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Phase equilibria in mixtures containing carbon dioxide, water, and chloride salts have been investigated using a
combination of solubility measurements and thermodynamic modeling. The solubility of water in the CO2-rich
phase of ternary mixtures of CO2, H2O and NaCl or CaCl2 was determined, using near infrared spectroscopy, at
90 atm and 40 to 100 °C. These measurements fill a gap in the experimental database for CO2–water–salt
systems, for which phase composition data have been available only for the H2O-rich phases. A thermodynamic
model for CO2–water–salt systems has been constructed on the basis of the previously developedMixed-Solvent
Electrolyte (MSE) framework, which is capable ofmodeling aqueous solutions over broad ranges of temperature
and pressure, is valid to high electrolyte concentrations, treats mixed-phase systems (with both scCO2 andwater
present) and can predict the thermodynamic properties of dry and partially water-saturated supercritical CO2

over broad ranges of temperature and pressure. Within the MSE framework the standard-state properties are
calculated from the Helgeson–Kirkham–Flowers equation of state whereas the excess Gibbs energy includes a
long-range electrostatic interaction term expressed by a Pitzer–Debye–Hückel equation, a virial coefficient-
type term for interactions between ions and a short-range term for interactions involving neutral molecules.
The parameters of the MSE model have been evaluated using literature data for both the H2O-rich and CO2-rich
phases in the CO2–H2O binary and for the H2O-rich phase in the CO2–H2O–NaCl/KCl/CaCl2/MgCl2 ternary and
multicompontent systems. The model accurately represents the properties of these systems at temperatures
from 0 °C to 300 °C and pressures up to ~4000 atm. Further, the solubilities of H2O in CO2-rich phases that are
predicted by the model are in agreement with the new measurements for the CO2–H2O–NaCl and CO2–H2O–
CaCl2 systems even though the new data were not used in the parameterization of the model. Thus, the model
can be used to predict the effect of various salts on the water content and water activity in CO2-rich phases on
the basis of parameters determined from the properties of aqueous systems. Given the importance of water ac-
tivity in CO2-rich phases for mineral reactivity, the model can be used as a foundation for predicting mineral
transformations across the entire CO2/H2O composition range from aqueous solution to anhydrous scCO2. An ex-
ample application using the model is presented which involves the transformation of forsterite to nesquehonite
as a function of temperature and water content in the CO2-rich phase.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Capture and storage of carbon dioxide in geologic formations repre-
sents one of the most promising options for mitigating the impact of
greenhouse gases on global warming, owing to the potentially large ca-
pacity of these formations and their broad regional availability (Bachu,
2002; Bachu and Adams, 2003; Benson and Surles, 2006; Bachu, 2008).
As a result, it is important to predict the interactions of carbon dioxide
with mineral phases as they relate to geologic disposal of CO2 and the
fax: +1 973 539 5922.
rko).

rights reserved.
development of mineral carbonation technologies. This can be a daunt-
ing challenge given that carbon dioxide could be a supercritical fluid
(T>31.1 °C and P>72.9 atm) (Regnault et al., 2005; Garcia et al.,
2010), high partial pressures of carbon dioxide can result in significant
formation of carbonic acid (Giammar et al., 2005; Suto et al., 2007;
King et al., 2010), and H2O dissolved in supercritical CO2 can be highly
reactive (Regnault et al., 2005; Kwak et al., 2010, 2011). Although the
reactivity of CO2-containing aqueous solutions, hereafter termed the
water-rich phase, is well documented (Giammar et al., 2005; Regnault
et al., 2005; Hanchen et al., 2006; Lin et al., 2008; Prigiobbe et al., 2009;
Garcia et al., 2010; King et al., 2010; Daval et al., 2011; Guyot et al.,
2011), the reactivity of H2O dissolved in scCO2, hereafter termed the
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CO2-rich phase, has been largely ignored (McGrail et al., 2009; Kwak et
al., 2010, 2011). The importance of H2O reactivity in the CO2-rich phase
results from several factors. First, although the solubility of H2O in
scCO2 is low (b1% by mass) the total chemical potential of H2O in the
CO2-rich phase will be the same as that of H2O in the water-rich phase
if they are in equilibrium (thermodynamic phase equilibrium condition).
In addition, scCO2 is highly diffusive owing to its low viscosity. Hence, in
geologic disposal, the scCO2-rich phase is likely to permeate the overly-
ing repository cap rock pore network (Nordbotten and Celia, 2006) en-
hancing the importance of the reactivity of the CO2-rich phase in
geologic systems. In addition, the migrating scCO2, which initially can
be anhydrous, has the potential to extract water from the formation, in-
creasing theelectrolyte concentration of the remainingwater-rich phase.
As a result, in order to model the full range of mineral reactivity related
to both the disposal of scCO2 in geologic systems and the development
ofmineral carbonation technologies, a thermodynamic approach is nec-
essary that can accurately represent the chemical equilibria in both the
water-rich and the CO2-rich phases over broad ranges of temperature,
pressure, and electrolyte composition.

In view of the importance of the CO2–water–salt systems in geo-
chemistry and chemical and petroleum engineering, various compu-
tational models have been developed to represent the properties
of such systems. In general, these models fall into two distinct
categories:

(1) γ–φ models, in which an activity coefficient formulation is
used to reproduce the behavior of aqueous solutions whereas
an equation of state provides the fugacity coefficients of com-
ponents in the gas phase and

(2) φ–φ models, in which a homogeneous equation of state is
used to reproduce the properties of both the liquid and gas
phases.

The existing γ–φmodels are focused primarily on reproducing the
solubility of CO2 in water and aqueous solutions of selected salts. In
particular, Barta and Bradley (1985), Rumpf et al. (1994), Duan and
Sun (2003), Duan et al. (2006) and Akinfiev and Diamond (2010) de-
veloped CO2 solubility models using the well-known Pitzer (1973)
activity coefficient formulation for the aqueous phase. Alternatively,
the scaled particle theory of electrolyte effects was used by Li and
Nghiem (1986). Spycher and Pruess (2005) presented a model for cal-
culating the mutual solubilities of the aqueous and CO2 phases using the
Pitzer (1973) activity coefficients. Salari et al. (2011) developed a model
for estimating the water content of CO2 phases. Furthermore, the γ–φ
methods have been combined with speciation calculations by Li and
Duan (2007) and Li and Duan (2011).

The φ–φ approaches have been constructed either by incorporat-
ing electrolyte-specific terms into nonelectrolyte equations of state
or by combining a classical equation of state with an excess Gibbs en-
ergy model for electrolytes. The former approach was adopted by Jin
and Donohue (1988), Harvey and Prausnitz (1989) and Ji et al. (2005)
using the mean spherical approximation theory to account for elec-
trostatic interactions of ions. Tan et al. (2008) reviewed models of
this type that are based on the SAFT (Statistical Associating Fluid The-
ory) equation of state whereas Lin et al. (2007) reviewed those based
on cubic and other equations of state. In an alternative approach, Li
et al. (2001) and Kiepe et al. (2002) combined a cubic equation of
state with a group contribution-based activity coefficient model for
electrolytes. Additionally, the φ–φ approaches have been shown to be
most appropriate for high-temperature systems (i.e., above ca. 300 °C),
in which electrolytes exist primarily in the form of ion pairs (Anderko
and Pitzer (1993), Duan et al. (2003)).

The γ–φ and φ–φ approaches have their advantages and disadvan-
tages. In principle, the φ–φ approach is more appropriate for systems
that transition from the subcritical to supercritical range because it
can handle the vapor-liquid critical behavior, at least within the limita-
tions of classical equations of state. Also, it can reproduce volumetric
properties simultaneously with phase equilibria. However, it is much
more computationally intensive because the solution of phase equilibri-
um conditions must be accompanied by solving the equation of state in
each phase. The γ–φmethods, while much less computationally inten-
sive, impose a division of the phase space into gas-like and liquid-like
regions even when such a division is not physically rigorous. However,
the γ–φmethods are much more amenable to integration with specia-
tion and chemical equilibrium calculations. This is particularly impor-
tant for modeling the interactions between minerals and CO2-bearing
fluid phases, which is the ultimate objective of this work. Therefore,
the γ–φ approach is more appropriate here.

Themain thrust of this study is to develop amodel that not only pre-
dicts the solubility of CO2 in water-rich phases and of water in CO2-rich
phases but can also be used to calculate chemical equilibria involving
CO2-rich phases. This requires developing a thermodynamic model
that can handle (1) aqueous solutions over broad ranges of temperature
and pressure up to the high electrolyte concentrations found in subsur-
face brines, and (2) mixed-phase systems (with both scCO2 and water
present) that range from dry to partially water-saturated scCO2 over
wide ranges of temperature and pressure and include high electrolyte
concentrations, which can occur when anhydrous CO2 is disposed of
and acquires water from the formation. Another requirement is the
generality of themodel and the ease of its extension tomulticomponent
systems containingmultiple solutes and solid phases in the presence of
one or two liquid phases and/or a gas phase. These requirements are
satisfied by the previously developed Mixed-Solvent Electrolyte
(MSE) model (Wang et al., 2002), which has been designed in the
γ–φ framework for the simultaneous calculation of phase and
chemical equilibria in systems containing strong and weak electro-
lytes in aqueous, non-aqueous and mixed solvents. This model has
been shown to be applicable to mixtures ranging from infinite dilution
to the fused salt limit over wide ranges of temperatures (Anderko et al.,
2002;Wang et al., 2004, 2006; Gruszkiewicz et al., 2007; Kosinski et al.,
2007; Wang et al., 2010). The use of a mole fraction basis within MSE
(rather thanmolality) also allows the mathematical algorithm for solv-
ing the phase and chemical equilibrium equations to be stable at the
very high concentrations which can occur as electrolyte solutions dry
in contact with anhydrous scCO2.

