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Abstract

A thermodynamic model for the solubility of carbon dioxide (CO2) in pure water and in aqueous NaCl solutions for

temperatures from 273 to 533 K, for pressures from 0 to 2000 bar, and for ionic strength from 0 to 4.3 m is presented. The

model is based on a specific particle interaction theory for the liquid phase and a highly accurate equation of state for the vapor

phase. With this specific interaction approach, this model is able to predict CO2 solubility in other systems, such as CO2–H2O–

CaCl2 and CO2–seawater, without fitting experimental data from these systems. Comparison of the model predictions with

experimental data indicates that the model is within or close to experimental uncertainty, which is about 7% in CO2 solubility.
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1. Introduction

The extensive study of fluid inclusions from hydro-

thermal, sedimentary metamorphic and igneous rocks

has shown that H2O, CO2 and NaCl are the most

common species in geological fluids (Fyfe et al.,

1978; Roedder, 1984). Accurate prediction of CO2

solubility over a wide range of temperature, pressure

and ionic strength (T–P–m) is important to the

analysis of fluid inclusion data (Roedder, 1984; Duan

et al., 1992a; Dubessy et al., 2001), to the studies of

the carbonate precipitation and to the tracing of the

global carbon cycle (Butcher et al., 1992; Millero,

1995; Riley and Skirrow, 1975). It is also essential for

designing certain separation equipment in the chem-

ical or oil-related industries (Li and Ngheim, 1986;

Rumpf et al., 1994). Because of its importance, there

have been many experimental studies on the solubility

of CO2 in pure water and in aqueous NaCl solutions.

There has also been extensive theoretical effort on

modeling the CO2 solubility in aqueous solutions.

Although several models on CO2 solubility have been
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published, few can predict CO2 solubility in wide T–

P–m range with accuracy close to experiment. For

many temperature–pressure–composition conditions,

CO2 solubilities are still unknown.

Based on the EOS of Peng–Robinson, Henry’s law

and the scaled-particle theory, Li and Ngheim (1986)

presented a model (L–N model) to predict phase

equilibrium of oil, gas and water/brine mixtures. This

model is also intended to calculate the solubility of

CO2 in pure water up to 473 K and in NaCl solutions

with NaCl up to 4 m. However, it is in general not

accurate to predict the solubility of CO2 in aqueous

NaCl solutions. Harvey and Prausnitz (1989) devel-

oped an EOS (H–P model) to predict CO2 solubility

in pure water and in aqueous NaCl solutions at

elevated pressures. However, it overestimates CO2

solubility by more than 10–20% in NaCl solutions.

Zuo and Guo (1991) extended the Patel–Teja EOS to

phase equilibrium calculations for electrolyte solu-

tions (Z–G model). The Z–G model is no more

accurate than the H–P model for CO2 solubility. For

example, it underestimates CO2 solubility by more

than 12% in 20 wt.% NaCl solutions at high pressures

(>1000 bar) and overestimated CO2 solubility by

more than 10% in 6 wt.% NaCl solution at moderate

pressures. Some of the comparisons of these models

will be shown in Section 4.

In this article, we present a model covering a large

T–P–m range in the CO2–H2O–NaCl system and in

other aqueous systems using an approach proposed

by Duan et al. (1992a). In this approach, the chem-

ical potential of CO2 in the vapor phase is calculated

using the equation of state (Duan et al., 1992b), and

the chemical potential of CO2 in the liquid phase is

described by the specific interaction model of Pitzer

(1973). This will be discussed in the next section. To

disentangle the controversy over the experimental

measurements, the available data are reviewed in

Section 3. We found that most of the major data

sets are consistent. The parameters are evaluated

from as many experimental data as possible. The

resulted model is compared with experimental data in

Section 4. Comparison with experimental data indi-

cates that the resulting model can predict CO2

solubility in pure water from 273 to 533 K and from

0 to 2000 bar, and in aqueous NaCl solutions up to

high temperature, pressure and ionic strength (273–

533 K, 0–2000 bar, 0–4 m) with accuracy close to

Table 1

Measurements of CO2 solubility

Authors Solution T (K) P (bar) N a

Wiebe and Gaddy (1939) Water 323–373 25–710 29

Wiebe and Gaddy (1940) Water 285–313 25–510 42

Morrison and Billett (1952) Water 286–348 1.02–1.40 19

Malinin (1959) Water 473–603 98–490 79

Todheide and Franck (1963) Water 323–623 200–3500 109

Takenouchi and Kennedy (1964) Water 383–623 100–1500 116

Zawisza and Malesinska (1981) Water 323–473 1–54 33

Müller et al. (1988) Water 373–473 3–80 49

King et al. (1992) Water 288–298 60–250 37

Markham and Kobe (1941) 0–4 m NaCl 273–313 1.02–1.09 18

Harned and Davis (1943) 0–3 m NaCl 273–323 1.02–1.14 66

Ellis and Golding (1963) 0–2 m NaCl 445–610 25–200 54

Takenouchi and Kennedy (1965) 0–4.28 m NaCl 423–723 100–1400 123

Malinin and Savelyeva (1972) 0–4.5 m NaCl 298–348 47.92 16

Malinin and Kurorskaya (1975) 0–6 m NaCl 298–423 47.92 16

Gehrig (1980) 1–4.3 m NaCl 408–800 30–2800 29

Drummond (1981) 0–6.5 m NaCl 290–673 35–400 509

Nighswander et al. (1989) 0–0.17 m NaCl 353–473 20–100 67

Rumpf et al. (1994) 4–6 m NaCl 313–433 1–100 63

Prutton and Savage (1945) 0–3.9 m CaCl2 348–394 10–700 142

a Number of measurements.
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experiments ( < 7% in CO2 solubility). More impor-

tantly, this model can be accurately extrapolated to

other aqueous electrolyte solution systems such as

aqueous CaCl2, MgCl2 and (NH4)2SO4 solutions and

seawater without using experimental data from those

systems.

