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a b s t r a c t

The corrosion behaviour of steel at various concentrations of perchloric acid was studied by weight
loss method in temperature range from 298 to 323 K. Results obtained show that corrosiveness of acid
increases with its concentration and temperature. The logarithm of corrosion rate was plotted against
the acid concentration and values of Hammett Ho and Strehlow Ro(H) acidity functions. The activation
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energies, enthalpies and entropies of the corrosion process of steel were also determined and fitted
against Ro(H).

© 2009 Elsevier B.V. All rights reserved.
cidity functions

. Introduction

The corrosion of steel is the most common form of corrosion,
specially in acid solutions. It has practical importance, for exam-
le, in the acid pickling of iron and steel, chemical cleaning of
he scale in metallurgy, oil recovery and petrochemical industry
nd other electrochemical systems. During processes, metals suffer
rom corrosion in acid solutions at elevated temperatures. Corro-
ion damage is extremely increased when the acid anions form with
he metal cation very soluble salts. The corrosion of iron materials
s generally interpreted by electrochemical reactions of local cells
perating on the corroding surface. The over-all corrosion reaction
s a combination of an anodic oxidation such as metal dissolution
roducing metal ions and a cathodic reduction such as discharge of
ydrogen ions. The anodic and cathodic partial reactions are:

e → Fe2+ + 2e− (1)

H+ + 2e− → H2 (2)
In acid solutions, the corrosion of steel is mainly linked to
he reduction of hydrogen ions called natural motor of corrosion.

any workers have attempts to establish a quantitative corre-
ation between corrosion rate and concentration or pH of acid
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solutions [1–4]. In diluted acid solutions, the variation of corro-
sion rate is related to pH. This relationship losses its validity in
concentrated acid solutions. The knowledge of hydrogen activity in
concentrated acid solutions helps to understand the corrosion phe-
nomena. Several acidity functions which represent the Ho activity
of concentrated acidic media are proposed.

As part of a comprehensive investigation undertaken in our lab-
oratory on the corrosion behaviour of steel in concentrated mineral
acids, we have decided to carry out more extensive studies than
that reported earlier by Hammouti and coworkers [5–8]. In fact,
encouraging results have been obtained in studying the corrosion
of steel in H3PO4 [5,6], HCl [7] and H2SO4 [8] solutions at various
concentrations have provoked us to extend these studies to HClO4
solutions. We remark that the corrosion rate of steel increases in
concentrated acid as HCl and H3PO4. But in H2SO4 the corrosive-
ness is limited by a passivity phenomenon [9]. Literature shows
also that for a H2SO4 concentration of 70% or higher, carbon steel
resists well and is used for storage and shipment at moderate tem-
peratures [10]. On the other hand, carbon steel is corroded in the
active state at lower concentrations. At concentrations below 50%,
the iron sulphate product readily goes into solution and, therefore,
the corrosion rates are high. The corrosion rate of steel depends on

temperature, acid concentration, iron content and flow rate, since
these parameters determine the dissolution rate of the protective
sulphate [9].

Moreover many workers have determined and discussed the
kinetic parameters such as activation energy, activation heat and

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:khaledrice2003@yahoo.com
dx.doi.org/10.1016/j.matchemphys.2009.10.021


6 hemistry and Physics 120 (2010) 61–64

a
t
t
s
t
L
p

t
t
a
t

2

e
m
R
b

a
o
g

H

(
m

p

f
f

u
w

f
e
(
b
o
p
m
(

R

s
e
a

p

w
a

a
H

3

0

variation of the different parameters such as log Wcorr, log Icorr, Ecorr

and log Rp with the activity of hydrogen expressed by the Strehlow
acidity function, Ro(H) [7]. These results confirm the adequacy of
this acidity level scale to explain the reactivity of iron in concen-
trated HCl media.
2 M. Benabdellah et al. / Materials C

ctivation entropy are obtained from experimental data at different
emperatures [5,7,11,3,12–14]. The values of pre-exponential fac-
or at different concentrations of acid are also calculated. In their
tudy, Kriaa et al. attempted to establish that Hammett acidity func-
ion, H′

o is particularly suitable in highly concentrated HCl solutions.
inear relationships were obtained between the acidity and the
arameters log icorr [15].

This present work is, therefore, carried out the view to establish
he relations between the corrosion of steel at various concentra-
ions of HClO4 in temperature range 298–323 K, and the Hammett
nd Strehlow acidity functions. The kinetic parameters are also fit-
ed against acid concentration and acidity functions Ho and Ro(H).

. Background

The acidity functions in concentrated acid solutions have been
xtremely useful in evaluating the relative acidities of media. The
ost functions used are the Hammett Ho [16,17] and Strehlow

o(H) [18,19] acidity functions. Their concept is a close analogy
etween acid–base phenomena and oxidation–reduction reactions.

