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Abstract

Electrochemical Impedance Spectroscopy (EIS) is frequently used for the study of
electrochemical reactions and associated. mechanisms and phenomena. To study a specific
reaction, it is important to choose the DC potential at which the measured impedance data carries
information mostly related to that specific reaction. One of the first questions asked was: at
different potentials, which reaction contributes most to the recorded impedance spectra, cathodic
or anodic? For example, at the corrosion potential where the cathodic current density is equal to
the anodic current density, does the impedance data carry information about the two reactions
equally? The following study is the development of a methodology that is essential as the first
step for analysis of the impedance data related to an electrochemical reaction. This methodology
consists of a new model that predicts which reaction is dominant to the measured impedance at

any specific potential. The experimental results provided confirm the validity of the model.

Keywords: electrochemical impedance spectroscopy, dominant electrochemical reaction, DC

potential, corrosion, polarization resistance
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1. Introduction

EIS is an electrochemical technique that can be applied to study electrochemical mechanisms of
reactions underlying corrosion, evaluate coating performance, characterize battery and fuel cell
performance, etc.[1-12]. EIS can provide a wealth of information about the electrochemical
reactions and surface phenomena occurring, based on analysis of the impedance response of the
system. The term impedance is defined as “the effective resistance of an electric circuit or
component to alternating current, arising from the combined effects of ohmic resistance and
reactance”[13]. In other words, impedance measurements include the estimation of both the
ohmic resistance to a flow of current and resistance to a charige in current, called reactance that
arises from the effect of inductance and/or capacitance [1]. In EIS measurements, a small
amplitude, alternating signal (current or potential) is applied at different frequencies to probe the

impedance characteristics of a system being studied, in our case corrosion.

In the field of corrosion, it has been common practice to use the so called direct current (DC)
techniques to study the mechanisms of the electrochemical corrosion reactions; for some recent
examples from aqueous CO; corrosion of mild steel, see Kahyarian et al. [14]. Usually, the DC
techniques involve a rather slow change in potential and monitoring of the resulting steady state
current response, such as done for example in potentiodynamic polarization methods. As an
example, Figure la shows the results of two separate potentiodynamic polarization sweeps
(cathodic and anodic) conducted on mild steel in an aqueous CO; solution. Both potential sweeps
were initiated at the open circuit potential (OCP), and then the potential was swept at the low rate
of 0.125 mV s™ in the cathodic and then anodic direction. At more positive potentials than the
OCP, the measured steady state current density originates predominantly from the anodic

reaction — in this case oxidation of iron— and therefore carries information mainly about the rate
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of this reaction. Similarly, at potentials more negative than the OCP, the measured steady state
current density carries information mostly about the rate of cathodic reactions in this case

evolution of hydrogen via reduction of H* ions and water molecules.

But does that also mean that the analysis of the impedance obtained by EIS should follow the
same logic, that is: at potentials more positive than OCP, the impedance of the anodic reaction is
dominating, while at more negative potentials it is the impedance of the cathodic reaction that
dominates. If so, at the OCP, where the rates of the anodic and cathodic reactions are equal, do
the EIS measurements detect an even contribution of both reactions to the measured impedance
(see the example in Figure 1b)? The answer to this question is the main objective of the present
paper. Restated more generally: before conducting EIS measurements, it is important to estimate
what fraction of the impedance recorded at any given potential is contributed by one reaction or
the other. In the present paper, a methodology is introduced to estimate the dominant
electrochemical reaction contributing to the measured impedance at any given potential. It is the
hope that the described method will help researchers better select experimental conditions, so
that the collected impedance spectra carry sufficient information about the electrochemical
reactions of interest. In order to demonstrate the new methodology, an experimental study was
first presented, where potentiodynamic sweep were collected followed by EIS measurements

conducted at different DC potentials.

2. Experimental

Experiments were performed in a standard 1 L, three-electrode glass cell consisting of a rotating
disk working electrode (RDE), a graphite rod counter electrode and an external saturated
Ag/AgCI reference electrode, connected to the solution via a salt bridge and a Luggin capillary.

