1)AC(5) and N(2)AC(10) are
1.286(4) and 1.343(4) Å, respectively for HBSAP compound, but
in the case of HBSAQ the bond lengths of N(1)AC(6) and
N(2)AC(4) are 1.3633(2) and 1.2819(2) Å, respectively, which cor-
respond to typical double bond characteristic. Bond angles
C(5)AN(1)AC(4), 117.5(3)�; C(10)AN(2)AC(1), 117.5(3)� and
C(10)AC(4)AN(1), 124.8(3)� for HBSAP compound and
C(7)AN(1)AC(6), 117.927(13)�; C(5)AN(2)AC(4), 122.226(18)�
and C(3)AC(11)AO(1), 122.547(13)� for HBSAQ compound were
also found.

3.2. Potentiodynamic polarization measurements

3.2.1. Effect of inhibitor concentration
Fig. 3a and b shows the polarization curves of C1018 carbon

steel in 3.5% NaCl + 0.1 M HCl solution (pH = 1.29) in the absence
and presence of various concentrations (1 � 10�5–1 � 10�3 mol/l)
of inhibitors HBSAP and HBSAQ, respectively at 50 �C. The nature
of the polarization curves remains almost same in the absence
and the presence of both the inhibitors but in the presence of
investigated inhibitors the curves shifted toward the lower current
density as compared to the blank. The shift in current density
toward lower current density in the presence of inhibitors increas-
es on increasing the concentration of the inhibitors.

In order to obtain information about the kinetics of the corro-
sion, some electrochemical parameters, i.e., corrosion potential
(Ecorr), cathodic (bc) and anodic (ba) Tafel slopes, corrosion current
density (Jcorr), coverage surfaces (h) and the inhibition efficiency
(g%) were obtained from the Tafel extrapolation of the polarization
curve. These parameters are summarized in Table 4. The
dependence of the degree of surface coverage (h) and the inhibition
efficiency (g%) on the concentration of the inhibitor were calculat-
ed using the following equations [32]:

g% ¼
Juninh:�Jinh:

Juninh:
� 100 ð6Þ

h ¼
Juninh:�Jinh:

Juninh:
ð7Þ

where Juninh. and Jinh. are corrosion current densities in the absence
and presence of the inhibitor, respectively. The corrosion current
density values were determined by the extrapolation of the linear
portions of the anodic current–potential curves to the correspond-
ing corrosion potentials (Ecorr). The corrosion current density (Jcorr)
decreases in the presence of the studied Schiff bases inhibitors com-
pared to the blank solution, indicating that these inhibitors are
adsorbed on the steel surface and inhibits the corrosion process.

The potentiodynamic polarization curves in Fig. 3 shows a
reduction in anodic and cathodic currents in the presence of the
tested inhibitors compared to the blank solution, that indicates
the hydrogen evolution and dissolution metal were inhibited.
Furthermore, the parallel variation of cathodic and anodic Tafel
curves shows that the mechanism of inhibition in the presence of
the investigated inhibitors is activation controlled, while the metal
dissolution mechanism is not affected by the presence of these
Schiff base inhibitors [33].

Examination of Table 4 shows that Jcorr in 3.5% NaCl + 0.1 M HCl
is very high indicating strong corrosiveness of carbon steel in these
acidic chloride media. In the presence of the inhibitors (HBSAP and
HBSAQ), the Jcorr is seen to drop remarkably and the extent of
reduction is found to be concentration dependent. As the inhibitor
concentration increases, the Jcorr decreases and the lowest value
was obtained at concentration of 1 � 10�3 M.

According to data shown in Table 4, the inhibition efficiency
increases with the increasing inhibitor concentration and were in
the range of 70.5–91.0% and 73.0–92.80% within an accuracy of
+0.5% for inhibitors HBSAP and HBSAQ, respectively. Increase in



Table 4
Electrochemical parameters and inhibitor efficiencies derived from the polarization curves for the carbon steel in 3.5% NaCl + 0.1 M HCl as function of inhibitor concentration at
50 �C.

