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a b s t r a c t
In this study, the inhibitive performance of two pyridine derivatives as corrosion inhibitors for mild steel
was examined under stagnant condition and hydrodynamic ﬂow in HCl solution at 25 °C. Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques were employed. To explore
the inhibitors adsorption mechanism, Langmuir isotherm and quantum chemical studies were used. The
results of electrochemical measurements show that the inhibitor concentration has a positive effect on its
efﬁciency while for hydrodynamic condition, it is vice versa. Corrosion attack morphologies were
observed at stagnant and hydrodynamic conditions to verify qualitatively the results obtained by electrochemical methods.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The use of organic compounds as corrosion inhibitors may be
the main choice to decrease the corrosion rate of alloys in acidic
media. By considering the practical applications of acidic solutions
at various industrial processes such as acid pickling of steels, scale
removal in metallurgy, acid cleaning of boilers and oil-well acidizing, the special importance of corrosion inhibitors is more pronounced [1–4]. Generally, it is believed that the molecular
structure of these compounds plays an important role in determination of their inhibitive performance. Presence of unique atoms
such as N, O and S in heterocyclic compounds determines both
the efﬁciency and adsorption mechanism [5–9]. Although, the protection mechanism of organic corrosion inhibitors has not been
clearly understood [10], it is generally accepted that the corrosion
inhibition is achieved regarding the interaction between inhibitor
molecules and the metal surface; resulting in formation of an
inhibitive surface ﬁlm [5,6,11,12]. In this way, the quantum chemical study has become a common method to acquire basic information about inhibitor/metal surface and even inhibitor/inhibitor
interactions [13–15]. However, the quantum chemical method, as
yet, is not capable to consider other environmental factors such
as temperature, immersion time and solution ﬂow which would
surely affect the overall ﬁlm formation mechanisms [9,10].
⇑ Corresponding author. Tel.: +98 (511) 876 3305.
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Basically, the adsorption process is constituted of two dependent
steps; inhibitor molecules transfer from the bulk aqueous media
to the double-layer and then adsorb onto the corroding surface;
resulting in construction of a protective layer [11]. Therefore,
hydrodynamic ﬂow can be a vital environmental factor which
inﬂuences on inhibitor performance by facilitating the molecular
transport process from bulk solution to surface (positive effect),
inducing a surface shear stress and promoting inhibitor desorption
(negative effect).
Although numerous investigations on inhibitive behavior of
organic compounds have been conducted in the static condition
[1–4,7,16], several researchers have studied the effect of hydrodynamic ﬂow on inhibitors performance in diverse corrosive environments [17–23]. The ﬂow inﬂuence on the corrosion inhibition of
carbon steel by fatty amines in association with phosphonocarboxylic acid salts in NaCl solution have been studied by Ochoa
et al. using a rotating disk electrode (RDE) [21]. They observed that
an increase in the rotation speed causes an increase and a decrease
in cathodic and anodic current densities, respectively. In addition,
they reported that formation of an inhibitive layer considerably depends on the rotation speed. In another work, Matos et al. have
investigated anodic dissolution of copper in HCl in presence of benzotriazole as a corrosion inhibitor by means of rotating disc and
hemispherical electrodes [20]. They revealed that the presence of

