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ABSTRACT

A predictive model was developed for corrosion of carbon steel 
in carbon dioxide (CO2)-loaded aqueous methyldiethanolamine 
(MDEA) systems, based on modeling of thermodynamic equi-
libria and electrochemical reactions. The concentrations of 
aqueous carbonic and amine species (CO2, bicarbonate  
[HCO3

–], carbonate [CO3
2–], MDEA, and protonated MDEA 

[MDEAH+]) as well as pH values in the MDEA solution were 
calculated. The water chemistry model showed a good agree-
ment with experimental data for pH and CO2 loading, with 
an improved correlation upon use of activity coefficients. The 
electrochemical corrosion model was developed by modeling 
polarization curves based on the given species’s concentra-
tions. The required electrochemical parameters (e.g., exchange 
current densities, Tafel slopes, and reaction orders) for differ-
ent reactions were determined from experiments conducted 
in glass cells. Iron oxidative dissolution, HCO3

– reduction, and 
MDEAH+ reduction reactions were implemented to build a com-
prehensive model for corrosion of carbon steel in an MDEA-
CO2-water (H2O) environment. The model is applicable to 
uniform corrosion when no protective films are present. A solid 
foundation is provided for corrosion model development for 
other amine-based CO2 capture processes.

KEY WORDS: carbon capture and storage, carbon dioxide cap-
ture, carbon steel, corrosion model, MDEA

INTRODUCTION

Amine-based carbon dioxide (CO2) capture process 
has gained more interest recently as the immediate 
technological solution that can be used for captur-
ing CO2 from flue gas streams emitted from coal-
fired power plants.1-2 Although amine-based CO2 
capture process has been proven in current indus-
trial processes such as natural gas production, syn-
gas scrubbing, etc., the amine process is associated 
with several technical challenges.3 One of the major 
problems is corrosion of process components, which 
results in unexpected downtime, production loss, and 
even fatalities.

Corrosiveness of an amine solution after CO2 
absorption depends on the type and concentration of 
amine, CO2 loading, temperature, solution turbulence, 
etc.3 From a corrosion standpoint, methyldiethanol-
amine (MDEA, CH3N[C2H4OH]2) is the most “forgiv-
ing” alkanolamine because it is a tertiary amine and 
it does not form carbamate (R3NCOO–) with CO2.

4-6 
Although there are extensive research data available 
on corrosion and corrosion inhibition in amine-CO2 
systems,7-12 minimal information has been reported in 
the literature that could aid in establishing a corro-
sion model for carbon steel in such systems. Veawab 
and Aroonwilas13 reported a mechanistic corrosion 
model to identify the oxidizing agents responsible for 
corrosion reactions in the monoethanolamine (MEA 
[(CH2)2OHNH2]) system. Results indicated that bicar-
bonate ion and water are the primary oxidizing agents 
and hydrogen ion played an insignificant role in the 
reduction reaction. 
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The objective of the present study was to develop 
a predictive model for corrosion of carbon steel under 
operating conditions in the absorber with MDEA 
related to the CO2 capture process in fossil fuel-fired 
power plants. 

SPECIATION MODEL FOR A MDEA/CO2/H2O 
SYSTEM

When CO2 is dissolved and reacted with the 
MDEA, one can identify eight main species in the 
solution (MDEA, H2O, CO2[aq], MDEAH+, bicarbonate 
ion [HCO3

–], carbonic ion [CO3
2–], hydronium ion [H3O

+], 
and hydroxide ion [OH–]). Carbonic acid (H2CO3) is not 
included here because it has a much lower concen-
tration compared to other carbonic species (HCO3

– and 
CO3

2–) at high pH,14 and the activity coefficient data for 
this species were not available in the open literature. 
The following chemical reactions were considered in 
the present thermodynamic calculation:15-17 
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The reactions shown above can be described by 
equilibria reactions that can be solved by using the 
known values of the equilibrium constants (K) to 
obtain the concentrations of species (ci). The equilib-
rium constants are a function of the temperature and 
are available in the open literature:18-19 
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where pCO2 is the partial pressure of CO2.  

