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ABSTRACT
Transportation of hydrocarbons accompanied by a liquid or supercritical CO, phase has
recently become a significant concern in the oil and gas industry particularly as related
to exploitation of high CO, content gas-fields. The issue of internal line corrosion under
such condition has a much broader relevance — it is applicable in the field of enhanced
oil recovery as well as CO; sequestration and transportation.

Many different CO, corrosion models can predict worst case corrosion rates of mild
steel in the CO, partial pressure range up to 10 bar, however they grossly overestimate
the corrosion rates as the partial pressure gets higher. One important first step in
understanding the corrosion mechanisms of mild steel in high CO, content
environments is to develop methods to predict the corresponding water chemistry. The
present study focuses on modeling and model validation of water chemistry in the
presence of large amounts of CO,, with partial pressure varying up to 100 bar and
temperature up to 100°C, covering gas, liquid and supercritical phases of CO,.
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INTRODUCTION

Many corrosion prediction models for CO, corrosion have been developed over the last four
decades. Most of these models can successfully predict the corrosion rates in environments
where partial pressure of CO; is up to 10 bar. However, the ability of these models to predict
corrosion rates beyond 10 bar of CO; is brought into question. If we briefly recall that the CO,
corrosion prediction modeling began in the 1970's with de Waard and coworkers'? who
developed simple equations and the first nomogram which was extensively used in the oil and
gas industry, especially for material selection and design. Gray et al. and Nesic et al.
presented a more elaborate mechanistic CO, corrosion prediction models and mechanisms of
CO, corrosion in their papers from 1989, 1990 and 1996 **°. One of the strengths of a
mechanistic modeling approach is its flexibility in extending the validity domain without
recursive recalibration of all parameters, i.e., it is easy to add new knowledge or account for
the influence of new parameters without a major modification of the existing model structure®.

The main objective of this work is to develop a water chemistry model valid in high CO, partial
pressure environments and to incorporate it into a mechanistic approach to predict corrosion
rates of mild steel. More specifically, the work presented below was structured into two main
tasks:

e Acquire a good understanding of the homogenous chemical reactions involved in a
H,0O-CO, system and build a thermodynamic model based on the information available
in the open literature.

e Develop an experimental set-up that enables the study of water chemistry at high CO,
partial pressures and validate the model with the experimental data.

THEORETICAL BACKGROUND AND MODELING

It is assumed that the main homogenous chemical reactions involved in a H,O-CO, system are
basically the same, whatever the partial pressure of CO,. These reactions are listed below:

e Water dissociation H,0, <——H_y + OH

e Carbon dioxide dissolution CO,y > COyug

e Carbon dioxide hydration CO,q +HO( «——H,CO,
e Carbonic acid dissociation H,CO;4,q) <> Hiagy + HCO3
e Bicarbonate ion dissociation HCO; < Hig) + cogf(aq)

What differs between low and high pressure is the non-ideality of the solution in the latter case,
which needs to be reflected by the choice of equations used to represent the equilibrium
constants governing each of these chemical reactions.

In the present work, the equilibrium constants for high pressure CO, above 10 bar were found
in the open literature and implemented. Most significant previous experimental and theoretical
studies related to water chemistry in high partial pressure CO, environments which were used
are Meyssami et al’, Duan & Li® and Spycher et. al®. Most of the constants were taken from



Spycher (2003)°, Duan & Li (2008)® and Palmer & Van Eldik '°. The constants from Spycher
et al. are valid for CO,-water system in the temperature range of 12-100°C and pressures up to
600 bar, whereas the constants from Duan & Li 2008 are valid at 1-100°C and pressures up to
2000 bar.

When implemented the water chemistry model can provide the concentrations of aqueous
species such as: dissolved CO,, H,COs, H*, OH’, HCO3 and COs*. Once concentrations of
these species are known in bulk solution, they are an important input for predictions of the
corrosion rate, protective film formation, etc. For example the H,CO3z and H* species are the
main oxidizing agents in corrosion of mild steel in H,O-CO,.environments.

In the following text, the various chemical reactions described above are analyzed and their
validity extended to high partial pressures of CO,

Dissolution of Carbon Dioxide

The dissolution of carbon dioxide in water at high CO; partial pressures of is different from that
at low CO; partial pressures due to the non-ideality of the phases. In low pressure CO,
systems, the concentration of dissolved CO; is directly proportional to its partial pressure. The
solubility constant is calculated using the Henry's law which is as applicable as the
concentration of dissolved CO.is relatively small.

CO,(9) = CO,(aq) 1)
Ksol = M (2)
CO2(g)

where Cco. represents the concentration of CO; dissolved in water, and p_,, represents the
partial pressure of carbon dioxide. The unit for the solubility constant is mol/(liter*bar).

