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This work studies the evolution of 1018 carbon steel surfaces duririh Jlay immersion in alkaline sour
medium 0.1 M (NH),S and 10 ppm CN as (NaCN). During this period of time, surfaces were jointly
characterized by electrochemical techniques in situ (electrochemical impedance spectroscopy, EIS) and
spectroscopic techniques ex situ (X-ray photoelectron spectroscopy, XPS). The results obtained by these
techniques allowed for a description of electrical and chemical properties of the films of corrosion products
formed at the 1018 steel surface. There is an interconversion cycle of chemical species that form films of
corrosion products whose conversion reactions favor two different types of diffusions inside the films: a
chemical diffusion of iron cations and a typical diffusion of atomic hydrogen. These phenomena jointly control
the passivity of the interface attacked by the corrosive medium.

1. Introduction from the steetilm interface toward the film-solution interface

due to the electrochemical potential. This displacement is
characterized, in particular, by the change in the chemical
environment experienced by the cation on its way through the
films of corrosion products, because its coordination sphere and,

terface between crude oil derivatives and the steel corroded byin_some cases, its oxidation status are m_odified, for which reason
their presence. Most studies on steel corrosion in this mediumthIS process is often called chemical diffusfon. ) )
carried out to date have been mainly performed by electro- Th? present.model, howgyer, dpe; not conte'mplate in detail
chemical techniques such as electrochemical impedance specchemical species that participate in film formation and subse-
troscopy (EIS) and equivalent circuit models, and their results dueént repercussions on their electrochemical behavior. This work
converge in the following corrosion mechaniani: was aimed to study the chemical composition of the films
formed naturally (or by immersion) in sour medium 0.1 M
(NH4)2S and CN 10 ppm, during a period of-315 days. In

this course of time, in situ characterizations of the forming films

Alkaline sour medium is formed by a solution of (W5
and CN-, and it is a common corrosive medium in catalytic oil
plants. This solution mainly condenses in the extraction zones
and naphtha/oil/light hydrocarbon containers, forming an in-

Adsorption of HS ions at the interface

film —aqueous medium HS— HS, @) were made using electrochemical impedance spectroscopy (EIS),
. . _ - whereas ex situ characterizations were performed using X-ra
ReductionofHS ions = H3,+e « Hgd + & @ photoelectron spectroscopy (XPS). P ’ g
Formation of H 2H2 < H ©)
o @ 2. Experimental Methodology
Iron oxidation F& < Fet (4)

2.1. Electrode Preparation.The first thing necessary in order
Fet < Fe' (5) to form corrosion films was to construct 1018 carbon steel disks
of 8-mm radius and 1.5-mm thickness, which were then mounted

Formation of nonstoichiometric iron sulfides and oxides ; _ .
on a Teflon cap leaving one side of the steel disk uncovered

+ —
XFE" +ys < FeS, (6) (active area) and the other provided with electric terminal. Then
+ - the active area was subjected to mechanical polishing with 600
XFeT + yOH F80, ™ grade silicon carbide paper. Finally, the electrode was rinsed

with Millipore ultrapure water (18 NR).

2.2. Formation and Characterization of Corrosion Product
Films by EIS. For film formation, a 45-mL vitreous cell with
. . inlets 0.1M (NH).S was used as corrosive or growth solution
where subindices ad and ab refer to the species adsorbed anarepared with the corresponding Aldrich AR salt, together with

absorbed_ onto iron, r(_aspt_actively, or to the film of corrosion 10 ppm CN- as NaCN of Merck AR brand. For this solution,
products itself. Iron oxidation reactions (egs 4 and 5) generate Millipore ultrapure water (18 M) previously deareated by

another diffusion process consisting of Fe cation displacementbubb"ngl N, was utilized. The immersion time of each steel

*To whom correspondence should be addressed. E-mail: qgalicia@ electrode in the solution was 3, 5, 10, and 15 days. Upon

yahoo.com.mx (P.G.), igm@xanum.uam.mx (I.G.) and bani@xanum.uam.mx COMpletion of each peri_Od of immers_,ion, Hg/Hg@ﬁ_KﬁQt _
(N.B.). (SSE) electrodes were incorporated into the cell with graphite
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Diffusion of H® through the film
Hgd"’ Hgb (8)
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typical corrosion products of this system and, besides, makes
part of the alkaline sour medium solution: Fe (2p), O (1s), N
(1s), C (1s), and S (2p). Other signals are also present,
corresponding to elements such as: Mo, Mn, and Cu, from the
alloy made up of 1018 steel and specimen holder (Cu), as well
as another type of subsequent electronic relaxations resulting
from X-ray bombing.