Compound Conc. of inhibitor (mol/l) Jcorr (mA cm�2) �Ecorr (mV (SCE)) ba (mV dec�1) �bc (mV dec�1) h g%

Blank 0.0 3.53 531 119 237 – –

HBSAP 1 � 10�5 1.04 580 116 230 0.70 70.5
5 � 10�5 0.83 562 113 232 0.76 76.3
1 � 10�4 0.66 595 114 229 0.81 81.3
5 � 10�4 0.49 602 118 227 0.86 86.0
1 � 10�3 0.31 607 121 228 0.91 91.0

HBSAQ 1 � 10�5 0.95 558 118 233 0.73 73.0
5 � 10�5 0.75 564 112 234 0.78 78.7
1 � 10�4 0.61 552 110 231 0.82 82.5
5 � 10�4 0.42 564 119 226 0.88 88.0
1 � 10�3 0.25 594 115 229 0.92 92.8
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Fig. 4. Effect of various concentrations of HBSAQ inhibitor on (a) corrosion current
density (Jcorr) and (b) the inhibition efficiency of carbon steel in 3.5% NaCl + 0.1 M
HCl solution at different temperatures.
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inhibition efficiency with increasing inhibitor concentration
indicates that, more inhibitor molecules are adsorbed on the metal
surface providing wider surface coverage and the compounds act as
excellent adsorption inhibitors [34]. In 3.5% NaCl + 0.1 M HCl solu-
tion, the presence of HBSAP and HBSAQ cause a negative shift in
Ecorr, which indicates that inhibitor molecules are more adsorbed
on the cathodic sites resulting in an inhibition of the cathodic reac-
tions. However, the influence is more pronounced in the cathodic
polarization plots compared to that in the anodic polarization plots.
Generally, if the displacement in Ecorr is >85 mV with respect to Ecorr

in uninhibited solution, the inhibitor can be seen as a cathodic or
anodic type [35,36].

The values of cathodic Tafel slope (bc) and anodic Tafel slope
(ba) were found to remain almost unchanged with inhibitor con-
centration, indicates that the addition of inhibitors to the corrosive
media do not modify the hydrogen evolution mechanism [34]. On
the other hand, the cathodic Tafel slopes (bc) are also found to be
greater than the respective anodic Tafel slopes (ba). High h values
(�1, see Table 4) indicate almost a full coverage of the metal
surface with adsorbed Schiff base molecules. Conclusively, the
inhibitor having h near unity is considered as a good physical bar-
rier shielding the corroding surface from corrosive medium and
dumping the corrosion rate of carbon steel significantly. The high
inhibition efficiencies are attributed to the high surface coverage
of the inhibitor molecules.

Finally, the tested Schiff base inhibitors showed good inhibition
efficiency for carbon steel corrosion process in chloride containing
acidic solution at the used concentrations. The higher values of
inhibition efficiencies were probably due to the presence of
AC@NA group and aromatic rings. The sequence of inhibition
efficiency obtained from the potentiodynamic polarization mea-
surements are as follows: HBSAQ > HBSAP. The highest inhibition
efficiency of inhibitor HBSAQ may be attributed to the presence of
one more benzene ring in the structure of the compound.
Omanovic and Metikos-Hukovic [37] stated that the size of the
adsorbed molecules influences the inhibitory properties of the
compound. Bigger molecules have better adsorption on the metal
surface.

3.2.2. Effect of temperature
In order to gain more information about the type of adsorption

and the effectiveness of the studied inhibitors at higher
temperatures, potentiodynamic polarization was performed at dif-
ferent temperatures (20–50 �C) for carbon steel in 3.5%
NaCl + 0.1 M HCl solutions without and with selected concentra-
tions of the studied HBSAQ inhibitor. Fig. 4 shows the effect of var-
ious concentrations of inhibitor HBSAQ on (a) corrosion current
density (Jcorr) and (b) the inhibition efficiency of carbon steel in
3.5% NaCl + 0.1 M HCl solution at different temperatures (20–
50 �C). As it can be seen from Fig. 4a, the corrosion current density
increases with temperature for carbon steel. This behavior could be
explained on the basis that increasing temperature accelerates all
the other processes involved in corrosion such as electrochemical
reactions, chemical reactions and transfer process of reactive spe-
cies to the steel surface [38]. In the presence of the inhibitor, the
corrosion current density is always lower than those without inhi-
bitor. These results indicate that the inhibitor is efficient at the
range of temperature studied. Fig. 4b shows the effect of various
concentrations of HBSAQ inhibitor on the inhibition efficiency of
carbon steel in 3.5% NaCl + 0.1 M HCl at different temperatures.
From this curve, the inhibition efficiency increases with increasing
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Fig. 6. Arrhenius plots for carbon steel corrosion in 3.5% NaCl + 0.1 M HCl
containing various concentrations of inhibitor HBSAQ.

Table 5
Apparent activation energy in kJ/mol for carbon steel in 3.5% NaCl + 0.1 M HCl
containing various concentrations of inhibitor HBSAQ.

