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An Extraordinary Effect of Benzotriazole and Sulfide Ions
on the Corrosion of Copper
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While benzotriazole �BTAH� is an excellent inhibitor for the corrosion of copper in unpolluted media, it promotes corrosion in
sulfide-polluted salt water. BTAH looses its remarkable inhibiting efficiency in the unpolluted medium and allows corrosion rates
that are greater than those in the absence of BTAH. Scanning electron microscopy images revealed extensive general corrosion. On
the other hand BTAH inhibited the anodic dissolution of copper at more noble potentials in the polluted medium. The results are
discussed in terms of competition between the sulfide ions and BTAH for adsorption on the surface and for complex formation
with copper ions.
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Benzotriazole �C6H5N3, BTAH� is widely used as a corrosion
inhibitor for copper and its alloys in many industries, e.g., petro-
chemical industries,1-3 desalination,4 chemical mechanical
polishing,5-10 and refrigeration.4,11 The remarkable inhibiting effi-
ciency of BTAH is attributed to the formation of a polymeric film of
Cu�I�BTA12-23 on the surface, which inhibits the anodic dissolution
reaction. The mechanism of inhibition involves adsorption of
BTAH.12-16,24-31 The adsorption process can be represented by

Cu�s� + BTAH�aq� = Cu:BTAH�ads� �1�

where Cu:BTAH�ads� refers to BTAH adsorbed on the copper sur-
face. The degree of coverage of the surface with BTAH, �BTAH, can
be expressed for a Langmuir isotherm by

�BTAH = K�BTAH�/�1 + K�BTAH�� �2�

where K is the equilibrium constant of Reaction 1. Under anodic
potentials, this adsorbed species can be oxidized to give the complex
Cu�I� BTA,32 i.e.

Cu:BTAH = Cu�I�BTA + H+ + e− �3�

Reaction 3 is an equilibrium between the adsorbed BTAH and that
involved in complex formation. In principle, some of BTAH remains
adsorbed on the surface while the rest is involved in complex for-
mation. Increases in the pH of the medium and in the potential in the
noble direction favor the formation of the complex Cu�I�BTA, while
the adsorbed species, Cu:BTAH, is favored at more active potentials
and in more acidic electrolytes.

The above mechanisms are well-accepted in clean �unpolluted�
media. It is now widely recognized that many natural water bodies
and industrial water streams are polluted. For example, formation
waters in sour oil and gas wells are heavily contaminated with hy-
drogen sulfide which promotes metallic corrosion.33 In such envi-
ronments, copper and its alloys serve in media that are inhibited by
BTAH and polluted with sulfide ions. Sulfide ions are known to
promote the corrosion of copper.34-42 This is believed to be via an
adsorption step that can be represented by

HS− + Cu = Cu:HS�ads�
− �4�

where Cu:HS�ads� refers to an adsorbed HS− ion on the copper sur-
face. The sulfide covered copper is oxidized to give CuS, i.e.,

Cu:HS�ads�
− = CuS�s� + H+ + 2e− �5�

The aim of this work is to study the effects of sulfide ions on the
inhibition efficiency of BTAH against the corrosion of Cu in a chlo-
ride medium. In addition to its considerable industrial and environ-
mental significance, this point raises interesting questions about the
interaction of BTAH and HS− ions on the surface of copper in a
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corrosive environment. Several electrochemical and surface charac-
terization techniques were used to address this point.

Experimental

Electrodes were prepared from Cu �99.9%� obtained from Good-
fellow. The Cu electrodes �disks of area 0.2 cm2� were polished
using SiC papers successively down to 2400 gritts, followed by
0.3 �m alumina to acquire a mirror-like finish. A conventional
three-electrode cell was used with an Ag/AgCl reference electrode,
E = 0.197 V SHE, and a Pt sheet counter electrode. Solutions were
prepared using deionized water, BTAH from Aldrich, AnalaR Na2S,
and NaCl from Fluka.

Potentiodynamic polarization curves were measured on the Cu
electrode �at 2 mV s−1� in 3.5% NaCl containing various concentra-
tions of sodium sulfide and BTAH. The potential was controlled
using a Gamry potentiostat. Potential scanning started from the less
to the more noble potentials. Measurements were performed at
25 ± 1°C while the electrolyte was stirred using a magnetic stirrer.
The electrodes were preimmersed for 15 min in the chloride BTAH
solution before measuring the polarization curves.

