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Abstract

Different electrochemical methodologies were established to induce general corrosion and blistering on
homogeneous and heterogeneous carbon steel surfaces similar to the corrosion damage in a catalytic oil refinery
plant. In one case, the film porosity and the iron sulphide stoichiometry were modified and in other case, the surface
conditions were changed with sulphur films and microblisters. Additionally, we studied the influence of 1018 carbon
steel surface conditions on the corrosion process in a medium simulating the average composition of sour waters in
catalytic plants of PEMEX Mexico (0.1 M (NH4)2S, 10 ppm CN) as NaCN, pH 8.8). Using the impedance spectra,
from 10 kHz to 0.01 Hz, it was possible to qualitatively identify the carbon steel surface condition in an alkaline
sour environment and to suggest the same corrosion process steps for this system, despite different surface
conditions: charge transfer resistance of steel oxidation in the metal/corrosion product film interface and Fe2þ ion
and H� diffusion through the corrosion product film. Finally, scanning electron microscopy of a freshly polished
surface showed the formation of a homogeneous film immediately after introducing the carbon steel into the sour
media. The other surface changes depended on the induced corrosion process and corroborated the electrochemical
impedance predictions.

1. Introduction

The evaluation of carbon steel corrosion in alkaline sour
media is of great interest to the petrochemical industry,
since this phenomenon is responsible for costly eco-
nomic and human losses. The corrosion process in these
media is principally characterized by electrochemical
reactions, chemical reactions, formation of insoluble
corrosion products that adhere to the metal (non-
stoichiometric iron sulphides) [1–4] and blistering cor-
rosion [5–7]. This latter is caused by atomic hydrogen
absorption, through the film of corrosion product and
the metal. The atomic hydrogen is formed by reduction
of the disulphide ions previously adsorbed on either iron
or the corrosion product surface. In this case a volume
fraction of absorbed atomic hydrogen expands the
lattice. Details of this mechanism have been reported
in previous work [5, 7]. Corrosion rate determination in
alkaline sour media is further complicated by the

damage on carbon steel surfaces, such as blistering
and generalized corrosion. In general, electrochemical
studies for the determination of corrosion rates are
carried out using NACE solution (H2S, NaCl and
glacial CH3OOH, norm TM0177) on a freshly polished
surface [8]. However, the effect of metal surface condi-
tions on the corrosion process in these aggressive
environments has not been considered.
The objective of this work is to characterize freshly

polished surfaces and those showing common (blistered
and generalized) damage in sour water refinery environ-
ments. For generalized corrosion, two types of film are
prepared, one homogeneous and the other heteroge-
neous. Our approach involves different methodologies
to induce damage on the carbon steel surfaces by direct
current electrochemical techniques. The films are char-
acterized by electrochemical impedance spectroscopy
(EIS) in an alkaline sour medium simulating the average
composition of sour waters of condensates in a specific
Mexican oil refinery (0.1 M (NH4)2S, 10 ppm CN) as
NaCN). The characterization study is expected to show
physicochemical changes upon modifying the steel
surface condition. The election of the characterization
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medium was based on a previous study that demon-
strated the stability of such films in the refinery
environment [9]. In this case, this environment is
expected to be innocuous enough to guarantee real
characterization of nonstoichiometric iron sulphide
resulting from the electrochemical oxidation of iron in
different media.

2. Experimental details

2.1. Experimental device description

A three-electrode cell was used to induce damage on the
steel surfaces as well as to characterize them by
electrochemical impedance spectroscopy (EIS). All the
experiments were performed at room temperature
(25 �C). The reference was a mercury/mercurous sulfate
electrode saturated with potassium sulfate (SSE), with a
value of 0.64 V vs NHE. The working electrode was a
clean and damaged 1018 carbon steel surface and the
counter electrode was a graphite bar. The reference and
counter electrode were contained in separate compart-
ments (Luggin capillary).

