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Carbon dioxide solubility in aqueous solutions of NaCl: Measurements
and modeling with electrolyte equations of state
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A B S T R A C T

A new high pressure cell was developed to measure the high pressure phase behavior of gas + aqueous
salt solutions and validated through the measurement, and comparison against literature data, of two
systems, the H2O + CO2 and H2O + CO2 + NaCl, at temperatures up to 363 K and pressures up to 13 MPa. As
previously reported by others, a salting out effect on the carbon dioxide solubility in water by NaCl is
observed, decreasing its solubility as the salt concentration increases. Electrolyte versions of the cubic-
plus-association and the RKSA-Infochem equations of state were used to estimate the H2O + CO2 and
H2O + CO2 + NaCl phase behavior, with both EoS providing a good representation of the experimental
data.
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1. Introduction

Carbon capture and storage (CCS) technologies are expected to
play a key role in strategies to mitigate climate changes, by
ensuring large reductions in the rising CO2 emissions from the
continued use of fossil fuels. Although the technologies for CCS are
being successfully developed, often in a “learning by doing” basis
[1], with some ready for demonstration, several concerns and
challenges are still present [1–3]. Key areas like methodologies to
identify and assess safe underground storage sites and their
monitoring, during and after CO2 injection, or the risks to health,
ecosystems and atmosphere due to CO2 leakages are still poorly
known and highly relevant. Furthermore, storing CO2 deep below
the earth’s surface or saline aquifers stands as one of the most
promising approaches and the knowledge of the CO2 behavior in
the surrounding environment stands as highly relevant to the
proper long-term environmental safe storage.

Carbon dioxide enhanced oil recovery (CO2-EOR) has been
branded as the next generation of oil production and has been
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gaining enormous interest within oil companies, as an ecological,
technical, economical and profitable technique to attain value to
undervalued or once considered depleted fields. Water alternat-
ing gas (wag) method alternates the injection of CO2 with water/
brine and stands as one of the most promising methods to
CO2-EOR [4,5].

The knowledge of the CO2 behavior in water and in aqueous salt
solutions is thus of key importance. In this work, a new apparatus
was developed to investigate the high pressure phase behavior of
gas + water and gas + aqueous salt solutions. Two systems, the
H2O + CO2 and H2O + CO2 + NaCl were investigated, at temperatures
up to 363 K and pressures up to 13 MPa, and both the equipment
and methodology were validated through comparison with
literature data. The gas–liquid equilibrium data for the CO2 + H2O
and CO2 + H2O + NaCl systems were selected due to the large set of
high quality experimental data, widely available in literature, that
covers a large range of pressures, temperatures, CO2 compositions
and salt molalities.

Electrolyte versions of the cubic-plus-association (CPA) and the
RKSA-Infochem equations of state (EoS) were used to estimate the
experimental data measured in this work and that available in the
literature. It will be shown that both EoS provide a good
representation of the experimental data with the RKSA-Infochem +
electrolyte EoS slightly out-performing the CPA-Infochem + elec-
trolyte EoS.
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Table 1
Bubble point data of the system CO2+ H2O.

xCO2 T/K p/MPa xCO2 T/K p/MPa xCO2 T/K p/MPa xCO2 T/K p/MPa

0.003 293.18 0.31 0.006 293.33 0.81 0.008 293.17 1.31 0.010 293.29 1.63
303.28 0.52 303.54 1.19 303.24 1.80 303.87 2.30
313.17 0.67 313.58 1.58 313.40 2.25 313.87 2.79
323.15 0.90 323.39 1.96 323.52 2.80 322.97 3.50
332.88 1.14 333.74 2.31 333.39 3.25 333.62 4.00
343.25 1.31 343.17 2.60 343.12 3.80 343.65 4.80
353.42 1.49 353.17 3.01 353.48 4.35 352.99 5.31
363.04 1.71 363.15 3.27 363.42 4.78 362.98 5.87

0.012 283.55 1.29 0.015 283.41 1.73 0.018 283.24 2.02 0.020 283.35 2.36
293.13 1.94 293.13 2.51 293.48 2.98 293.27 3.43
303.20 2.68 303.28 3.35 303.08 4.08 303.42 4.87
313.16 3.30 313.19 4.32 313.30 5.48 313.37 6.53
323.19 4.10 322.94 5.25 323.17 6.85 323.24 8.37
333.12 4.80 333.19 6.41 333.20 8.27 333.06 10.34
343.06 5.71 343.29 7.50 343.18 9.68 342.96 11.99
353.00 6.37 353.31 8.49 352.91 11.03
363.19 6.95 363.11 9.54 363.12 12.08

