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ABSTRACT 
 
Electrochemical Impedance Spectroscopy (EIS) is a powerful transient technique which 
enables an insight into the corrosion process not easily obtained by other predominantly 
DC techniques. However the EIS technique presents a large challenge both from a 
theoretical as well as an experimental point of view. Collecting accurate EIS raw data is 
not easy as EIS is plagues with errors not seen by the DC techniques. Building 
mechanistic models to capture the EIS data is a very complex task which enables 
extraction of valuable information about the corrosion process, however the time and 
effort investment required is very large. 
  
In this study of CO2/H2S corrosion of mild steel it was found that a “minor” detail in the 
experimental set-up caused erroneous acquisition of EIS raw data. These data were 
“successfully” modeled by using a complex electrochemical theory, which appeared 
plausible. When the experimental mistake was discovered the EIS data were retaken, the 
analysis was redone and the conclusions about the corrosion process were completely 
revised.  
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INTRODUCTION 
 
For many years, the vast majority of electrochemical studies of mild steel in CO2 
solutions (with and without H2S) have been confined to traditional steady state techniques 
such as linear polarization resistance (LPR) and potentiodynamic sweep (PS) 
measurements.  However, steady-state techniques are limited when they are used for 
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analyzing corrosion processes because they only give information on the rate-determining 
step.  When corrosion involves multiple steps, steady-state techniques are not adequate to 
elucidate the reaction mechanism. Moreover, during the measurement process, techniques 
such as potentiodynamic sweep polarize the electrode surface to such an extent that it is 
debatable if the measurement results are valid since the surface conditions change 
significantly during the measurement.  In CO2/H2S corrosion of steel it was found that 
large degree of polarization disturbed the corroding system irreversibly during the 
measuring process.     
 
On the other hand, a transient electrochemical technique such as Electrochemical 
Impedance Spectroscopy (EIS), is less intrusive than potentiodynamic sweep technique, 
because its underlying principle is to disturb the reaction from the steady state by 
applying small amplitude sinusoidal perturbation to the electrochemical system.  As the 
various elementary processes change at different rates, their responses to the perturbation 
can be obtained at different frequencies in a single experiment.  Therefore EIS is a 
powerful diagnostic method for analyzing CO2/H2S corrosion mechanisms involving 
multiple charge transfer steps with adsorbed intermediates at the metal surface.  No 
systematic studies on CO2/H2S corrosion have been made using the EIS technique.    In 
this study the mechanism and kinetics of corrosion process in saturated CO2 solution with 
and without H2S was investigated using the EIS technique. 
 
Due to the difficulty in extracting meaningful physical information from the Nyquist plot 
produced by using EIS technique, an analytical tool is required in order to interpret the 
mechanisms.  Traditionally, equivalent circuit analysis was commonly used to interpret 
the information from the Nyquist plot by fitting the data with a combination of 
capacitors, resistors and inductors. However, this approach is not conclusive in 
determining the mechanism because various combinations of equivalent circuit can all 
lead to a similar results.  Furthermore, equivalent circuit analysis provides very limited 
information on the underlying physico-chemical process.  Therefore, a more mechanistic 
approach was pursued here and a model built to interpret EIS data that gives an 
electrochemical impedance response based on fundamental equation of electrochemistry.  
This mechanistic model was able to fit complicated EIS curves and provide qualitative 
and quantitative information of the underlying CO2/H2S corrosion process. 
 
 

EXPERIMENT 
 
In order to determine the mechanism and the missing physical constants for H2S/CO2 
corrosion, experiments were conducted in a glass cell on API 5L X65 carbon steel at 
these conditions: T=20oC, pH5, P=1 bar, gaseous H2S concentration in CO2 = 0, 3,15,100 
and 250 ppm, ω= 1000 rpm.  In these experiments the corrosion process was monitored 
with different electrochemical measuring techniques: Electrochemical Impedance 
Spectroscopy (EIS) and Linear Polarization Resistance (LPR).  Experiment for each H2S 
concentration was conducted at least twice to make sure the result was reproducible and 
reliable. 
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Equipment 
Experiments were conducted at atmospheric pressure in a glass cell at room temperature. 
Gas (different concentration of H2S in CO2) was continuously bubbled through the cell. A 
three-electrode set-up (Figure 1) was used in all electrochemical experiments.  A rotating 
cylinder electrode with a speed control unit was used as the working electrode. A 
concentric platinum ring was used as a counter electrode.  A saturated Ag/AgCl reference 
electrode was used externally connected to the cell via a Luggin capillary and a porous 
wooden plug.  The pH was followed with an electrode directly immersed into the 
electrolyte.  H2S and CO2 gas was scrubbed by NaOH absorbent.  Electrochemical 
measurements were made with a potentiostat connected with a computer.   

Material 

A typical construction API 5L X65 carbon steel was tested.  Chemical composition of the 
steel is given in Table 1.  The working electrode was machined from the parent material 
into a cylinder 12 mm in diameter and 14.3 mm long.  The exposed area of the specimen 
was 5.4 cm2.  

