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a b s t r a c t

Two new organic compounds were tested experimentally as inhibitors for mild steel in

NaOH in presence of NaCl by electrochemical and hydrogen evolution techniques. Results

demonstrated that the two inhibitors show an adsorption on steel surface according to

Langmuir adsorption isotherm. The inhibition efficiency increases with increasing inhib-

itor concentrations to attain a maximum value at 1.0 mM for compound I and at 6.0 mM for

compound II, respectively. The results were confirmed by surface examination via scan-

ning electron microscope.

Published by Elsevier Ltd on behalf of Professor T. Nejat Veziroglu.
1. Introduction the inhibition of corrosion of mild steel alloy, the processes
In some fuel cells mild steel can be used as shims and cell

case. Fuel tanks located outside body and/or frame must be

enclosed in a steel tube frame constructed of mild steel

tubing. The corrosion of steel has received a considerable

amount of attention as a result of its industrial relevance.

Steel remains in the passive state in alkaline solution but

various contaminants have a detrimental effect on passivity.

Among them, chloride ions are the most common ones and

localized corrosion triggers when chlorides reach the metal

surface [1]. The use of corrosion inhibitors is probably more

attractive from the point of view of economics and ease of

application [2]. Reviews of the most commonly used corro-

sion inhibitor types and the various possible mechanisms of

inhibition have been recently published [3e5]. Considering
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of the metal corrosion (active dissolution) and of the

hydrogen embrittlement have to be taken into account. The

effective inhibitors should suppress both the corrosion and

the hydrogen charging, not intensifying any of them. The

detrimental effect of chloride ions to the passive layer

naturally formed on iron exposed to alkaline environments

has been extensively reported in the literature. Many

authors have investigated the chloride threshold values for

the corrosion of steel in concrete, mortars and alkaline

solutions [6e8]. In alkaline solutions the threshold value

relative to the OH� content, given as [Cl�]/[OH�] ratio pres-

ents a mean value around 0.6 [7]. Most of the efficient

inhibitors used in industry are organic compounds having

multiple bonds in their molecules which mainly contain

nitrogen and sulphur atoms through which they are
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adsorbed on the metal surface. Compounds with functional

groups containing oxygen, nitrogen and sulphur have the

ability to form complexes with iron. They have been repor-

ted to act as effective inhibitors to the surface of steel by

means of their competitive adsorption through the surface

complex formation. In practice corrosion can never be

stopped but hindered to a reasonable level. Organic

compounds used as inhibitors act through a process of

surface adsorption, so the efficiency of an inhibitor depends

on [2,3]: the chemical structure of the organic compound,

the surface charge of the metal, and the type of interactions

between the organic molecule and metal surface. Existing

data reveal most inhibitors to act by adsorption on the metal

surface through heteroatom such as nitrogen, oxygen and

sulphur, double bonds, triple bonds or aromatic rings which

tend to form stronger coordination bonds. Compounds with

p-bonds generally exhibit good inhibitive properties, the

electrons for the surface interaction being provided by the p-

orbitals [3]. The main aim of this research work is to study

the electrochemical behavior and hydrogen evolution of

mild steel in different concentrations of organic inhibitors

(newly synthesized heterocyclic compounds) in 1.0 M

NaOH þ 0.1 M NaCl solutions as shown in Scheme 1. These

compounds are required for several chemical trans-

formations as well as our medicinal chemistry programs.

The two compounds exhibit anti-Alzheimer and anti-cyclo-

oxygenase enzyme type 2 (COX2) activities [8]. Also, the
O
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Scheme 1. The structure
effect of temperature is studied for compound I. Different

techniques were employed such as potentiodynamic polar-

ization and electrochemical impedance spectroscopy (EIS).
2. Experimental

Mild steel rod (C ¼ 0.31%; Si ¼ 0.21%; Mn ¼ 0.81%; P ¼ 0.014%;

S ¼ 0.017%; Cu ¼ 0.06%; Cr ¼ 0.02%; Mo ¼ 0.01%; Ni ¼ 0.02%;