Inhibitor Conc. of inhibitor (mol/l) Ea (kJ/mol)

Without inhibitor 0.0 19.37

HBSAQ 1 � 10�5 28.26
5 � 10�5 30.26
1 � 10�4 32.25
5 � 10�4 35.41
1 � 10�3 41.73
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the inhibitor concentration and decreases with increasing the reac-
tion temperature. This behavior is characteristic by a physisorption
mechanism. This is because the strength of the interaction between
inhibitor molecules and the electrode surface decreases with
increasing the temperature [39]. Physical adsorption is due to the
electrostatic attraction between the ions or dipole of the inhibiting
species and the electrically charged surface of the metal.

The corrosion behavior of carbon steel in 3.5% NaCl + 0.1 M HCl
solutions containing 1 � 10�3 M of HBSAQ inhibitor was studied by
potentiodynamic polarization curves in the temperature range of
20–50 �C (Fig. 5). From the analysis of Fig. 5, it can be seen that
there is a clear acceleration of both the anodic and cathodic
reactions with the increase in temperature. Moreover, there is no
significant change in Tafel slopes of the two branches of the polar-
ization curves as temperature increases. The shift in Ecorr values to
positive direction with increasing temperature is in agreement
with the acceleration of the dissolution of carbon steel at higher
temperatures (inset of Fig. 5).

Arrhenius plots for carbon steel in the absence and presence of
investigated HBSAQ inhibitor in 3.5% NaCl + 0.1 M HCl solutions
are shown in Fig. 6. The activation energy can be expressed by
the Arrhenius equation [40]:

log Jcorr ¼ log A� Ea

2:33R
1
T

ð8Þ

where Jcorr is the corrosion current density obtained from Tafel plot, A
is an Arrhenius pre-exponential factor, Ea is the apparent activation
energy of the corrosion process, T is the absolute temperature and
R is universal gas constant [41]. Some relevant information about
the adsorption mechanism of the inhibitor can be obtained by com-
paring Ea both in the absence and presence of the corrosion inhibitor.

The values of the apparent activation energy (Ea) of carbon steel
for corrosion determined from the slope of log Jcorr vs. 1

T plots are
given in Table 5. It is observed that, the Ea values in the presence
of HBSAQ inhibitor are increased with the increase of inhibitor con-
centration. Thus the presence of inhibitor enhances the activation
energy barrier of the corrosion of the tested electrodes, whereby
reducing the corrosion rate. One can conclude that, the reduction
in g% values with increasing temperature, in addition to the analo-
gous increase in corrosion activation energy in the presence of
HBSAQ, is frequently interpreted due to the formation of a protec-
tive adsorption layer of a physical character [42].
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Fig. 5. Potentiodynamic polarization curves of carbon steel exposed in 3.5%
NaCl + 0.1 M HCl solution containing 1 � 10�3 M of HBSAQ inhibitor at different
temperatures. Inset variation of Ecorr with temperatures.
3.3. Electrochemical impedance spectroscopy (EIS) measurements

3.3.1. Effect of inhibitor concentration
EIS measurements were carried out to investigate the inhibition

effect of Schiff bases inhibitors as well as the kinetics of corrosion
reaction process. Fig. 7 shows the impedance responses of the car-
bon steel in 3.5% NaCl + 0.1 M HCl in the absence and presence of
different concentrations of HBSAQ represented in (a) Nyquist, (b)
Bode modulus and (c) Phase angle formats. Similar plots for carbon
steel/3.5% NaCl + 0.1 M HCl system without and with HBSAP. The
shapes of the Nyquist plots in the absence and presence of
HBSAQ in the investigated environment are similar indicating that,
the introduction of the investigated compound into the corrosive
medium did not alter the mechanism of the corrosion process.
The Nyquist plots are characterized by one capacitive semicircle
showing that the corrosion process was charge transfer controlled
[43]. The single capacitive semicircle loop corresponds to one time
constant in the Bode plots. The diameter of the semicircle is
observed to increase as the inhibitors concentration increased
which can be related to the increase of surface coverage of inhibi-
tive molecules on carbon steel surface [44]. For the description of a
frequency independent phase shift between an applied alternating
potential and its current response, a constant phase element (CPE)
is used instead of double layer capacitance (Cdl). The CPE is defined
by the following expression [45,46]:

ZCPE ¼
1

AðJxÞn
ð9Þ

where Z(CPE), impedance of CPE; A, a proportional factor; x, angular
frequency; J, an imaginary number; n is the CPE exponent which
can be used as a gauge of the heterogeneity or roughness of the
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Fig. 7. EIS plots for mild steel in 3.5% NaCl + 0.1 M HCl in the absence and presence of different concentration of HBSAQ exemplified as: (a) Nyquist, (b) Bode modulus and (c)
Bode phase angle plots.

Table 6
Impedance electrochemical parameters derived from the Nyquist and Bode plots for
carbon steel in 3.5% NaCl + 0.1 M HCl solution in the absence and presence of the
investigated Schiff base inhibitors at 50 �C.