The experimental apparatus is shown in Figure 2. The test solution was continuously sparged
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with CO; gas during and two hours before the initiation of the experiments, to saturate the
solution and remove the dissolved O, (concentration levels below 10 ppb are readily achieved).
The pH of the test solution was adjusted to pH 4.0 using a dilute NaOH solution. The working
electrode was made from API* 5 L X65 mild steel (composition provided in Table 1) in the
shape of a 5 mm diameter disk, which was polished by using silicon carbide papers (up to 1000
grit) and finally mirror finished using diamond suspension liquids (down to 0.25 pm). Mirror
finishing was done to minimize formation of gas bubbles on the surface of the RDE during
polarization and improve reproducibility of measurements. Following the surface preparation,
the sample was cleaned with isopropyl alcohol in an ultrasonic bath and then dried with a N, gas
stream. Before each polarization sweep and EIS measurements, OCP was monitored for 20-30
minutes to achieve a stable value (drift in the OCP.< +/- 0.1 mV min™). After obtaining a stable
OCP, the cathodic polarization sweep was conducted by polarizing the RDE from OCP to OCP —
350 mV using a scan rate of 0.125 mV s*. Following the cathodic polarization sweep, EIS
measurements were performed in succession at different DC potentials, starting from OCP and
stepping the DC potential by —50 mV, down to —300 mV more negative than OCP. For the
measurements done at potentials more positive than OCP, an EIS measurement was performed
only at OCP + 50 mV and finally, a full anodic polarization sweep was conducted from OCP to

OCP + 100 mV. The summary of the test conditions for the experiments is shown in Table 2.

' American Petroleum Institute (API), 1220 L St. NW, Washington, DC, 20005.
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3. Results and discussion

3.1. Potentiodynamic sweep and the model

In corrosion of mild steel in acidic aqueous solutions, it is known that the main anodic reaction is
the oxidation of iron (Reaction (1)) and the main cathodic reaction is the reduction of hydrogen

ions (Reaction (2)). At the very negative potentials, reduction of water (Reaction (3)) occurs as

well.
Dissolution of iron Fe = Fe?* + 2e~ (1
Reduction of hydrogen ion H* + N\ 1 H, (2)
2
Reduction of water HO 4o e %Hz + OH- (3)

Reaction (1) shows the general reaction for the iron dissolution which involves 3 consecutive

steps shown in (Reactions (4)-(6))[15].
Fe+ OH™ = (FeOH)qqs +e~ (¥

d
(FeOH)yys 5 (FeOH)+e- O
(FeOH)* + H* = Fe** +H,0 ()

The measured potentiodynamic sweep are shown in Figure 3. In order to deconvolute the data
shown there and extract those pertaining to individual electrochemical reactions, shown above, a
simple mechanistic model was constructed using the kinetic equations of each electrochemical
reactions (Equations (7)-(13)) with the calculated results shown in Figure 4 [15-19]. In the
model, it was assumed that the iron dissolution is under pure charge transfer control and

Equations (7) was use for modeling of this reaction which is approximately valid on a limited
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potential range close to OCP. Moreover, it was assumed that the water reduction is under pure
charge transfer control (Equation (13)) while the reduction of hydrogen ion is under charge
transfer control at more positive potentials and under mass transfer and chemical reactions

control at more negative potentials (Equations (8)-(12)).

Iron dissolution - charge transfer current density:

1.5F -
let,re = iO,Fee( rT) (7 [15-17]

Hydrogen ion reduction - charge transfer controlled current density:

—0.5F
iCt,H+ = iO'H+e( RT n) (8) [16,17]

Hydrogen ion reduction - mass transfer and chemical reaction limiting current

density:

FDy+(Ceo, +C
Dimut = 0.62F D+ * 2w/ 2v=1/6C, 1+ o 6025 i) ) [17,19]

Oq + 7=
a Khy,COZ

Diffusion layer thickness:
g = 161D+ /3w =1/2y1/6 (10) [17]
Reaction layer thickness:
5= (2 )“Z ay [
" (Kt ny,co,, + kb y,co,)
Hydrogen ion reduction - total current density:
1t 1 (12) [16-18]

ly+  lenat  UimH*
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Water reduction-charge transfer controlled current density:

—0.5F
ivero = iop,0el KT ) (13)  [16.17]

Summing the current densities for the three reactions gives us the overall potentiodynamic
sweep, shown in Figure 4. The good fit between the experimental results and the modeled
potentiodynamic sweep is shown in Figure 4. The outcome of this exercise showed that at OCP,
the cathodic reaction is dominated by hydrogen ion reduction, which is under mixed charge
transfer, mass transfer and chemical reactions control, as shown in Figure 4. Therefore, the
corrosion current density (5.1 A m™), is close in magnitude to the limiting current density (6.7 A

m).

