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Abstract The corrosion mechanisms occurring at the ho-
mogeneous porous layer was determined assuming that the
pores had a cylindrical geometry, and that the initial inter-
face of a carbon steel-CO, solution behaved as a transmis-
sion line (TL). TL modeling quantitatively assessed the
impedance distribution and the mesoporous layer formation
and evolution at the interface, while describing the physical
characteristics of the mesoporous FeCOs; layer at the base
and wall within the initial pore. The TL helped to charac-
terize four stages during the interfacial evolution: active,
active-porous layer, mixed layer, and the reactive stages.
Using TLs helped to quantify the dissolution process and
distinguish the mechanisms with good agreement between
calculated magnitudes and experimental data.

Keywords CO, corrosion - TLM - Steel interface - EIS -
Steel dissolution

Introduction

Experimental testing on carbon steel exposed to CO, aqueous
environments has shown different forms of localized corro-
sion. The cause of localized corrosion includes mesoscale
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attack, influence of the interface, and processes related to the
type of material or electrolyte conditions [1]. CO, corrosion
depends on key factors, such as temperature, CO, partial
pressure, pH, metallic microstructure [2—4] and corrosion
products [5]. Research in CO,-saturated environments has
determined that long immersion times result in a dissolution
rate that will be lowered and stabilized by the precipitation of a
passive layer of FeCOj; [5-7]. According to Nesic et al.,
FeCOs is the most stable layer which precipitates above 50°C
if the pH of the solution is from 6 to 7 and if the solubility limit
of Fe** and CO%‘ ions reaches precipitation magnitudes [8].
Farelas et al. reported a FeCO; layer that formed as a conse-
quence of the selective dissolution of the ferrite phase (-Fe)
[9] in mild steel. Thereafter, the presence of the Fe;C phase
produces a microgalvanic effect at the surface. They monitored
and characterized the interface by using equivalent electrical
analogs. Also, the results revealed the evolution process, which
can be described by three different stages. These stages are
named: (1) active-adsorption state, (2) active-porous layer
state, and (3) mixed-porous layer state. The stages represent
the surface mechanism and qualitative corrosion product layer
properties, such as the porosity.

The porous nature of the corrosion products has influ-
enced the corrosion dissolution at different electrochemical/
corrosion interfaces [9, 10]. The morphology and physical
distribution have also influenced the mechanisms occurring
at the interface [11]. Pore geometries, such as cylinders and
cones, have resulted in homogeneous mechanisms [12]
within the porous layers and at the interface [13] in batteries
and different applications of aqueous corrosion [14].

Transmission line (TL) modeling has been used for fre-
quency domain analysis of the formation of different porous
layers with different geometries [15-20]. Recently, TL
based on impedance data analysis has been successfully
used for different aqueous-film interfaces and the solid state
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[15—18] by assuming different pore geometries and homo-
geneous—heterogeneous distribution.

The original work from De Levie [21] assumed that the
impedance distribution within pores was as a consequence of
the effects that resulted from the pore shape such as (a)
distributed capacitance, (b) internal ohmic resistance through
the porous structures in terms of a “transmission line”, and (c)
a resulting range of time constants, which in turn, gave rise to
the characterization of pore length and diameter [22, 23]. TLs
have been applied successfully to impedance distributions in
mesoscale and mesoporous surfaces, such as electrochemical
supercapacitors [22—25], homogenous geometries for battery
electrodes, and heterogeneous layers for corrosion products.
The interfacial mechanism and quantification of parameters
associated with the layer were deduced by examining the
transport properties within the pores [25].

In the present work, we use the impedance distribution of
the steel/carbonate/electrolyte interface obtained in our pre-
vious work [9]. This distribution was monitored by using an
AC electrochemical technique and quantified by applying
TLs. The continuous evolution of the initiation, growth and
breakdown of the corrosion products formed within the
cylindrical porous layer in a flow channel was characterized
by assuming mesoporous layer. The inner homogeneous
porous layer produced by the metallic dissolution and the
outer layer produced by FeCO5 within the pores. Both layers
were described in three stages, previously as homogeneous
layers [9]. A new stage was added to the evolution process
at the interface and is considered in the TL model. The
model helps to estimate the dissolution rate and evolution
of the steel-CO, solution interface and clucidate the mech-
anisms of reaction at the interface. The intention of the work
was to propose an improvement for the quantification of
carbon steel at the CO, corroding rate while explaining the
interfacial mechanisms by using AC methods with TLs.