Inhibitors
code

Conc. of inhibitor
(mol/l)

Rct

(X cm2)
Cdl (F/cm2)
� 10�10

n The inhibition
efficiency, g%

Absence 0.0 230 692 0.74 –

HBSAP 1 � 10�5 650 244 0.80 64.61
5 � 10�5 1060 150 0.79 78.30
1 � 10�4 1532 103 0.81 84.98
5 � 10�4 2114 75 0.80 89.12
1 � 10�3 2665 59 0.82 91.36

HBSAQ 1 � 10�5 710 224 0.81 67.60
5 � 10�5 1202 132 0.83 80.86
1 � 10�4 1768 90 0.84 86.99
5 � 10�4 2466 64 0.83 90.67
1 � 10�3 3128 50 0.85 92.64
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surface [47]. If the electrode surface is homogeneous and plane, the
exponential value (n) becomes equal to 1 and the metal–solution
interface acts as a capacitor with regular surface, i.e. when n = 1,
A = capacitance. The lower value of n (Table 6) for 3.5%
NaCl + 0.1 M HCl medium indicated surface inhomogeneity resulted
from roughening of metal surface due to corrosion. Addition of
HBSAQ inhibitor (1 � 10�3 mol/l) increased n value from 0.74 to
0.85 indicating reduction of surface inhomogeneity due to the
adsorption of inhibitor molecules.

From Bode modulus and phase angle plots (Fig. 7b and c), an
increase in the absolute impedance at low frequencies in Bode
modulus plots could be observed. This confirms the higher protec-
tion with increasing concentration of inhibitors, which is related to
the adsorption of Schiff base components on the carbon steel sur-
face. Also a continuous increase in the phase angle shift and a new
phase angle shift at higher frequency range with increasing con-
centration of HBSAQ could be observed. Recently, Tan et al. and
Sakunthala et al. [48,49] have reported that, the phase angle shift
is due to the formation of the protective layer on the electrode sur-
face by inhibitor molecules which change the electrode interfacial
structure. Based on the EIS data, the double-layer capacitance (Cdl)
and the inhibition efficiency (g%) were calculated using the follow-
ing equations [3]:

f ð�Z==maxÞ ¼
1

2pCdlRct
ð10Þ
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gð%Þ ¼ Rct � R0
ct

R0
ct

� 100 ð11Þ

where Rct and R0
ct are the charge transfer resistance values with and

without inhibitor, respectively. �Z==max is the maximum imaginary
component of the impedance. Fig. 8a and b shows the comparison
of experimental EIS data and the simulated spectrum, using the
ZSimDemo V3.60 impedance fitting program for carbon steel sam-
ples immersed in 3.5% NaCl + 0.1 M HCl and in the presence of
10�3 M HBSAQ. A good fit was obtained with the model used for
all experimental data. The equivalent circuit used in the present
work is shown in Fig. 8a and b (inset). In this circuit, Rs is the solu-
tion resistance, Rct is the charge transfer resistance, and Cdl is the
double-layer capacitance.

The main parameters deduced from the analysis of Nyquist dia-
gram for carbon steel in 3.5% NaCl + 0.1 M HCl containing various
concentrations of the investigated inhibitors are given in Table 6.
On increasing inhibitor concentration, the charge transfer resis-
tance (Rct) increased and the double layer capacitance (Cdl)
decreased indicating that, the increasing inhibitor concentration
decreased corrosion rate. Further inspection of the data presented
in Table 6 shows that values of inhibition efficiency increased as
the concentration of inhibitor increases. Decrease in the double
layer capacitance was caused by reduction in local dielectric con-
stant and/or by an increase in the thickness of the electrical double
layer. This fact suggests that the inhibitor molecules acted by
adsorption at the metal/solution interface [50]. On the other hand,
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the decrease in the values of Cdl with an increase in the inhibitor
concentration suggests an increase in the surface coverage by the
inhibitor, which led to an increase in the inhibition efficiency.
The decrease in the Cdl is in accordance with the Helmholtz model
shown in the equation:

Cdl ¼
eeoA=

d
ð12Þ

where d is the thickness of the protective layer, e is the dielectric
constant of the medium, eo is the vacuum permittivity and A/ is
the effective area of the electrode. This model shows that Cdl is
inversely proportional to the thickness of the protective layer
meaning that the protective layer becomes thicker as the inhibitor
concentration increases thus rendering the corrosion inhibition
more effective [51].