3.2. Identifying the dominant electrochemical reaction

Figure 4 shows the individual electrochemical reactions. Using Equation (14), we can calculate
the percent contributions of individual electrochemical reaction to the total current density
obtained at different potentials what is shown as a bar graph (Figure 5). At OCP + 50 mV,
88.8%. of the measured current density was related to the oxidation of iron. Conversely, at OCP
— 50 mV, 86.8% of the measured current density was associated with the H" reduction. As the
potential becomes more negative than OCP, the contribution of the current density originating
from H* reduction to the total current density increases, and at the same time the water reduction
contribution grows. As indicated in Figure 4, at very negative potentials the cathodic reaction is

dominated by the water reduction reaction (not shown in Figure 5).

l .
Contribution of current density of reaction j = i n ] T ) x 100 (14)
ct,Fe H* ct,H,0

The deconvoluted data shown in Figure 4, can also be used to estimate the contribution of the

individual reactions to the overall impedance that would be measured at different DC potentials.

7
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Given that the value of impedance includes both the ohmic resistance and the reactance, only the
ohmic resistance (real part of the impedance) can be calculated from the steady state data shown
in Figure 4. As the mass transfer and chemical reactions (that give rise to the imaginary part of
the overall impedance) and the charge transfer reactions (manifested as the real part of the
overall impedance) are linked in an electrochemical process such as corrosion, we can argue that
estimating the real part of the impedance gives us a reasonable estimate of the relative magnitude

of the overall impedance [20].

We can now use the potentiodynamic sweep data, in order to estimate the real part of the
impedance at any potential (which we will call here the polarization resistance, R,), by
calculating the first derivative of the current density-potential curve by using Equation (15), for

each individual electrochemical reaction, shown in Figure 4.

AV
Rp=77 (19

The results are plotted in Figure 6.

The line representing the anodic reaction in Figure 6 shows an increase in R, r, as potential
becomes more negative, while for the cathodic reactions the polarization resistance decreases.
However, as the limiting current density range for the H" reduction reaction is approached, the
R, y+ for this reaction reverses course and starts to increase, as shown in Figure 6. This is
because it becomes harder to change the rate of this reaction by polarization as it gets closer to
the limiting current density which is controlled by slow mass transfer and homogenous chemical
reaction rates. The R, ,,, keeps getting smaller at more negative potential across the whole

range of potentials.
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Using an electrical circuit analog model of this electrochemical process, where resistances
arranged in parallel represent individual electrochemical reactions, the overall polarization
resistance Ry operqu Can be calculated by using Equation (16). It shows that the overall
polarization resistance is dominated by the smallest of the individual polarization resistances. In
other words, the reaction/process with the smallest polarization resistance will be the dominant
one. The overall polarization resistance for the 3 reactions is shown as the thick black line in

Figure 6.

R T
Rp,overall Rp,Fe Rp,H+ Rp,HZO

It is shown in Figure 6 that at more positive potentials the overall polarization resistance is
dominated by the anodic reaction, given that the Fe oxidation reaction has the smallest
polarization resistance in this range. In the mid-range of potentials, the contribution of H*
reduction (which is under mass transfer control) has the largest influence on the Ry, ,yerqu-
Finally, at the more negative range of potentials, the R, ,o dominates (being the smallest of the
three). Even if this behavior is qualitatively similar to the changes seen in the current density,

shown in Figure 4, the two do not align entirely.

The same information is represented in Figure 7, where using Equation (17) the contributions of
the three reactions to the polarization admittance (1/R,) are calculated and explicitly shown at
different potentials. Now, the contributions of individual reactions to the measured current
density (shown in Figure 5) can be directly compared the contributions to the overall polarization

admittance (shown in Figure 7) at the same potentials.

