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1. Introduction

  The greatest advantage of hydrochloric acid over the 
other acids in cleaning and pickling operations lies in its 
ability to form metal chlorides, which are extremely solu-
ble in aqueous phase, compared to sulfate, nitrate, phos-
phate, etc. This higher rate of solubility of chloride salts 
causes the least polarizing effect and does not hamper the 
rate of reaction
  The polymers of aromatic amines are effective in-
hibitors for iron in acid solutions and highly useful in 
chemical industries. Troch-Nagels et al. [1] have studied 
an electron conducting organic coating of mild steel by 
electro polymerization of poly pyrrole. They found that 
the film was conductive, ensured good corrosion resist-
ance of the substrate, but they were brittle and adhesion 
to the substrate was not high. Similarly, poly aniline [2], 
which is obtained in nitric acid gave a good adhesion but 
were brittle and powdery on the surface.
  Khalad and Hackerman [3] Luo et al. [4] and others 
[5-10] have studied anilines and its derivatives and found 
that they were effective inhibitors for iron in acid solutions. 
The functional groups of the organic compounds have a 
wide role in the physical chemical properties for the in-

hibition efficiency with respect to steric factors, ar-
omaticity, and electron density [11,12]. The mechanism 
of corrosion of iron by HCl has been studied by 
Rajagopalan and Venkatachari [13]. For the present study, 
poly(p-aminophenol) has been chosen to study the effect 
of H+ and Cl- ions on iron in various concentrations.

2. Experimental Details 

2.1 Preparation of Polymer 
  Reagent grade para-aminophenol was used for the prep-
aration of water-soluble poly(p-aminophenol) [6]. Freshly 
prepared 0.1 M solution of p-Toluene sulphonic acid was 
added with 0.1 M of para-aminophenol (in 0.1 M HCl) and 
cooled to 0.5 °C in a bath of ice and salt mixture. To 
this solution mixture, freshly prepared solution of 
Ammonium per sulphate (0.1 M) was added slowly (to 
avoid warming) with constant stirring. The temperature 
was maintained below 5 °C by the addition of crushed 
ice and stirring was continued for two hours, to ensure 
the completion of the reactions. 
  The obtained Polymer was characterized by Fourier 
transform infrared (FTIR) Spectroscopy (Perkin Elmer 
Paragon500) and Ultraviolet-Visible (UV- vis) spectro-
scopy (Hitachi, Model U 3400, Tokyo, Japan) and the 
molecular weight determination was carried out by gel 
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permeation chromatography (GPC) (Shimadzu, Kyoto, 
Japan). 

2.2 Poly(p-aminophenol) 
  The absorption peak at 260nm shows the p-p* transition 
in the benzenoid ring and 390 nm shows the donor-accept-
or interaction of quinonoid ring Fig. 1. The IR adsorption 
Fig. 2 shows the band at 1562 cm-1 and 1510 cm-1 are 
the characteristic band due to nitrogen- quinonoid [14] 
ring structure and peaks for poly(p-aminophenol) is ob-
served in 3191cm-1, 1672 cm-1 and 1562 cm-1. For nitrogen 
benzenoid - quinonoid ring structure the peaks obtained 
at 1598 cm-1and 1510 cm-1. The other IR characteristics 
are observed at 1122 cm-1, 1034 cm-1, 1009 cm-1 and 820 
cm-1. 

2.3 Methodology
  Pure iron (99.998%) was used as a test electrode and 
it was embedded in Araldite, so as to expose the surface 
area of 1 cm2. The electrode was polished successively 
on the emery papers of grade 1/0, 2/0, 3/0 and 4/0, and 
then decreased with trichloroethylene. The electro-