The inhibition efficiency afforded by HBSAP and HBSAQ may be
attributed to the presence of electron rich N, O atoms and aromatic
rings. One pyridine ring is common with the structure of both the
inhibitors. Therefore, the possible coordinating centers are
unshared electron pair of nitrogen and p-electrons of aromatic
rings. The corrosion inhibition efficiency of the studied inhibitors
follows the order: HBSAQ > HBSAP. The corrosion inhibition effi-
ciency of HBSAQ is greater than HBSAP due to its larger size and
the presence of more number of delocalized p-electrons of the
one more phenyl ring. The p-electrons of phenyl ring in HBSAQ
may also take part in the adsorption process resulting in an
increase in corrosion inhibition efficiency of HBSAQ. In the investi-
gated acidic chloride solutions, the HBSAQ and HBSAP exist either
as neutral molecules or in the form of cations. These inhibitors may
adsorb on the metal/chloride solution interface by electrostatic
interaction of protonated inhibitors with already adsorbed chloride
ions.
3.3.2. Effect of immersion times
It is well known that, the inhibition efficiency capability of

organic molecules depends on exposure time in the aggressive
solutions. EIS technique was used to investigate the effect of
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Fig. 9. Nyquist plots for carbon steel immersed in 3.5% NaCl + 0.1 M HCl containing
10�3 M of HBSAQ at 50 �C, during different immersion times from 2 to 240 h. Inset
variation of the corrosion inhibition efficiency of the HBSAQ as a function of
immersion time.
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immersion time on the corrosion behavior of carbon steel in 3.5%
NaCl + 0.1 M HCl containing 10�3 M HBSAQ. Fig. 9 shows Nyquist
plots for carbon steel immersed in 3.5% NaCl + 0.1 M HCl in the
presence of 10�3 M HBSAQ at 50 �C, at different immersion times.
It is clearly seen from Fig. 9 that, the diameter of Nyquist in plot
of carbon steel in the presence of inhibitor slightly increased
(increase Rct) after 120 h exposure when compared with that
obtained after 2 h. However, after 120 h exposure Rct values remain
constant. It was found From Fig. 9 (inset) that, the inhibition effi-
ciency of HBSAQ in 3.5% NaCl + 0.1 M HCl solution slightly
increased with rise in immersion time until 120 h which may be
attributed to the formation of strong inhibitor layer which pre-
vents the attack of corrosive media on the metal surface.
However, the results indicate a stabilization of the inhibition effi-
ciency after 120 h of immersion.

3.4. Adsorption consideration and thermodynamic calculations

Basic information on the interaction between the inhibitor
molecules and the metal surface could be provided from the
adsorption isotherms. The experimental data were applied to dif-
ferent adsorption isotherm equations such as the Langmuir,
Frumkin, Temkin and Freundlich. ‘‘Langmuir’’ adsorption iso-
therms [2] were found to fit well with the experimental data.
The adsorption isotherm relationship of Langmuir is represented
by the following equation [52,53]:

Cinh

h
¼ 1

Kads
þ Cinh ð13Þ

where Cinh is the inhibitor concentration, Kads is the adsorption
equilibrium constant and h is the surface coverage (calculated from
Eq. (7)). The relation between Cinh/h and Cinh at 50 �C was shown in
Fig. 10 for HBSAP and HBSAQ Schiff base inhibitors. A linear relation
can be found between Cinh/h and Cinh with regression coefficients (R)
0.9995 and 0.9997 for HBSAP and HBSAQ, respectively. The slope
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Fig. 10. Langmuir adsorption isotherm for (a) HBSAP and (b) HBSAQ on carbon steel
in 3.5% NaCl + 0.1 M HCl at 50 �C.
and the intercept were detected. The slope was near unity. The
slope of the isotherm deviates from unity. This deviation may be
explained on the basis of interaction between the adsorbed species
on the metal surface by mutual repulsion or attraction [54]. The val-
ue of the adsorption–desorption equilibrium constant (Kads) was
8.7 � 103 and 9.8 � 103 M�1 for HBSAP and HBSAQ, respectively.
The high values of Kads for the studied Schiff base inhibitors
indicated stronger adsorption on the carbon steel surface in the
investigated corrosive solution. The equilibrium constant of adsorp-
tion–desorption process (Kads) is related to the standard free energy
of adsorption process by the equation [55]:

Kads ¼
1

55:5
exp �DGo

ads

RT

� �
ð14Þ

where 55.5 is the concentration of water expressed in mol dm�3, R
is the molar gas constant and T is the absolute temperature. The val-
ues of the standard free energy of adsorption were �35.12 and
�35.46 kJ/mol for HBSAP and HBSAQ, respectively. According to
Noor [56], if |DGo

ads| 6 20 kJ mol�1, the interaction between the
inhibitor and the charged metal surface is electrostatic in nature
(physisorption); whereas if |DGo

ads| P 40 kJ mol�1, the interaction
is of the charge-transfer type (chemisorption). In our study, the val-
ues of DGo

ads were found less than �40 kJ mol�1, this reveals that the
adsorption of investigated inhibitors on the carbon steel surface
takes place through mixed-type adsorption including both chemical
and physical adsorption [57,58]. As the temperature increased the
inhibition efficiency of Schiff bases decreased, which might be
due to the disappearance of electrostatic interactions between the
metal surface and the p electrons of the inhibitor molecules.