3.1.1. Deconolution Modeling of the Main Film-Constituting
ElementsChemical species that form corrosion products were
qualitatively analyzed using deconvolution or decomposition
modeling of spectral signals of the main elements (Fe, O, N,
C, and S) in characteristic spectra reported in the literature.
Therefore, again, the film formed during 15 days and its
corresponding spectra are used for illustration.

The assignment of spectral lines for Fe species and transition
metals, in general, is complex due to the presence of regions of
magnetic domain with different intensity and orientation, which
gives rise to a Zeeman effect that broadens spectral lines. In
addition, Fe may form a wide range of structures with O and S,
causing a slight displacement of chemical field by broadening

Figure 1. Representative XPS spectrum (MgJof the film deposited : - g
on the 1018 carbon steel during 15-day immersion in the medium 0.1 the spectral signaf€:'* This phenomenon appears in the
M (NH.)zS and 10 ppm CN spectrum of the Fe 2p orbital (Figure 2a), for which reason it
was decided to fit the spectrum at 5 different signals corre-

as counter-electrode to obtain corresponding impedance spectraponding to 2 main signals of spify, and 3 signals of spif,
using a potentiostat-galvanostat AUTOLAB PGSTAT30. The which are satellites or mirror of those of sgia The first main
frequency scan was from 10 000 to 0.01 Hz at an amplitude of signal of spin®, at 710.98 eV (Figure 2a,i) contains an’Fe
+10 mV against corrosion potential. In previous wotKksit Fe™ mixture of the species FeO, FeS, Fe(@Hye(OH},
has been shown that an amplitude 610 mV, for the EIS FeOOH, FgOs, F&04, FECQ, Fe-CO, and FeS@'2-16.10.1719
characterization of corrosion films formed into carbon steel/ Likewise, the second signal of spify at 713 eV (Figure 2a,ii)
sour medium interface, follows the requirements of stabilty and comprises a mixture of the Fg¢Fe*" species much richer in
linearity for Kramers-Kronig analysis. Fe*t such as: FeOOH, FeOH, Fe-SQy, in nonstoichiometric

2.3. Characterization of Corrosion Products by XPS.To ratio and Fe(SQy)3* 7H,0.1318The satellite signal of spil, at
diminish the effect of spontaneous oxidation of the film in 724.1 eV (Figure 2a,iii) confirms the presence 0f®g Fe&Oy,
atmosophere and water, first the electrode with the film, FeOOH, FeC@ Fe-CO, and Fe$?1518 whereas the second
previously formed on carbon steel/sour medium, is cautiously satellite at 725.77 eV (Figure 2a,iv) confirms the presence of
removed from the electrochemical cell, and the Teflon cap and iron sulfates of nonstoichiometric natuf®!”8 Finally, the
electric terminal of the steel electrode were removed, not satellite signal corresponding to 717.66 eV (Figure 2a,v)
touching the active side where the film was formed. A tiny jet confirms the presence of nonstoichiometric species FeOOH and
of Millipore ultrapure water is left to fall over this side to remove Fe03.17:2021
the remains of the sour medium solution, which was im-  Figure 2b shows the partial spectrum of oxygen 1s where
mediately moved to a chamber withp ldtmosphere (grade 6), three characteristic signals, corresponding fo & 530.01 eV
and silica gel. The blwas constantly replaced, to diminish the (Figure 2b,i) from FeO, FeOOH, F®; and FgO, are ob-
presence of oxygen and water, for 2 days. After dehydration, served:214.1822at 531.49 eV, the presence of OHFigure 2D, ii)
the films are moved to the prechamber of XPS MICROLAB corresponding to nonstoichiometric FeOOH, Fe(glkhd Fe-
350 equipment and left for another day in a vacuum; then, the OH becomes visibléz15.17.18.21.2Fing|ly, adsorbed speciesQ
samples are moved to the main chamber, and the pressure i©DH-, and HO are observed at 532.55 eV (Figure 2bXi}422.23
left to diminish to 10° mbar to obtain spectra. A Mg @) as well as S¢F~ and CO13.1417.18.2%rom solid species. This
cathode with 15 kV voltage was used as an X-ray transmitter. spectrum confirms the presence of most oxides and hydroxides
The angle of incidence and separation of the cathode from thesuggested in the iron spectrum, but these are nonstoichiometric
sample used in all experiments were®4md 2.5 cm, respec-  species, and the presence of Fe(@id)discarded because of
tively. With this strategy, we obtained reproducible results in its character of unstable intermediary in a highly corrosive
two different experiments sets; in fact, the chemical composi- medium as the alkaline sour medium.
tions obtaineql vyith XPS are consistent with those previously  The N 1s spectrum exhibits the smallest emission of photo-
reported for similar filmg. electrons. It is fundamentally the matter of the presence of CN
and NH; at 399.5 eV (Figure 2c,i31523with small traces of
ammonium salts at 401 eV (Figure 2cfi#)?2324

