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Abstract

4-aminoantipyrine (AAP) was tested as a corrosion inhibitor for mild steel in 2 M HCl solution using di�erent
techniques: weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The
results showed that AAP is an inhibitor for mild steel in this medium. The inhibition was assumed to occur via
adsorption of the inhibitor molecule on the metal surface. In the 20 to 60 �C temperature range, the AAP
adsorption follows the Flory±Huggins isotherm and/or the El-Awady et al. kinetic-thermodynamic model. The
protection e�ciency increases with increasing inhibitor concentration (in the range 10ÿ3±10ÿ2 M) but decreases
with increasing temperature. The thermodynamic functions of dissolution and adsorption processes were
calculated.

1. Introduction

Acid solutions are generally used for the removal of
undesirable scale and rust in several industrial processes.
Inhibitors are generally used in these processes to
control the metal dissolution as well as acid consump-
tion. Most of the well known acid inhibitors are organic
compounds containing nitrogen, sulphur and/or oxygen
atoms. Moreover, many N -heterocyclic compounds
have been proved to be e�ective inhibitors for the
corrosion of metals and alloys in aqueous media [1, 2].
The in¯uence of organic compounds containing nitro-
gen on the corrosion of steel in acidic solutions has been
investigated by several authors [2±8]. These organic
compounds can adsorb on the metal surface, block the
active sites on the surface and thereby reduce the
corrosion rate.
This paper describes a study of the protection

e�ciency of 4-aminoantipyrine (AAP) for mild steel
corrosion in acid medium. The behaviour of this
compound in 2 M HCl has been investigated and its
protection e�ciency has been determined by chemical
(weight loss) and electrochemical (potentiodynamic
polarization and impedance) methods.

2. Experimental details

For the weight loss measurements, mild steel rods of
chemical composition C 0.12%, Mn 0.85%, S 0.055%,
P 0.05%, Si 0.09% and the remainder iron and of size
2 cm� 0:5 cm were used. The samples were polished
with di�erent grade emery papers up to 4/0 grade,
cleaned with acetone, washed with doubly distilled water
and ®nally dried. The cleaned samples were weighed
before and after immersion in 2 M HCl for 2 h in the
absence and presence of various concentrations of AAP
and at di�erent temperatures. The weight loss was
expressed in g cmÿ2 hÿ1.
For electrochemical measurements, the cell used was a

conventional three electrodes Pyrex glass cell with a
platinum counter electrode and a saturated calomel
electrode (SCE) as reference. The working steel rod
electrode was embedded in Araldite so that its cross
sectional area (0.126 cm2) was in contact with the solu-
tion. The potentiodynamic current±potential curves were
recorded by changing the electrode potential automati-
cally fromÿ800 to 1000 mVwith scan rate of 100 mV sÿ1.
EIS measurements were carried out in a frequency range
of 10 kHz to 100 lHz using an amplitude of 5 mVpeak to
peak using a.c. signal at the open circuit potential
(ÿ500 mV). A potentiostat/galvanostat (EG&G model
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273), frequency response analyser (model 5208) and a
personal computer were used for electrochemical mea-
surements. Impedence software from EG&G Princeton
Applied Research was used for EIS measurements.
4-Aminoantipyrine (AAP) (F.W. 203) from Fluka and

doubly distilled water were used for preparing fresh
solutions. All solutions were deaerated for 10 min with
nitrogen and experiments were carried out at constant
temperature� 0:5 �C. AAP has the following structure:

3. Results and discussion

The corrosion of mild steel in 2 M HCl in the absence
and presence of various concentrations (10ÿ3±10ÿ2 M) of
AAP and at di�erent temperatures (20±60 �C) was
initially studied by weight loss experiments. The per-
centage protection e�ciency (P ) of AAP was calculated
by applying the following relationship [9]:

P � w0 ÿ w
w0

� �
� 100 �1�

where w0 and w are the weight loss in the absence and
presence of the inhibitor, respectively. Figure 1 shows
the plot of the protection e�ciency against the logarith-
mic concentration of AAP at di�erent temperatures.
Inspection of these data reveals that the presence of
AAP in the solution inhibits the mild steel corrosion and
the extent of protection e�ciency increases with increas-
ing inhibitor concentration. In contrast, the protection
e�ciency decreases with increasing temperature.
The curves of Figure 1 have the characteristic S-

shaped isotherms indicative of an adsorption mecha-
nism for the inhibition process. The studied inhibitor is a
heterocyclic ®ve membered ring with either half chair or
envelope structure. The most important conformation
being probably on symmetry C2 (i.e., half chair) [10, 11].
The adsorption may be via the free amino group,
which will cover by the rest of the inhibitor molecule
acting as a hood [11]. The adsorption process involves
the displacement of water molecules from the metal
surface.
Nine adsorption isotherms (Hill de Boer, Frumkin,

Temkin, Langmuir, Parsons, Flory±Huggins, Dhar±
Huggins, Bockris±Swinkels) [11] and El-Awady et al.