chemical studies were carried out using a double walled 
glass cell of capacity 200 ml having provisions for the 
working electrode, counter platinum electrode and luggin 
capillary. The potential of the working electrode was meas-
ured with respect to saturated calomel electrode [SCE] 
through the luggin capillary. The experiments were carried 
out after the steady state attainment of corrosion potentials 
[15 min] at 30±1 °C. All the solutions were prepared using 
reagent grade chemicals in double distilled water.
  The experiments were conducted using SOLARTRON 
ELECTRO CHEMICAL MEASUREMENT UNIT(1280B, 
Solatron Analytical, Hampshire, England) with a software 
package of Z plot 2 and CORR WARE2. This system 
includes a potentiostat and personal computer. 
  Impedance measurements were carried out at the corro-
sion potential with the A.C.amplitude of 20 mV for the 
frequency range of 10 KHz to 10 mHz. The real and imag-
inary parts of the impedance were plotted in Nyquist plots. 
From the Nyquist plots, the charge transfer resistance[Rct] 
and double layer capacitance [Cdl] values were calculated 
using Z view software.
  In Linear polarization Resistance studies, the measure-
ments were carried out within the potential range of -15 
mV to +15 mV with respect to open circuit potential and 
the current response was measured at a scan rate of 
1mV/Sec. The E and i data were plotted in a linear scale 
to get LPR plots and the slope of the plots gave the polar-
ization resistance (Rp).
  For Potentio dynamic polarization studies, the experi-
ments were carried out over a potential range of -200 mV 
to +200 mV with respect to open circuit potential at a 
scan rate of 1 mV/s. The various kinetic parameters such 
as icorr, ba and bc have been obtained from the polarization 
curves.
  The inhibitor efficiencies (I.E.) were calculated from 
the icorr values, Rp values and Rct values using the follow-
ing relationships,

                                                     
                  icor– icorr(i)
  (i) I.E. (%) =      ×  100
                     icorr    

                                                     
                  1/Rct  - 1/Rct(i)
  (ii) I.E. (%) =     ×  100
                      1/Rct

                    1/Rp-1/Rp(i)                        
  (iii) I.E. (%)  =    ×  100
                       1/Rp      

  

Wave length (nm)

Fig. 1 UV-visible Spectrum for poly(p-aminophenol).

Wave number (cm-1)

Fig. 2 FTIR Spectrum for poly(p-aminophenol).
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  Where icorr and icorr(i) are the corrosion current values 
in the absence and presence of inhibitor, Rct & Rct(i) are 
charge transfer resistance values in the absence and pres-
ence of inhibitor, and Rp & Rp(i) are the polarization resist-
ance values in the absence and presence of inhibitor. 
 
3. Results and Discussion

3.1 Effect of H+ and Cl- ions on iron in absence of 
inhibitor (Blank)

  The effect of H+ and Cl- ions on iron was studied 
through impedance measurements, linear polarization and 
Tafel polarization methods. For the effect of H+ and 
Cl-ions, the studies were carried out with and without 
inhibitor. The concentration range of H+ ions and Cl- ions 
are from 1 M to 0.05 M and 1 M to 0.1 M respectively.
  The iron dissolution in 0.05 M to 1 M HCl was studied 
through the electrochemical measurements for the H+ ion 
concentrations from 0.05 M to 1 M. The impedance data 
for iron in various [H+] ion concentrations, at [Cl-] = 1 
M are given in Fig. 3 and the values are given in Table 
1. The values of Rct found to increase from 15.6 Ωcm2 
to 109.3 Ωcm2 with subsequent decrease in Cdl values 
from 330.1 μF/cm2 to 123.8 μF/cm2 with decrease of H+ 
ion concentrations. It showed that the dissolution of iron 
decreases with decrease in H+ ion concentrations.
  The Fig. 4 shows the corresponding Tafel polarization 
curves for various [H+] ion concentrations. It is observed 
that the Rp values increased from 17.4 Ωcm2 to 153.9 
Ωcm2 and the Ecorr values from -488.4 mV to -559.2 mV 
with a decrease in concentration of H+ ions from 1 M 
to 0.01 M. From the Tafel polarization studies, it is found 
that the icorr values are decreased from 1425.5 μA/cm2 

to 140.0 μA/cm2and it shows the rate of iron dissolution 
is decreased with decrease of H+ ions concentrations.

Table 1 Electrochemical parameters for iron in different H+ ion concentrations (Blank)

Conc. of [H+] Rct
(Ώcm2)

Cdl.
(μF/cm2)

Ecorr
(mV)

Rp
(Ώcm2)

ba
(mV)

bc
(mV) icorr. (μA/cm2)

1.0 M 15.6 330.1 -488.4 17.4 99.7 133.07 1425.5

0.5 M 81.4 215.0 -511.8 119.9 89.6 100.9 185.4

0.1 M 92.9 146.8 -548.5 126.7 84.5 102.7 158.4

0..05 M 109.3 123.8 -559.2 153.9 86.4 116.2 140.0

Fig. 3 Nyquist plots for iron in different H+ ion concentrations 
(Blank).