In this contribution, we extend the MSE model to CO2-dominated
systems at high chloride concentrations, temperatures and pressures
that are of importance in the disposal of scCO2 in subsurface systems
as well as in optimizing the overall mineral carbonation process in in-
dustrial systems (Hanchen et al., 2008; Zhao et al., 2010; Guyot et al.,
2011). We also present new measurements of H2O concentrations in
scCO2-rich phases that are in equilibrium with aqueous solutions
containing variable NaCl and CaCl2 amounts. These measurements
provide a stringent test of the validity of the thermodynamic model,
which is intended to span the H2O-rich and CO2-rich regions. Chloride-
containing systems have been chosen for the initial model development
since chloride is a primary contributor to expected brine composi-
tions in natural systems (Duan et al., 1995; Duan and Sun, 2003;
Spycher and Pruess, 2005). The MSE model parameters for the
H2O-rich phase are developed on the basis of the existing solubility
data in chloride-containing systems as well as the mutual solubil-
ities in the CO2–H2O binary system over a broad range of CO2 partial
pressures. Thus, the model for the CO2-rich phase is anchored by the
H2O solubility data in CO2 and the effect of chloride salts is evaluat-
ed from the properties of the H2O-rich phases, for which relatively
abundant experimental data are available. Then, the performance
of the model is evaluated against new measurements, performed
as part of this study, of the solubility of H2O in scCO2 in the presence
of concentrated NaCl and CaCl2 brines. Finally, an example application
is given involving thermodynamic predictions for the transformation
of forsterite to nesquehonite in variably wet scCO2, illustrating the im-
portance of modeling the interactions of silicates and the CO2-rich
phase even at low water content.
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2. Experimental methods

CaCl2·2H2O, ACS Reagent grade, was purchased from Aldrich. NaCl,
SigmaUltra,minimum99.5%, was purchased from Sigma. Both reagents
were used without further purification. Distilled deionized (DDI) water
was generated using aMilliporewater filtering system. SFC grade liquid
CO2 was purchased from Matheson Tri-Gas.

All experiments were performed using a modified 160 ml Parr In-
struments Series 4793 GP high pressure–high temperature reaction
vessel fitted with custom-made 1″ thick ¾″ x 4″ fused silica optical
windows. The reaction vessel was pressurized using an ISCO model
260D syringe pump. Multiple two-way valves and a bleeding valve
were built into the system to allow the vessel to be pressurized and
depressurized without back-flow to the CO2 supply line along with
an in-line rupture disk (Fike Corporation) for safety. The pressure
and temperature conditions of the system were monitored using an
in-line pressure transmitter (Druck model PTX 500) and four T-type
thermocouples (Newport) located at different positions inside the reac-
tor to allow accurate reading of the cell temperature. All the tempera-
ture and pressure sensors were interfaced to a 16-bit A/D converter
(Measurement Computing model PCI-DAS1602/16) mounted in a per-
sonal computer that displayed and recorded temperature and pressure
data at 32 Hz. Amagnetic stir bar was placed at the bottomof the vessel
and a home-made stirrer was placed beneath the reactor to aid mixing
of water and scCO2.

Near-infrared (NIR) spectra weremeasuredwith a Bruker IFS66 spec-
trometer equipped with a glow bar and DTG detector for mid-IR and a
tungsten light source and a silicon diode detector for NIR spectra range.
Spectra were recorded over the range 5000–12,000 cm−1 with a resolu-
tion of 4 cm−1. The interferometer was scanned at a rate of 1.00 cm/s,
and 32 scans were co-added for each spectrum. For spectral acquisition
under a specific set of experimental conditions, the reactor was purged
with dry N2 for at least 30 min at the desired temperature and a back-
ground spectrum was recorded. After introduction of the aqueous solu-
tion placed at the bottom of the reaction vessel, the cell lid was closed
and tightened immediately to avoid loss of water vapor. Cell pressuriza-
tion with scCO2 was initiated and sample spectrum was recorded every
15 min automatically. To avoid over-pressurization, the cell pressuriza-
tion with scCO2 was carried out with small pressure increments above
1200 psi, allowing scCO2 thermal equilibration with the reactor. The
scCO2-water/salt solution mixture was mildly stirred initially for a mini-
mum of 30 min to aid water dissolution. Spectral acquisition was ended
when the reaction cell reaches temperature/pressure equilibrium and
the spectra were stabilized for the duration of at least an hour.

The presented spectra are the average of a minimum of three consec-
utive spectra after spectral stabilization. After baseline corrections, the av-
erage absorbance of theNIR spectra in the range from7100 to 7500 cm−1

was used to calculate the dissolved water concentrations.

3. Thermodynamic model

3.1. Computational framework

The derivation of the Mixed-Solvent Electrolyte (MSE) thermody-
namic framework was described in previous studies (Wang et al.,
2002, 2006). In order to apply it to CO2-containing systems over wide
ranges of pressure and temperature, we modify the MSE model by in-
troducing pressure dependence into selected interaction parameters
in the activity coefficient formulation. In this section,we briefly summa-
rize the model and define the parameters that need to be evaluated on
the basis of experimental data.

In the MSE model, the chemical potential of a species i in a liquid
phase is calculated as

μL
i ¼ μL;0;x

i T; Pð Þ þ RT ln xiγ
x;�
i T ; P; xð Þ ð1Þ
where μiL,0,x(T, P) is the standard-state chemical potential expressed
on the mole fraction basis, xi is the mole fraction, and γi

x, *(T, P, x) is
the unsymmetrically normalized, mole fraction-based activity coeffi-
cient. The mole fraction-based standard-state chemical potential is
related to the well-known molality-based standard-state chemical
potential by (Wang et al., 2002):

μL;0;x
i T; Pð Þ ¼ μL;0;m

i T; Pð Þ þ RT ln
1000
MH2O

ð2Þ

where MH2O is the molecular weight of water. The molality-based
standard-state chemical potential is calculated as a function of tem-
perature and pressure from the Helgeson–Kirkham–Flowers (HKF)
equation of state (Helgeson et al., 1974a, 1974b, 1976, 1981; Tanger
andHelgeson, 1988). The parameters of the HKF equation are available
for various species from Shock and Helgeson (1988), Shock et al.
(1989), and Johnson et al. (1992). For water, the standard-state chem-
ical potential is defined as that of purewater and is calculated from the
Haar–Gallagher–Kell equation of state (Haar et al., 1984).

The activity coefficients in Eq. (1) are obtained from an expression
for the excess Gibbs energy, which is expressed as a sum of three con-
tributions:

Gex

RT
¼ Gex

LR

RT
þ Gex

II

RT
þ Gex

SR

RT
ð3Þ

where GLR
ex represents the contribution of long-range electrostatic

interactions, GII
ex accounts for specific ionic (ion-ion and ion-molecule)

interactions, and GSR
ex is a short-range contribution resulting from inter-

molecular interactions. The long-range interaction contribution is calcu-
lated from the Pitzer–Debye–Hückel formula (Pitzer, 1980) expressed in
terms of mole fractions and symmetrically normalized, i.e.,

Gex
LR

RT
¼ − ∑

i
ni

� �
4AxIx
ρ

ln
1þ ρI1=2x

∑i xi 1þ ρ I0x;i
� �1=2� �

0
BB@

1
CCA ð4Þ

where the sum is over all species, Ix is the mole fraction-based ionic
strength, Ix,i0 is defined as the ionic strength in the limiting case when
xi=1, i.e., Ix,i0 =0.5zi2; ρ is assigned a universal dimensionless value (ρ=
14.0), and Ax is given by

Ax ¼
1
3

2πNAdsð Þ1=2 e2

4πε0εskBT

 !3=2

ð5Þ

where ds and εs are the molar density and dielectric constant of the sol-
vent, respectively.

The specific ion-interaction contribution is calculated from an
ionic strength-dependent, symmetrical second virial coefficient-type
expression (Wang et al., 2002):

Gex
II

RT
¼ − ∑

i
ni

� �
∑
i
∑
j
xixjBij Ixð Þ ð6Þ

where Bij(Ix)=Bji(Ix), Bii=Bjj=0, and the ionic strength dependence
of Bij is given by

Bij Ixð Þ ¼ bij þ cij exp −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ix þ a1

p� �
ð7Þ

where bij and cij are binary interaction parameters and a1 is set equal
to 0.01. The parameters bij and cij are calculated as functions of tem-
perature as

bij ¼ b0;ij þ b1;ijT þ b2;ij=T þ b3;ijT
2 þ b4;ij lnT ð8Þ
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cij ¼ c0;ij þ c1;ijT þ c2;ij=T þ c3;ijT
2 þ c4;ij lnT ð9Þ

The coefficients bk,ij (k=0, …, 4) and ck,ij (k=0,…, 4) are obtained
from the regression of experimental data. For the majority of species
pairs, i–j, the full complexity of the temperature dependence of bij and
cij in Eqs. (8) and (9) is not needed, and only a limited number of coef-
ficients are used.