Electrochemical impedance spectroscopy �EIS� measurements
were carried out under the open circuit potential within a frequency
range of 100 kHz to 0.1 Hz using a Gamry potentiostat with imped-
ance software.

The surfaces of the electrodes were examined using X-ray pho-
toelectron spectroscopy �XPS�, VG Scientific 200 spectrometer
�U.K.�, using Mg K� radiation �1253.6 eV� operating at 300 W,
13 kV, and 23 mA, and a scanning electron microscope �SEM,
JSM-6300 JEOL�.

Results and Discussion

Effect of BTAH.— Figure 1 illustrates the effects of BTAH and
HS− ions on the polarization curve of copper in the chloride medium
�3.5% NaCl�. In the absence of sulfide ions, BTAH has a profound
effect on the rate of anodic dissolution of copper. Comparison of
curves a �3.5% NaCl� and b �3.5% NaCl + 1 � 10−3 M BTAH�
reveals that a concentration of 5 � 10−3 M BTAH passivates the
copper surface considerably. It decreases the rate of copper dissolu-
tion by two to three orders of magnitude over a broad range of
potential that extends for about 600 mV starting from the free cor-
rosion potential. The SEM images obtained on the copper surface in
this region show that it is indeed passive �see Fig. 3�. Under these
potentials, the protection of the copper surface is attributed to the
formation of the Cu�I�BTA complex �Eq. 3�. A 700 mV wide passive
region was reported for copper in a medium containing 0.2 mM
BTAH in 0.01 M NaHCO3.43 A much narrower �300 mV� passive
region was reported for copper in 0.5 M H2SO4 in the presence of
20 mM BTAH.44 Across this passive region, the inhibited copper
supports residual currents of the order of a fraction of a microam-
pere, as shown in Fig. 1. Note that the effect of BTAH on the
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cathodic partial reaction is much less pronounced than on the anodic
reaction, which indicates that BTAH acts as an anodic inhibitor.

Beyond the passive region, the current increases rapidly with an
increase in potential indicating a breakdown in the protective film.
This occurs at a potential defined as the breakdown potential, Eb.
The value of this breakdown potential, Ep, is 435 mV �Ag/AgCl�
for a concentration of 5 mM BTAH in a medium of 3.5% NaCl. One
can detect a more subtle breakdown potential in the uninhibited
medium at a potential of about −160 mV �Ag/AgCl�. This value is
about 600 mV more active than that in the inhibited medium and
only about 75 mV more noble than the free corrosion potential.

Effect of sulfide ions.— Curves c, d, and e in Fig. 1, represent
the corresponding results obtained in the sulfide-polluted medium.
The presence of BTAH in the sulfide-polluted medium produces a
much more complex behavior, curves d and e. The results suggest
that BTAH inhibits the anodic dissolution of copper in the sulfide-
polluted medium at high potentials while it promotes the reaction
around the free corrosion potential. This leads to the appearance of a
limiting current over a broad potential region that ends at the break-
down potential, Ea �curves d and e�. The effects of different concen-
trations of BTAH on the polarization curve of copper in the sulfide-
polluted medium, 3.5% NaCl + 1.25 � 10−3 M Na2S �c� are shown
in curves d and e. A higher concentration of BTAH decreases the
magnitude of the limiting current and shifts the breakdown potential
in the noble direction �compare curves d and e which show limiting
currents of 17 and 6 �A, respectively�.

Figure 2 compares the polarization curves of copper in the chlo-
ride medium inhibited with 5 � 10−3 BTAH in the absence and in
the presence of 1.25 mM HS− ion. The figure reveals the following
changes for a certain concentration of BTAH: �i� the limiting current
in the sulfide-polluted medium is about two orders ofmagnitude

Figure 1. Effect of BTAH on the polarization curves of Cu electrodes
�0.2 cm2� in the unpolluted �curves a and b� and in the sulfide-polluted
electrolytes �curves c, d, and e�: �a� 3.5% NaCl, �b� 3.5% NaCl + 5
� 10−3 M BTAH, �c� 1.25 � 10−3 M Na2S, �d� 3.5% NaCl + 5 � 10−3 M
BTAH + 1.25 � 10−3 M Na2S, and �e� 3.5% NaCl + 1 � 10−2 M BTAH
+ 1.25 � 10−3 M Na2S.
greater than the passive current in the unpolluted medium; �ii� the
free corrosion potential in the sulfide-polluted medium is shifted by
about 500 mV in the active direction compared to that in the unpol-
luted medium; and �iii� the breakdown potential, Eb, decreases by
55 mV from 435 to 380 mV. The increase in the limiting current
caused by the presence of sulfide ions may be attributed to deterio-
ration of the properties of the protection film and/or the anodic oxi-
dation of the sulfide ions, i.e.