Since the solution cannot have a net charge, an 
electroneutrality equation is:

 c c c c c
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O H

c c
CO

c c
CO

c c
CO OH+ +c c+ +c c

H H+ +H H O H+ +O H
+ =c c+ =c c+ ++ =+ +c c+ +c c+ =c c+ +c c + +c c+ +c c

3 3O H3 3O HCO3 3CO+ +
3 3

+ +O H+ +O H3 3O H+ +O H 3
2+ +2+ +2+ +2+ +c c+ +c c2c c+ +c c– –c c– –c c

CO– –CO
+ +– –+ +c c+ +c c– –c c+ +c c 2– –2+ +2+ +– –+ +2+ +c c+ +c c2c c+ +c c– –c c+ +c c2c c+ +c c –  (11) 

In addition, a mass balance can be written for 
MDEA and carbonic species in the solution:

 c cMDEAc cMDEAc c
MDEAH

+ =c c+ =c c ++ =++ = constant 1  (12)

 c c cCOc cCOc c
HCO CO2c c2c c

3O C3O C 3
2+ +c c+ +c c =– –c– –c

O C– –O C
c

O C
c– –c

O C
c

O– –O2– –2+ +– –+ + constant 2  (13)

The “constants” in the two mass balance equa-
tions above depend on the given concentration of 
MDEA and CO2 loading in the aqueous solution, 
respectively. The concentrations of all species can be 
calculated by solving Equations (6) through (13).

To account for the non-ideality of the solution, 
in the present study, the Deshmukh-Mather model is 
used to evaluate the activity coefficient for the species 
in the MDEA/CO2/H2O solution:20
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where γi is the activity coefficient for species i in the 
solution used to correct the concentration of species 
ci. The first term on the right-hand side (rhs) is based 
on the Debye-Huckel theory, which accounts for the 
contribution from the electrostatic forces among all 
ions in solution. Zi is the electrical charge of ion i; B 
equals 1.2; I is the ionic strength of the solution; A 
is taken as a function of temperature as proposed 
by Lewis.21 The second term on the rhs expresses 
the contribution from short-range interaction forces 
among species in the solution. βij are the interaction 
parameters between the different species i and j in the 
solution.

To verify the speciation model, CO2 loading and 
pH measurements were conducted at different CO2 
partial pressures from 0.05 bar to 1.0 bar. The work 
was carried out in a 2 L glass cell with 50 wt% MDEA 
at 50°C. The CO2 loading was measured by the meth-
anoic potassium hydroxide (KOH) titration method.22 
The pH electrode and meter were calibrated at the 
testing temperature (50°C) with pH 7 and 10 buffer 
solutions. 

CORROSION MODEL FOR CARBON STEEL 
IN A MDEA/CO2/H2O SYSTEM

The corrosion model was based on describing the 
electrochemical process taking place at the steel sur-
face exposed to a MDEA/CO2/H2O environment, as 
schematically illustrated in Figure 1. 

As shown in Figure 1, the electrochemical reac-
tions occurring simultaneously at the steel surface 
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are dissolution of iron and reduction of the various 
“oxidizing agents:”

Anodic (oxidation) reaction:

 Fe Fe e→ +Fe→ +Fe +→ ++→ +2→ +2→ + 2 –  (15)

Cathodic (reduction) reactions: 
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 2 2 2 22 2MDEA2 2H e2 2H e2 2 MDEA H+2 2+2 22 2H e2 2+2 2H e2 2+ →H e+ →H e2 2H e2 2+ →2 2H e2 2 +–  (20)

Since MDEA/CO2/H2O solution under the 
absorber condition is alkaline (close to pH 9), it can be 
shown that the contributions of H3O

+ reduction and 
H2CO3 reduction reactions are quite small because of 
the very low concentrations in solution, when com-
pared to other species. In addition, H2O reduction 
kinetics is very slow;23 therefore, it was not considered 
in the present corrosion model. So, only HCO3

– and 
MDEAH+ reduction reactions (19 and 20) were consid-
ered as the key cathodic reactions in this system. 

