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ABSTRACT: Water-soluble poly(p-phenylene diamine)
was chemically synthesized. Its corrosion inhibition per-
formance was evaluated for iron corrosion in 1M HCl at
various concentrations, and the results were compared
with that of the monomer. The corrosion inhibition prop-
erties were evaluated by polarization techniques and elec-
trochemical impedance spectroscopy. The results showed

that poly(p-phenylene diamine) was a more efficient corro-
sion inhibitor than the monomer and gave an 85% inhibi-
tion efficiency at a concentration of 50 ppm, whereas the
monomer gave an efficiency of 73% at 5000 ppm. VVC 2008
Wiley Periodicals, Inc. J Appl Polym Sci 110: 2807–2814, 2008
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INTRODUCTION

The inhibition of corrosion in metals is of high tech-
nological importance,1 and progress made in this
field has been phenomenal in last few decades.2,3

Acids find immense applications in pickling, clean-
ing, descaling, and so on. To avoid base-metal attack
and to ensure the removal of corrosion products/
scales alone, inhibitors are used extensively. The
selection of appropriate inhibitors mainly depends
on the type of acid, its concentration, temperature,
velocity, presence of dissolved solids, and type of
metallic materials involved. An important criterion
in the characterization of the efficiency of inhibitors
is their efficiency/concentration ratio. Schmitt,4 in his
review, discussed extensively the types of inhibitors
recommended for the protection of metallic materi-
als, especially ferrous metals and alloys, from corro-
sion in acid solutions during picking, acid cleaning,
scale removing, and oil and gas well acidizing.

The important prerequisites for a compound to be
an efficient inhibitor are (1) it should form a defect-
free, compact barrier film; (2) it should chemisorb on to
the metal surface; (3) it should be polymeric or poly-
merize in situ on the metal; and (4) the barrier thus
formed should increase the inner layer thickness.
Compounds containing nitrogen, sulfur, and oxygen
have been established as good inhibitors for iron in
acidic media.5 Organic compounds having p bonds are
found to inhibit corrosion steel by getting adsorbed

over the electrode surface through electron sharing.6

The presence of functional groups such as ¼¼NH,
AN¼¼NA, ACHO, RAOH, and R¼¼R in the inhibitor
molecule7,8 and also the steric factors, aromaticity, and
electron density at the donor atoms have been found to
influence the adsorption of the inhibitor molecule over
the corroding electrode surface. The role of the molec-
ular area9 and molecular weight10 of the organic mole-
cule on its inhibition efficiency has also been reported.
Various organic compounds, such as amines, acety-

lenic alcohols, and heterocyclic compounds, have
been in use as inhibitors in industry.11–15 In recent
days, polymers16 and conducting polymers17–22 have
attracted a great deal of attention because of their
wide range of industrial applications and economics.
Because of the presence of extensive delocalization of
p electrons, these polymers could serve as better cor-
rosion inhibitors at very low concentrations. Earlier
studies23–26 showed that substituents such as AOCH3,
ACOOH, and ACH3 present in polyaniline have a
significant influence on the corrosion inhibitive prop-
erties for iron in 1M HCl. The order of inhibitor per-
formance has been found to be Poly(p-anisidine) >
Poly(p-amino benzoic acid)� Poly(p-toludene)> Poly-
aniline. In this article, the effect of the NH2 group
on the corrosion inhibition of polyaniline for iron
in 1M HCl is presented.

EXPERIMENTAL

Chemical synthesis of water-soluble
poly(p-phenylene diamine) (PPD)

Reagent-grade p-phenylene diamine was used for
the preparation of water-soluble PPD. A fresh 0.1M
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solution of p-toluene sulfonic acid was prepared
with double-distilled water. To this solution, 0.1M p-
phenylene diamine (in 0.1M HCl) was added, and
the solution was precooled to 0.58C in a bath of ice
and salt mixture. To this solution mixture, a freshly
prepared solution of 0.1M ammonium persulfate
was added slowly with constant stirring. The reac-
tion temperature was maintained at 5 � 28C, and
stirring was continued for 2 h to ensure the comple-
tion of the reaction.