Rp,overall

Contribution of admittance of reaction j = x 100 (17)

J
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e At OCP + 50 mV, where 88.8% of the measured current density comes from the anodic
reaction, the overall polarization resistance is also dominated by the same reaction. At
this potential, the R, r. is much smaller than it is for the other reactions and represents
96.8% of the overall polarization admittance (1/R, yerqu)- Thus, both the measured
current density and the measured polarization resistance carry the information about the
same reaction: Fe oxidation.

e At the OCP, the anodic and cathodic current densities are balanced (equal) and no current
is flowing in the external circuit and the rates of the individual reactions cannot be
assessed directly. However, at the OCP, the measured polarization resistance is still
dominated by the R, r.: polarization resistance for this reaction is about 4 times smaller
than that for R, ,+ and orders of magnitude smaller than Ry, y,o. Thus, at OCP, the
polarization resistance carries information mostly about Fe oxidation: polarization
admittance of this reaction is 87.6% of the overall polarization admittance.

e At OCP — 50 mV, the contribution of the R, ¢, to the overall polarization resistance is
still dominant. The polarization admittance of this reaction is 69.7% of the overall
polarization-admittance, while at the same time the current density is dominated by the
H* reduction reaction (which contributes 86.8% to the measured current density).
Therefore, while at this potential, the current density mostly carries information about the
H* reduction, the polarization resistance gives us information mostly about Fe oxidation.

e At OCP - 100 mV, the Ry, =~ R, y+, While the R, ;o is still orders of magnitude
higher. At the same time 97.6 % of the measured current density comes from the cathodic
reactions (mostly H" reduction). Again, the measured current density mostly carries

information about the H* reduction reaction, while the measured polarization resistance

10
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gives us mixed information, contributed approximately equally by both Fe oxidation and
H* reduction.

e AtOCP - 150 mV, the R, ,+ is approximately half of the R,, r., which is again about half
of Ry n,0. At the same time, 99.6% of the measured current density comes from the
cathodic reactions (with 99.1% of that contributed by H* reduction). Therefore, the
current density carries information about the H* reduction, while the polarization
resistance gives us mixed information dominated by the cathodic reactions: mostly H*
reduction (polarization admittance of H* reduction is 59.5% of the overall polarization
admittance).

e At OCP - 200 mV, 99.9% of the current density comes from the cathodic reaction
(98.6% of that from H* reduction). At the same time, the R, re is about 15 times higher
than the ones for the R, ,+ and R, 41, . SO, the current density carries information about
the H* reduction, while the overall polarization resistance gives us mixed information
mostly about the cathodic reactions contributed more by H,O reduction and less by H*
reduction; polarization admittance of H,O reduction is 60.2% of the overall polarization
admittance.

e At OCP - 250 mV, 99.99% of the current density comes from the cathodic reactions
(with 96.6% of that from H"* reduction) while the overall polarization resistance is
dominated by R;, i,o Which is an order of magnitude lower than R, ,;+ and two orders of
magnitude lower than R, .. In this case the current density carries information about H*
reduction, while the measured polarization resistance gives us information predominantly
about H,O reduction: polarization admittance of H,O reduction is 91.6% of the overall

polarization admittance.

11
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e At OCP - 300 mV, almost 100% of the current density comes from the cathodic reactions
(mostly H* reduction) while the overall polarization resistance is dominated by RpH,0
which is two orders of magnitude smaller than R, 4+ and three orders of magnitude
smaller than R, r.. Therefore, the current density carries information predominantly
about H* reduction, while the overall polarization resistance carries information

predominantly about H,O reduction: polarization admittance of H,O reduction is 98.7%

of the overall polarization admittance.

3.3. Comparisons with the experimental EIS data

We will now examine if the conclusions drawn above about the dominant reactions at different
potentials, based on estimated polarization resistance is consistent with EIS measurements
conducted at those same potentials. In Figure 8, if we first look at the spectra collected at the
potential OCP + 50 mV and at the OCP, we see that the diameter of the high frequency loop
increases, meaning that the charge transfer resistance value increases, i.e. the rate of that reaction
decreases at more negative potentials. This confirms that in this potential range, the impedance
of the anodic reaction is dominant and is the one being detected by the model in Figure 6 and
Figure 7. Moving on to even more negative potentials, ie. OCP — 50 mV, the same trend
continues, i.e. the diameter of the high frequency loop i.e. the charge transfer resistance keeps on
increasing. This confirms that in this range of potentials, the impedance of the anodic reaction
remains dominant, even at OCP — 50 mV where 69.7% of the measured impedance is estimated
to come from the anodic reaction (Figure 7), while most of the measured current density (84.8%)
is related to the cathodic reaction (Figure 5). We can also observe in Figure 8, that the EIS curves
collected at the OCP + 50 mV, at the OCP and at the OCP — 50 mV look quite similar: a

depressed semi-circle with an inductive loop at low frequencies that carry information mostly