Cu(I) (CuCl or CuCl2 ) on the copper surface is necessary to have
the inhibitive effect of benzotriazole. Also, they showed that the
inhibitive performance of benzotriazole depends on the electrode
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geometry. Bommersbach et al. employed electrochemical impedance spectroscopy (EIS) and atomic force microscopy (AFM) to
study the effect of ﬂow on formation and stability of the inhibitive
layer [18]. They reported that formation of a protective ﬁlm is facilitated under high rotation rates. In another research, the inﬂuence
of hydrodynamic condition on mild steel corrosion in presence of
molybdate has been investigated by Saremi et al in a simulated
cooling water system [22]. They stated that hydrodynamic condition can improve the inhibition efﬁciency with the promotion of
oxygen and molybdate movement toward the electrode surface.
Ashassi-Sorkhabi and Asghari examined the effect of hydrodynamic conditions on the inhibition performance of L-methionine
as a green inhibitor in H2SO4 solution [17]. They observed that in
absence and presence of inhibitor molecules, the corrosion rate
of mild steel decreases as the rotation speed increases. In a work,
Vakili-azghandi et al. investigated the effect of hydrodynamic ﬂow
on inhibitive performance of an acrylic terpolymer as a corrosion
inhibitor for AISI 1018 in sour petroleum environment using rotating disk electrode [23]. They reported that the rotation speed has a
destructive effect on inhibitor adsorption. In addition, for both
inhibited and uninhibited solutions, the corrosion rate increased
by increasing in rotation speed.
In several works, the effect of Pyridine-2-thiol, P2T, on the
deposition of copper and silver upon platinum and gold electrode
has been explored [24–29]. It has been reported that P2T can inhibit the copper and silver deposition process on platinum and gold
surfaces, respectively [27,28]. So far, the results suggest that P2T
bonds to the surface through S-atom after cleavage of the S–H
bond and formation of a metal–S bond [24–29]. In addition, P2T
has been introduced as a sulfur and nitrogen containing compound
which can form surface chelate of S–Metal–N type [26–28]. Hassan
and Holze investigated the inhibitive performance of P2T for C60
steel using the EIS technique in 3.5 wt% NaCl [26]. They observed
that this compound is able to slow down the corrosion rate of
C60 steel in NaCl solution. It should be noted that almost no work
has been so far carried out for investigation of inhibitive behavior
of 2-Pyridyl disulﬁde.
The aim of this research is devoted to introduce two synthesized compounds from pyridine derivatives, Pyridine-2-thiol
(P2T) and 2-Pyridyl disulﬁde (2PD), as corrosion inhibitors for mild
steel in HCl solution. Fig. 1 shows the molecular structure of present compounds. At the ﬁrst stage of this study, the inhibitive
behavior of the aforementioned compounds was examined using
electrochemical methods including potentiodynamic polarization
and EIS techniques in stagnant condition. In addition, the adsorption isotherm and the quantum chemical studies were carried
out to explore their adsorption type onto the metallic surface.
Afterwards, the RDE was employed to investigate the effect of
hydrodynamic ﬂow on inhibitive performance of these pyridine
derivatives. Finally, corrosion attack morphologies at various environmental conditions were observed to qualitatively validate the
results acquired by electrochemical techniques.
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2. Experimental methods
2.1. Materials
In all experiments, the sample (working electrode) was selected
from a mild steel rod with a chemical composition (in wt%) as follows: 0.16% C, 0.1% Si, 0.4% Mn, 0.02% S, 0.13% P and Fe as balance.
The sample was then cold mounted in a self-cure epoxy resin
resulting in 1.5 cm2 exposed area. Before each electrochemical
measurement, the specimen was mechanically ground up to
1000 grit emery paper, then washed in deionized water and immediately dried with air. It should be noted that the air ﬂow inﬂuence
was insigniﬁcant because it was just used to dry the remained ethanol from the surface. After drying the specimens, they were
instantaneously immersed into the corrosive media so that all
samples were in similar conditions. All experiments were performed at temperature of 25 °C controlled by using a water bath
with ±1 °C accuracy. The electrolyte solution, 0.1 M HCl, was prepared from Merck reagent and deionized water.
2.2. Inhibitors preparation
Inhibitors Pyridine-2-thiol (P2T) and 2-Pyridyl disulﬁde (2PD)
were synthesized from 2-chloropyridine (2-ChP) during two steps.
2-Pyridyl disulﬁde (2PD) was synthesized in 85% yield from the
oxidative coupling of Pyridine-2-thiol (P2T) according to the
reported method for the synthesis of 2-aminophenyl disulﬁde
(2-APD) and 4-aminophenyl disulﬁde (4-APD) [3,30].
2.2.1. Pyridine-2-thiol (P2T)
A mixture of 2-chloropyridine (2-ChP) (1.14 g, 10 mmol), thiourea (0.76 g, 10 mmol) was reﬂuxed in ethanol (25 mL) for 5 h. A
solution of (0.6 g, 0.15 mmol) of sodium hydroxide in 6 mL of
water was added, and the mixture was reﬂuxed for 2 h. After completion of the reaction, the reacted mixture was cooled and separated by ﬁltration and the ﬁltrate is acidiﬁed and then extracted
with ethylacetate. The extract is added to the precipitate and the
whole is washed twice with water (12 mL) and then dried over
0.5 g of anhydrous sodium sulfate. After solvent evaporation and
recrystallization from ethanol, the corresponding 2-mercaptopyridine (2-MeP) was obtained as a light yellow crystalline solid in 75%
yield.
2.2.2. 2-Pyridyl disulﬁde (2PD)
A mixture of 2-mercaptopyridine (2-MeP) (10 mmol), DMSO
(30 mmol) and Fe(HSO4)3 (0.35 g, 1 mmol) in ethanol (50 mL)
was stirred at room temperature for 1 h. After completion of reaction, the mixture was ﬁltered and the organic solvent was removed. The residue was then dissolved in CH2Cl2 (5 mL), washed
with water (2–10 mL), and dried with anhydrous Na2SO4. After solvent evaporation, the corresponding 2-Pyridyl disulﬁde (2PD) was
obtained in 85% yields.
2.3. Electrochemical measurements

Fig. 1. Molecular structures of two compounds examined as corrosion inhibitors.

The electrochemical measurements were performed using Gill
AC laboratory potentiostat (ACM instrument). A home-built rotating machine equipped with a laser speed-controlling system was
employed to simulate the hydrodynamic condition. In a three-electrode cell conﬁguration; a saturated calomel electrode (SCE) and a
platinum wire were used as reference and auxiliary electrodes,
respectively. It should be noted that the electrochemical cell was
a 250 mL beaker which was open to air.
The effect of the inhibitor concentration on the mild steel corrosion rate was studied in 0.1 M HC1 solution in stagnant condition.
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Studio 5.0’’ software was employed. Geometrical optimizations
and frequency calculations were carried out with the generalized
gradient approximation (GGA) functional of Becke exchange plus
Lee–Yang–Parr correlation (BLYP) in conjunction with double
numerical plus d-functions (DND) basis set [31,32]. Fine convergence criteria and global orbital cutoff were used on basis set definitions. To get more reliable data, the solvent effect was
considered using conductor-like screening model (COSMO) while
deﬁning water as the solvent (water dielectric constant = 78.54)
[33].
2.5. Corrosion attack morphology investigation

Fig. 2. The change in open circuit potential with time recorded for mild steel
electrode in various conditions.

In this way, the concentrations of 25, 50, 100 and 200 mg/L (ppm)
were selected. The inﬂuence of hydrodynamic ﬂow on corrosion
behavior of mild steel in the inhibited and uninhibited solutions
was examined using RDE at rotation speeds of 250, 500, 750 and
1000 rpm.
After immersing the working electrode into the solution, its
open circuit potential (OCP) was monitored for 45 min using a high
input resistance voltmeter. All electrochemical tests were performed after 45 min immersion time since, as can be seen in
Fig. 2, the rest potential stabilized within this period in both stagnant and hydrodynamic conditions. In potentiodynamic polarization of samples, the potential was applied at a constant sweep
rate of 1 mV/s in the range of 250 to +250 mV around the OCP.
EIS measurements have been carried out in the frequency range
of 30 kHz to 0.1 Hz with amplitude of 15 mV (linear region around
OCP) peak-to-peak using AC signals at OCP.