2.2. Preparation of testing specimens

The working electrode consisted of a 1018 carbon steel
disc with a surface area of 0.50 cm2 (dia. 0.8 cm). This
material has a typical composition of 0.14–0.20% C,
0.60–0.9% Mn, 0.035% max. S, 0.030% max P and the
rest of Fe. The electrode was embedded in a Teflon base
in order to avoid solution filtration within this device.
After, a ‘curing’ with a polyester resin and styrene
mixture was carried out. The ‘clean’ electrode surface
was prepared by polishing steel in the following manner:
carbon steel electrode surface was polished with silicon
carbide emery paper (grade 400) and water, followed by
600 grade emery paper until obtaining a homogeneous
surface. The steel surface was then rinsed with acetone.
Finally, the specimen was subjected to ultrasonic wash-
ing for 5 min in acetone and then used immediately.

2.3. Preparation of electrolytic media for induction
of different surface damages and their characterization

Table 1 describes the composition of different media
and the electrochemical techniques used to induce

different surface damage. The solutions described in
Table 1 were prepared with deionized water (18.2 MX
cm) using Merck Analytic-grade Reagents.
For the electrochemical characterization of damaged

surfaces a stable electrolytic medium was used. It
simulated the average composition of sour waters
present in condensates extracted from different equip-
ments of catalytic oil plants of Pemex Mexico (0.1 M

(NH4)2S, 10 ppm CN) as NaCN, pH 8.8).

2.4. Damage induction to carbon steel surface

2.4.1. Preparation of a blistered corrosion surface
To induce blistered damage, one 1018 carbon steel
electrode was introduced into an alkaline solution
(composition in Table 1), at room conditions and
without deaeration. This solution was proposed by
Wilhem et al. [7] for blister induction. The electrode was
treated with cyclic potential pulse applying potential
pulses of �200 mV starting from the corrosion potential
(�410 mV vs NHE), 3 s oxidation and 5 s reduction
pulse, during 15 min. Cyclic voltammetry was then
applied in the cathodic direction starting from the
modified corrosion potential (�470 mV vs NHE) during
40 min in a potential interval from �470 to �810 mV vs
NHE. The final scan finished at �470 mV. The exper-
iments were performed at room conditions, at a rate of
10 mV s)1.

2.4.2. Preparation of a surface with a homogeneous film
To grow a FexSy film on a clean 1018 carbon steel
electrode (freshly polished surface), the electrode was
introduced into an alkaline solution (see composition in
Table 1), at room conditions and without deaeration.
Then, a program of cyclic potentiostatic pulses was
applied: a pulse of 5 s at a potential of 200 mV more
positive than the corrosion potential (�380 mV vs
NHE) and followed by an inverse pulse of 2 s at a
potential 200 mV more negative than the corrosion
potential. This program was applied for 15 min. The last
pulse was finished at �580 mV.

2.4.3. Preparation of a surface with a heterogeneous film
To grow a heterogeneous film, one freshly polished
carbon steel electrode was introduced into aqueous
solution (composition in Table 1), at room conditions
and without deaeration. It has been reported [10] that
carbon steel, immersed in this environment, forms

Table 1. Electrolytic baths and electrochemical techniques used for inducing the different damage on carbon steel surfaces [6]

Damages Composition of the electrolytic baths Electrochemical techniques

Blistered surface 1 M (NH4)2S, 5000 ppm

CN) (pH = 8.8)

Cyclic potential pulse + cyclic

voltammetry

Surface with generalized corrosion (homogeneous film) 1 M (NH4)2S, 500 ppm

CN) (pH = 8.8)

Cyclic potential pulse

Surface with generalized corrosion (heterogeneous film) 0.04 M Na2S2O3 Cyclic voltammetry
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the corrosion product with a similar composition
of those found in refinery environments. Five voltam-
metric cycles were applied within an interval from �160
to �760 mV vs NHE, at a rate of 1 mV s)1, in
the thiosulfate solution. The corrosion potential of
carbon steel in this solution before treatment was
�560 mV vs NHE. All solutions were prepared with
analytic grade reagents (Merck) and deionized water
(Milli- QTM).

