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ABSTRACT

The iron carbonate corrosion product layer formed on mild 
steel in carbon dioxide (CO2) environments is known to retard 
corrosion. When not fully covering the steel surface, it may 
also lead to initiation of localized corrosion, due to a galvanic 
effect. In this work, the stability of a protective iron carbonate 
layer has been studied at 80°C over a relatively wide range of 
bulk pH. Experiments were done in a glass cell using a three-
electrode system. Electrochemical techniques such as linear 
polarization resistance (LPR) and potentiodynamic polariza-
tion (PP) were used. Surface analysis techniques (scanning 
electron microscopy [SEM], x-ray diffraction [XRD], and trans-
mission electron microscopy [TEM]) were used to confi rm the 
composition and structure of the protective layer. Experimental 
results confi rmed a pseudo-passive behavior, indicated by a 
positive shift in the open-circuit potential and a signifi cantly 
retarded corrosion rate for systems at pH 6.0 and above. 
However, a stable and protective pseudo-passive layer could 
not be formed at pH 5.6 or lower.

KEY WORDS: CO2 corrosion product layer, electrochemical 
techniques, pseudo-passivation, scanning electron microscopy, 
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INTRODUCTION

Internal carbon dioxide (CO2) corrosion problems are 
common in the oil and gas industry. This is because 

of the fact that carbon steel is the primary structural 
material for transportation pipelines, and the aqueous 
CO2 environment within the lines has the potential to 
be corrosive. Although carbon steel has a low cost and 
a relatively high strength, its corrosion resistance is 
limited. Use of pH control to provide a more neutral 
environment and stimulate formation of protective 
corrosion product layers may leave carbon steel more 
vulnerable to localized corrosion attack.1 Despite the 
fact that the general CO2 corrosion mechanisms are 
well understood,2-5 the role of the protective corrosion 
product layer and its potential to lead to localized CO2 

corrosion remains unclear.
Iron carbonate (FeCO3) is a common CO2 corro-

sion product found on internal surfaces of mild steel 
pipelines. As long as Fe2+ and CO3

2– are present in the 
brine at suffi ciently high concentrations, which ex-
ceed saturation with respect to FeCO3, precipitation 
and crystal growth will occur,6 according to:

 + →+Fe CO+ →CO+ → FeCO2
(aq.) 3+ →) 3+ →CO) 3CO+ →CO+ →) 3+ →CO+ →2–+ →2–+ →(a+ →(a+ →q.+ →q.+ →) 3+ →) 3+ → FeCO) 3FeCO (s.)  (1)

The important threshold is FeCO3 saturation value (S):
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Based on Equation (2), a graph showing the 
relationship between CFe2+, pH, and S(FeCO3) can be 
constructed (Figure 1). The water chemistry and equi-
librium constants that are used for constructing this 
chart were derived from the literature.7-11
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When CO2 is present in the gas phase, a small 
fraction of dissolved CO2 in the water phase forms 
carbonic acid (H2CO3) by hydration.7 Carbonic acid 
can partially dissociate to produce HCO3

–, H+, and CO3
2– 

in two steps. The reactions for carbonic acid dissocia-
tions can be written as:

 H2CO3 (aq.) ⇔
Kca

H  (aq.)
+ +HCO3 (aq.)

–
 (3)

 HCO–
3 (aq.) ⇔

Kbi
H  (aq.)

+ +CO3  (aq.)
2–

 (4)

By writing equilibria expressions for Reactions (3) 
and (4), one can express the concentration of the CCO3

2– 
as a function of CH+ and CH2CO3

:
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For an open system, the CH2CO3
 remains un-

changed as long as the CO2 partial pressure and 
temperature are given. In that case a simple relation 
between CCO3

2– and CH+ (or pH) can be formulated from 
Equation (5). When CCO3

2– is substituted into Equation 
(2), a dependency of S(FeCO3) on CFe2+ and pH is obtained 
as displayed in Figure 1.