Ho defined as a difference between the pKa value of a weak base
s an indicator (ortho substituted aniline) and the logarithm ratio
f its protonated BH+ and nonprotonated B forms, log(BH+/B) at a
iven concentration acid according to the relationship:

o = pKa − log

(
BH+

B

)
(3)

BH+) and (B) are the activity of B and BH+ in the concentrated acid
edia.

H = Ho − log

(
fBH+

fB

)
(4)

B and fBH+ are the solvent transfer activity coefficients of B and BH+

rom water taken as reference to the concentrated media.
It is clear from Eq. (4) that Ho measures pH if fBH+ /fB is equal

nity. But a selective solvation of the acid form of the indicator
ith the increase of concentration of acid is observed [20].

The second one is the Strehlow function Ro(H) which is
requently used and it is based on an extra thermodynamic hypoth-
sis which admits the normal potential of ferricinium/ferrocene
Fc+/Fc) reference system independent on the acid content. Ro(H)
y far the most used because of a better accuracy of the values
btained, is issued from the second approach which implies a redox
rocess. The Ro(H) values derived from experimental measure-
ents related to the systems Q/QH2 and Fc+/Fc according to Eq.

5):

o(H) =
EH2O

Qs/QH2s − ES
Qs/QH2s

0.059
(5)

where EH2O
Qs/QH2s and ES

Qs/QH2s the potentials of Qs/QH2s quinone
ystem, respectively, in water and the concentrated solution refer-
nced to the ferricinium/ferrocene couple. Ro(H) is a convenient of
cidity level gauge since it has been shown that:

H = Ro(H) + log
(

fFc

fFc+

)
(6)

here fFc and fFc+ are the solvent transfer activity coefficients of Fc
nd Fc+ from water taken as reference to the concentrated media.

Ro(H) is equal pH when fFc/fFc+ = 1 for an equal solvation for Fc
nd Fc+. This assumption is confirmed in concentrated H3PO4, HCl,

2SO4 and HClO4 and their mixtures [21–26].

. Experimental details

The C38 steel with the composition of (wt%) 0.21% C; 0.38% Si; 0.09% P; 0.01% Al;
.05% Mn; 0.05% S and the remainder iron was used. Prior to all measurements, sam-
Fig. 1. Variation of logarithm of corrosion rate with HClO4 concentration.

ples were grounds with different emery paper up to 1200 grade, washed thoroughly
with bidistilled water degreased and dried with acetone.

The various concentrations of aggressive solution (HClO4) were prepared by
dilution of analytical grade 70% HClO4 (d = 1.694) with bidistilled water.

Gravimetric measurements were carried out in a double walled glass cell
equipped with a thermostat-cooling condenser. The solution volume was 60 cm3.
The steel specimens used had a rectangular form (2 cm × 2 cm × 0.05 cm).

4. Results and discussion

The corrosion rate of steel in perchloric acid solution at different
concentrations was studied by weight loss at three temperatures
298, 308 and 323 K and one hour of immersion period. The log-
arithm of the corrosion rate against the acid concentration is
shown in Fig. 1. The results indicate that a linear relationship holds
between the logarithm of the corrosion rate and concentration of
HClO4 showing the absence of insoluble product on the steel sur-
face. The attack of acid is hugely pronounced with its concentration
indicating the increase of the solubility of the iron perchlorate prod-
uct. An increase in the acid attack of steel as temperature increased
is observed at a given concentration of acid (Fig. 1).

The variation of the logarithm of corrosion rate is also fitted
against Ho and Ro(H) of acid at temperatures studied in Figs. 2 and 3.
The equations of the linear dependence are summarised in Table 1.
We remark that the best fitted plot is obtained by Ro(H) which has
the best correlation coefficient (R2).

A similar results are obtained in HCl solutions showing a linear
Fig. 2. Variation of logarithm of corrosion rate with Hammett function Ho.
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Fig. 4. Arrhenius plots of steel in perchloric acid at different concentration of HClO4.

T
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Fig. 3. Variation of logarithm of corrosion rate with Strehlow function Ro(H).

Results obtained in HCl and H3PO4 solutions show that the
orrosion rate varies with Ro(H) according to the following rela-
ionships at 298 K:

n W = −0.47 − 0.35Ro(H) in HCl[7] (7)

= 1.12 − 0.48Ro(H) in H3PO4[5] (8)

n W = 2.393 − 1.17Ro(H) in HClO4 (9)

omparison indicates that the slope obtained in HClO4 is more neg-
tive than that in HCl. This result may be interpreted by the fact that
ClO4 is a stronger than HCl [27,28] and the high aggressiveness of
erchloric acid.