The short-range interaction contribution is calculated from the
UNIQUAC equation (Abrams and Prausnitz, 1975):

Gex
SR

RT
¼ ∑

i
ni

� �
∑
i
xi ln

φi

xi
þ Z
2
∑
i
qixi ln

θi
φi

� �
− ∑

i
ni

� �
∑
i
qixi ln ∑

j
θjτij

 !" #

ð10Þ

θi, φi, and τi are defined as

θi ¼
qixi

∑j qjxj
ð11Þ

φi ¼
rixi

∑j rjxj
ð12Þ

τji ¼ exp −
aji
RT

� �
ð13Þ

where qi and ri are the surface and size parameters, respectively, for
the species i, Z is a fixed coordination number (Z=10), and aij is the
binary interaction parameter between species i and j (aij≠aji). The
short-range interaction parameters are calculated as functions of
temperature and pressure by

aij ¼ a 0ð Þ
ij þ a 1ð Þ

ij T þ a 2ð Þ
ij T2 þ a P0ð Þ

ij þ a P1ð Þ
ij T þ a P2ð Þ

ij T2
� �

P ð14Þ

where aij≠aji. As with the ionic interaction parameters, all coeffi-
cients of Eq. (14) are usually not needed for most species pairs. In
systems containing only strong electrolytes, only the ion interaction
parameters (Eqs. (8)–(9)) are needed. The short-range parameters
(Eq. (14)) are introduced only for interactions involving neutral
molecules.

The activity coefficients are calculated from Eq. (3) by differenti-
ation with respect to the number of moles (Pitzer, 1995). Since the
activity coefficients calculated from Eq. (3) are symmetrically nor-
malized (i.e., they are equal to 1 for each pure component), they
need to be converted to unsymmetrical normalization so that they
are based on the infinite-dilution reference state in water and can
be used in Eq. (1):

ln γx;�
i ¼ ln γx

i− lim
xi→0
xw→1

ln γx
i ð15Þ

where lim xi→0
xw→1

lnγx
i is the value of the symmetrically-normalized

activity coefficient at infinite dilution in water, which is calculated by
substituting xi=0 and xw=1 into the activity coefficient equations.

The chemical potential of species i in the gas phase is given by

μG
i ¼ μG;0

i Tð Þ þ RT ln
Pyiϕi T; Pð Þ

P0 ð16Þ

where μiG,0(T) is the chemical potential of pure component i in the ideal
gas state, yi is the mole fraction in the gas phase, ϕi(T, P) is the fugacity
coefficient, P is the total pressure, and P0=1 atm. The μiG,0(T) term is
calculated from the ideal-gas Gibbs energy of formation, entropy and
heat capacity according to standard thermodynamics (Pitzer, 1995).
For water, this term is obtained from the Haar–Gallagher–Kell equation
of state (Haar et al., 1984). The fugacity coefficient is calculated from the
Soave–Redlich–Kwong (SRK) equation of state (Soave, 1972):

P ¼ RT
v−b

− a
v vþ bð Þ ð17Þ

where v is the molar volume and the parameters a and b are calculated
using the classical quadratic mixing rules, i.e.,

a ¼ ∑
i
∑
j
xixj aiaj
� �1=2

1−kij
� �

ð18Þ

b ¼ ∑
i
xibi ð19Þ

The pure-component parameters ai and bi are calculated using the
critical properties Tc and Pc and a temperature-dependent function
α(T), which is regressed to match pure-component vapor pressures:

ai ¼ 0:42747
R2T2

ci

Pci
αi Tð Þ ð20Þ

bi ¼ 0:08664
RTci

Pci
ð21Þ

The binary parameter kij in Eq. (18) is expressed as a function of
temperature as

kij ¼ k 0ð Þ
ij þ k 1ð Þ

ij =T ð22Þ

The fugacity coefficient ϕi(T, P) is calculated from Eqs. (17)–(22)
using standard thermodynamic relations (Pitzer, 1995).

The expressions for the chemical potentials of species in the liq-
uid and gas phases are further used for the simultaneous calculation
of phase (i.e., vapor-liquid and liquid-liquid) equilibria and chemical (or
speciation) equilibria between solution species as described by Zemaitis
et al. (1986) and Rafal et al. (1995). The calculations were performed
using a phase and chemical equilibrium algorithm that is implemented
in theOLI software (OLISystems, 2012). Themodel parameters reported
here are available in the OLI software starting from version 9.0.

3.2. Determination of model parameters

The combined thermodynamic framework has been applied to
model the phase behavior of binary and mixed CO2–Na–K–Mg–Ca–
Cl–H2O systems. Table 1 summarizes the available literature sources
for these systems together with their temperature, pressure, and
salt content ranges.

For the binary and multicomponent Na–K–Mg–Ca–Cl–H2O sys-
tems (i.e., without CO2), the MSE parameters were determined in a
previous study (Gruszkiewicz et al., 2007). These parameters ensure
that the model reproduces the phase equilibria and caloric properties
of binary, ternary, and multicomponent mixtures from the freezing
point up to 300 °C and from infinite dilution to the solid saturation
or fused salt limit. Table 2 summarizes the parameters that determine
the thermodynamic properties of individual species in the Na–K–
Mg–Ca–Cl–H2O systems (i.e., the standard partial molar Gibbs en-
ergy of formation, entropy, and parameters of the HKF equation of
state). These species include the individual ions (i.e., Na+, K+, Mg2+,
Ca2+, and Cl−) and the ion pairs (i.e., MgCl2(aq) and CaCl2(aq)) that
were taken into account in the previous study (Gruszkiewicz et al.,
2007). Table 3 compiles the ionic interaction parameters (Eqs. (8)–(9))
between these species.
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In this study, we determine parameters to reproduce the proper-
ties of the following systems:

(1) The binary system CO2–H2O
(2) Ternary mixtures composed of CO2, H2O and one of the four

chloride salts, i.e., NaCl, KCl, MgCl2, and CaCl2
(3) Multicomponent mixtures containing CO2, H2O and various

combinations of NaCl, KCl, MgCl2 or CaCl2.

In the first step of model development, MSE parameters have been
determined for the CO2–H2O binary. There are a large number of ex-
perimental studies that report experimental data for this system (cf.
Table 1). Furthermore, critical reviews are available to guide the rela-
tive weighting of experimental data for model development. The data
that are available in the low-pressure range and at temperatures up
to 433 K have been reviewed by Carroll et al. (1991). The solubilities
of CO2 in H2O have been evaluated by Crovetto (1991) at tempera-
tures up to the critical point, by Diamond and Akinfiev (2003) up to
100 °C and 100 MPa and by Duan and Sun (2003) up to 260 °C and
200 MPa. Spycher et al. (2003) reviewed the mutual solubilities of
CO2 and H2O up to 100 °C and 60 MPa. The latter three reviews deal
with the conditions that are particularly relevant to geological se-
questration. The data at higher temperatures and pressures have
been evaluated by Mäder (1991), Mather and Franck (1992) and
Blencoe et al. (2001).

In this study, we regress parameters to reproduce the experimen-
tal data for temperatures ranging from 0 °C to 300 °C and pressures
up to approximately 350 MPa. The parameters are determined on
the basis of (a) solubilities of CO2 in H2O, (b) solubilities of H2O in
CO2, (c) pure-component vapor-pressures of CO2 and (d) enthalpies
of mixing of CO2 and H2O. The application of the MSE model to the
CO2–H2O system is constrained by the inherent characteristics of
the γ–φ methods for calculating phase equilibria (Anderko and
Malanowski, 1992). In the γ–φ methods, fluid phase equilibria can
be calculated as either vapor-liquid (VLE) or liquid-liquid (LLE) equi-
libria. In the former case, the model uses separate formulations for
the two phases, i.e., Eq. (1) for the liquid phase and Eq. (16) for the
vapor phase. In the latter case, Eq. (1) is used for both phases.
Below the critical temperature of the lighter component (i.e., below
304.12 K in the case of CO2), there is a distinct transition between
the VLE and LLE regions. The two regions are separated by the
three-phase vapor–liquid–liquid region and the three-phase equilib-
rium pressure is, at a given temperature, very close to the vapor pres-
sure of pure CO2. Above the critical temperature of CO2, there is only
one fluid-fluid equilibrium region, which transitions smoothly from a
VLE-like region to an LLE-like region as the pressure increases. How-
ever, a γ–φ model still calculates phase equilibria as VLE at lower
pressures and as LLE at higher pressures. The transition between
these two regions becomes then arbitrary and lies on an extension
of the VLLE P vs. T curve beyond the critical temperature of CO2. How-
ever, with appropriately adjusted model parameters, the VLE-like and
LLE-like regions can merge seamlessly and correctly approximate the
solubility of scCO2 in the water phase and water in the scCO2 phase
across the full pressure range of phase equilibria.

In order to reproduce the behavior of the CO2–H2O binary, the
MSE model requires three kinds of parameters, i.e., (1) the
standard-state Gibbs energy of formation, entropy and HKF equation
parameters for CO2(aq), (2) the interaction parameters in the formula-
tion for the excess Gibbs energy (Eqs. (8) and (14)) and (3) standard-
state properties of CO2 in the gas phase and the parameters of the SRK
equation (Eqs. (17)–(22)). In the LLE region of the phase coexistence
curve, the properties of both phases are modeled using the liquid-
phase chemical potential expression (Eq. (1)). Thus, the LLE region
is reproduced exclusively by the liquid-phase interaction parameters
because the standard-state chemical potential drops out when Eq. (1)
is applied to both coexisting phases. On the other hand, the VLE
region is represented by Eq. (1) for the liquid phase and Eq. (16) for
the gas phase. The liquid-phase properties in the VLE region depend
primarily on the standard-state properties and, to a lesser extent, on
the liquid-phase interaction parameters. The liquid-phase interaction
parameters play a much lesser role here because the concentration of
CO2 in the water-rich phase is relatively low. The chemical potential
of CO2 in the gas phase depends on the SRK interaction parameters
(Eq. (22)) in addition to the pure-component properties, which are
fixed at their experimental values and collected in Table 4. At low
pressures, the gas phase is nearly ideal and VLE calculations depend
primarily on the standard-state properties of CO2(aq). As the pressure
increases, the gas-phase fugacity coefficients increasingly depend on
the SRK interaction coefficients. In view of the different sensitivity
of the VLE and LLE regions to various model parameters, initial esti-
mates of the liquid-phase interaction parameters (Eqs. (8) and
(14)) have been obtained from the data in the LLE region whereas
the initial values of the SRK interaction parameters (Eq. (22)) have
been obtained from the VLE region in the elevated pressure range.
Subsequently, the parameters have been refined through a combined
optimization using a complete set of phase equilibrium data. For the
liquid-phase interaction parameters, it has been determined that
the optimum representation of phase equilibria is obtained using
the ionic strength-independent virial parameters Bij in the virial ex-
pansion (i.e., by using only the coefficients b0,ij, b1,ij, and b2,ij in
Eq. (8) and setting all cij coefficients in Eq. (9) equal to zero) coupled
with the pressure-dependent UNIQUAC interaction parameters aij
(i.e., by regressing the coefficients aij