In Figure 1, the line for S(FeCO3) = 1 divides the area 
of the graph into two regions: the FeCO3 supersatu-
rated region on the right and the FeCO3 undersatu-
rated region on the left. The FeCO3 supersaturated 
region on the right (S[FeCO3] > 1) denotes a condition 
where there is an excess of Fe2+ and CO3

2– ions in solu-
tion, and FeCO3 precipitation prevails over the simul-
taneously occurring FeCO3 dissolution (as given by 
Reaction [1]). In this case, a FeCO3 layer is expected 
to form on the steel surface. Conversely, in the FeCO3 
undersaturated region on the left of the line (S[FeCO3] < 
1), the rate of the FeCO3 dissolution process is faster 
than the rate of FeCO3 precipitation, and an FeCO3 
layer cannot form or survive. In Figure 1, the two dot-
ted lines represent the saturation value of 0.5 and 
2, outlining a region where relatively small changes 
in any of the key parameters can make the solution 
go from an undersaturated to an oversaturated state 
(or vice versa). It is therefore thought of as an “un-
stable” region for FeCO3 and named the “gray zone.” 
As neither precipitation nor dissolution of FeCO3 is 
dominant, this could lead to the metal surface being 
partially covered by FeCO3 and a possibility of local-
ized corrosion.

It has been commonly accepted that the FeCO3 
layer is protective because it presents a mass-transfer 
barrier and slows down the diffusion of cathodic spe-
cies to the steel surface. However, another effect, 
direct steel surface coverage, blocking primarily the 
anodic dissolution of iron, seems to be just as impor-
tant. Videm and Koren12 reported a protective effect 
of corrosion fi lm. Gulbrandsen, et al.,13 observed a 

signifi cant increase of open-circuit potential accom-
panied by a dramatic decrease in corrosion rate in 
high-pH solutions (>pH 7) when so-called “super-pro-
tective” corrosion fi lms formed. Han, et al.,14 observed 
similar behavior after the metal surface became fully 
covered by a FeCO3 layer, and the corrosion rate re-
duction was accompanied by a corrosion potential 
increase—a behavior they termed pseudo-passivation. 
Han, et al.,14 hypothesized that the formation of a thin 
layer of magnetite (Fe3O4) under the FeCO3 layer was 
the cause of pseudo-passivation. The pH was found 
to be a critical factor that affects pseudo-passivation. 
High pH promotes formation of a protective FeCO3 
layer as described above, and promotes pseudo-pas-
sivation. Conversely, a decrease in pH will readily lead 
to a loss of the FeCO3 layer and the loss of pseudo-
passivation. In the “gray zone” the partial coverage/
survival by the FeCO3 layer and the “patchy” pseudo-
passive layer may lead to formation of localized gal-
vanic cells and rapid localized attack.14

The infl uencing factors and their limits leading to 
pseudo-passive behavior in CO2 corrosion are not fully 
understood.15 Han, et al.,14 focused primarily on very 
high pH (>pH 6.6) in an effort to cause pseudo-pas-
sivation to occur more rapidly. Gulbrandsen, et al.,13 
worked at even higher pH (>pH 7). Very few tests of 
pseudo-passivation were done in the lower pH range, 
i.e., at conditions that are more commonly observed 
in pipelines for oil and gas transportation. In the pres-
ent study, pseudo-passivation was investigated over 
a broader, more realistic pH range. Questions about 
the mechanism of the formation of the corrosion prod-
uct layer leading to pseudo-passivation, as well as its 
morphology and chemical composition, are addressed 
in this paper.

