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Abstract

The cationic surfactant cetylpyridinium chloride (CPC) showed high inhibition efficiency for the corrosion of low
carbon steel in 1 M H2SO4. Electrochemical measurements were dedicated to test the performance of CPC at
different concentrations and temperatures. CPC has a significant inhibiting effect on the corrosion of steel and
protection efficiencies up to 97% were measured. The inhibitor shifted the corrosion potential in the cathodic
direction. It was found that adsorption is consistent with the Bockris–Swinkels isotherm in the studied temperature
range (30–60 �C). The negative values of the free energy of adsorption and the decrease in apparent activation
energy in the presence of the inhibitor suggest chemisorption of the CPC molecule on the steel surface.

1. Introduction

Surfactants have shown a significant role in the inhibi-
tion of acid corrosion of steel both in HCl [1–4] and
H2SO4 [5–7] solutions. Adsorption of such inhibitors on
the iron surface represents the most important action of
these compounds. The extent and mode of adsorption
depends on definite physico-chemical properties of the
organic molecule such as functional groups, aromaticity
and p orbital character of the donating electrons, steric
effects, electron density of the donor atom and the
electronic structure of the molecule [8–11]. The adsorp-
tion extent also depends on the nature of the metal
surface and the electrolyte.

The aim of this study is to investigate the efficiency of
cationic surfactant, cetylpyridinium chloride (CPC) for
the inhibition of acid corrosion of low carbon steel in
1 M H2SO4. The effects of inhibitor concentration and
temperature on the performance and extent of adsorp-
tion of CPC are studied.

2. Experimental details

The measurements were obtained on a low carbon steel
of 1 cm · 1 cm dimensions and composition of 0.07%
C, 0.29% Mn, 0.07% Si, 0.012% S, 0.021% P and the
remainder iron. The iron electrode was polished with
emery paper down to 00 grade and then etched in a
mixture of oxalic acid (28 ml, 100 g L)1), hydrogen
peroxide (4 ml, 30%) and water (80 ml). It was finally

degreased by washing with ethyl alcohol followed by a
bidistilled water. Surfactant, cetylpyridinium chloride,
CPC was obtained from Aldrich and used as received.
The molecular structure of the used surfactant is shown
in Figure 1. A stock solution of surfactant was prepared
in 1 M H2SO4 and the desired concentrations were
obtained by appropriate dilution. Bidistilled water was
used in preparation of the solutions. Solution pHs were
measured using a Jenway pH meter. Deaeration of the
solution for 20 min was performed using argon gas
before measurements. The temperature was adjusted to
within �0.2 �C using a water thermostat.

Electrochemical measurements were performed using
an EG&G Princeton Applied Research (model 273A)
potentiostat/galvanostat controlled by m352 electro-
chemical analysis software. Polarization experiments
were carried out in a conventional three-electrode cell.
The counter electrode was a platinum wire. The refer-
ence electrode was SCE with a Luggin probe positioned
near the electrode surface. The iron electrode was
immersed for 20 min at the free corrosion potential,
Ecor, in the solution before the polarization curves were
recorded. The polarization curves were recorded poten-
tiodynamically with a constant scan rate of 1 mV s)1.
The cathodic polarization measurements were recorded
first in a potential range from Ecor to higher negative
potentials. Anodic measurements were then recorded.
Current densities were calculated on the basis of the
apparent surface area of the electrode. The measure-
ments were repeated to test the reproducibility of the
results. In all the figures the potential is expressed with
respect to the normal hydrogen electrode.
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3. Results and discussions

3.1. Polarization curves

Figures 2 and 3 show the current–potential, i/E,
relations for iron in different concentrations of CPC in
1 M H2SO4 at 30 and 50 �C, respectively. Similar
polarization measurements were collected at 40 and
60 �C. For the cathodic branch, the inhibitor shifts the
cathodic line to lower current densities. The inhibitor
has significant inhibiting action in the cathodic direc-
tion, that is, it reduces the rate of the hydrogen
evolution reaction (HER). This implies that the surfac-
tant acts as a cathodic inhibitor. As the concentration
increases, the polarization for HER increases at a
specific current. There is no significant difference in
polarization between the concentrations 5 · 10)4 and
10)3

M of CPC. This corresponds to a concentration
near the critical micelle concentration (CMC) for the
CPC surfactant (CMC ¼ 8 · 10)4

M at 30 �C [12]). For
the anodic branch the shift in the anodic lines is not
significant.