12
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about the anodic reaction — oxidation of iron, which dominates the measured impedance in this
potential range, as shown above. It has been argued in some previous studies that the high
frequency capacitive loop is related to the double layer capacitance followed by a low frequency
inductive loop representing the relaxation of Fe(l).4s = FEOH,qs as an intermediate species in iron

dissolution reaction [3-5,21]

In Figure 9, we had added the spectrum collected at OCP — 100 mV which indicates some of the
same trend: an increase in the overall impedance with the decreasing potential. This is consistent
with the analysis above, where we concluded that about half of the measured impedance at this
potential comes from the anodic reaction, even if it is 100 mV more negative than the OCP.
However, the key difference is the absence of the inductive loop, which was associated with the
anodic reaction. This is related to the fact that the measured impedance at OCP — 100 mV is
influenced by the cathodic reactions as much as the anodic reaction, making it difficult to

observe the inductive loop at low frequencies.

In Figure 10, the spectrum collected at OCP — 150 mV is compared to the one obtained at OCP —
100 mV, where we can see a profound change in the shape of the spectra. According to the
analysis above, at OCP — 150 mV the measured impedance is dominated by the cathodic reaction
— H* reduction, being almost entirely under limiting current density control. This is reflected in
Figure 10, where this behavior which is consistent with an existence of a so-called Warburg
impedance at this potential, indicates the influence of the limiting current density in the low

frequency range.

Almost the same behavior is seen at OCP — 200 mV and OCP — 250 mV (Figure 11) where the
overall impedance is predominantly influenced by the same cathodic reactions — reduction of H*

and H,0, with the former being under limiting current density control and the latter being under

13
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charge transfer control. According to Figure 7, as the potential becomes more negative, the
impedance associated with the reduction and H,O becomes dominant, and being under charge
transfer control, we would expect the shape of the spectrum to change. While this is difficult to
discern from spectra collected at OCP — 200 mV and OCP — 250 mV, it becomes clear when
comparing with a spectrum collected at OCP — 300 mV. There, the measured impedance is
significantly smaller, the shape of the curve is quite different with at least two-time constants, all
suggesting a new reaction dominating the impedance in this potential range. This is consistent
with the analysis presented in Figure 6. It is interesting to note that the H,O reduction reaction is
not clearly discernable in this potential range by just looking at the potentiodynamic sweeps
presented in Figure 4. To identify it clearly, it would take approximately another 100 mV of
polarization in the more negative direction, yet it dominates the impedance spectrum at this

potential.

The values of the charge transfer resistance and polarization resistance as estimated from the
impedance spectra (Figure 8 - Figure 11) are compared to polarization resistance calculated from
the model fitted to the potentiodynamic sweep curves (Figure 6) and are presented in Table 3.
The charge transfer resistance and the polarization resistance were determined by a simple visual
inspection of the provided Nyquist plots, without resorting to equivalent circuit analysis and
fitting algorithms. Charge transfer resistance is the resistance related to pure charge transfer
current density. In other words, when the change in current density is only related to the change

in potential, as shown in Equation (18).

Ree = (57 (18

Ai )Ci(O).Bi

14
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For H* reduction, the polarization resistance is the combination of charge transfer and mass
transfer resistances. For iron oxidation, the polarization resistance is associated with the charge
transfer resistance and the adsorption kinetics of FeOH on the metal surface. In the vicinity of
the corrosion potential, the overall polarization resistance can be represented mostly by the
anodic and cathodic polarization resistances in parallel to each other. Reliable estimation of the
polarization resistance was possible only for spectra collected at the most positive potentials and
the most negative potentials. The spectra collected in the mid-range of potentials, which are
strongly influenced by the H* reduction reaction, which is under limiting current density control,
were not able to provide an accurate estimation of the polarization resistance. Overall, a
reasonable agreement is observed which reinforces the validity of the methodology and the

interpretations presented above.

4. Conclusion

> A new methodology based on modeling potentiodynamic sweeps has been developed to
estimate the dominant electrochemical reaction(s) contributing to the impedance measured by
EIS at any potential. This model can help to design experiments by selecting DC potentials in
EIS measurements which can best elucidate the behavior of reactions of interest.

