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Modelling of carbon dioxide corrosion of steel
with iron carbonate precipitation

M. Shayegani**?, M. Ghorbani’, A. Afshar' and M. Rahmaniyan?®

Corrosion of mild steel in agueous solutions containing carbon dioxide was modelled under
condition that protective iron carbonate films formed on the steel surface. In this model, the film
form on the steel surface due to precipitation of iron carbonate from saturated solution. The
precipitation of iron carbonate produces a porous layer on the steel surface, reducing the
diffusion of species toward the steel surface. If the precipitation rate is high, the porosity
decreases and the mass transport becomes slower. Therefore, formation of protective layers on
the steel surface reduces the corrosion rate. In this case, the corrosion processes are controlled
with diffusion of species. The model was verified against published experimental data. The model
can predict the thickness and the porosity of the film formed on the steel surface and also the
corrosion rate of steel under deposited layer. The effects of some parameters such as Fe®™"
concentration and temperature on film thickness and corrosion rate were investigated. The
developed model is a solid approach for prediction of corrosion rate in conditions that
precipitation of iron carbonate occurs on the steel surface.
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solution to the steel surface through the liquid boundary
layer and the porous film, is

Introduction

The formation of iron carbonate on steel surface is one

of the important factors influencing the rate of corro-
sion.'* Therefore if it is not considered in a corrosion
prediction model, the worse case corrosion rate is
predicted. In the previous work,” a mechanistic model
of carbon dioxide corrosion is developed. In that model,
the electrochemical reactions at the steel surface,
chemical reactions and transport of species between
the steel surface and the bulk solution have been
included. However, it cannot predict the thickness and
morphology of the growing scales. Therefore, that
model is suitable for condition that the iron carbonate
layer does not precipitate on the steel surface or the
precipitation rate is very low. In this research, the
formation and the growth of iron carbonate layer on the
steel surface is modelled. Therefore some changes took
place in the model. First these changes describe briefly
here and then the film growth model is proposed.
Because the iron carbonate layer is formed on the steel
surface (Fig. 1), the diffusion through the pores of the
layer must be considered in the transport processes. A
one-dimensional form of the mass balance equation®
which describes transport for species j from the bulk
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where ¢; is the concentration of species j in kmol m ¢

is the porosity of the film, Djeff is the effective diffusivity

coefficient of j in m?s™", R; is the rate of consumption

or production of species j due to all the chemical

reactions in which a particular species is involved in

kmol m™> s™!, 7 is time, x is the spatial coordinate in m.
fof obtained from

D" =D+ D} )

where D" is molecular diffusivity coefficient and D} is
turbulent diffusivity coefficient. The turbulent diffusivity
coefficient D} in porous layer is zero and in the liquid
boundary layer is given by’

D, :0-18(5)3E 3)
6/ p

where p is the liquid density, u is dynamic viscosity, 0 is

the liquid boundary layer thickness and x is the distance

from the iron carbonate layer.

Other steps for determining the electrochemical
currents and solving the transport equation (1) are
described in previous work completely.® In this research,
a simple model for formation of iron carbonate layer on
the steel surface due to precipitation is proposed. Then
the model is verified against the published experimental
results.
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Precipitation model

In the case of CO, corrosion, when the concentration of
Fe’* and CO?}™ ions exceed the solubility limit, solid
iron carbonate precipitates on the steel surface or on the
surface of previous precipitated iron carbonate layer
according to*8

Fe’* 4 CO%™ - FeCO; )

Iron carbonate scale growth depends on the precipita-
tion kinetics. The rate of precipitation (Rreco,) 1S a
function of iron carbonate supersaturation (S), the
solubility limit (K), temperature and surface to volume
ratio (S/V)°

S . mo’l
RFeCO; (mol m73 Sfl) — Vezg 2,64851<:{T 1 )Ksp(S— 1)(5)

Supersaturation is defined as

Cre+ Coor-
S=——7-—"- 6
o ©)
Iron carbonate solubility limit (Ky,) is a function of
temperature 7 (K), and ionic strength 7 (mol L™1)°

2.1963
log (Kip) = —59.35-0.041387 — =—= +

24.57241og (T)+2.5181°° —0.6571 (7

The proposed equation describing the iron carbonate
layer growth kinetics is

acFeCO3(s)
ot

As FeCOs) is a solid, its diffusion and convection can
be neglected. Therefore, if precipitation occurs the
amount of FeCOs g will increase over time in any mesh.
The morphology of iron carbonate layer can be
expressed in terms of thickness and porosity. The
proposed equation describing the film thickness growth
is

