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Abstract 1,10-Bis (1-methyl pyridinium-2-yl)-4,40-dipyridinium dichloride di-iodide (TPy) and 1,10-

dimethyl-4,40-dipyridinium di-iodide (DPy) have been synthesized and used as corrosion inhibitors

for ferritic type 430 stainless steel in 0.5 M H2SO4 solution. Polarization, weight loss and scanning

electron microscopic measurements confirm the inhibitive action of these compounds and the

increase in inhibition efficiency with an increase in concentration and temperature. The compounds

enhance the passivation of the steel by increasing suppression of the critical current. The quantum

chemical calculations explain the good adsorption of these compounds on the steel surface and the

greater inhibition efficiency for TPy compared with that of DPy inhibitor.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Stainless steel (SS) is used in various applications such as in the
oil and petrochemical industry and for parts in desalination
plants. Calcium and magnesium-based deposits in desalination
plants face unavoidable problems. Acids used to remove such

deposits include HCl, H2SO4, and HSO3NH2 (sulfamic acid).
The application of acid corrosion inhibitors in the treatment
of scale parts in multistage flash desalination plants is widely
used to prevent or minimize material loss during contact with

acid. Organic compounds containing heteroatoms with high
electron density such as nitrogen, sulfur, and oxygen, or those
containing multiple bonds were found to be efficient acid cor-

rosion inhibitors (Al-Mayouf et al., 1998; Hermas et al., 2004).
The organic molecule inhibits the corrosion through its

adsorption on the metallic surface. The chemical composition

and structure of the inhibitors, nature of the metallic surface,
and the properties of the medium significantly influence on
the adsorption of the inhibitor (Bentiss et al., 1999). Surfac-
tants, which consist of one polar group (hydrophilic) and

one hydrophobic moiety, act as good corrosion inhibitors
(Abdel-Aal et al., 1990; El Achouri et al., 2001a,b; Hermas
et al., 2004; Wahdan et al., 2002; Migahed, 2005; Noor,

2009; Popova et al., 2007a,b; Saleh, 2006; Li et al., 2011; Stipa,
2006). Some quaternary ammonium bromides of different
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Figure 1 Chemical structure of the inhibitors.

Corrosion inhibition of type 430 stainless steel in an acidic solution using a synthesized S1277
heterocyclic compounds were used as corrosion inhibitors of
mild steel in 1 M HCl and 1 M H2SO4 by Popova et al.
(2007a,b). Viologens (N,N0-diquaternized-4,40-dipyridinium

salts), which have been employed as herbicides, redox media-
tors, electrochromic materials, electron-transfer quenchers,
and as redox probes in self-assembled monolayers (Stipa,

2006; Ock et al., 2005), could be used as efficient corrosion
inhibitors (Aziz et al., 1997; Morad et al., 2008). In this study,
a new tetra-quaternized-multi-pyrdinium ring compound has

been synthesized and was applied as corrosion inhibitors of
ferritic stainless steel in sulfuric acid solution.

Recently, computational chemistry has been widely used to
explain the mechanism of corrosion inhibition, such as the ab

initio quantum chemistry methods (Zhang et al., 2008; Özcan,
2008; Obot et al., 2009; Gece and Bilgiç, 2010). In this work,
the electronic and molecular structure of inhibitors will be

investigated using density functional calculations.

2. Experimental methods

2.1. Inhibitors synthesis

First, N-methyl-2-chloro-pyridinium iodide was prepared by
mixing 2-chloro-pyridine (5 g) with methyl iodide (3 mL) in
ethanol (20 mL) for 3 h. The mixture was cooled and then trea-

ted with excess ether. The solid salt was filtered, washed with
ether, and then dried at 80 �C for 6 h. A solution of 4,40-bipyr-
idyl (1.0 g) in methanol (10 mL) was added drop wise to a stir-

red solution of N-methyl-2-chloro-pyridinium iodide (5 g) in
methanol (20 mL) under nitrogen atmosphere. The mixture
was refluxed for 2 h. The red solid product of 1,10-bis (1-methyl
pyridinium-2-yl)-4,40-dipyridinium dichloride di-iodide (TPy)

was filtered, washed with acetone and dried at 100 �C for
6 h. 1,10-dimethyl-4,40-dipyridinium di-iodide (DPy) was syn-
thesized according to Emara (1991). The DPy has a melting

point from 295–8 �C and TPy has above 300 �C, the elemental
analyses of these compounds are indicated in Table 1 and
Fig. 1 shows the chemical structures.