Experimental Procedure 

The glass cell was filled with 2 liters of electrolyte: de-ionized distilled water + 3 mass% 
NaCl. Initially CO2 gas was bubbled through the electrolyte (at least one hour prior to 
experiments) in order to saturate and deaerate the solution. Monitoring of pH was used to 
determine whether the solution is in equilibrium.  In different experiments various 
concentration of H2S in CO2 gas were then bubbled through the electrolyte (at least 1 
hour) in order to saturate the solution.  The gaseous concentration of H2S was verified by 
color metric tube. A strong solution of NaHCO3 was deaerated with CO2 before some 
was added to the cell to adjust the solution to pH5. The steel working electrode surface 
was then polished with 220 and 600 grit silicon carbide paper, washed with alcohol, 
mounted on the specimen holders and immersed into the electrolyte. The free corrosion 
potential was followed immediately after immersion.  Linear Polarization Resistance 
(LPR) technique was used to measure the polarization resistance Rp.     
 
After 20 minutes of immersion at free corrosion potential, EIS measurements were 
conducted by applying an oscillating potential ±5mV around the free corrosion potential 
to the working electrode using the frequency range 0.001 Hz-5000 Hz.  The experimental 
conditions are listed in Table 2 
 
 

RESULTS AND DISCUSSION 
 
Before any experiments were conducted by EIS technique in slightly sour environments, 
a baseline experimental result needed to be established in the absence of H2S to serve as 
the reference point in order to better understand the role of H2S on the corrosion of 
carbon steel. 
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For carbon steel X65 in the pH5 H2S-free saturated CO2 solution at corrosion potential, 
the impedance diagram in Figure 2 exhibited a depressed semi-circle at high frequencies 
indicating a double-layer capacitance, as well as an inductive loop at lowest frequencies.  
Depressed semi-circle is not uncommon for iron dissolution in acidic media and it was 
suggested in the literature that the heterogeneous surface roughness and the nonuniform 
distribution of current density on the surface may be related with it1,2.  The Nyquist 
impedance diagram did not change with respect to immersion time and showed no mass 
transfer controlled impedance under these conditions; however, it was not a pure charge 
transfer controlled process either because the inductive loop at low frequencies indicated 
that the iron dissolution mechanism might occur in two steps involving an adsorbed 
intermediate. According to Keddam et al.3,4, the inductive loop at the low frequency was 
related to the relaxation time of the intermediate adsorbed species, (FeHCO3)+

ad.   
 
When the mild steel electrode was immersed in the H2S-free solution, the measured 
corrosion potential reached stable value around –696 mV within 5-10 minutes.  On the 
other hand, the change of corrosion potential with time in the presence of 100 ppm 
gaseous H2S took much longer to stabilize, Figure 3 showed the corrosion rate increasing 
from original value of -665 mV to –643 mV in 6 hours, but then began to decrease, 
reaching –649 mV in 22 hours.  After that, the corrosion potential started to increase 
again and stabilized at around –625 mV after 72 hours.  This transient phenomenon was 
also reflected in the change of characteristics of the Nyquist impedance diagram in the 
presence of 100 ppm gaseous H2S with respect to immersion time as shown in Figure 4. 
It was suggested that a metastable sulfide film, mackinawite, might have formed at 
electrode surface initially via solid-state formation5, resulting in a lower corrosion rate of 
0.3 mm/year measured by LPR after first 10 hours of immersion (shown in Figure 7).  
Before mackinawite could transform into the more stable species such as troilite and 
pyrite5,6, there was a transition period, in which galvanic coupling effect took place and 
mackinawite could act as a cathode to enhance the corrosion rate, assuming that the 
mackinawite is a semi-conductive film.  This phenomenon could be seen after 22 hours 
of immersion (shown in Figure 4), where the characteristics of the impedance diagram 
had changed drastically, charge transfer resistance, Rt decreased to 32 ohm, 
corresponding to increase of corrosion rate around 0.92 mm/year (shown in Figure 7), 
which was even greater than the corrosion rate of carbon steel X65 in H2S-free solution 
(0.49 mm/year).  The semi-circle at high frequencies indicating a double-layer capacity 
was no longer as depressed, indicating the corrosion process had opened up more active 
sites on the electrode facilitating uniform distribution of current density on the surface.  
In addition, two inductive loops observed at low frequency were related to relaxation 
time of the intermediate adsorbed species such as (FeHCO3)+

ads, (FeSH-)ads or (FeSH)ads. 
 
Figure 5 showed that as the electrode was further immersed (after 40 hours), the charge 
transfer resistance, Rt stopped decreasing and stabilized at around 20 ohm, this value was 
determined by extending the hypothetical semi-circle that was partially overshadowed by 
the straight line in the lower frequencies to intercept the value at the x-axis.  On the other 
hand, the straight line that was followed by a semi-circle in the lower frequencies 
extended as the electrode was depressed further.  Eventually the impedance diagram 
stabilized after 48 hours of immersion and no change was observed throughout the rest of 
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experiment even after 72 hours of immersion time.  Figure 6 illustrated that the presence 
of 100 ppm H2S had resulted in totally different characteristics of impedance plot at the 
corrosion potential for steady state conditions.   
 

MODELING 
 
In order to interpret the physical meaning of the EIS data, a mechanistic physico-
chemical model was built.  
 