Material and methods
System setup and experimental conditions

The setup for experiments in the “Thin Channel Flow Cell” or
TCFC have been described and illustrated in detail previously
[9]. The test section is rectangular with four places for metallic
AISI/SAE 1018 steel probes. The experimental electrolyte
solution was composed of 3 wt% NaCl, and was recirculated
at 126 m®> s ' at a fixed temperature of 80°C. The oxygen
concentration was maintained at 10 ppb wt.%. The pH of the
test solution was adjusted from initial (pH=4.2+0.10) to 6.6+
0.10. The CO, partial pressure at 80°C was 5.4x10* Pa.
Evolution of the interface occurred during 167 h of exposure,
and reactive stage 4 commenced after 157 h by the addition of
a 1 M H,SOy solution [26] resulting in a electrolyte pH of 5.

@ Springer

Electrochemical cell

The probe used for the electrochemical measurements includ-
ed a working electrode parallel to the fluid flow, as shown in
Fig. 1. This consisted of 1018 carbon steel with a round
geometry, having a 0.95 cm? surface area besides a concentric
1018 carbon steel ring as reference electrode. An outer 316
stainless steel ring acts a counter-electrode. Details of the
surface finish and the chemical composition of the carbon
steel was previously described [9].

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) measure-
ments were taken continuously for 167 h to monitor the
flow cell. EIS was measured under a sinusoidal excitation
potential of 10 mV (amplitude) in a frequency range from
10 kHz to 10 mHz. The impedance measurements were
corroborated by performing a frequency sweep from high
to low values, and vice versa, for some data points. KK
(Kramers—Kronig) transforms [27] were used for the set of
EIS results and corroborate the applicability for the
technique.

Results and discussion

The previous work included the porous layer as the initial
active state as a result of the selective dissolution of the
ferrite phase. The existence of one time constant in the
impedance signature in Fig. 2a and b represents the active
dissolution. The negative magnitude at short exposure times
has been assumed to related adsorption-nonlinear process
[9, 28, 29]. The formation of the initial porous layer influ-
ences the conditions for the precipitation of corrosion prod-
ucts within the pore. The continuous evolution of the steel/
electrolyte interface resulted in two semicircle in the
Nyquist complex representation as shown in Fig. 3a, and
one maximum in Bode signature at medium frequencies
with an indication in low frequencies as displayed in
Fig. 3b. The semicircle loops were formed as a consequence
of the active-mass transfer processes that existed at the
electrode/electrolyte interface. The second stage was char-
acterized by two time constants appearing at 25 h of expo-
sure. The third stage was identified by a passive or stable
layer at longer exposure times (>85 h), and the evolution of
two loops in the complex and two time constant in Bode
representation as shown in Fig. 4a and b, respectively. The
evolution of the physical properties of the layer was quali-
tatively rationalized with equivalent electrical analogs [9].
The addition of sulfuric acid to the electrolyte after 155 h
resulted in reactive behavior as a result of a breakdown of the
mesoporous corrosion product layer. Modification of the
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Fig. 1 Scheme of the
configuration of the working
electrode parallel to the
fluid flow

3 wt.% Nacl
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chemical conditions of the electrolyte produced different su-
persaturation index (SS) magnitudes [6, 28] quantified previ-
ously for three stages [9] and currently included in the fourth
stage. Figure 5a shows the impedance response following the
acid addition, with the second loop that was formed in the
previous stage decreasing and disappearing over time.
Figure 5b represents the disappearance of the low frequency
time constant as a consequence of the interface reactivation. In
this work, four stages were characterized and quantified by the
TL method, with the addition of the reactivation stage as a
result of the acid conditions in the electrolyte.

Transmission line

The interfacial evolution of the steel-CO, system, which
involved the homogeneous metallic selective dissolution and
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Fig. 2 EIS Nyquist plot (a) and phase angle plot (b) at different times
of exposure to a 3 wt% NaCl solution for stage 1
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progressive formation of mesoporous iron carbonate layer at
the interface, was the motivation for the use of a more detailed
interfacial model. The continuous evolution of the corrosion
products within the porous layer at the different interface/
location influences the current/impedance distribution. The
geometry of the pores accrues the surface interaction with
the electrolyte. The pore shape is cylindrical with defined wall
and base areas. The selective dissolution as described in a
previous work [9] produces initial cylindrical pores during the
activation stage after 3 h. Figure 6 illustrates the formation of
homogeneous cylindrical pores. The schematic representation
shows the surface exposed to the fluid, whereas the orientation
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Fig. 3 EIS Nyquist plot (a) and phase angle plot (b) at different times
of exposure to a 3 wt% NaCl solution for stage 2
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for the TL was perpendicular to the fluid motion. The exposed
surface represents the total area of the electrode, the metallic
structure is subdivided in equal geometries, and each element
represents the transport mechanisms occurring at that location.