1HNMR data of TPy: d = 9.4 (d, 4H), 9.3 (d, 2H), 9.0 (t,
2H), 8.63 (d, 2H), 8.5 (t, 2H), 8.07 (d, 4H), 4.3 (s, 6H, 2 CH3).

2.2. Materials and methods

A standard corrosion glass cell was used for the polarization
measurements. The material of the working electrode is a sheet
with an area of 1 cm2 from ferritic type 430 SS, it was cut from

cold rolled annealed sheet (produced by Nilaco, Japan and con-
taining 17–18.5% Cr and <1500 ppm C). The counter and ref-
erence electrodes are platinum sheet and silver–silver chloride

(Ag/AgCl, 3 M KCl), respectively. The electrolyte solution
was prepared from concentrated analytical reagent H2SO4 and
bi-distilled water. The inhibitor solution was prepared by

dissolving the appropriate weight in 0.5 M H2SO4 solution.
Table 1 Elemental analysis (%).

Elements Dpy TPy

Meas. Cal. Meas. Cal.

C 31.2 32.7 38.0 39.6

H 2.48 3.2 2.07 3.3

N 5.82 6.4 6.2 6.4
All experiments were conducted thermostatically at a given
temperature and in an aerated condition without stirring. Prior

to each experiment the working electrode was wet polished with
emery papers up to grade 1000, rinsed with bi-distilled water,
acetone, bi-distilled water and left in air for 30 min. Then, it

was transferred to the glass cell which was filled by 200 ml of
the acid solution.

Electrochemical experiments were recorded using a poten-

tiostat of type Autolab PGSTAT30, coupled to a computer
equipped with GPES software for potential and polarization
measurements. Potentiodynamic measurements were per-

formed with a scan rate of 0.001 V s�1. Scanning electron
microscope (SEM) images were obtained by using Joel JSM-
6360LVSEM.

2.3. Weight-loss method

Type 430 stainless steel sheets with an area of 10 cm2, in dupli-
cate, were immersed in aerated 350 mL of 0.5 M H2SO4 solu-

tion without and with various concentrations of the studied
inhibitors for 24 h at 30 �C. The weights of the steel specimens
before and after immersion were determined using an analyti-

cal balance Mettler AE 166. The corrosion rate in
mg dm�2 day�1 (mdd) was calculated and used in calculation
of the inhibition efficiency (IE) according to the equation:

IE ¼ ðCRÞ1 � ðCRÞ2ðCRÞ1
� 100 ð1Þ

where (CR)1 and (CR)2 are the corrosion rate of SS in uninhib-

ited and inhibited acid solution, respectively.

2.4. Quantum chemical calculations

The molecular structures of the studied compounds were geo-
metrically optimized using the Density Functional Theory
(DFT) method with B3LYP level and 6-31G* basis set, and

the Spartan010 V.1.0.1 program package (Lee et al., 1988).
B3LYP, a version of the DFT method that uses Becke’s three
parameter functional (B3) and includes a mixture of HF with

DFT exchange terms associated with the gradient corrected cor-
relation functional of Lee, Yang and Parr (LYP) (Shao et al.,
2011), was used in this paper to carry out quantum calculations.

3. Results and discussion

3.1. Polarization measurements

The effects of the synthesized compounds under study on the
corrosion and polarization behaviors of the SS were studied



Figure 2 (A) Cathodic–anodic polarization of the SS in 0.5 M

H2SO4 in the absence and presence of different concentrations of

TPy at 30 �C, (B) magnification view of the cathodic–anodic Tafel

region.

Table 3 Weight loss measurement results.