EXPERIMENTAL PROCEDURES

A 2 L glass cell was used for the experiments. A 
three-electrode system was used for in situ electro-

FIGURE 1. Calculation of the dependency of FeCO3 solubility on 
CFe2+ and pH (80°C, pCO2 = 0.53 bar (53 kPa), 1 wt% NaCl).
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chemical measurements. Silver/silver chloride (Ag/
AgCl) and platinum wire were selected as the refer-
ence electrode (RE) and counter electrode (CE), re-
spectively. A cylindrical mild steel specimen (outer 
diameter 12.0 mm; length 14.4 mm) was used as the 
working electrode (WE). Additional flat specimens  
(1.0 cm by 1.0 cm by 0.2 cm) were independently sus-
pended by nylon string in the glass for retrieval dur-
ing the test to do ex situ surface analyses. Both the 
cylindrical specimen and flat specimen were made 
from API(1) 5L X65 steel. For more details about the 
experimental setup, see the work by Han, et al.14

Electrochemical measurements using open-cir-
cuit potential (OCP) and linear polarization resistance 
(LPR) were conducted systematically with a potentio-
stat. The polarization range was ±5 mV versus OCP 
and a B value of 26 mV was used. Since an increase 
in OCP that occurs concurrently with a corrosion rate 
decrease is considered to be a distinctive indication 
of a pseudo-passive layer formation,14 OCP and cor-
rosion rate were monitored continuously during the 
tests.

Ferrous ion concentration, CFe2+, in the glass cell 
was measured ex situ using a UV/visible spectropho-
tometer and was used to calculate the FeCO3 satura-
tion value, S(FeCO3), in the system. Scanning electron 
microscopy (SEM), x-ray diffraction (XRD), grazing 
incidence x-ray diffraction (GIXRD), and transmission 
electron microscopy (TEM) were used for sample sur-
face analyses.

The focus of this study was how pH affects the 
formation of a protective pseudo-passive layer. Conse-
quently, systems with different pH values (from 7.8 to 
5.6) were investigated. It should be noted that, in the 
lower pH range, FeCO3 is undersaturated in the bulk. 
To control the FeCO3 saturation value, S(FeCO3), a deaer-
ated FeCl2 solution was injected by a syringe into the 
test system to increase the ferrous ion concentration, 
CFe2+.

Before each test, a 1 wt% sodium chloride (NaCl) 
solution was prepared in the glass cell reactor, de-
aerated with a continuous CO2 gas flow purge, and 
heated to the test temperature by using a hot plate. 
The test temperature was selected to be 80°C to facili-
tate a faster formation of the FeCO3 layer on the steel 
surface. The tests were conducted at atmospheric 
pressure. The CO2 partial pressure was 0.53 bar  
(53 kPa) at this temperature. After the required tem-
perature was achieved, the bulk pH was adjusted to a 
designated level and then monitored and maintained 
during the entire test by addition of sodium bicarbon-
ate (NaHCO3), sodium carbonate (Na2CO3), or dilute 
hydrochloric acid (HCl) solution (0.1 M) as required. 

Both the cylindrical and flat samples were sequen-
tially polished by 400 grit and 600 grit sand paper, 
and then cleaned in an ultrasonic bath with isopropa-
nol ([CH3]2CHOH). Then, the samples were taken out 
and dried by nitrogen gas and immediately used for 
testing in stagnant conditions. 

When the samples were removed from the system 
after test completion, unwanted corrosion product 
layer oxidation could occur due to exposure to air and 
affect the subsequent surface analyses. To minimize 
this effect, samples were taken out and immediately 
immersed into deaerated deionized water to remove 
soluble salts on the specimen surface. The sample 
was then dipped into isopropanol and dried by nitro-
gen gas, and stored in a vacuum desiccator.

A SEM was utilized to observe the gross surface 
features of the specimens. Regular XRD and GIXRD 
analyses were done to examine the chemical composi-
tions of the surface layers. Specimens having shown 
indications of pseudo-passivation behavior were 
selected for TEM analysis. Surface cross-sectional 
samples were prepared by the focused ion beam (FIB) 
technique. TEM-EDS analysis was performed to ob-
tain the detailed surface morphology as well as com-
positional information.