2.5. Characterization of the corrosion process vs surface
conditions

A clean (freshly polished surface) or damaged electrode
(blistered and generalised corrosion) was introduced
vertically face down into a solution containing 0.1 M

(NH4)2S, 10 ppm CN) as NaCN and impedance spec-
tra were measured. The election of characterization
media was based on a previous study that demonstrated
the stability of homogeneous films in the refinery
environment [9]. EIS measurements were made at
corrosion potential, applying a sinusoid signal with
10 mV amplitude in a frequency interval from 10 kHz
to 10 mHz. The experiments were carried out at room
conditions. The impedance diagrams were obtained
using a Solartron FRA 1260 frequency response analy-
ser and an EG&G PAR 283 potentiostat. Finally, the
SEM studies were based on the surface condition
micrographs of the recently induced surface damage.
For that purpose a Zeiss DSM 940 A model microscope
was used.

3. Results and discussion

3.1. Selection of the characterization electrolytic medium

A stability study was carried out tracing EIS diagrams
on a homogeneous film (FexSy), prepared as described in
Table 1, at initial time and after 18 h of immersion in
different media (sulphide, nitrate, sulphate and borate).
This comparative study has already been reported [9],
however, this work considered only extreme cases
(sulphide and borate media).
Typical Nyquist and Bode diagrams (h vs log f)

obtained at the beginning and the end of the test are
shown in Figures 1(a)–(c) and 1(b)–(d), respectively. To
avoid the interactions between the film and possible
medium-soluble corrosion products (in the case of an
unstable film), the last impedance spectrum was per-
formed in a renewed electrolytic solution. The diagrams
obtained in the sour medium (Figure 1(a–b)) at the
beginning (curve (i)) and the end (curve (ii)) of the test
generally show similar behaviour. In the Bode diagram
obtained for the film immersed in sulphide medium at
the beginning and at 18 h, two time constants are
immediately observed (Figure 1(b)) in contrast to a
single time constant immediately observed for the borate
medium (Figure 1(d)) at both immersion times. On com-
paring Bode diagrams (Figure 1) at 0 and 18 h of im-
mersion, modifications are observed in the low frequency
region that may be associated with the modification
of a FexSy film during immersion. These modifications
are more noticeable in borate (Figure 1(d)) than in

Fig. 1. Typical impedance diagrams obtained at room temperature for homogeneous films (FexSy) at (i) initial time and (ii) after 18 h immersion

in different characterization electrolytic solutions: (a–b) 0.1 M (NH4)2S and 10 ppm CN), pH 8.8 and (c–d) borate buffer solution (1 M, pH 8.5).

(a–c) Typical Nyquist and (b–d) Bode (h vs log f) diagrams.
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sulphide medium (Figure 1(b)), which indicates that
FexSy film is more stable in sulphide medium during
immersion. In contrast to studies reported in the
literature [11–14] on iron oxide characterization, the
borate medium is not appropriate to characterize FexSy
films since these show greater modification in that
medium. Details of these stability tests have already
been presented [9].

3.2. Corrosion process studies: superficial conditions

3.2.1. Carbon steel surfaces characterization by SEM
Figure 2 shows the surface micrographs of clean carbon
steel (freshly polished surface) (Figure 2(a)), blistered
surface (Figure 2(b)) and different surfaces with gener-
alized damage (Figure 2(c) and (d)). These micrographs
were obtained before the impedance measurements were