The rates of the electrochemical reactions at the 
steel surface depend on the electrical potential of the 
surface, the surface concentrations of species involved 
in the reactions and temperature. Since electrochemi-
cal reactions involve exchange of electrons, the reac-
tion rate can be expressed conveniently as a rate at 
which the electrons are “consumed or released” (i.e., 
in terms of an electrical current density, i). Funda-
mental rate equations of electrochemistry relate i to 
the potential at the steel surface (E), via an exponen-
tial relationship:24 

 i io

E E
b
rev

= ×i i= ×i io= ×o

±
10

E E–E E

 (21)

which can be written down for each of the electro-
chemical reactions involved in the corrosion process. 
The positive sign applies for the anodic reaction while 
the negative sign applies for the cathodic reactions. 
The exchange current density is io, Erev is the reversi-
ble potential, and b is the Tafel slope. In most cases, 
io and Erev are nonlinear functions of the surface con-
centration of species involved in a particular reaction, 
while all three parameters are functions of tempera-
ture. 

The model requires as input pH, HCO3
– concentra-

tion, and MDEAH+ concentration, which can be calcu-

lated by the thermodynamic speciation model. Once 
the input parameters are determined, the model cal-
culates cathodic (HCO3

– and MDEAH+) and anodic (Fe) 
current densities with different potentials, and gen-
erates a graph with the individual and total cathodic 
and anodic curves. The intersection of the total 
cathodic curve with the anodic curve gives the corro-
sion potential (Ecorr) by solving:25 

 i i iFei iFei i
HCO MDEAH

= +i i= +i i +
3O M3O M–O M–O M

= +–= +  (22)

Corrosion current density (icorr) is calculated from 
the anodic curve (Equation [21]) and the known Ecorr. 
Finally, the corrosion rate is then recovered by using 
Faraday’s law. If the unit A/m2 is used for the corro-
sion current density, then conveniently the corrosion 
rate for carbon steel expressed in mm/y takes almost 
the same numerical value, precisely CR = 1.155 × icorr. 

The specimens were made of carbon steel (ASTM[1] 
A36) with a chemical composition of 0.23% C, 0.79% 
Mn, 0.02% P, 0.03% S, 0.29% Cu, 0.20% Si, and bal-
ance Fe. The specimens were ground with 600 grit 
silicon carbide (SiC) paper, cleaned with isopropyl 
alcohol (C3H8O) in an ultrasonic bath, and dried prior 
to exposure. Corrosion tests were carried out in a 2 L 
glass cell at 50°C under atmospheric pressure. Fur-
ther details of the experimental setup can be found 
elsewhere.26 To determine electrochemical parameters 
for anodic and cathodic reactions, potentiodynamic 
polarization tests were performed in different solu-
tions. Solutions with different HCO3

– concentrations 
were prepared with sodium bicarbonate (NaHCO3; 0.5, 
1.0, and 1.5 mol/L), and pH was adjusted by addi-
tion of solid sodium carbonate (Na2CO3). For solutions 
with different concentrations of MDEAH+ at pH 9.1, 
the concentration of MDEA in each case was calcu-
lated in the same way as for a buffer solution (Reac-
tion [4]). The solution was purged with nitrogen (N2) 
for 6 h before the experiment and kept purging during 
the experiment.

For the model verification, an aqueous solution of 
MDEA with a concentration of 50% by weight was pre-

FIGURE 1. Schematic of corrosion process in MDEA-CO2-H2O 
environments.

 (1) ASTM International, 100 Barr Harbor Drive, West Conshohocken, 
PA 19428.
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pared from a 99% pure MDEA reagent and deionized 
(DI) water. The test solution was purged with 12% CO2 
gas (pCO2 = 0.12 bar: CO2 loading = 0.13 mol CO2/
mol amine).