Standard uncertainties u are u(T) = 0.15 K, u(x) = 0.0002 and u(p) = 0.004 MPa.
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2. Experimental

2.1. Chemicals

The water used was double distilled, passed by a reverse
osmosis system, and further treated with a Milli-Q Plus 185 water
purification apparatus. It has a resistivity of 18.2 MV cm, a total
organic content (TOC) smaller than 5 mg L�1, and it is free of
particles greater than 0.22 mm. The NaCl used was acquired from
AnalaR Normapur with a purity of �99.9%.

The CO2 used was acquired from Air Liquide with a purity of
�99.998% and H2O, O2, CnHm, N2 and H2 impurities volume
fractions lower than (3, 2, 2, 8 and 0.5) � 10�6, respectively.

2.2. Solubility measurements

The high pressure equilibrium cell used in this work is based on
a cell designed by Daridon and co-workers [6–9] using the
synthetic method and can operate up to 70 MPa and in the
(283–373) K temperature range. The high pressure equilibrium cell
is made of a hastelloy C276 alloy league highly resistant to
corrosion and identical to other cell, available in our laboratory,
that was described in previous works and whose methodology
shown to be adequate to accurately measure gas–liquid equilibria
in a wide range of fluids, including alkanes and ionic liquids and
their aqueous solutions, at variable pressures and temperatures
[10–17].
Fig. 1. Pressure–composition diagram of the binary system CO2+ H2O. The lines represe
The high pressure equilibrium cell consists of a horizontal
hollow hastelloy C276 alloy cylinder, closed at one end by a
movable piston and at the other end by a sapphire window, from
which the operator follows the behavior of the sample with
pressure (up to 70 MPa) and in the (293–363) K temperature range.
The cell is thermostatized by circulating a heat-carrier fluid,
thermo regulated using a thermostat bath circulator (Jubalo MC
F25) with a temperature stability of 0.01 K, through three flow lines
directly connected to the cell. The temperature inside the cell is
measured by a high precision Pt100 thermometer, with an
uncertainty of 0.15 K, inserted in the cell, close to the sample.
The pressure is measured by a piezoresistive silicon pressure
transducer (Kulite HEM 375) fixed directly inside the cell to reduce
dead volumes, which was previously calibrated and certified by an
independent laboratory with IPAC accreditation, following the EN
837-1 standard and with accuracy better than 0.2%. The
homogenization of the mixture is held by a small magnetic bar
placed inside the cell and an external magnetic stirrer.

According to the applied synthetic method, a fixed amount of
water, whose exact mass is determined by weight using a high
weight/high precision balance (Sartorius LA2000P) with an
accuracy of 1 mg, is introduced into the cell, that is under vacuum,
though means of a flexible pressure capillary. The water used was
previously degassed by means of an ultra-sonic bath, for 30 min,
before its transfer into the cell. For the systems containing salts the
methodology is similar: the salt is mixed in the water and the
mixture of known composition is transferred into the cell as
nt the CPA-Infochem + electrolyte EoS (a), the RKSA-Infochem + electrolyte EoS (b).



Fig. 2. Pressure–composition diagram of the binary system CO2 + H2O (left) with lines representing the experimental data and the symbols the literature data, and pressure
deviation between experimental and literature data [33–53] as a function of pressure (right). The red dotted lines represent the absolute average deviations obtained. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Bubble point data of the system CO2+ H2O + NaCl.

xCO2 T/K p/MPa xCO2 T/K p/MPa xCO2 T/K p/MPa

mNaCl = 0.25 mol kg�1

0.007 293.37 1.02 0.012 293.42 2.01 0.017 293.30 2.94
313.28 1.81 313.07 3.70 313.21 5.51
333.31 2.73 333.06 5.56 333.03 8.81
353.22 3.51 352.95 7.34 352.91 11.39

mNaCl = 0.50 mol kg�1

0.007 293.08 1.21 0.012 293.38 2.17 0.017 293.17 3.34
313.18 2.14 313.20 3.91 313.36 6.40
333.24 3.13 333.12 5.98 333.18 9.75
353.12 3.96 353.05 7.78 353.18 12.53

mNaCl = 1.0 mol kg�1

0.007 293.20 1.35 0.013 293.33 2.48 0.017 293.28 3.95
313.10 2.40 313.35 4.42 313.30 7.62
332.92 3.54 333.17 6.75 332.88 12.25
353.23 4.72 352.97 8.51

mNaCl = 2.0 mol kg�1

0.007 293.34 1.78 0.013 293.17 3.76 0.018 293.27 10.59
313.19 3.00 313.19 6.75
333.19 4.41 333.03 10.64
353.14 5.72 353.16 14.29