I (Amps/cm2)

E (Volts)

Fig. 4 Polarization curves for iron in different H+ ion concen-
trations (Blank).

Fig. 5 Nyquist plots for Iron in different Cl- ion concentrations 
(Blank).
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  The effect of chloride ions on the corrosion reactions 
can be seen from the impedance plots shown in Fig. 5 
and the values are given in Table 2. It is found that the 
Rct values are increased from 92.9 Ωcm2 to 127.0 Ωcm2 

with subsequent decrease in Cdl values from 146.8 μF/cm2 
to 124.5 μF/cm2 for the concentration range from 1 M 
to 0.1 M Cl- ions.
  The polarization behaviour is shown in Fig. 6. It is ob-
served that the linear polarization (Rp) values are found 
to increase from 126.7 Ωcm2 to 158.3 Ωcm2 with sub-
sequent decrease in Ecorr from -548.5 mV to -522.0 mV 
for the concentration of Cl- from 1 M to 0.1 M. Similarly, 
from the Tafel polarization it is observed that the icorr val-
ues have decreased from 158.2 to 131.7 μA/cm2 as the 
concentration of Cl- decreased from 1.0 M to 0.1 M. From 
this study, it is observed that the rate of iron dissolution 
increases with increase of Cl- ions concentrations.

3.2 Effect of H+ and Cl- ions on iron in presence of 
inhibitor
  The impedance behaviour of iron in the concentration 
of 1 M to 0.1 M H+ ions solutions in the presence of 
100 ppm poly(p-aminophenol) is shown in Fig. 7. The 
charge transfer resistance [Rct] values and double layer 
capacitance [Cdl] values obtained from the impedance dia-
grams are given in Table 3. It shows that a decrease in 
inhibitor efficiency is obtained from Rct values with a de-
crease in concentration of H+ ions from 1.0 M to 0.05 M.
  Table 4 gives the electrochemical parameters obtained 
from polarization resistance and Tafel polarization resist-
ance studies for the same concentrations of Cl- ions and 
inhibitor for iron and Fig. 8 shows the polarization 
behaviour. It is found that inhibitor efficiency obtained 
from the Rp values decreases gradually from 88.4 to 
32.4%. 
  The effect of Cl- ions on the inhibitory effect of iron 
by 100 ppm of the poly(p-aminophenol) has been carried 
out through the electrochemical techniques. Table 5 shows 
the results of impedance study of iron in 1 M to 0.1 M 
Cl-ions with 100 ppm poly(p-aminophenol). The polar-
ization behaviour of iron is given in Fig. 9. It is found 
that the Rct value shows a decrease in inhibitor efficiency 

Table 2 Electrochemical parameters for iron in different Cl- ion concentrations (Blank)

Conc. of [Cl-] Rct
(Ώcm2)

Cdl. 
(μF/cm2)

Ecorr
(mV)

Rp
(Ώcm2)

ba
(mV)

bc
(mV) icorr. (μA/cm2)

1.0 M 92.9 146.8 -548.5 126.7 84.5 102.7 158.2

0.5 M 107.1 134.1 -535.5 152.9 83.7 111.7 140.1

0.1 M 127.0 124.5 -522.2 158.3 89.6 105.8 131.7

I (Amps/cm2)

E (Volts)

Fig. 6 Polarization curves for iron in different Cl- ion concen-
trations (Blank).

Fig. 7 Nyquist plots for iron in different H+ ion concentrations 
in presence of 100 ppm poly(p-aminophenol).

Table 3 Impedance parameters for iron in different H+ ion concen-
trations in presence of 100 ppm poly(p-aminophenol)

Conc. of [H+] Rct
(Ωcm2)

Cdl.
(μF/cm2) % I.E

1.0 M 138.0 211.7 88.7

0.5 M 166.2 155.4 51.0

0.1 M 186.0 109.0 50.1

0..05 M 189.2 84.4 42.2
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from 50.1 to 35.9%. 
  Table 6 shows the parameters of polarization studies 
for 1M to 0.1 M concentrations of Cl- ions in presence 
of inhibitor. Tafel polarization behaviour for this system 
is shown in Fig. 10. It is observed that the inhibitor effi-
ciency obtained from Rp and icorr values shows a decrease 
with decrease in Cl- ions concentrations. From this study 
[Fig. 11], it is observed that the adsorption of inhibitor 
on iron surface decreases with decrease in concentration 
of Cl- ions [13] .
  In the case of H+ ions concentrations, it is observed 
that the lowering of the inhibitor efficiency with decrease 
of H+ ion concentration [Fig. 12] is due to the decrease 
in the concentration of cationic formation of poly(p-ami-