Concen. DPy TPy

M Corr. rate IE Corr. rate IE

mdd (%) mdd (%)

0 183 183

1 · 10�5 168.4 8.0 136.3 25.5

5 · 10�5 136.5 25.4 110.6 40.0

1 · 10�4 107.8 41.1 51.2 72.0

5 · 10�4 56.7 69.0 23.8 87.0

1 · 10�3 21.9 88.0 18.2 90.0

Table 2 Polarization and passivation parameters.

Compd Concentration �Ecor Icor ba bc IE �Epp Icrit SE

M (mV) (mA cm�2) (mV decade�1) (%) (mV) (mA cm�2) (%)

Pure 0 495 3.43 69 164 388 35.5

DPy 1 · 10�5 490 3.0 79 173 12.5 388 28.0 21.1

5 · 10�5 488 2.26 61 158 34.1 388 29.0 18.3

1 · 10�4 477 1.83 78 166 46.6 377 26.3 25.9

5 · 10�4 461 0.86 50 169 75.0 372 23.3 34.4

1 · 10�3 449 0.48 34 165 86.0 378 19.0 46.5

TPy 1 · 10�5 494 1.9 70 154 44.6 403 19.9 43.9

5 · 10�5 479 1.62 71 149 52.8 388 18.1 49.0

1 · 10�4 467 1.01 58 148 70.6 376 16.6 53.2

5 · 10�4 452 0.35 31 149 89.8 383 14.1 60.3

1 · 10�3 438 0.28 21 149 91.8 378 11.8 66.8
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in 0.5 M H2SO4 at 30 �C. Addition of the inhibitor shifted the
steel potential (�0.495 V) to the positive side, and this shift in

potential increased by increasing inhibitor concentration
(�0.449 V and �0.438 V in the case of 1 · 10�3 M of DPy
and TPy, respectively), as shown in Table 2. This result indi-

cated that the compounds under study are mainly anodic
inhibitors.

Cathodic–anodic polarization of the SS in the absence and

the presence of the inhibitor in 0.5 M H2SO4 at 30 �C has been
performed, as shown in Fig. 2A for the TPy inhibitor. The
anodic polarization branch was extended up to the transpas-
sive potential. Complete analysis of the polarization curve,

including cathodic–anodic Tafel lines and active–passive
range, was done and the parameters are recorded in Table 2
for the two inhibitors. From the corrosion current (icor), the

inhibition efficiency (IE) was calculated using Eq. (2):
IE ¼ i�cor � icor
i�cor

� 100 ð2Þ

where, i�cor is the corrosion current in the absence of the inhib-
itor. The Tafel line region, as in Fig. 2B, shows that the pres-
ence of the TPy compound shifted regularly the cathodic and
anodic lines to lower current densities with the inhibitor con-

centration. A similar behavior was obtained using the DPy
compound, indicating that these compounds are mixed type
inhibitors with mainly anodic. The TPy inhibitor has more effi-

cient to reduce the corrosion current than the DPy, the differ-
ence is clear at the lower concentrations. In the presence of the
maximum inhibitor concentration (1 mM), the corrosion cur-

rent decreased from 3.43 mA cm�2 to 0.48 and 0.28 mA cm�2

for the DPy and TPy, respectively.
The values of the cathodic slope (bc) are slightly higher than

those of mild steel (Wahdan et al., 2002), primarily the result

of the presence of oxide film on the SS surface. The constancy
of the bc values indicates that the mechanism of hydrogen evo-
lution is not changed in the absence and the presence of the

inhibitor. The values of ba decreased at high concentrations
of the inhibitor, indicating change in the mechanism of metal
dissolution.