Physical model 
 
The mechanistic model of electrochemical impedance response is based on following 
fundamental reactions in CO2 corrosion proposed by previous studies in the field7-14: 

 
When CO2 is dissolved in water, hydration of aqueous carbon dioxide takes place to form 
carbonic acid:  
   
  )(32)(2)(2 aq

Khyd
aqaq COHOHCO ⎯⎯ →←+      (1) 

 
The carbonic acid H2CO3 is then dissociated in two steps: 
 
  −+ +⎯⎯→← )(3)()(32 aqaq

Kca
aq HCOHCOH      (2) 

 
   −+− +⎯⎯→← 2

)(3)()(3 aqaq
Kbi

aq COHHCO      (3) 
 
It is proposed that carbonic acid provides a reservoir of H+ ions at a given pH.  Therefore 
hydrogen evolution is assumed to be the most dominant cathodic reaction.  Whereas the 
other possibility of direct carbonic acid reduction is not considered in this particular EIS 
model: 8   

  −− +→+ 3232 2
1 HCOHeCOH      (4) 

 
When hydrogen ions H+ diffuse through the diffusion boundary layer to the metal 
surface, hydrogen evolution involving intermediate adsorbed hydrogen atom will take 
place as shown below: 
 

    ads

kf

kb
HeH

1

1
⇔+ −+      (5) 

 
 

ads

kf

kbads HeHH 2

2

2
⇔++ −+  (6)  ads

kf

kbadsads HHH 2

3

3
⇔+   (7) 

 
i.e. as the hydrogen ion is being reduced (5), the resulting adsorbed hydrogen atom Hads 
can either recombine with another adsorbed hydrogen atom to form H2ads (7), or it has the 
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possibility to undergo another charge transfer step by reacting with a hydrogen ion and an 
electron to form H2ads (6).  This additional charge transfer reaction (6) is first proposed by 
Heyrovsky15 and is also known as Heyrovsky’s reaction.  On the other hand, the slow 
recombination reaction (7) assumed by Tafel16 is the best-known rate determining 
chemical reaction. 
 
Mathematical model 
 
In order to develop a mechanistic EIS model that gives an electrochemical impedance 
response, both charge transfer and mass transfer of H+ need to be taken into 
consideration.  Moreover, hydration of carbon dioxide (1), being the slowest chemical 
reaction in CO2 solution, which contributes partly to the current limitation9, is also 
included in the model.  The resistance resulting from the current and the overvoltage is 
impedance and the total impedance response is described as: 
 

ii
Z trLBdtotal

total

ηηη +
== .,.,         (8) 

 
where  
 

)sin( tIi ω=  
I = current amplitude 
ω = 2πf 
f = frequency (Hz) 

rLBd .,.,η = diffusion overvoltage taking account of finite-thickness boundary layer and 
limiting chemical reaction (1). 

tη = charge transfer overvoltage 
 
            
Charge-transfer overvoltage 

 
Charge transfer overvoltage arises when charge transfer reaction is rate determining when 
current flows.  Therefore one needs to determine the relationship between current and 
overvoltage resulting from charge transfer reaction.  The two-step charge transfer process 
with two possible paths of hydrogen evolution as shown above can be modeled by 
mathematical equations.  The reaction for the reduction of hydrogen ions on the bare 
metal surface (5) can be modeled by the following relationship: 
 

)/(
1,01

110)1( bii ηθ −−=          (9) 
 
where   

θ = coverage factor, percentage of Had covered on the metal surface ( 0≤θ≤1) 
 i0,1 = exchange current density for hydrogen ion reduction on fully uncovered 

electrode at equilibrium potential ≈ 1.58×10-2 A/m2 for 20oC and pH57,17  
 η= overvoltage = ε-ε0 
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            ε0 = equilibrium potential  
 b1= Tafel slope = 2.303RT/α1F 
 α1=Symmetry factor, according to Bockris et al. 17, for hydrogen evolution, 

α1=0.5 giving b1=0.108 at 20oC. 
 
On the other hand, Heyrovsky’s reaction (6) requires an adsorbed hydrogen atom to react 
with a hydrogen ion and an electron.  Since this is an electrochemical reaction involving 
charge transfer, it can be described similarly as above: 
 

)/(
2,02

2beii ηθ −=          (10) 
 
The recombination of Had is a chemical reaction requiring two adsorbed hydrogen atoms, 
therefore rate of reaction (7) is modeled as: 
 

2
33 2 θfFkK =          (11) 

 
The rate of change of Had adsorption coverage θ on the metal surface is described by the 
fact that reaction of hydrogen ion reduction (5) increases the Had adsorption coverage, 
whereas the Heyrovsky’s reaction (6) and recombination chemical reaction (7) decrease 
the adsorption coverage: 
  

HC
Kii

dt
d 321 −−

=
θ          (12) 

 
where CH is the constant linking the fraction of the adsorbed surface θ and the surface 
concentration of adsorbed species expressed in mol/cm2.  It is also called adsorption 
capacitance and it is considered to be equal to10-8 mol/cm2, which corresponds to about 
one monolayer for the case of one intermediate bonding to one surface metal atom.3 
 