Thermodynamically, DGo
ads is related to the enthalpy and

entropy of adsorption process, DHo
ads and DSo

ads; respectively, by
the equation:

DGo
ads ¼ DHo

ads � T � DSo
ads ð15Þ

Fig. 11 shows the plot of DGo
ads vs. T which gives a straight line

with an intercept of DHo
ads and a slope of �DSo

ads [59]. Adsorption is
generally accompanied by release of energy, that is, most
adsorption processes are exothermic in nature. An endothermic
adsorption process (DHo

ads > 0) signifies unequivocally chemisorp-
tion, while an exothermic adsorption process (DHo

ads < 0) may
involve either physisorption or chemisorption or a mixture of
both the process [59]. The calculated values of DHo

ads for carbon
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steel in 3.5% NaCl + 0.1 M HCl solution containing various concen-
trations from HBSAP and HBSAQ inhibitors were �31.13 and
�31.80 kJ mol�1, respectively. The DSo

ads values were found +124
and +110 J/mol K for carbon steel in 3.5% NaCl + 0.1 M HCl solution
containing HBSAP and HBSAQ inhibitors, respectively. The negative
value of DHo

ads indicates that, the adsorption of inhibitor molecule
is an exothermic process [60]. The magnitude of positive DSo

ads

and negative DHo
ads values indicating that the occurrence of a

replacement process during adsorption of inhibitor molecules on
the electrode surface [61].
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Fig. 13. SEM images of carbon steel surface in 3.5% NaCl + 0.1 HCl solutions (a) free
inhibitor after 48 h immersion, (b) containing 10�3 M of HBSAQ after 48 h
immersion and (c) containing 10�3 M of HBSAQ after 240 h immersion.
3.5. Potential of zero charge (PZC) and the inhibition mechanism

The adsorption of organic inhibitors onto the metal surface
depends on the charge of the metal and the other ions that are
specifically adsorbed onto the metal surface [62]. The surface
charge of metals can be defined by the position of open circuit
potential in respect to the respective potential of zero charge
(PZC). If the net charge is negative, E/ = Eocp � EPZC where E/ is
the Antropov’s rational corrosion potential [63], the adsorption of
cation is favored. However, the adsorption of anion is favored if
the net charge is positive.

In order to gain more information about the surface charge of
the carbon steel, EIS study was carried out at different applied
potentials and a plot of Rp values vs. applied potentials was
obtained. The obtained curve shows a symmetrical open plane
with a maximum value of potential, which can be called the PZC.
The PZC of the carbon steel in 3.5% NaCl + 0.1 M HCl solution with
the addition of 1.0 � 10�5 M of inhibitors HBSAP and HBSAQ was
found to be �0.609 and �0.597 V (SCE), respectively. The open cir-
cuit potential of the carbon steel at the same conditions was
�0.580 and �0.558 V (SCE). The difference, E/ = +0.029 and
+0.039 V (SCE) for HBSAP and HBSAQ, respectively, where E/ is
positive, which means the electrode surface is positively charged
at the open circuit potential after 1 h of exposure time. From the
PZC results obtained, we could propose a probable mechanism of
corrosion inhibition of carbon steel in 3.5% NaCl + 0.1 M HCl solu-
tion by HBSAP and HBSAQ molecules exist as protonated in acidic
chloride solution in equilibrium with its corresponding molecular
form, thus it is difficult for the protonated inhibitor molecule to
approach the positively charged carbon steel surface (H3O+/metal
interface) due to the electrostatic repulsions. According to Lorenz
[64], when the corrosive medium contains adsorbable anions, such
as chloride ions, Cl� ions should be first adsorbed on to the
positively charged metal surface due to a smaller degree of hydra-
tion, thus they could bring excess negative charges close to the
interface and favor more adsorptions of the positively charged
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Fig. 12. Continuous variation plots for the prepared complexes in aqueous–alcoholic m
inhibitor molecules, the protonated HBSAP and HBSAQ molecules
adsorb through electrostatic interactions between the positively
charged molecules and the negatively charged metal surface and
form a protective layer [65].
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Fig. 14. 3D optimized structures and frontier molecular orbital’s of Schiff bases (a) HBSAP Model and (b) HBSAQ Model calculated at DFT level of theory.