V ¼ 0.002% by weight) was tested in the present study with its

cross-sectional area of 0.46 cm2. The surface of the test elec-

trode was mechanically abraded by emery papers with 400 up

to 1000 grit to ensure the samesurface roughness, degreased in

acetone, rinsedwith ethanol and dried in air. The test solution

(blank) is 1.0 M NaOH þ 0.1 M NaCl containing different

concentrations of 4-(4-methoxyphenyl)-6-thioxo-1,6-dihydro-

2,30-bipyridine-5-carbonitrile (compound I) or 4-(4- methox-

yphenyl)-6-(thiophen-2-yl)-2-thioxo-1,2-dihydropyridine-3-

carbonitrile(compound II). The concentration range is

0.01e10 mM. The chemical structure of the two investigated

organic inhibitors is given below [8]:

The cell used was a typical three-electrode one fitted with

a large platinum sheet of size 15 � 20 � 2 mm as a counter

electrode (CE), saturated calomel (SCE) as a reference elec-

trode (RE) and the alloy as the working electrode (WE). The

impedance diagrams were recorded at the free immersion

potential (OCP) by applying a 10 mV sinusoidal potential
NH
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N
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of compound I & II.
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through a frequency domain from 30 kHz down to 100 mHz.

Polarization and EISmeasurements were carried out using the

electrochemical workstation IM6e Zahner-electrik GmbH,

Germany. The scan rate was 30 mV min�1. Hydrogen evolu-

tion experiments were undertaken using gasometric

assembly similar to that described in the literature [9e11]. The

assembly is essentially an apparatus that measures the

volume of gas evolved from a reaction system. It consists of

essentially two-necked round bottom flask which serves as

the reaction medium containing the corrodent and the metal

coupons. Others are a separating funnel, a burette fitted with

taps and an outer glass jacket that serves as a water

condenser. In this technique, 100ml of different test solutions

were introduced into a reaction vessel which was connected

to a burette through a delivery tube. To study the effect of

temperature, the cell was immersed in water thermostat in

blank without/with 0.01 mM compound I and II in the

temperature range of 288 Ke328 K. The SEMmicrographswere

collected using a JEOL JXA-840A electron probemicroanalyzer.
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Fig. 1 e Potentiodynamic polarization curves of steel in

blank solution without and with different concentrations

of compound a) I and b) II at 298 K.
3. Results and discussion

3.1. Effect of inhibitor concentration

The influence of Cl� ions on the passivity breakdown of mild

steel can be interpreted as a balance between two processes

competing on the metal surface: stabilization of the passive

film by OH� adsorption and disruption of the film by Cl� ions

adsorption. When the activity of chlorides overcomes that of

hydroxyls, corrosion occurs [12]. During corrosion, the

reversible formation of Fe(OH)ad adsorbed on the baremetal is

the first stage of the repassivation process followed by the

oxidation of this layer to produce a thicker oxide film

(passivating film) [13,14] according to the following sequence:

Fe þ OH� ¼ FeOH�
ad (1)

FeOH�
ad ¼ FeOHad þ e� (2)

FeOHad þ OH� ¼ Fe(OH)2s þ e� (3)

Fe(OH)2s þ OH� / FeOOHs þ H2O þ e� (4)

In the presence of chloride ions, the Fe(OH)ad coverage

decreases resulting in an increasing of the anodic dissolution

of the metal when the following reactions occur

Fe þ Cl� ¼ FeClad þ e� (5)

FeClad ¼ FeClþaq þ e� (6)

Fig. 1a,b represents the potentiodynamic polarization

curves of steel in blank solution (1.0 M OH�/0.1 M Cl�) without
and with different concentrations of inhibitor I and II,

respectively, at 298 K. The data show that, the addition of

inhibitor I or II does not affect well on the corrosion potential

(Ecorr) value. According to the electrochemical parameters

(icorr, Ecorr, ba and bc) given in Table 1, it is obvious that the

anodic Tafel slope (ba) and cathodic Tafel slope (bc) remain

almost constant upon the addition of each inhibitor. These

results indicate that, these inhibitors decrease the surface

area for corrosion without affecting the mechanism of corro-

sion by merely blocking the reaction sites of the metal surface

without changing the anodic and cathodic reaction mecha-

nisms and only cause inactive of a part of surface with respect

to the corrosion medium. The results indicate also, that the

two compounds are mixed type inhibitors. For icorr value, it

was found to decrease so slightly till 1 mM then increases till

10 mM for compound I and decreases till 6 mM for compound

II then increases slightly at 10 mM concentration. This means

that compound I has the lowest corrosion rate at 1 mM and

compound II at 6.0 mM concentration, however, compound I

always has lower corrosion rate than compound II. The inhi-

bition efficiency at different concentrations of the two
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Table 1 e Corrosion parameters of mild steel alloy at
different concentrations of compound I & II in blank
solution, at 298 K.