Standard uncertainties u are u(T) = 0.15 K, u(x) = 0.0002, u(p) = 0.004 MPa and u
(m) = 0.005 mol kg-1.
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described before. The gas is introduced under pressure, from an
ultra-lightweight composite cylinder, by means of a flexible
pressure capillary and its mass measured with a high weight/
high precision balance.

Once the mixture with known compositions is prepared inside
the cell and the desired temperature at low pressure is reached, the
pressure is then slowly increased until the system becomes
monophasic. The pressure at which the last bubble disappears, for
that fixed temperature and composition, represents the equilibri-
um pressure.

3. Modeling

For modeling aqueous electrolyte solutions we need to add an
electrolyte term to our thermodynamic model. Using cubic
equations of state, such as the Soave–Redlich–Kwong (SRK), the
residual Helmholtz energy function needs to be expanded into
different contributions: a cubic contribution (Ar

cubic) to account for
van der Waals interactions, an association contribution (Ar

assoc)
based on a simplified version of the association theory developed
by Wertheim [18,19] to account for hydrogen bonding and stronger
solvation effects and an electrolyte contribution (Ar

electrolyte) that
represents the effect of dissolved salts on mixed solvents, based on
the Debye–Hückel theory.

Ar ¼ Ar
cubic þ Ar

assoc þ Ar
electrolyte (1)

Further details on the different contributions used here are
presented elsewhere [20].

In this work the MultiflashTM 4.4 package was used to estimate
CO2 solubilities in both pure water and NaCl solutions of different
molalities as a function of temperature and pressure. Two
equations of state are available in MultiflashTM 4.4 for that
purpose: CPA-Infochem + electrolyte and RKSA-Infochem + elec-
trolyte. The difference between the two electrolyte equations of
state are related to the incorporation (or not) of the association
contribution and to how the mixture energy parameter (a), in the
cubic term, is determined. While CPA-Infochem + electrolyte
includes the association contribution in Eq. (1) and determines
the mixture energy parameter using a van der Waals 1-fluid mixing
rule, the RKSA-Infochem + electrolyte model uses an excess Gibbs
energy mixing rule for the mixture energy parameter, but does not
include an explicit association contribution.

The CPA EoS has been extensively used in the literature to
model different associating systems and showed to be able to
provide the correct description of the water solubility in hydro-
carbons [21–24], fatty acid esters and biodiesels [25], the
atmospheric [26] and near/supercritical [27] vapor–liquid–equi-
libria of fatty acid ester + alcohol systems, and the liquid–liquid
equilibria of multi-component systems containing hydrocarbons,
fatty acid esters, alcohols, glycerol, and water [28–31]. The RKSA-
Infochem + electrolyte equation of state is less known from the
literature, but it has been extensively used by the oil and gas
industry.

Both EoS have been used with default MultiflashTM 4.4 interac-
tion parameters at all times. No interaction parameters have been
fitted to the experimental data measured in this work.

4. Results and discussion

Although measurements were previously carried by us and
others in similar apparatuses and the methodology shown to be
adequate to accurately measure gas–liquid equilibria in a wide
range of pressures, temperatures and fluids, such as alkanes and
ionic liquids and their aqueous solutions [10–13,15–17,32], the
carbon dioxide solubility in water and aqueous solutions of salts
can introduce an additional complexity to the experimental
determination, like salt precipitation and/or equipment corrosion.
Thus, H2O + CO2 and H2O + CO2+ NaCl systems were investigated to



Fig. 3. Pressure–composition diagrams of the system CO2+ H2O + NaCl. The dashed lines represent the RKSA-Infochem EoS estimates.

Fig. 4. Pressure–composition diagrams of the system CO2+ H2O + NaCl. The solid lines represent the CPA EoS estimates.
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Fig. 5. Pressure–composition diagrams of the system CO2+ H2O + NaCl. The solid and dashed lines represent, respectively, the CPA EoS and RKSA-Infochem with electrolyte
term estimates. Solid and empty symbols represent literature [39,41,46,47,60] and experimental data, respectively.

Table 3
Henry’s constants, HCO2 ;L=MPa, for the studied systems.