Table 7
Calculated dipole moment (l), HOMO, LUMO, energy gap (DE), chemical hardness (g),
electronic chemical potential (pi), softness (r), heat of formation (HF), electronic
energy (Ee) and electrophilicity (x) of the Schiff bases models.

Quantum chemical parameters HBSAP model HBSAQ model

l (D) 3.044 4.049
HOMO (eV) �9.20 �8.936
LUMO (eV) �0.969 �0.885
DE (eV) 8.231 8.051
g (eV) �4.11 �4.02
r (eV�1) 0.24 0.25
pi (eV) �5.08 �4.91
HF (kJ mol�1) 191.1 271.2
Ee (eV) �14457.5 �20057.5
x (eV) 5.08 4.91

Table 8
Charge density distribution of the studied inhibitors.

Compound HBSAP model HBSAQ model

Charge distribution Br = 0.061 Br = 0.054
O = �0.245 O = �0.251
@N1 = �0.125 @N1 = �0.133
N2 = �0.135 N2 = �0.158
@C7 = �0.021 @C7 = 0.0071
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In addition to the physical adsorption, the neutral and cationic
HBSAP and HBSAQ molecules may be adsorbed on the positively
charged metal surface (anodic sites) through the chemisorption
mechanism. The stoichiometries of the tested Schiff base com-
pounds were determined by applying a continuous variation
method [66] (Fig. 12). The results suggested the possible formation
of 1:1 complex (Fe (II):Schiff base). SEM observations show the
presence of protective film on the electrode surface in presence
of 1 � 10�3 M of HBSAQ. This protective film may be due to the for-
mation of Fe2+–Schiff base complex.

3.6. Surface morphology studies

Fig. 13 shows SEM images of carbon steel surface in 3.5%
NaCl + 0.1 M HCl solutions (a) free inhibitor after 48 h immersion,
(b) containing 10�3 M of HBSAQ after 48 h immersion and (c) con-
taining 10�3 M of HBSAQ after 240 h immersion. The image of the
surface exposed to the inhibitor free solution (Fig. 13a), is strongly
corroded by the corrosive medium, resulting in a porous, rough
and heterogeneous surface of corrosion products with a granular
structure. The crystals are lath-like, the shape commonly reported
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for iron oxides as lepidocrocite. Corrosion is seen to be relatively
uniform with some evidence of pitting attack In contrast, in the
presence of the inhibitor after 48 h immersion (Fig. 13b), improve-
ment in the carbon steel surface is observed and the formation of
an inhibitor layer is revealed; which confirms the inhibition action.
However, no pits and cracks were observed in the micrograph after
the addition of 10�3 M of HBSAQ to the aggressive solution after
240 h immersion (Fig. 13c). Inhibitor molecules adsorbed on active
sites of carbon steel and a smoother surface was observed.
According to these observations, it was found that, the investigated
Schiff base compounds are very effective inhibitors for carbon steel
in the studied aggressive solution because after an immersion time
of 240 h, the power of protection already achieved 95.2%.
3.7. Quantum chemical calculations

Theoretical calculations were conducted in order to provide
molecular-level understanding of the corrosion inhibition behavior
of HBSAP and HBSAQ inhibitors. Fig. 14 shows the optimized struc-
ture, HOMO and LUMO orbitals of HBSAP and HBSAQ compounds.
The quantum chemical parameters such as the energy of the high-
est occupied molecular orbital (EHOMO), the energy of the lowest
unoccupied molecular orbital (ELUMO), the energy gap (DE), the
dipole moment (l), electronic chemical potential (pi), chemical
hardness (g), softness (r), heat of formation (HF), electronic energy
(Ee) and electrophilicity (x) were calculated and listed in Table 7.
These parameters were found to be extremely important proper-
ties for interpreting the chemical reactivity of inhibitors with metal
surfaces [67,68].

EHOMO indicates a tendency of the molecule to donate electrons
to an acceptor molecule while ELUMO represents the ability of the
molecule to accept electrons. High values of EHOMO show a higher
propensity of a molecule to donate electrons whereas low value
of ELUMO suggests the ease to which the molecule can accept elec-
trons [69]. In other words, the inhibition efficiency increases if the
compound can donate electrons from its HOMO to the LUMO of the
metal, whereby chelation on the metal surface occurs. The energy
gap, DE, is an important parameter which indicates the reactivity
tendency of a molecule toward the metal surface. As DE decreases,
the reactivity of the molecule increases leading to an increase in
adsorption onto a metal surface [70]. A molecule with low energy
gap is more polarizable and is generally associated with high che-
mical reactivity and low kinetic stability. The DE explained that,
the greater inhibition effect could be related to the lower energy
difference, i.e. to the HBSAQ molecules that could be more readily
excited and undergo a charge transfer interaction with the metal
surface. As can be seen in Table 7, the EHOMO, ELUMO and DE show
that, HBSAQ good corrosion inhibitor for carbon steel corrosion
in 3.5% NaCl + 0.1 M HCl.