(0), aij
(1), aij

(P0), and aij
(P1) in

Eq. (14), the last two of which impose a linear pressure dependence
on aij). The pressure dependence is necessary due to the very wide
pressure range of the available phase equilibrium data (up to
350 MPa). For simplicity and in view of the rather small differences
in the sizes of the species considered here, the ri and qi parameters
in the short-range term (Eqs. (11)–(12)) are set equal to 0.92 and
1.4, respectively, for all species. The HKF equation parameters for
CO2(aq) have been slightly adjusted by modifying the aHKF,1,…4 param-
eters in the combined model while keeping the remaining parame-
ters (i.e., cHKF,1, cHKF,2 and ω) unchanged. Table 2 includes the
standard-state properties of CO2(aq). The virial-type interaction pa-
rameters between CO2 and H2O (b0,ij, b1,ij, and b2,ij) are listed in
Table 3. Finally, Table 5 contains the UNIQUAC liquid-phase interac-
tion parameters (aij(0), aij(1), aij(P0), and aij

(P1)) and the SRK binary param-
eters (kij(0) and kij

(0)).
In the second stage of parameter development, mixtures

containing chloride salts as well as CO2 and H2O have been analyzed.
Table 1 summarizes the sources of experimental data that include
NaCl, KCl, MgCl2, and CaCl2 as the salt components and lists the tem-
perature, pressure and salt content ranges of the data. The experi-
mental data base is particularly abundant in the case of NaCl–CO2–

H2O system, for which 27 data sources have been identified. For this
system, the experimental studies have been reviewed by Spycher
and Pruess (2005) and Koschel et al. (2006). The data are also fairly
extensive for the KCl–CO2–H2O and CaCl2–CO2–H2O systems, for
each of which 11 data sources are available. For these three ternary
systems, a significant number of data sets extend well into the tem-
perature and pressure ranges that are relevant to CO2 sequestration
(cf. Table 1). Data for the MgCl2–CO2–H2O system are limited to a
small number of sources (i.e., three) and ambient pressures. Only a
few data sets are available for mixed chloride salts. It should be
noted that all of the literature data sources pertain to the water-rich
liquid phase and none of them deals with the carbon dioxide-rich
phase in the presence of salts.

Analysis of experimental data has revealed that the effect of salts
on the solubility of CO2 can be reproduced using a single,
temperature-independent interaction parameter b0,ij between the
cations (i.e., Na+, K+, Mg2+ and Ca2+) and CO2(aq) in the virial
term (Eq. (8)). These parameters are listed in Table 3. Considering
the wide temperature, pressure and salt concentration ranges of



Table 1
Experimental data sources for the CO2–Na–K– Mg–Ca–Cl–H2O systems.

System Reference Temperature range, K Pressure range, atm Salt concentration mol∙kg−1 H2O

CO2–H2O Bunsen (1855b) 277.55–295.55 1 0
Bunsen (1855a) 273.15–293.15 1 0
de Khanikof and Louguinine (1867) 288.15 1–4 0
Setschenow (1874) 288.35–290.25 1 0
Setchenow (1879) 310.4 1 0
Setchenow (1887) 288.35–296.15 1 0
Setchenow (1889) 288.35 1 0
Bohr and Bock (1891) 310.44–373.15 1 0
Setchenow (1892) 288.35 1 0
Prytz and Holst (1895) 273.15 1 0
Bohr (1899) 273.25–334.55 1 0
Hantzsch and Vogt (1901) 273.15–363.15 0.09–0.12 0
Geffcken (1904) 288.15–298.15 1 0
Findlay and Creighton (1910) 298.15 1–1.8 0
Findlay and Shen (1912) 298.15 1–1.8 0
Sander (1912) 293.15–375.15 25–165 0
Findlay and Williams (1913) 298.15 0.35–1 0
Findlay and Howell (1915) 298.15 0.35–1.3 0
Kunerth (1922) 293.15–307.15 1 0
Morgan and Pyne (1930) 298.15 1 0
Morgan and Maass (1931) 273.15–298.15 0.1–1.1 0
Kritschewski et al. (1935) 293.15–303.15 5–30 0
Kobe and Williams (1935) 298.15 1 0
Shedlovsky and MacInnes (1935) 298.15 1 0
Zelvenskii (1937) 273.15–373.15 10–95 0
Curry and Hazelton (1938) 298.15 1 0
Van Slyke (1939) 295.95–298.65 1 0
Wiebe and Gaddy (1939) 323.15–373.15 25–700 0
Wiebe and Gaddy (1940) 285.15–313.15 25–500 0
Markham and Kobe (1941) 273.35–313.15 1 0
Wiebe and Gaddy (1941) 298.15 500 0
Harned and Davis (1943) 273.15–323.15 1 0
Stone (1943) 244.15–295.75 15–60 0
Prutton and Savage (1945) 374.15–393.15 25–690 0
Koch et al. (1949) 291.45–295.05 0.14–0.21 0
Morrison and Billett (1952) 286.45–347.85 1 0
Rosenthal (1954) 293.15 1 0
Dodds et al. (1956) 273.15–393.15 0.1–700 0
Houghton et al. (1957) 273.15–373.15 1–36 0
Shchennikova et al. (1957) 293.15–348.15 1 0
Ellis (1959) 387.15–621.15 5–160 0
Garner et al. (1959) 303.15 5–20 0
Malinin (1959) 473.15–603.15 100–480 0
Bartels and Wrbitzky (1960) 288.15–311.15 1 0
Novak et al. (1961) 284.65–350.15 0.15–1 0
Austin et al. (1963) 293.15–311.15 1 0
Ellis and Golding (1963) 450.15–607.15 15–75 0
Tödheide and Franck (1963) 323.15–643.15 200–3550 0
Takenouchi and Kennedy (1964) 383.15–623.15 100–1480 0
Yeh and Peterson (1964) 298.15–318.15 1 0
Takenouchi and Kennedy (1965) 423.15–623.15 100–1380 0
Vilcu and Gainar (1967) 293.15–308.15 25–75 0
Gerecke (1969) 288.15–333.15 1 0
Matous et al. (1969) 303.15–353.15 10–40 0
Onda et al. (1970a) 298.15 1 0
Power and Stegall (1970) 310.15 1 0
Stewart and Munjal (1970) 273.15–298.15 10–45 0
Barton and Hsu (1971) 273.35–313.15 1 0
Coan and King (1971) 298.15–373.15 15–50 0
Hayduk and Malik (1971) 298.15 1 0
Li and Tsui (1971) 273.85–303.15 1 0
Murray and Riley (1971) 274.19–308.15 1 0
Malinin and Savelyeva (1972) 298.15–348.15 47 0
Malinin and Kurovskaya (1975) 298.15–423.15 47 0
Angus (1976) 216.58–303.1 5–70 0
Yasunishi and Yoshida (1979) 288.15–308.15 1 0
Drummond (1981) 303.85–621.65 40–260 0
Shagiakhmetov and Tarzimanov (1981) 323.15–423.15 100–790 0
Won et al. (1981) 298.15 1 0
Zawisza and Malesińska (1981) 323.15–473.15 1.5–55 0
Burmakina et al. (1982) 298.15 1 0
Cramer (1982) 306.15–486.25 8–55 0
Gillespie et al. (1984) 288.71–533.15 7–200 0
Briones et al. (1987) 323.15 65–170 0
Nakayama et al. (1987) 298.15 35–110 0
Postigo and Katz (1987) 288.15–308.15 1 0
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Table 1 (continued)

System Reference Temperature range, K Pressure range, atm Salt concentration mol∙kg−1 H2O

DiSouza et al. (1988) 323.15–348.15 100–150 0
Müller et al. (1988) 373.15–473.15 3–80 0
Eremina et al. (1989) 298.15–313.15 1 0
Nighswander et al. (1989) 352.85–471.25 20–100 0
Oyevaar et al. (1989) 298.15 1 0
Traub and Stephan (1990) 313.15 40–100 0
Carroll et al. (1991) 273.15–433.15 0.5–10 0
Sterner and Bodnar (1991) 494.15–608.15 480–3060 0
Sako et al. (1991) 348.15–421.4 100–195 0
Crovetto and Wood (1992) 623.05–642.65 175–220 0
King et al. (1992) 288.15–313.15 50–240 0
Mather and Franck (1992) 273.15–546.45 10–3070 0
Dohrn et al. (1993) 323.15 100–300 0
Ohgaki et al. (1993) 283.07–289.37 45–50 0
Yang and Yuan (1993) 278.15–318.15 1 0
Rumpf et al. (1994) 323.15 10–55 0
Vazquez et al. (1994a) 298.15 1 0
Jackson et al. (1995) 323.15–348.15 340 0
Fenghour et al. (1996) 405–613 55–240 0
Scharlin (1996) 273.15–433.15 1 0
Teng et al. (1997) 278.15–293.15 60–290 0
Zheng et al. (1997) 278.15–338.15 0.5–0.85 0
Dhima et al. (1999) 344.15 100–990 0
Fan and Guo (1999) 283.1 46 0
Wendland et al. (1999) 281.21–304.63 40–75 0
Bamberger et al. (2000) 323.15–353.15 40–140 0
Blencoe et al. (2001) 573.15 270–560 0
Servio and Englezos (2001) 277.05–283.15 20–40 0
Kiepe et al. (2002) 313.15–393.15 1–90 0
Bando et al. (2003) 303.15–333.15 100–200 0
Chapoy et al. (2004) 274.14–351.31 2–90 0
Li et al. (2004) 332.15 35–200 0
Valtz et al. (2004) 278.22–318.23 5–80 0
Koschel et al. (2006) 323.15–373.15 20–200 0