Fig. 2. SEM images of carbon steel surfaces after damage in different electrolytic media before the impedance tests were performed: (a) freshly

polished surface, (b) blistered surface induced into 1 M (NH4)2S, 5000 ppm CN), (c) surface with generalized damage induced into 1 M (NH4)2S

and 500 ppm CN), (homogeneous corrosion film) and (d) surface with generalised damage induced into 0.04 M Na2S2O3 (heterogeneous

corrosion film).
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performed. The freshly polished surface shows a homo-
geneous surface with scratches formed during mechanic
polishing. Moreover, the surface of a blistered specimen
shows three different zones: one formed by a homo-
geneous layer of corrosion products (Figure 2(b), zone
(i) (nonstoichiometric iron sulphides), another formed by
blisters (Figure 2(b), zone (iii) induced by atomic hydro-
gen diffusion through the film and the third correspond-
ing to cracks around blisters (Figure 2(b), zone (ii)
caused by their rupture. Figure 2(c) corresponds to a
FexSy film grown on a carbon steel surface in a
concentrated sour medium (Table 1) following the meth-
ods described in the experimental section. The surface
shows scratches of polishing lines inflicted during the
preparation of the steel electrode, indicating the film
thickness; likewise a fragmented surface can also be
observed. Previous studies on the evolution of this film
assumed the existence of two regions [4]. The first internal
region is compact and homogeneous, while the external is
fragmented. In this latter, the fragmented phase forma-
tion may be attributed to the dehydration of the film
occurred in the vacuum camera when SEM study was
carried out. Finally, the Figure 2(d) corresponding to a
FexSy film grown on a carbon steel surface in thiosul-
phate medium (Table 1) shows only one morphology
consisting of porous nonhomogeneous precipitates (Fig-
ure 2(d)). In this paper, they are labelled as homogeneous
(Figure 2(c)) and heterogeneous (Figure 2(d)) surfaces.

3.2.2. Characterization by electrochemical impedance
spectroscopy
Figures 3–6 show Nyquist and Bode diagrams of each
of the cases studied. In general, for Nyquist diagrams
(Figures 3–6(a)) two loops are immediately observed
corresponding to low and intermediate frequencies,
respectively. At higher frequencies (Figures 3–6(a),
inset) a third time constant appears. The differences
observed in impedance values as well as in the shape of
loops and the time constants show clearly the effect of
surface condition in the corrosion process. Likewise,
Nyquist diagrams reflect a considerable modification in
Z¢ and Z¢¢ values for different surfaces. In Bode
diagrams (Figure 3–6(b)), which show more sensitive
changes, two time constants are immediately observed
on the clean (Figure 3(b)), blistered (Figure 4(b)) and
homogeneous film (Figure 5(b)) surfaces, while for the
heterogeneous film (Figure 6(b)), only one is immedi-
ately observed. For frequencies higher than 100 Hz a
third time constant is slightly visible.
Figure 3(a) corresponds to the Nyquist diagram for

impedance values of the clean (freshly polished surface)
carbon steel electrode. Three loops are observed, one
better defined at intermediate frequencies (1 < f <
100 Hz), an other less defined at high frequencies
(f > 100 Hz) and the third observed at low frequencies
(f < 0.1 Hz). On the Bode diagram (Figure 3(b)), three
time constants are observed, one at 6.3 Hz, the other
less defined, at approximately 0.04 Hz and the third
time constant, lesser defined at f > 100 Hz.

Figure 4(a) shows the Nyquist diagram corresponding
to a blistered surface. This spectrum, show a similar
trend to that found on a clean surface, except for higher
impedance values for the same frequency interval.
Figure 5(a) shows the Nyquist diagrams obtained on
the homogeneous film. This spectrum is similar to that
of the blistered surface, but with a considerable decrease
in Z¢ values. Regarding the Bode diagram correspond-
ing to the homogeneous surface (Figure 5(b)), three time
constants are observed as in those for clean and blistered
surfaces (Figures 3(b) and 4(b)). They appear practically
at the same frequencies, but are better defined in
blistered and homogeneous surfaces. This means that
the same phenomena occur on both surfaces during the
corrosion process. The time constant observed at 10 Hz
has a higher phase angle at the blistered surface, whereas
at the clean surface its value diminishes. However, the
time constant observed in the low frequency region
(f < 0:5 Hz), has a higher phase angle value when the
steel surface has a homogeneous film (Figure 5(b)).
Figure 6(a) corresponds to impedance values of a

surface with a heterogeneous film. Two loops are
immediately observed, one at high frequency (100 Hz,
Figure 6(a), inset) and the other, at low frequency