Characterization of PPD

The synthesized PPD was characterized by ultraviolet–
visible (UV–vis) spectroscopy (Hitachi, Model U 3400,
Tokyo, Japan) and Fourier transform infrared (FTIR)
spectroscopy (PerkinElmer Paragon 500). The molecu-
lar weight determination was carried out by gel perme-
ation chromatography (Shimadzu, Kyoto, Japan).

Electrochemical measurements

Pure iron (99.998%) was used as a test electrode,
and it was embedded in Araldite, so as to expose a
surface area of 1 cm2. The electrode was polished
successively on emery papers of grade 1/0, 2/0, 3/
0, and 4/0 and then degreased with trichloroethyl-
ene. The electrochemical studies were carried out
with a double-walled glass cell with a capacity of
200 mL and with provisions for the working elec-
trode, platinum counter electrode, and luggin capil-
lary. The potential of the working electrode was
measured with respect to a saturated calomel elec-
trode (SCE) through the luggin capillary. The experi-
ments were carried out after the steady-state
attainment of corrosion potentials (15 min) at 30 �
18C. All of the solutions were prepared with rea-
gent-grade chemicals in double-distilled water.

The experiments were conducted with a Solartron
electrochemical measurement unit (model 1280 B,
Solartron Analytical, Hampshire, England) with the
software packages Z Plot 2 for impedance measure-
ments and Corr Ware 2 for polarization measure-
ments, Solartron Analytical, Hampshire, England.
This system included a potentiostat, a built-in lock-
in analyzer, and a personal computer. Impedance
measurements were carried out at corrosion poten-
tial with an alternating-current amplitude of 20 mV
for the frequency range 10 KHz–10 mHz. The real

(Z0) and imaginary (Z00) parts of the impedance were
plotted in Nyquist plots. From the Nyquist plots,
the charge-transfer resistance (Rct) and interfacial
double-layer capacitance (Cdl) values were calculated
by the assumption of the equivalent circuit shown in
Scheme 1 and fitting of the experimental data.
The inhibition efficiency of the inhibitor was deter-

mined from the Rct values with the following
equation:

Inhibition efficiencyð%Þ ¼ R0
ct � Rct

R0
ct

� 100 (1)

where Rct and Rct
0 are the charge-transfer resistances

in the absence and presence of inhibitors,
respectively.
The Cdl value was estimated from the impedance

value of the frequency having the maximum imagi-
nary component (fmax) in the Nyquist plot with the
following equation:

Cdl ¼
1

2p fmax Rct
(2)

The surface coverage (y) by the inhibitor molecule
was given by

h ¼ Cdl � C0
dl

Cdl � Cdls
¼ Cdl � C0

dl

Cdl
(3)

because Cdls � Cdl. Here, Cdl, Cdl
0, and Cdls are the

double-layer capacitance values in the absence and
presence of inhibitors and the saturated double-layer
capacitance value in the presence of the inhibitor,
respectively.27–29

For linear polarization resistance studies, the
measurements were carried out within the potential
range �20 to þ20 mV with respect to the open-
circuit potential, and the current response was

Scheme 1

Figure 1 UV–vis spectrum of PPD.
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measured at a scan rate of 0.5 mV/s. The overpoten-
tial and current data were plotted on a linear scale
to get linear polarization resistance (LPR) plots, and
the slope of the plots in the vicinity of the corrosion
potential gave the polarization resistance (Rp). From
the measured Rp values, the inhibition efficiency (%)
was calculated with the following relationship:

Inhibition effeciency ð%Þ ¼
R0
p � Rp

R0
p

� 100 (4)

where Rp and Rp
0 are the polarization resistance val-

ues without and with the addition of inhibitors.
For potentiodynamic polarization studies, the

experiments were carried out over the potential
range �200 to þ200 mV with respect to the open-cir-
cuit potential at a scan rate of 0.5 mV/s. By extrapo-
lating the tafel regions to the corrosion potential, we
obtained the various corrosion kinetic parameters,
such as the corrosion current (icorr), corrosion poten-
tial (Ecorr), anodic tafel slope (ba) and cathodic tafel
slope (bc), from these polarization curves. The inhibi-
tion efficiency was evaluated from the measured icorr
values with the following relationship:

Inhibition effeciency ð%Þ ¼ icorr � i0corr
icorr

� 100 (5)

where icorr and icorr
0 are the corrosion current values

without and with the addition of various concentra-
tions of inhibitor.
The morphologies of the iron surface after corro-

sion in the presence and absence of inhibitor in 1M
HCl under a magnification of 100� were examined
by scanning electron microscopy (Hitachi S 3000H).