Inhibitor Conc. icorr Ecorr ba bc

mM mA cm2 mV mV/dec mV/dec

I 0.0 2.060 �600 49.1 42.4

0.01 0.228 �575 47.3 41.2

0.1 0.227 �584 48.3 42.1

1.0 0.226 �584 46.1 41.3

6.0 0.240 �590 47.4 41.1

10 0.270 �564 45.3 41.7

II 0.0 2.060 �600 49.1 42.4

0.01 0.700 �600 41.5 38.3

0.1 0.696 �597 40.8 38.1

1.0 0.690 �597 40.1 37.9

6.0 0.660 �571 41.6 37.9

10 0.670 �518 42.9 37.4

Fig. 2 e Bode and Nyquist plots for steel in blank without

and with compound a) I and b) II in the blank, at 298 K.
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inhibitors is calculated and tabulated in Table 2 using the

following equation [3,15,16]:

IE% ¼ i
�
corr � icorr

i�corr
� 100 (7)

where i
�
corr and icorr are the corrosion current densities for steel

electrode in absence and presence of inhibitors, respectively.

As observed from Table 2, that inhibition efficiency (IE%)

increases slightly till 1.0 mM and after that it decreases for

compound I, however, it increases till 6.0 mM then decreases

at 10 mM for compound II. Comparing the IE% values of the

two inhibitors, we find that the order of inhibition is as

follows: I > II.

The EIS experiments for steel traced at the rest potential in

1.0 M NaOH solution with Cl� at different concentrations of

compound I or II were shown in Fig. 2a,b and the observed

fitted data are tabulated in Table 3. Fig. 2a,b shows that in all

cases the impedance Bode plots display two maximum phase

lags, indicating the presence of two time constants. According

to this, our experimental impedance data were best fitted to

an electrical equivalent circuit (EEC) shown in Fig. 3. EEC

consists of two circuits from R1ZWC1 and R2C2 parallel
Table 2 e Inhibition efficiencies of mild steel alloy at
different concentrations of compound I & II in blank
solution, at 298 K.

Inhibitor Cinhibitor/mM IE% H2 evolution IE% EIS IE% Tafel

I 0.00 e e e

0.01 85.87 93.88 88.93

0.1 84.60 93.31 88.98

1.0 84.98 93.69 89.03

6.0 84.78 93.41 88.34

10 83.60 93.19 86.89

II 0.00 e e e

0.01 60.37 56.49 66.01

0.1 60.00 57.08 66.21

1.0 58.98 67.05 66.51

6.0 54.78 67.04 67.96

10 50.60 67.25 67.48
combination and the two are in series with the solution

resistance (RS). By this way C1 is related to combinations from

the capacitance of the outer layer and C2 of the inner layer

while R1 is the resistance of the outer layer and R2 of the inner

layer [17]. Warburg impedance (Zw) can be linked to ion

diffusion through the passive film. This Warburg impedance

indicates that the corrosion mechanism is controlled not only

by a charge-transfer process but also by a diffusion process

[18]. Zw found to decrease with increasing concentration of

compound I and increases with increasing concentration of

compound II in the blank. Fitting procedures have shown that

better agreement between the theoretical and experimental

data (3% error) is obtained if a frequency-dependent constant

phase element (CPE) is introduced instead of pure capacitor.

Generally, the usage of CPE is due to frequency dispersion as a

result of distribution of relaxation times and inhomogenities,

http://dx.doi.org/10.1016/j.ijhydene.2010.07.071
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Table 3 e Equivalent circuit parameters of mild steel alloy at different concentrations of compound I & II in blank solution,
at 298 K.