3.1. XPS Characterization of Corrosion Product Films The deconvolution of the carbon 1s is also composed of three
from Sour Medium. To illustrate the methodology used in different signals: €&H at 284.66 eV (Figure 2d,#4172%nd
qualitative and quantitative XPS analyses of different films of it is a product of contamination after manipulating already
corrosion productsl the film formed for 15 days of immersion formed CO films from solid nonstoichiometric species at 285.9
is analyzed in detail, but the same kind of analysis was €V (Figure 2d,ii)}*? whereas at 288.08 eV (Figure 2d,iii),
performed with the other films. Figure 1 presents the complete FECQ and CQ appear,’**together with traces of CN3
XPS spectrum of the film formed during 15 days in the sour In the partial spectrum of S 2p (Figure 2e), there are two
medium. It shows qualitatively the main elements that form different signals corresponding t&Sand $" species at 163

3. Results and Discussion
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Figure 2. Spectroscopic characterization of the film deposited on the 1018 carbon steel during 15-day immersion in the medium Q)2SM (NH
and 10 ppm CN. Representative XPS spectra of the (a) iron 2p region, (b) oxygen 1s, (c) nitrogen 1s, (d) carbon 1s, and (e) sulfur 2p region. Each
spectrum shows the principal signals used in its fitting.

and 168.5 eV, respectively, which themselves are composed of2e,i) corresponds to FeS and F& 26-281513The second, again