RESULTS AND DISCUSSION

Effect of pH on Protective Corrosion Product 
Layer

As indicated in Figure 1, the pH can significantly 
influence the saturation state of FeCO3, which con-
sequently influences the formation of protective cor-
rosion product layers. Figure 2 shows the OCP and 
the corrosion rate for tests at different pH values.(2) 
For bulk pH values above 7.0 (high pH), from Figures 
2(a) and (b), a significant OCP increase (more than 
200 mV) can be observed. At the same time, the cor-
rosion rate is low and stable (less than 0.01 mm/y). 
This clearly shows that for bulk pH values above 7.0, 
a stable, protective, pseudo-passive layer has formed 
in a spontaneous corrosion process without any ad-
dition of excess ferrous ions in solution. This can 
be explained easily by looking at the dependency of 
FeCO3 solubility on CFe2+ and pH (Figure 1). For these 
pH values, conditions are such that saturation with 
respect to FeCO3 is reached even at very low CFe2+, and 
the solution will readily become supersaturated as a 
result of corrosion. A well-developed FeCO3 layer is 
expected to form under these conditions and cover the 
entire carbon steel surface, offering good corrosion 
protection. Corrosion product layer characterization 
was done to confirm this and will be discussed in the 
following section.

For tests at bulk pH 6.6 and 6.0, the formation of 
a pseudo-passive layer is also indicated in Figures 2(c) 
and (d), respectively. However, the degree of protec-
tiveness is somewhat lower than for the higher pH 

	 (1)	American Petroleum Institute (API), 1220 L Street, NW, Washing-
ton, DC 20005-4070.

	 (2)	During the experiments, the pH would typically decrease up to  
0.5 pH units per day due to precipitation, and this was corrected 
during the long-term experiments by adding NaHCO3 to the solu-
tion.
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tests. A noticeable OCP increase, less than 100 mV, 
can still be seen; the final corrosion rate is low, 
around 0.1 mm/y. In this bulk pH range, the condi-
tions are undersaturated with respect to FeCO3 forma-
tion (without additional ferrous ions present in 
solution). Therefore, a calculated amount of ferrous 
chloride was added to the test system to achieve su-
persaturation and stimulate FeCO3 precipitation from 
the bulk solution. It is also necessary to note that the 
time to form a protective layer in this pH range is lon-
ger than for the tests above pH 7. In the pH range of 
6.6 to 6.0, it takes more than 3 days before the corro-
sion rate reaches a low value.

The test at bulk pH 5.6, as shown in Figure 2[e]), 
shows that pseudo-passivation could not be achieved. 
Neither an OCP increase nor a significant corrosion 
rate decline can be seen after an extended period of 
22 days. Considering the fact that the FeCO3 is sig-
nificantly undersaturated in this condition, two large 
additions of ferrous chloride were made at the 1st and 
the 13th day of this test (1,000 ppm and 1,400 ppm, 
respectively) to achieve a high FeCO3 saturation value. 
This elevated ferrous ion concentration did initiate 
precipitation and formation of a corrosion product 
layer over a period of time (from day 6 to day 18). 
However, ferrous ions were depleted in the solution 

FIGURE 2. Variations of OCP and corrosion rate with time at different pH (80°C, 0.53 bar [53 kPa] CO2, 1 wt% NaCl, 
stagnant): (a) pH 7.8 (two repeats); (b) pH 7.1 (one repeat); (c) pH 6.6 (single experiment), initial CFe2+ = 50 ppm; (d) pH 6.0 
(single experiment), initial CFe2+ = 100 ppm; (e) pH 5.6 (single experiment), initial CFe2+ = 1,000 ppm, second CFe2+ addition 
at the 13th day to 1,400 ppm. For corresponding SEM images, see Figure 3.
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as a result of the precipitation of FeCO3, and the pH 
decreased in the process. Eventually, corrosion pre-
vailed and the effect of induced FeCO3 precipitation 
vanished.