HS�aq�
− → S�s� + H+ + 2e− �6�

It is shown elsewhere45,46 that the limiting current of Reaction 6 is
an order of magnitude greater than the limiting current shown in Fig.
2 �curve d�. Furthermore, the XPS spectrum of the copper surface
polarized in the presence of HS− ions �see Fig. 6� reveals the ab-
sence of elemental sulfur �which has an XPS peak at a binding
energy of 164.0 eV�.

These findings show that the presence of 1.25 � 10−3 M Na2S in
the electrolyte leads to considerable deterioration in the protection
efficiency of the Cu�I� BTA complex against the dissolution of cop-
per. This is further substantiated by the SEM micrographs shown in
Fig. 3 for copper surfaces polarized for 3 h at 0.2 V �Ag/AgCl�. The
SEM image in �a� was obtained after treatment in 3.5% NaCl + 5
� 10−3 M BTAH. It shows some inactive pits and defects in an
otherwise passive surface. On the other hand, the image in �b�,
which is taken at the same magnification as that in �a�, shows the
effect of sulfide ions on the morphology of the corroded surface.
Note the extensive general corrosion caused by the sulfide ions. The
image in �c� displays an area that is fivefold greater than that in �b�
for otherwise the same conditions.

Figure 4 shows current transients obtained on a copper electrode
in the inhibited medium at a potential of 0.2 V �in the passive re-
gion� in the absence �a� and in the presence �b� of sulfide ions. Note
the decay of current with time in both media. The quasistationary
current in the polluted medium �after about 1 h� is more than an
order of magnitude greater than that in the unpolluted medium. Note
the frequent current spikes caused by the sulfide ions in curve �b�
which might be caused by localized corrosion cells that are repassi-
vated. This points to the promoting effects of sulfide ions on the
anodic dissolution of copper in the presence of BTAH.

Figure 2. Effect of sulfide ions on the polarization curves of Cu electrodes
�0.2 cm2� in the presence of various concentrations of BTAH: �b� 3.5%
NaCl + 5 � 10−3 M BTAH and �d� 3.5% NaCl + 5 � 10−3 M BTAH
+ 1.25 � 10−3 M Na2S.
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Electrochemical impedance spectroscopy.— Measurements were
carried out to monitor the changes in the polarization resistance
�Rp� and in the double-layer capacitance �C� of the Cu/electrolyte
interface in the presence of various concentrations of BTAH
and sulfide ions under the free corrosion potential. Figure 5a is an

Figure 3. SEM micrographs of copper electrodes after being polarized for
3 h at 0.2 V Ag/AgCl in electrolytes containing: �a� 3.5% NaCl + 5
� 10−3 M BTAH and �b� 3.5% NaCl + 5 � 10−3 M BTAH + 1.25
� 10−3 M Na2S. The magnification in image �c� is fivefold smaller than in
�b� and otherwise the same condition.
illustrative example of a Bode plot of the Cu electrode in the pres-
ence of electrolytes containing: �a� 3.5% NaCl, �b� 3.5% NaCl
+ 5 � 10−3 M BTAH, and �c� 3.5% NaCl + 5 � 10−3 M BTAH
+ 1.25 � 10−3 M Na2S. It shows the variation of the impedance of
the interface, Z, and the phase angle �o with the frequency of the
signal � f�. Many such figures were measured under various condi-
tions.

Such results are frequently analyzed by fitting the plots to the
behavior of equivalent circuits of the form shown in Fig. 5b,47

where Rs is the resistance of the electrolyte, C is the capacitance of
the electrical double layer, and Z is an impedance term.47 Depending
on the number of parallel or consecutive steps involved in the cor-
rosion reaction, such as charge-transfer, diffusion, adsorption, etc.,
and the homogeneity of the surface, Z is simulated using a number
of resistive and capacitive components connected in series or in
parallel.48 The simplest form of this equivalent circuit is obtained
when the impedance of the interface is caused primarily by the

Figure 4. Current transients supported by Cu electrodes �0.2 cm2� polarized
at 0.2 V Ag/AgCl in electrolytes containing: �a� 3.5% NaCl + 5 � 10−3 M
BTAH and �b� 3.5% NaCl + 5 � 10−3 M BTAH + 1.25 � 10−3 Na2S.

