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The solubility of CO2 in NaCl solutions with mass fractions of 0.01 to 0.03 was measured at (30 to 60) °C
and (10 to 20) MPa. The CO2 was dissolved in NaCl solution in a pressurized vessel, and a sample of the
saturated solution was removed from the vessel. The solubility was then estimated by measuring the
mass of the sample and the pressure of the dissolved gas. On the basis of this experimental data, an
equation for predicting the CO2 mole fraction x1 in NaCl solution as a function of temperature t ) (30 to
60) °C, pressure P ) (10 to 20) MPa, and mass fraction, S, of NaCl ) (0.01 to 0.03) was determined.
H(P,T,S)/MPa ) 36.1P/MPa + 3.87T/K - 1097.1 + (196P/MPa + 26.9T/K - 8810)S, where H is Henry’s
coefficient, H ) Pc/x1, Pc is the partial pressure of carbon dioxide, T is the absolute temperature, and S
is the mass fraction of NaCl in the aqueous solution.

Introduction

Geological storage of CO2 has been investigated as an
option for reducing the concentration of carbon dioxide in
the atmosphere.1 The storage of CO2 in deep saline aquifers
is technically feasible, as demonstrated at the Sleipner gas
field in the Norwegian North Sea. Since 1996, 1 million
metric tons of CO2 have been injected annually into
saltwater saturated sands at depths below 800 m.1 When
the possibility of such a geological storage technique is
discussed, the critical parameter is the CO2 storage capac-
ity of saltwater. Estimation of the total amount of stored
CO2 requires information about the thermophysical proper-
ties of saltwater, such as solubility.

Measurement of the solubility of CO2 in pure water2-12

has been extensively studied, whereas that in solutions
that include an electrolyte such as NaCl has not.9 In the
low-pressure regime (i.e., near atmospheric pressure), the
solubility can be theoretically estimated by considering the
ionic strength and the salting-out parameter.13,14 However,
in the high-pressure regime (i.e., above 1 MPa), the
correlation of activity coefficients in aqueous solutions
should be determined by regressing the experimental
data.15,16 To determine the CO2 storage capacity at depths
below (1000 to 2000) m, where many saline aquifers
exist, we measured the solubility of CO2 in NaCl solution
at (30 to 60) °C and at (10 to 20) MPa and NaCl mass
fractions of 0.01 to 0.03 . On the basis of the results, a
prediction equation for the solubility as a function of
temperature, pressure, and mass fraction of NaCl has been
derived.

Materials and Methods

Figure 1 shows a schematic of the experimental ap-
paratus used to determine the CO2 solubility. The ap-

paratus consisted of a high-pressure vessel, an agitator, a
pressure transducer for the range (0 to 25) MPa (TEAC,
TP-AP 20 MPa), another pressure transducer for the range
(0 to 0.2) MPa (Validyne, DP15-46), an amplifier (TEAC,
SA-59), a temperature bath, a pump for pressurizing the
water (GL Science, PU610-0X), a CO2 gas cylinder, and a
50 cm3 sample cylinder. The mass of the sample was
measured by using a gravimetric balance (Sartorius,
LP1200S).

The pressurized vessel had a 45 mm inner diameter and
was 260 mm long, and its maximum pressure was 70 MPa.
The vessel, all of the tubes, and sample cylinder were made
of stainless steel. The water used to prepare the NaCl
solution was filtered by using a water purification system
(Yamato Science, Co. Ltd., WA33). The purity of the CO2

was 99.99%.
The solubility measurements were as follows for different

temperatures (30 °C, 40 °C, 50 °C, and 60 °C), pressures

* To whom correspondence should be addressed. Telephone: +81-298-
61-7207. Fax: +81-298-51-7523. E-mail: takemura.f@aist.go.jp.
† The University of Tokyo.
‡ National Institute of Advanced Industrial Science and Technology.

Figure 1. Schematic of apparatus for determining the solubility
of CO2 in NaCl solution.
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(10 MPa, 15 MPa, and 20 MPa), and NaCl mass fractions
(0, 0.0099, 0.02, and 0.03). The vessel and sample cylinder
were first evacuated to a pressure below 100 Pa, and then
valves 1 and 2 were closed. CO2 was introduced into the
vessel to around 1 MPa. Then the aqueous solution of NaCl
or the purified water was pumped in with mixing by the
agitator for 1 h and left in the vessel for 2 h until the
pressure and the temperature were stable. This procedure
was done repeatedly until the experimental conditions were
reached. Keeping the pressure of the vessel constant by
pumping the solution of NaCl, valve 1 was then opened.
Valve 2 was opened, thus flashing the solution dissolved
CO2 into the sample cylinder until the pressure of the
cylinder reached about 0.1 MPa. Here no solution pumped
for the pressurization flows into the vessel because the
volume of the added solution is less than that of the tube
from the storage tank of the NaCl solution to the vessel.
And also degassing of the dissolved gas never appears
behind valve 2 because the pressure of the vessel remains
nearly constant during this extracting procedure. There-
fore, the solution flows into the cylinder keeping the
relative amount of CO2 and the solution constant. The
sample cylinder was disconnected from valve 2 and then
cooled to 0 °C by placing it in ice. Finally, the pressure
and mass of the cylinder were measured, and then used to
calculate the solubility. Each set of experimental condi-
tions was repeated three times and the average was
calculated, resulting in a total of 48 data points (Tables 1
and 2).