CO2–NaCl–H2O Mackenzie (1877) 279.55–295.15 1 1.3–6
Setchenow (1892) 288.35 1 0.2–6.1
Kobe and Williams (1935) 298.15 1 1.9–5.7
Markham and Kobe (1941) 273.35–313.15 1 0.1–4
Harned and Davis (1943) 273.15–323.15 1 0.2–3
Rosenthal (1954) 293.15 1 1.6–5.7
Ellis and Golding (1963) 445.15–603.15 25–90 0.5–2
Yeh and Peterson (1964) 298.15–318.15 1 0.16
Takenouchi and Kennedy (1965) 423.15–723.15 100–1380 1.1–4.3
Gerecke (1969) 288.15–333.15 1 0.5–4.7
Onda et al. (1970a) 298.15 1 0.5–3.2
Malinin and Savelyeva (1972) 298.15–348.15 47 0.4–4.9
Malinin and Kurovskaya (1975) 298.15–423.15 47 1–6.8
Yasunishi and Yoshida (1979) 288.15–308.15 1 0.5–5.7
Gehrig (1980) 408.15–573.15 875–2680 1.1
Drummond (1981) 292.85–673.15 35–390 1–6.5
Burmakina et al. (1982) 298.15 1 0.001–0.2
Cramer (1982) 296.75–511.75 8–60 0.5–2
Nighswander et al. (1989) 353.15–473.65 20–100 0.17
He and Morse (1993) 273.15–363.15 0.04–1 0.1–6.1
Rumpf et al. (1994) 313.15–433.15 5–95 4–6
Vazquez et al. (1994a) 298.15 1 0.7–2.9
Vazquez et al. (1994b) 293.15–308.15 1 0.7–2.9
Zheng et al. (1997) 278.15–338.15 0.5–0.85 0.7–3.3
Kiepe et al. (2002) 313.15–353.15 1–100 0.5–4.3
Bando et al. (2003) 303.15–333.15 100–200 0.15–0.55
Koschel et al. (2006) 323.15–373.15 50–200 1–3

CO2–KCl– H2O Mackenzie (1877) 281.15–295.15 1 0.9–3.9
Setchenow (1892) 288.35 1 0.9–2.8
Geffcken (1904) 288.15–298.15 1 0.4–1.1
Findlay and Shen (1912) 298.15 1 0.25–1
Markham and Kobe (1941) 273.35–313.15 1 0.1–4
Gerecke (Gerecke, 1969) 288.15–333.15 1 0.5–3.3
Yasunishi and Yoshida (1979) 298.15–308.15 1 0.4–4.7
Burmakina et al. (1982) 298.15 1 0.001–0.2
He and Morse (1993) 273.15–363.15 0.3–1 0.1–5
Kiepe et al. (2002) 313.15–353.15 1–100 0.5–4
Kamps et al. (2007) 313.15–433.15 5–90 1.9–4.1

CO2–MgCl2–H2O Kobe and Williams (1935) 298.15 1 4.5
Yasunishi and Yoshida (1979) 288.15–308.15 1 0.15–4.4
He and Morse (1993) 273.15–363.15 0.3–1 0.1–5.0

(continued on next page)

CO2–H2O
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Table 1 (continued)

System Reference Temperature range, K Pressure range, atm Salt concentration mol∙kg−1 H2O

CO2–CaCl2–H2O Mackenzie (1877) 281.15–303.15 1 0.4–1.7
Setchenow (1892) 288.35 1 0.15–5
Kobe and Williams (1935) 298.15 1 6
Prutton and Savage (1945) 348.65–394.15 15–700 1–3.9
Malinin (1959) 473.15–623.15 100–390 1
Onda et al. (1970b) 298.15 1 0.2–2.3
Malinin and Savelyeva (1972) 298.15–348.15 47 0.2–4.4
Malinin and Kurovskaya (1975) 373.15–423.15 47 0.9–8.8
Yasunishi and Yoshida (1979) 298.15–308.15 1 0.2–5.3
Eremina et al. (1989) 298.15–313.15 1 0.0025–0.025
He and Morse (1993) 273.15–363.15 0.3–1 0.1–5

CO2–NaCl– KCl–H2O Yasunishi et al. (1979) 298.15 1 0.5–5
CO2–NaCl–CaCl2–H2O Malinin and Savelyeva (1972) 298.15 47 1.4
CO2–KCl–CaCl2–H2O Yasunishi et al. (1979) 298.15 1 0.4–3.9
CO2–NaCl–KCl–CaCl2–H2O Yasunishi et al. (1979) 298.15 1 0.4–3
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CO2 solubility in NaCl, KCl, and CaCl2 solutions, the simplicity of the
ion–CO2 interaction parameters is remarkable and can be expected
to contribute to the predictive character of the model across the full
range of CO2 content in the liquid phase, i.e., from the H2O-rich to
the CO2-rich region. We emphasize that the new experimental data
measured in this study have not been used in the determination of
parameters. Thus, they provide a stringent test of the predictive capa-
bility of the model.

4. Results and discussion

4.1. Measurement of water solubilities in scCO2

Experimental water concentrations in scCO2 in contact with solu-
tions of CaCl2 and NaCl (Table 6) as a function of temperature show
the expected trends of increasing water solubility in scCO2 with in-
creasing temperature and decreasing water solubility with increasing
electrolyte concentration. Two different solutions of CaCl2 and NaCl
were prepared and analyzed. The first set, labeled “Sat” in Table 6,
represents solutions that were saturated with the indicated electro-
lyte solution at 25 °C. The second set, labeled Sat+3.0 g solid
(NaCl) or Sat+2.16 g solid (CaCl2) were solutions with additional
solid phase added to the solution prior to introducing the solution/
solid slurry to the experimental system. The presence of additional
solid was designed to insure solid/aqueous solution phase equilibri-
um even as the temperature was increased. The water solubility in
scCO2 was then measured for these solutions as a function of temper-
ature. In the case of NaCl the measured water solubilities in scCO2

were nearly the same in both sets 1 and 2 since the solubility of
NaCl in water does not increase rapidly with temperature from 40
to 100 °C. However, in the case of CaCl2 the measured water solubility
was significantly different between sets 1 and 2 since the solubility of
CaCl2 at 25 °C is much lower (~7 m) than at 100 °C (13.6 m, see
Table 2
Parameters that determine the thermodynamic properties of individual ionic and neutral sp
Helgeson–Kirkham–Flowers equation of state (Helgeson et al. (1974a, 1974b), Helgeson et al
properties (aHKF,1,.. 4,cHKF,1, cHKF,2, ω).

Species ΔG
0
f kJ⋅mol−1 S

0
J⋅mol−1 K−1 aHKF,1 aHKF,2

Na+a −261.881 58.4086 0.1839 −228.5
K+a −282.462 101.044 0.3559 −147.3
Mg2+a −453.960 −138.100 −0.08217 −859.9
Ca2+a −552.790 −56.484 −0.01947 −725.2
Cl−a −131.290 56.735 0.4032 480.1
MgCl2(aq)b −623.223 2.8920 0.62187 740.58
CaCl2(aq)b −794.040 67.7344 0.62187 740.58
CO2(aq)

c −385.974 117.57 1.50979 0.

a Parameters were obtained from Shock and Helgeson (1988) and Shock et al. (1989).
b Parameters for the ion pairs were determined in a previous study (Gruszkiewicz et al.,
c Parameters adjusted in this study.
Table 6). As a result, the measured water solubility in scCO2 in contact
with aqueous CaCl2 solutions is much lower in the solutions with ad-
ditional solid CaCl2 than in the absence of the solid. This comparison
also holds across the entire range of electrolyte concentrations exam-
ined for both NaCl and CaCl2.

4.2. Modeling phase equilibria in aqueous H2O–CO2–Na–Ca–Cl systems

4.2.1. CO2–H2O binary
Figs. 1–3 compare the model predictions with experimental data

for the CO2–H2O binary system. Fig. 1 shows the equilibrium pressure
as a function of CO2 mole fraction in the aqueous phase for five select-
ed isotherms (i.e., 0, 25, 50, 100, and 150 °C). The experimental data
in Fig. 1 have been assembled from various sources so that the mea-
sured temperatures do not deviate from the temperatures indicated
in Fig. 1 by more than 0.2 °C. Since the solubilities of CO2 in water
have been comprehensively reviewed by Diamond and Akinfiev
(2003), Duan and Sun (2003) and Spycher et al. (2003), a critical
evaluation of the experimental data is outside of the scope of this
work. As discussed by Duan and Sun (2003), most CO2 solubility
data in water are consistent within approximately 7% up to 533 K and
2000 atm. Therefore, Fig. 1 combines the CO2 solubility data from vari-
ous sources (Table 1). The model reproduces the majority of the data
(except for those of Zelvenskii (1937), Dodds et al. (1956), Vilcu and
Gainar (1967), Stewart and Munjal (1970), Shagiakhmetov and
Tarzimanov (1981) and Kiepe et al. (2002)) within the experimental
scattering for pressures up to 3500 atm.