RESULTS AND DISCUSSION

Characterization of PPD

The UV–vis spectrum of PPD is shown in Figure 1.
The absorption peak at 330 nm showed the p–p*
transition in the benzenoid ring. The well-known
cation radicals and localized polaron peaks were
observed at 420 nm.30

The FTIR spectrum of PPD is given in Figure 2.
The spectra was similar to that of polyaniline: (1) the

Figure 2 FTIR spectrum of PPD. Figure 3 Impedance behavior of iron in 1M HCl with the
addition of p-phenylene diamine: (—) blank, (n) 100 ppm,
(*) 500 ppm, (l) 750 ppm, (^) 1000 ppm, (^) 2500 ppm,
and (h) 5000 ppm.

TABLE I
Electrochemical Impedance and Linear Polarization Parameters for Pure Iron in

1M HCl Containing p-Phenylene Diamine

Concentration
(ppm)

Impedance method LPR method

Rct

(X cm2)
Cdl

(lF/cm2)
Inhibition

efficiency (%) y
Rp

(X cm2)
Inhibition

efficiency (%)

0 15.6 330.1 — — 17.4 —
100 23.5 176.5 33.9 0.47 36.1 51.8
500 24.8 176.5 37.3 0.47 40.5 57.1
750 27.7 167.0 43.8 0.49 40.2 56.7

1000 34.3 153.1 54.7 0.54 50.6 65.6
2500 35.6 140.0 56.3 0.58 48.3 64.0
5000 40.4 107.5 61.5 0.67 48.7 64.3
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bands at 1570 and 1508 cm�1 were assigned to qui-
noid and benzenoid rings, (2) the band at 816 cm�1

was due to 1,4-substituted benzene, and (3) the band
at 1124 cm�1 was due to the bending vibration of

CAH, which was formed during protonation.31,32

The molecular weight of PPD was found to be
55,138. The structure of PPD is reported as
follows:33,34

Figure 4 Potentiodynamic polarization behavior of iron in 1M HCl with the addition of p-phenylene diamine: (� � �)
blank, (- - -) 100 ppm, (– � –) 1000 ppm, and (—) 5000 ppm (I ¼ current; E ¼ potential).

TABLE II
Corrosion Kinetic Parameters of Pure Iron in 1M HCl Containing

p-Phenylene Diamine

Concentration
(ppm)

Ecorr (mV)
versus SCE

Tafel slopes
(mV/dec)

icorr
(lA/cm2)

Inhibition
efficiency (%)ba bc

0 � 488.4 99.7 133.1 1425.5 —
100 � 468.1 88.7 146.1 665.5 53.3
500 � 470.8 85.3 129.6 551.9 61.3
750 � 471.6 98.6 136.5 502.1 64.8

1000 � 471.6 87.9 136.8 460.3 67.7
2500 � 471.8 92.5 137.5 403.4 71.7
5000 � 475.6 93.4 155.6 390.1 72.6
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A similar structure was proposed for poly(o-phen-
ylene diamine).35

Corrosion inhibition by p-phenylene diamine

The Nyquist representations of the impedance
behavior of iron in 1M HCl with and without the
addition of various concentrations of p-phenylene
diamine are shown in Figure 3. The existence of a
single semicircle showed the presence of a single
charge-transfer process during dissolution, which
was unaffected by the presence of inhibitor mole-
cules. The slightly depressed nature of the semi-
circle, which had the center below the x axis, is
characteristic for solid electrodes, and such fre-
quency dispersion has been attributed to micro-
roughness and other inhomogeneties of the solid
electrode.36–38 The Rct and Cdl values derived from
these curves are given in Table I. Rct increased from
15.6 to 40.4 X cm2, and Cdl decreased from 330.1 to