2.4. Quantum chemical study
In order to perform the quantum chemical calculations, DMol3
modulus based on density function theory (DFT) in ‘‘Materials

Prior to qualitative investigations by optical microscopy, the
specimen surface was mechanically polished down to 0.05 lm alumina slurry. In order to study the effect of inhibitors on the corrosion morphology, they were exposed to 0.1 M HCl for 90 min in
absence and presence of 200 mg/L (200 ppm) of the inhibitors at
various rotation speeds. Afterward, the specimens were elicited
from solution, ultrasonically cleaned in ethanol and immediately
dried with air ﬂow.
3. Results and discussion
3.1. Stagnant condition
3.1.1. Potentiodynamic polarization
Potentiodynamic polarization curves have been recorded for
mild steel in 0.1 M HCl solution in different concentrations of
P2T and 2PD at 25 °C (see Fig. 3). Electrochemical parameters extracted from polarization curves including corrosion potential
(Ecorr), corrosion current density (icorr), anodic and cathodic Tafel
slopes (ba and bc) have been measured by Tafel extrapolation and
presented in Table 1. As it is seen, in blank solution, the anodic
branch does not completely demonstrate a linear Tafel behavior.
While, in almost all cathodic branches, this behavior is observed
at potentials lower than 75 mV below the corrosion potential. In
this case, to calculate a more precise corrosion rate, a method
which has been previously reported by McCafferty was employed
[34].

Considering the corrosion current densities in absence ðicorr Þ and
presence of inhibitor (icorr), the values of surface coverage (h) and
inhibitor efﬁciency (%g) is calculated by means of the following
equations:

Fig. 3. Potentiodynamic polarization curves of mild steel in presence of (a) P2T and (b) 2PD in different concentrations at 25 °C in stagnant condition.
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Table 1
Electrochemical parameters obtained from the polarization curves mild steel in presence of P2T and 2PD in 0.1 M HCl solution at stagnant condition.
Inhibitor

Concentration (ppm)

Ecorr (mV vs. SCE)

icorr (mA/cm2)

ba (mV/decade)

bc (mV/decade)

h

%g

Pyridine-2-thiol (P2T)

Blank
25
50
100
200

536
540
536
521
491

1.058
0.158
0.088
0.033
0.018

279
106
100
100
93

267
160
154
127
120

–
0.850
0.917
0.968
0.983

–
85.0
91.7
96.8
98.3

2-Pyridyl disulﬁde (2PD)

25
50
100
200

545
532
522
493

0.103
0.059
0.044
0.021

87
86
92
86

163
128
129
128

0.903
0.944
0.958
0.981

90.3
94.4
95.8
98.1

0

h¼

icorr  icorr
0

icorr

%g ¼ h  100

ð1Þ
ð2Þ

By assessing Table 1 data, a considerable decrease in corrosion
rate in presence of various concentrations of inhibitors is obvious.
At 200 ppm concentration, both inhibitors yield almost the same
efﬁciencies. As it can be seen in Fig. 3, the current density of cathodic branch decreases with increasing the concentration of P2T
while in the case of 2PD, it is slightly dependent on the inhibitor
concentration. However, it seems that in both inhibited systems,
the anodic current densities decreases by increasing in inhibitor
concentration. It is reported that by increasing the inhibitor concentration, more anodic and cathodic sites will be obstructed
[16,35–39]. A linear relationship between the applied anodic and
cathodic overpotentials and the net current densities reveals that
the Fe dissolution and hydrogen evolution are under activation
control. Concerning Table 1 data, by adding both inhibitors into
the acidic solution, the ba and bc values sharply decrease. Moreover, for anodic branches, the slopes did not vary signiﬁcantly with
increasing in inhibitors concentration whilst for cathodic ones,
they slightly decreased from almost 160 to 120 mV/decade. It
should be noted for 2PD, bc value is nearly constant in the range
of 50–200 ppm. Taking into account the decrease in Tafel slopes,
it can be said that the present compound affects the kinetics of
both iron dissolution and hydrogen evolution. A decrease in the
anodic and cathodic Tafel slopes can be an indication of facilitating
the anodic dissolution and hydrogen evolution in presence of P2T
and 2PD with the applied overpotentials. At the elevated potentials

of anodic branches (about 400 mV for concentrations lower than
100 ppm and 300 mV for higher concentrations), the change in all
slopes is observed so that they have a similar value with the blank
solution. Generally, this phenomenon is reported to be the inhibitor desorption [40]. The inhibitor detachment from the metal surface causes the inhibitor molecules to partially inﬂuence the
kinetics of anodic dissolution, leading to an increase in anodic
slopes. While in the present of various inhibitor concentrations,
the cathodic slopes remain nearly constant in cathodic potential
domain due to no inhibitor desorption. That is why the current
densities of cathodic branches in the present of inhibitors never
approach that of uninhibited solution. In the presence of inhibitors,
the current densities of anodic branches move towards that of the
blank solution at higher anodic overpotentials. Although present
compounds decrease both the anodic and cathodic current densities, they are classiﬁed as anodic inhibitors due to displacing the
rest potential, Ecorr, toward more positive values by a simultaneously decrease in anodic and cathodic current densities and Tafel
slopes.
In the case of the cathodic reaction mechanism in HCl media,
the hydrogen evolution occurs based on the adsorption of H+ species on the metal surface [41,42]. Among proposed mechanisms of
iron dissolution in HCl media, the most predominant one is based
on catalytic inﬂuence of chloride ions. In this mechanism, the
Cl ions initially adsorb on iron atoms (anodic sites) and lead to
gradual dissolution of Fe [41,42]. In presence of current inhibitors,
it may be recommended that they involve in a pathway in which
the iron dissolves and hydrogen reduces; playing a catalyst role.
For instance, it is probable that the sulfur ligands of the inhibitor

