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Abstract

The inhibitory activity of some o -substituted anilines on iron corrosion in hydrochloric acid (HCl) was studied in relation to

inhibitor concentration using potentiodynamic and electrochemical impedance spectroscopy (EIS) measurements. O -substituted

anilines were found to act as mixed type inhibitors. The results showed that o -substituted anilines suppressed both cathodic and

anodic processes of iron corrosion in 1 M HCl by its adsorption on the iron surface according to Langmuir adsorption isotherm.

Potentiodynamic and EIS measurements reveal that these compounds inhibit the iron corrosion in 1 M HCl and that the efficiency

increases with increasing of the inhibitor concentration. Data obtained from EIS are analyzed to model the corrosion inhibition

process through equivalent circuit.

# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The study of corrosion of iron is a matter of

tremendous theoretical and practical concern as such

has received a considerable amount of interest [1].

Hydrochloric acid (HCl) solutions are widely used for

pickling, cleaning, descaling, etc. of iron. Corrosion

inhibitors are needed to reduce the corrosion rates of

metallic materials in this acid media. Most acid corro-

sion inhibitors are nitrogen-, sulfur- or oxygen-contain-

ing compounds [2]. In research on organic corrosion

inhibitors, attention is paid to the relationship of

inhibitor structure to its inhibition efficiency [3,4], to

its adsorption and to the mechanism of adsorption.

It has been observed that the adsorption depends

mainly on certain physicochemical properties of the

inhibitor molecule such as functional groups, steric

factors, aromaticity, electron density at the donor atoms

and p orbital character of donating electrons [5�/7], and

also on the electronic structure of the molecules [8,9].

In continuation of the work on acid corrosion

inhibitors [10�/12], 2-chloroaniline, 2-fluoroaniline, 2-

aminophenetole, 2-ethylaniline, o -aminoanisole and o-

toluidine were investigated by potentiodynamic and

electrochemical impedance spectroscopy (EIS) measure-

ments. An equivalent circuit to the system has been
suggested.

2. Experimental details

Fig. 1 shows chemical structure of the studied

compounds. All of these compounds obtained from

(Aldrich chemical co.). Corrosion tests have been
carried out on electrodes cut from iron (Puratronic

99.9999%) from Johnson Mattey Ltd. Iron rods were

mounted in Teflon (surface area 0.28 cm2). The surface

preparation of the specimens was carried out using

emery papers, grit 2, 000 and 0000, rinsed with redis-

tilled water, degreased with acetone and dried at room

temperature before use. HCl solutions were prepared

from concentrated acid and redistilled water. All experi-
ments were conducted in aerated solutions at 25 8C. The

solutions were prepared by mixing HCl (Fisher Scien-

tific) with the inhibitor (Aldrich chemical co.), which
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was used without any pretreatment. The electrochemical

cell used has been described elsewhere [13]. The refer-

ence electrode was a saturated calomel electrode (SCE).

All reported potential values are referred to this type of

electrode. Electrochemical experiments were carried out

under static conditions with a fine Luggin capillary to

avoid ohmic resistance.
Measurements were performed on EG&G Princeton

Applied Research Potentiostat/Galvanostat (PAR

model 273) in combination with a Solarton 1250

frequency response analyzer. These were used for

polarization and capacitance measurements along with

a computer for collecting data. The potentiodynamic

current�/potential curves were obtained by changing the

electrode potential automatically from �/250 to �/250

mVSCE with scan rate of 1 mV s�1.

EIS measurements were carried out in frequency

range of 100 kHz to 10 MHz with amplitude of 5 mV
peak-to-peak using a.c. signals at open circuit potential.

The software used in this study are corrosion software,

model 352-252 version 2.23, EIS software model 398,

Boukamp software for equivalent circuit analysis 2nd

ed. Spectra analysis was performed using Zview im-

pedance analysis software (Scribner Associates, Inc.,

Southern Pines, NC).

3. Results and discussion

Figs. 2�/5 show polarization curves of iron electrode

in 1 M HCl in the presence and absence of o -substituted
anilines. As would be expected both anodic and cathodic

reactions of iron electrode corrosion were inhibited with

the increase of o -substituted anilines concentration. This

result suggests that the addition of o -substituted anilines

reduces anodic dissolution and also retards the hydro-

gen evolution reaction [14].

Table 1 shows the electrochemical corrosion kinetics

parameters, i.e. corrosion potential (Ecorr), cathodic and
anodic Tafel slopes (bc, ba) and corrosion current

density (icorr) obtained by extrapolation of the Tafel

lines. The calculated inhibition efficiency (P%) is also

Fig. 1. Chemical structures of o -substituted anilines.