Morphology and Composition of the Corrosion 
Product Layers

In Figure 3, SEM images of the samples after 
each test are shown. They clearly show transitions 
in surface morphology due to the bulk pH change. At 
high bulk pH (pH 7.8 and pH 7.1), the FeCO3 prism-
shaped crystals cover the entire sample surface. At 

the intermediate pH values (pH 6.6 and pH 6.0), the 
dominant morphology of FeCO3 becomes “platelets,” 
which would imply a less densely packed and more 
polycrystalline corrosion product layer structure. A 
few prism-shaped FeCO3 crystals were observed. At 
the low pH value tested (pH 5.6), the steel surface 
was barely covered with any prismatic FeCO3. In each 
case, the main component of this layer was deter-
mined by XRD to be FeCO3.

The dense, prism-shaped FeCO3 crystals pack-
ing on the steel surface at pH 7.8 (Figure 3[a]) offers 
good corrosion protection (Figure 2[a]). It seems plau-

FIGURE 3. Top-view SEM images taken at the end of tests at different pH (80°C, 0.53 bar [53 kPa] CO2, 1 wt% NaCl, 
stagnant): (a) pH 7.8; (b) pH 7.1; (c) pH 6.6, initial CFe2+ = 50 ppm; (d) pH 6.0, initial CFe2+ = 100 ppm; (e) pH 5.6, initial CFe2+ 
= 1,000 ppm, second CFe2+ addition at the 13th day to 1,400 ppm. For corresponding corrosion rate/potential images, see 
Figure 2.
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sible to assume that this is because the dense FeCO3 

layer acts as a mass-transfer barrier for the corrosive 
species. However, for tests at pH 7.1, 6.6, and 6.0, 
the surface is either not fully covered with densely 
packed, prism-shaped FeCO3 crystals or it is covered 
by loose platelets of FeCO3. It is difficult to imagine 
that such a layer can be a significant mass-transfer 
barrier, which reduces the corrosion rate. However, 
from Figure 2 it is clear that there is still corrosion 
protection in these cases. Furthermore, in the test at 
pH 7.1, the protection is as good as for the test at pH 
7.8 while the surface layer does not seem to be no-
where as densely packed. How a seemingly incomplete 
corrosion product layer can still provide significant 
corrosion protection cannot be deduced from these 
SEM images.

Therefore, several cross-sectional samples of the 
surface layer were prepared to further examine its 
characteristics. To get appreciable resolution, a TEM 
was used on a cross-sectional sample produced by 
FIB. The corrosion product layer produced in the test 
at pH 7.1 was analyzed, as shown in Figure 4. Out-
lines of three FeCO3 crystals can be recognized (seen 
in the top view as well); however, there is a continu-
ous layer, approximately 2 μm in thickness, beneath 
them and no “bare” steel surface can be seen. A 
GIXRD measurement was made to obtain the phase 
identity information of this sample and is shown in 
Figure 5. Only FeCO3 can be identified on the surface. 
Several EDS scans, plotting the elemental changes 
along a line (Figure 6), were conducted to investigate 
the chemical composition at the boundary of the two 
large FeCO3 crystals and at the interface between Fe 
and FeCO3, in an attempt to detect any minor phases. 
The scan locations and directions are marked by red 
arrows and numbered in Figure 4(b). There is no di-
rect indication of any phases other than Fe and FeCO3 
existing on the surface.

Similar surface analyses have been applied to 
specimens from other tests. The cross-sectional and 
XRD results for the test at pH 6.0 are shown in Fig-
ure 7. A FeCO3 layer is still seen to exist beneath the 
plate-shaped crystals at the surface. In this condi-
tion, a new phase, chukanovite (Fe2[CO3][OH]2), was 
also identified (powder diffraction data for FeCO3 and 
Fe2[CO3][OH])2 can be found in the American Miner-
alogist Crystal Structure Database16 with code num-
bers 0000101 and 0007252, respectively). For the test 
at pH 5.6, which has shown no corrosion protection, 
cross-sectional and XRD analyses were also made, as 
shown in Figure 8. No continuous FeCO3 layer can be 
seen from the cross section, and the XRD indicates 
that iron is dominant. Trace amounts of FeCO3 and 
Fe2(CO3)(OH)2 were also identified.