= RFeCOs, (8

oh dxM, FeCO3

o SHIRCO: po
0t preco,(1 —é&in) Fecos 2

where Mreco, (=115-847 kgmol ') is the molecular

mass and pgeco, (=3900 kg m™?) is the density of iron
carbonate. dx is the mesh thickness and g, is the initial
porosity. A one-dimensional transport model has been
used in the pervious work to describe the mass transport
process.” It can be used to describe the film thickness
growth as expressed by equation (9). The precipitation
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rate is calculated for each mesh separately. Therefore
with respect to the method that the equation (5) has
been obtained from it, the S/V equal to 1/dx. If the
precipitation occurs simultaneously in more than one
mesh, the precipitation rate in each mesh will be
obtained simply from

1

(RFeCO3 )mesh = Rreco, " (10)

where n is the number of the mesh which precipitation
occurs in, simultaneously. At the beginning stage of
precipitation, it occurs in each mesh with initial porosity
and the scale thickness calculated from equation (9)
after each time step. This procedure continues until the
thickness of the scale formed in the mesh, being equal to
the mesh thickness, dx. After that, if precipitation
continues in that mesh, the initial porosity of formed
scale will be decreased. The changes of the porosity of
scale are obtained from

Je _ Mreco, R

= (11)

FCCO3
PFeCO;s

Initial and boundary conditions

The initial conditions for the equation (1) are considered
to be bulk concentrations, which are calculated from a
prior chemical equilibrium calculation.” These equili-
brium concentrations are also used as boundary condi-
tion at the bulk mass transfer boundary layer interface.

At the metal surface, flux of the species not involved
in electrochemical reactions, is assumed to be zero. For
species j involved in an electrochemical reaction, the flux
at the metal surface is determined from the rate of the
electrochemical reaction as described elsewhere.’

The initial condition for the equation (9) was /=0 for
all mesh and that of for the equation (11) was ¢=1 for all
mesh.

Computational techniques

Concentration profile of species can be determined by
solving a set of equations simultaneously in space and
time. Therefore equation (1) is written for each species
in the solution. There are n equations for n species in the
solution, because there is a transport equation (1) for
each species. Note that the concentration profile of solid
iron carbonate obtains from equations (9) and (11) as
thickness and porosity. The differential transport
equation (1) was discretised using a finite difference
method and a uniform grid as shown in Fig. 2.

The finite difference approximation of the transport
equations for species j in node p is given by

n+1__ .n n+1__ n+1
. % _,5 p 1/2Cp+1 .
P =épr12Vip+127 52—
AZ P+ / 1.p (Ax)z
n+1 n+1
At —¢
1.5 ) p p—1 n+1
&y 12Djp-172 (Ax)? ek, (12)

Superscripts n+1 and n denote new and old points in
time respectively; Ax is the mesh thickness on the order
of 1077 m. A fully implicit time discretisation scheme is
used here for this purpose that larger time step can be
used without having instability. Although fully implicit
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2 Sketch of finite difference uniform grid used for implementation of model

scheme is unconditionally stable, to start the simulation,
time step on the order of 10™* s was used. After some
steps, time step was changed to 107 2s. The mass
transfer layer consisted of 100 nodes. All the terms are
evaluated in the centre of the node, except the fluxes,
which are evaluated at the node boundaries. More
information about calculating the chemical reaction rate
and the electrochemical reaction rate, is given in
previous work.’

The film thickness growth and the film porosity
equations were discretised using a finite difference
method with an explicit time discretisation scheme.
Because the film growth happens so slowly, an explicit
method with time step 1 s can be used with good
stability. When for each period of time the film thickness
and its porosity were calculated, then the other processes
such as the mass transport and the electrochemical
reaction were handled as mentioned above. In the
present study, to decrease the total calculating time of
modelling, it is assumed that the film growth rate and
the corrosion rate are constant values in each minute of
the corrosion process. This assumption does not seem
far from reality, because the film growth happens so
slowly.'® After solving the mass transport equations at
the beginning of each minute of the process, these values
are calculated as the constants of that minute.

These steps are repeated until a desired time achieved.
The model was implemented in Visual Basic program-
ming language.

Verification

The CO,; corrosion model was verified by comparing the
prediction with published experimental values. The
corrosion rate of X65 steel at pH 6-6, different tempera-
tures and Fe’" initial concentration 50 ppm were
measured by Sun.” In Fig. 3, the measured and the
predicted thickness of precipitated layer on the steel
surface at 7=60°C are shown. The predicted amounts are
very close to the measured ones. The predicted and
measured corrosion rates at 7=60°C and for different
periods of time are shown in Fig. 4. Because the iron
carbonate precipitate on the steel surface, the thickness of
it continuously increases and the porosity of it decreases.
Therefore the predicted corrosion rates of steel decrease
due to formation of a diffusion barrier on the steel
surface. The experimental results first increase and then
decrease. Sun’ has obtained every point from one sample.
It seems the increase in corrosion rates is related to the
experimental method. Figure 5 shows the changes of iron
carbonate layer thickness with time at a temperature of
70°C. The precipitation process is slower than the