[12, 13] were tested for their ®t to the experimental data.
The Flory±Huggins adsorption isotherm and the
El-Awady et al. kinetic-thermodynamic model ®t the
experimental data well (correlation coe�cient >0.97).
The adsorption isotherm relationships of Flory±Hug-
gins and El Awady et al. are represented by Equations 2
and 3, respectively:
F.H.

log �h=C� � log xK � x log �1ÿ h� �2�

E.A.

log �h=�1ÿ h�� � log K 0 � y log C �3�

where h is the degree of coverage fh = (w0 ÿ w) /w0g; x
is the number of active sites occupied by one inhibitor
molecule or the number of water molecules replaced by
one molecule of adsorbate. Values of x greater than one
imply the formation of multilayers of the inhibitor on
the metal surface. Values of x less than one, however,
mean that a given inhibitor molecule will occupy more
than one active site. The number of active sites of the
surface occupied by one molecule of the inhibitor is
given by the value of (1=y). K is the binding constant of
the adsorption reaction (K � K 0�1=y�) and C is the
inhibitor concentration in the bulk of solution.
The binding constant of adsorption K is related to the

standard free energy of adsorption DG�ads by the
following equation:

Fig. 1. Variation of the protection e�ciency (P, %) with the logarith-

mic concentration of AAP for the mild steel in 2 M HCl at di�erent

temperatures: (a) 20, (b) 30, (c) 40, (d) 50 and (e) 60 �C.
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K � 1

55:5
exp

ÿDG�ads
RT

� �
�4�

where R is the universal gas constant and T is the
absolute temperature. Application of the Flory±Huggins
and El Awady models are illustrated in Figures 2 and 3,
respectively. The calculated values of the binding
constant K, free energy change DG�ads and number of
active sites x occupied by one inhibitor molecule are
given in Table 1. The number of active sites x is
approximately constant and equal to one under all
conditions studied. This means that the inhibitor mol-
ecule adsorbs displacing one water molecule. The value
of the constant K decreases with increasing temperature,
indicating that the interactions between the adsorbed
molecules and the metal surface are weakened and,
consequently, the adsorbed molecules become easily
removable. Such data explains the decrease in the

protection e�ciency with increasing temperature. More-
over, the values of DG�ads are low, suggesting that the
nature of the inhibitor adsorption is mainly physisorp-
tion [11, 15].
The average thermodynamic parameters DH �ads and

DS�ads for the adsorption of AAP on mild steel in 2 M

HCl in the 20±60 �C temperature range were calculated
from the following equation [14]:

log K � 1

2:303

ÿDH �ads
RT

� DS�ads
R

� �
�5�

where DH �ads and DS�ads are the enthalpy and entropy of
the adsorption process, respectively. The calculated
values for DH �ads is ÿ36:8 kJ molÿ1, DS�ads is
ÿ66:8 J Kÿ1 molÿ1 and DG�ads is ÿ18:5 kJ molÿ1. The
negative value of DH �ads indicate that the adsorption of
inhibitor molecules is an exothermic process [15]. The

Fig. 2. Curve ®tting of the corrosion data of mild steel in 2 M HCl in

presence of AAP to the kinetic model at di�erent temperatures: (a) 20,

(b) 30, (c) 40, (d) 50 and (e) 60 �C.

Fig. 3. Curve ®tting of the corrosion data of mild steel in 2 M HCl in

presence of AAP to Flory±Huggins isotherm at di�erent temperatures:

(a) 20, (b) 30, (c) 40, (d) 50 and (e) 60 �C.

Table 1. Inhibitor binding constant (K), free energy of adsorption (DG�ads), number of active sites (x) for AAP in 2M HCl at di�erent

temperatures

Temp/K Kinetic-thermodynamic model Flory±Huggins isotherm

1/y K DG�ads /kJ molÿ1 x K DG�ads=kJ molÿ1

293 1.0 391 )24.3 0.8 396 )24.4
303 1.1 310 )24.6 0.9 315 )24.6
313 1.3 241 )24.7 1.2 229 )24.6
323 1.1 191 )24.9 1.1 191 )24.9
333 1.2 176 )25.4 1.2 172 )25.4
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magnitude of the values of DS�ads and DH�ads are
characteristic of the occurrence of a replacement process
during adsorption of inhibitor molecules on the metal
surface [16].
The thermodynamic functions for the dissolution of