Various data sources for the solubility of H2O in CO2 show much
greater discrepancies than those for the solubility of CO2 in H2O and
these discrepancies increase with temperature. Therefore, Figs. 2
and 3 compare the calculated results with individual data sources.
Fig. 2a shows the H2O solubilities in CO2 for two subcritical isotherms
(i.e., 15 °C and 25 °C) and one isotherm that is above the critical point
ecies: standard partial molar Gibbs energy of formation, entropy, and parameters of the
. (1976, 1981), Tanger and Helgeson (1988)) for standard partial molar thermodynamic

aHKF,3 aHKF,4 cHKF,1 cHKF,2 ω

3.256 −27260 18.18 −29,810 33060
5.435 −27120 7.4 −17,910 19270
8.39 −23900 20.8 −58,920 153720
5.2966 −24792 9 −25,220 123660
5.563 −28470 −4.4 −57,140 145600
2.8322 −30851 23.961 32,720 −3800
2.8322 −30851 23.961 32,720 −3800

−109.419 0. 40.0325 88,004 −2000

2007) based on multiproperty regressions for aqueous salt solutions.



Table 3
Binary parameters used in the virial interaction term (Eqs. (8)–(9)).

Species i Species j b0,ij b1,ij b2,ij b3,ij b4,ij c0,ij c1,ij c2,ij c3,ij c4,ij

Na+ Cl− 15610.63 7.964204 −357992.9 −0.003643102 −2892.662 −30086.35 −15.00973 699,848.7 0.006820989 5552.343
K+ Cl− 15087.68 7.236058 −354195.6 −0.003141513 −2771.596 −26853.29 −12.85712 635,045.6 0.005649944 4927.578
Mg2+ Cl− −46.0902 0.036682 −12896 8.29385e−6 0 110.429 −0.240247 11,645.2 0.000319761 0
Ca2+ Cl− −95.9932 0.470226 −17370.9 −5.67551e−4 0 −0.694366 −0.421581 43,725.9 0.000791106 0
Na+ K+ −93.0411 −0.234488 37002.7 5.62879e−4 0 −64.633 0.881525 −29,428.5 −0.00128594 0
Na+ Mg2+ −28.8624 0.0351923 8744.27 0 0 0 0 −6373.88 0 0
Na+ Ca2+ 11.2685 −0.0263793 2905.5 0 0 0 0 −6685.21 0 0
K+ Mg2+ −28.2506 0.0311345 16139.0 0 0 0 0 −13,262.6 0 0
K+ Ca2+ −43.804 0.0468862 23092.5 0 0 0 0 −18,687.4 0 0
CaCl2(aq) Na+ −27.3022 0 17433. 0 0 0 0 0 0 0
CaCl2(aq) K+ −24.2268 0 18665.2 0 0 0 0 0 0 0
CaCl2(aq) H2O −9.09197 0 7761.96 0 0 0 0 0 0 0
MgCl2(aq) Na+ 0 0 −11710.7 0 0 0 0 0 0 0
MgCl2(aq) K+ 0 0 −9228.3 0 0 0 0 0 0 0
CO2(aq) H2O −10.2134 0.0102376 783.548 0 0 0 0 0 0 0
CO2(aq) Na+ −10.9006 0 0 0 0 0 0 0 0 0
CO2(aq) K+ −8.51244 0 0 0 0 0 0 0 0 0
CO2(aq) Mg2+ −21.1002 0 0 0 0 0 0 0 0 0
CO2(aq) Ca2+ −20.4164 0 0 0 0 0 0 0 0 0
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of CO2 (i.e., 40 °C). The 15 °C and 25 °C isotherms show a transition
between vapor–liquid and liquid–liquid equilibria at 50 and
63.3 atm, respectively. The calculations are in a generally good
agreement with data from three separate literature sources for the
15 °C isotherm and six sources for the 25 °C isotherm. At 40 °C, a
transition is observed between the VLE-like region below ca. 100 atm
and an LLE-like region above 100 atm. The calculations are in a reason-
able agreement with the data of King et al. (1992) and Traub and
Stephan (1990).

Fig. 2b shows the results for the 50 °C and 75 °C isotherms. At 50 °C,
literature data are available from seven sources. The data of Wiebe and
Gaddy (1939), Coan and King (1971), Briones et al. (1987), and
Bamberger et al. (2000) are in an excellent agreement with each other
in the VLE region and in the region of transition between the VLE-like
and LLE-like behavior. The model accurately reproduces these data.
However, substantial discrepancies are observed in the LLE-like region,
in which Tödheide and Franck (1963) and DiSouza et al. (1988) report
meaningfully higher solubilities than Wiebe and Gaddy (1939). At
75 °C, the model is in a very good agreement with the data of Wiebe
and Gaddy (1939) (except for one point at 25 atm) and in a slightly
worse but still good agreement with those of DiSouza et al. (1988)
and Gillespie et al.(1984). The solubilities of Sako et al. (1991) are sub-
stantially lower.

Fig. 3a shows the results for 100 °C and 110 °C. In this tempera-
ture region, there is a very large disagreement between the data of
Tödheide and Franck (1963) and Takenouchi and Kennedy (1964)
Table 4
Pure-component parameters used for modeling gas and solid-phase properties.

Species ΔGf
0 kJ⋅mol−1 S0 J⋅mol−1 K−1 Cp ¼ aþ bT þ

a

CO2(g)a,b −394.36 213.74 26.2022
Mg2SiO4(s)c −2056.70 95.186 149.829
MgCO3∙3H2O(s)c −1723.95 195.644 237.693
SiO2(s, am) b,c −850.54 49.535 74.7479

Species Tc
d K Pc

d atm

CO2(g) 304.12 72.776
H2O(g) 647.14 217.755

a Wagman et al. (1982).
b Gurvich et al. (1990).
c Robie and Hemingway (1995).
d TRC (1989).
e See Eq. (20); expressed in terms of reduced temperature, i.e., TR=T/Tc.
in the high-pressure (or LLE-like) region. The possible reasons for
the discrepancies between these two data sources have been ana-
lyzed by Mather and Franck (1992) and Blencoe et al. (2001) and
this topic is beyond the scope of this work. The model is in a very
good agreement with the data of Tödheide and Franck (1963) and,
consequently, it does not agree with those of Takenouchi and
Kennedy (1964). In the lower-pressure (or VLE-like) region, the
data of Coan and King (1971) and Müller et al. (1988) are consistent
with each other whereas the data of Drummond (1981) are shifted
towards lower solubilities. The model is in agreement with the data
of Coan and King (1971) and Müller et al. (1988). Fig. 3b compares
the calculations with experimental data at 120 °C and 150 °C. The dis-
crepancies between the high-pressure data of Tödheide and Franck
(1963) and Takenouchi and Kennedy (1964) persist at 150 °C. At this
temperature, the model calculations lie between these two data sets al-
though they are closer to the data of Tödheide and Franck (1963). In
the VLE-like region, which extends up to about 200 atm, the data of
Gillespie et al.(1984), Müller et al. (1988), and Drummond (1981) are
in a good agreement with each other and are accurately represented by
the model.

The data in Figs. 2 and 3 also present a comparison of the new
measurements made as part of this study for salt-free systems (cf.
the solid diamonds in Figs. 2a, b and 3a) with both the literature
data and the model calculations. On an overall basis, the new experi-
mental measurements are consistent with the earlier data as well as
the model calculations.
c
T2 þ dT2 þ eT3

b c d e

0.051162 −169,772 −2.9058e−5 6.20044e−9
0.027363 −3,564,770 0 0
0 0 0 0
−0.0075065 −3,118,370 5.71603e−6 0

ωd α(T)e

0.231 [1+(0.480+1.574ω−0.176ω2)(1−TR
0.5)]2

0.348 [1+1.318711(1−TR
0.5)+2.304407(1−TR

0.5)2]2



Table 5
Binary parameters used in the short−range interaction term (Eq. (14)) and in the mixing rule for the SRK equation of state (Eq. (22)).

Species i Species j aij
(0) aij

(1) aij
(P0) aij

(P1) kij
(0) kij

(1)

CO2(aq) H2O −3387.02 −0.570569 −0.0085503 −0.000666502 0.195736 47.0126
H2O CO2(aq) 6809.06 −28.4899 −0.852074 0.00250429 n/a n/a
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4.2.2. CO2–H2O–salt ternaries
Figs. 4–10 show representative results of calculating CO2 solubilities

in aqueous chloride salt solutions. Experimental data for such systems
(cf. Table 1) encompass numerous measurements of salting out of the
gas at near-ambient pressures and moderate temperatures and several
sources of data at conditions that coincide or overlap with those of CO2

sequestration (Prutton and Savage (1945), Malinin and Savelyeva
(1972), Malinin and Kurovskaya (1975), Drummond (1981), Cramer
(1982), Nighswander et al. (1989), Rumpf et al. (1994), Kamps et al.
(2007), Bando et al. (2003), Koschel et al. (2006), Kamps et al.
(2007)). Also, measurements at substantially higher temperatures and
pressures are available (Malinin (1959), Ellis and Golding (1963),
Takenouchi and Kennedy (1965), Gehrig (1980)) and have been used
in the determination of model parameters.