a mixture of spin®, and/, orbitals each. The deconvolution of spin3/,, at 162.06 eV (Figure 2e,ii) corresponds-+&—S—
that fits best to the signal of 163 eV comprises four different dimer of Fe$together with Fe polysulfides (k&).11152627The
signals. The first main signal of spith at 161.16 eV (Figure third at 163.15 eV (Figure 2e,iii) comprises a mixture of signals
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TABLE 1: Variation of Elementary Atomic Percentage of TABLE 2: Distribution of Different Chemical Species
the Main Elements Forming 1018 Carbon Steel Corrosion Determined by Deconvolution of Partial XPS Spectra of the
Products as a Function of Time of Immersion in the Films Formed on 1018 Carbon Steel as a Function of
Medium 0.1 M (NH,4).S and 10 ppm CN? Different Times of Immersion in the Medium 0.1 M (NH,),S
] imeind - and 10 ppm CN2
alkaline sour Time in days (atomic percent) _ —
medium element 3 5 10 15 Atomic percent (time in days)
0.1M o 475 46.8 490 44.3 element chemical species 3 5 10 15
Fe 29.4 32.6 30.4 42.3 oxygen FeO, FeOOH, £@;, Fes04 37.67 3546 38.52 41.13
C 20.4 18.4 17.7 11.9 FeOOH, Fe(OH), Fe-OH 31.09 36,10 30.88 33.55
N 1.4 0.5 1.1 0.4 O )¢, OHag, 31.24 28,44 30.60 25.32
S 1.3 1.7 1.8 1.1 H20aq SQ°~, CO™
carbon  C-H 57.27 67.87 60.77 64.52
1M N 13 11 1.0 12 co 2431 1421 23.92 1127
S 2.2 3.1 2.0 4.0 FeCQ, CO,, CN- 1842 17.91 1531 24.21
2|n the case of Fe and S, only the signals of spircorresponding nitrogen I\CI:I-’|\T+ NH3 108-88 10(?-(%) ??:73(? 9456991
to deconvolution modeling were taken into account. sulfur FeS. FE.S 1251 1555 000 14.44
) ] o FeS, FeS 1473 711 1131 1437
of spin?/, and¥/,, corresponding to &Sand satellite signals of Ss, FeS sat 2432 1451 8.93 21.49
FeS and FeS!1152628Finally, the signal at 163.96 eV (Figure Slotey 49.00 62.84 79.76 49.69
2e,|v)_ comprises just one signal of spin 1/2, co_rrespondlng 10 ajn the case of Fe and S, only the signals of Sircorresponding
satellite signals of $and FgS, of Fe2®-3 The signal corre- o deconvolution modeling were taken into account.

sponding to 8" at 168.5 eV is composed of only two signals,
the main one grouping together the 50at 168.01 eV (Figure  corresponds to that formed by oxides: FeO, FeOOHOEe
2e\v), and its satellite at 168.99 eV (Figure 2e,vi), thus and FegO, that increase their concentration as of 5 days of
confirming the presence of nonstoichiometric-F0,132027.2932 immarsion until reaching a maximum of 41% at 15 days of
generated by iron sulfide oxidation. _ ~ immersion. This proves that the film itself experiences oxidation
3.1.2. Elementary Composition of the Films as a Function and/or dehydration of simple species such as hydroxides as well
of Immersion TimeResults of the elementary XPS analysis of a5 of adsorbed species whose decomposition probably generates
the films formed by immersion into sour medium are shown in 0 The second important appearance is that of hydroxides:
Table 1. Fe and S films were calculated based on deconvolution, ;nstoichiometric FeOOH Fe(Okand Fe-OH that serve as
modeling, considering only spit; orbitals, but not the satellite jormediaries in the formation of oxides and whose concentra-
signals. The films observed are mainly formed by O, with an tion varies inversely to that of oxides in the range of 30.9

initial composition of 47.5% at 3 days of immersion that slightly 1% (1 ivelv). Th
decreases to 44.3% by the day 15. In the second place of36' 6 (10 and 5 days, respectively). The,SOand CO,

importance is Fe, whose concentration increases form—29.4 together with the adsorbed specie$ O OH", and HO,
42.3% within the same time of immersion, indicating the represent the smallest amount of oxygen present in the films

. . . . . . .~ with a concentration that decreases from 31.2% after 3 days of
continuation of steel dissolution despite the existence of a film formation to 25.3% at 15 davs. thus confirming the inverse
which isolates it from the corrosive medium. It is proper to 270 yS, 9

mention that trends observed for these elements are inverted irpehawor from that observed in oxides.

the film corresponding to 10 days of immersion. The concentra-  The C present in the films of corrosion products is found for

tion of carbon, which occupies the third place in terms of the most part as impurity (€H), followed by the nonstoichio-

concentration, decreases from 20.4 to 11.9% as the time ofmetric species of COthat decrease as the time of immersion

immersion and consequent film formation increases. increases from 24.3 to 11.3%, surely due to reduction in gases
The concentration of N and S, however, varies within the entrapped in the film-forming cell. Likewise, the same behavior

range of 1.4-0.4% and 1.81.1%, respectively, being lower is observed in the species of FeE@O,, and CN (18.4—

than expected, especially for sulfur. Therefore, it was decided 5.3%); however, the trend is again interrupted at 15 days of

to repeat XPS experiments for these elements, but on the filmsimmersion.

formed in a 10-fold more concentrated solutidridv (NH,)2S. In the case of nitrogen, the presence of ammonium salts was

The maximum amount of N found in these new films was detected at immersion times above 10 days; it appears mostly
scarcely 1.3% after 3 days of immersion, which demonstrates 55 NH;, because the concentration of Chh the solution is

the lack of importance of this element among corrosion products yery small (10 ppm).
because, according to spectrum deconvolution (Figure 2c), only
CN~ and NH; are contained in the film. S concentration,
however, reaches its maximum of 4% at 15 days of damaging,
but due to the great variety of species it forms, its analysis is
deemed necessary.