2. Phenomenological description of gas solubility

as a function of composition, pressure and

temperature

CO2 solubility in aqueous solutions is determined

from the balance between its chemical potential in the

liquid phase lCO2

l and that in the gas phase, lCO2

v . The

potential can be written in terms of fugacity in the

vapor phase and activity in the liquid phase as

lv
CO2

ðT ;P; yÞ ¼ lvð0Þ
CO2

ðTÞ þ RT lnfCO2
ðT ;P; yÞ

¼ lvð0Þ
CO2

ðTÞ þ RT lnyCO2
P

þ RT lnuCO2
ðT ;P; yÞ ð1Þ

ll
CO2

ðT ;P;mÞ ¼ llð0Þ
CO2

ðT ;PÞ þ RT lnaCO2
ðT ;P;mÞ

¼ llð0Þ
CO2

ðT ;PÞ þ RT lnmCO2

þ RT lncCO2
ðT ;P;mÞ ð2Þ

At equilibrium, lCO2

l = lCO2

v , and we obtain,

ln
yCO2

P

mCO2

¼
llð0Þ
CO2

ðT ;PÞ � lvð0Þ
CO2

ðTÞ
RT

� lnuCO2
ðT ;P; yÞ

þ lncCO2
ðT ;P;mÞ ð3Þ

The standard chemical potential of CO2 in liquid

phase, lCO2

l(0) , is the chemical potential in hypotheti-

cally ideal solution of unit molality (Denbigh, 1971).

The vapor phase standard chemical potential, lCO2

v(0), is

the hypothetically ideal gas chemical potential when

the pressure is equal to 1 bar. In the parameter-

ization, lCO2

v(0), as a reference number, can be set to

any number because only the difference between

lCO2

l(0) and lCO2

v(0) is important. Here we set it to zero

for convenience. According to the equation of state

of Duan et al. (1992b), the fugacity coefficient of

CO2 in the vapor phase of CO2–H2O mixtures

differs very little from that in pure CO2 for temper-

atures between 273 and 533 K. Therefore, lnuCO2

can be calculated from the EOS for pure CO2 (Duan

et al., 1992b) (see Appendix A). Since there are no

vapor composition measurements for the CO2–

H2O–NaCl system in the temperature range of this

study, we have to assume that water vapor pressure

of the mixtures is the same as pure water saturation

pressure. Consequently, yCO2
can be approximately

calculated from

yCO2
¼ ðP � PH2OÞ=P ð4Þ

Fig. 1. The values of kCO2 –Na
and fCO2 –Na –Cl

as functions of (a)

temperature and (b) pressure.
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where PH2
O is the pure water pressure, which can

be taken from the steam tables (Haar et al., 1984)

or can be calculated from an empirical equation

(see Appendix B). The above assumption may lead

to errors (up to 5%) for li
l(0)/RT and lncCO2

l . How-

ever, these errors cancel approximately in our

parameterization and the effect on the calculation

of CO2 solubility is negligible. A virial expansion

Table 2

Interaction parameters

T–P coefficient lCO2

l(0)/RT kCO2 –Na
nCO2 –Na –Cl

c1 28.9447706 � 0.411370585 3.36389723e� 4

c2 � 0.0354581768 6.07632013e� 4 � 1.98298980e� 5

c3 � 4770.67077 97.5347708

c4 1.02782768e� 5

c5 33.8126098

c6 9.04037140e� 3

c7 � 1.14934031e� 3

c8 � 0.307405726 � 0.0237622469 2.12220830e� 3

c9 � 0.0907301486 0.0170656236 � 5.24873303e� 3

c10 9.32713393e� 4

c11 1.41335834e� 5

Table 3

Calculated CO2 solubility (mol/kg water) in water

P T (K)