Fig. 4 shows the solubility in molality units of CO2 in aqueous NaCl
solutions as a function of salt molality at 1 atm CO2 and temperatures
ranging from 0 °C to 50 °C. Fig. 5 illustrates the CO2 solubility in the
same system at a pressure of 47.33 atm and temperatures ranging
from 25 °C to 150 °C. At all temperatures, the solubility decreases
with NaCl concentration following a classical salting-out pattern
with a slow attenuation of the slope of the solubility vs. salt concen-
tration curve as the concentration of NaCl increases. Fig. 6 shows
the temperature dependence of CO2 solubility over a wide range of
temperatures (0 to 300 °C) and NaCl molalities (0 to 6 molal). It
should be noted that Fig. 6 does not represent solubility isobars
because the data of Drummond (1981) were obtained at pressures
that gradually increase with temperature. Thus, the lines in Fig. 6
only link the calculated results at pressures that correspond to the ex-
perimental data at each temperature and do not constitute a ther-
modynamic projection. As shown in Fig. 6, the experimental data
(Drummond, 1981) show more scattering than those in Figs. 4–5.
Table 6
Water solubility of saturated NaCl and CaCl2 solutions in scCO2 at 90 atm and different
temperatures determined by NIR absorption spectroscopic measurements.

Temp. °C NaCl molality CaCl2 molality H2O Mol%

40 0 0 0.32
40 Sat. NaCl 0 0.22
40 Sat NaCl+3.0 g solid 0 0.25
40 0 Sat. CaCl2 0.16
40 0 Sat CaCl2+ 2.16 g solid 0.05
50 0 0 0.49
50 2 0 0.48
50 4 0 0.47
50 6 0 0.38
50 Sat. NaCl 0 0.40
50 Sat NaCl+3.0 g solid 0 0.42
50 0 0.85 0.44
50 0 2.94 0.31
50 0 5.62 0.20
50 0 Sat. CaCl2 0.17
50 0 Sat CaCl2+ 2.16 g solid 0.11
75 0 0 0.85
75 Sat. NaCl 0 0.88
75 Sat NaCl+3.0 g solid 0 0.89
75 0 Sat. CaCl2 0.62
75 0 Sat CaCl2+ 2.16 g solid 0.20
100 0 0 1.61
100 Sat. NaCl 0 1.68
100 Sat NaCl+3.0 g solid 0 1.60
100 0 Sat. CaCl2 1.12
100 0 Sat CaCl2+ 2.16 g solid 0.46
Nevertheless the calculated temperature trends are consistent with
the data. Fig. 7 shows the pressure dependence of CO2 solubilities in
NaCl solutions at temperatures ranging from 40 °C to 160 °C and salt
molalities from 0.52 m to 6 m. For clarity, this figure is subdivided
into two diagrams (7a and 7b) to avoid the overlapping of solubility
curves at various conditions. In the pressure range from 1 to 100 atm,
the phase behavior is in the VLE-like range and, therefore, the CO2 sol-
ubility increases with pressure with a relatively constant slope. The
slope decreases as the pressure approaches ~100 atm, reflecting a tran-
sition to an LLE-like region. As shown in Figs. 4–7, the model accurately
reproduces the dependence of CO2 solubility on temperature, pressure,
andNaCl concentration inwide ranges of these variables,which encom-
pass and go substantially beyond the conditions of CO2 sequestration.

The behavior of CO2 in KCl solutions is similar to that in NaCl solu-
tions. This is illustrated in Fig. 8, which compares the calculations
with experimental data for temperatures up to 160 °C, pressures up
to 100 atm and KCl concentrations up to 4 molal.
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Fig. 1. Calculated and experimental solubility of CO2 in H2O at 0, 25, 50, 100, and
150 °C. The experimental data are from Prytz and Holst (1895), Findlay and Creighton
(1910), Findlay and Shen (1912), Findlay and Williams (1913), Findlay and Howell
(1915), Morgan and Pyne (1930), Morgan and Maass (1931), Kobe and Williams
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Nakayama et al. (1987), Postigo and Katz (1987), DiSouza et al. (1988), Müller et al.
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Kiepe et al. (2002), Bando et al. (2003), Chapoy et al. (2004), Valtz et al. (2004).
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Fig. 2. Calculated and experimental solubility of H2O in CO2 at (a) 15, 25, and 40 °C and (b) 50 and 75 °C.
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Measurements of CO2 solubilities in CaCl2 solutions are available
over wider ranges of salt concentration than in NaCl and KCl solu-
tions. Fig. 9 shows the calculated and experimental CO2 solubilities
at 47.33 atm CO2 and temperatures from 25 °C to 150 °C. Thus,
Fig. 9 is analogous to Fig. 5 for NaCl solutions. The decrease in CO2 sol-
ubility as a function of CaCl2 concentration is substantially stronger
than in NaCl solutions when the CO2 solubility is plotted as a function
of salt molality. Fig. 10 illustrates the effect of pressure on the solubil-
ity of CO2 in CaCl2 solutions at temperatures ranging from 75 °C to
120 °C and pressures up to 1000 atm. For clarity, Fig. 10 is subdivided
into two diagrams for CaCl2 concentrations of 1, 3.9, and 2.3 molal. As
shown in Fig. 10, the CO2 solubility transitions from a VLE-like region
with a higher slope of CO2 molality vs. pressure to an LLE-like region
with a lower slope. The model accurately represents the solubilities
including the change in slope.

As illustrated by Figs. 4–10, the model provides an accurate repre-
sentation of experimental data for water-rich phases in CO2–water–
chloride salt systems. With the parameters determined on the basis
of such data, it is then applied to predict the properties of CO2-rich
phases.

4.2.3. Prediction of water solubility in CO2‐rich phases
Figs. 11 and 12 compare the model predictions with the new ex-

perimental data for water solubility in CO2-rich phases. These figures
show the solubility of H2O in the CO2-rich phase as a function of salt
molality in the coexisting H2O-rich phase. Fig. 11 presents the results
for the CO2–H2O–NaCl system. On an overall basis, the effect of NaCl
concentration on the water solubility is small. As we will discuss
below, this results from the relatively small change in water activity
that occurs in NaCl solutions even at high concentration. At 40 °C,
the model predictions match the data almost exactly. At 50 °C, the
calculated solubilities are offset by a constant amount relative to the
data. This offset is due to the small difference between the model cal-
culations and the new data for salt-free systems, as illustrated in
Fig. 2b. This offset remains constant as a function of NaCl molality,
thus indicating that the predicted effect of NaCl is the same as that in-
dicated by the data. At 75 °C, the model is in an exact agreement with
the data in a NaCl-free system and somewhat underestimates the sol-
ubility in the presence of concentrated NaCl solutions. At 100 °C, the
model predicts a slightly higher H2O solubility in a salt-free system
and is in a good agreement with the data in the presence of concen-
trated NaCl. Thus, in view of the nature of the deviations, it can be
concluded that the model predictions are consistent with the new
measurements.

In contrast to NaCl, CaCl2 has a substantial effect on the H2O solubil-
ity in CO2 owing to the much lower water activity in CaCl2 solutions. As
shown in Fig. 12, the H2O solubility significantly decreases with CaCl2
concentration. At 40 °C and 50 °C, the model is in a good agreement
with the data except for one solubility point for 11.7 molal CaCl2. At
75 °C, the model underpredicts the data for 7.2 molal CaCl2 whereas
the agreement is reasonably good for 12.4 molal CaCl2. At 100 °C, the
model slightly underpredicts the solubilities for 7.2 and 13.6 molal
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CaCl2. Considering the nature of deviations between the model calcula-
tions and the data in Fig. 12, it can be concluded that the model is in a
reasonable agreement with the data.

It is also of interest to discuss the precise reasons for the differences
in water solubility between the NaCl and CaCl2 solutions observed in
the CO2-rich phase. In this regard, Table 7 presents a comparison be-
tween the calculated water concentrations in the CO2-rich phase with
the aqueous water activities and the water fugacity coefficients in the
CO2-rich phase. As expected, the water concentrations in the CO2-rich
phase follow the expected trend of decreasing concentration in the
CO2-rich phase with lower water activity in the aqueous phase. Howev-
er, the exact relationship between the aqueous water activity and the
water concentration in the CO2-rich phase is a function of temperature.
This results in changes in water fugacity coefficients in the CO2-rich
phase with temperature (see Table 7). However, at a given temperature
and pressure, the water fugacity coefficients in the CO2-rich phase do
not vary muchwith aqueous salt concentration since the water activity
in the CO2-rich phase is primarily determined by the bulk CO2-water in-
teractions. It should be noted that the calculated water activities in the
aqueous phase are not significantly impacted by the dissolved CO2
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Fig. 6. Calculated and experimental molality of CO2 in aqueous NaCl solutions as a function of
(1981) and were obtained at pressures that gradually increase with temperature. The total pres
42.21 to 209.92 atm at 2 m, from 39.96 to 207.33 atm at 3 m, from 34.85 to 189.63 atm at 4 m
concentration, even though significant CO2 does dissolve into the aque-
ous phase. Thus, the prediction of salt effects on H2O solubility in CO2

depends to a large extent on the properties of aqueous solutions regard-
less of the presence or absence of CO2. This indicates that reasonable
predictions can be made for systems containing a large variety of salts
for which aqueous phase properties are known.