In high pressure CO, systems, however, the relationship between concentration and pressure
is no longer linear and Henry’s law cannot be used. Instead, the non-ideality of the gas phase
must be taken into account using the following equations®:
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where y, and x.,, represent the mole fraction of water in the CO, phase and the mole
fraction of carbon dioxide in water, respectively.

The equations below are used to calculate the fugacity coefficients of CO: (¢.,,) and
H20 (¢Hzo)'
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The volumes of compressed carbon dioxide gas v.o,and water V,, can be obtained by

solving the Redlich-Kwong equation of state. The cubic equation below is then solved using a
Newton-Raphson algorithm. The value of aco, and auo.co, are 6x10° and 7.89x10’

accordingly. The value of Dbco.and by, are 27.80 and 18.18. The values are obtained
assuming the infinite water dilution in the CO,-rich phase®.

RT RTbco: aco: aco-bco:
VAl vz(?j -V ( P prest bémj —( - J =0 (7)

where, R=83.1447 bar*cm®/(mol*K), V is in cm*mol, Pis in bar, and T is in K.

Once the cubic expression is solved and the values of compressed gas volume are calculated,
the carbon dioxide solubility constant is obtained by evaluating each parameter in equations 1
to 7. The values of the constants listed above are available in the original publications®.

Carbon Dioxide Hydration

The equilibrium constant Ky for the carbon dioxide hydration is obtained from Palmer and Van
Eldik'°. Ky, does not change significantly within the temperature range of 20 — 100°C*°. Since it
is not pressure-dependent, the equilibrium constant of carbon dioxide hydration of 2.58 x103
(which is used in low pCO, environment model) is applicable for high CO, content.

Khy

CO, +H20<H2CO0s (8)

Khy = CHzCOleHZO CCOz (9)

Carbonic Acid Dissociation

The constant K¢, is taken from Duan and Li. The constant is a function of temperature and
pressure and can be calculated reliably from 0°C to 100°C and within pressure ranges from 1
to 3000 bar®.



Kca

H,CO,<HCO; +H* (10)

Kea = CH+ CHCO§/CH2C03 (11)

InKca = 233.5159304 — 11974.38348 - T~ — 36.50633536In T
1 (~45.08004507 - T~ + 2131.318848- T2 + 6.714256299- T * InT)(P — P, ) (12)
1 (0.008393915212 - T~ — 0.4015441404 - T2 — 0.00124018735 - T)(P — P, )?

where, Ps is saturation pressure of water.

Bicarbonate Anion Dissociation

The Ky can be calculated at various temperatures and pressures and is valid from 0°C to
100°C and from 1 to 3000 bar®.

Kbi
HCO; <H" + CO%* (13)
Kbi = Cyr Cco%*/ Chcos (14)

InK,, = —151.1815202 — 0.088695577T —1362.259146 - T* + 27.79798156In T
—(29.51448102- T +1389.015354 - T2 + 4.419625804 - T * InT)(P — P,) (15)
+(0.003219993525 - T — 0.1644471261- T % — 0.0004736672395- T *InT(P - P, )’

Water Dissociation
This equation for the equilibrium constant is taken from Duan and Li ®.

Kwa

H,0 < H' +OH (16)

Kwa = CH+ COH7 (17)

LogK,, =—4.098-3245.2. T +2.2362-10°- T*-3.984-10" - T° + a8)
(13.957-1262.3- T * +8.5641-10° - T"?)log Ph,0

Where p,,,is the density of water in g/cm®and T is temperature in K.
Electroneutrality

The electroneutrality of the H,O—CO, system can be described with the following equation:

Cy =Con + CHCO; +2C (19)

co%”



EXPERIMENTAL METHODOLOGY AND SET-UP

The present experimental matrix was designed to validate the accuracy of the water chemistry
model in a temperature range of up to 100°C and at CO, pressures of up to 100 bar.

Three types of experiments were selected for the model validation as follows:
e Solubility of CO; in water.
e Solubility of water in COs,.
e pH of the water.

Solubility of CO; in Water

The objective of the experiments was to compare the mole fraction of dissolved CO, in water
with predicted data. All of the experiments related to the study of the water chemistry were
performed in the 20L autoclave pictured in Figure 1.

Figure 1: 20'high pressure autoclave used in this study

The 20 liter autoclave was filled with 10 liters of de-ionized water and CO, was added to the
required pressure. Care was taken to ensure that the system had reached equilibrium before
any measurement was performed. For measurements, 50ml of water was transferred from the
high pressure autoclave into the low pressure 500 ml sampling bomb. The sampling bomb was
previously purged with CO, and its initial pressure was set at 2 bar. The 50 ml liquid sample
taken under pressure from the 20L autoclave was then allowed to de-gas and to reach
equilibrium. The sampling bomb was designed so that the consequent rise in pressure (and
change in temperature) would be relatively small, keeping the overall pressure under 10 bars.