Analysis of the polarization curves at 30, 40, 50 and
60 �C was performed using the m352 corrosion soft-
ware. Different parameters such as exchange current
density of the HER (io,H) slope of the cathodic branch

(Bc), free corrosion potential (Ecor) and corrosion
current density (icor) were obtained. Table 1 lists these
parameters. The cathodic Tafel slope (Bc) is the same for
iron in the absence and presence of inhibitor. It is
concluded that the mechanism of the HER does not
change and the HER is inhibited by simple adsorption.
The inhibitor also shifts the free corrosion potential
(Ecor) in the cathodic direction, which confirms cathodic
inhibition. In general, the corrosion current density
(Icor) decreases with increases in concentration and with
decrease in temperature.

3.2. Protection efficiency

Protection efficiency (Picor) is defined as

Picor ¼ 1 � icor2
icor1

� �
� 100 ð1Þ

where icor2 and icor1 are the rates of corrosion in the
presence and absence of inhibitor, respectively. Similar
inhibition efficiency for the HER rate is also presented.
This is Pio and is defined as

Pio ¼ 1 � io2
io1

� �
� 100 ð2Þ

where io2 and io1 are the exchange current densities in
the presence and absence of inhibitor, respectively. The
io values were calculated by extrapolating the Tafel lines
to the equilibrium potentials of the HER where
EH ¼ �(2.303 RT/F) pH [13]. Since the pHs at different
temperatures were measured, EH values were calculated.
For instance, EH at 30 �C in 1 M H2SO4 equals
�0.004 V.

Fig. 1. Molecular structure of the studied surfactant.

Fig. 2. Effects of CPC concentration on the i/E relations for low

carbon steel in 1 M H2SO4 at 30 �C. Key: (—) blank (1 M H2SO4);

(– –) 1 · 10)5; (– – –) 5 · 10)5; (� � � � � �) 1 · 10)4; (– � – �) 5 · 10)4; and

(– �� – ��) 1 · 10)3
M (CPC).

Fig. 3. Effects of CPC concentration on the i/E relations for low

carbon steel in 1 M H2SO4 at 50 �C. Key: as for Figure 2.
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Figure 4 shows the effects of the CPC concentration
on Picor at different temperatures. As the concentration
increases the protection efficiency increases until it
reaches a maximum constant value corresponding to
the critical micelle concentration. A CPC concentration

as low as 10)5
M causes high inhibition efficiencies.

Inhibition of iron corrosion is attributed to the adsorp-
tion of the surfactant on the iron surface. At
[CPC] » 10)5

M, the monomers of CPC adsorb at the
surface individually with a low percent coverage. As the
concentration increase, that is, in the range between
10)5

M and up to the start of the plateau, the amount
adsorbed increases leading to a higher degree of
coverage and consequently higher corrosion inhibition.
Adsorption is enhanced due to the interhydrophobic
chain interaction. Such interaction assists the formation
of a thin film of surfactant molecules at the iron surface.
This film is of hydrophobic nature due to anchoring of
the hydrophobic chains into the solution. At higher
inhibitor concentration near the CMC, an efficiency
plateau is obtained. This may be attributed to the
formation of a bimolecular layer of surfactant through
the interaction of the hydrocarbon chains by tail-tail
orientation at the electrode–electrolyte interface [14, 15].
The bilayer is amenable to desorb away from the surface
due to repulsion of the polar head group. Accordingly,
and since at this concentration the monomers tend to
form micellar aggregates, a plateau was obtained. The
protection efficiency also increases with temperature.
This points to the capability of the surfactant to inhibit
the corrosion of steel at low and relatively higher
temperatures.