Fig. 3. EIS diagrams for a 1018 carbon steel surface (freshly polished

surface) obtained in a solution 0.1 M (NH4)2S and 10 ppm CN), at

room temperature, pH 8.8. Continuous lines correspond to the

adjustment using equivalent circuit of Figure 8(a) and dots correspond

to experimental values.
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(f < 0:5 Hz). The loop at intermediate frequencies is
difficult to observe. This spectrum also has lower
impedance values in relation to other spectra by one
order of magnitude. In addition, Figure 6(a) shows the
capacitive loop at high frequencies (see inset of Fig-
ure 6(a)), which is not observed in other cases due to the
magnitude of the impedance values. This is basically the
consequence of the high impedance values displayed by
the other surfaces. In the Bode diagram (Figure 6(b)) of
the heterogeneous surface, one time constant is observed
in the low frequency region (0.07 Hz) as in the other
three surfaces. However, the time constant observed in
the intermediate frequency region (1 < f < 100 Hz)
diminishes considerably.
These diagrams show a similar trend, except for the

time constants and their respective impedance values
that are modified for the same frequency interval. This
may be due to either a variable thickness of corrosion
product films during their growth or their different
nature. It is important to emphasise that in all studied
cases the EIS diagrams show two easily identifiable time
constants; however a third time constant present at
f > 100 Hz is hardly identifiable. To identify this time
constant we made a graph like that proposed by Orazem
[15] but considering first derivative criterion. Figure 7
shows an example of this plot corresponding to the

blistered surface. In this Figure, three minima related to
three time constants can be clearly observed.
Since the characterization was carried out in the same

environment and the diagrams showed the same number
of time constants, the corrosion process mechanisms
of the four surfaces proved to be similar. Therefore,
physicochemical properties of the interface (film–medi-
um) are the only factor that determines the corrosion
process kinetics. Considering the above, the impedance
spectra analysis was carried out fitting the experimental
data to the equivalent circuit models of Figure 8 using
nonlinear regression [16].
These models (Figure 8) described the corrosion

process on carbon steel in alkaline sour media [4–6].
Continuous lines in Figures 3–6 represent the fit to the
(Nyquist and Bode) impedance diagrams using the
circuits shown in Figure 8. These Figures demonstrate
good fit between the proposed circuits and the experi-
mental data. Table 2 summarizes the parameter values
for the circuits obtained by the best fit to the experi-
mental impedance diagrams.
The solution resistance (Rs) values of 17 X cm2 (not

shown in Table 2) were similar in all surfaces studied.
Table 2 shows different values of electric elements
obtained in the test of different damaged surfaces. This

Fig. 4. EIS diagrams for a blistered carbon steel surface obtained in a

solution 0.1 M (NH4)2S and 10 ppm CN�, at room temperature, pH

8.8. Continuous lines correspond to the adjustment using equivalent

circuit of Figure 8(a) and dots correspond to experimental values.

Fig. 5. EIS diagrams carbon steel with homogeneous corrosion film

obtained in a solution 0.1 M (NH4)2S and 500 ppm CN), at room

temperature, pH 8.8. Continuous lines correspond to the adjustment

using equivalent circuit of Figure 8(a) and dots correspond to

experimental values.
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fact indicates that the stages involved in the corrosion
process are modified by the surface condition. The
resistance value, R1 is three orders of magnitude smaller
than R3 and two orders of magnitude than R2, thus
indicating the difference of velocity at which the pro-
cesses associated with these parameters are carried out.