The influence of TPy on the passive behavior of SS in
H2SO4 solution is shown in Fig. 2A. The passivation parame-
ters in the absence and presence of DPy and TPy are recorded

in Table 2. The SS showed an active–passive behavior in the
studied solutions. Presence of the inhibitor at any concentra-
tion did not affect the primary passive potential (Epp) of the
SS. However, the current corresponding to Epp, the critical



Figure 3 SEM images of SS samples after 12 h immersion in

0.5 M H2SO4 (A) and in the presence of 1 · 10�3 M inhibitor at

room temperature; DPy (B) and TPy (C).
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current density (icit), decreased gradually with an increase in
the inhibitor concentration. icrt is the maximum active anodic
current of the SS after which a suppression occurs due to a sur-

face oxide film formation. Presence of the inhibitor was found
to decrease icrt, facilitating oxide film formation, which is re-
flected in a more stable passive range and a lower passive cur-

rent (lower oxide dissolution), as shown in Fig. 2B. Thus,
suppression efficiency (SE) of the inhibitor is significant and
could be obtained using Eq. (1) after replacement by icrt. The

SE of TPy is higher than that of DPy within the studied inhib-
itor concentration range, and is 46.5% and 66.8% in the pres-
ence of the maximum inhibitor concentration (1 mM) of DPy
and TPy, respectively.

3.2. Weight loss measurements

Weight loss measurements of the SS in 0.5 M H2SO4 in the ab-

sence and the presence of different concentrations of the stud-
ied inhibitors were carried out at 30 �C and the results are
reported in Table 3. As shown from the results, the corrosion

rate of the SS decreased in the presence of the additives and
the inhibition efficiency increased with an increase in the con-
centration of the inhibitor. The TPy compound provides great-

er inhibition efficiencies than those of DPy within the
concentration range under study. The values of inhibition effi-
ciencies calculated from the weight loss method are in good
agreement with those calculated from the corrosion current

by the polarization method.

3.3. Surface investigation

The SEM images of the SS samples after 12 h immersion in
0.5 M H2SO4 in the absence and the presence of 1 mM of
the inhibitors under study are shown in Fig. 3. In the pure acid

solution the steel suffered from general corrosion as shown in
Fig. 3A, where highly attack on the entire surface is observed.
The presence of the inhibitor almost prevented the corrosion;

in case of the DPy inhibitor very slight attack appears in the
medal of the image (Fig. 3B). In case of the TPy inhibitor
the image (Fig. 3C) is free from any attack and the polish
scratch of the sample is still appearing. These results confirm

the polarization and weight loss methods.

3.4. Adsorption isotherm

The organic compounds inhibit the corrosion through its sur-
face adsorption on the metal surface. The fraction of surface
coverage (h) by inhibitor molecules can be calculated from

the equation:

h ¼ 1� icorr
i�corr

� �� �
ð3Þ

h is subjected to various adsorption isotherms to find the most

suitable adsorption isotherm(s). The inhibitors used in this
study are found to fit Langmuir isotherm for monolayer chem-
isorptions where h and C (inhibitor’s concentration in the bulk
of the solution) are related to each other via the equation:

h ¼ KC

ð1þ KCÞ ð4Þ

Rearrangement gives:



Figure 4 Langmuir isotherm for monolayer TPy inhibitor

chemisorptions.
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C

h
¼ 1

K

� �
þ C ð5Þ

K is the equilibrium constant of the adsorption process. Plot-
ting of C/h against C gives a straight line with linear regression
coefficient 1.0 ± 0.001 and slope one value for the two inhib-

itors; Fig. 4 shows the plot of TPy. The calculated K values are
1.05 · 104 and 7.5 · 103 for DPy and 3.44 · 104 and 2.30 · 104

for TPy from polarization and weight loss methods, respec-

tively. There is good agreement between the two methods for
the K value which indicated the higher adsorption of the
TPy compound on the electrode surface.

The constant K is related to the standard free energy of

adsorption DG�ads by the equation:

K ¼ 1

55:5

� �
exp

�DG�
ads

RT

� �
ð6Þ

where R is the gas constant and T is the absolute temperature.
For the investigated inhibitors, DG�ads values are �33.44 and

�32.6 for DPy, and �36.43 and �35.42 kJ mol�1 for TPy,
from polarization and weight loss methods, respectively. Gen-
erally, the electrostatic interaction between the charged mole-

cules and the charged metal surface (physisorption) is
characterized by values of DG�ads around �20 kJ/mol or lower
while the charge sharing or charge transfer from the organic
Table 4 Effect of temperature on the corrosion parameters of SS.