(bar)
273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15 533.15

1 0.0693 0.0286 0.0137 0.0036

5 0.3368 0.1442 0.0803 0.0511 0.0298 0.0023

10 0.6463 0.2809 0.1602 0.1086 0.0781 0.0480

50 1.0811 0.6695 0.4952 0.4157 0.3767 0.3476 0.2997 0.1887 0.0392

100 1.3611 1.0275 0.8219 0.7314 0.7054 0.7131 0.7259 0.7025 0.6267

200 1.4889 1.2344 1.1308 1.1100 1.1569 1.2634 1.4171 1.5898 1.6846

300 1.5989 1.3495 1.2802 1.3184 1.4427 1.6521 1.9506 2.3334 2.6190

400 1.7005 1.4478 1.3954 1.4700 1.6535 1.9527 2.3871 2.9802 3.4700

500 1.7965 1.5368 1.4954 1.5972 1.8287 2.2059 2.7664 3.5666 4.2695

600 1.8883 1.6194 1.5857 1.7102 1.9833 2.4310 3.1102 4.1152 5.0387

700 1.9767 1.6970 1.6689 1.8131 2.1238 2.6370 3.4301 4.6390 5.7905

800 2.0622 1.7703 1.7464 1.9082 2.2535 2.8288 3.7323 5.1452 6.5318

900 2.1450 1.8399 1.8189 1.9966 2.3744 3.0089 4.0203 5.6376 7.2658

1000 2.2254 1.9062 1.8870 2.0792 2.4876 3.1790 4.2960 6.1183 7.9933

1100 2.3034 1.9692 1.9510 2.1566 2.5939 3.3401 4.5607 6.5877 8.7138

1200 2.3792 2.0292 2.0112 2.2290 2.6937 3.4927 4.8147 7.0458 9.4256

1300 2.4527 2.0864 2.0678 2.2968 2.7874 3.6372 5.0585 7.4922 10.127

1400 2.5240 2.1407 2.1210 2.3601 2.8752 3.7739 5.2919 7.9260 10.814

1500 2.5933 2.1924 2.1707 2.4192 2.9575 3.9030 5.5150 8.3460 11.485

1600 2.6605 2.2413 2.2172 2.4740 3.0341 4.0245 5.7276 8.7513 12.136

1700 2.7251 2.2875 2.2605 2.5248 3.1053 4.1385 5.9294 9.1403 12.764

1800 2.7882 2.3312 2.3007 2.5717 3.1712 4.2450 6.1202 9.5123 13.366

1900 2.8486 2.3725 2.3379 2.6146 3.2319 4.3440 6.2997 9.8655 13.938

2000 2.9071 2.4110 2.3719 2.6538 3.2875 4.4353 6.4677 10.199 14.478
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of excess Gibbs energy (Pitzer, 1973) is used to

obtain lncCO2
,

lncCO2
¼

X
c

2kCO2�cmc þ
X
a

2kCO2�ama

þ
X
c

X
a

fCO2�a�cmcma; ð5Þ

where k and f are second-order and third-order

interaction parameters, respectively, c and a mean

cations and anions, respectively. Subtituting Eq. (5)

in Eq. (3), we have

ln
yCO2

P

mCO2

¼
llð0Þ
CO2

RT
� lnuCO2

þ
X
c

2kCO2�cmc

þ
X
a

2kCO2�ama þ
X
c

X
a

fCO2�c�amcma

ð6Þ

In the above equation, k’s, f’s and the dimensionless

standard chemical potential, lCO2

l(0) /RT are dependent

upon temperature and total pressure. Following Pitzer

et al. (1984), we select the following equation for the

parameters,

ParðT ;PÞ ¼ c1 þ c2T þ c3=T þ c4T
2

þ c5=ð630� TÞ þ c6P þ c7PlnT

þ c8P=T þ c9P=ð630� TÞ

þ c10P
2=ð630� TÞ2 þ c11T lnP ð7Þ

Eqs. (6) and (7) form the basis of our parameterization

for the model.

3. Review of solubility data of CO2

CO2 solubility in pure water and in aqueous NaCl

solutions has been measured for a wide range of

temperatures, pressures and ionic strength (Table 1).

Table 4

Calculated CO2 solubility (mol/kg water) in 1 m aqueous NaCl solutions

P T (K)

(bar)
273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15 543.15

1 0.0557 0.0238 0.0116 0.0031

5 0.2675 0.1185 0.0674 0.0433 0.0253 0.0020

10 0.5109 0.2294 0.1335 0.0914 0.0660 0.0404

50 0.8729 0.5502 0.4103 0.3447 0.3106 0.2837 0.2399 0.1467

100 1.0958 0.8405 0.6767 0.6015 0.5759 0.5751 0.5755 0.5434 0.4236

200 1.1990 1.0072 0.9259 0.9052 0.9337 1.0035 1.1016 1.2018 1.2475

300 1.2910 1.1012 1.0456 1.0696 1.1551 1.2973 1.4926 1.7260 1.9493

400 1.3781 1.8127 1.1383 1.1881 1.3150 1.5180 1.8009 2.1607 2.5646

500 1.4620 1.2577 1.2191 1.2869 1.4458 1.6993 2.0593 2.5369 3.1192

600 1.5438 1.3282 1.2925 1.3742 1.5595 1.8565 2.2859 2.8734 3.6300

700 1.6239 1.3952 1.3604 1.4535 1.6616 1.9973 2.4900 3.1810 4.1072

800 1.7026 1.4594 1.4240 1.5264 1.7546 2.1254 2.6769 3.4659 4.5562

900 1.7801 1.5210 1.4839 1.5941 1.8402 2.2431 2.8494 3.7314 4.9796

1000 1.8565 1.5803 1.5403 1.6570 1.9193 2.3518 3.0094 3.9797 5.3785

1100 1.9318 1.6375 1.5937 1.7157 1.9925 2.4524 3.1580 4.2117 5.7527

1200 2.0061 1.6926 1.6442 1.7705 2.0603 2.5455 3.2959 4.4281 6.1016

1300 2.0795 1.7458 1.6919 1.8215 2.1231 2.6314 3.4236 4.6292 6.4241

1400 2.1517 1.7970 1.7370 1.8690 2.1810 2.7106 3.5415 4.8149 6.7192

1500 2.2231 1.8464 1.7794 1.9131 2.2343 2.7832 3.6496 4.9853 6.9855

1600 2.2935 1.8938 1.8194 1.9538 2.2830 2.8494 3.7482 5.1402 7.2222

1700 2.3624 1.9393 1.8568 1.9913 2.3273 2.9094 3.8375 5.2796 7.4281

1800 2.4308 1.9829 1.8919 2.0256 2.3674 2.9634 3.9174 5.4034 7.6028

1900 2.4976 2.0249 1.9247 2.0569 2.4035 3.0113 3.9882 5.5115 7.7453

2000 2.5635 2.0648 1.9549 2.0852 2.4354 3.0532 4.0498 5.6038 7.8558
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The most extensive studies of CO2 solubility in water