The evolution from an active to a passive surface includes
different mechanisms, with impedance helping to identify the
control process with time. A total of three stages have been
described, based on the control step process occurring at the
interface, and a homogeneously porous layer was assumed to
be formed during the stage 1 after 3 h of exposure. The
cylinder shape of the pores is used to obtain the characteristics
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of the boundary conditions and impedance distribution of the
surface. De Levie [18, 19, 21] and several other authors [20,
23-25] have made different assumptions for the development
of'the expressions used for TL in homogeneous porous layers.
The main advantage of the finite difference concept is the
possibility of introducing mechanisms at each location within
the pore interfaces and distinguishing the processes at the
boundary conditions, such as the wall and the pore base
[17]. In this approach, the pore is separated in the wall and
the pore base. Figure 6 indicates the components of the pore,
represented by Z;, as the impedance of the base of the pore, and
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Fig. 5 EIS Nyquist plot (b) and phase angle plot (b) at different times
of exposure to a 3 wt.% NaCl solution for stage 4

7w as the lateral wall impedance of the pore. Previously, we
[9] described the evolution of impedance by dynamic layer
changes and assumed that the total surface area was controlled
by a transport mechanism. In the present case, the charge
conservation is applied to each subdivision of the loop ele-
ment; the expressions integrate the scale factor by compiling
all mechanisms in one network [29]. The general expressions
for the charge balance for each element are defined as:

d%i , R

dx”;" —nwe+7€1:0 (1)
d%i Ry

dx;—ne+ Z"1:0 (2)
d’E

where R,,. and R, are the resistances of the steel/electrolyte
interface, and of the CO, electrolyte solution per length

respectively as represented in Fig. 6. Also, iy, and i, are
the currents in the electrode and the solution respectively.
Equations (1) to (3) were derived with the boundary
conditions as in [20] of the semi-infinite cylindrical pore.
The current and voltage, defined as / and E, respectively,
represent the conditions at the pore mouth when x=0 and
when x=L at the base of the pore, where L is the length of
the pore. By solving the simultaneous system expressions
(1) to (3) with the respective boundary conditions repre-
sented in the x direction or perpendicular to the fluid, the
total impedance of a cylindrical pore was calculated as:

RyeR.L
Zpp =
Re + Rye

20" RyeRe + % (Rye® + Re)T + ARD
{*(Rye + Re) (§*°@ + 2T)

(4)

where ®=cosh(¢*°2); T=sinh({*>1); and ¢ = —R“EKR“‘ A=

R“’eZ—bRe , Z1y 1s the impedance of the lateral’s pore wall, Z, is

the impedance of the base pore, and L is the length of the pore.

Expression (4) which was originally derived by Park and
Macdonald [20] has been calculated elsewhere by several
authors for different systems [17, 30]. Kramers—Kronig
transforms [27] were used in this work to confirm the use
of impedance during the evolution process. Three stages
were identified in a previous work [9] for the electrode
surface by assuming two homogenous layers. In this work,
the formation of a homogeneous porous layer due to selec-
tive dissolution is assumed to be occurring at stage 1.

The porous layer formed during the activation stage is
associated with the charge transfer process at the metal/
electrolyte interface; the hydrogen reduction reaction takes
place at the pore surface where the Fe;C remains as the wall
of the porous layer [31]. Previous studies have described the
active state or charge transfer state as a hydrogen buffering
process as a result of the chemistry of the solution within the
pores [32]. Also, there has been a different hypothesis that
has been formulated for the activation state as a conse-
quence of a nonlinear response at the interface that is caused
by the process rate being faster than the transfer function
response, and also an analogy to inductance behavior in the
impedance spectra that resulted from the adsorption and
desorption process [33]. After selective metal dissolution,
the surface modification assumes the formation of cylinder
pores, where the lateral wall and the base surface influence
the active reaction in stage 1.

The equivalent circuit analog representing the mecha-
nisms in stage 1 includes a pseudocapacitor in parallel with
a resistor, with the resistance acting as the charge transfer
element at the base and the wall of the pore as shown in
Fig. 7a. Stage 2 characterizes the mechanisms within the
formed cylindric pore, and separates the influence of the
base and the lateral wall from the impedance distribution
owing to corrosion products formation. We assume that the
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Fig. 6 Scheme of the
homogeneous cylindrical pore
and its components represented
by Z, as the base of the pore