The ratio of the protection efficiencies (r) is shown in
Table 1 at different CPC concentrations and at different
temperatures. The parameter r represents the ratio of the
inhibition of the HER, Pio to that of the corresponding

Table 1. Electrochemical parameters, inhibition efficiency of HER and the ratio r for the corrosion of low carbon steel in 1 M H2SO4 at different

CPC concentrations and temperatures

t

/oC

[CPC]

/mol L)1
io · 106

/A cm)2
icor
/mA cm)2

Ecor

/V

Bc

/mV (decade))1
Pio r

30 0 3.9 2.62 )0.237 128 – –

1 · 10)5 1.24 1.0 )0.246 146 68 1.1

5 · 10)5 0.45 0.43 )0.282 136 88 1.0

1 · 10)4 0.39 0.27 )0.270 127 90 1.0

5 · 10)4 0.23 0.13 )0.265 139 94 0.99

1 · 10)3 0.23 0.13 )0.261 140 94 0.99

40 0 13.6 8.5 )0.237 150 ) )
1 · 10)5 2.90 1.89 )0.247 133 79 1.01

5 · 10)5 1.24 1.00 )0.276 140 91 1.03

1 · 10)4 0.66 0.68 )0.270 141 95 1.03

5 · 10)4 0.27 0.29 )0.270 139 98 1.02

1 · 10)3 0.36 0.28 )0.261 138 97 1.00

50 0 25 17.4 )0.245 150 ) )
1 · 10)5 3.96 2.61 )0.256 130 84 0.99

5 · 10)5 1.75 2.01 )0.262 140 93 1.05

1 · 10)4 0.93 1.22 )0.263 135 96 1.03

5 · 10)4 0.72 0.52 )0.261 143 97 1.00

1 · 10)3 0.6 0.7 )0.266 149 97 1.01

60 0 35 23 )0.258 148 ) )
1 · 10)5 7.20 2.99 )0.261 126 79 0.91

5 · 10)5 2.10 1.65 )0.265 130 94 1.02

1 · 10)4 1.58 1.17 )0.268 127 95 1.0

5 · 10)4 1.20 1.0 )0.261 133 96 1.0

1 · 10)3 1.05 0.70 )0.269 126 97 1.0

Fig. 4. Effects of CPC concentrations on Picor for iron corrosion in

1 M H2SO4 at different temperatures. Key: (d) 30; (m) 40; (j) 50; and

(�) 60 �C.
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inhibition of the corrosion rate, Picor. The effect of
surfactant on the rates of both processes may be equal
or different according to the extent of rate control
imparted by the HER on the overall corrosion process.
If Pio P Picor, it is concluded that the HER is the rate
determining step. Conversely, if Pio < Picor, the anodic
reaction must impart some control, the extent of which
increases if Pio 	 Picor [16]. Table 1 shows that the ratio
r » 1 in the existing concentrations and temperature
ranges. Thus, cathodic rate control is evident under the
present conditions.

3.3. Activation energy

The apparent activation energies, E*, of the corrosion in
the presence and absence of inhibitor were calculated
from Arrhenius plots of icor against 1000/T. Figure 5
shows these plots for the blank and for different
concentrations of the surfactant. The calculated appar-
ent activation energies for the corrosion reaction are
61.0, 32.0, 41.0, 42.0, 56.0 and 52.0 kJ mol)1 for the
blank and 10)5, 5 · 10)5, 10)4, 5 · 10)4, 10)3

M CPC,
respectively. The activation energy of the blank solution
is comparable with other reported values [17, 18]. In
general, E* increases with CPC concentration. However,
the value of E* at 10)3

M is smaller than that at
5 · 10)4

M. At 10)3
M, i.e., near the CMC, the surfac-

tant tends to aggregate to form micelles rather than
adsorbing on the metal surface. The decrease in activa-
tion energy of corrosion (E*) in the presence of the
surfactant and the increase in (E*) with surfactant
concentration may be attributed to chemisorption of
inhibitor on the iron surface [1, 19, 20].