Inhibitor Cinhibitor/mM RS/U cm2 R1/KU cm2 C1/mF cm�2 W/U cm2 s�1/2 a1 R2/kU cm2 C2/mF cm�2 a2

I 0.00 1.4 0.07 199.3 220 0.66 1.33 84.8 0.84

0.01 1.8 0.56 56.6 310 0.68 22.3 42.5 0.82

0.1 1.7 0.50 58.2 389 0.73 20.4 41.8 0.84

1.0 1.4 0.55 60.5 370 0.68 21.7 40.7 0.86

6.0 1.4 0.52 60.1 365 0.69 20.7 40.8 0.86

10 1.4 0.32 64.3 350 0.68 20.2 38.8 0.86

II 0.00 1.4 0.07 199.3 220 0.66 1.33 84.8 0.89

0.01 1.8 0.24 93.2 240 0.61 2.98 48.7 0.85

0.1 1.8 0.24 93.0 254 0.60 3.02 45.9 0.87

1.0 1.6 0.26 92.4 269 0.67 3.99 43.2 0.86

6.0 1.6 0.26 91.7 280 0.63 3.99 42.7 0.88

10 1.6 0.25 90.9 299 0.61 4.02 48.1 0.87

90

100

I
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as well as static disorders such as porosity [19]. The imped-

ance (ZCPE) described by the expression [20]:

ZCPE ¼ 1=CðjuÞa (8)

where 0 � a � 1

The total reciprocal capacitance ðC�1
T Þ of the passive film is

directly proportional to its thickness [20].

C�1
T ¼ C�1

1 þ C�1
2 (9)

From the data of Table 3, it is clear that both C�1
T and RT

(R1 þ R2) are nearly constant for compound I, but increase

slightly for compound II. In general the values of C�1
T and RT are

in the order of: I > II. The inhibition efficiency at different

concentrations of the two inhibitors were calculated and

tabulated in Table 2 using the following equation:

IE% ¼ RT � R
�
T

RT
� 100 (10)

where R
�
T and RT are the total resistances for steel in absence

and presence of inhibitors, respectively.

The inhibition efficiency of compound I is higher than that

of II as shown in Fig. 4 and this is attributed to the electron rich

environment on compound I than compound II. Such action

could be explained through the lone pair of non-bonding

electrons on N atom of pyridine ring in compound I, these

electrons are freely liberated into the system. However, the

electrons on S atom in compound II are restricted to be

liberated due to they are involved into the aromatization of

thiophene ring. Also, this is due to the pyridine ring is six
Fig. 3 e The electrical equivalent circuit model used in

fitting the experimental EIS data.
membered ring in compound I whereas thiophene ring is five

membered ring in compound II.

The corrosion of mild steel in blank solutions in the

absence and presence of different concentrations of

compound I or II was also investigated using the hydrogen

evolution measurements. The corrosion rates of mild steel in

the absence and presence of the additives were assessed by

monitoring the volume of hydrogen gas evolved. Inhibition

efficiency (IE%) from the hydrogen evolution measurements

was obtained using the following equation [21e23]:

IEð%Þ ¼ �
1� V

�
=V

�� 100 (11)

where V
�
and V are the volumes (ml) of hydrogen evolved

without and with inhibitor, respectively. The results obtained

are presented in Table 2. Inhibition efficiency decreased with

increasing concentration of the inhibitors þ blank solution.

The values of inhibition efficiency obtained from the

hydrogen evolutionmethod are lower than that obtained from

Tafel and impedance measurements (EIS). This can be attrib-

uted to the difference in time required to form an adsorbed

layer of the inhibitor on the metal surface that can inhibit

corrosion.
Cinh / mM

0 2 4 6 8 10 12

IE
%

50

60

70

80

II

Fig. 4 e Variation of inhibition efficiency calculated from

EIS measurements for steel in blank with different

concentrations of compound I and II.
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In alkaline solutions the reaction of hydrogen evolution

can be written as:

H2O þ e� ¼ Hads þ OH� (12)

where Hads represents a hydrogen atom adsorbed onto

the cathode surface occurs predominantly by the Tafel reac-

tion [24]:

Hads þ Hads ¼ H2 (13)

Alternatively, removal of Hads might occur via Heyrovsky

reaction [3]:

H2O þ Hads þ e� ¼ H2O þ OH� (14)

3.2. Effect of immersion time

EIS is auseful technique for long timetests, because theydonot

significantly disturb the system and it is possible to follow it

over time [25]. The present work was carried out in blank

containing 0.01mMof compound I for 100h. FromEISdata, it is

obvious that both RT and C�1
T values increased sharply during

the initial 3 h and remained fairly constant afterward, Fig. 5.