are those of Wiebe and Gaddy (1939, 1940), Todheide

and Franck (1963) and Takenouchi and Kennedy

(1964, 1965). The data sets of Wiebe and Gaddy

(1939, 1940) are the most comprehensive at the

temperatures below 373 K, while the data sets of

Todheide and Franck (1963) and Takenouchi and

Kennedy (1964, 1965) cover the largest tempera-

ture–pressure (T–P) range (from 323 to 623 K, from

100 to 3500 bar). The data sets of Zawisza and

Malesinska (1981), Müller et al. (1988) and Nighs-

wander et al. (1989) cover the high temperature (>373

K) and low pressure ( < 100 bar) range, which is not

covered by the data sets of Todheide and Franck

(1963) and Takenouchi and Kennedy (1964, 1965).

In the T–P range we are trying to model (T < 533 K,

P < 2000 bar), most of CO2 solubility data in water are

consistent within errors of about 7%. A few data

points of Zawisza and Malesinska (1981) and Nighs-

wander et al. (1989) are consistent neither with their

own bulk data points nor with that of Müller et al.

(1988). These small number of points are discarded in

the parameterization. At temperatures above 540 K,

some data points of Malinin (1959) and Todheide and

Franck (1963) are inconsistent with that of Taken-

ouchi and Kennedy (1964, 1965) for pressures above

1200 bar, with a deviation more than 10%. As Carroll

et al. (1991) surveyed, about 100 CO2 solubility data

sets exist for low pressures ( < 10 bar). Some repre-

sentative data sets (Harned and Davis, 1943; Mark-

ham and Kobe, 1941; Morrison and Billett, 1952) are

listed in Table 1.

The most extensive studies of CO2 solubility in

aqueous NaCl solutions are those of Takenouchi and

Kennedy (1965), Gehrig (1980), Drummond (1981)

and Rumpf et al. (1994). The data set of Takenouchi

and Kennedy (1965) covers a large temperature–

pressure–ionic strength (T–P–m) range (423–723

K, 100–1400 bar and 0–4.28 m). Gehrig (1980)

extended CO2 solubility data in 1.09 m NaCl solution

Table 5

Calculated CO2 solubility (mol/kg water) in 2 m aqueous NaCl solutions

P T (K)

(bar)
273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15 543.15

1 0.0452 0.0200 0.0100 0.0027

5 0.2147 0.0984 0.0572 0.0372 0.0218 0.0017

10 0.4080 0.1895 0.1126 0.0780 0.0565 0.0346

50 0.7135 0.4583 0.3451 0.2905 0.2608 0.2362 0.1982 0.1186

100 0.8939 0.6978 0.5663 0.5038 0.4798 0.4743 0.4678 0.4335 0.3301

200 0.9801 0.8359 0.7729 0.7543 0.7721 0.8192 0.8834 0.9418 0.9488

300 1.0600 0.9160 0.8731 0.8898 0.9513 1.0521 1.1855 1.3343 1.4535

400 1.1377 0.9873 0.9518 0.9878 1.0803 1.2250 1.4191 1.6507 1.8781

500 1.2143 1.0542 1.0216 1.0702 1.1855 1.3655 1.6114 1.9170 2.2457

600 1.2905 1.1182 1.0859 1.1436 1.2771 1.4865 1.7771 2.1489 2.5710

700 1.3665 1.1802 1.1463 1.2108 1.3593 1.5939 1.9240 2.3554 2.8629

800 1.4425 1.2405 1.2035 1.2731 1.4343 1.6910 2.0563 2.5416 3.1266

900 1.5186 1.2994 1.2582 1.3314 1.5034 1.7797 2.1766 2.7107 3.3650

1000 1.5950 1.3571 1.3104 1.3861 1.5673 1.8610 2.2863 2.8645 3.5797

1100 1.6716 1.4136 1.3606 1.4376 1.6267 1.9356 2.3866 3.0040 3.7715

1200 1.7485 1.4690 1.4086 1.4860 1.6817 2.0042 2.4779 3.1301 3.9410

1300 1.8256 1.5234 1.4548 1.5316 1.7327 2.0670 2.5609 3.2433 4.0883

1400 1.9029 1.5766 1.4991 1.5745 1.7799 2.1244 2.6357 3.3440 4.2135

1500 1.9806 1.6289 1.5414 1.6148 1.8234 2.1765 2.7028 3.4322 4.3168

1600 2.0584 1.6800 1.5821 1.6524 1.8633 2.2236 2.7624 3.5084 4.3985

1700 2.1361 1.7301 1.6208 1.6876 1.8997 2.2657 2.8145 3.5727 4.4586

1800 2.2144 1.7790 1.6578 1.7202 1.9327 2.3030 2.8594 3.6254 4.4980

1900 2.2924 1.8270 1.6931 1.7505 1.9625 2.3355 2.8973 3.6666 4.5167

2000 2.3706 1.8735 1.7264 1.7783 1.9890 2.3634 2.9283 3.6967 4.5157
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up to 2800 bar. The measurements of Drummond

(1981) are the most extensive at lower pressures

( < 400 bar). Besides, Ellis and Golding (1963),

Malinin and Savelyeva (1972) and Malinin and

Kurorskaya (1975) also published some CO2 solubil-

ity data in aqueous NaCl solutions. However, there

are some disagreements among these data. A few

data points of Drummond (1981) measured during

the pressure increasing process are not consistent

with those measured in the pressure decreasing proc-

ess. The deviation between them is 8–15%. The data

of Takenouchi and Kennedy (1965) at 100 bar

diverge sharply from that of Drummond (1981) and

Rumpf et al. (1994). We have no reliable criterion to

determine which data are more accurate. So we

include all these inconsistent data in the parameter-

ization, although they only account for a small

portion of the whole database. We note that exper-

imental measurements of CO2 solubility in NaCl

solutions at high pressure (>400 bar) and low temper-

ature ( < 423 K) range and in the high ionic strength

(>4.3 m) range are absent.