3.4. Polarization resistance

The polarization resistance (Rp) is a measure of the
resistance of a metal to corrode in a specific corroding
environment and is defined as

Rp ¼ @E
@i

� �
E¼Ecor

ð3Þ

where i is the current density in A cm)2 and E is the
potential in volts and Rp is in ohm cm2. Hence, Rp is the
slope of the potential–current relation at the corrosion
potential. The results may be discussed in the light of the
Stern–Geary equation. For the corrosion of iron in
sulfuric acid the anodic and cathodic half reactions are

Fe ! Fe2þ þ 2 e� ð4Þ

2Hþ þ 2 e� ! H2 ð5Þ

and the Stern–Geary equation may be written as [17, 21]

Rp ¼ RT
icorF ða1n1 þ a2n2Þ

ð6Þ

where a1 and a2 are the transfer coefficients and n1 and
n2 are the numbers of electrons participating in the rate
determining steps in Reactions 4 and 5, respectively.
Equation 6 correlates the polarization resistance with
both temperature and corrosion current (icor).

Figure 6 shows the effects of CPC concentration on
polarization resistance at different temperatures. As the
inhibitor concentration increases and/or temperature

Fig. 5. Arrhenius plot for the corrosion current of low carbon steel at

various concentrations of CPC in 1 M H2SO4. Key: (m) blank (1 M

H2SO4); (d) 1 · 10)5; (n) 5 · 10)5; (s) 1 · 10)4; (j) 5 · 10)4; and

(~) 1 · 10)3
M (CPC).

Fig. 6. Effects of CPC concentrations on the polarization resistance

for iron corrosion in 1 M H2SO4 at different temperatures. Key: (d) 30;

(m) 40; (j) 50; and (s) 60 �C.
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decreases the polarization resistance increases. At con-
stant temperature, Equation 6 predicts that, as the
concentration increases, the polarization resistance in-
creases. As the inhibitor concentration increases, the
corrosion rate (icor) decreases (Table 1) and hence Rp

increases. The temperature appears in Equation 6 in the
numerator and also in the denominator through icor,
which depends exponentially on the temperature. There-
fore, as T increases, the numerator increases linearly
while the denominator increases exponentially and
hence Rp decreases [17].

3.5. Adsorption isotherm

The degrees of surface coverage (h) corresponding to
different concentrations of CPC at different tempera-
tures have been extracted to deduce the best isotherm.

This has been used in determining the extent and mode
of adsorption. The value of h for the metal surface was
calculated from the following relation at constant
potential,

h ¼ 1 � i2
i1

� �
ð7Þ

where i1 and i2 are the current densities for the blank
and the inhibited solutions, respectively. The adsorption
of organic adsorbate at a metal–solution interface is
regarded as a substitutional adsorption process between
the organic molecules in the aqueous solution, Org(sol)

and the water molecules adsorbed on the electrode
surface, H2O(ads):

OrgðsolÞ þ nH2OðadsÞ)*OrgðadsÞ þ nH2O

Fig. 7. Bockris–Swinkels Isotherm at different temperatures: (a) 30, (b) 40, (c) 50 and (d) 60 �C.
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where Org(sol) and Org(ads) are the organic molecules in
the aqueous solution and adsorbed on the metallic
surface, respectively, H2O(ads) is the water molecules on
the metallic surface and n is the size ratio representing
the number of water molecules replaced by one molecule
of the organic adsorbate.