The corrosion rate of carbon steel for each condi-
tion was measured by linear polarization resistance 
(LPR) method. LPR measurements were performed 
within ±10 mV with respect to the corrosion potential 
with a scan rate of 0.166 mV/s. The potentiodynamic 
polarization tests were carried out after conduct-
ing LPR measurements. The specimen was scanned 
potentiodynamically at a rate of 0.166 mV/s from the 
corrosion potential to either anodic or cathodic direc-
tions. 

RESULTS AND DISCUSSION

Figure 2 shows the activity (which is defined as 
the activity coefficient [γi] times concentration [ci]) for 
the species in a 50 wt% MDEA system at 50°C at dif-
ferent CO2 partial pressures. As shown in Figure 2, 
activities of MDEA and CO3

2– decreased with CO2 par-
tial pressure whereas they increased for MDEAH+ and 
HCO3

–.
The calculated pH of 50 wt% MDEA solution at 

50°C under different CO2 partial pressures is com-
pared with the measurements in Figure 3. The com-
parison of the calculated CO2 loading as a function of 
partial pressure of CO2 with our own and open litera-
ture27 data is shown in the same figure. There it can 
be seen that the speciation model performs reason-
ably well.

The electrochemical parameters for the reactions 
that were considered in the present study are summa-
rized in Tables 1 and 2. They were found in the open 
literature24-25 and determined from the electrochemi-
cal data obtained in the present study. It is important 

to note that mass-transfer effect is not included in 
the present model because of the high concentration 
of oxidizing agents (HCO3

– and MDEAH+), which sug-
gests that those are involved in the charge-transfer-
controlled reduction reaction.23 Furthermore, in the 
follow-up electrochemical work it was confirmed that 
HCO3

– and MDEAH+ reduction reactions are under 
charge-transfer control.

Determination of Reaction Order
• Iron Dissolution — To determine reaction orders 

with respect to HCO3
– and H+ for iron dissolution reac-

tion, polarization tests were conducted under different 
test conditions shown in Table 3.

Figure 4 shows the anodic polarization curves of 
carbon steel at different HCO3

– concentrations. It can 
be seen clearly that anodic current density increased 
and corrosion potential decreased with increasing 
HCO3

– concentration. Figure 5 is a plot of the log of the 

FIGURE 2. Activity of species in 50% MDEA system at 50°C as a 
function of partial pressure of CO2.

FIGURE 3. Comparison between experimental data27 and calcula-
tions: (a) pH and (b) CO2 loading at different CO2 partial pressures 
(50% MDEA system at 50°C).

(a)

(b)
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current density at constant potential (–0.74 V) vs. the 
log of the concentration of HCO3

– at pH 9.1. The slope 
is 1.86, indicating that the reaction order (α) is close 
to 2. Figure 6 shows the measured anodic polarization 
curves and the calculated Tafel lines at different 
HCO3

– concentrations. The Tafel lines were produced 
with the reaction order of 2 and the Tafel slope of 
0.12 V/decade. A reasonable agreement is seen, con-
sidering that there is very little linearity in the mea-
sured curves, which is likely from the passivation of 
the steel surface caused by polarization. 

Figure 7 shows the anodic polarization curves of 
carbon steel at different pH values. The anodic cur-
rent density increased and the corrosion potential 
decreased with increasing pH. Figure 8 is a plot of 
the log of the current density at constant poten-
tial (–0.7 V) vs. the log of the pH. The slope of the 
plot showed a slope of approximately –0.5, indicating 
the reaction order (β). Figure 9 shows the measured 
anodic polarization curves and the calculated Tafel 
lines at different pH. The Tafel lines were produced 
with the reaction order of –0.5 and the Tafel slope of 
0.12 V/decade. Again, the agreement can be consid-
ered being reasonable considering the nonlinearity of 
the experimental curves as a result of passivation.