In these conditions, Henry’s law could be used to calculate the CO, content in the water. The
total amount of CO, present in the sampling bomb was then evaluated and this enabled the
estimation of the amount of dissolved CO; initially present in the 50 ml liquid sample taken
from the autoclave. The key step in this measurement method was to have a very good control
of the volume of the liquid sampled. The schematic diagram for solubility CO, in water set-up is
shown in Figure 2.
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Figure 2: Schematic diagram for the solubility of water in CO, and CO, in water experimental
set-up.

Solubility of Water in CO, (yH20)

The objective of this part was to determine the mole fraction of water vapor in the CO, gas
phase. The measured data was compared to predicted data that was developed using
equations (1) through (7). The 20L autoclave was filled with 4 liters of deionized water and
pressurized. Again, special care was taken that the system had reached equilibrium before any
measurement was performed. Any condensation of water vapor due to the pressure drop
during sampling was prevented by applying a heating tape along the tubing from the autoclave
to the measurement setup.

Two independent methods were used to measure the amount of water vapor in the gas phase:
an absolute humidity sensor and a desiccant trap. The screening and selection of
measurement techniques for determining water content in the gas phase was reviewed by
Yarrison et al.*. Figure 2 shows the experimental set-up including the humidity sensor and the
desiccant trap.

The idea behind using the humidity sensor method was to bleed and depressurize a small
stream of the gas phase (containing water vapor) from the autoclave inside a small vessel
equipped with an absolute humidity sensor. The temperature and pressure in the sampling
vessel were then recorded. The dew point measurement inside the small vessel was used to
back-calculate the molar percentage of water vapor in the gas stream. This method was only
valid for temperatures below 60°C, due to the limitations of the sensor.



The desiccant trap method involved the slow bleeding and depressurizing of a small stream of
the gas phase (containing water vapor). This stream was passed through a tube full of
desiccant material (CaCl, and a molecular sieve), which trapped the water. A mass flow meter
located downstream from the tube measured the dry CO, mass flow rate. The molar content of
the gas stream was calculated based on the mass change of the desiccant and the totalized
CO2 mass flow rate.

pH of the System

pH measurement is a practical and important way to check if the chemistry of the water/CO,
solution is modeled properly. A high-pressure glass pH probe and a saturated Ag/AgCI
reference electrode were used to measure the concentration of protons (hydronium ions) at
three different temperatures and at pressure up to 80 bar, as shown in Figure 3. The pH probe
and reference electrode were calibrated at ambient temperature and pressure using buffer
solutions at pH 4, 7 and 10. The probe measurement error is £0.2 unit, as indicated by the
probe manufacturer. The 20L autoclave was filled with 4 liters of deionized water and CO, was
introduced in the vessel and the system was allowed to stabilize until equilibrium was reached.
The challenge in such a test was to find a suitable pH probe and a methodology that can be
applied in high partial pressure CO, environments. The current pH probe proved relatively
reliable but was lacking in accuracy.

Figure 3: High pressure glass pH probe and Ag/AgCl reference electrode used to measure
proton (hydronium ion) concentration.



RESULTS

The predicted concentration of CO,, H,COs, HCOs and CO3® over partial pressure of CO, up
to 80 bar is shown in Figure 4 to Figure 7. The concentrations of H,CO3; and HCOg3 present the
same trend as the solubility of CO; in water, as shown in Figure 4 to Figure 7. That is, the
concentrations increased with increasing pressure but decreased with increasing temperature.
However, the concentration of COs* increased with increasing pressure and temperature.
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Figure 4: Calculated CO; content in water over partial pressure of COs.



Concentration of CarbonicAcid at Various Temperature

Partial pressure of CO, (Bar)
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Figure 5: Calculated H,CO3 over partial pressure of CO..
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Figure 8 to Figure 10 show the experimental data for the solubility of CO; in water with mole
fraction (Xcoz) as a function of CO, partial pressure (pressure from O to 100 bar at
temperatures of 25, 40, and 60° C, respectively).
temperatures, the amount of dissolved CO, increased as the CO, partial pressure increased.
However, the increase in temperature led to a decrease in Xcoz. It must be noted that as
temperature increases, the solubility of CO, in water deviates further from Henry’s Law; that is,
the domain of validity of Henry’s Law is at best 20 bars at 25° C, and only 8 bars at 60° C.

Figure 11 shows the predicted mole fraction of CO, in H,O over partial pressure of CO, up to
100 bar. The solubility of water in CO, increased with increasing partial pressure of CO, and

temperature.
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Figure 7: Calculated COs* over partial pressure of COs..