Table 1

Electrochemical parameters of iron in 1 M HCl without and with different concentrations of o -substituted anilines

Conc. (M) icorr (mA cm�2) �/Ecorr (mV) bc (mV dec�1) ba (mV dec�1) C.R (mpy) P%

Blank 165.4 507.3 232.1 92.2 75.0 �/

2-Chloroaniline 10�3 54.29 499.9 178.1 84.38 24.81 66.92

5�/10�3 48.71 496.0 179.8 83.73 22.26 70.32

9�/10�3 35.88 485.9 178.5 87.44 16.4 78.13

10�2 31.76 490.4 175.5 82.95 14.52 80.64

2-Fluoroaniline 10�3 73.77 499.7 217.6 87.7 33.72 55.04

5�/10�3 63.85 499.0 217.8 88.4 29.19 61.08

9�/10�3 49.56 497.6 209.0 80.03 22.65 69.8

10�2 48.62 499.4 199.9 84.23 22.22 70.37

2-Methoxyaniline 10�3 74.38 500.9 221.1 88.08 34.00 54.67

5�/10�3 68.18 494 219.9 86.98 31.17 58.44

9�/10�3 64.51 502.9 202.2 87.33 29.48 60.69

10�2 58.66 502.0 202.8 88.53 26.81 64.25

2-Ethylaniline 10�3 76.5 500.1 191.5 92.31 34.97 53.37

5�/10�3 69.3 508.2 196.6 89.88 31.67 57.77

9�/10�3 67.86 503.5 186.8 89.26 31.02 58.64

10�2 62.48 497.1 197.6 86.37 28.56 61.92

2-Aminophenetole 10�3 80.83 509.8 211.6 91.67 36.94 50.75

5�/10�3 68.18 494 219.9 86.98 31.17 58.44

9�/10�3 64.51 502.9 202.2 87.33 29.48 60.69

10�2 58.66 502.0 202.8 85.53 26.81 64.25

O -Toluidine 10�3 81.95 505.9 196.9 87.03 37.46 50.05

5�/10�3 77.68 499.8 223.6 88.7 35.51 52.65

9�/10�3 76.85 497.1 212.4 87.9 35.13 53.16

10�2 75.59 499.2 212.7 88.85 35.55 53.93
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reported from equation (1):

P%�
�

io
corr � icorr

io
corr

�
�100 (1)

where icorr
o and icorr are uninhibited and inhibited

corrosion current densities, respectively. The best in-

hibition efficiency was about 80% for 2-chloroaniline at

10�2 M. It can be seen that by increasing inhibitor

concentration, the corrosion rate decreased and inhibi-

tion efficiency (P%) increased. No definite trend was

observed in the shift of Ecorr values, in the presence of

various concentrations of o -substituted anilines, sug-
gesting that these compounds behave as mixed-type

inhibitors. Moreover, these inhibitors cause no change

in the anodic and cathodic Tafel slopes, indicating that

the inhibitors are first adsorbed onto iron surface and

therefore, impedes by merely blocking the reaction sites

of iron surface without affecting the anodic and

cathodic reaction mechanism [11].

Figs. 6�/9 show a typical set of Nyquist plots for iron

in 1 M HCl in the absence and presence of various

concentrations of o-substituted anilines. It is clear from

these plots that the impedance response of iron has

significantly changed after the addition of o -substituted

anilines in 1 M HCl.

The impedance parameters derived from these figures

are given in Table 2. The charge transfer resistance (Rct),

double layer capacitance (Cdl) and inhibition efficiency

Fig. 2. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 10�3 M of o -substituted anilines.

Fig. 3. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 5�/10�3 M of o -substituted anilines.
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(P%) are calculated from the following equations:

f (�Zƒmax)�
1

2pCdlRct

(2)

where (�/Zƒmax) is the maximum imaginary component

of the impedance, and

P%�
1=Ro

ct � 1=Rct

1=Ro
ct

�100 (3)

where Rct
o and Rct are the charge transfer resistance

values without and with inhibitor, respectively. Table 2

indicates that by increasing the concentration of o-

substituted anilines, the Cdl values tended to decrease

and the inhibition efficiency improved. This decrease in

the Cdl, which can result from a decrease in local

Fig. 4. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 9�/10�3 M of o -substituted anilines.