Based on the results presented above, reaction 
orders of HCO3

– and H+ for iron dissolution reaction 
were determined as:
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• Bicarbonate Reduction — To determine the 
reaction order for the HCO3

– reduction reaction (Reac-
tion [19]), cathodic polarization tests were conducted 
using a range of test conditions as shown in Table 4. 

Figure 10 shows the cathodic polarization curves 
of carbon steel at different HCO3

– concentrations at pH 
9.1. The cathodic current density slightly increased 
and the corrosion potential decreased with increas-

ing HCO3
– concentration. Figure 11 is a plot of the log 

of the current density at constant potential (–0.95 V) 
vs. the log of the concentration of HCO3

–. The slope of 
the line in the plot is 0.39, indicating that the reac-
tion order (δ) is close to 0.5. Figure 12 shows the mea-
sured cathodic polarization curves and the calculated 
Tafel lines at different HCO3

– concentrations. The Tafel 
lines were produced with the reaction order of 0.5 and 
the Tafel slope of 0.128 V/decade. A reasonable agree-
ment between experimental polarization curves and 
calculated Tafel lines is seen, although one can argue 
that this effect is within the margins of experimental 
error. Based on these results, the reaction order for 
HCO3

– reduction reaction was determined as:
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TABLE 1
Electrochemical Parameters for the Exchange Current Density Included in the Model

   io,ref cH+,ref cHCO3
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TABLE 3
Test Conditions for Determining Iron Dissolution 

Reaction Orders

  HCO3
– 

  Concentration  Temperature
     Solutions (mol/L) pH (°C)

 α NaHCO3/Na2CO3/H2O 0.5, 1.0, 1.5 9.1 50
 β NaHCO3/Na2CO3/H2O 1.0 7, 8, 9 50

TABLE 2
Electrochemical Parameters for the Reversible Potential 

and Tafel Slope Included in the Model

  Erev (V) b (V)

 Fe oxidation = ++ +E E= +E E= +
2.3RT

2F
logc2 2+ +2 2+ +2 22 2= +2 2= ++ +2 2+ += ++ += +2 2= ++ += + lo2 2lo+ +lo+ +2 2+ +lo+ +gc2 2gc+ +gc+ +2 2+ +gc+ +reE EreE EvE EvE E

o,Fe
= +

Fe
= +

/F+ +2 2+ +/F+ +2 2+ += ++ += +2 2= ++ += +
/F
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e F2Fe F2F
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e F
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e F

= ++ += +2 2= ++ += ++ +
2F

+ +2 2+ +
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+ +e F+ +
2F

+ +2 2+ +
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 0.12

 (15)

 HCO3
– reduction =E –
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F
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0.5F (19)

 MDEAH+ reduction E –=E –=
2.3RT

F
pHreE –reE –vE –vE – =b

2.3RT
0.5F (20)
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FIGURE 4. Anodic polarization curves for carbon steel at different 
HCO3

– concentrations.

FIGURE 8. Determination of the iron dissolution reaction order with 
regard to H+ concentration.

FIGURE 6. Measured anodic polarization curve and calculated Tafel 
lines for iron dissolution at different HCO3

– concentrations.

FIGURE 5. Determination of iron dissolution reaction order with 
regard to HCO3

– concentration.

FIGURE 9. Measured anodic polarization curves and calculated iron 
Tafel lines for dissolution at different pH.

FIGURE 7. Anodic polarization curves of carbon steel at different pH.



CORROSION SCIENCE SECTION

CORROSION—Vol. 69, No. 6 557

• Protonated MDEA Reduction — To determine 
the reaction order for the MDEAH+ reduction reaction 
(Reaction [20]), cathodic polarization tests were con-
ducted at different test conditions shown in Table 5.