1 —&— Model
B Sunetal

Thickness of film (pun)

Time(hr)

3 Measured (Sun)® and predicted thickness of precipitated layer on steel surface at T=60°C, Pco,=0.8 bar, pH=6-6, Fe?*

concentration=50 ppm
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4 Measured (Sun)® and predicted corrosion rates of mild steel at T=60°C, p.o,=0.8 bar, pH=6-6, Fe?*" concentration=50 ppm

diffusion process. Therefore it seems that the concentra-
tion profiles of Fe>* and CO%’ are constant in steady
state condition. When iron carbonate layer forms on the
metal surface, the diffusion of species is controlled by it.
In this situation, the concentration of Fe?*and CO%’ in
front of the iron carbonate layer, approximately equal to
the concentration of Fe’™ and CO%’ in the bulk of
solution. According to equation (5), rate of precipitation
depends on Fe’"™ and CO3}~ concentrations and tem-
perature. Therefore the precipitation rate is constant if
the concentration and temperature are constant. In this
condition, the thickness of the iron carbonate layer
increases linearly with respect to time. The predicted and
measured corrosion rates at 70°C are shown in Fig. 6.
The predicted corrosion rates are in very good agreement
with the measured values.

The predictions of the model at 80°C are shown in
Figs. 7 and 8. Agreement between the predicted
amounts and the experimental results is very good at
this temperature too.

As mentioned, the precipitation of iron carbonate is
influenced by concentrations of Fe?™ and CO3~ ions.
Therefore, performance of the model was investigated at
low concentration of Fe*" ion. For this purpose, the
experimental results of N?si¢ and Lee'® were used. They
investigated the corrosion of steel 1020 in aqueous

solution saturated with CO, (Pco, =0-54 bar). Other test
conditions are: pH=6-6, temperature=80°C, ferrous ion
concentration=5 ppm and velocity=1 m s~ '. The pre-
dicted corrosion rates and the measured amounts are
shown in Fig. 9. The predicted rates are very close to
measured values. At low Fe?™ concentration, the
precipitation rate is negligible, so the formation of a
layer with low porosity and full coverage of metal surface
become impossible. As a result, the corrosion rate
decrease a little after 48 h and the steel surface
continuously is corroded. Therefore, the mechanical
adhesion between the steel surface and the iron carbonate
layer is very weak. Hence the probability of separation of
the iron carbonate layer from the steel surface is high.
Moreover the rate of corrosion in the aqueous solution
with high concentration of Fe*™ ion was investigated.
N72si¢ and Lee'® have obtained some results showing the
corrosion rate of the steel sample rapidly decreases to less
than 0-03 mm y ! after only 10 h due to formation of a
dense iron carbonate layer on its surface. The experiments
conducted at atmospheric pressure, 7=80°C, pH 6-6,
partial pressure of CO,=0-54 bar, velocity=1 m s~ ', and
Fe’" concentration 250 ppm. The results of modelling
under above condition are shown in Fig. 10. Becasue the
concentration of Fe’>* ion is very high, according to
equation (5), the precipitation rate of iron carbonate
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5 Measured (Sun)® and predicted thickness of precipitated layer on steel surface at 7=70°C, Pco,=0.7 bar, pH=6-6, Fe?*

concentration=50 ppm
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6 Measured (Sun)® and predicted corrosion rates of mild steel at T=70°C, p.,,=0.7 bar, pH=6-6, Fe?* concentration=50 ppm
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7 Measured (Sun)® and predicted thickness of precipitated layer on steel surface at T=80°C, Pco,=0.5 bar, pH=6-6, Fe?*
concentration=50 ppm
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8 Measured (Sun)® and predicted corrosion rates of mild steel at T=80°C, Pco,=0.5 bar, pH=6-6, Fe?* concentration=50 ppm
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layer is high. Therefore a dense iron carbonate layer
rapidly forms on the steel surface decreasing the
corrosion rate. Ruzic ef al.'! investigated the formation
of a protective iron carbonate layer on the 1020 steel
surface. They measured the corrosion rate of steel at
temperature 80°C, pH 69, Pco, =054 bar and veloci-
ty=0-13 m s~ '. Measured and predicted corrosion rates
are compared as shown in Fig. 11. The maximum and
minimum of Ruzic ef al’s results have been shown as
points and the predicted corrosion rates have been shown
as a line. It seems the predicted amounts are very close to
the minimum values. Also, after 20 h, the difference
between the maximum and minimum measured values is
about 0-15 mm y '. Therefore the model predictions
especially for long time are reliable.