CO2 solubility data in other salt than NaCl aqueous

solutions at elevated pressures are very limited. Prut-

ton and Savage (1945) published some experimental

CO2 solubility data in aqueous CaCl2 solutions from

384 to 394 K and from 10 to 700 bar with molality up

to 3.9 m.

4. Parameterization and comparison with

experimental data

To calculate the CO2 solubility as a function of

temperature, pressure and salt composition, we need

to determine the parameters k’s and f’s for Na+ and

Cl� in liquid as well as the standard chemical

potential lCO2

l(0) in Eq. (6). Since measurements can

only be made in electronically neutral solutions, one

of the parameters must be assigned arbitrarily (Harvie

Table 6

Calculated CO2 solubility (mol/kg water) in 4 m aqueous NaCl solutions

P T (K)

(bar)
273.15 303.15 333.15 363.15 393.15 423.15 453.15 483.15 513.15 543.15

1 0.0308 0.0147 0.0077 0.0021

5 0.1425 0.0703 0.0428 0.0287 0.0171 0.0013

10 0.2684 0.1339 0.0833 0.0593 0.0435 0.0266

50 0.4945 0.3314 0.2554 0.2169 0.1942 0.1737 0.1430 0.0834

100 0.6189 0.5028 0.4169 0.3733 0.3538 0.3449 0.3328 0.2999 0.2207

200 0.6849 0.6060 0.5705 0.5590 0.5679 0.5924 0.6234 0.6444 0.6253

300 0.7515 0.6717 0.6503 0.6636 0.7026 0.7624 0.8365 0.9104 0.9524

400 0.8200 0.7340 0.7170 0.7434 0.8034 0.8921 1.0042 1.1270 1.2281

500 0.8907 0.7955 0.7793 0.8140 0.8893 1.0011 1.1457 1.3122 1.4683

600 0.9639 0.8571 0.8395 0.8798 0.9671 1.0982 1.2709 1.4765 1.6829

700 1.0399 0.9194 0.8987 0.9428 1.0399 1.1875 1.3850 1.6258 1.8778

800 1.1189 0.9826 0.9573 1.0038 1.1091 1.2712 1.4909 1.7634 2.0561

900 1.2009 1.0468 1.0157 1.0633 1.1755 1.3504 1.5902 1.8914 2.2198

1000 1.2862 1.1121 1.0739 1.1216 1.2395 1.4254 1.6837 2.0107 2.3697

1100 1.1787 1.1321 1.1789 1.3015 1.4979 1.7719 2.1219 2.5062

1200 1.2464 1.1902 1.2352 1.3615 1.5668 1.8553 2.2254 2.6295

1300 1.3155 1.2485 1.2907 1.4197 1.6326 1.9340 2.3215 2.7394

1400 1.3858 1.3068 1.3453 1.4761 1.6956 2.0082 2.4101 2.8360

1500 1.4575 1.3651 1.3991 1.5308 1.7557 2.0777 2.4912 2.9189

1600 1.4235 1.4519 1.5837 1.8130 2.1428 2.5648 2.9884

1700 1.4817 1.5039 1.6349 1.8674 2.2033 2.6309 3.0440

1800 1.5400 1.5549 1.6843 1.9190 2.2593 2.6895 3.0862

1900 1.5983 1.6050 1.7319 1.9676 2.3107 2.7405 3.1148

2000 1.6563 1.6541 1.7777 2.0132 2.3575 2.7838 3.1302
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and Weare, 1984). We set kCO2
–Cl to zero and fit the

remaining parameters. lCO2

l(0) /RT was first evaluated

using the CO2 solubility data in pure water with a

standard error of 4.5%. kCO2–Na
and fCO2–Na–Cl

were

then evaluated simultaneously by least square fitting

of solubility data in aqueous NaCl solutions with a

Fig. 2. CO2 solubility in pure water (the model of this study vs. experimental data and other models).

Fig. 3. CO2 solubility in pure water (the model of this study vs. experimental data and other models).
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standard error of 5.5%. The third-order interaction

parameter, fCO2–Na–Cl
, is lower than the second-order

interaction parameter kCO2–Na
by about one order of

magnitude (Fig. 1). Since the change of CO2 solu-

bility with pressure at temperatures above 538 K

differs sharply from that at temperatures below 538

K (Takenouchi and Kennedy, 1964; Todheide and

Franck, 1963), it is beyond the capability of this

model to predict such an abrupt change. The temper-

ature- and pressure-dependent coefficients are listed

in Table 2.