mild steel in 2 M HCl in the absence and presence of
various concentrations of AAP were obtained by
applying the Arrhenius equation (Equation 6) and
transition state equation (Equation 7), respectively:

log �Rate� � ÿE�a=2:303 RT � A �6�

Rate � RT
Nh

exp
DS�

R

� �
exp

DH �

RT

� �
�7�

where E�a is the apparent activation energy, DS� is the
entropy of activation, DH � is the enthalpy of activation,
h is Planck's constant and N is the Avogadro number.
According to Equation 6 the apparent activation energy
E�a can be obtained by plotting log (rate) against 1=T .
Moreover, from Equation 7, a plot of log (rate/T )
against 1=T should give straight line with a slope of
(ÿDH�/2.303 R) and an intercept of (log R=Nhÿ DS�/
2.303 R). The calculated parameters are given in
Table 2. Inspection of these data reveals that the
apparent activation energy E�a in HCl solution in the
absence of AAP was 61.5 KJ molÿ1. The addition of
AAP to the acid solution increases E�a and the extent of

the increase is proportional to the inhibitor concentra-
tion, indicating that the energy barrier for the corro-
sion reaction increases with AAP concentration. This
means that the corrosion reaction will be further
pushed to surface sites that are characterized by
progressively higher values of E�a as the concentration
of the inhibitor in the acid solution becomes larger.
The entropy of activation DS� in the absence and
presence of AAP is large and negative. This implies
that the activated complex in the rate determining step
represents an association rather than a dissociation
step, meaning that a decreases in disordering takes
place on going from reactants to the activated complex
[9, 10].
Figure 4 shows typical anodic and cathodic potentio-

dynamic polarization curves for mild steel in 2 M HCl in
the absence and presence of various concentrations

Table 2. Activation parameters of the dissolution of mild steel in 2M

HCl in the absence and presence of di�erent concentrations of AAP

Concentration

/M

E�a
/kJ molÿ1

DH�

/kJ molÿ1
DS�

/J Kÿ1 molÿ1

0.000 61.5 58.8 )92.7
0.001 65.5 62.6 )82.9
0.003 66.6 64.0 )80.0
0.005 70.7 68.0 )69.1
0.007 74.7 72.0 )58.3
0.010 75.4 72.8 )59.1

Fig. 4. Polarization curves of mild steel in 2 M HCl in presence of di�erent concentrations of AAP: (1) 0.00, (2) 1 � 10ÿ3, (3) 3 � 10ÿ3,
(4) 5 � 10ÿ3, (5) 7 � 10ÿ3 and (6) 1 � 10ÿ2 M.
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(10ÿ3±10ÿ2 M) of AAP at 30 �C. Figure 5 shows the
e�ect of temperature on these polarization curves. These
Figures show that the addition of AAP to the acid
solution shifts the anodic polarization to more positive
and the cathodic polarization to more negative values.
The increase in AAP concentration increases the polar-
ization shifts. The e�ect of AAP is more pronounced on
anodic polarization than on cathodic polarization.
Values of associated electrochemical parameters and
the percentage protection e�ciency (P ) are given in
Table 3. The protection e�ciency is obtained from the
following equation:

P � i�corr ÿ icorr
i�corr

� �
� 100 �8�

where icorr = Icorr=A; A is the exposed surface area and
i�corr, icorr are the uninhibited and inhibited corrosion
current densities, respectively, determined by extrapola-
tion of Tafel lines. The values of icorr decrease with
increasing AAP concentration but increase with increas-
ing temperature. The decrease in icorr with the inhibitor
concentration is associated with a shift of corrosion
potential Ecorr to less negative values. These results
suggest that AAP behaves mainly as an anodic inhibitor.
The approximately constant values of the Tafel slopes
(near to 0.12 V (decade)ÿ1 for bc and 0.13 V (decade)ÿ1

for ba) suggest that the inhibition mechanism for AAP
involves a single reaction site blocking [18, 19]. Appli-
cation of Equations 6 and 7 gave thermodynamic
parameters for dissolution of mild steel in 2 M HCl in

Fig. 5. Polarization curves of mild steel in 2 M HCl in presence of 0.003 M AAP at di�erent temperatures: (1) 20, (2) 30, (3) 40, (4) 50 and

(5) 60 �C.

Table 3. Electrochemical parameters for mild steel with AAP at 30 °C in 2M HCl and (P, %) obtained from weight loss and potentiodynamic

polarization tests

AAP conc.