The correlation between the surface morphol-
ogy and pseudo-passivation was investigated. Anodic 
potentiodynamic polarization was carried out at the 
end of each test at pH 7.1 with different test durations 
using the RCE samples; flat samples were also taken 

FIGURE 4. TEM images for test conditions of 80°C, 0.53 bar (53 kPa) CO2, 1 wt% NaCl, stagnant, pH 7.1, after 4 days: (a) 
top view of TEM sample denoting the cutting area; (b) side view of prepared TEM sample and locations of line EDS scans.

FIGURE 5. GIXRD pattern of X65 flat sample (80°C, 0.53 bar  
[530 kPa] CO2, 1 wt% NaCl, stagnant, pH 7.1, after 4 days).
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out simultaneously for surface analysis. The results, 
which are shown in Figure 9, clearly show that with 
the increase of FeCO3 coverage, the layer has a more 
protective nature, noted by significant corrosion cur-
rent decrease, and, eventually, pseudo-passivation 
can be achieved. For tests with 1 h and 12 h dura-
tions, the steel surface is only partially covered with 
corrosion product layers, and an active corrosion cur-
rent peak can still be seen from Figure 9. However, for 
the test with a 96 h duration, the pseudo-passivation 
had already happened, which is confirmed with the 
electrochemical results from Figure 2. Hence, no ac-
tive corrosion current peak can be seen from the an-
odic potentiodynamic polarization because the sample 
steel surface is in the passive state with significantly 
lower corrosion current.

DISCUSSION

Iron carbonate precipitation is seen when the 
saturation level of the solution is exceeded. This will 
more readily occur at the surface of the corroding 
steel where the concentration of ferrous ions, CFe2+, 
and the pH are both higher than in the bulk. Han, 
et al.,17 reported that a higher surface pH, compared 
to bulk pH, was measured in similar CO2 corrosion 
systems. In addition, a surface pH with approximately 
0.5 to 1 pH units higher than bulk conditions is also 
predicted by an in-house mechanistic corrosion model 
(Multicorp† V4). A protective FeCO3 layer formed in the 
present experiments at pH 6 and above simulations 
show, however, that this “threshold” pH is lower when 
the CO2 partial pressure is higher and at higher tem-
perature.

The protectiveness of the FeCO3 layer is usually 
associated with its thickness and porosity, as seen 
in the SEM images. It is common to assume that the 
protectiveness of a layer is due to the mass-transfer 
resistance, which, in this case, a dense and thick 
FeCO3 layer offers against inward diffusion of cor-
rosive species. The present experiments have shown 
that this is only partially correct. For example, good 
protection was also seen in experiments where the 
FeCO3 layer was not dense or thick. Furthermore, the 
OCP increased when a protective FeCO3 layer formed, 
which is the opposite of what is expected when a  
cathodic reaction is slowed down because of a diffu-
sion limitation (as previously noted by Gulbrandsen, 
et al.13).

It was discovered that a thin (~1 µm), adherent 
“inner layer” forms, which seems to be the key to cor-
rosion protection. In the experiments conducted here, 
this layer was found to be FeCO3. In other studies,14 
at higher pH and temperature, magnetite (Fe3O4) was 
also found in this inner layer. It is highly possible  
that minor compositional metal phases of X65 carbon 
steel or other minor iron oxide phases, which are not 
found by the surface analysis herein, still exist in this 
corrosion product layer. Those minor phases signifi-
cantly change the electrical conductivity of the FeCO3 
corrosion product layer. This is indirectly evidenced 
by the SEM images shown in Figure 3 above. During 
the SEM specimen preparation, no conductive coating 
was applied to the specimens. If the surface is only 
covered by FeCO3, which is a low-conductivity mate-
rial, low-quality SEM images or specimen charging 
would be expected. On the contrary, the image qual-
ity is not affected and no specimen charging is ob-
served, which suggests that the sample is electrically 
conductive.