Figure 13 shows the cathodic polarization curves 
for carbon steel at different MDEAH+ concentrations 
at pH 9.1. The cathodic current density increased 
with increasing MDEAH+ concentration. Figure 14 
is a plot of the log of the current density at constant 
potential (–0.8 V) vs. the log of the concentration of 
MDEA+. The slope of the line in the plot is approxi-
mately 1.3, indicating that the reaction order (κ) is 
close to 1. Figure 15 shows the comparison of the 
measured cathodic polarization curves and the cal-
culated Tafel lines at different MDEAH+ concentra-
tions. The Tafel lines were produced with the reaction 
order of 1 and the Tafel slope of 0.128 V/decade. A 
good agreement between the experimental polariza-
tion curve and the calculated Tafel line at different 
MDEAH+ concentrations is seen. 

Based on these results, a reaction order for 
MDEAH+ reduction reaction was determined as:

 
i i

c

co MDEAH o MDEAH ref
MDEAH

MDEAH ref
, ,o M, ,o MDEAH, ,DEAH o M, ,o M ,

,H r,H r

+ +i i+ +i i
o M+ +o MDEAH+ +DEAH

+

+H r+H r

i i=i ii i+ +i i=i i+ +i i
























111

 
(25)

Validation of the Overall Corrosion Model — Per-
formance of the overall corrosion model was validated 

by comparing the predictions with results from exper-
iments. Figure 16 compares corrosion rates between 
experiment and prediction at different HCO3

– concen-
trations and pH. The predicted corrosion rates showed 
good agreement with experimental data with an error 
not larger than 20% to 30%, which can be considered 
to be within the experiential error range for the cur-
rent LPR measurements. 

TABLE 4
Test Conditions for Determining the HCO3

– Reduction 
Reaction Order

  HCO3
–

  Concentration  Temperature
     Solutions (mol/L) pH (°C)

 δ NaHCO3/Na2CO3/H2O 0.5, 1.0, 1.5 9.1 50

FIGURE 10. Cathodic polarization curves for carbon steel at different 
HCO3

– concentrations.

FIGURE 11. Determination of the reaction order for HCO3
– reduction.

FIGURE 12. Measured cathodic polarization curve and calculated 
Tafel lines for HCO3

– reduction at different HCO3
– concentrations.

TABLE 5
Test Conditions for Determining the Reaction Order 

for MDEAH+ Reduction

  HCO3
–

  Concentration  Temperature
     Solutions (mol/L) pH (°C)

 κ MDEA/HCl/H2O 0.33, 0.63, 1 9.1 50
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Figure 17 shows the comparison of experimental 
and calculated polarization curves26 and corrosion 
rates for a 50 wt% MDEA/12% CO2 condition. Although 
predicted polarization curves indicate a higher corro-
sion potential than seen in the experiments, given the 
complexity of the system, one can accept this result, 
particularly in light of the reasonable agreement of the 
corrosion current/rate, as shown in Figure 17. Many 
similar comparisons were made for other conditions 
covered in this study, with similar results. This indi-
cates that the current corrosion model is applicable to 
uniform corrosion of carbon steel in the absorber con-
ditions if there is no major deviation from the condi-
tions studied here: MDEA concentration (50 wt%) and 
temperature (50°C). Further work is ongoing to extend 
the validity of the model to cover a broader range of 
conditions such as those seen in the regenerator.

CONCLUSIONS

A predictive model was developed for corrosion of 
carbon steel in CO2-loaded aqueous MDEA systems 
based on modeling of solution speciation and electro-
chemical reactions. The following conclusions were 
drawn:
v Activities of MDEA and CO3

2– decreased with CO2 
partial pressure whereas they increased with CO2 par-
tial pressure for MDEAH+ and HCO3

–.
v The speciation model showed a good agreement 
with experimental data for pH and CO2 loading. 
v The required electrochemical parameters (e.g., 
exchange current densities, Tafel slopes, and reac-
tion orders) for the Fe dissolution, HCO3

– reduction, 
and MDEAH+ reduction reactions were determined 
by experiments and used successfully to build a cor-
rosion model for corrosion of carbon steel in MDEA/
CO2/H2O environments. 
v The corrosion model showed a good agreement with 
experimental data for various environmental condi-
tions including pure CO2 and MDEA/CO2 solutions.
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