CO2 + H2O + NaCl

mNaCl/mol kg�1

T/K 0 0.25 0.5 1 2

283.15 129.20
293.15 158.69 169.76 174.32 182.67 197.13
303.15 210.80
313.15 242.66 263.53 273.12 291.19 324.55
323.15 301.62
333.15 346.76 373.54 391.28 425.77 493.33
343.15 403.25
353.15 459.81 501.60 531.88 592.48 717.97
363.15 512.68

Standard uncertainties u are u(T) = 0.15 K and u(m) = 0.005 mol kg-1.
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validate both the equipment and methodology through compari-
son against available literature data.

4.1. Solubility of CO2 in water

Carbon dioxide solubility in water was measured in the
temperature range (283–363) K and pressures up to 13 MPa, as
reported in Table 1 and depicted in Fig. 1. Gas–liquid equilibrium
data for the CO2 + H2O binary system is widely available in
literature covering a large range of pressures, temperatures and
compositions [33–50].

The equilibrium data obtained is in good agreement with
literature data within the temperature, pressure and carbon
dioxide compositions investigated, as depicted in Fig. 2. Literature
vapor–liquid equilibrium data was collected from sources dating
from 1939 to 2013 and plotted against our experimental data, as
depicted in Fig. 2a, and the pressure deviations

Dp ¼ S
n
1jpexp � plitj

n
(2)

were calculated, showing an absolute average deviation of
0.11 MPa (%AAD of 8.46%) for over 21 sources and 300 data points,
as depicted in Fig. 2b. Moreover, the experimental data are in close
agreement with the data of Wiebe and Gaddy [34], Valtz et al. [43],
Campos et al. [44], Dalmolin et al. [45] and Rumpf et al. [41] with
absolute average pressure deviations of 0.09, 0.04, 0.02, 0.02 and
0.06 MPa, respectively. The highest deviations were found for the
data of Li et al. [50], Briones et al. [42], Nighswander et al. [46],
Kiepe et al. [47] (at 313 K), Teng and Yamasaki [49] and Yan et al.
[40] with absolute average pressure deviations of 0.99, 0.86, 0.20,
0.12, 0.72 and 0.54 MPa, respectively. Despite the higher deviations
found with the later sets of data, the equilibrium pressures
obtained at low carbon dioxide mole fractions are in close
agreement among all the authors, being the deviations noticeable
for CO2 compositions higher than 0.015 and for the highest
temperatures investigated. Furthermore, the data by Kiepe et al.
[47] for temperatures higher than 313 K present an inconsistent
behavior, with their 353 K and 373 K isotherms crossing through
ours 353 K and 333 K, and 373 K and 353 K isotherms, respectively.
Overall, the small deviations obtained validate both the above
described high pressure equilibrium cell and methodology
adopted, showing them to be adequate to measure these type of
systems.

As depicted in Fig. 1a, the CPA-Infochem + electrolyte EoS is able
to estimate the experimental data over all the gas composition and
temperature range with a carbon dioxide mole fraction solubility
uncertainty of 1.5 �10�3 and a pressure absolute average deviation
(%AAD) of 5.7%. The model slightly under-estimates the CO2

equilibrium pressures for temperatures higher than 313 K. The
RKSA-Infochem + electrolyte EoS estimates are in good agreement
with the experimental data over all the temperature and carbon
dioxide compositions range, with a carbon dioxide mole fraction



Fig. 6. Henry’s constants of the studied system.
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uncertainty of 2.2 � 10�3 and a pressure %AAD of 7.1%, as depicted
in Fig. 1b.

4.2. Solubility of CO2 in aqueous solutions of NaCl

Carbon dioxide solubility in aqueous solutions of NaCl was
measured at (293, 313, 333 and 353) K, pressures up to 14 MPa and
for NaCl molalities of 0.25, 0.5,1 and 2, as reported in Table 2 and as
depicted in Figs. 3 and 4.

As well established, it is observed that NaCl promotes a salting
out effect on the carbon dioxide solubility in water decreasing its
solubility when compared with pure water. The salting out effect
depends on the ions charge and radius, salt concentration,
temperature and the static dielectric constant of the solvent.
The interactions of the ions and the solute are partially shielded by
the hydration shell forming which, in turn, influences the solvation
energy and ultimately the gas solubility [54–58].