This means that the formation of inhibitor surface film, and

inhibitor adsorption, on the electrode surface was fast and

completed within 3 h. The results demonstrate that the IE%

increases with increasing immersion time sharply during the

initial 3 h and remained fairly constant afterward (Fig. 6). This

is consistent with the synergistic effect of inhibitor (due to

adsorption) and steel corrosion products to increase the

protective power of the passive film and a compact adsorbed

film of the inhibitor is formed on the steel surface [26].

Competitive adsorption is assumed to occur on the steel

surface between the aggressive OH� ions and the anions of the
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Fig. 5 e Dependence of CL1
T , RT on the immersion time for

steel in blank with 0.01 mM of compound I at 298 K.
inhibitor molecule [27]. Fig. 7 reveals that the volume of H2

evolved vary linearly with immersion time according to the

relation (V¼kt),whereV is thevolumeofH2 gasevolvedat time

‘t’ and ‘k’ is the rate constant of the H2 evolution reaction. It is

also observed from the figure that lesser H2 gas was liberated

fromthemild steel surfaceon introductionof compounds I or II

compared to the blank solution showing that both compound I

and II actually inhibit the corrosion of mild steel in solution.

The volume of H2 evolved was found to decrease with

increasing immersion time but increased with increase in the

concentrationsof compound Ior II.The inhibitionefficiency for

mild steel corrosion in the absence and presence of inhibitors
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Fig. 7 e The variation of H2 evolution gas with immersion

time for steel in blank solution with and without

compound I or II.
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Fig. 9 e The impedance diagram of steel in blank with

0.01 mM of compound I at different temperatures

represented as Bode and Nyquist plots.
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at different concentrationsarepresented inTable2.Thevalues

of inhibition efficiency (IE%) follow nearly the same trend that

observed from impedance and Tafel measurements. It

decreases with increase in concentration of inhibitors but

increased with increase in immersion time.

3.3. Adsorption isotherm

Data obtained from polarization measurements were tested

graphically for fitting various isotherms including Langmuir,

Frumkin and Temkin. The two compound gives the best fit

with Langmuir isotherm (Fig. 8). According to this isotherm q

is related to inhibitor concentration.

C
q
¼ 1

Kads
þ C (15)

where q is the surface coverage ((IE%)/100) of the inhibitor on

the steel surface, C is inhibitor concentration and Kads is the

adsorptionedesorption equilibrium constant. By plotting C/q

versus C at 298 K for the two inhibitors, straight lines were

obtained as seen in Fig. 8. From the intercepts, Kads values

were calculated for the adsorption process. The equilibrium

constant of adsorption is seen to be higher for compound I

than II (2.36 � 104 M�1) and (1.17 � 104 M�1), respectively.

However, the slopes of the relation show a little deviation

from unity, this may result from the interactions between the

adsorbed species on the metal surface [28]. The Kads values

may be taken as a measure of the strength of the adsorption

forces between the inhibitor molecules and the metal surface

[3]. Therefore, the strongest interaction between the double

layer existing at the phase boundary, and the adsorbed

molecules gives the highest IE% for compound I.

3.4. Effect of temperature

In order to gainmore information about the type of adsorption

and the effectiveness of the studied inhibitors at high

temperatures, polarization and EIS experiments were per-

formed at different temperatures (288e328 K) for the steel

electrode in blank without and with 10�2 mM of compounds I

and II. Fig. 9 (as an example) shows the Bode plots and Nyquist
II

I

Fig. 8 e Langmuir adsorption isotherm of the two

compounds on steel surface.
plots for the steel electrode in blank with 0.01 mM of

compound I at different temperatures. It has been observed

from impedance plots that impedance values increase with

decreasing temperature. Also, from Nyquist plots, it is found

that the diameter of the semi-circles increases with

decreasing temperature of the medium. It was observed that

there is a diffusion phenomenon in the Nyquist plots. Thus,

the appropriatemodel for fitting this data is as shown in Fig. 4.