Attempts to fit the h values using different isotherms
such as modified Frumkin, Langmiur and Bockris–
Swinkels were performed. Of these isotherm, the Boc-
kris–Swinkels showed the best fit. The isotherm is given
by [22]

h
ð1 � hÞn

½h þ nð1 � hÞðn�1Þ

nn
¼ Corg

55:4
exp �DG8

ads

RT

� �

ð8Þ

where Corg is the concentration of the inhibitor in the
bulk solution and DG8

ads is the free energy of adsorption.
According to this isotherm a plot of the logarithm of the
left-hand side of Equation 8 against logarithm of Corg

should give a straight line with a slope of unity.
Figures 7(a)–(d) show such plots at different tempera-
tures. Straight lines were obtained with slopes of
1.0 ± 0.1 only when using a value of n ¼ 3. This value
means that one molecule of the CPC adsorbed on the
iron surface substitutes three water molecules. The
above predicted value of n is supported by considering
the reported cross-sectional areas of CPC and H2O
which are 35 and 12 Ao2, respectively [23, 24].

The values of DG8
ads at different temperatures were

calculated from the intercepts in Figure 7. A plot of
DG8

ads against temperature gives a straight line, as shown
in Figure 8. From the slope and intercept of this plot,
the heat of adsorption, DH 8

ads and the entropy change of
adsorption, DS8ads were calculated according to the basic
equation, DG8

ads ¼ DH 8
ads � TDS8ads. The predicted values

of DH 8
ads and DS8ads are 71 kJ mol)1 and

400 J mol)1 K)1, respectively. The large negative values
of the free energy of adsorption and the positive value of
the heat of adsorption are characteristic of the strong
interaction between the CPC molecule and the metal
surface [19, 25].

It is generally believed that the adsorption of the
inhibitor at the metal/solution interface is the first step
in the mechanism of inhibitor action in aggressive acid
media. Different types of adsorption may be considered
for the adsorption of organic molecules at the metal
surface: (i) electrostatic attraction between charged
molecules and the charged metal, (ii) interaction of
unshared electron pairs in the molecule with the metal,
(iii) interaction of p-electrons with the metal and (iv) a
combination of the above [26]. Chemisorption involves
charge sharing or charge transfer from the inhibitor
molecules to the metal surface to form a coordinate-type
bond. Electron transfer takes place between transition
metals of vacant low-energy electron orbitals and
organic molecules having relatively loosely bound elec-
trons [27]. In the present study chemisorption is evident
from the following results: (a) the increase in protection
efficiency with temperature [20]; (b) the apparent acti-
vation energy of the corrosion decreases in the presence
of the surfactant and increases with surfactant concen-
tration [1, 19]; and (c) the large negative values of the
free energy of adsorption and the large positive value of
the heat of adsorption [19, 20].

According to the above argument, chemisorption of
the CPC molecule on the iron surface, may take place
through the donor–acceptor links between the p-elec-
trons of the pyridine ring and the empty d-orbital of
the Fe atom [28]. This mode of adsorption is shown
in Figure 9. It corresponds to a planar orientation
of the molecule on the surface. Since there is a strong
adsorption of the CPC on the metal surface, another site
may accentuate the adsorption capability of the inhib-
itor molecule. This may be the electrostatic attraction
between the ammonium group, N+ and the negative
cathodic sites induced by the metal surface [14, 15].
According to the literature, when an inhibited solution
contains adsorbable anions, such as halide ions (Cl) ions
in our case), these adsorb on the metal surface creating
oriented dipoles. Consequently, this results in an increase
in the adsorption capability of the inhibitor cations,
CPC+ on the dipoles. In this case, a positive synergistic
effect arises [4, 5].

Fig. 8. Free energy of corrosion of steel as a function of temperature.

Fig. 9. Schematic representation of the adsorption mode of CPC on

the iron surface.
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4. Summary and conclusions

Electrochemical measurements were devoted to test the
capability of cetylpyridinium chloride, CPC to inhibit the
acid corrosion of iron. The inhibition efficiencywas found
to increase with increase in surfactant concentration and/
or temperature. Inhibition efficiency up to 97% was
obtained near the CMC of the surfactant. Chemisorption
of the CPC molecule on the iron surface was concluded
from the large values of the free energy of adsorption,
high positive value of the heat of adsorption and
reduction of the apparent activation energy in the pres-
ence of inhibitor. A postulated mode of chemisorption of
the CPC molecule on the iron surface was introduced.
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