The solubility was calculated as follows. The mass, W/kg,
of the saturated solution of CO2 in the sample cylinder and
the mass fraction, S, of NaCl can be expressed as

Here, M is the molecular weight, n is the amount of
substance, and the subscripts c, w, and s correspond to CO2,
water, and salt, respectively. Although most of the CO2 in
the sample cylinder is in the gas phase, the gas partially
dissolves in the solution. The solubility of CO2 in the
solution at 0 °C and the measured pressure, Ps/MPa, of the
sample cylinder can be estimated by considering the ionic
strength, I, and the salting-out parameter, ks/(l‚mol-1). The
total amount of CO2 in the sample cylinder was

where fc is the fugacity of CO2 at T0 and Ps conditions, H
is Henry’s coefficient at 0 °C, Vg is the volume of the gas
phase in the sample cylinder, and I is the ionic strength. fc

is calculated by following eq 3.

Here, Pw is the vapor pressure of water at 0 °C, and æ is
the fugacity coefficient, which can be regarded as unity at
low pressure.13 For our measurements, H ) 73.8 MPa14 and
ks ) 0.112 l/mol.17 Here, Vg is calculated as

where V0 is the volume of the sample cylinder and Fl is the

W ) ncMc + nwMw + nsMs, S )
nsMs

nwMw + nsMs
(1)

nc )
fcVg

RT0
+ nw

fc

H
× 10-ksI (2)

fc ) æcpc ) æc(Ps - Pw) (3)

Vg ) V0 -
nwMw

Fl

1
1 - S

(4)
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density of the solution at 0 °C.18 From eqs 1, 2, and 4, nw

can be expressed as

where W is the mass of the sample and R is the gas
constant. Finally, nc can then be calculated by using eq 2,
yielding the mole fraction of CO2 in the solution, x1, defined
as x1 ) nc/(nc + nw + ns).

Uncertainty in x1 (i.e., δx1) is derived from the errors in
the measured pressure, Ps, the measured sample mass, W,
the temperature, T, and the mass fraction, S, of NaCl.
Those errors were estimated, and then δx1 values were
estimated by using a standard technique.19

Results and Discussion

Table 1 shows the measured x1 for water only and
previously reported data as a reference. The measured x1

agrees well with the earlier investigation’s data, indicating
good reliability of the results obtained by the experimental
method used here.

Table 2 shows the measured x1 for 0.0099 to 0.03 mass
fractions of NaCl. For the same temperature and mass
fraction of NaCl conditions, the measured x1 increased as
pressure increased. However, x1 was not proportional to
pressure between (10 and 20) MPa, although the solubility
was proportional to pressure near atmospheric pres-
sure. The solubility x1 decreased with increasing temper-
ature but decreased with increasing mass fraction of NaCl.
The solubility at 0.03 mass fraction of NaCl decreased to
about 85% of that of water. This decrease is due to salting-
out.

By regressing the experimental data, a prediction equa-
tion for the CO2 solubility in NaCl solution for the pressure
range (10 to 20) MPa, the temperature range (30 to 60)
°C, and the NaCl mass fraction range 0 to 0.03 was
obtained. In this regression, Henry’s coefficient, H (H )
Pc/x1) was used, which is commonly used to express the
solubility of gas in liquid. Because Henry’s coefficient is
affected by pressure, temperature, and mass fraction of
NaCl, the dependency of this coefficient on those three
parameters was investigated.

Figure 2 shows partial derivatives of Henry’s coefficient
to temperature (∂H/∂T) as a function of mass fraction of
NaCl. The derivatives were calculated from the values of
H at four different temperatures under the same pressureT
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Figure 2. Partial derivative of Henry’s coefficients to temperature
as a function of mass fraction of NaCl, S: b, 10 MPa; 9, 15 MPa;
[, 20 MPa.

nw )
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H
× 10-ksI +
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and same mass fraction of NaCl conditions. Figure 2 shows
that ∂H/∂T is independent of pressure and can be expressed
as a linear function of mass fraction of NaCl. Regression
of the data yields

Figure 3 shows partial derivatives of Henry’s coefficient
to pressure (∂H/∂P) as a function of mass fraction of NaCl.
The derivatives were calculated from the values of H at
three different pressures under the same temperature and
same mass fraction of NaCl conditions. Figure 3 shows that
∂H/∂P is independent of temperature and can be expressed
as a linear function of mass fraction of NaCl. Regression
of the data yields

Combining eqs 6 and 7, Henry’s coefficient can be
expressed as

A(S) for all 48 data points shown in Tables 1 and 2 was
calculated, and then A(S) was regressed by using a linear
function, thus yielding the following prediction equation
for Henry’s coefficient:

Figure 4 shows the Henry’s coefficient calculated from
this prediction equation. In this figure, the calculated
values are normalized by the corresponding experimental
values. These results show that Henry’s coefficient can be
predicted within 3.6% of the experimental values.

Conclusion

The CO2 solubility in saline aquifers at depths below
(1000 to 2000) m can be determined by using the experi-
mentally determined correlation equation for the solubility
of CO2 in NaCl solution as a function of mass fractions of
NaCl for (0.0099 to 0.03), temperatures for (30 to 60) °C,
and pressures for (10 to 20) MPa.
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Figure 3. Partial derivative of Henry’s coefficients to pressure
as a function of mass fraction of NaCl, S: b, 303.2 K; 9, 313.2 K;
[, 323.2 K; 2, 333.2 K.

Figure 4. H(cal)/H(exp) as a function of measured H: b, H(cal)/
H(exp).

(∂H
∂T)/MPa‚K-1 ) 26.9S + 3.87 (6)

(∂H
∂P)/MPa‚MPa-1 ) 196S + 36.1 (7)

H(P,T,S)/MPa ) (196S + 36.1)P/MPa +
(26.9S + 3.87)T/K + A(S) (8)

H(P,T,S)/MPa ) 36.1P/MPa + 3.87T/K - 1097.1 +
(196P/MPa + 26.9T/K - 8810)S (9)
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