107.5 lF/cm2 with the addition of p-phenylene dia-
mine inhibitor.
The potentiodynamic polarization behavior of iron

in 1M HCl with the addition of various concentra-
tions of p-phenylene diamine in the tafel region is
shown in Figure 4. The corrosion kinetic parameters
derived from these curves are given in Table II. As
shown in Table II, it is clear that the addition of p-
phenylene diamine in the concentration range 100–
5000 ppm decreased the dissolution rate of iron in
1M HCl. The icorr value decreased from 1426 lA/
cm2 for the inhibitor-free solution to 390 lA/cm2 to
yield a 64.3% inhibition efficiency at the highest con-
centration of p-phenylene diamine studied.
The steady-state corrosion potentials shifted by

15 mV in the anodic direction in the presence of inhib-
itor. In addition, the anodic and cathodic tafel slopes
were in the ranges 85 � 5 mV and 125 � 5 mV,
respectively. Because there was no remarkable
change in the corrosion potential and tafel slopes in
the presence of inhibitor, we inferred that p-phenyl-
ene diamine was a mixed inhibitor.
The Rp values showed (Table I) an increase in val-

ues from 17.4 to 48.7 X cm2 with the addition of p-
phenylene diamine inhibitor.
Amines in aqueous acidic solutions may exist as

either neutral molecules or in the form of cations,39

depending on the concentration of Hþ ions in the so-
lution. In acidic chloride solutions, the amines
adsorb through electrostatic interaction between the
positively charged anilinium cation and the nega-
tively charged metal surface because of the specific
adsorption of chloride on the metal.40 Moreover, in
aromatic amines, the interaction between the p elec-
trons of the benzene ring and the positively charged
metal surface also plays a role.41 Murakawa and
Hackerman42 suggested that the stronger adsorption
of organic molecules is not always a direct combina-
tion of organic molecules with the metal surface, but
in some cases, it occurs through already adsorbed
sulfate ions, which interfere with the adsorption of
organic molecules. The adsorption of the inhibitor
molecules can be visualized predominantly as

Figure 5 Impedance behavior of iron in 1M HCl with the
addition of PPD: (—) blank, (n) 25 ppm, (*) 50 ppm, (l)
100 ppm, (^) 250 ppm, and (^) 500 ppm.

TABLE III
Electrochemical Impedance and Linear Polarization Parameters for Pure Iron in

1M HCl Containing PPD

Concentration
(ppm)

Impedance method LPR method

Rct

(X cm2)
Cdl

(lF/cm2)
Inhibition

efficiency (%) y
Rp

(X cm2)
Inhibition

efficiency (%)

0 15.6 330.1 — — 17.4 —
25 91.6 173.7 82.9 0.47 102.8 83.1
50 98.6 171.6 84.1 0.48 116.0 85.0

100 109.3 164.0 85.7 0.44 132.0 86.8
250 127.7 136.3 87.8 0.59 150.6 88.4
500 136.7 96.6 88.6 0.70 152.9 88.6
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RNHþ
3 ions lying flat on the electrode surface, with

the principal adsorption forces arising from a p-
bond orbital, as reported by Blomgren and Bockris.43

Corrosion inhibition by PPD

It is expected that compounds with a higher molecu-
lar weight and bulky structure may cover more area
on an active electrode surface.44 If such a bulky mol-
ecule can have chemisorptive properties, it is natu-
rally expected to inhibit corrosion more effectively.

The impedance behavior of the PPD-containing so-
lution is shown in the Nyquist diagram (Fig. 5). Rct,
Cdl, and hence y derived from these figures, as
explained previously, are given in Table III. The Rct

values increased from 15.6 to 136.7 X cm2 with a

corresponding decrease in Cdl values from 330.1 to
96.6 lF/cm2 for the added PPD concentrations. A
decrease in Cdl, which could have resulted from a
decrease in the local dielectric constant and/or an
increase in the thickness of the electrical double
layer, suggested that the inhibitors adsorbed at the
metal–solution interface.45

Figure 6 shows the tafel polarization curves for
iron in 1M HCl with the addition of various concen-
trations of PPD. The important corrosion parameters
obtained from these curves are presented in
Table IV. It is evident from the table that the icorr
values decreased from 1425.5 lA/cm2 for the blank
to 103.7 lA/cm2 with the addition of the highest
concentration of PPD. This can be compared with
the high value of 390 lA/cm2 obtained with the

Figure 6 Potentiodynamic polarization behavior of iron in 1M HCl with the addition of PPD: (� � �) blank, (- - -) 25 ppm,
(– � –) 100 ppm, and (—) 500 ppm (I ¼ current; E ¼ potential).