/M

)Ecorr

/V

Icorr
/mAcm)2

)bc
/V (dec))1

ba
/V (dec))1

P Tafel data

/%

P gravimetric data at 30 °C
/%

0.000 0.555 3.79 0.150 0.169 ± ±

0.001 0.548 2.64 0.187 0.148 30.3 33.0

0.003 0.547 2.09 0.126 0.149 44.7 45.0

0.005 0.544 1.49 0.114 0.125 60.6 62.1

0.007 0.540 1.22 0.113 0.126 67.7 75.0

0.010 0.538 1.04 0.112 0.121 72.6 82.8
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the absence and presence of inhibitor and the results are
given in Table 4. The activated parameters obtained
from the potentiodynamic polarization method are
lower than those obtained from the weight loss method.
Figure 6 shows the complex-plane impedance plots of

mild steel in 2 M HCl without and with various
concentrations of AAP (10ÿ3±10ÿ2 M) at 30 �C. The
equivalent circuit models used to ®t the experimental
results are given in Figure 7 as previously reported [20,
21]. The equivalent circuit model in Figure 7(a) can be
given in a simpli®ed equivalent circuit model as in
Figure 7(b). The measured complex-plane impedance
plot is similar to that calculated by the equivalent circuit
model. The charge transfer resistance, Rct, and the
double layer capacitance, Cdl, were determined by
analysis of the complex-plane impedance plots and their
values are given in Table 5. It is clear that by increasing
the AAP concentration Rct are increased and Cdl values
are decreased. The decrease in Cdl values with AAP

concentration indicates an increase in the surface
coverage of the inhibitor.
The corrosion current density Icorr was calculated

using the charge transfer resistance, Rct together with
Stern±Geary equation [22]

Icorr � babc

2:303 RctA�ba � bc� �9�

where A is the electrode surface area and ba and bc are
the Tafel slopes of the anodic and cathodic processes,
respectively. The calculated values of Icorr are given in
Table 5. It is seen that the values of Icorr decrease with
increasing inhibitor concentration. The percentage pro-
tection e�ciency, P , was calculated from the following
equation:

P � �1=Rct�0 ÿ �1=Rct�
�1=Rct�0

� 100 �10�

where (Rct�0 and (Rct) are the uninhibited and inhibited
charge transfer resistance, respectively. The calculated
values of P are also included in Table 5. The values of
Icorr and P obtained from EIS and potentiodynamic
polarization measurements are in sequence.
The corrosion rates and the inhibition e�ciencies

obtained from the chemical method are somewhat
di�erent from those obtained from the electrochemical
methods. The di�erences can be attributed to the fact
that the weight loss method gives average corrosion
rates, whereas electrochemical methods give instanta-
neous rates. These di�erences may also be expected to
arise because of the di�erence in the time required to
form an adsorbed inhibitor layer on the metal surface
that is capable of corrosion inhibition [23].

4. Conclusions

The following can now be stated:
(i) 4-aminoantipyrine (AAP) behaves as an anodic

inhibitor for mild steel corrosion in 2 M HCl.

Fig. 6. Complex-plane impedance of mild steel in 2 M HCl in the

presence of di�erent concentrations of AAP at 30 �C: (1) 0.0, (2) 1 �
10ÿ3, (3) 3 � 10ÿ3, (4) 5 � 10ÿ3 (5) 7 � 10ÿ3 and (6) 1 � 10ÿ2 M.

Fig. 7. Equivalent circuit model (a) can be given in a simpli®ed

equivalent circuit model (b). Rs and Rct are solution and charge

transfer resistance, respectively. Cinhibitor is the capacitance of parts

that the inhibitor is adsorbed. C
0
dl is the capacitance of parts that the

inhibitor is not adsorbed and Cdl is the apparent double layer

capacitance.

Table 4. Activation parameters for the dissolution reaction of mild

steel in the absence and in the presence of AAP on mild steel surface in

HCl, calculated from potentiodynamic tests

DE�/kJ molÿ1 DH�/kJ molÿ1 DS�/J Kÿ1 molÿ1

37.7 35.0 )121.6

Table 5. A.c. impedance data of steel in 2M HCl solution containing

di�erent concentrations of AAP at 30 °C

Conc.

/M

Rct

=X cmÿ2
1=Rct

Xÿ1 cm2

Cdl

/lF
P

/% (from EIS)

0.000 17.2 0.058 3683.6 ±

0.001 19.1 0.052 1320.5 9.9

0.003 24.3 0.041 655.2 29.1

0.005 25.9 0.039 154.3 33.6

0.007 32.4 0.031 98.3 46.9

0.010 38.8 0.026 64.9 55.7
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(ii) The inhibition is due to the adsorption of the in-
hibitor molecules on the steel surface and blocking
of active sites.

(iii) The protection e�ciency increases with increase in
inhibitor concentration but decreases with increase
in temperature.

(iv) The data obtained ®t both the Flory±Huggins iso-
therm and the El Awady thermodynamic-kinetic
model very well.
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