The influence of temperature on the corrosion behaviour of steel
n acidic solutions permits to calculate activation thermodynamic
arameters of the corrosion reaction such as the energy Ea, the
ntropy �S*, the enthalpy �H* and free energy �G* of activation.
e must imagine the lattice crystal surface in contact with elec-

rolyte. This interface is the closed-packed structure representing
n atomic arrangement named unit cells, which repeat themselves
orming the lattice crystal structure. Each atom is bounded to its
eighbours and each atom has its nucleus surrounded by electrons.
he outer atoms forming the electrode surface exposed to a corro-
ive medium become electron-deficient and are detached from the
attice and form part of the medium, such as an aqueous electrolyte
r react with atoms from the medium to form a surface corrosion
roduct. The corrosion rate in terms of current density or pene-
ration per time is the kinetic parameter that must be determined
xperimentally [29]. Putilova et al. [30] pointed out that the loga-
ithm of the corrosion rate (W) can be represented as a straight line
unction of 1/T (Arrhenius equation):

= k exp
(

− Ea

RT

)
(10)

here k is a pre-exponential factor and Ea is the apparent activation
nergy.
The linear relationship between ln (W) and 1/T obtained at var-
ous concentration of acid with all the regression coefficients very
lose to 1. The apparent activation energy and pre-exponential fac-
or can be calculated from Fig. 4 according to the slope and intercept
f the regression, respectively.

able 1
ariation of Wcorr against concentration and Ho and Ro(H) of HClO4, R2 is the correlation f

T (K) ln W vs C (M) ln W

298 −1.72 + 0.47C; R2 = 0.989 −1.9
308 −0.80 + 0.41C; R2 = 0.991 −1.7
323 1.12 + 0.26C; R2 = 0.987 0.61
Fig. 5. Variation of logarithm of Wcorr/T against of the reciprocal of temperature.

In order to calculate the enthalpy �H* and entropy �S* of acti-
vation for the corrosion process, the alternative formulation of
Arrhenius equation, called also transition state Eq. (11), was used:

W = RT

Nh
exp

(
�S∗

R

)
exp

(
−�H∗

RT

)
(11)

T is the absolute temperature, R is the universal gas constant, h is
plank’s constant, N is Avogadro’s number.

The linear plots of ln(Wcorr/T) vs 1/T deduced from Eq. (11) lead
to the calculation of �H* and �S* from the slope of �H*/R and
the intercept of (ln(R/Nh) + �S*/R) as shown in Fig. 5. The kinetic
parameters are listed in Table 2.

The activation parameters, Ea, �H* and �S* fitted against Ro(H)
of HClO4 show a linear behaviour as presented in Fig. 6. From the
data obtained in Table 2 it seems that k, Ea and �S* vary in the same
manner. Contrary, �H* increases with the acidity.

The decrease of activation energy observed with the increase
in concentration of HClO4 is interpreted by the facility of dissolu-

tion of steel when the acid concentration increases. These results
agree with those obtained in literature [13]. The positive values
of �H* show that the corrosion process is an endothermic phe-
nomenon. The absolute value of �H* decreases with increasing acid
concentration showing that in less concentrated acid, the corro-

actor.

vs Ho ln W vs Ro(H)

76 − 2.43Ho; R2 = 0.934 −2.393 − 1.17Ro(H); R2 = 0.949
63 − 3.11Ho; R2 = 0.977 −2.253 − 1.48Ro(H); R2 = 0.984
5 − 5.44Ho; R2 = 0.994 −0.196 − 2.58Ro(H); R2 = 0.997
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Table 2
Kinetic data for steel corrosion process in HClO4 at different concentrations.

HClO4 (M) Pre-exponential factor (mg−1 cm−2 h−1) Ea (kJ mol−1) �H* (kJ mol−1) �S* (J mol−1 K−1)

1 2.22 × 1012 78.87 76.39 +4.86
1.5 1.44 × 1013 77.81 75.13 +2.41
2.0 6.61 × 1012 75.34 72.77 −8.08
3.0 6.48 × 1012 74.04 71.55 −8.06
4.0 3.93 × 1012 7
5.5 5.74 × 1010 5
7.6 5.96 × 108 4
9.1 11.70 × 108 3
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Fig. 6. Variation of Ea, �H*, �S* and �G* with Strehlow function Ro(H).

ion process is more endothermic. The negative value of �S* which
ecreases with the concentration of acid reveals that the disso-

ution of steel is facilitated more and more in concentrated acid
olutions.