> At various potentials, the relative contributions of different reactions to the measured
impedance in EIS measurements are not always analogous to their contributions to the measured
current density. For example, in the case presented above related to corrosion of mild steel in a
CO; solution, at a potential 50 mV more negative than the open circuit potential, the dominant
reaction contributing to the measured current density is due to the cathodic reaction (H*
reduction) while the dominant reaction contributing to the measured impedance is the anodic

reaction (Fe oxidation).

15
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Appendix A. Nomenclature

C; Concentration of species i / mol m™

D; Diffusion coefficient of species i / m*s™
04 Diffusion layer thickness / m

Oy Reaction layer thickness / m

n Over potential / V
F Faraday constant / C mol™

Current density of reaction j / A m?

16
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lo,j Exchange current density of reaction j / A m™
lch,j Charge transfer controlled current density of rection j / A m™
i1;m;  Limiting current density of reaction j / A m™
krqsre Rate constant of rate determining step of iron dissolution reaction
k¢ nyco, Rate constant of forward CO; hydration reaction / st
kp,nyco, Rate constant of backward CO, hydration reaction / st

Knyco, Equilibrium constant of CO, hydration reaction

Di Partial pressure of species i / bar
% Kinematic viscosity / m*s™
R Universal gas constant / J K*mol™

Retj Charge transfer resistance of reaction j / ohm cm?

»;  Polarization resistance of reaction j./ ohm cm?

T Temperature / K

%4 Electrode potential / \V/

w Angular velocity /rad s™

0, Surface coverage of species i

Z Impedarice / ohm cm?

Z' Real part of impedance / ohm cm?

A Imaginary part of impedance / ohm cm?
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Potential vs. SHE / V
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Figure 1. Corrosion of X65 mild steel RDE @ 2000 rpm, 0.1 M NaCl aqueous solution sparged

with 1 bar CO,, pH 4.0, 30 °C; a) steady state potentiodynamic polarization sweeps; b)

electrochemical impedance spectrum conducted at the open circuit potential (OCP) shown as a

Nyquist plot.
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Figure 2. The experimental apparatus: (1) 1 L glass cell; (2) reference electrode (Ag/AgCl); (3)
rotating-disk working electrode ( X65 mild steel); (4) counter electrode (graphite rod) ; (5) pH
probe; (6) thermocouple; (7) gas inlet; (8) gas outlet; (9) motor; (10) magnetic stir bar; and (11)

hot plate stirrer. Drawing courtesy of Cody Shafer, OU, ICMT.
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Potential vs. SHE / V
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Figure 3. Steady state polarization sweep curve, measured using a sweep rate of 0.125 mV s, on
X65 mild steel RDE at 2000 rpm, corroding in an agueous solution at pH 4.0, 30 °C, saturated at
1 bar CO,, with 0.1 M NaCl supporting electrolyte. Error bars represent minimum and maximum

current densities calculated in duplicated experiments.
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Figure 4. Experimental and modeled steady state potentiodynamic sweep of individual reactions
underlying the overall potentiodynamic sweep shown in Figure 3. Modeling parameters: mild
steel RDE at 2000 rpm, pH 4.0, 30 °C, aqueous solution saturated at 1 bar CO,, with 0.1 M NaCl

supporting electrolyte.
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Figure 5. Contribution of each reaction (H* reduction, Fe oxidation and H,O reduction) to the
total current density, based on Figure 4. Modeling parameters: X65 mild steel RDE, 2000 rpm,
pH 4.0, 30 °C, aqueous solution saturated at 1 bar CO,, and with 0.1 M NaCl supporting

electrolyte.
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Figure 6. Modeled polarization resistance of H* reduction, Fe oxidation, H,O reduction and
overall polarization resistance, derived from the modeled potentiodynamic sweeps shown in
Figure 4. Modeling parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 °C, aqueous solution

saturated at 1 bar CO5, and with 0.1 M NaCl supporting electrolyte.
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Figure 7. Contribution of individual reaction (H* reduction, Fe oxidation and H,O reduction) to

the total admittance, based on Figure 6. Modeling parameters: X65 mild steel RDE, 2000 rpm,

pH 4.0, 30 °C, aqueous solution saturated at 1 bar CO,, and with 0.1 M NaCl supporting

electrolyte.