Initial homogeneous layer

and Z,,, as the lateral wall Pore

of the pore cylinder and Z,, as
the impedance per pore
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precipitation of the mesoporous layer of corrosion products
within the pores occurs initially at the base as a result of
influence of the electrolyte chemistry [6, 32]. Iron carbonate
is assumed to form initially at the base of the pore. The
equivalent circuit analog for Stage 2 is represented in
Fig. 7b. The interfacial processes at the pore base include
the charge transfer reaction and linear mass transfer in
series. The pseudo-capacitance due to the corrosion meso-
porous layer distribution is considered in parallel. The cir-
cuit analog describes the evolution of the precipitation of
FeCO; at the base, whereas the wall is assumed to be
formed by resistance in parallel with a pseudo-capacitance
that describes the Fe;C with charge transfer influence. Stage
3 includes the analogs for the pore base as two processes
influenced by the corrosion product. The continuous growth
of the corrosion product at the bottom part produces a
pseudo-capacitance with parallel resistance at the interface
of the wall surface, and the analogs for the elements of the
TL used are same as stage 2. The third stage includes the
precipitation and growth of the corrosion products layer at
the pore base and initiation at the bottom of the surface wall
of the cylindrical pores [34, 35] as displayed in Fig. 7c.
Stage 4 reactivates the surface by initiating the breakdown
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of the corrosion product layer. The analogs representing the
interface are active—passive in nature, where the highest
surface exposed to the electrolyte influences the active pro-
cess in this case the pore wall, and the region of the highest
passive representation is the base of the pore, as shown in
Fig. 7d.

Figure 8 shows a schematic representation of the evolu-
tion processes at the steel/electrolyte interface within the
homogeneous and steel/corrosion products/electrolyte
interface.

The TL element representing the active state was associ-
ated with the atomic hydrogen charge transfer process, and
was represented with a pseudo-capacitance element in par-
allel to the resistance, as described in Eq. 5 and represented
in the base and wall pore in Fig. 7a and wall pore in Fig. 7b,
¢, and d:

R
= P 5
ct 1 + (Rp],pr)ac, ( )
where R,=pore resistance ascribable to the charge transfer
mechanism, a,,=dispersion or roughness factor, and Q,=
pseudo-capacitance.
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Homogeneous porous
Layer

Mesoporous

Fig. 7 Scheme of the homogeneous cylindrical pore and the mesopo-
rous layer formed within th homogenous porous layer, the analog
elements represented by Zy, as the base of the pore and Z, as the lateral

Stages 2, 3, and 4 includes locations for the charge
transfer process caused by the hydrogen reaction, and
the mass transfer associated with the diffusion of HCOj3
ions both happening at the interface due to active—pas-
sive process at the interface of the base/wall pore with
electrolyte. Equation 6 describes the impedance of one
element of the transmission line for the active—passive
process:

Rct + Zw
1+ (Res + Zy) (joCar) ™

Zim = (6)

3051
Base Wall
z ,LW
Rp L
Base Wall

wall of the pore cylinder. a Formation of homogeneous porous layer in
stage 1, b formation of mesoporous layer in stage 2, ¢ mesoporous
layer in stage 3, d mesoporous breakdown in stage 4

where R.=charge transfer resistance attributable to the H"
charge transfer, Z,, is the Warburg impedance caused by the
bicarbonate/iron diffusion through the FeCO3; porous media,
Cq=double layer capacitance, and «o;,,=constant associated
to porous FeCO; layer roughness and impedance dispersion
[17, 19].

Stages 2, 3, and 4 characterize the influence of the
mesoporous FeCO; layer formation at the interface of
the steel pore with electrolyte. Equation 7 describes the
influence of each stage either passive or active as pre-
viously reported by Castaneda [36] in the impedance of
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Fig. 8 Schematic representation of the evolution processes at the steel/corrosion products/electrolyte interface in the homogeneous cylindrical pore
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one element of the transmission line in this case related  interface substrate/corrosion products defined in expression

to the FeCO; mesoporous layer or mixture active—pas- 4 is:
sive process:

ZoZim Ziy = Zyn*> (27°3 (1 — 0,,)*° 4% 8
Zup = ot (7) 1 | ( ( ) ( )

Zun + Za(1 - 9) Zy = Zyn/(1 — 0b)A ©)

where Z,, is the influence of the active and passive  where n is the number of pores in homogeneous layer, 4 is
state at @ ratio, where @=1 is charge transfer influence the total surface area, Z'y,, and Z', are the specific impedan-

and =0 is mass transfer mechanism influence. Z = ces for the wall and pore base respectively which can be
impedance for active state influence, Z,,=impedance  represented by either expressions 5, 6, or 7. This latter
for mass transfer influence. depends on the stage governing the interface. Figure 7 rep-