Medium (M) Temperature

(�C)
�Ecor

(mV)

Icor
(mA cm�2)

ba
(mV decade�1

0.5 M H2SO4 25 497 0.88 52

30 495 3.43 69

35 482 6.15 92

40 496 13.1 112

25 439 0.41 47

+Dpy (1 · 10�3) 30 449 0.48 34

35 464 0.59 32

40 473 0.89 35

25 456 0.125 35

+TPy (1 · 10�3) 30 438 0.28 21

35 474 0.36 40

40 473 0.89 35
molecules to the metal surface to form a coordinate type bond

(chemisorption) is characterized by values of DG�ads around
�40 kJ/mol or higher (Lebrini et al., 2007). This result indi-
cates that the inhibitors under study are adsorbed chemically

on the steel surface.

3.5. Effect of temperature

The effects of temperature on the inhibitive action of the stud-

ied inhibitors were performed. The polarization electrochemi-
cal measurements of the SS were carried out in 0.5 M H2SO4

and in the absence and presence of 1 · 10�3 M inhibitor at dif-

ferent temperatures (25–40 �C), and the results are recorded in
Table 4. As expected the corrosion current increased with an
increase in temperature; however the IE of both used inhibitors

increased with temperature, indicating that the adsorption pro-
cess of the inhibitors on the SS surface is endothermic. The SE
of the two inhibitors did not largely change with temperature.
These results reflect a strong adsorption of the studied com-

pounds on the steel surface.
The dependence of corrosion current on the temperature

can be expressed with Arrhenius equation:

log icorr ¼ log k� Ea

2:303RT

� �
ð7Þ

where k is the pre-exponential factor and Ea is the apparent

activation energy of the corrosion process. Plotting of log icor
vs. 1/T produced a straight line as shown in Fig. 5. Values of
Ea for SS in H2SO4 in the absence and presence of

1 · 10�3 M inhibitor were determined from the produced lines.
The values of Ea in the pure solution and in the presence of
DPy and TPy are 137.8, 39.6 and 96.1 kJ mol�1, respectively.
The lower values of Ea in the presence of the inhibitors and

the general increase of their IE with increasing temperatures
are indicative of chemisorption (interaction of unshared elec-
tron pairs in the adsorbed molecule with the metal) of these

compounds on the steel surface.

3.6. Quantum chemical calculations

Quantum chemical calculations were performed to explain the
relationship between the molecular structure and the inhibitive
action of the inhibitors under study. Fig. 6 presents quantum
)

bc
(mV decade�1)

IE (%) �Epp (mV) Icrit
(mA cm�2)

SE (%)

163 392 27.5

164 388 35.5

179 403 28.5

178 396 63.1

173 53.4 356 16.2 41.1

165 86.0 378 19.0 46.5

165 90.4 387 17.6 38.2

182 93.2 376 31.3 50.4

147 85.8 377 18.9 31.3

149 91.8 378 11.8 66.8

168 94.2 386 11.7 58.9

182 93.2 376 22.3 64.7



Figure 5 Arrhenius plots for SS in H2SO4 in the absence (s) and

presence of 1 · 10�3 M inhibitor; DPy (h) and TPy (D).
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chemical parameters computed for the studied inhibitors,

namely energies of the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO)
and the energy gap (DE = ELUMO�EHOMO). Fig. 6 also pre-
sents the electrostatic potential map, the total optimized en-

ergy, and the dipole moment of the two inhibitors. As shown
in Fig. 6, the HOMO in DPy is localized mainly around the
p-framework. In contrast, the HOMO in TPy is localized lar-

gely on nitrogen atoms and around the aromatic system, which
enhances electron donation from the TPy inhibitor to the me-
tal surface. The data in Fig. 6 reveal that TPy has higher values

for both EHOMO and ELUMO and a small DE (1.5 eV) value.
The corresponding value of the energy gap (DE) for DPy is
5.5 eV. In principle a decrease in the energy gap leads to easier