3.1.3. Distribution of Chemical Species Constituting Films
Formed during Different Times of Immersiorhe distribution
of chemical species determined by spectral deconvolution of i ; L - )
the films formed onto 1018 carbon steel during different times IMmersion. This behavior is consistent with references from the
of immersion in alkaline sour medium are shown in Table 2. literature where different iron sulfides are mentioned to be easily
The analysis was carried out similarly to that described in the 0Xidized to sulfates and intermediaries such gdifile stable
previous section taking into consideration again the main signalsin corrosive media and £3°27:29:32
of spin¥/, for Fe and S. As can be observed for the three groups ~ 3.2. Electrochemical Impedance Spectra Analysis of the
of species assigned for O, there are small variations of Films Formed during Different Times of Immersion in the
concentration throughout the time of damaging. The main group Sour Medium. Figure 3 shows the electrochemical impedance

Finally, the S present in the form of different iron sulfides
varies irregularly for these species due to the low concentration
of these sulfides (FeS 12.51% and E&21%). In this manner,
the signal corresponding togSand satellite signals of the
different sulfides (Figure 2b,iii) suggest that the presenceof S
must be minimum. In contrast, the $O represents the greatest
amount of S, with a maximum 50.6% reached at 10 days of



14402 J. Phys. Chem. B, Vol. 110, No. 29, 2006

-6000 1

a)
Pow
—_— /‘B-/
E A il
™~
L
=0
&
£
S -2000 4
m0.1Hz
m1Hz
0 1000 2000 3000 4000 5000 6000
Zreal (Qcm?)
-70
b)

-60 1

-50 1

0/ Degree

0 1
Log (Freq/Hz)

2

Figure 3. (a) Nyquist complex diagram and (b) Bode phase angle
diagram of the corrosion product films naturally formed on the 1018
carbon steel during (i) O, (ii) 3, (iii)) 5, (iv) 10, and (v) 15 days of
immersion in the medium 0.1 M (NHS and 10 ppm CN
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Figure 4. Equivalent circuit used to describe EIS spectra of the films
deposited on the 1018 carbon steel by different times of immersion in
the medium 0.1 M (NH).S and 10 ppm CN This model considers
steel oxidation (R double-layer capacitance {Qand diffusion
processes of iron and atomic hydrogen cations through the films of
corrosion products (R-Q; and R—Qs, respectively).

spectra corresponding to the films formed at different immersion

Galicia et al.

In this model, the solution resistance is represented by the
electric componerRs. Charge-transfer resistané®, describes

the extent to which the formation of iron cations is favored at
the steetfilm interface. The constant phase element, &lows

for calculating the nonideal capacitance of the electrochemical
double layer Cyr) and treats the film of corrosion products as
a dielectric using the following equatidn?

Chr= (YORHF)””/RHF 9)

whereYj is the base admittance of the constant phase element
Qi1, Ryris the resistance at high frequencdigsandn is a factor

that satisfies the condition & n < 1, which indicates how far

(0), or how close (1), the interface is from being treated as an
ideal capacitor.