Fig. 4. Langmuir adsorption isotherm of both inhibitors in 0.1 M HCl at 25 °C in stagnant condition.
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Table 2
The computed quantum chemical parameters for both inhibitors including the energy
of highest occupied molecular orbital (EHOMO), energy of lowest unoccupied molecular
orbital (ELUMO), HOMO–LUMO energy gap (DE) and dipole moment (l).
Inhibitor

EHOMO (eV)

ELUMO (eV)

DE (eV)

l (Debye)

Pyridine-2-thiol (P2T)
2-Pyridyl disulﬁde (2PD)

5.588
5.542

1.832
2.113

3.756
3.429

2.728
6.202

structures can form charge-sharing bonds with iron at the surface
that causes a weakening in metal–metal bonds and leads in lowering the activation energy barrier for transportation of metallic ions
to the solution, resulting in lowering the anodic Tafel slopes [43].
To conclude, it can be stated that the present inhibitors molecules
slow down the corrosion rate by considerably decreasing the active
surface area resulted from their adsorption onto the mild steel surface. However, the effect of present compounds on facilitating the
anodic dissolution and hydrogen evolution should not be ruled out.
Regardless the inhibition mechanism of the above mentioned
inhibitors, it can be inferred from Table 1 that even at low concentrations (i.e. 25 and 50 ppm), both compounds show signiﬁcant
efﬁciencies. For instance, P2T and 2PD at 50 ppm concentration reveal 92% and 94% efﬁciencies, respectively. From the economical
point of view, this can be considered as an especial merit for these
two types of inhibitors. In addition, at the optimum concentration,
the highest efﬁciency of approximately 98% is achieved which is an
indication of their superior ability in reduction of mild steel corrosion rate in HCl acidic media.
3.1.2. Adsorption isotherm
As known, the adsorption isotherms provide important information on interaction between the inhibitor and the metal surface
[39]. In this way, Langmuir adsorption isotherm is generally applied because the inhibitors mostly obey this isotherm [4,37].

According to Langmuir isotherm, there is a relation between the
surface coverage, h, and inhibitor concentration in mol/L, C, as
follows:

C
1
¼
þC
h K ads

ð3Þ

Considering Eq. (3), the value of equilibrium constant, Kads, is calculated from the reciprocal of the intercept of C/h-axis. R-squared values corresponding to P2T and 2PD (more than 0.998) show that
present inhibitors have a good correlation with Langmuir isotherm
(see Fig. 4). Afterward, the standard free energy of inhibitor adsorp
tion, DGads , on metal surface can be calculated using following equation [16]:


DGads ¼ RT lnð55:5K ads Þ

ð4Þ

In this expression, R is gas constant, T is absolute temperature
and 55.5 is molar concentration of water in one liter solution. It

is reported that the high absolute value of DGads refers to the superior adsorption ability of organic compounds onto the metal sur
face [4]. The DGads values calculated for P2T and 2PD are 34.28
and 37.20 kJ/mol, respectively. In general, the values around
40 or more negative are considered as an indication of charge
sharing or charge transferring from an organic specie to the metal
surface to form a coordinate type of metallic bond (i.e. chemisorption) while those values of approximately 20 or less negative are
assumed for existing electrostatic interactions between inhibitor
and the charged metal surface (i.e., physisorption) [16,44]. Consid
ering DGads values, the adsorption mechanism of P2T and 2PD on
mild steel surface in HCl solution probably involves both physisorption and chemisorption however some points are mandatory
to be considered. As known, in the solution which includes anions
like Cl, a competitive adsorption is established between organic
inhibitors and anions. In chemisorption type, the protonated

Fig. 5. Optimized molecular structures and Highest Occupied Molecular Orbitals (HOMO) of P2T and 2PD.
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inhibitor loses its associated proton when entering the double
layer and chemisorbs by donating electrons onto the metal. In
other manner, the protonated inhibitor may electrostatically adsorb onto the halide-covered surface through its hydrogen ion. In
this way, a synergistic effect can be an appropriate evidence for
this type of adsorption so that the presence of certain anions into
the environment increases the efﬁciency of an organic inhibitor
[45]. In this work, in order to examine this phenomenon, several
potentiodynamic polarization tests were conducted on mild steel
in 0.5 M H2SO4 containing 200 ppm P2T and 2PD in absence and
presence of 0.05 M NaCl. The results (not shown here for summarization) revealed no change in the polarization behavior of mild
steel. Thus, this type of adsorption is believed to be an ignorable
adsorption mode for the present compounds. On other hands, the
two present inhibitors are recognized as organic compounds able
to form metals-inhibitor complexes in several systems (chelating
molecules) [26,27,46]. A chelating molecule may react with metal
cations that are primary produced by metal dissolution through a
sulfur or nitrogen atom present in its structure. Consequently,
the low solubility product is precipitated adjacent to the metal surface, and a barrier ﬁlm is formed [45]. Therefore, another inhibition
mechanism for present compounds can be the formation of
S–Fe2+–N complex (surface chelate) which acts as a barrier ﬁlm.
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However, the superior inhibitive performance of P2T and 2PD is
attributed to their direct adsorption onto metal surface through
sulfur and nitrogen atoms having lone electron pairs (chemisorption) and also through bonding electrons of pyridine ring which
produce an electrostatic adsorption (physisorption).
3.1.3. Quantum chemical calculations
Quantum chemical calculations were performed in order to
analyze the effect of molecular structure and also electronic
parameters on present inhibitor performance. The computed quantum chemical parameters including the energy of highest occupied
molecular orbital (EHOMO), energy of lowest unoccupied molecular
orbital (ELUMO), HOMO–LUMO energy gap (DE) and dipole moment
(l) have been presented in Table 2. In addition, Fig. 5 illustrates the
optimized molecular structures and highest occupied molecular
orbital of P2T and 2PD.
According to the frontier molecular orbital theory, the formation of a transition state is due to an interaction between the
frontier orbitals (HOMO and LUMO) of reactants [47]. The HOMO
is known as an orbital which could act as an electron donor because it is outermost orbital containing electrons, having highest
energy level. On the contrary, The LUMO is the innermost orbital
which can accept electrons through its vacant room [48].