polarization of the molecule and greater adsorption on the sur-
face (Fouda and Ellithy, 2009). Thus, a small DE in TPy facil-
itates adsorption, and enhances the efficiency of inhibition.
Figure 6 Frontier molecular
The charge distribution in a molecule can provide critical
insight into its physical and chemical properties. The map of
the studied inhibitors is displayed in Fig. 7. The electrostatic

potential map indicates the size and shape as well as charge
distribution of the studied compound. The results from DFT
calculations show that TPy has a more negative charge (red

color) than DPy. Additionally, the planarity of TPy is more
pronounced than DPy. These data clearly show that the nega-
tive charge density localized on N atoms and the center aro-

matic system in TPy is much greater than that in the other
inhibitor, indicating that N atoms and p-aromatic are the neg-
ative charge centers that donate electrons to the metal in the
steel to form a coordinate bond and p-metal interactions,

respectively. The dipole moment values support this conclu-
sion. We suggest that the higher value of the dipole moment
for TPy (1.7 D) leads to an increase in inhibition, which could

be related to the dipole–dipole interaction of molecules and
metal surface. Fig. 6 shows a higher dipole moment for TPy
in comparison to that of DPy inhibitor. These results explain

the good adsorption on the steel surface and, thus, the inhibi-
tion efficiency for these compounds and particularly for TPy
compared with that of the DPy inhibitor. These theoretical cal-

culations are in good agreement with the experimental results.

3.7. Inhibition process

In this Study, electrostatic adsorption is mostly the first stage

of inhibition process which occurred between the cationic spe-
cies (pyridinium ions) and the negative charged metal surface
(Abd El-Maksoud, 2004). The orientation of the adsorbed or-

ganic molecules at the metal surface is significant. It has been
reported that the surfactant molecules adsorb by its hydro-
philic head directing its hydrophobic tail to the solution side

(Zyauya and Dawson, 1994). But, the adsorption of the het-
erocyclic compounds occurs with the aromatic rings sometimes
parallel to the metal surface. In case of the pyridinium
orbital of the inhibitors.



Figure 7 Electrostatic potential map of the inhibitors

(red = negative charge and blue = positive charge).
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compounds, Saleh explained that the pyridinium ring is in po-
sition parallel to the metal surface (Saleh, 2006). It is suggested

that the molecules of multi-pyridinium rings are physically ad-
sorbed via the positively charged nitrogen atoms and the aro-
matic rings are parallel to the surface and the methyl group tail

is extended in the solution (Obaid et al., 2013). Thus the tetra-
pyridinium (TPy) molecule will cover a larger area of metal
surface than that of the dipyridinium (DPy) molecule. This is

evident by larger inhibition efficiency of the first compound
particularly at the lower inhibitor concentration (partially cov-
ered of the electrode surface).

The parallel position of the pyridine rings to the metal sur-

face allows for transfer of the p-electrons of these rings to the
empty d-orbital of the metal to form coordinate type of link.
The chemisorption of TPy and DPy compounds is evident

from the increase in inhibition efficiency with temperature,
the lower value of Ea and the larger negative value of DG�ads
in the presence of the inhibitor compound. The DFT calcula-

tion confirmed the higher electronic donation and thus interac-
tion for the molecules of these compounds with the metal
surface, and the TPy molecules have more ability for chemi-

sorption than that of DPy molecules.
4. Conclusions

(1) The results obtained in this study indicated the effective-

ness of the investigated compounds, DPy and TPy, as
inhibitors for the corrosion of type 430 SS in aerated sul-
furic acid solution.

(2) The compounds work as mixed type inhibitors and

enhance the passivation of the SS, and their inhibition
efficiencies increase with inhibitor concentration and
temperature.
(3) The compounds adsorb chemically on the steel surface

and the TPy shows greater inhibition efficiency than that
of DPy.

(4) The presence of two additional pyridinium rings

attached to the nitrogen atoms in the dipyridinium com-
pound increases the adsorption on the steel surface.
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