The dipole moment is the measure of polarity of a polar cova-
lent bond. From Fig. 14, it is clear that, the dipole moment of
HBSAQ is more than that of HBSAP compound. This is related to
stronger dipole–dipole interactions of HBSAQ molecules and
metallic surface in comparison to that of other inhibitor. A soft
molecule is more reactive than a hard molecule because a soft
molecule has a lower energy gap [71,72]. From Table 7, the soft-
ness is 0.24 and 0.25 for HBSAP and HBSAQ compounds, respec-
tively. The order of increasing the softness of the inhibitors
means increasing their adsorption on the metal surface and
increasing their inhibition efficiency. As the chemical hardness
decrease, the inhibition efficiency increase. The order of hardness
by comparing the studied two inhibitors is HBSAQ < HBSAP with
inhibition efficiency values 91.0% and 92.8% for HBSAP and
HBSAQ compounds, respectively. From Table 7, it is clear that,
the lower electrophilicity (x; 4.91 eV) was found corresponds to
HBSAQ inhibitor, this could lead to the conclusion that the highest
protection is formed in the presence of this compound. The higher
electronic energy (Ee) confirms the higher stability of the molecule
and hence the lesser the tendency of it to the donating ability. It is
also evident that, based on the decreasing values of the Ee, the
trend for the variation of the inhibition efficiency follows the
order: HBSAQ > HBSAP with values �20057.5 > �14457.5 eV for
the total energy and 91.0% < 92.8% for the inhibition efficiency,
respectively. It was obvious that HBSAQ had a heat of formation
(271.2 kJ mol�1) than did HBSAP (191.1 kJ mol�1).

Inhibitors containing atoms with high negative charges are
often considered to have the highest tendency to donate electrons
to the metal surface [73]. Therefore, inhibitor molecule is likely to
interact with the metal surface through such atoms. The regions of
highest electron density are generally the sites to which elec-
trophiles attacked. Therefore, N and O atoms are the active center,
which have the strongest ability of bonding to the metal surface.
The charge density distribution is presented in Table 8 for carbon,
bromide, nitrogen and oxygen atoms. Nitrogen and oxygen atoms
have higher charge densities than carbon and bromide atoms, so
we can neglect them.

In Table 8, the oxygen atomic charges are more negative than
the nitrogen atomic charges, so the oxygen atoms are more easi-
ly adsorbed on the metallic surface. Based on the discussion
above, it can be concluded that, the HBSAQ molecule has active
centers of more negative charge than HBSAP. In addition, the
areas containing N and O atoms are the most possible sites of
bonding metal surface by donating electrons to the metal iron.
Finally, it is worth noting that, the data obtained from quantum
chemical calculations give good evidence on the obtained results
by electrochemical techniques and the adsorption of the two
inhibitors was mainly concentrated around the nitrogen and
oxygen atoms.
4. Conclusions

This paper describes the synthesis and characterization of two
phenolic Schiff bases. The molecular structures of the compounds
have been determined by single crystal X-ray diffraction technique.
The corrosion inhibition of carbon steel by the synthesized com-
pounds was studied by electrochemical and theoretical studies
and the obtained results show that:

1. The inhibition efficiency on carbon steel in 3.5% NaCl + 0.1 M
HCl solution increases with increasing the inhibitor concentra-
tion and decreases with increasing the reaction temperature.
The maximum inhibition efficiency of 92.8% was observed at
l0�3 M of HBSAQ.

2. The potentiodynamic polarization curves indicated that the
inhibitor molecules are more adsorbed on the cathodic sites
resulting in an inhibition of the cathodic reactions.

3. EIS results showed that, the charge transfer resistance increases
and the double layer capacitance decreases with increasing
the inhibitor concentration. The inhibition efficiency slightly
increases with rise in immersion time until 120 h and remains
stable from 120 to 240 h of immersion.

4. The adsorption of the inhibitors obeys the Langmuir adsorption
isotherm via a strong mixed chemical and physical interaction
with the carbon steel surface.

5. SEM analysis confirms the adsorption of HBSAQ and the
improvement of carbon steel surface.

6. Finally, this study shows a good correlation between the theo-
retical and electrochemical data which confirms the reliability
of quantum chemical methods to investigate the corrosion inhi-
bition of metal surfaces.
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