By substituting the parameters into Eq. (6), the

CO2 solubility in pure water and aqueous NaCl

solutions (0–4.3 m, 273–533 K, 0–2000 bar) can

be calculated. Solubilities in pure water and in 1, 2

and 4 m NaCl solutions calculated from this model are

compiled in Tables 3–6, respectively. Figs. 2–4 show

the agreement between the experimental data and our

model. It can be seen from these figures that most

experimental data can be represented by this model

adequately, within or close to experimental uncer-

tainty (about 7%). Figs. 2–4 also suggest that our

Fig. 4. CO2 solubility in aqueous NaCl solutions (the model of this study vs. experimental data and other models).
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model not only covers wider T–P–m range, but also

is more accurate than previous models. For example,

the L–N model overestimates CO2 solubility in pure

water at 423 and 473 K with 7–25% of deviation

from experimental data. Furthermore, the L–N model

cannot predict CO2 solubility in aqueous NaCl sol-

utions with errors far greater than experiments. The

deviation of it from the experimental solubility data in

aqueous NaCl solution in 473 K (except the data at

100 bar) is more than 10%, well above experimental

uncertainty. The H–P model overestimates CO2 sol-

ubility in 6 wt.% NaCl solution by more than 10%

when pressures are above 1000 bar, while it over-

estimates CO2 solubility in 20 wt.% NaCl solution by

more than 15% at moderate pressures ( < 600 bar).

The Z–G model underestimates CO2 solubility in 20

wt.% NaCl solution by more than 10% at high

pressures (>1000 bar), while it overestimates CO2

solubility in NaCl solution by more than 10% at

moderate pressures ( < 500 bar).

Gehrig (1980) reported the only experimental data

set with pressures above 1500 bar (up to 2800 bar). It

can be seen from Table 7 that these data are accurately

reproduced by our model. In the T–P–m range

covered by our model, the solubility of CO2 increases

with the increase of pressure and decreases with the

increase of ionic strength. However, CO2 solubility

varies more dramatically with temperature. Fig. 5

shows that at low pressures ( < 100 bar) CO2 solubility

decreases gradually with temperature. At higher pres-

sures (z 100 bar), CO2 solubility decreases with

temperature at first, and then it increases with temper-

ature. The isobaric minimum solubility points vary

from about 423 K at 100 bar to about 353 K at high

pressures as displayed by Fig. 5.

The heat of solution of CO2 in water can be derived

from the solubility model:

� DH lð0Þ � DHvð0Þ

RT2
¼ B

BT

llð0Þ � lvð0Þ

RT

� �

¼ c2 � c3=T
2 þ 2c4T þ c5=ð630� TÞ2

þ c7PH2O=T � c8PH2O=T
2 þ c9PH2O=ð630� TÞ2

þ 2c10P
2
H2O

=ð630� TÞ3 ð8Þ

where DHl(0)�DHv(0) is the heat of solution per

mole, PH2O
is the pure water pressure. Fig. 6 compares

Table 7

CO2 solubility (mol/kg water) in aqueous NaCl solution at high

pressure

T (K) P (bar) NaCl (m) mCO2
(a) mCO2

(b)

423.15 1458 1.09 2.3583 2.1653

413.15 1965 1.09 2.3583 2.2356

408.15 2180 1.09 2.3583 2.2304

507.15 1400 1.09 4.0906 4.3492

489.15 2015 1.09 4.0906 4.1579

483.15 2404 1.09 4.0906 4.0486

476.15 2717 1.09 4.0906 3.8015

573.15 887 1.09 6.0728 6.1371

528.15 1670 1.09 6.0728 5.9239

520.15 2307 1.09 6.0728 5.9451

520.15 2635 1.09 6.0728 5.9429

(a) Data of Gehrig (1980); (b) this model.

Fig. 5. The isobaric minimum solubilities of CO2 in pure water.

Fig. 6. The heat of solution of CO2 in water (the model of this study

vs. experimental data).
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the experimental heat of solution (Ellis, 1959;

Ellis and Golding, 1963) with the results calcu-

lated from Eq. (8). It can be seen from Fig. 6

that our model can predict the heat of solution of

CO2 with remarkable accuracy. This, from another

point of view, proves the reliability of the model.

5. CO2 solubility in seawater: extrapolation of the

model

The advantage of the specific interaction

approach is that the model, though evaluated from

binary and ternary data, can be applied to more

complex systems (Weare, 1987). Natural waters

often contain NaCl, KCl, MgCl2, CaCl2, and sul-

phate and carbonate salts, although NaCl is often

the major component. Because of data limitations, a

model directly fit to experimental measurements is

possible only for CO2–NaCl–H2O system. In order

to treat more complex systems, we included Ca2 +,

K+, Mg2 +, SO4
2�, CO3

2� and HCO3
� in this model

with an approximation proposed by Duan et al.

(1992a). This approach was also successfully used

for the prediction of N2 solubility (Sun et al.,

2001).

As Duan et al. (1992a) proposed, the interaction

parameters (k’s, f’s) of the same charge ions have

roughly the same value, and the CH4–bivalent

cation interaction parameters are about twice as

large as CH4–monovalent interaction parameters

within the accuracy of experiment, which is true

at different temperatures and pressures. The CH4–

anion interaction parameters are relatively small and

therefore contribute little to the calculations. Hence,

Duan et al. (1992a) approximated all CH4–mono-

valent cation and CH4–bivalent cation interaction

parameters as kCH4–Na
and 2kCH4–Na

, respectively.