On the other hand, parallel arrags—Q, andR3—Q3 describe
diffusion processes of iron cations and atomic hydrogen,
respectively, through the film of corrosion products. Iron
diffusion is not a question of cation displacement but of chemical
diffusion in which the chemical environment of the cation is
being modified as it displaces from the steBlm interface
toward solution. The hydrogen atomic diffusion inside of
corrosion films formed in the interface carbon steel/sour medium
is a commonly phenomenon associated to this kind of chemical
environment, provoking blister corrosion; however, the elec-
trochemical study of this phenomenon is still controversial. In
a previous papers;3* experimental proofs were presented to
demonstrate the existence of the atomic hydrogen diffusion
through the films; furthermore, in this paper, this phenomenon
has been associated with the electrical afRay-Qs used in
the corresponding EIS experimetal analysis. This strategy has
been used to describe the corrosion process of carbon steel in
sour medid;47.8:33,34

Altogether, both phenomena, diffusion of iron cations and
atomic hydrogen through the film of corrosion products, are
the first in being responsible for the current phase shift that
chemically and physically depends on the type of corrosion
product obtained.

3.2.1. High-Frequency Analyse3he values of electric
elements obtained from the best fits of EIS spectra for the films
corresponding to different times of immersion are summarized
in Table 3. TheRs varies within the range of 4852 Q,
suggesting that the film growth medium remains constant during
different times of steel immersion. The value of resistance to
transfer chargeR;) decreases from 6@ cn¥ in the clean steel
up to 12Q cn? for the films formed during 3 and 5 days,
thereby favoring anodic dissolution of iron for these films. At
longer immersion times, the dissolution becomes slower, as
shown by the values of 47 and 4B cn¥ for the films formed
during 10 and 15 days, respectively. The values,ahcrease
from 0.81 in the steel recently immersed to 0.91 in the film
formed during 15 days, suggesting the formation of physically
more homogeneous films at longer times of immersion in the
sour medium. These values ofallow for making a precise
calculation of the capacitance with eq 9. The value obtained
for the film formed instantaneously on the steel recently
immersed (268f) is slightly greater than that observed in the
films formed at times below 5 days, suggesting that the initial

times during which the 1018 steel was exposed to the sour film is composed of adsorbed species such as,K®,, OH™,

medium.

and HO, that even before initiating the iron oxidation reaction

The quantitative analysis of these spectra was performed usingforms a layer that gets more compact with the progress of

the equivalent circuit shown in Figure 4, which has been
previously used in the evaluation of the corrosion mechanism
in the sour mediurd~* A detailed analysis of time-constant
identification of these diagrams has been previously repéfted.

oxidation in different iron precipitates. For already formed films,
the capacitance increases progressively fromZ@3the 3-day
film to 622 uf at 15 days. This indicates that the thickness of
the films increases and their chemical composition is modified,
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TABLE 3: Values of Electric Components Obtained from the Best Fit with the Equivalent Circuit from Figure 4, EIS
Diagrams of the Films Formed on 1018 Carbon Steel, During Different Times of Immersion in the Medium 0.1 M (Ng).S and
10 ppm CN-

Q1 Q2 Qs
time Rs Ry Yo1 X 104 Chr R, Yoz X 104 Rs Yoz X 104
in days (Q) (Q) (mhos") nl (uf) (Q) (mhos) n2 (Q) (mhos) n3
0 50 64 5.8 0.81 268 1300 0.4 1 1800 3.3 0.68
3 52 12 5.57 0.82 183 9910 2.42 0.82 4000 52.3 0.97
5 52 12 6.03 0.81 192 7640 1.91 0.84 2930 53.5 0.95
10 51 47 9.34 0.87 586 2200 1.56 1 6850 5.71 0.66
15 48 46 8.56 0.91 622 1250 2.07 1 8110 6.38 0.64

hydroxides and similar to that of adsorbed species (except for
10-day immersion), suggesting the presence of conversion of
species: adsorbed oxygen is transformed into hydroxides, which
themselves are transformed into oxides as shown by the
following equationg:’:35-38

]
5 Fe" + 20H < Fe(OH), (10)
D
2 Fe(OH), + OH™ < Fe(OH), (11)
2Fe(OH) < 2FeOOH+ H, (12)
Fe(OH), < FeO+ H,0 (13)
4FeO+ 2H,0 < 2Fe0; + 2H, (14)
3FeO+ H,0< Feg0, + H, (15)
Log (Freq/Hz) 4Fe0, + 2H,0 < 6Fg0; + 2H, (16)
Figure 5. (a) Analysis of the frequency range with manifestations of
iron cation diffusion through the films of corrosion products during (i) 2Fe0, + 4H,0 < 6FeOOH+ H, a7
0, (ii) 3, (iii) 5, (iv) 10, and (v) 15 days of immersion in the medium
0.1 M (NH,).S and 10 ppm CN (b) Equivalent circuit used in the It means that the iron indeed favors its chemical diffusion,

construction of phase shift angle diagram with electric elements of Table 535 shown by the chemical evolution of the oxides. Moreover
3. these oxides may also be transformed into other species due to