Figure 5. �a� Bode plot of a Cu electrode �0.2 cm2� in electrolytes contain-
ing: �a� 3.5% NaCl, �b� 3.5% NaCl + 5 � 10−3 M BTAH, and �c� 3.5%
NaCl + 5 � 10−3 M BTAH + 1.25 � 10−3 M HS−. �b� Equivalent circuit of
the interface, Rs is the resistance of the electrolyte, C is the double-layer
capacitance, and Z is the impedance to the faradaic reaction, see text.
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charge-transfer step, in which case the Z � Rp where Rp is the po-
larization �or charge-transfer� resistance of the interface.

These results were analyzed to obtain the impedance parameters
in the light of the above equivalent circuit using Gamry software
�Echem Analyst version 1.30�. Table I lists the impedance param-
eters obtained under various concentrations of BTAH and sulfide
ions. Note that Rp is a measure of the resistance of the interface to
charge-transfer across the double-layer while C is a measure of the
corroding area. The polarization resistance is inversely proportional
to the corrosion current, icorr,

49 i.e.

Rp =
babc

2.3�ba + bc�icorr
�7�

where ba and bc are the anodic and cathodic Tafel slopes. Note that
the very large value of Rp under condition b is associated with a
small value of C. This is compatible with a large fraction of the
surface being protected by the inhibitor and hence the corrosion rate
is small.

The effect of BTAH in the unpolluted medium becomes evident
upon comparing the results obtained under conditions �a� and �b� in
Table I. The protection efficiency �%P� caused by 5 � 10−3 M
BTAH against the corrosion of copper is given by

%P = �1 − �Rp/Rp�BTAH��� � 100 �8�

where Rp and Rp�BTAH� refer to the polarization resistance in the
absence and in the presence of BTAH, respectively. Using the values
of Rp in Table I for conditions �a� and �b� �18.7 and 4.0 � 103 k�,
respectively� one finds that the protection efficiency is 99% for 5
� 10−3 M BTAH in the unpolluted medium.

A comparison of the data in b, d, and e in Table I reveals the
large damaging effects of sulfide ions on the polarization resistance
of the interface and hence on the inhibiting efficiency of BTAH. A
sulfide concentration of 1.25 � 10−3 M HS−, in the absence of
BTAH, increases the corrosion rate by more than twofold �compare
the values of Rp of 18.7 and 7 k� in the absence and in the presence
of HS−, respectively�. On the other hand, in the presence of 5
� 10−3 M BTAH, the effect of HS− is much more profound. Under
this condition, a concentration of 1.25 � 10−3 M HS− decreases the
polarization resistance by several hundredfold from 4.0
� 103 to 3.6 k�. It is also noteworthy that the polarization resis-
tance in the presence of both 5 � 10−3 M BTAH and 1.25
� 10−3 M HS− �3.6 k�� is significantly lower than that in the ab-
sence of BTAH �7.0 k��. These findings suggest that the presence
of sulfide ions �at 1.25 � 10−3 M� under this condition not only
eliminates the 99% inhibiting efficiency of BTAH �at 5 � 10−3 M�
but also promotes the corrosion reaction to a greater extent than in
the absence of BTAH. A similar finding was reported by Fiaud and

Table I. Effects of the concentrations of BTAH and HS− ions on
the polarization resistance „Rp… and the double-layer capacitance
„C… of the Cu/electrolyte interfaces in 3.5% NaCl, and the slope
of the linear region „n…, see Fig. 5a.