Here we adopt this approach to deal with the

solubility of CO2 in seawater-type brines. We

approximated all CO2–monovalent cation and

CO2–bivalent cation interaction parameters as

kCO2–Na
and 2kCO2–Na

, respectively. We approxi-

mate all ternary parameters as fCO2–Na–Cl
. With

Fig. 7. The prediction of CO2 solubility in aqueous CaCl2 solutions (the model of this study vs. experimental data).
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these approximations, the following equation is

obtained.

lnmCO2
¼ lnyCO2

uCO2
P � llð0Þ

CO2
=RT

� 2kCO2�NaðmNa þ mK þ 2mCa þ 2mMgÞ
� fCO2�Na�ClmClðmNa þ mK þ mMg þ mCaÞ
þ 0:07mSO4

ð9Þ

In order to test this approximation, we compared

Eq. (9) with experimental data of CO2 solubility in

aqueous CaCl2 solutions (Prutton and Savage, 1945),

aqueous (NH4)2SO4 solutions (Rumpf and Maurer,

1993), aqueous MgCl2 solutions (Yasunishi and Yosh-

ida, 1979) and seawater (Murray and Riley, 1971),

respectively. Figs. 7–9 show that this approximate

approach can represent CO2 experimental solubility

data in all these salt solutions with an average error of

less than 5%, which is within the experimental error.

Fig. 10 shows that Eq. (9) can predict CO2 solubility

in seawater with the deviation from experimental data

of 3%, which is a remarkable agreement between this

model and the experiment (the chemical composition

of seawater is from Holland, 1978).

6. Conclusions

A CO2 solubility model has been developed

based on the equation of state of Duan et al.

(1992b) and the theory of Pitzer (1973). Compar-

ison with experimental data demonstrates that this

model gives results within or close to experimental

uncertainty (about 7%) in the temperature range

from 273 to 533 K, for pressures from 0 to 2000

bar, and for ionic strength from 0 to 4.3 m.

Following the approach adopted by Duan et al.

(1992a), this model is extended to predict CO2

solubility in more complex brines such as seawater

with remarkable accuracy.

Notation

T absolute temperature in Kelvin

P total pressure; =PCO2
+PH2O

in bar

y mole fraction of CO2 in vapor phase

R universal gas constant; = 0.08314467 bar L

mol� 1 K� 1

m molality of CO2 or salts in the liquid phase

u fugacity coefficient

Fig. 8. The prediction of CO2 solubility in aqueous (NH4)2SO4

solutions (the model of this study vs. experimental data).

Fig. 9. The prediction of CO2 solubility in aqueous MgCl2 solutions

(the model of this study vs. experimental data).

Fig. 10. The prediction of CO2 solubility in seawater (the model of

this study vs. experimental data).
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c activity coefficient

l chemical potential

kCO2– ion
interaction parameter

fCO2–cation– anion
interaction parameter

Par parameter

Subscripts

a anion

c cation

Superscripts

v vapor

l liquid

(0) standard state

aq aqueous solution

Acknowledgements

We thank Dr. Ronald Thieày and Eric H. Oelkers
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Appendix A. The equation of state for supercritical

fluids CO2

The equation of state for CO2 developed by Duan

et al. (1992b) has the following form:

Z ¼ PrVr

Tr
¼ 1þ a1 þ a2=T

2
r þ a3=T

3
r

Vr

þ a4 þ a5=T
2
r þ a6=T

3
r

V 2
r

þ a7 þ a8=T
2
r þ a9=T

3
r

V 4
r

þ a10 þ a11=T
2
r þ a12=T

3
r

V 5
r

þ a13

T3
r V

2
r

a14 þ
a15

V 2
r

� �
exp � a15

V 2
r

� �
ðA1Þ

where Pr, Tr and Vr are reduced pressure, reduced

temperature and reduced volume, respectively. They

are defined as:

Pr ¼
P

Pc

ðA2Þ

Tr ¼
T

Tc
ðA3Þ

Vr ¼
V

Vc

ðA4Þ

where Pc and Tc are the critical pressure and critical

temperature, respectively. Vc is not the critical vol-

ume, but is defined as:

Vc ¼
RTc

Pc

ðA5Þ

where R is universal gas constant, which is equal to

8.314467 Pa m3 K� 1 mol� 1. The parameters of Eq.

(A1), a1–a15, are listed in Table A1. The mole volume

V of CO2 at a given T (K) and P is calculated as

follows. First, Vr is calculated by substituting Eqs.

(A2) and (A3) into Eq. (A1) for a given T (K) and P,

Vr will be obtained by solving Eq. (A1). Then V is

calculated from Eq. (A4). The formula to calculate

fugacity coefficient of CO2 was deduced from Eq.

Table A1

Parameters for Eq. (A1)

a1 8.99288497e� 2

a2 � 4.94783127e� 1

a3 4.77922245e� 2

a4 1.03808883e� 2

a5 � 2.82516861e� 2

a6 9.49887563e� 2

a7 5.20600880e� 4

a8 � 2.93540971e� 4

a9 � 1.77265112e� 3

a10 � 2.51101973e� 5

a11 8.93353441e� 5

a12 7.88998563e� 5

a13 � 1.66727022e� 2

a14 1.39800000e + 0

a15 2.96000000e� 2
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(A1) by Duan et al. (1992b), too. It has the following

form:

lnuðT ;PÞ ¼ Z � 1� lnZ þ a1 þ a2=T
2
r þ a3=T

3
r

Vr

þ a4 þ a5=T
2
r þ a6=T

3
r

2V 2
r

þ a7 þ a8=T
2
r þ a9=T

3
r

4V 4
r

þ a10 þ a11=T
2
r þ a12=T

3
r

5V 5
r

þ a13

2T 3
r a15

� a14 þ 1� a14 þ 1þ a15

V 2
r

� ��

� exp � a15

V 2
r

� ��
ðA6Þ

Appendix B. The empirical model for pure water

pressure

The empirical model to calculate pure water pres-

sure has the following form:

P ¼ ðPcT=TcÞ½1þ c1ð�tÞ1:9 þ c2t þ c3t
2

þ c4t
3 þ c5t

4� ðB1Þ

where T is temperature in K, t=(T� Tc)/Tc. Tc and Pc

are the critical temperature and critical pressure of

water, respectively (Tc = 647.29 K, Pc = 220.85 bar).