The different kinetic parameters follow the relationships:

a = 85.26 + 4.21Ro(H) (12)

H∗ = −83.6 − 4.32Ro(H) (13)

S∗ = 21.5 + 11.23Ro(H) (14)

We remark that the various linear relationships were obtained
ith a correlation coefficient R2 more than 0.98 showing that

trehlow acidity function, Ro(H) is a correct measurement of the
cid strength of the proton in aqueous HClO4 solutions.
. Conclusion

. The corrosion rate of steel is determined at three temperatures
at various concentrations of HClO4.

[
[
[

[

1.98 69.47 −12.24
9.30 56.81 −47.18
5.51 42.99 −85.50
9.96 37.39 −99.18

2. The corrosion rate varies linearly with the concentration of
HClO4 and Hammett and Strehlow acidity functions.

3. Kinetic parameters are straight line function of Strehlow acidity
function for the corrosion process at various content of acid.

References

[1] L. Wang, Corros. Sci. 43 (2001) 2281.
[2] K.F. Khaled, K. Babic-Samardzija, N. Hackerman, J. Appl. Electrochem. 34 (2004)

697–704.
[3] G.N. Mu, X. Li, F. Li, Mater. Chem. Phys. 86 (2004) 59.
[4] E.E. Ebenso, U.J. Ekpe, B.I. Ita, O.E. Offiong, U.J. Ibok, Mater. Chem. Phys. 60 (1999)

79.
[5] M. Benabdellah, B. Hammouti, Appl. Surf. Sci. 252 (2005) 1657.
[6] B. Hammouti, K. Bekkouche, S. Kertit, Bull. Electrochem. 14 (1998) 49.
[7] M. Elouafi, Y. Abed, B. Hammouti, S. Kertit, Ann. Chim. Sci. Mater. 26 (2001) 79.
[8] Y. Abed, B. Hammouti, Bull. Electrochem. 16 (2000) 289.
[9] L. Garverick, Corrosion in the Petrochemical Industry, ASM International, Mate-

rials Park, OH, 1994, p. 178.
10] S.A. Bradford, Practical Self-study Guide to Corrosion Control, CASTI Publishing

Inc., Alberta, 1998, p. 111.
11] M.M. Osman, Anti-Corros. Meth. Mater. 45 (1998) 176.
12] L.B. Tang, G.N. Mu, G.H. Liu, Corros. Sci. 45 (2003) 2251.
13] T.P. Zhao, G.N. Mu, Corros. Sci. 41 (1999) 1937.
14] M.H. Wahdan, Mater. Chem. Phys. 49 (1997) 135.
15] A. Kriaa, N. Hamdi, K. Jbali, M. Tzinmann, Corros. Sci. 50 (2008) 3487.
16] L.P. Hammett, A.J. Deyrup, J. Am. Chem. Soc. 54 (1932) 2721.
17] L.P. Hammett, Chem. Rev. 16 (1935) 67.
18] H.M. Koepp, H. Wendt, H. Strehlow, Z. Electrochem. 64 (1960) 484.
19] H. Strehlow, in: J.J. Lagowsky (Ed.), The Chemistry of Non-Aqueous Solvents,

Acad. Press, New York, 1966. Chap. 4, p. 129.
20] H. Strehlow, H. Wendt, Z. Phys. Chem. 30 (1961) 141.
21] B. Hammouti, H. Oudda, A. Elmaslout, A. Benayada, J. Bessière, Ber. Bunsenges.

Phys. Chem. 101 (1997) 65.
22] B. Hammouti, A. Elmaslout, A. Benayada, Bull. Electrochem. 13 (1997) 466.
23] A. El Ouafi, Y. Abed, B. Hammouti, S. Kertit, Annales de Chimie Science des

Matériaux 26 (2001) 79–84.
24] B. Hammouti, H. Oudda, A. Benayada, A. ElMaslout, Bull. Electrochem. 16 (2000)

283.
25] B. Hammouti, Bull. Electrochem. 17 (2001) 335–336.
26] B. Hammouti, A. Elmaslout, A. Benayada, H. Oudda, Trans. SAEST 39 (2004) 466.

27] C. Louis, J. Bessière, Can. J. Chem. 63 (1985) 908.
28] J. Janata, G. Jansen, J. Chem. Soc. Farad. Trans. 1 (1972) 1656.
29] Nestor Perez, Electrochemistry and Corrosion science, Kluwer Academic Pub-

lisher, Boston, 2004, p.25.
30] I.N. Putilova, S.A. Balezin, V.P. Barannik, Metallic Corros. Inhib., Pergamon Press,

Oxford, 1960, p. 27.


	Kinetic investigation of C38 steel corrosion in concentrated perchloric acid solutions
	Introduction
	Background
	Experimental details
	Results and discussion
	Conclusion
	References