Combining equation (9), (10), (11) and (12) with the initial condition: t=0; θ=0, 
adsorption coverage can be determined as a function of time θ(t).  Therefore the 
individual current i1, i2 is a function of overvoltage and adsorption coverage, which is a 
function of time.  The total current resulting from the cathodic charge transfer of 
hydrogen evolution is the sum of individual current:  
 
itotal  =  i1 + i2          (13) 
 
When small amplitude of sinusoidal alternating current is induced, a relationship between 
charge transfer overvoltage and current was derived by Gerischer and Mehl:18 
 

j
Cb

aC
Cb
abL

tI

H

H

H
D

t

222222

)sin(

ω
ω

ω

ωη

+
+

+
−

=       (14) 
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Where  
 j = imaginary component = 1−  

RT
iiFLD

)( '
22

'
11 αα +

=  

RT
iiiiFa ))(( '
11

'
2212 αα −−

=  

3
'

21 2 fkFiib θ++=  
'
1i , '

2i and 'θ are values at equilibrium potential. 
 
It is seen in equation (14) that real and imaginary component are both frequency 
dependent.  This frequency dependence was evoked by periodic change of adsorption 
coverage θ.  This charge transfer overvoltage has a phase shift with respect to the 
alternating current, that’s why there is an imaginary component.  This imaginary 
component can be both capacitive (a>0) and inductive (a<0) and it depends on which 
way the adsorption coverage θ change with the fluctuation of overpotential and whether it 
increases or decreases the current. 
 
 
Diffusion overvoltage 
 
Diffusion overvoltage appears when the supply of reactants at the electrode or the 
removal of the reaction products is rate determining when current flows.  When applying 
a sinusoidal alternating current, a relationship between diffusion overvoltage and 
sinusoidal alternating current is found by Warburg19: 
 

)
4

sin(
][

2

22

πω
ω

η −=
+

+
tI

DH
v

Fn
RT

Hbulk
w

      (15) 

where 
 
ν = stoichiometric constant 

bulkH ][ +  = concentration of H+ ions in the bulk 
+H

D = diffusion coefficient for H+
 ions = 9.312×10-5 cm2/sec, according to Newman21 

 
The diffusion overvoltage lags behind the current by a phase angle of π/4=45o and the so-
called Warburg Impedance can be determined by: 
 

i
Z w

w
η

=           (16) 

 
where )sin( tIi ω=  
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However, the Warburg impedance is derived assuming an infinite-thickness boundary 
layer resulting from a stagnant condition, which is rarely encountered in practical 
aplications.  Therefore diffusion overvoltage with a finite-thickness boundary layer is 
more appropriate for the model and it was derived by Sluyters et al20: 
 

tI
D
i

DH
i

Fn
RT

HHbulk
bld ωωδ

ω
η sintanh

2][
1

22,
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡−
=

++
+

  (17) 

 
where 
 
δ  = boundary layer thickness  
 
Equation (17) shows that the phase shift is no longer constant, but is a function of the 
frequency and the thickness of diffusion boundary layer.  Figure 8 demonstrated that the 
characteristics of the impedance plot for a finite-thickness boundary layer is very 
different to that of infinite-thickness boundary layer and is strongly dependent on the 
thickness of boundary layer as shown in Figure 9.   
 
 
Reaction overvoltage 
 
Reaction overvoltage is a phenomenon resulting from the existence of a slow (rate 
determining) chemical step in the overall reaction.  In the case of CO2 corrosion, the slow 
Hydration of CO2 (1) contributes partly to the limiting current and previous studies22,23 
suggested that the superposition of diffusion and chemical reaction controlled limiting 
current is legitimate.   Therefore the influence of diffusion and reaction-rate control are 
treated simultaneously when alternating current is induced and diffusion overvoltage with 
reaction rη  is obtained by Vetter: 22 
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This diffusion overvoltage with reaction has a phase shift with respect to alternating 
current that is not constant, but is a function of the frequency ω and the rate of the 
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reaction k.  Equation (18) without the square root expression would be a diffusion 
overvoltage (15) that was related to transport of hydrogen ion H+.  It is this expression 
that takes into account the formation and depletion of H+ as a result of the rate-
determining step.  However, equation (18) was derived for the case of infinite boundary 
layer condition, because Vetter assumed that the fluid is well mixed and in equilibrium 
only when x→∞, which is a good assumption for laminar flow and truly stagnant 
solutions.  Whereas for a high enough velocity and turbulent flow, one needs to assume 
that the edge of the mass transfer boundary layer at δ=x  is the point where everything 
is well mixed and all reactions are in equilibrium.  Therefore reaction overvoltage for 
mass transfer involving rate-determining reaction in turbulent flow conditions is derived 
by the present authors (see Appendix for full derivation) to be: 
 

[ ] tI
DHFn

RT

Hbulk
r ωλδ

λ
ηδ sin)tanh(22,

+
+=    (19) 

     

where 
+

+
=

H
D

kiωλ   

 
Combining equation (8), (14) and (19), the total electrochemical impedance Ztotal for the 
cathodic reaction in CO2 corrosion is obtained. 
 