Solutions

EIS parameter

Rp �k�� C ��F�
a 18.7 2.0
b 4.0 � 103 0.13
c 7.0 41.0
d 3.6 23.0
e 16.7 15.0

a 3.5% NaCl.
b 3.5%NaCl + 5 � 10−3 M BTAH.
c 3.5%NaCl + 1.25 � 10−3 M Na2S.
d 3.5%NaCl + 5 � 10−3 M BTAH + 1.25 � 10−3 M Na2S.
e 3.5%NaCl + 5 � 10−3 M BTAH + 1.25 � 10−1 M Na2S.
Ghimouz50 who studied the effect of hydrogen sulfide on the atmo-
spheric corrosion of copper preconditioned in BTAH. While Fiaud
and Ghimouz used a micromolar concentration of hydrogen sulfide
in the gas phase without defining a concentration of BTAH, our
results were obtained in the presence of millimolar amounts of both
BTAH and sulfide ions in an aqueous salt solution. These authors
have also shown a remarkable promoting effect of water vapor on
the rate of growth of Cu2S on copper which was preconditioned in
BTAH.

Competition between HS− and BTAH.— The detrimental effects
of sulfide ions on the inhibiting efficiency of BTAH can be rational-
ized, for both cases of adsorption of BTAH �Eq. 1� and formation of
the Cu�I�BTA complex �Eq. 3�. In the presence of both HS− and
BTAH in the same medium, the above results suggest that HS−

competes with BTAH for adsorption on the same active sites on the
copper surface, that is42

HS�aq�
− + BTAH:Cu = HS−:Cu + BTAH�aq� �9�

Reaction 9 is shifted more in the forward direction with the increase
in the concentration of HS− in the medium, HS�aq�

− . For such a com-
petitive adsorption process and assuming the applicability of the
Langmuir isotherm, the degree of coverage of the surface with each
species is given by

�HS− = KHS−�HS−�/�1 + KHS−�HS−� + KBTAH�BTAH�� �10�

�BTAH = KBTAH�BTAH�/�1 + KHS−�HS−� + KBTAH�BTAH��

�11�

where K refers to the equilibrium constant of adsorption of the par-
ticular species, see Eq. 1. Equations 10 and 11 indicate that an
increase in the concentration of HS− ions in the medium increases
�HS− and hence the rate of Reaction 5. Furthermore, it decreases
�BATH and hence the rate of Reaction 3, thus retarding the formation
of the protective film Cu�I�BTA.

Alternatively, for the regions covered with the protective
Cu�I�BTA complex, HS− ions extract the Cu�I� ions from the com-
plex leading to its deterioration,51 i.e.

2Cu�I�BTA + HS− = Cu2S + BTAH + BTA− �12�
Reaction 12 proceeds in the forward direction as the concentration
of HS− ions increase. This reaction leads to the breakdown of the
Cu�I�BTA complex and the formation of Cu2S. The driving force for
reaction 12 results from the large difference in the stability constants
of Cu �I� BTA22 ��102� and Cu2S52 ��1047�.

X-ray photoelectron spectroscopy.— Figure 6a shows the N 1s
signal in the XPS spectra obtained on copper electrodes after being
polarized for 3 h at 0.2 V Ag/AgCl in 3.5% NaCl + 5 � 10−3 M
BTAH in the absence and in the presence of 1.25 � 10−3 M HS−

ions. The signal has a peak at a binding energy of 399.5 eV which is
characteristic for nitrogen.53 It reveals the existence of BTAH on the
electrode surface in the presence and in the absence of sulfide ions.
On the other hand, Fig. 6b shows the S 2p signal that was obtained
from the surface of the electrode treated in the presence of sulfide
ions. The peak of the signal occurs at a binding energy of 162.5 eV
which is characteristic of copper sulfide.54-57 The spectrum also re-
vealed the existence of the Cu2P3/2 at 932.3 eV which is character-
istic of copper sulfides.58 The fact that the N 1s signal was also
detected on the sulfide-treated surface indicates that BTAH coexists
with the sulfide ions on the electrode surface. It is interesting to note
here that Fiaud and Ghimouz50 also suggested the formation of
Cu2S, as indicated by peak reduction potentials.

Conclusions

Sulfide ions show a damaging effect on the remarkable inhibiting
efficiency of benzotriazole against the corrosion of copper in salt
water. In fact, under some conditions, sulfide ions not only eliminate
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the inhibiting effects of BTAH but also promote the corrosion reac-
tion to a greater extent than in the absence of BTAH. This suggests
the existence of a form of interaction between HS− ions and BTAH
under this condition that needs further investigation. The loss of
efficiency of BTAH under the effect of HS− ions can be rationalized
on the basis of competition between the HS− ions and BTAH for
adsorption on the copper surface and for complex formation with the
copper ions.