The predicted and measured corrosion rates in
different conditions showed in Figs. 4, 6, 8, 9, 10 and
11 are shown simultaneously in Fig. 12. The experiments
were performed under conditions giving protective or
non-protective iron carbonate layer. The results related
to initial time when test conditions giving protective

40 60

Time(hr)

9 Measured (N?si¢ and Lee)® and predicted corrosion rates of mild steel at T=80°C, Pco,=0.54 bar, pH=6-6, velocity=1 ms™’,

1

layer, have been not considered. The agreement between
the predictions and the experiments is very good.

Parametric study

The effects of CO, pressure, pH, Fe?* ion concentration
and temperature on corrosion rate were investigated
using the proposed model. The effect of Fe>" ijon
concentration is shown in Fig. 13. Other conditions of
modelling are pH=6-5, Pco,=0-54 bar, T=80°C, velo-
city=1 ms~'. At 5 ppm Fe’" ion concentration, the
corrosion rate decreases so slowly. It seems the iron
carbonate precipitation rate is insignificant in compar-
ison with corrosion rate. As a result, no decrease is
observed with respect to time because no protective layer
is formed on steel surface. The formation of iron
carbonate layer becomes more rapid when the Fe’™
ion concentration increases. Therefore at 100 ppm
Fe?™, the corrosion rate decreases in short time.

The effect of pH is shown in Fig. 14. Other condi-
tions of modelling are Pco,=0-54 bar, T=80°C,

Corrosion Rate (mm/year)

—— Model

B Nesic et al.

Fe?" concentration=250 ppm
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10 Measured (Nési¢ and Lee)'® and predicted corrosion rates of mild steel at 7=80°C, p.,,=0.54 bar, pH=6-6, velocity=1 m s/,
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11 Measured (Ruzic et al)'" and predicted corrosion rates of mild steel at T=80°C, Pco,=0.54 bar, pH=6-9, velocity=0-13 m s,

Fe?* concentration=250 ppm
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12 Comparison between measured and predicted corrosion rates of mild steel in aqueous phase at different conditions:
experimental results are taken from Refs. 10-12
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13 Effect of Fe?* ion concentration (ppm) on corrosion rate: modelling condition are pH=65, Pco,=0.54 bar, T=80°C,
velocity=1m s’
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16 Effect of temperature (°C) on corrosion rate: modelling condition are

pH=6-5, velocity=1 m s’

velocity=1 ms~!, Fe’* concentration=50 ppm. At
lower pH values, the CO%‘ concentration and so
supersaturation are very small. The iron carbonate
precipitation rate is related to supersaturation as it can
be seen in equation (5). As a result, at lower pH values
the precipitation rate is negligible and a protective layer

Corrosion Engineering, Science and Technology

Fe?* concentration=50 ppm, Pco,=0.8 bar,

is not form on steel surface. But at higher pH values, the
precipitation rate increases, hence a protective layer
gradually forms on the steel surface. Therefore the
corrosion rate decreases with respect to time.

The effect of CO, pressure on corrosion rate is shown
in Fig. 15. Other conditions of modelling are pH=6-5,
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T=80°C, velocity=1 m s7!, Fe?* concentration=
50 ppm. The initial corrosion rate is higher at the more
elevated CO, pressure because the equilibrium concen-
tration of carbonic acid is greater. It can be seen the
corrosion rate decreases at each pressure after approxi-
mately 4 h but it is higher at elevated pressures.

The effect of temperature on corrosion rate is shown
in Fig. 16. Other conditions of modelling are pH=6-5,
Pco,=0-54 bar, velocity=1 m s™', Fe’* concentra-
tion=50 ppm. The protective iron carbonate layer
forms more rapidly at higher temperature, as a result
the corrosion rates become smaller. At 50°C, the
corrosion rate after 1 h is lower than similar point at
60°C. The temperature affects the corrosion rate in two
ways. First, in condition that the protective layer is not
formed on the steel surface, temperature raising leads to
corrosion rate increasing. Second, when there is suitable
condition for iron carbonate precipitation, the tempera-
ture rise increases the precipitation rate. Therefore, in
constant times, the protective layer forms more quickly
at higher temperatures than at lower ones. Hence, the
corrosion rate at higher temperatures becomes lower
because a good protective layer forms on the steel
surface.

Conclusion

The iron carbonate layer growth model was developed
and its performance was verified against the published
experimental results. The model predictions are very
close to the experimental results.

A dense and protective iron carbonate layer is formed
on the steel surface when the concentration of Fe?™ ion
is high, leading to a decrease in the corrosion rate.

Corrosion Engineering, Science and Technology 2009 voL 44
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If the concentration of Fe’" and CO%’ ions are
constant, the precipitation rate of iron carbonate will be
constant at each temperature. Therefore the thickness of
layer increases linearly with respect to time.
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