 
Double layer capacitance 
 
From the impedance spectrum, the semi circle at high frequency that contains 
information about double layer capacitance, is commonly modeled by a capacitor in a 
parallel configuration with the total impedance.  However, in order to obtain more 
accurate fit results, the constant phase element (CPE) is substituted for capacitors.  The 
so-called CPE is an element whose impedance value is a function of the frequency and its 
phase in independent of the frequency.  Its impedance is defined as: 24 
 

n

o
CPE j

Y
Z −= )(1 ω          (20) 

 
where Yo = modulus of CPE,  

ω = angular frequency = 2πf 
n = phase.   

 
The reason that CPE is used instead of capacitors when one analyses the impedance 
spectra is that most impedance curves measured in experiments are not ideal semi-circles, 
but are depressed due to heterogeneous surface roughness and the nonuniform 
distribution of current density on the surface.1,2  The depression degree depends on the 
phase n of the CPE. 24 
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Therefore CPE is the only element in the model that is not mechanistic and it is assumed 
to be in a parallel configuration with total impedance Ztotal as shown in Figure 10. 
 

ANALYSIS OF IMPEDANCE DATA BY USING THE MODEL 
 
The transient characteristics in the slightly sour environments of 100 ppm H2S measured 
at corrosion potential (Figure 5) can be successfully modeled by initially adjusting the 
charge transfer properties such as the exchange current density and Tafel slope to match 
Rt value and then gradually decreasing the diffusion coefficient for H+.  The good 
agreement between experimental data and model prediction shown in Figure 11 allowed 
us to conclude that such phenomenon was related to mass transfer and it implied the 
formation of the stable sulfide film such as troilite and pyrite.   As the stable sulfide film 
formed, the corrosion process became mass transfer controlled because species such as 
H+ could not diffuse easily to the surface of the electrode to take part in the 
electrochemical reaction, hence the corrosion rate decreased.  Polarization resistance, Rp 
values that were measured by using LPR technique matched well with the Nyquist plot 
for the Rp values that intercepted at the real axis, (not the hypothetical Rt), corresponding 
to the decrease of corrosion rate around 0.55 mm/year. (shown in Figure 7)  The tail at 
the end of the semi-circle at the lowest frequencies was related to limiting chemical 
reaction rate control such as hydration of carbonic acid or chemisorption of (FeSH-)ads.   
 
Hence, the model of electrochemical impedance response developed based on the 
fundamental equation of electrochemistry was judged as successful as it enabled 
interpretation the complex physico-chemical phenomena underlying CO2/H2S corrosion 
process.   
 

DISCOVERY OF THE EXPERIMENTAL ERROR 
 
To authors’ “surprise”, few months following the original series of measurements it was 
accidentally discovered that a new series of experiments conducted under the same 
conditions showed very different EIS characteristics. The only difference in the two 
series of experiments was what was considered a minor modification (improvement) of 
the experimental set-up.  In the original series of experiments, when the mild steel 
working electrode was mounted on the stainless steel rotating shaft’s specimen holder 
loose electrical contact was obtained. In order to avoid this problem which affected EIS 
measurements greatly, a thin platinum foil inserted in between to ensure good contact 
(shown in Figure 12).  As this contact area between the specimen and the shaft was meant 
to be kept “dry” the contact problem appeared to have been successfully solved even if 
the design was not mechanically robust. Therefore a more robust and precise design was 
devised by making bottom part of the rotating shaft hollow with an interior conical thread 
including a thin slit. When a screw was inserted from the bottom end of the rotating shaft, 
it slightly expanded and made firm contact with the specimen (shown in Figure 13) and 
eliminated the need to use the thin platinum foil.   
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Surprisingly, with this setup a completely different EIS plot was obtained (shown in 
Figure 14).  The Nyquist plot no longer demonstrated complex transient characteristics at 
lower frequencies that were apparently related to mass transfer controlled mechanisms.  
On the contrary, the new EIS transient characteristics showed only an enlargement of a 
depressed semi-circle which indicated charge transfer controlled mechanism as the main 
underlying process. The LPR results were not affected by this change. 
 
With the new modification of experimental set-up, similar phenomenon was also 
observed at slightly higher concentration of H2S.  One can observe how the depressed 
semi-circle increases in diameter over time in Figure 15, which demonstrates the transient 
characteristics of the Nyquist impedance diagram in the presence of 340 ppm gaseous 
H2S.  The initial EIS measurement (taken after 20 minutes of immersion) suggests that a 
protective thin sulfide film had formed via solid state formation5 at the electrode surface 
immediately after immersion.  The low-frequency data (of the initial EIS measurement) 
that drifts below the x-axis is not of instrumental error, but indicates the transient increase 
of polarization resistance (Rp) during the long EIS measurement, hence illustrating the 
increase of surface coverage over time.  By the end of first EIS measurement, the 
electrode had been immersed in the solution for 4 hours and the lowest frequency 
(f=0.001) data point indicated that Rp was already 394 ohm (denoted by the larger 
marker), matching a low corrosion rate of 0.08 mm/year (measured by LPR).  Comparing 
to the corrosion rate of H2S-free solution (0.84 mm/year), this result suggests that 
mackinawite film had achieved a ten-fold inhibition of corrosion rate within 4 hours of 
immersion under the experimental condition.  The characteristics of the impedance 
diagram stopped changing after 36 hours of immersion indicating that the sulfide film 
had reached equilibrium and the corrosion rate remained constant throughout the rest of 
the experiment. 
 