5. Application to the formation of hydrated minerals in low water
content scCO2 systems

As mentioned in the Introduction, recent experimental research has
highlighted the importance of mineral reactivity in low water content
CO2-rich systems. Hence, one of the primary objectives of this study is
to develop the capability to predict mineral transformations in the
CO2-rich phase at low water content. In that regard, it is illustrative to
demonstrate how themodel can be applied to predict mineral transfor-
mations as a function of water content in the CO2-rich phase. To illus-
trate this effect we have chosen to model the conversion of the
mineral forsterite (Mg2SiO4) to hydrated magnesium carbonate com-
pounds (e.g. nesquehonite (MgCO3·3H2O). Such transformations have
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temperature for various NaCl concentrations. The experimental data are from Drummond
sure ranges from 38.59 to 179.98 atm at 0 mNaCl, from 41.65 to 198.35 atm at 1 m, from
and from 34.03 to 169.49 atm at 6 m NaCl.
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previously been demonstrated to occur in lowwater content scCO2 sys-
tems (Loring et al., 2011; Felmy et al., 2012). The overall transformation
reaction in scCO2 is

Mg2SiO4 þ 2CO2 þ 6H2O→2MgCO3⋅3H2Oþ SiO2 amð Þ ð23Þ

In the above reaction the water is dissolved in scCO2. Hence, in
order to predict the transformation of forsterite to nesquehonite, an
accurate model is required for the water fugacity in scCO2 as well as
the other phases in the system. Table 8 shows the results of our
model calculations of the water concentration in scCO2 required to
achieve phase equilibrium between forsterite and nesquehonite at
the solution compositions measured in this study. The procedure for
making such calculations is outlined in the Appendix A. Also,
Table 8 shows the calculated concentrations of H2O in the scCO2

phase, which correspond to the experimental measurements detailed
in Table 6. The results show that at lower temperatures forsterite
should transform to nesquehonite even at relatively low water satu-
rations in scCO2. However, as the temperature increases, the water
concentration required for nesquehonite to form also increases. In fact,
this effect becomes so large that at temperatures greater than 75 °C
nesquehonite should not form at all from forsterite in H2O-saturated
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6. Conclusions

Determining the chemical potential of variable concentrations of
H2O in supercritical CO2-rich phases has been approached using a
combination of experimental measurements and thermodynamic
modeling. New measurements provide data on the solubility of
water in the carbon dioxide-rich phase of ternary mixtures of CO2,
H2O and NaCl or CaCl2. Thus, the new measurements fill a major
gap in the experimental database for CO2–water–salt systems, for
which data have been previously available only for the H2O-rich
phase. At the same time, a comprehensive thermodynamic model has
been established for predicting the properties of CO2–H2O–chloride
salt systems in both the H2O-rich and CO2-rich phases. This model
takes advantage of the large existing database for both phases in the
CO2–H2O binary and the H2O-rich phase in the CO2–H2O–NaCl/KCl/
CaCl2/MgCl2 ternary and multicompontent systems. The model, based
on the previously developed MSE framework for mixtures of elec-
trolytes and nonelectrolytes over wide ranges of concentrations and
temperatures, represents the properties of these systems essentially
within the experimental scattering. Furthermore, the model predicts
7 8 9 10 11 12 13 14

CaCl2)

40 C 50 C 75 C 100 C

H2Omin, 100°C

y for the solubility of water (in mole% units) in the CO2-rich phase in the CaCl2–CO2–H2O
experimental data (Table 6). The solid lines show the H2O solubilities obtained from the

red for the transformation of forsterite into nesquehonite (cf. Table 8).



Table 7
Calculated water concentrations, activities and activity/fugacity coefficients in the CO2-rich phase as a function of temperature and salt concentrations.

Temp.
°C

NaCl
molality

CaCl2
molality

CO2

molality
Aqueous H2O
activity

H2O mole fraction in
CO2-rich phase

H2O fugacity coefficient
in CO2-rich phase

CO2 fugacity coefficient
in CO2-rich phase

H2O Activity in
absence of CO2

40 0 0 1.2357 0.9776 0.003538 0.2373 0.6275 1
40 6.14 0 0.4991 0.7437 0.002655 0.2408 0.6279 0.7548
40 6.22 0 0.4950 0.7403 0.002645 0.2405 0.6277 0.7512
40 0 7.2 0.2740 0.3155 0.001103 0.2461 0.6281 0.3182
40 0 10.1 0.1946 0.1941 0.000673 0.2483 0.6285 0.1957
50 0 0 1.1046 0.9802 0.003789 0.3700 0.6744 1
50 2 0 0.7722 0.9133 0.003526 0.3706 0.6744 0.9304
50 4 0 0.5739 0.8359 0.003221 0.3713 0.6744 0.8492
50 6 0 0.4517 0.7516 0.002889 0.3725 0.6747 0.7617
50 6.14 0 0.4451 0.7456 0.002866 0.3724 0.6746 0.7555
50 6.27 0 0.4392 0.7401 0.002845 0.3723 0.6746 0.7497
50 0 0.85 0.7768 0.9395 0.003628 0.3706 0.6745 0.9572
50 0 2.94 0.4095 0.7523 0.002890 0.3730 0.6749 0.7616
50 0 5.62 0.2739 0.4540 0.001732 0.3760 0.6753 0.4574
50 0 7.2 0.2362 0.3310 0.001259 0.3771 0.6754 0.3335
50 0 11.7 0.1420 0.1654 0.000627 0.3787 0.6755 0.1663
75 0 0 0.8683 0.9847 0.008499 0.5122 0.7545 1
75 6.14 0 0.3495 0.7513 0.006452 0.5147 0.7544 0.7590
75 6.46 0 0.3383 0.7378 0.006334 0.5148 0.7543 0.7452
75 0 7.2 0.1730 0.3699 0.003151 0.5201 0.7549 0.3719
75 0 12.4 0.1035 0.1809 0.001536 0.5240 0.7558 0.1816
100 0 0 0.7459 0.9869 0.018909 0.5961 0.8111 1
100 6.14 0 0.2983 0.7580 0.014409 0.6004 0.8109 0.7647
100 6.68 0 0.2821 0.7361 0.013986 0.6011 0.8110 0.7422
100 0 7.2 0.1396 0.4085 0.007694 0.6092 0.8117 0.4103
100 0 13.6 0.0812 0.1859 0.003485 0.6157 0.8128 0.1864
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the solubility of H2O in CO2-rich phases in agreement with the new
measurements for the CO2–H2O–NaCl and CO2–H2O–CaCl2 systems.
Considering the fact that, in the foreseeable future, experimental data
for CO2-rich phases in equilibriumwith salt-containingH2O-rich phases
are likely to be scarce, themodel can be usedwith confidence to predict
the effect of various salts on the concentration and activity of H2O in
Table 8
The water mole fraction in the CO2-rich phase required for equilibrium between
forsterite and nesquehonite (rxn 23) as a function of temperature and aqueous salt
concentration at 90 atm scCO2 pressure. Details on the calculations of water concentra-
tions are given in the Appendix A.

Temp.
°C

NaCl
molality

CaCl2
molality

H2O mole
fraction at
saturation

H2O mole
fraction
required for
reaction

% water
saturation
required for
reaction

40 0 0 0.003538 0.0002288 6
40 6.14 0 0.002655 0.0002257 8
40 6.22 0 0.002645 0.0002258 9
40 0 7.2 0.001103 0.0002208 20
40 0 10.1 0.000673 0.0002191 33
50 0 0 0.003789 0.0003419 9
50 2 0 0.003526 0.0003413 10
50 4 0 0.003221 0.0003407 11
50 6 0 0.002889 0.0003399 12
50 6.14 0 0.002866 0.0003399 12
50 6.27 0 0.002845 0.0003399 12
50 0 0.85 0.003628 0.0003414 9
50 0 2.94 0.002890 0.0003397 12
50 0 5.62 0.001732 0.0003373 19
50 0 7.2 0.001259 0.0003364 27
50 0 11.7 0.000627 0.0003351 53
75 0 0 0.008499 0.001669 20
75 6.14 0 0.006452 0.001659 26
75 6.46 0 0.006334 0.001658 26
75 0 7.2 0.003151 0.001645 52
75 0 12.4 0.001536 0.001641 102
100 0 0 0.018909 0.007455 39
100 6.14 0 0.014409 0.007384 51
100 6.68 0 0.013986 0.007382 53
100 0 7.2 0.007694 0.007314 95
100 0 13.6 0.003485 0.007286 209
CO2-rich phases. Since H2O activity in CO2-rich phases plays a key role
in mineral reactivity in CO2 sequestration environments and the MSE
model combines phase and chemical equilibria in a uniform formalism,
the model is expected to provide a useful tool for predicting mineral
transformations in supercritical CO2.
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Appendix A. A shortcut procedure for calculating the necessary
water content for mineral conversion

The equilibrium condition for the mineral conversion reaction
(Eq. (23)) can be calculated from the standard thermodynamic rela-
tionship

ln K ¼ − 1
RT

∑
i
νiΔG

0
fi ¼ ln∏

i
f νi
i ðA1Þ

When applied to Eq. (23), the equilibrium relationship becomes

ln K ¼ − 1
RT ð2ΔG0

f MgCO3⋅3H2O sð Þ
� �

þ ΔG0
f SiO2 sð Þ
� �

−ΔG0
f Mg2SiO4 sð Þ
� �

−2ΔG0
f CO2 gð Þ
� �

−6ΔG0
f H2O gð Þ
� �Þ

ðA2Þ
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and

K ¼ 1
f 2CO2

f 6H2O

¼ 1

PxCO2
ϕCO2

� �2
PxH2O

ϕH2O

� �6 ðA3Þ

In Eq. (A2), the standard Gibbs energies of formation for solid
MgCO3∙3H2O, Mg2SiO4 and SiO2(am) and ideal-gas CO2 and H2O are
calculated using the thermochemical data that are summarized in
Table 4. The fugacity coefficients in Eq. (A3) are obtained from the
model described in this study. As shown in Table 7, the fugacity coef-
ficients of CO2 and H2O in the CO2-rich phase are very weak functions
of composition at a given temperature and pressure. Therefore, it can
be assumed that they remain practically constant within a reasonable
range of water contents. Further, it can be assumed that there is no
appreciable dissolution of the minerals in the CO2-rich phase that
would affect the fugacity coefficients. With these assumptions, the
water mole fraction that is necessary for the transformation of
forsterite into nesquehonite can be calculated as

xH2O
¼ 1

PϕH2O
exp −1

6
ln K þ 2 ln f CO2

� �� �
ðA4Þ

The fugacity coefficients that are necessary to apply Eq. (A4) are
listed in Table 7 at the conditions of the experiments reported in this
study.
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