Fig. 6. EIS results for mild steel in the form of Nyquist and Bode phase plots (a and b) for P2T and (c and d) for 2PD in different concentrations at stagnant condition.
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Basically, EHOMO and ELUMO are directly related to the ionization
potential and the electron afﬁnity of an organic molecule, respectively. The HOMO–LUMO gap, DE, is an important stability index
so that a large DE value implies high stability for the molecule in
chemical reactions [13]. Inspection of Table 2 shows nearly similar value for EHOMO for both compounds while 2PD has lower
ELUMO than P2T. It may be deduced that both inhibitors have an
equal ability to offer electrons to the unoccupied d-orbital of
the iron, however the higher ability of accepting the electron is
expected for 2PD in comparison with P2T. Considering the DE
values, the higher tendency in order to adsorb onto metal surface
is measured for 2PD, having lower DE compared to P2T. In the
case of dipole moment, it seems to be no agreement in the literature concerning the correlation between the dipole moment and
the inhibition effectiveness, as yet. Kokalj stated that the molecular size can be a factor which may determine dipole moment effect on tendency of a molecule to adsorb onto the surface [10].
Since water is a polar solvent, there is higher tendency for molecules with similar size to adsorb onto metal surface for those who
have lower dipole moment [10]. In this study, P2T has lower dipole moment and molecular size in comparison with 2PD while
both inhibitors show good inhibition efﬁciency. According to
above discussion, it may be concluded that both inhibitors, considering their molecular weight and dipole moment, have a tendency to adsorb onto metal surface. For instance, the higher
molecular weight and dipole moment makes an afﬁnity for 2PD
to leave the solution and get adsorbed onto surface. It should
be noted that molecular electronic parameters are not conﬁdent
parameters which certainly determines the corrosion inhibition
performance because corrosion inhibition is a complex phenomenon. Various conditions such as pH, temperature, the chemical
and physical nature of the metal and hydrodynamic ﬂow are factors which surely affect the inhibitive performance and are not
considered into the quantum chemical calculation [9,10].
In the case of P2T, having a ﬂat structure, the electric charge is
observed around pyridine ring and S atoms. As known, the electrons of carbon in pyridine ring are p-bonding type while S and
N atoms have non-bonding electron pairs. The optimized structure
of 2PD, having an elbow shape, is more complicated in comparison
with P2T so that its HOMO contains two parts; (i) a pyridine ring in
which no electronic density is observed and (ii) another pyridine
ring having electronic charge. Also, around both sulfur atoms of
2PD, the electronic charge density is appeared like pyridine ring.
It may be deduced from Fig. 5 that P2T can be adsorbed in two
positions onto the mild steel surface. As reported for imidazole
adsorption on Fe surface by Kokalj [49], P2T may adsorb with the
molecular plane parallel to the Fe surface. Also, another form of
adsorption in which P2T directly adsorbs to form S–Metal–N chelate should be considered as reported by Hassan and Holze [26].
Furthermore, it is probable for 2PD to be adsorbed in a conﬁguration in which a pyridine ring, having an electronic charge, in association with sulfur atoms are parallel to mild steel surface. Other
pyridine ring, containing no electric density, conﬁgures perpendicular to the surface. It is suggested that the pyridine ring and S ligands can be suitable places for adsorption onto the surface,
especially in the case of S and N atoms because of having lone pairs
of electrons. Also, molecules of the present inhibitors can be directly adsorbed on the steel surface on the basis of donor–acceptor
interactions between p-electrons, non-bonding lone pairs of S and
N atoms, and vacant d-orbitals of iron atoms [3]. Although a deep
DFT examination is not the aim of the present work, to better clarify the adsorption construction of the compounds, an extended DFT
study like researches conducted by Kokalj [9,10,49,50] is needed in
which adsorption energy of the system at various adsorption conﬁgurations can be calculated for both solid/vacuum and solid/
water interfaces.

3.1.4. Electrochemical impedance spectroscopy
EIS was employed to investigate the effect of concentration on
inhibitive behavior of P2T and 2PD in 0.1 M HCl at 25 °C after
45 min immersion. The EIS results in form of Nyquist and Bode
phase plots have been presented in Fig. 6. It is obvious that the
diameter of semicircle pertaining to mild steel impedance signiﬁcantly increases by adding both inhibitors into the corrosive solution, also increases with a rise in inhibitors concentrations. The
semicircles are considered to be the depressed type which is often
attributed to the heterogeneity or roughness of the metal surface
[44]. The addition of both inhibitors into solution does not change
the typical shape of the Nyquist and particularly Bode phase plots
which contain one time constant, excluding 200 ppm concentration for both inhibitors. A second time constant at low frequencies
for both inhibitors in 200 ppm can be attributed to the adsorption
of inhibitor molecules on the metal surface and all other accumulated kinds at the metal/solution interface [4,51].
For corrosion reactions which are charge-transfer controlled,
impedance behavior can be explained using a simple equivalent
circuit containing a double layer capacitance (CPEdl), charge transfer resistance (Rct) and solution resistance (Rs). The resistor Rs is in
series to the double layer capacitance and Rct while the double
layer capacitance is parallel to Rct (see Fig. 6(c)). It should be noted
that the double layer capacitance is also parallel to the impedance;
due to the charge transfer reaction [4]. The impedance parameters
of the mentioned equivalent circuit that have been quantitatively
extracted from the experimental data using EIS analyzer software
are listed in Table 3. Besides, inhibitors efﬁciencies have been estimated by charge transfer resistance according to the following formula [35,52]:

%g ¼

Rct  R0ct
 100
Rct

ð5Þ



where Rct and Rct are charge transfer resistance of mild steel in absence and presence of the inhibitor, respectively. Also, values of CPE
capacitance were calculated by using Eq. (6) [53]:

C dl ¼ P1=n R1n=n
ct

ð6Þ

In above expressions, P and n are the magnitude of CPE and
deviation parameter, respectively. Table 3 results show that Rct values increase with rising in inhibitor concentration so that the efﬁciencies reaches 97.5% and 96.7% for 2PD and P2T at 200 ppm
concentration, respectively. An increase in Rct refers to more
impediment of the active area at the metal surface as a result of
the increase in inhibitors concentrations [4,16,54]. In addition,
the values of the double-layer capacitance (Cdl) decrease by adding
inhibitors into corrosive solution so that Cdl values reach 50 lF/cm2
for P2T and 47 lF/cm2 for 2PD considering 177 lF/cm2 for the
uninhibited solution. This phenomenon can be described according
to the Helmholtz model in which the double layer capacitance is
inversely proportional to the surface changes [45,55]:

C dl ¼

e0 e
d

S

ð7Þ

where d is the ﬁlm thickness, S is the electrode surface, e° is the permittivity of air and e is the local dielectric constant. Mainly, the decrease in Cdl value is attributed to the replacement of the adsorbed
water molecules at the metal surface by the inhibitor molecules
having lower dielectric constant [42]. Also, the decrease in surface
area which acts as a site for charging may be considered as another
reason for the Cdl decrease [3,56]. These points suggest that the role
of inhibitor molecules is preceded by the adsorption at the metal–
solution interface [57].
Evaluation of Table 3 data shows an increase in n values of the
inhibited systems in comparison with 0.1 M HCl blank solution.
The values of n for the both inhibitors show an increase with rising
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Table 3
Impedance parameters data for mild steel in 0.1 M HCl without and with different concentrations of pyridine derivatives at 25 °C.
Inhibitor

Rs (X cm2)

Concentration (ppm)

Rct (X cm2)

CPEdl
2

Cdl (lF/cm2)

h

%g

P (lF/cm )

n

Pyridine-2-thiol (P2T)

Blank
25
50
100
200

23
22
24
20
20

23
186
321
673
918

450
153
101
120
65

0.83
0.86
0.88
0.86
0.91

177
86
63
79
50

–
0.876
0.928
0.966
0.975

–
87.6
92.8
96.6
97.5

2-Pyridyl disulﬁde (2PD)

25
50
100
200

24
21
20
21

301
348
481
701

92
100
85
64

0.85
0.90
0.91
0.91

49
69
62
47

0.923
0.934
0.952
0.967

92.3
93.4
95.2
96.7

in inhibitor concentration. This can be attributed to the slightly
improvement of surface homogeneity due to the inhibitor adsorption on most preferential sites [3].
3.2. Hydrodynamic condition
3.2.1. Potentiodynamic polarization
The hydrodynamic condition was considered to have a signiﬁcant inﬂuence on inhibitive performance of P2T and 2PD on mild
steel sample in 0.1 M HCl solution. In this way, RDE was employed
to run the potentiodynamic polarization experiments at various
rotation speeds in 200 ppm concentration (having highest efﬁciency among the chosen concentrations) of both compounds at
25 °C. In order to certify the ﬂow type induced at the surface by
RDE, Reynolds number was calculated at various rotation speeds
using following equation [19,58]:

Re ¼

r2 x
kv

ð8Þ

where r, x and kv are the radius of the RDE active area in mm, angular velocity in rad/s and kinematic viscosity in mm2/s, respectively.
Generally, Reynolds number values lower than 105 are related to
the presence of a laminar ﬂow at the surface [58]. The calculated
Reynolds numbers which have been presented in Table 4 shows
that the ﬂow type is laminar in all studied rotation speeds.
Fig. 7 depicts the effect of different rotation speeds on potentiodynamic polarization curves of mild steel specimen in the absence
and presence of P2T and 2PD in 0.1 M HCl. The corresponding electrochemical parameters including Ecorr and icorr which acquired by
Tafel extrapolation (for blank solution, McCafferty method was
used) and also the inhibitors efﬁciency calculated using Eqs. (1)
and (2) have been presented in Table 4.
In the case of blank solution, Fig. 7(a) shows that both anodic
and cathodic branches are under activation control so that with rising in the rotation speed, the anodic and cathodic current densities
decrease and increase, respectively. Since, in the acidic media the
hydrogen evolution is the dominant cathodic reaction so the increase in cathodic current densities may be related to more easily
detachment of the hydrogen bubbles produced by H+ reduction
from mild steel surface that leads to an increase in the active
cathodic area. Also, it can be considered as a result of an increase