The results suggest that, at the three




Mole Fraction of CO, in Water at 25 deg C
6.E-02

5.E-02 -

5.E-02 -

4.E-02 -

4.E-02 -

3.E-02 -

xCO,
| |

3.E-02 -

2.E-02 A

2.E-02 -

1.E-02 - Predicted

Henry's Law Equation
5.E-03 -

m  Experiment Data

0.E+00

0 10 20 30 40 50 60 70 80 90 100
Partial pressure CO, (Bar)

Figure 8: Comparison between experimental results and modeling for the solubility of CO; in
water at 25°C

Mole Fraction of CO, in Water at 40 deg C
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Figure 9: Comparison between experimental results and modeling for the solubility of CO; in
water at 40°C
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Mole Fraction of CO, in Water at 60 deg C
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Figure 10: Comparison between experimental results and modeling for the solubility of CO; in
water at 60°C
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Figure 11: Calculated water content in CO, (gas phases).
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Figure 12 to Figure 14 show the solubility of water in CO, in mole fraction (yH.O) as a function
of CO, partial pressure (pressure from 0 to 100 bar and temperature of 25, 40, and 60° C,
respectively). Two types of measurement -- humidity sensor and desiccant traps -- were
applied at temperatures of 25°C and 40°C; only the desiccant trap method was applied at
60°C. The figures suggest that at the three temperatures, the amount of water soluble in
liquid/supercritical CO, phase increases as the CO, partial pressure increases. The figures
also show that the solubility of water in CO, phase increases as the temperature increases.

Solubility Water in CO, Phase at 25°C
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Figure 12: Comparison between experimental results and modeling for the solubility of water in
CO; at 25°C
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Solubility of Water in CO, Phase at 40°C
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Figure 13: Comparison between experimental results and modeling for the solubility of water in
CO; at 40°C

Solubility of Water in CO, Phase at 60°C
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Figure 14: Comparison between experimental results and modeling for the solubility of water
in CO, at 60°C

Figure 15 to Figure 17 show the pH measurement test as a function of CO, partial pressure of
1 to 100 bar at 25°C, 40°C and 60°C, respectively. The results show that pH decreased with
increasing partial pressure of CO; because the amount of dissolved CO; in water increases as



the CO, partial pressure increases. However, the increase in temperature led to a decrease in
pH. It must be noted that as the temperature increased, a smaller amount of CO, was soluble
in water.
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Figure 15: Comparison between pH measurements and modeling results at 25°C
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Figure 16: Comparison between pH measurements and modeling results at 40°C
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Verification of Water Chemistry Model at 60°C
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Figure 17: Comparison between pH measurements and modeling results at 60°C

CONCLUSIONS

e The experimental set-up and measurement techniques used in this study were
successful in accurately determining the mutual solubility in CO»-H,0 systems.

¢ Experimental data obtained in the solubility study agree well with model predictions.

e pH measurements using the high pressure, high temperature pH probe tend to be
higher than the simulated data.
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NOMENCLUTURE

Nomenclature

Ksol

Equilibrium constant for solubility of CO, in water,
Molar/Bar

Ky Equilibrium constant for hydration of CO,, per second

Kea Equilibrium constant for dissociation of H,CO3 ,
Kmol/m®

Kbi Equilibrium constant for dissociation of HCO3'
Kmol/m®

Kwa Equilibrium constant for dissociation of water
Kmol/m®

Cco: Concentration of CO; in bulks solution, Kmol/m®

Chi,co, Concentration of H,COs in bulks solution, Kmol/m?

Chico; Concentration of HCOs in bulks solution, Kmol/m®

Ccoz Concentration of COs* in bulks solution, Kmol/m?

Ch+ Concentration of H* in bulks solution, Kmol/m®

Cor- Concentration of OH" in bulks solution, Kmol/m®

Pco. Partial pressure of CO; in bar.

Ph.0 Partial pressure of water in bar.

Yi0 Mole fraction of water in CO> gas phase

Xco: Mole fraction of carbon dioxide in water

K¥io Equilibrium constant for solubility of CO, in water,

Ko, Equilibrium constant for solubility of water in CO

Vh,0 Average partial molar volume for water in cm*/mol

V co, (gas) Average partial molar volume for CO; in gas form,
cm®/mol

Vco, (lig) Average partial molar volume for CO; in liquid form,
cm®mol

R Gas constant which is 83.1447 bar.cm®/mol.K

T Temperature in Celsius and Kelvin.

dco, Fugacity coefficient for CO,. Dimensionless.

Do Fugacity coefficient for H,O.Dimensionless.

aco: Attraction parameter for pure CO,. Bar.cm®.K’>.mol™

aH-0 Attraction parameter for pure H;O.

aH20-co, Attraction parameter for binary CO,- H,0.
Bar.cm®.K>*.mol*

bco. Repulsion parameter for CO,.cm®/mol

br:0 Repulsion parameter for H,O.cm®/mol

Piio Density of water, g/cm?.
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