Regardless, the protectiveness of this thin layer 
seemed to be associated with its adherence to the 
steel surface as much as it was related to its composi-
tion. Given the rise in OCP when protective corrosion 
product layers form in CO2 corrosion, it was deduced 	 †	Trade name.

FIGURE 6. Line pattern EDS scan result of locations 1, 2, and 3 
shown in Figure 4.
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FIGURE 7. SEM cross section and XRD pattern of X65 sample (80°C, 0.53 bar [53 kPa] CO2, 1 wt% NaCl, stagnant, pH 
6.0, initial CFe2+ = 100 ppm, after 10 days).

FIGURE 8. SEM cross section and XRD pattern of X65 sample. 80°C, 0.53 bar (530 kPa) CO2, 1 wt% NaCl, stagnant, pH 
5.6, initial CFe2+ = 1,000 ppm, after 22 days.

FIGURE 9. Anodic potentiodynamic polarization in the end of each test at pH 7.1 with different test durations and the 
corresponding surface morphology (80°C, 0.53 bar [53 kPa] CO2, 1 wt% NaCl, stagnant, potentiodynamic polarization 
scan rate: 0.1667 mV/s).
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that the protection comes from the retardation of 
the anodic reaction more than the cathodic reaction. 
Therefore, it is speculated that the thin, adherent cor-
rosion product layer covers/blocks large portions of 
the steel surface, thereby directly retarding anodic 
dissolution of iron, which manifests itself as a rise in 
OCP. It can be speculated that the cathodic reaction, 
hydrogen evolution, is not affected as much by this 
layer since the electron path from the steel surface 
through the corrosion product layer is available due to 
the presence of minor phases, making it an electronic 
conductor. The simultaneous reduction of the corro-
sion rate and increase in the OCP are similar to the 
classical definition of passivity; however, this behavior 
is different. The inner layer that forms is still “mac-
roscopic” (visible in SEM and TEM) and the effect is 
reversible, i.e., the layer is readily removed in under-
saturated (typically more acidic) solutions along with 
its passive-like protection. Therefore, the term that is 
used here was pseudo-passivity.

There is a role of mass transfer in this scenario. 
The “outer,” more porous FeCO3 layer, which forms 
first, does retard the diffusion of corrosive species to 
the surface but also the diffusion of ferrous ions away 
from it. This leads to a very different water chemistry 
at the corroding steel surface when compared to the 
bulk, where the ferrous ion concentration is much 
higher and so is the pH, both facilitating formation 
of the thin, adherent, and more protective pseudo-
passive layer.

CONCLUSIONS

The pH effect on protective corrosion product 
layer formation in mild steel CO2 corrosion has been 
studied. Tests at 80°C, with pH ranging from pH 7.8 
to pH 5.6, have been conducted. Several conclusions 
can be drawn from the results and discussion pre-
sented in this work:
v  In the pH range from pH 7.8 to pH 6.0 (at 80°C, 
0.53 bar CO2), a protective pseudo-passive layer was 
observed. This layer significantly lowered the corro-
sion rate with a noticeable OCP increase.
v  The surface analyses of this pseudo-passive layer 
revealed that it was made from FeCO3, that it was thin 
(~1 µm) and very well attached to the steel surface, 
and worked primarily by directly blocking the anodic 
iron dissolution reaction.
v  The mass-transfer resistance offered by the much 
thicker, outer FeCO3 crystalline layer was not a direct 
contributor to corrosion protection, as usually as-
sumed. Its role was primarily to create conditions at 
the steel surface (high ferrous ion concentration and 
pH), which are favorable for formation of the inner 
pseudo-passive layer.

v  No stable FeCO3 layer nor pseudo-passive layer 
could be formed at pH 5.6 at 80°C and 0.53 bar CO2.
v  A bulk pH threshold of about pH 6.0 is needed to 
get a protective corrosion product layer under the 
conditions studied in this work; however, this thresh-
old would be lower at higher partial pressures of CO2 
and at higher temperatures.
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