in oxygen molecules mass transport from the bulk solution toward
metal surface that signiﬁes another cathodic reaction in the solution [21]. The decrease in current density of the anodic branches
may also be ascribed to form corrosion product under hydrodynamic ﬂow. It has been reported that the increased presence of dissolved oxygen and H+ ions on the metal surface under
hydrodynamic ﬂow leads to oxide formation onto surface, consequently a decrease in the anodic current density [17]. In other
word, at the induced concentrations of both dissolved oxygen
and H+ ions on the metal surface at higher velocities, the oxide formation probably facilitates. Table 4 data reveal that the corrosion
rate decreases as the rotation speed increases so that it reaches
0.746 mA/cm2 at 1000 rpm from 1.058 mA/cm2 at 0 rpm. Similar
to this behavior has been previously observed by Ashassi-Sorkhabi
and Asghari for mild steel in H2SO4 solution [17]. Fig. 8 schematically explains how the hydrodynamic ﬂow gives rise to an increase
in the corrosion potential while the corrosion current density decreases. As shown in the blank solution, the hydrodynamic ﬂow
slows down the anodic current density and speeds up the cathodic
current density, resulting in a situation in which Ecorr becomes nobler and icorr decreases.
Evaluation of Fig. 7 reveals that the ﬂow has a negative effect on
the polarization curves of P2T and 2PD, increasing both the anodic
and the cathodic current densities and especially the cathodic
branches. Also, Table 4 shows that the mild steel corrosion rate signiﬁcantly increases with increasing in rotation speed. This destructive effect is more pronounced in the case of 2PD. For instance, the
corrosion rate in presence of 2PD at 1000 rpm is approximately
twice of P2T at the same hydrodynamic condition. Generally, the
hydrodynamic ﬂow produced by RDE is supposed to reveal two
property for the system; (i) creating a ﬂow from bulk solution side
toward the surface which facilitates the inhibitor transfer (positive
effect) and (ii) inducing a shear stress at the surface which causes
the inhibitor desorption (negative effect) [59]. In the present study,
the shear stress has a considerable effect on the inhibitive performance of P2T and 2PD in compared to the inhibitor transport from
bulk to the surface. It is probable that shear stress is sufﬁciently enough to overcome the chemisorbed inhibitor through only sulfur
and nitrogen atomic sites because the shear stress is applied on
the whole molecule structure. There is no quantitative value for
shear stress, but apparently it has predominant effect. Therefore,

Table 4
Electrochemical parameters of potentiodynamic curves and Reynolds numbers corresponding to each rotation rate for mild steel RDE in the blank solution and also in presence of
200 ppm concentration of P2T and 2PD at 25 °C.
Type

Blank

Rotation speed (rpm)
Reynolds no.
Ecorr (mV vs. SCE)
icorr (mA/cm2)
%g

0
0
536
1.058
–

Pyridine-2-thiol (P2T)
250
1369
515
0.901
–

500
2738
495
0.860
–

750
4106
486
0.761
–

1000
5475
479
0.746
–

0
0
491
0.018
98.3

250
1369
439
0.099
89.0

500
2738
429
0.129
85.0

2-Pyridyl disulﬁde (2PD)
750
4106
436
0.134
82.4

1000
5475
455
0.172
76.9

0
0
493
0.021
98.1

250
1369
428
0.222
75.4

500
2738
438
0.304
64.7

750
4106
458
0.341
55.2

1000
5475
450
0.348
53.4
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Fig. 8. Schematic representation of the inﬂuence of hydrodynamic ﬂow on the
polarization curves of mild steel in the blank solution.

the negative effect of the inhibitor desorption so that the overall
current densities of anodic branches show no considerable increase
in comparison with stagnant ones at the same noble potential.
Consequently, by considering the former discussions, it can be
claimed that the hydrodynamic condition increases the mild steel
corrosion rate and shifts the corrosion potential towards positive
values in presence of P2T and 2PD.
It should be noted that the increase in rotation speed decreases
2PD efﬁciency more than the P2T one. This fact refers to the deference between the molecular weight and the optimized molecular
structure (see Fig. 5) of P2T and 2PD. Since, 2PD has a molecular
weight approximately twice higher than P2T; therefore the centrifugal force more negatively affects its adsorption. On the other
hand, its unique molecular structure which is elbow-shaped can
be another inﬂuential reason on inhibitive behavior of 2PD in presence of stress at the metal/liquid interface.

Fig. 7. Typical polarization curves for mild steel RDE for (a) the uninhibited solution
and the inhibited solutions by 200 ppm concentration of (b) P2T and (c) 2PD at
various rotation speeds.

it is claimed that the presence of shear stress gives rise to inhibitor
desorption from the metal surface, increasing the total active area.
Thus, the current densities of the cathodic branch enhances more
signiﬁcantly due to the inhibitor desorption [23]. In the case of
the anodic branches, probably the oxide formation compensates

3.2.2. Electrochemical impedance spectroscopy
Fig. 9 demonstrates the typical Nyquist and Bode phase plots in
the absence and presence of 200 ppm concentration of P2T and
2PD at different rotation speeds and at 25 °C. As seen, in the case
of blank solution, the hydrodynamic condition changes both size
and shape of the Nyquist plots. Diameters of the depressed semicircles are enlarged by increasing the rotation speed so that not
only a high frequency time constant exists, but also a second one
appears at low frequencies. As mentioned in Section 3.1.4, the ﬁrst
capacitive loop appearing at high frequency region is attributed to
the charge transfer resistance. Also, from the second one at lower
frequencies in the blank solution, it may be deduced that there is
an additional electrochemical process other than the interfacial
charge transfer reaction due to the presence of a porous corrosion
product; probably metal oxide layers adjacent to the metal surface
[60]. Moreover, Nyquist and particularly Bode phase plots of both
inhibitors show no signiﬁcant difference in their shape while the
semicircle diameters reveal a considerable decrease in their size
with an increase in the rotation speed. Although, the semicircle
diameters have a tendency to decrease with increasing the rotation
speed, the intensity of this decrease is more obvious when the
speed reaches 250 rpm (see Fig. 9).
The EIS results were quantitatively analyzed using EIS analyzer
software with equivalent circuit according to the model offered in
Fig. 6(c). A single semicircle was used for equivalent circuit since
Bode phase plots in Fig. 9 clearly depict one time constant. The extracted parameters like Rs and Rct values and also Cdl values calculated by Eq. (6) have been presented in Table 5. In addition, the
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Fig. 9. Nyquist and Bode phase plots obtained for mild steel RDE in various rotation speeds at 25 °C (a and b) for the blank solution, (c and d) for P2T and (e and f) for 2PD.