Geometry factor is considered for the homogeneous po-  resents the specific impedances for each stage. Stage 1

rous layer formed initially at stage 1. A cylindrical shape of  considers 7'y, and Z', being equal to the expression 5 for
the pores is assumed, while the area of the base and the wall ~ Z. Stages 2, 3, and 4 considers Z'j, being equal to expres-
are calculated respectively as 7 and 27t/ The area cover-  sion 5 while Z'y equals to expression 7.

age of the mesoporous corrosion product at the interface for Consequently, the total impedance at the interface com-
the base is represented by 6, and for the wall, 0, Therefore =~ posed of n number of pores is represented with the following
the impedance of the wall and the pore base due to the  Eq. (10):

C(Zp\ 1 RaeRL 28" RyeRe + ¢ (Ry + RIT + ARZD
Zr= - (10)

Rt R (O5(Re, + R ({70 + AT)

Figure 8 illustrates the FeCO; evolution within the pore's  corrosion products [17], and the corrosion layer evolved
homogeneous layer. The stabilization and evolution of FeCO3;  according to the chemistry within the pore as a result of
is the major influencer for the interfacial process. Nesic has  different pH conditions affecting the wall and the base of the
found the FeCOj; layer was formed after more than 60 h [28,  pore. Macdonald et al. [38] characterized nickel secondary
37]. It was assumed in this work that the corrosion products  battery performance and pore evolution by assuming two
layer has been formed between 65 and 155 h. The addition of  different corrosion products at the interface. The heteroge-
sulfuric acid resulted in the breakdown of the passive layer =~ neous layer was originated by the products formed as a
formed in previous stages as a consequence of the chemical ~ consequence of different charge and discharge cycles. Dur-

composition within the pores in the electrolyte. ing this work, a steady-state condition is assumed to exist
During stage 4, the corrosion product porous layer expe-  for each stage, and the impedance distribution of the pore
rienced breaks and defects in the mesoporous layer. Casta-  was modified owing to the corrosion product that grew at

neda et al. showed that TL characterize the iron sulfur different locations.
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Quantification of parameters at the interface by TL
modeling

Evolution of the porous interface is quantified by TL model-
ing per stage. A computer program was developed by using
Matlab software and the expressions obtained previously.
Table 1 summarizes the evolution of the parameters used for
the fitting process with time. Eleven parameters were consid-
ered for the fitting-analysis process for stages 1 and 2. The
parameters related to the characteristics of the elements asso-
ciated to the pore are: R,=charge transfer resistance for active
interface, R.;=charge transfer resistance for the active—passive
interface, Q,=double layer pseudo-capacitance for active
mechanism, Cy=porous pseudo-capacitance for the active—
passive mechanism, n=number of pores, c=Warburg coeffi-
cient, 6,=pore base cover, 6,=pore wall cover, o =rough-
ness parameter for active interface, «.=roughness parameter
for passive interface and ¢=a dimensional parameter for
active—passive state mechanism influence. The independent
parameters describe the evolution of the interface representing
each stage. Stage 1, which is the active state, is influenced by
the charge transfer process within the pore characterizing the
interface at the wall and pore base. The magnitude associated
with the wall and the pore base is charge transfer resistance for
the wall surface, R, and the pore base R, respectively. The
lateral pore wall surface area is assumed to be constant during
the four stages. During stage 1, the impedance evolution is
influenced by the base pore surface, and the R.; magnitude
decreases due to the reaction sites available for the adsorption/
charge transfer reaction. The feasibility for forming FeCO;
has been characterized by the SS parameter [6, 28, 39]. The
initial conditions magnitude illustrates for SSy=12 in previous
work [9], during stage 1 the SS increases to a magnitude of 20.

Table 1 displays the charge transfer resistance fitting mag-
nitudes at different times for stage 1. The active or stage 1 and
active—passive or stage transition process is identified by resis-
tance and capacitance trends in magnitudes. These parameters

Ry, Ret, Op, and Cy represents the evolution of the mechanisms
at two different locations within the pore, the wall and the pore
base. Our previous work [9] showed same order of magnitude
for pseudo-capacitance using equivalent circuit analysis with
the capacitance estimated from TL of 1x10™* uF cm? sn”™! by
the pore base and different magnitudes founded for the wall
surface of 1x107® uF cm” s n”'. The transition active—passive
process identifies the formation of a FeCOj; layer at the pore
base; the cylindrical geometry of the pore influences the Fe**
and CO; 2 concentration gradient and profile within the pore.
The stage 2 process starts at 25 h of exposure. Pore base
impedance is influenced by the mass transport process. The
Cq1 [40, 41] evolution represents the coverage of the corrosion
product at the pore base, the pseudo-capacitance magnitude is
influenced by the thickness and conductivity of the corrosion
product, ¢, parameter resolves the roughness of the FeCO;
porous layer also the mass transport evolution is reflected by
the diffusion coefficient within the pore by estimating a mag-
nitude of 1.3x107'° cm? s™!. Diffusion coefficient for HCO;
has been reported for aqueous environments at similar condi-
tions of aqueous solutions [42] as 2.83x10'% cm? s ™.