Table 2

Impedance data of iron in 1 M HCl without and with different concentration of o -substituted anilines

Conc. (M) Rct (V) 1/Rct (V�1) Cdl (F) P% Coverage (u)

Blank 595.4 1.67�/10�3 4.23�/10�5

2-Chloroaniline 10�3 1637 6.11�/10�3 1.54�/10�5 63.62 0.63

5�/10�3 1901 5.26�/10�4 1.32�/10�5 68.67 0.68

9�/10�3 2211 4.52�/10�4 1.14�/10�5 73.07 0.73

10�2 2538 3.94�/10�4 9.94�/10�5 76.54 0.76

2-Fluoroaniline 10�3 1397 7.15�/10�4 1.81�/10�5 57.38 0.57

5�/10�3 1708 5.85�/10�4 1.47�/10�5 65.14 0.65

9�/10�3 1866 5.35�/10�4 1.35�/10�5 68.09 0.68

10�2 2111 4.73�/10�4 1.19�/10�5 71.79 0.71

2-Methoxyaniline 10�3 1378 7.25�/10�4 1.83�/10�5 56.79 0.56

5�/10�3 1519 6.58�/10�4 1.66�/10�5 60.80 0.60

9�/10�3 1582 6.32�/10�4 1.59�/10�5 62.36 0.62

10�2 1795 5.57�/10�4 1.40�/10�5 66.83 0.66

2-Ethylaniline 10�3 1331 7.51�/10�4 1.89�/10�5 55.26 0.55

5�/10�3 1393 7.17�/10�4 1.81�/10�5 57.25 0.57

9�/10�3 1503 6.65�/10�4 1.67�/10�5 60.38 0.60

10�2 1621 6.17�/10�4 1.55�/10�5 63.24 0.63

2-Aminophenetole 10�3 1188 8.41�/10�4 2.12�/10�5 49.88 0.49

5�/10�3 1258 7.94�/10�4 2.00�/10�5 52.67 0.52

9�/10�3 1368 7.30�/10�4 1.84�/10�5 56.47 0.56

10�2 1585 6.30�/10�4 1.59�/10�5 62.43 0.62

O -Toluidine 10�3 1047 9.55�/10�4 2.41�/10�5 43.13 0.43

5�/10�3 1201 8.32�/10�4 2.10�/10�5 50.42 0.50

9�/10�3 1449 6.90�/10�4 1.74�/10�5 58.90 0.58

10�2 1492 6.70�/10�4 1.69�/10�5 60.09 0.60
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dielectric constant and/or an increase in the thickness of

the electrical double layer, signifying that o -substituted

anilines molecules act by adsorption at the solution/

interface [15]. The data obtained from EIS are in good

harmony with that obtained from potentiodynamic

polarization.

The impedance spectra obtained on iron in 1 M HCl

solutions consist of one depressed capacitive loop (one

time constant in the Bode-phase representation). When

Nyquist plot contains a ‘‘depressed semicircle with the

center under the real axis’’, such behavior is character-

istic for solid electrodes and often referred to as

frequency dispersion has been attributed to roughness

and other inhomogeneities of the solid surface [16�/18].

In these cases the parallel network charge transfer

resistance*/double layer capacitance (Rct�/Cdl) is

usually a poor approximation especially for systems

where an efficient inhibitor is present. For the descrip-

tion of a frequency independent phase shift between an

applied AC potential and its current response, a

constant phase element (CPE) is used, which is defined

in impedance representation as equation (4):

Z(v)�Zo(jv)�n (4)

where Zo is the CPE constant, v is the angular frequency
(in rad s�1), j2�/�/1 is the imaginary number and n is

the CPE exponent. Depending on n, CPE can represent

resistance (Zo�/R, n�/0), capacitance (Zo�/C, n�/1),

inductance (Zo�/L, n�/�/1) or Warburg impedance for

(n�/0.5) [19]. So, by use of the concept of CPE we got

Fig. 6. Nyquist plot for iron in 1 M HCl without and with 10�3 M of o -substituted anilines.

Fig. 5. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 10�2 M of o -substituted anilines.
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excellent fit for the experimental data. For analysis of

the impedance spectra containing one capacitive loop

the equivalent circuit (EC) given in Fig. 10 was used

[19,20].