A plot of log icorr, obtained from polarization measure-

ments, versus T�1 gives a straight line with a slope�Ea/2.303R,

from which the activation energies were calculated (Fig. 10)

using Arrhenius equation:
Fig. 10 e Arrhenius plot for steel in blank with 0.01 mM of

compound I and II at different temperatures.
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from Tafel and EIS for steel in blank containing 0.01 mM of

inhibitor I at different temperatures.
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logicorr ¼ A� Ea=2:303RT (16)

where Ea is activation energy, R the universal gas constant and

A the Arrhenius factor. The activation energies calculated for

blank in presence of 0.01 mM of compounds I and II were

24.38 kJ mol�1 and 31.56 kJ mol�1, respectively. The adsorption

equilibrium constant Kads, is related to the standard free

energy, DG
�
ads, with the following equation:

logKads ¼ log
1

55:5
þ DG

�
ads

2:303RT
(17)

The relation between log Kads and T�1 deduced DG
�
ads which

is �30.24 kJ mol�1 and �26.56 kJ mol�1 for steel in blank with
Fig. 12 e Dependence of RT on the temperature for steel in

blank without and with 0.01 mM of compound I.
0.01 mM of compound I and II, respectively indicating that in

blank solution the two compounds adsorb on steel surface via

a physisorption-based mechanism [15]. This is also supported

by the high molecular weight of the two compounds which

shows better corrosion inhibition beside the fact that IE% of

the investigated inhibitor decreases at higher temperatures

(288e323 K). The negative value of DG
�
ads indicating the spon-

taneous process and that the two compounds are strongly

adsorbed into steel surface. So, the relatively high IE% may

indicate a strong interaction of the two compounds with steel

surface.

By using the transition state equation [15]:

log

�
icorr
T

�
¼ log

R

Nh
þ DSo

ads

2:303R
� DHo

ads

2:303RT
(18)

whereN is the Avogadro’s number and h is the Plank constant,

a plot of log icorr/T against T�1 yields a straight line and the

standard enthalpy change DHo
adsand standard entropy change

DSo
ads for the adsorption process can be evaluated. It was found

that the magnitudes of both parameters are �35.6 kJ mol�1

and �82.5 J K�1 mol�1 for blank containing compound I,

�18.5 kJ mol�1 and�99.5 J K�1 mol�1 for blankwith compound

II, respectively.

Fig. 11 shows the variation of inhibition efficiencies

calculated from Tafel and EIS for steel in blank solution con-

taining 0.01 mM of compound I at different temperatures. It is

clear from the figure that at low temperatures (<300 K) the

efficiency is almost constant and decreases rapidly with

increasing temperatures which confirm the previous results.

Such behavior can be interpreted on the basis that an increase

in temperature resulted in desorption of some adsorbed active

centers of compounds I and II molecules from the metal

surfaces. This type of inhibitor retards corrosion at ordinary

temperatures but inhibition is diminished at higher temper-

atures [2].

http://dx.doi.org/10.1016/j.ijhydene.2010.07.071
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Fig. 14 e SEM micrographs for steel alloy after 100 h of

immersion in blank solution (a) without inhibitors (b) with

0.01 mM of compound II and (c) with 0.01 mM of compound

I at 1000X.
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Also, both RT and C�1
T decrease with increasing tempera-

ture (Figs. 12 and 13), respectively which is in a good agree-

ment with polarization data.

Generally, the results show that Compound I has lower

corrosion rate than compound II than the blank. This was

confirmed by Scanning electron microscope (SEM) images
shown in Fig. 14aec after 100 h of immersion in blank solution

(a) without inhibitors (b) with 0.01 mM of inhibitor I and (c)

with 0.01 mM of inhibitor II. It was shown that SEM image for

the blank is corroded, then for compound I, there is a compact

film formed on the surface. However, for compound II, the film

formed on the surface is smoother than that for blank, but

surface film formed for compound I is better than that formed

for compound II.
4. Conclusions

The following main conclusions are drawn from the present

study: Compound I has the lowest corrosion rate at 1.0 mM

and compound II at 6.0 mM concentration, however,

compound I always has lower corrosion rate than compound

II. The order of inhibition is: I > II. According to the values of

Kads, strongest interaction between the double layer existing

at the phase boundary, the adsorbed molecules gives the

highest IE% for compound I. The two inhibitors show an

adsorption on steel surface according to the Langmuir

adsorption isotherm. The values of DG
�
ads of the two

compounds indicating that the two compounds adsorb on

steel surface via a physisorption-based mechanism.
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