Acknowledgments

The authors gratefully acknowledge financial support of this
work by the Research Administration of Kuwait University, under
grant no. SC03/02, and the use of the scanning electron microscope
�SEM� and X-ray photoelectron spectrometer under General Facility
Project GS01/03.

Kuwait University assisted in meeting the publication costs of this
article.

References
1. L. Garverick, Corrosion in the Petrochemical Industry, p. 107, ASM, Metals Park,

OH �1994�.
2. A. B. Vipper, G. M. Balak, N. A. Ponomarenko, and L. L. Kalinin, Chem. Technol.

Fuels Oils, Khimi. i Tekhnologiya, 24, 353 �1989�; �English translation of Topliv i
Masel�.

3. S. T. Keera, E. A. Eissa, and A. R. Taman, Anti-Corros. Method M., 45, 252
�1998�.

4. C. J. Korpics, Anti-Corros. Methods Mater., 21, 11 �1974�.
5. A. T. Al-Hinai and K. Osseo-Asare, Electrochem. Solid-State Lett., 6, 23 �2003�.

Figure 6. Segments of the XPS spectra of the copper electrode after being
polarized for 3 h at 0.2 V Ag/AgCl in 3.5% NaCl + 5 � 10−3 M BTAH
with and without sulfide ions: �a� N 1s signal obtained in the absence and in
the presence of sulfide ions and �b� is the S 2p signal obtained in the pres-
ence of sulfide ions.
6. T.-H. Tsai and S.-C. Yen, Appl. Surf. Sci., 210, 190 �2003�.
7. S. Hegde and S. V. Babu, Electrochem. Solid-State Lett., 6, 126 �2003�.
8. V. S. C. Len, D. W. McNeill, and H. S. Gamble, Mater. Res. Soc. Symp. Proc., 613,

7 �2000�.
9. A. Beverina, H. Bernard, J. Palleau, J. Torres, and F. Tardif, Electrochem. Solid-

State Lett., 3, 156 �2000�.
10. Q. Luo, S. V. Babu, and D. R. Campbell, Langmuir, 12, 3563 �1996�.
11. T.-C. Wen and S.-M. Lin, J. Chin. Inst. Eng., 22, 311 �1991�.
12. H. Y. H. Chan and M. J. Weaver, Langmuir, 15, 3348 �1999�.
13. M. R. Vogt, W. Polewska, O. M. Magnussen, and B. J. Behm, J. Electrochem. Soc.,

144, L113 �1997�.
14. C. Tornkvist, D. Thierry, J. Bergman, B. Liedberg, and C. Leygraf, J. Electrochem.

Soc., 136, 58 �1989�.
15. M. R. Vogt, R. J. Nichols, O. M. Magnussen, and R. J. Behm, J. Phys. Chem. B,

102, 5859 �1998�.
16. B.-S. Fang, C. G. Olson, and D. W. Lynch, Surf. Sci., 176, 476 �1986�.
17. G. W. Poling, Corros. Sci., 10, 359 �1970�.
18. R. Youda, H. Nishihara, and K. Aramaki, Corros. Sci., 28, 87 �1988�.
19. J.-O. Nilsson, C. Tornkvist, and B. Liedberg, Appl. Surf. Sci., 37, 306 �1989�.
20. V. Brusic, M. A. Frisch, B. N. Eldridge, F. P. Novak, F. B. Kaufman, B. M. Rush,

and G. S. Frankel, J. Electrochem. Soc., 138, 2253 �1991�.
21. A. D. Modestov, G.-D. Zhou, Y.-P. Wu, T. Notoya, and D. P. Schweinsberg, Cor-

ros. Sci., 36, 1931 �1994�.
22. D. Tromans and G. Li, Electrochem. Solid-State Lett., 5, 5 �2002�.
23. J. J. Kester, T. E. Furtak, and A. J. Bevolo, J. Electrochem. Soc., 129, 1716 �1982�.
24. Z. D. Schultz, M. E. Biggin, J. O. White, and A. A. Gewirth, Anal. Chem., 76, 604

�2004�.
25. W. Polewska, M. R. Vogt, O. M. Magnussen, and R. J. Behm, J. Phys. Chem. B,

103, 10440 �1999�.
26. J. F. Walsh, H. S. Dhariwal, A. Gutierrez-Sosa, P. Finetti, C. A. Muryn, N. B.