It is important to emphasise that the equivalent
circuits described in Figure 8 have also been used to
describe EIS diagrams obtained on highly porous
surfaces of corrosion products [17, 18]. In these cases,
R1 was associated with the resistance of the film formed,
whereas R2 corresponds to the charge transfer onto the
uncovered metallic surface. According to the data of
Table 2, this phenomenological description is not appli-
cable to the surfaces studied here. On the basis of
additional experiments [4–6, 9], we have associated the
Figure 8(a) circuit with different stages of the corrosion
process in sour media. This model considers the follow-
ing variables: solution resistance (Rs), double-layer
capacitance (Cdl), charge transfer process (R1) at the
metal–FexSy film interface and a further contribution
due to the Fe2þ ion and atomic hydrogen diffusion, R2–
Q2 and R3–Q3 arrangements, respectively [4–6].
The R1 values had a variation of 3.5–34 X cm2. These

are in agreement with those reported by Vedage et al.
[19] of 5–10 X cm2 for a carbon steel–sour media
interface in acidic pH, as well as with other values
reported in the literature [4–6] related to the carbon
steel–corrosion products–alkaline sour media interface.
The values of R2 and R3 are comparable to those
reported in the literature for the metal/corrosion prod-
ucts/sour media interface [4–6, 9].

3.2.3. Pseudocapacitance analysis
Pseudocapacitance values were determined from the
constant phase element value (Y0) (Table 2) using
Equation 1 [20]:

CHF ¼ ðY0RHFÞ1=n

RHF
ð1Þ

The values obtained for a freshly polished surface and
homogeneous film were 88 and 96 lF cm)2, respective-
ly. These are of the same order of magnitude as those
reported for the metal–solution interface [21], which
means that the freshly polished carbon steel surface
and homogeneous film–alkaline sour medium interfaces

Fig. 6. EIS diagrams carbon steel with heterogeneous corrosion film

obtained in a solution 0.1 M (NH4)2S and 10 ppm CN), at room

temperature, pH 8.8. Continuous lines correspond to the adjustment

using equivalent circuit of Figure 8(b) and dots correspond to

experimental values.

Fig. 7. Curve D log Z0=D log f vs log f obtained from EIS data corresponding to a blistered surface.
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have ideal behaviour. For the blistered surface, this
value was 400 lF cm)2, one order of magnitude greater
than that of the freshly polished surface and related to
the increase in thickness of the film formed during blister
induction (Figure 2(b)). The high pseudocapacitance
value (5898 lF cm)2), obtained for the surface with
generalized damage (heterogeneous film), is of the same
order of magnitude as those reported by Bonnel [22] for
interfaces with a film of corrosion products (oxide).
Bonnel’s studies reported high capacitance values (500–
1750 lF) for the corrosion products formed on the

substrate that displayed porous and conducting charac-
teristics. In our work the porous characteristic are
clearly supported by SEM (Figure 2(d)) and the con-
ducting characteristic is certainly due to the nonstoi-
chiometric iron sulphide mainly composed of corrosion
product [4, 5, 19]. However, the values obtained in this
work are notably high than those reported by Bonnel.
These values suggest either a mass transfer process or
a faradaic pseudo-capacitance. A deeper study may be
performed to elucidate this phenomenon. The differenc-
es in pseudocapacitance parameters for damaged sur-
faces are due to the change in surface roughness and the
nature of the corrosion product film.

3.2.4. Charge transfer resistance analysis
Regardless of the carbon steel surface condition (freshly
polished and generalized corroded surface), the R1

values (Table 2) are of the same order of magnitude
indicating that R1 effectively corresponds to the charge
transfer reaction at the metal–corrosion products inter-
face. We have previously shown that the thick corrosion
film was immediately formed when a freshly polished
surface was immersed in the alkaline sour media [5].
However, for the blistered surface the value obtained is
one order of magnitude greater. This is due to either a
lack of precision in the evaluation of this resistance as a
consequence of high impedance values, or to a modifi-
cation in a surface work function caused by the
introduction of H� to the lattice.