efﬁciency values of both compounds corresponding to various
rotation speeds were calculated by Eq. (5) and reported in Table 5.
As seen, the values of Rs show a decrease under the hydrodynamic ﬂow due to the increase in convection. In the uninhibited

solution, Rct values decrease as the rotation speed increases while
for the double layer capacitances, they increase with raising the
rotation speed. According to the preceding discussion, an increase
in rotation speed gives rise to oxide formation that will further
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Fig. 10. Morphology of the mirror-like polished surface of mild steel, (a) prior to immersion (b) after 90 min immersion in the blank solution at stagnant condition, (c) after
90 min immersion in the blank solution at 1000 rpm rotation speed and (d) after 90 min immersion in 0.1 M HCl solution in presence of 200 ppm concentration of P2T at
stagnant condition.

increase the charge transfer resistance by diminishing the total active area. According to the Helmholtz model, an increase in double
layer capacitance is attributed to the decrease in diffuse layer
thickness [23]. The Rct values presented in Table 5 shows that the
shear stress can signiﬁcantly desorb both inhibitors from metal
surface. An intensely decrease in Rct values with an increase in
rotation speed from 0 to 250 rpm obviously suggest this phenomenon. Furthermore, the increase in double layer capacitance could
be an indication of the inhibitor desorption from surface under the
hydrodynamic ﬂow. As discussed previously, due to the lower

dielectric constant of inhibitor molecules in comparison with
water ones, inhibitor desorption and water substitution molecules
at surface give rise to the increase in Cdl values [42].
Since the EIS results are in a good agreement with potentiodynamic ones, it can be claimed that the ﬂow rate generally has a
destructive effect on inhibitors performance. This is more
pronounced in the case of 2PD due to its unique molecular
structure and heavier molecular weight in comparison with P2T.
Consequently, the decrease in inhibitive performance of P2T and
2PD and also the increase in mild steel corrosion resistance in

Table 5
Electrochemical impedance parameters for mild steel in absence and presence of P2T and 2PD in 0.1 M HCl at different rotation speeds.
Inhibitor

Rotation speed (rpm)

Rs (X cm2)

Rct (X cm2)

CPEdl
P (lF/cm2)

n

Cdl (lF/cm2)

%g

Blank

0
250
500
750
1000

23
15
13
13
12

23
30
33
39
40

450
653
644
650
621

0.83
0.83
0.82
0.83
0.85

176
292
277
306
324

–
–
–
–
–

Pyridine-2-thiol (P2T)

0
250
500
750
1000

20
13
13
12
13

918
245
187
165
145

65
159
221
493
360

0.91
0.80
0.82
0.80
0.81

49
71
110
263
180

97.5
87.8
82.4
76.4
72.4

2-Pyridyl disulﬁde (2PD)

0
250
500
750
1000

21
14
13
13
12

701
123
90
85
82

64
297
720
690
460

0.91
0.74
0.77
0.72
0.76

47
93
318
227
162

96.7
75.6
63.3
54.1
51.2
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blank solution as a result of the hydrodynamic ﬂow, signiﬁcantly
lead to decrease the inhibitors efﬁciency.
3.3. Corrosion attack morphology
Corrosion attack morphologies of the mild steel in absence and
presence of both inhibitors at 0 and 1000 rpm were examined by
employing optical microscopy. In the case of uninhibited solution
in stagnant condition after 90 min immersion time, the mirror-like
polished specimen surface (Fig. 10(a)) was severely corroded (see
Fig. 10(b)). At the same time, in hydrodynamic condition, the corrosion attack is slightly lower than that of the stagnant solution.
For instance, the mild steel surface at 1000 rpm rotation speed
has been moderately corroded in some area (see Fig. 10(c)) while
a thoroughly rough and black appearance is observed for the stationary condition. In addition, surface evaluation of specimen immersed during 90 min in a stagnant condition in presence of
200 ppm P2T reveals a micro-attack so that mirror-like polished
specimen surface has been etched after the immersion test (see
Fig. 10(d)). These visual outcomes conﬁrm the results obtained
by potentiodynamic polarization and EIS measurements.
4. Conclusions

[3]

[4]

[5]
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[7]

[8]

[9]

[10]

[11]
[12]

[13]
[14]

In this study, inhibitive performance of two pyridine derivatives
namely Pyridine-2-thiol (P2T) and 2-Pyridyl disulﬁde (2PD) for
mild steel in 0.1 M HCl solution in stagnant and hydrodynamic
conditions has been investigated and the following main results
have been obtained:
1. P2T and 2PD show good inhibitive performance in stagnant
condition so that an increase in each of the inhibitors concentration gives a noticeable improvement on their
efﬁciencies.
2. Adsorption of the present compounds obeys Langmuir isotherm and they show both chemisorption and physisorption onto the mild steel surface.
3. Corrosion rate of mild steel decreases with increasing the
rotation speed in the blank solution. Also, the shear stress
induced by the hydrodynamic ﬂow causes to desorb inhibitor molecules from the surface.
4. The molecular weight and the structure of the inhibitors
have a signiﬁcant effect on their inhibitive performance.
2PD with higher molecular weight and unique structure
shows lower efﬁciency in hydrodynamic condition.
5. Optical microscopy obviously reveals the corrosion attack
morphology in absence and presence of inhibitors in
0.1 M HCl solution and it depicts that the mild steel surface
will severely corrode if inhibitors are not used. Also, it demonstrates that the mild steel corrosion rate in blank solution decreases under the hydrodynamic ﬂow.
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