Lateral wall in stage 2 was characterized with charge
transfer, pseudo-capacitance, and no implications of mass
transfer element and FeCOj3; formation. The base pore includes
the increment of the charge transfer resistance, R, and pseudo-
capacitance, Cq with time, the first influenced by the avail-
ability sites to charge transfer at the interface, and the second
caused by the mesoporous layer thickness and electrical prop-
erties evolution. The diffusion of ionic species within the layer
is characterized by the o (Warburg coefficient) magnitude; this
latter appears during the transition from stage 1 to stage 2. The
layer grows from the base to the pore mouth through the
bottom of lateral walls as illustrated in Fig. 7b.

Table 2 displays the fitting parameters for stages 3 and 4.
The parameters O, R, represent the evolution of the inter-
face at the lateral wall and R, Cy characterize the pore
base. While stage 3 is characterized by the formation and

Table 1 Values corresponding to different elements after a fitting with TL was applied to impedance evolution during stage land 2 for steel surface

exposed to a 3 wt% NaCl, CO, partial pressure of 5.4x 10* Pa at 80°C

Time (h)  Pores (#) Pore wall surface Pore base SS (FeCOs)
From expression 5 From expression 7
OpuF cm?sn! R, (Q cmz) gt CqpF cm?sn! Ry (Q cmz) [ (] o Coeff
9 1000 1x10°¢ 15 0.98 1x10* 268 0.90 1 - 14
12 1000 1x10°° 15 0.98 1x107* 260 090 1 - 16
18 1000 1x10°¢ 15 0.98 1x107* 255 090 1 - 18
25 1000 3x10°° 25 0.97 6x107* 236 0.90 0.84 65 21
45 1140 3x10°° 28 0.97 6.5x107* 238 0.89  0.84 70 22
65 1140 3x10°° 35 0.97 6.8x107 286 0.89  0.84 100 17
75 1140 3x107° 40 0.97 6.9x107* 326 0.87 0.84 130 15
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grow of mesoporous of FeCOj; layer, the R. magnitudes
increase with time and are in the same order of magnitude as
estimated previously [9]. The corrosion products layer is
assumed to form and grow with time as illustrated in Fig. 7c
and the charge transfer resistance magnitude at the base is
higher than the wall surface because of the lesser number of
sites available for the mechanism. The number of pores for the
homogenous inner layer remains constant for the calculations
by assuming the maximum number is reached during stage 2.
Selective dissolution occurs at ferrite sites where homoge-
neous porous density is assumed to be formed at 3 h. Stage
2 is dominated by the activation at the pore walls and active-
mass transfer at the pore base, the number of homogeneous
pores is defined at this stage 2 to be 1140. Stage 3, the passive
state, started at 85 h and finished at 155 h when the evolution
of mesoporous layer within the homogeneous porous shows
active and mass transfer indicative parameters. The contribu-
tion of mass transfer process at the pore base, defined as &,
decreases to a magnitude of 0.14. The influence at the base of
the pore is higher for mass transfer, the pseudo-capacitance
decrease slightly and the resistance increase. The evolution at
the base considers the grow of the mesoporous layer, the
pseudo-capacitance is lower than previous estimations as a
result of formation at the pore base and the denser mesoporous
layer at the confined area, the resistance is higher in magnitude
as previously reported as a result of the less sites available
for charge exchange reaction; the wall surface pseudo-
capacitance and resistance remained constant with time as
displayed in Table 2.

Farelas et al. [9] assumed a gradual cover of the pore
surface by iron carbonate starting at stage 3. TL modeling
helped to understand the nature of the growing mesoporous
layer by representing the precipitation initiation and evolution