: . . : . th f C£3736 which additionall tes i
as shown in the XPS analysis, together with their rugosity (see e presence of CE"* which additionally promotes iron

. diffusion.
n values in Table 3).
3.2.2. Analysis of Iron and Atomic Hydrogen Diffusion 3FeO+ CO, <> Fe,0, + CO (18)
Processedn the parallel arraR,—Q- that describes chemical
diffusion of iron cations through the filni; and Yo, values of FeCQ, + 2FeO~ Fg0O, + CO (19)

the formed films are higher than in the steel recently immersed
(Table 3), because of the increased thickness of the films
resulting from a longer time of immersion. These electric
components reach their maximum value in a 3-day film and
from then on, they progressively decrease (exceptYggrin

the 15-day film), which proves that iron diffusion is favored
by increased time of steel immersion into the sour medium. On
the basis of the data of Table 3, Figure 5 represents the phas
angle diagram in relation to frequency for the cirdgjin series - + -
with the arrayR,—Q,. The comparison of this diagram with 2F6,S+ YO, + 2yH,0 <> 2yF€” + 4yOH ™ + 2Fe S
the corresponding experimental diagrams (Figure 3b) allows (21)

evaluating the frequency range within which this time constant FeS + 7/20, + 20H < FE' + 2502 + H.0 (22)
is manifested in the overall behavior of EIS spectrum (Figure 4 2

FeO+ CO, <> FeCQ, (20)

This conversion of species also takes place with sulfur,
because different iron sulfides may relatively easily be oxidized
to sulfates by a gradual and repetitive degradation, through
intermediaries such as @nd other intermediaries unstable in
éhis medium, such as,83?~ and SQ?.26:30.35,39,40

3b). Thus, it is observed that iron diffusion in the 3-day film 8S,0,° < S;+ 8507 (23)
(Figure 5 i) spanning about four frequency decades, from 100

to 0.01 Hz. This range of frequencies decreases progressively ZSQZ* + 0, <« 23042* (24)
until spanning 2 decades in the 15-day film (Figure 5 v).

Moreover, there is a slight shift in high frequencies and another, Fe&" + SO, < FeSQ (25)

more intense in low frequencies of approximately one decade,

suggesting that the diffusion is relatively more rapid and,  Atomic hydrogen diffusion (R3 Q3), however, depends

consequently, more favored at longer times of immersion. directly on the species that generate it, such as,l%"), H,O,
Such behavior is corroborated by the increase in the concen-HO™, and iron hydroxides. Due to small amounts of sulfur found

tration of Fe cations from the elementary analysis (Table 1), in the films (Table 1), it is possible to assume that hydrogen

and the distribution of species from XPS (Table 2). They show generation depends almost completely on oxygen compounds

that the trend exhibited by oxides is contrary to that of determined by XPS. The frequency range within which H
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chemical behavior of these films (electrochemical impedance)
depends directly on the chemical species they are made of,
because as determined in this study the conversion of chemical
species from adsorbed species to oxides, carbonates and sulfates
(more stable in this medium) additionally promotes chemical
diffusion of iron cations from the steefilm interface toward

the film—solution interface. This same conversion of species
promotes the formation of H(egs 2, 12, and 1417) that
implicitly generates a greater amount o Heq 3), thus
increasing the chemical potential that favors its diffusion.
However, at immersion times above 10 days, this phenomenon
loses intensity due to formation of a superficially more
homogeneous film and a decrease in dehydration reactions
involving hydrogen; however, modification of the film structure
due to the higher iron species released in the stdel
interface, the hydrogen diffusion in these films is faster.
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