Representative examples for the impedance spectra

carried out at Ecorr on iron exposed to 1 M HCl without

and with the investigated o -substituted anilines are

shown in Figs. 11 and 12. Here, both simulated and

measured results fit very well. Fig. 11(a) and Fig. 12(a)

show Nyquist plots recorded after 3 h immersion in HCl

solution. The diameter of the capacitive loop obtained in

1 M HCl solution increases in the presence of o -

substituted anilines indicating inhibition of the corro-

sion process. Bode-phase plots (representative example)

gave only one capacitive time-constant as in Fig. 11(b)

and Fig. 12(b). The equivalent circuit, at Fig. 10

satisfactorily simulates the spectra. The high frequency

part of the impedance and phase angle describes the
behavior of an inhomogeneous surface layer, while the

low frequency contribution shows the kinetic response

for the charge transfer reaction [21]. Parameters corre-

sponding to the Nyquist plots of the impedance data are

calculated from Figs. 6�/9 and are shown in Table 2.

The inhibiting efficiency of investigated o -substituted

anilines increases in the following order:

�Cl��F��OCH3:�OC2H5��C2H5��CH3

This sequence was established from the values of icorr

and Rct given in Tables 1 and 2, respectively.

Fig. 7. Nyquist plot for iron in 1 M HCl without and with 5�/10�3 M of o -substituted anilines.

Fig. 8. Nyquist plot for iron in 1 M HCl without and with 9�/10�3 M of o -substituted anilines.
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O -substituted anilines present similar inhibition effi-

ciency. Chloro and fluoro derivatives inhibit iron
corrosion due to increase of the delocalization of

electron density in the molecule, which make the

molecule more stable, i.e. better inhibition. Ethoxy and

methoxy anilines give more protection because of the

presence of oxygen in addition to nitrogen in these

molecules, which enhance the adsorption power to iron

surface. Presence of alkyl (methyl and ethyl) groups

increases the electron density on the phenyl group that
improves the adsorption of these molecules on the iron

surface.

Basic information on the interaction between these

compounds and iron surface can be provided by the

adsorption isotherm. In order to obtain the adsorption

isotherm, the degree of surface coverage (u), for

different concentrations of inhibitor molecules (Cinh) in

1 M HCl has been evaluated from EIS technique [22,23],
by equation (5):

u�
Co

dl � Cdl

Co
dl

(5)

where Cdl
o and Cdl are double layer capacitance per unit

area without and with inhibitor, respectively. The u is

tested graphically for fitting a suitable adsorption

isotherm as indicated in Fig. 13. The plot of Cinh/u

Fig. 9. Nyquist plot for iron in 1 M HCl without and with 10�2 M of o -

Fig. 10. Equivalent circuit model for the studied inhibitors.

Fig. 11. (a) Nyquist plots of iron corrosion in 1 M HCl solution at

Ecorr (b) Bode-phase plots of iron corrosion in 1 M HCl solution at

Ecorr
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versus Cinh yields a straight line with correlation

coefficient more than 0.98 showing that the adsorption

of these inhibitors can be fitted to Langmuir adsorption

isotherm. For a reliable and linear plot, surface coverage
should fall within the linear window (monolayer) for

inhibitor adsorption, i.e. u�/0.2�/0.8 [24]. The strong

correlation for the Langmuir adsorption isotherm plot

for o -substituted anilines confirms the validity of this

approach. These results demonstrated that the inhibi-

tion of iron by o-substituted anilines was attributed to

adsorption of these compounds on the iron surface.

O -substituted anilines may adsorb on the iron surface
as (i) a neutral molecule via chemisorption mechanism

[25] involving the sharing of electrons between the

nitrogen atom and iron, (ii) through p electron interac-

tions between the benzene ring of the molecule and the

metal surface, (iii) through the cationic form with

positively charges part of the molecule (ammonium-

NH3
�) oriented toward negatively charges iron surface.

As chloride ions are adsorbed on iron surface, the
cationic form of o -substituted aniline molecule can

adsorb on the iron surface.

4. Conclusions

1. All investigated o -substituted anilines have shown

good inhibiting properties for iron corrosion in 1 M

HCl.

2. The structure of o -substituted aniline influences

their inhibiting efficiency, but it needs further and

extensive study to show this influence.

3. The inhibiting efficiency of investigated o -substi-

tuted aniline increases in the following order: �/Cl�/

�/F�/�/OCH3:/�/OC2H5�/�/C2H5�/�/CH3.

Fig. 12. (a) Nyquist plots of iron corrosion in 1 M HCl solution with

10�2 M of 2-chloroaniline at Ecorr (b) Bode-phase plots of iron

corrosion in 1 M HCl solution with 10�2 M of 2-chloroaniline at Ecorr

Fig. 13. Langmuir adsorption plots of iron in 1 M HCl containing 10�2 M of o -substituted anilines.
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4. Results obtained from potentiodynamic polariza-

tion indicated that the o -substituted aniline are

mixed negative type inhibitors.
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