at the pore base during stage 2 and evolution at the base and
bottom of the wall during stage 3. The influence of the
mechanism existed at the interface steel/pore base layer was
characterized by parameter @, the active-mass transfer mech-
anism parameter. The passive state at the pore base predomi-
nated with time during stage 3. The mass transport factor o
used for pore base displays increasing magnitude with time;
the Cy parameter evolves with time where the coverage of the
base is proportional to its magnitude [16, 19]. Devos et al.
illustrate the evolution of the scaling environment with time
by measuring Cq with imaging coverage of the entire surface
[43]. They also quantified the evolution of an electrode
blocked by the corrosion product with a dimensional param-
eter, S for coverage. Castaneda et al. [17] estimated the cov-
erage of corrosion products by measuring the capacitance
magnitude in the iron sulfur pore surface by separating the
base and the wall pore locations and using TL modeling.
Stages 2 and 3 show the Ry, O, and & magnitude evolution
with time, as the mesoporous products/homogeneous pore
walls gradually reach changes in properties at 85 h. The
control mechanism at the interface of the wall pore is domi-
nated by the charge transfer reaction. R,, and O, magnitudes
increase with time, the range of the magnitudes estimated can
be compared with the previous work [9] where the Ry, R,
magnitudes range from 17 to 47  cm® while 0, and Cy were
from 183 to 3100 pF cm? s n ' in active and active—passive
transition stages respectively. Farelas et al. [9] assumed dif-
ferent layers of different thickness between the electrolyte/
electrode interfaces. Equivalent circuits described the evolu-
tion in each layer and in this work the subdivision of the
interface in two layers, one inner porous homogeneous with
separation of base and wall and the outer mesoporous layer
could describe the influence of the mechanisms in each

Table 2 Values corresponding to different elements after a fitting with TL was applied to impedance evolution during stages 3and 4 for steel
surface exposed to a 3 wt% NaCl, CO, partial pressure of 5.4x 10* Pa at 80°C

Time (h)  Pores (#) Pore wall surface Pore base SS (FeCOs)
From expression 5 From expression 7
OpuF cm?sn’! R, (Q cmz) Qe CqpF cm?sn’! R (Q sz) Ay P o Coeff
85 1140 3%x10°° 42 0.97 1.3%x107* 570 0.83 0.14 7500 13
95 1140 3%x10°° 45 0.97 1.4x107* 700 0.83 0.14 8900 12
105 1140 3x10°° 47 0.96 1.4x107* 960 0.83 0.14 6900 10
115 1140 3x10°° 46 0.96 1.2x107* 1690 0.80 0.14 4300 8
135 1140 3x10°° 49 0.97 9.9x107° 2030 0.78 0.14 2300 8
155 1140 3.3x10°° 49 0.96 9.9x107° 2300 0.77 0.14 2100 7
159 1140 1x107° 10 0.96 1107 770 0.86 0.09 14000 2
161 1140 1x10°¢ 10 0.99 1x1073 730 0.88 0.1 6500 1
164 1140 1x107°° 10 0.99 1x1073 230 091 0.1 3300 0.3
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Fig. 9 Comparison of LPR and TLM corrosion rates vs. time for a carbon steel 1018 electrode at different stages during the CO, corrosion process

interface formed. During stages 2 and 3, the pore walls are
partially covered by the FeCO3; mesoporous layer at the bot-
tom, the precipitation at the base consumes the Fe** ions and
depletes the concentration.

Linear polarization resistance has been used as the prime
electrochemical method to estimate the corrosion rate when
steel is exposed to a CO, environment for different lengths
of time [36, 44]. The physical parameters of the passive
layer evolve, and consequently from the kinetics of layer
growth/formation, the steady-state nature of the interface
has permitted the use of low polarization techniques such
as LPR and EIS, which are small-amplitude techniques that
are used to monitor change of the interface. One advantage
of DC-based technique, such as LPR is the quick response
for estimation of the overall rate, whereas techniques based

on AC give insights to the mechanisms and the separation of
the elements at the interface by the wide frequency range
describing the interface.

The number of pores, characteristics of the pore, and the
elements fitted for the four stages represent the evolution of
the active, active-mass transfer and reactivation process at the
interface. Tables 1 and 2 shows the evolution within a pore
separated in two locations, base and lateral wall charge trans-
fer and mass transfer processes as they relate to the dissolution
process. Castaneda et al. [36] estimated the dissolution pro-
cess by linking alternate current and the TL for a high resis-
tivity electrolyte with charge and mass transfer mechanisms
for each element forming the TL [17]. Corrosion rate was
estimated for each stage by using R, Z,, parameters and as
described previously by Castaneda [36]. Tables 1 and 2
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Fig. 10 Comparison of
experimental impedance and
TL simulation diagrams for
the four stages of the 10
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represent the evolution of the elements at the interface within
the pore, such as Ry, Ry, Op, Cai, 0, and « for each stage.
Several authors have demonstrated the stability of the corro-
sion products layer [3, 4, 7, 9, 34, 35] attributable to FeCO;
precipitation and formation. The separation of the ele-
ments of the pore showed the controlled process to be
charge transfer and mass transfer at the base and follow-
ing certain critical time. The influence of the pore base
interface leads to the stabilization of the charge transfer
and mass transfer mechanisms. The corrosion rate at
stage 3 decreases, while the charge transfer at the wall
and pore base increases. Surface area for active—passive state
is a function of precipitation and formation of corrosion prod-
ucts, such as FeCOs.