With the new experimental set-up, more reliable EIS raw data were obtained, which lead 
to different conclusion about the CO2/H2S corrosion process.  Instead of a growth of a 
thick surface film which affects mass transfer, it was concluded that a thin surface film 
forms that affects charge transfer probably by a surface coverage effect. The latter 
conclusion was subsequently confirmed by using surface analysis (ESCA).   
 

CONCLUSIONS 
 

• EIS technique presents a large challenge both from a theoretical as well as an 
experimental point of view. 

 
• Collecting accurate EIS raw data is not easy even if the instruments used 

nowadays make it appear almost effortless. Obtaining reproducible EIS results 
does not necessarily guarantee reliable data acquisition. EIS is very sensitive, 
which is both a blessing and a curse, as it “sees” aspects of the corrosion process 
that cannot be obtained with DC techniques, but it also picks up problems not 
seen by other techniques. 
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• Building mechanistic models to capture the EIS data is a very complex task 
however, it carries a lot of potential as it enables uncovering of physico-chemical 
processes underlying corrosion. However, any model is only as good as the 
empirical data it is using as input. 

 
• A “minor” detail in the experimental set-up described in this study caused 

erroneous acquisition of EIS raw data. These data were “successfully” modeled 
by using a complex electrochemical theory, which appeared plausible. When the 
experimental mistake was discovered the EIS data were retaken, the analysis 
redone and the conclusions about the corrosion process were completely revised. 
One year expired in the process. 
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APPENDIX 

 
In order to derive reaction impedance with a finite boundary layer, one needs to consider 
the following sequence of reactions: 
 
When CO2 is dissolved in water, hydration of aqueous carbon dioxide takes place to form 
carbonic acid: 
 

)(32)(2)(2 aq
Khyd

aqaq COHOHCO ⎯⎯ →←+        (21) 
 
The carbonic acid H2CO3 is then dissociated in two steps: 
 

−+ +⎯⎯→← )(3)()(32 aqaq
Kca

aq HCOHCOH        (22) 

 
−+− +⎯⎯→← 2

)(3)()(3 aqaq
Kbi

aq COHHCO        (23) 
 
It is proposed that carbonic acid provides a reservoir of H+ ions at a given pH.  Therefore 
hydrogen evolution is assumed to be the most dominant cathodic reaction.   
 

ads

kf

kb
HeH

1

1
⇔+ −+          (24) 

 
The hydrogen ions H+ discharged in the cathodic evolution of hydrogen gas (24) are 
replaced by dissociation of the carbonic acid.  Although the dissociation reactions (22) 
(23) are inherently fast, the formation of carbonic acid via the hydration step of aqueous 
carbon dioxide (21) is rate determining and causes the overvoltage of homogeneous 
reaction.  

Hence Fick’s second law in the form 

υ+
∂
∂

=
∂
∂

2

2

x
cD

t
c          (25) 

is applied for the change with time (t) and distance (x) of H+ concentration as a result of 
the diffusion and reaction processes. 

Vetter25 proposed the relation for formulation of the homogeneous reaction rate ν, 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−=

p

c

c
_0 1υυ          (26) 

with reaction order p, concentration c and bulk concentration 
_
c .  For the evaluation of the 

reaction impedance only the current and overvoltage range in which a linear relationship 
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exists between current i and overvoltage η is of interest.  This is true only for relatively 
small concentration changes25. 

Since 

_

_

_

_

_ 11
c

ccp
c

cc

c

c
pp

−
+≈

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛ −
+=

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
       (27) 

the following is approximately valid: 

ckc
c

p
∆−=∆−= _

0υυ          (28) 

where 
_

ccc −=∆  and _
0

c

pk υ
=  

The reaction order in this case is p=1. ν0 is the rate at which the two opposing reactions 
meet to establish equilibrium and may therefore be designated as the reaction exchange 
rate. 

Substituting equation (28) for the reaction rate into equation (25) gives the partial 
differential equation 

ck
x

cD
t
c

∆−
∂
∆∂

=
∂
∆∂

2

2

                    (29) 

for the concentration difference
_

),(),( ctxctxc −=∆  where 
_

c = bulk concentration (=H+ in 
this case) 

An alternating current density of frequency ω/2π, i.e. 
tIi ωsin=           (30) 

 

which satisfies the boundary condition at the surface 

tI
nFDx

c

x

ωsin1

0

−=⎟
⎠
⎞

⎜
⎝
⎛
∂
∆∂

=

       (31) 

 
In addition, a boundary condition for a finite diffusion boundary layer is also satisfied 

0=∆ =δxc     where δ=diffusion boundary layer    (32) 

 

As well as the initial condition 
0)0,( =∆ xC  for all x         (33) 
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Using separation of variable method, one starts by looking for product solutions of the 
form 

)()(),( tTxXtxc =∆          (34) 

 

where X(x) is a function of x alone and T(t) is a function of t alone.  Plugging into the 
modified partial differential equation of Fick’s second law (29), one obtains 
XT′ = DX″T – kXT         (35) 
 