Gas solubility data for the CO2 + H2O + NaCl ternary system is
available in the literature [40,41,46,47,51,59–61] but not as
extensively as for the CO2 + H2O binary. Furthermore, the available
data present important discrepancies not only between different
authors but also within the same data source. Yan et al. [40]
presents equilibrium pressures for the 413 K isotherms, for both
salt molalities reported, that cross the lower isotherms for carbon
dioxide mole fractions higher than 0.015. Bando et al. [60] reports
equilibrium pressures higher than those reported by the other
authors, as depicted in Fig. 5. Nonetheless, for the data at the same
salt molalities and temperatures investigated here, absolute
average pressure deviations of 0.46 MPa and 0.16 MPa were
obtained against the data of Kiepe et al. [47] and Duan and Sun
[39], respectively. Although the data of Duan et al. [39,62] is the
result of a model, based on the Duan et al. [63] EoS and the theory
of Pitzer [64], fitted against experimental data with an experi-
mental uncertainty of 7%, the experimental data here measured is
in very good agreement, with absolute average pressure deviations
of 0.36 MPa, with the data from all these sources.

As depicted in Figs. 3 and 5, the RKSA-Infochem + electrolyte
EoS is able to estimate the experimental data over all the gas
compositions and temperature range, with a carbon dioxide mole
fraction uncertainty of 7.6 � 10�4 and an absolute average
deviation of 9.4%. Although, the EoS fails to estimate the
equilibrium pressures for the 2 mol kg�1 salt molality at 293 K,
Fig. 3, it only slightly under-estimates the equilibrium pressures for
temperatures lower than 333 K. For higher temperatures the RKSA-
Infochem + electrolyte EoS slightly over-estimates the equilibrium
pressure over all the salt molalities investigated. Even though the
CPA-Infochem + electrolyte EoS presents similar trends as those
observed for the RKSA-Infochem + electrolyte EoS, as depicted in
Figs. 4 and 5, it presents somewhat higher carbon dioxide mole
fraction uncertainties,1.2 � 10�3, which corresponds to an absolute
average deviation of 12%.

Overall and despite the deviations observed, both equations of
state are able to estimate the CO2 + H2O and CO2 + H2O + NaCl
systems with low carbon dioxide mole fraction solubility
uncertainties. The capacity of these EoS to estimate both the
binary and the ternary systems stands out as very good if one takes
into considerations the scale of the CO2 compositions, its order of
magnitude and its strong effect on the equilibrium pressure.

4.3. Henry’s constant

The Henry’s law relates the amount of a given gas dissolved in a
liquid, at a constant temperature, to the fugacity of that gas in
equilibrium with that liquid and can be described as

HCO2 ;LðT; pÞ ¼ lim
xCO2!0

f LCO2

xCO2
(3)

where HCO2 ;LðT; pÞ is the Henry’s constant, xCO2 is the mole fraction

of CO2 dissolved in the liquid and f LCO2
is the fugacity of CO2 in the

liquid phase (L). As shown, Eq. (3) is only rigorously valid in the
diluted region limit. The Henry’s constants were estimated by
fitting the RKSA-Infochem + electrolyte to the experimental data
and calculating the slope as the solubility approaches zero.
Although this procedure introduces some uncertainty on the
estimated Henry’s constants, the results obtained allow a
discussion on the solvation of the CO2 in the solvents investigated.

The Henry’s constant for the CO2 in water and NaCl solutions are
reported in Table 3 and depicted in Fig. 6. As shown, the Henry’s
constants express the salting out effect of the salt on the carbon
dioxide solubility in water, with the Henry’s constant increasing
with the temperature and salt molality. Furthermore, the
temperature impact on the gas solubility is more pronounced,
increases, with the salt molality increase.

5. Conclusions

A new high pressure cell was developed and validated to
measure the high pressure phase behavior of gas + water and
gas + aqueous salt solutions. Two systems, the H2O + CO2 and
H2O + CO2 + NaCl, were investigated at temperatures up to 363 K
and pressures up to 13 MPa and both the equipment and
methodology validated through comparison against literature
data. As commonly observed in literature the NaCl promotes a
salting out effect on the carbon dioxide solubility in water,
decreasing its solubility in water as the salt concentration increase.

Electrolyte versions of the cubic-plus-association and the
RKSA-Infochem equations of state were used to estimate the
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H2O + CO2 and H2O + CO2 + NaCl phase behavior. Both EoS provide a
good representation of the experimental data, with the RKSA-
Infochem + electrolyte EoS slightly out-performing the CPA-Info-
chem + electrolyte EoS.
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