nophenol). Amines in aqueous acidic solutions may exist 
as either neutral molecules or in the form of cations de-
pending on the concentration of H+ ions in the solutions 
[15]. 
  In higher concentration of H+ ion solutions they pre-
dominantly exist as cations and adsorb through electro-
static interaction between the positively charged anilinium 
cation and negatively charged metal surface. The stronger 

Table 4 Electrochemical parameters for iron in different H+ ion concentrations in presence of 100 ppm poly(p-aminophenol)

Conc
[H+]

Ecorr
mV

Rp
(Ωcm2) % I.E ba

mV
bc

mV icorr. (μA/cm2) % I.E

1.0 M -490.1 150.2 88.4 51.0 95.6 54.9 96.1

0.5 M -495.4 206.7 42.0 78.1 107.3 54.7 70.5

0.1 M -521.2 208.8 39.3 69.5 109.7 53.3 66.3

0..05 M -524.7 227.7 32.4 56.2 116.2 51.4 63.3

Table 5 Impedance parameters for iron in different Cl- ion concen-
trations in presence of 100 ppm poly(p-aminophenol)

Conc. of [Cl-] Rct
(Ωcm2)

Cdl.
(μF/cm2) % I.E

1.0 M 186.0 109.0 50.1
0.5 M 188.7 94.1 43.2
0.1 M 198.4 86.2 35.9

I (Amps/cm2)

E (Volts)

Fig. 8 Polarization curves for iron in different H+ ion concen-
trations in presence of 100 ppm poly(p-aminophenol).

Fig. 9 Nyquist plots for iron in different Cl- ion concentrations 
in presence of 100 ppm poly(p-aminophenol).

I (Amps/cm2)

E (Volts)

Fig. 10 Polarization curves for iron in different Cl- ion concen-
trations in presence of 100 ppm poly(p-aminophenol).
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adsorption of the organic molecules with the metal surface 
is with increase in concentration of H+ ions [16,17].
  Further, it is observed that at higher Cl- ion concen-
tration the inhibiting effect of poly(p-aminophenol) is 
found to be higher and it is due to the presence of Cl- 
ions, which are preferentially adsorbed on the iron elec-
trode surface and makes the surface more negative [18]. 

Therefore, Cl- ions act as catalyst to promote the adsorp-
tion of poly(p-aminophenol) and improves the inhibiting 
effect to a considerable extent [19-22].
  Besides, at higher Cl- ion concentration, the Cl- ions 
and amine cations co-exist in solution and co-adsorbed on 
the ion surface in terms of electrostatic attraction of these 
species and adsorption of amine cation is strengthened. 

Table 6 Electrochemical parameters for iron in different Cl- ion concentrations in presence of 100 ppm poly(p-aminophenol)

Conc.
[Cl-]

Ecorr
mV

Rp
(Ωcm2) % I.E ba

mV
bc

mV icorr. (μA/cm2) % I.E

1.0 M -521.2 208.8 39.3 69.5 109.7 53.3 66.3

0.5 M -498.0 227.2 32.7 66.1 118.1 48.3 65.5

0.1 M -471.9 228.5 30.7 76.7 90.4 45.8 62.5

Fig. 11 The percentage of I. E. for iron in different Cl- ion concentrations in presence of 100 ppm poly(p-aminophenol).

Fig. 12 The percentage of I. E. for iron in different H+ ion concentrations in presence of 100 ppm poly(p-aminophenol).
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The most pronounced effect of Cl- ions is due to a small 
degree of hydration. The decrease in efficiency of poly 
(p-aminophenol) at lower concentrations of Cl- is due to 
lesser adsorption of poly(p-aminophenol) at the electrode 
surface.

4. Conclusion

  The inhibition efficiency of poly(p-aminophenol) on 
iron in hydrochloric acid, increases with an increase in 
the concentrations of H+ ions and Cl- ions. The adsorption 
of inhibitor on the surface of iron is dependent on the 
concentrations of H+ and Cl- ions in the solution, and the 
adsorption of inhibitor on the iron surface through the cati-
onic form of amine.
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