After separating the variables, the equation is now in the form of 

k
X
XD

T
T

−
′′

=
′

          (36) 

 

For the equality to hold, one must have 

α=
′

T
T  and  α=−

′′
k

X
XD  

where α is the separation constant.  From these equations, one obtains two ordinary 
differential equations 

0=−′ TT α           (37) 
and  

0)( =+−′′ XkXD α          (38) 

 

Separating variables in the boundary condition(32), one get 
0)()( =tTX δ            (39) 

 

If 0)( ≠δX , then T(t) must be 0 for all t, if so, )()(),( tTxXtxc =∆ =0.  To avoid trivial 
solutions we set 

0)( =δX            (40) 

 

Hence one obtains the boundary value problem in X: 

0)( =+−′′ XkXD α , 0)( =δX   

with characteristic equation 
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0)(2 =+− αλ kD          (41) 

 

one obtains the distinct real characteristic roots of ( )
D

k αλ +
=1 and ( )

D
k αλ +

−=2  

Therefore the general solution of X of this differential equation is given as 

 xx eCeCX λλ −+= 21         (42) 

 

By applying the boundary condition (32), 
λδλδ −+= eCeC 210         (43) 

 
λδλδ −−= eCeC 21          (44) 

 

λδ

λδ

e
eCC
−

−= 21          (45) 

 

substitute C1 into the general solution(42) for space domain, one obtains 

xx eCe
e
eCxX λλ

λδ

λδ
−

−

+−= 22)(        (46) 

 

λδ

λδ
λλ

λδ

λδ

e
eeCe

e
eCxX xx −
−

+−= 22)(       (47) 

 

( ))()(2)( xx ee
e
C

xX −−− −= δλδλ
λδ       (48) 

 

On the other hand, for the time domain, 

0=−′ TT α           (49) 

Let’s set ωα i= , one obtains 

0=−′ TiT ω           (50) 
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The general solution for the above differential equation for time domain is then given as 

wtiAetT =)(          (51) 

Combining the two general solutions together, one obtains the general solution of 
equation (29) 

( ) tixx Aeee
e
C

tTxXc ωδλδλ
λδ

)()(2)()( −−− −==∆     (52) 

By partial differentiation of the above equation with respect to x and t, and by substituting 
into partial differential equation (29) of the modified Fick’s second law, the coefficient λ 
can be obtained 

( ) ( )

( ) ti)x()x(

ti)x()x(ti)x()x(

Aeee
e
C

k

Aeee
e
C

DAeee
e
C

i

ωδλδλ
λδ

ωδλδλ
λδ

ωδλδλ
λδ λω

−−−

−−−−−−

−−

−=−

2

222

  (53) 

After canceling out the ∆c term from the above equation, one obtains 

kDi −= 2λω           (54) 

Thus 

D
ki +

=
ωλ           (55) 

 

On the other hand, separating variables in the initial condition, one gets 

0)0()( =TxX           (56) 

Since X(x)≠0, T(0)=0  

0 = Ae0          (57) 

If A=0, T(t)=0 and ∆c=0. To avoid trivial solution, one need to make use of Euler’s 
identity 

)sin(cos titAAe ti ωωω +=         (58) 

Now applying the initial condition, one obtains 

)0sin0(cos0 iA +=          (59) 
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In order for the above equation to hold true, the cosωt term must be omitted. 

T(t)= i A sinωt         (60) 

However, for the purpose of mathematical simplicity, the general solution of wtiAeT = is 
used for the determination of the coefficient C2, which can be obtained by applying the 
boundary condition at the surface(31) 

( ) tI
nFD

Aeee
e
C ti

x
xx ωλλ ωδλδλ

λδ sin1
0

)()(2 −=−− =
−−−

    (61) 

 

( ) tI
nFD

Aeee
e
C ti ωλ ωλδλδ
λδ sin1)()(2 −=+− −

    (62) 

After applying the hyperbolic identity 
2

)cosh(
xx eex

−+
=  and canceling I sinωt term on 

both sides(since Aeiwt = I sinωt), C2 is then obtained 

)cosh(22 λδλ

λδ

nFD
eC =         (63) 

 

Finally, substituting the coefficients C2 and applying the hyperbolic identity 

2
)sinh(

xx eex
−−

=  into the general solution in equation (52) 

[ ] tiIe
nFD

xc ω

δλλ
λδ

)cosh(
)(sinh −

=∆         (64) 

where 
D

ki +
=

ωλ  

The objective of the above concentration derivation is to calculate c(0,t)/
_
c  at the surface.  