Stage 3 is modified by adding H,SO, solution to the elec-
trolyte. In doing so, SS magnitude decreases and the pH of the
electrolyte changes to a magnitude approximately of 5. The
chemistry within the pore is modified, and pseudo-capacitance
magnitudes indicate the coverage modification was caused by
the breakdown of the mesoporous layer and the leak current
with the charge transfer decreasing the magnitude and originat-
ing higher dissolution rate. The activation of the interface is
considered at this stage at both locations within the pores.
Table 2 displays the pore base magnitudes associated with the
evolution at the interface, breakdown of the layer created sites
for exchange reaction to magnitudes equivalent to stage 1. Ry
reached 230 Q cm? in stage 4, same parameter was 236 (2 cm®
at the end of stage 1. Pseudo-capacitance was higher in mag-
nitude than stage 1 following the breakdown or stage 4. This
latter could be as a consequence of the mesoporous evolution at
the homogeneous porous layer/electrolyte interface as illustrat-
ed in Fig. 7d, the surface increase the sites where the current
drain. Figure 9 shows the fitting magnitudes vs. the experimen-
tal parameters for different times in each one of the four stages.
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The fitting process for each stage includes a minimum square
error method. The expression 10 was used to fit the data
displayed in Fig. 9 and validate the confidence by using min-
imum squares MSQ in Eq. (11):

2 . . . . 2
real real imaginary imaginary
|:<ZT-, Exp — ZT ) + <ZT Exp ZT ) :|

real imaginary
[ZTA, Exp + ZT‘ Exp i|

MSQ =)

(11)

where Zy gy, is imaginary and real impedance of the experi-
mental data to fit, Z7 is the theoretical impedance. The algo-
rithm developed includes an error percentage of 5% maximum
as a stop criterion for each frequency included. Figure 10 shows
the corrosion rate evolution, with time calculated from DC and
AC measurements. Qualitatively, the magnitudes are similar for
both approaches; detailed analysis with TL modeling reveals
the evolution of the mechanism in early stages (1 and 2)
produce higher dissolution rates magnitudes. Surface area in
TLM includes the characteristics of the pore, such as the
number of pores, the cover factor and the elements describing
the interface stage before and after the layer formation and after
breakdown. Charge transfer resistance in the four stages repre-
sents the active sites available from the dissolution process,
whereas the Cy magnitude represents the physical nature of
the aqueous-film interface and quantifies the passive sites.
Figure 10 indicates the corrosion rate evolution per stage.
Differences in corrosion rate for AC and DC approaches show
the implications of both techniques; the highest magnitude for
corrosion rates during stages 1 and 2 for AC-TLM represents
the detailed modification and influence of surface available for
the active sites. Higher magnitudes for impedance and resis-
tance at the pore base reveal the influence of this interface in the
corrosion rate. Selective dissolution and active sites originated
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the pores and the influence of the charge transfer mechanism.
Stages 1, 2, and 4 include the highest influence as a result of the
active surface area mechanism within the pore. During stage 3,
the corrosion rate is quantitatively similar in both techniques as
a consequence of the mesoporous formation of the FeCO;
layer; the active/passive area ratio is similar during this stage.
Farelas [26] reported different SEM images of X65 steel cou-
pons exposed in flow channel cell at same electrolyte condi-
tions as the present work, the FeCOj; layer formed at the base of
the pore did not precipitate at the pore mouth and the middle-
upper part of the wall surface of the pores during the exposure
time equivalent to our stage 3.

Conclusions

TL modeling characterized and quantified the evolution
of the mechanisms through the parameters associated
with the elements of the network at the interface electrode/
electrolyte.

The separation of the base and the wall of the initial
homogeneous porous layer having a cylindrical geometry
describe the precipitation and the formation of the mesopo-
rous FeCOj; layer. The four stages identified the dissolution
mechanisms attributable to the modification of the pH,
transport, and interfacial mechanisms. The elements defined
at the pores describe qualitatively the evolution at each
location of the pore.

The precipitation of FeCOj3 porous layer was initiated and
grows at the base and the middle-upper part of the wall
remained active as a result of the chemistry, composition, and
geometry of the wall surface within the pore. This latter
marked the influence of the overall mechanism of the pore
base over the surface wall.

TLM by means of impedance measurements could esti-
mate the dissolution rate and elucidate the mechanisms in
real time of the steel/CO, electrolyte system.
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