TABLE IV
Corrosion Kinetic Parameters of Pure Iron in 1M HCl Containing PPD

Concentration
(ppm)

Ecorr (mV)
versus SCE

Tafel slopes
(mV/dec)

icorr
(lA/cm2)

Inhibition
efficiency (%)ba bc

0 � 488 99.7 133.1 1425.5 —
25 � 479 76.5 96.50 143.5 89.9
50 � 480 75.5 94.20 134.5 90.5

100 � 481 79.4 96.80 125.4 91.2
250 � 484 84.7 98.80 111.7 92.1
500 � 474 81.0 100 103.7 92.7
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addition of 5000 ppm of the p-phenylene diamine
monomer. The addition of PPD did not alter the val-
ues of Ecorr, ba, and bc significantly, which indicated
a mixed-type inhibiting behavior of the added
inhibitor.

From the LPR studies too, we found that the Rp

values (Table III) increased from 17.4 X cm2 for the
blank to 152.9 X cm2 with the highest concentration
of inhibitor added, which indicated the good inhibi-
tion characteristics of the added PPD.

The inhibitive effect of substituted anilines17,18 and
polyaniline20 for mild steel in acid chloride solutions
were very high because of the presence of extensive
delocalized p electrons, quaternary nitrogen, and
bulky molecular size. The bulky molecular size
ensured the greater coverage of the active surface,
whereas the earlier ones took care of the adsorption
over the corroding surface. The inhibitive properties
of PPD were also due to the presence of extensive
delocalized p electrons, quaternary nitrogen, and a
larger molecular size. The adsorption of amine mole-
cules on the metal surface took place in the form of
(1) a neutral molecule through chemisorption,
involving the sharing of electrons between nitrogen
and iron atoms; (2) p electron interaction with the
metal surface; or (3) the adsorption of the cationic
form of the polymer on the chloride-adsorbed iron

surface. Of these, the adsorption through the cationic
form was more probable because amines exist in a
protonated cationic form in acid media.36,39

Figure 7 shows the adsorption isotherms [a plot
of inhibitor concentration Cinh vs (Cinh/y)] for the
p-phenylene diamine and PPD, respectively. The lin-
ear relationship of the plots showed that p-phenyl-
ene diamine and PPD inhibited the corrosion of iron
in 1M HCl by adsorption according to Langmuir
adsorption and, hence, retarded anodic dissolution
and cathodic hydrogen evolution reactions. When
we compared it to the inhibitor performance of poly-
aniline,26 we found that PPD gave a higher corrosion
inhibition for iron in 1M HCl.
The scanning electron microscopy photographs

with 100� magnification for iron in 1M HCl with
and without the presence of PPD are given in Figure
8(a,b). We observed from the photographs that
attack in the presence of PPD in 1M HCl was much
less common in comparison with attack in the ab-
sence of the inhibitor-free acid solution.

Figure 7 Langmuir adsorption isotherm plots for (a) p-
phenylene diamine and (b) PPD.

Figure 8 Scanning electron micrographs of iron in 1M
HCl: (a) without the inhibitor and (b) with PPD.
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CONCLUSIONS

Water-soluble PPD was synthesized by a chemical
polymerization route, and its corrosion inhibition
performance was evaluated for iron in 1M HCl. The
results indicated that PPD behaved as mixed type of
inhibitor and yielded more than 90% inhibition effi-
ciency. The adsorption of monomer and PPD on the
iron surface obeyed Langmuir’s adsorption isotherm.

The authors thank the director of Central Electrochemical
Research Institute (CECRI) (Karaikudi, India) for his kind
permission.
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