It was assumed that 1/
_

<<∆ cc  and thus c/
_
c ≈1.  Therefore the following relation for the 

reaction overvoltage is approximately valid22 

__0,
),0(),0(ln

c

tc
nF
RT

c

tc
nF
RT

r
∆

≈=−= εεη      (65) 
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After Substituting equation (64) for ∆c with x=0 into the above equation (65) and 
applying the trigonometric identity tanh(x)=sinh(x)/cosh(x), the reaction overvoltage is 
obtained: 

tI
DcFn

RT
r ωλδ

λ
η sin)tanh(_

22
=       (66) 

where 
D

ki +
=

ωλ
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Table 1.   Chemical composition of the X65 carbon steel used for the working 
electrode (mass%) 

 

 C Mn Si Nb V Fe P S Cr Cu Ni Mo Al 

0.150 1.34 0.24 0.03 0.055 Balanced 0.011 0.004 0.011 0.01 0.02 0.103 0.032

 

Table 2. Experimental conditions 

 

Test solution Water + 3 mass% NaCl 

Test material Carbon steel: X65 

Temperature 20oC 

Pressure 1 bar 

pH 5 

Fe++ <1 ppm 

Velocity 1000 rpm 

Gaseous H2S concentration in CO2 0, 3, 100 ppm 

Sweep rate 0.125 mV/s 

Polarization resistance From –5 to +5 mV vs. Eoc 

Potentiostatic EIS  

DC current 0, +100 mV and –100 mV vs. Ecorr 

AC potential ±5 mV 

Frequency range 0.001 – 5000 Hz 

Test duration 4 – 72 hours 
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Figure 1.  Schematic of the experimental test cell: 1-Ag/AgCl reference electrode, 2-gas 
rotameter, 3-H2S scrubber (gas absorbent) , 4-Luggin capillary, 5-graphite counter 
electrode, 6-rotator, 7-pH electrode, 8-working electrode, 9-gas out, 10-gas in, 11- 
temperature control unit/stirrer. 
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Figure 2. Nyquist impedance diagram for carbon steel X65 in pH5 saturated CO2 solution 

of water + 3%NaCl, p=1 bar, t=200C, ω=1000rpm at corrosion potential 
(vs.Ag/AgCl). 
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Figure 3. Corrosion potential with respect to immersion time for carbon steel X65 in pH5  
               saturated CO2 solution with100 ppm gaseous H2S in water +3%NaCl, p=1 bar,  
               t=200C, ω=1000rpm. 
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Figure 4. Effect of immersion time on the Nyquist impedance diagram of carbon steel 

X65 in pH5 saturated CO2 solution with 100 ppm gaseous H2S, water + 
3%NaCl, p=1 bar, t=200C, ω= 1000rpm at corrosion potential (vs. Ag/AgCl)  
during the same experiment. 
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Figure 5. Magnification of the above Figure 4; effect of immersion time (after 40 hours) 

on the Nyquist impedance diagram of carbon steel X65 in pH5 saturated CO2 

solution with 100 ppm gaseous H2S, water + 3%NaCl, p=1 bar, t=200C, ω= 
1000rpm at corrosion potential (vs. Ag/AgCl)  
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Figure 6. Effect of 100 ppm gaseous H2S on the Nyquist impedance diagram at steady 

state condition for carbon steel X65 in pH5 saturated CO2 solution of water + 
3%NaCl, p=1 bar, t=200C, ω=1000rpm at corrosion potential (vs. Ag/AgCl). 
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Figure 7. Effect of H2S gaseous concentration on the corrosion rate (measured by LPR) 

of carbon steel X65 in pH5 saturated CO2 solution, water + 3%NaCl, p=1 bar,  
t=200C, ω=1000rpm with respect to immersion time. 
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Figure 8.  Comparison between calculated electrochemical impedance of H+ ions for a 

finite-thickness diffusion boundary layer, ..LBδ =0.003m and infinite-thickness 
diffusion boundary layer, also known as Warburg impedance, for T=20oC, 

bulkH ][ + =1×10-5 mol/liter 
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Figure 9.  Effect of the thickness of diffusion boundary layer on the characteristics of  

electrochemical impedance of H+ ions for T=20oC, bulkH ][ + =1×10-5 mol/liter 
 

27



 
Figure 10.  The equivalent circuit of the EIS model. Rs = solution resistance, CPEdl = 

constant phase elements describing double layer capacitance, Ztotal = total 
impedance, R.E. = reference electrode, W.E. = working electrode. 
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Figure 11. Comparison between experimental data (points) and model prediction (line) 

for 100 ppm gaseous H2S in CO2, water + 3%NaCl, p=1 bar, t=200C, ω= 
1000rpm at corrosion potential (vs. Ag/AgCl). 
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Figure 12. Schematics of old design specimen holder section of rotating shaft 
 
 

 
Figure 13. New modification of specimen holder section of rotating shaft 

29



-50

0

50

100

150

200

250

300

0 100 200 300 400 500 600

Z' / Ohm

-Z
" 

/ O
hm

8 hours

20 minutes
12 hours

60 hours
36 hours

72 hours

Rp @ 4th hr

 

-10

40

90

140

190

0 100 200 300 400

Z' / Ohm

-Z
" 

/ O
hm

20 minutes 3 hours7 hours
10 hours

12 hours

21 hours

 
Figure 14. Effect of immersion time on Nyquist impedance diagram of carbon steel X65 

in pH 5 saturated CO2 solution with 100 ppm gaseous H2S, water + 3% NaCl, p 
= 1 bar, t = 200C, ω = 1000 rpm at corrosion potential. 

 

Figure 15. Effect of immersion time on Nyquist impedance diagram of carbon steel X65 
in pH 5 saturated CO2 solution with 340 ppm gaseous H2S, water + 3% NaCl, p 
= 1 bar, t = 20oC, ω = 1000 rpm at corrosion potential.  
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