3.2.5. Analysis of Fe2þ ion diffusion process
As mentioned above, the electric arrangement R2–Q2,
corresponds to Fe2þ ion diffusion through the corrosion
product films. The values for R2 for different surfaces,
shown in Table 2, are of the same order of magnitude.
The R2 value for the freshly polished surface is
278 X cm2, 1.12 times smaller than the R2 value for
the blistered surface, whereas for the surface with
generalized damage it diminishes by a half. This
variation in resistance may be due to the thickness of
the film of corrosion products formed during damage
induction which is different in each case, or to the fact
that alkaline sour medium, used for damage induction,

Fig. 8. Equivalent circuits describing the corrosion of carbon steel

with different surface damage in alkaline sour media. (a) Freshly

polished surface, blistered surface and carbon steel with homogeneous

corrosion film, (b) carbon steel with heterogeneous corrosion film.

Table 2. Values for the electric circuit elements (Figure 8) used for best fit to the impedance diagrams of the carbon steel surface–alkaline sour

environment interface, as a function of carbon steel surface conditions

Surface states Qdl R1/W cm2 Q2 R2/W cm2 Q3 R3/W cm2

Y0 · 104/Siemens n Y0 · 105/Siemens n Y0 · 105/Siemens n

Freshly polished surface 4.9 0.70 3.5 18 1 278 15.5 0.54 3707

Blistered surface 3.7 0.86 34 2.9 1 313 8.1 0.65 6656

Surface with generalised

corrosion (homogeneous film)

0.48 1 3.5 78 0.7 516 7.8 0.72 18 800

Qdl R1/W cm2 Q2 R2/W cm2 O b/s1/2

Y0 · 104/Siemens n Y0 · 104/Siemens n Y0 · 103 S

Surface with generalised

corrosion (heterogeneous film)

63 0.82 2.54 34 1 136 6.4 3.9
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was different from that used for the characterization. On
the other hand, the decrease in the R2 parameter for the
surface with a heterogeneous corrosion film is due to
increase in film porosity (see Figure 2(d)).

3.2.6. Analysis of H� diffusion process
In Bode diagrams (Figures 3–6(b)), the time constant
observed in the low frequency region corresponds to
atomic hydrogen diffusion through the film, represented
in the equivalent circuit with a parallel arrangement (R3–
Q3). In each case, the resistance values, R3, (Table 2) are
different, which indicates the different physicochemical
nature of the films adhering to the substrate. The increase
in the magnitude of R3 for blistered and homogeneous
surfaces, as compared to a freshly polished surface, is
due to the more compact film formed during damage
induction (Figure 2). In the surface with a heterogeneous
film, this value diminishes considerably and the R3–Q3

arrangement is modified to the limiting case where
n ¼ 0:5, which corresponds to a linear diffusion element
(O). The diffusion resistance value (R3) calculated
through the relationship between b and Y0 values
(Table 1) was 297 X cm2 and is of the same order of
magnitude as R2. This similarity is due to the increase in
porosity of the film for the surface with generalized
damage (heterogeneous film, see Figure 2(d)).

4. Conclusions

In these studies, different electrochemical methodologies
were established to induce damage common in catalytic
oil refinery plants (blistering and general corrosion) on
carbon steel surfaces. We studied the influence of 1018
carbon steel surface conditions on the corrosion process
in alkaline sour media prepared to simulate the average
composition of sour waters in catalytic plants of Pemex
Mexico (0.1 M (NH4)2S, 10 ppm CN) as NaCN, pH
8.8).
The election of characterization media was based on a

previous study which demonstrated the stability of
homogeneous films in the refinery environment [9].
According to impedance spectra, from 10 kHz to
0.01 Hz, it was possible to qualitatively identify the
carbon steel surface condition in an alkaline sour
environment. It was also found that the corrosion
process for all surface conditions presents the same
stages: charge transfer resistance of steel oxidation at the
metal–corrosion product film interface and Fe2þ ion
and H� diffusion through the corrosion product film.
Additionally, it was demonstrated that when there

was no damage to the surface (freshly polished surface),
a homogeneous film was formed instantaneously upon

introducing the carbon steel into the sour media. When
the surface shows blistered corrosion, the impedance
values increase. After damaging the surface additionally
by growing a heterogeneous film, the impedance values
diminish and atomic hydrogen diffusion is more fa-
voured.
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