27



Journal Pre-proof

100
90 + °
o
80 o L [ ] o
| o * 0.42 Hz P o
70 + [ ] °
I O,
60 4 (] o
L Oe [
T 0T Oe o
O 40 | Oe .
c I Oe °
»\ 30 + 02. 3.18 Hz b o
= - Y PR R S P
N 20 ¢ ¥ o
r 9,97 Hz 2 e O
10 + 0.99 Hz
| 10kH:z 0.042Hz g
0 - Q.18 Hz 0.13 Hz o
¥
L 0.01 Hz 0.042 Hz e©
- 4 [ ]
-20 T 0.01 Hz
-30 t t T T t T T t T T t T T } T T + T T } T T
-30 0 30 60 90 120 150 180 210 240 270
2’/ Qcm?

Figure 8. Nyquist plot at OCP + 50 mV, OCP, and OCP - 50 mV. Experimental parameters: X65
mild steel RDE, 2000 rpm, pH 4.0, 30 °C, aqueous solution saturated at 1 bar CO,, 0.1 M NaCl
supporting electrolyte and frequency range from 10,000 - 0.01 Hz. Nyquist plots having the same

shaped markers represents duplicated experiments.
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Figure 9. Nyquist plot at different OCP, OCP — 50 mV and OCP — 100 mV. Experimental
parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 °C, aqueous solution saturated at 1 bar
CO,, 0.1 M NaCl supporting electrolyte and frequency range from 10,000 - 0.01 Hz. Nyquist

plots having the same shaped markers represents duplicated experiments.
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Figure 10. Nyquist plot at different OCP ~ 100 mV and OCP — 150 mV. Experimental
parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 °C, aqueous solution saturated at 1 bar
CO,, 0.1 M NaCl supporting electrolyte and frequency range from 10,000 - 0.01 Hz. Nyquist

plots having the same shaped markers represents duplicated experiments.
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Figure 11. Nyquist plot at different OCP — 200 mV, OCP — 250 mV and OCP — 300 mV.
Experimental parameters: X65 mild steel RDE, 2000 rpm, pH 4.0, 30 °C, aqueous solution
saturated at 1 bar CO,, 0.1 M NaCl supporting electrolyte and frequency range from 10,000 -

0.01 Hz. Nyquist plots having the same shaped markers represents duplicated experiments.
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Tables:
Table 1
Chemical composition of API 5L X65
Element C Nb  Cr Ni Mn S P Ti Al Fe

Composition 0.05 0.03 0.15 0.38 151 <0.001 0.004 0.01 0.033 Balance
Iwt%
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Table 2

Experimental conditions

Parameters Values

Rotating disk electrode
Test apparatus
Three-electrode glass cell

Sparge gas pCO, =1 bar
Temperature 30+0.5 °C
pH 4.00+0.01
Supporting electrolyte 0.1 M NacCl
Rotation rate 2000 rpm
Electrode material API1 5L X65

Parameters of the EIS scans:
Frequency from 10000 to 0.01 Hz

AC potential 10 mV rms.

DC potential OCP (- 435+1 mV vs SHE)
OCP - 50 mV
OCP - 100 mV
OCP - 150 mV
OCP - 200 mV
OCP - 250 mV
OCP - 300 mV

OCP + 50 mV
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Table 3

Comparison of charge transfer resistance estimated from EIS measurements (Figure 8-Figure 11)

with the polarization resistance calculated from the model fitted to the potentiodynamic sweeps

(Figure 6). Modeling and experimental parameters: mild steel RDE at 2000 rpm, pH 4.0, 30°C,

aqueous solution saturated at 1 bar CO,, with 0.1 M NaCl supporting electrolyte.

OCP OCP OCP OCP OCP OCP OCP OCP
+50 mV S0mV | <100 mV | =150 mV -200 mV -250 mVv | =300 mV
Ree oM EIS | 5511 | 7041 | 22343 | 71086 | 12545 11347 962 8545
experiments / Q
cm?
R, from EIS cannot be | cannothe | cannot be
14
experiments / 25+1 | 5742 | 14845 | 71946 reliably reliably reliably 520420
cm? determined | determined | determined
Ry, from modkel 10 51 | 225 851 2447 3518 2772 883

potentiodynamic
sweep / Q cm?
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