Brookes, R. J. Oldman, and G. Thornton, Surf. Sci., 415, 423 �1998�.
27. G. Lewis, Br. Corros. J., London, 16, 169 �1981�.
28. D. Thierry and C. Leygraf, J. Electrochem. Soc., 132, 1009 �1985�.
29. F. Mansfeld, T. Smith, and E. P. Parry, Corrosion (Houston), 28, 289 �1971�.
30. K. Cho, J. Kishimoto, T. Hashizume, and T. Sakurai, Jpn. J. Appl. Phys., Part 2,

33, L125 �1994�.
31. K. Cho, J. Kishimoto, T. Hashizume, H. W. Pickering, and T. Sakurai, Appl. Surf.

Sci. 87–88, 380 �1995�.
32. R. Youda, H. Nishihara, and K. Aramaki, Electrochim. Acta, 35, 1011 �1990�.
33. L. Garverick, Corrosion in the Petrochemical Industry, p. 259, ASM, Materials

Park, OH �1994�.
34. D. D. Macdonald, B. C. Syrett, and S. S. Wing, Corrosion (Houston), 35, 367

�1979�.
35. J. P. Gudas and H. P. Hack, Corrosion (Houston), 35, 67 �1979�.
36. S. R. de Sanchez and D. J. Schiffrin, Corros. Sci., 22, 585 �1982�.
37. C. Kato, H. W. Pickering, and J. E. Castle, J. Electrochem. Soc., 131, 1225 �1984�.
38. J. N. Alhajji and M. R. Reda, J. Electrochem. Soc., 141, 1432 �1994�.
39. H. M. Shalaby, A. Al-Hashem, and K. Al-Muhanna, Br. Corros. J., London, 31,

199 �1996�.
40. M. Vazquez and S. R. De Sanchez, J. Appl. Electrochem., 28, 1383 �1998�.
41. H. C. Xu, S. R. Seshadri, and J. A. Kelber, J. Electrochem. Soc., 146, 1762 �1999�.
42. H. S. Hegazy, E. A. Ashour, and B. G. Ateya, J. Appl. Electrochem., 31, 1261

�2001�.
43. J. Li and D. Lampner, Colloids Surf. A, 154, 227 �1999�.
44. B. J. Cruickshank, A. A. Gewirth, R. M. Rynders, and R. C. Alkire, J. Electrochem.

Soc., 139, 2829 �1992�.
45. B. G. Ateya and F. M. Al-Kharafi, Electrochem. Commun. 4, 231 �2002�.
46. B. G. Ateya, F. M. Al-Kharafi, and A. S. Al-Azab, Electrochem. Solid-State Lett.,

6, C137 �2003�.
47. A. J. Bard and L. R. Faulkner, Electrochemical Methods; Fundamentals and Ap-

plications, p. 376, John Wiley & Sons, New York �2000�.
48. J. R. Macdonald, Impedance Spectroscopy: Emphasizing Solid Materials and Sys-

tems, John Wiley & Sons, New York �1987�.
49. M. Stern and A. L. Geary, J. Electrochem. Soc., 104, 56 �1957�.
50. C. Fiaud and N. Ghimouz, Br. Corros. J., London, 24, 279 �1989�.
51. E. A. Ashour, H. S. Hegazy, and B. G. Ateya, J. Electrochem. Soc., 147, 1767

�2000�.
52. J. A. Dean, Lange’s Handbook of Chemistry, 14th ed., p. 808, McGraw-Hill, New

York �1992�.
53. K. Aramaki, Corros. Sci., 43, 1985 �2001�.
54. E. Agostinelli, C. Battistoni, D. Fiorani, G. Mattogno, and M. Nogues, J. Phys.

Chem. Solids, 50, 269 �1989�.
55. I. Nakai, Y. Sugitani, K. Nagashima, and Y. Niwa, J. Inorg. Nucl. Chem., 40, 789

�1978�.
56. S. K. Chawla, N. Sankarraman, and J. H. Payer, J. Electron Spectrosc. Relat.

Phenom., 61, 1 �1992�.
57. A. R. Gerson and T. Bredow, Surf. Interface Anal., 29, 145 �2000�.
58. D. Briggs and M. P. Seah, Auger and X-Ray Photoelectron Spectroscopy, p. 609,
John Wiley & Sons, New York �1990�.