The parameters of Eq. (B1), c1–c5, are listed in Table

B1.
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Methane-bearing aqueous fluid inclusions. Raman analysis,

thermodynamic modeling and application to petroleum basins.

Geology 173, 193–205.

Ellis, A.J., 1959. The solubility of carbon dioxide in water at high

temperatures. Am. J. Sci. 257, 217–234.

Ellis, A.J., Golding, R.M., 1963. The solubility of carbon dioxide

above 100 jC in water and in sodium chloride solutions. Am. J.

Sci. 261, 47–60.

Fyfe, W.S., Price, N.J., Thompson, A.B., 1978. Fluids in the Earth’s

Crust. Elsevier, Amsterdam.

Gehrig, M., 1980. Phasengleichgewichte und pVT-daten ternarer

Mischungen aus Wasser, Kohlendioxid und Natriumchlorid

bis 3 kbar und 550 jC. PhD thesis, Univ. Karlsrushe, Frei-

burg.

Haar, L., Gallagher, J.S., Kell, G.S., 1984. NBS/NRC Steam Tables:

Thermodynamic and Transport Properties and Computer Pro-

grams for Vapor and Liquid States of Water in SI Units. Hemi-

sphere Publishing, Washington, DC.

Harned, H.S., Davis, R., 1943. The ionization constant of carbonic

acid in water and the solubility of carbon dioxide in water and

aqueous salt solutions from 0 to 50 jC. J. Am. Chem. Soc. 65,

2030–2037.

Harvey, A.H., Prausnitz, J.M., 1989. Thermodynamics of high-pres-

sure aqueous systems containing gases and salts. AIChE J. 35

(4), 635–644.

Harvie, C.E., Weare, J.H., 1984. The prediction of mineral solubil-

ity in natural waters: the Na–K–Mg–Ca–H–Cl–SO4–OH–

HCO3–CO3–CO2–H2O systems from zero to high concentra-

tion at 25 jC. Geochim. Cosmochim. Acta 48, 723–751.

Holland, H.D., 1978. The Chemistry of the Atmosphere and

Oceans. Wiley-Interscience, New York.

King, M.B., Mubarak, A., Kim, J.D., Bott, T.R., 1992. The mutual

solubilities of water with supercritical and liquid carbon dioxide.

J. Supercrit. Fluids 5, 296–302.

Li, Y., Ngheim, L.X., 1986. Phase equilibria of oil, gas and water/

brine mixtures from a cubic equation of state and Henry’s law.

Can. J. Chem. Eng. 64, 486–496.

Table B1

Parameters for Eq. (B1)

c1 � 38.640844

c2 5.8948420

c3 59.876516

c4 26.654627

c5 10.637097

Z. Duan, R. Sun / Chemical Geology 193 (2003) 257–271270



Malinin, S.D., 1959. The system water – carbon dioxide at high

temperatures and pressures. Geokhimiya (3), 292–306.

Malinin, S.D., Kurorskaya, N.A., 1975. Investigation of CO2 sol-

ubility in a solution of chlorides at elevated temperatures and

pressures of CO2. Geokhimiya (4), 547–551.

Malinin, S.D., Savelyeva, N.I., 1972. The solubility of CO2 in NaCl

and CaCl2 solutions at 25, 50, and 75 jC under elevated CO2

pressures. Geokhimiya (6), 643–653.

Markham, A.E., Kobe, K.A., 1941. The solubility of carbon dioxide

and nitrous oxide in aqueous salt solutions. J. Am. Chem. Soc.

63, 449–454.

Millero, F.J., 1995. Thermodynamics of the carbon dioxide system

in the oceans. Geochim. Cosmochim. Acta 59, 661–677.

Morrison, T.J., Billett, F., 1952. The salting-out of non-electrolytes:

Part I. The effect of variation in non-electroyte. J. Chem. Soc.,

3819–3822.

Müller, G., Bender, E., Maurer, G., 1988. Das Dampf-Flussigkeits

gleichgewicht des ternaren Systems Ammoniak-Kohlendioxid-

Wasser bei holen Wassergehalten im Bereich zwischen 373 und

473 Kelvin. Ber. Bunsenges. Phys. Chem. 92, 148–160.

Murray, C.N., Riley, J.P., 1971. The solubility of gases in distilled

water and sea water: IV. Carbon dioxide. Deep-Sea Res. 18,

533–541.

Nighswander, J.A., Kalogerakis, N., Mehrotra, A.K., 1989. Solu-

bilities of carbon dioxide in water and 1 wt% NaCl solution at

pressures up to 10 MPa and temperatures from 80 to 200 jC. J.
Chem. Eng. Data 34, 355–360.

Pitzer, K.S., 1973. Thermodynamics of electrolytes: I. Theoretical

basis and general equations. J. Phys. Chem. 77, 268–277.

Pitzer, K.S., Peiper, J.C., Busey, R.H., 1984. Thermodynamic prop-

erties of aqueous sodium chloride solutions. J. Phys. Chem. Ref.

Data 13, 1–102.

Prutton, C.F., Savage, R.L., 1945. The solubility of carbon dioxide

in calcium chloride–water solutions at 75, 100, 120 jC and

high pressures. J. Am. Chem. Soc. 67, 1550–1554.

Riley, J.P., Skirrow, G., 1975. Chemical Oceanography, vol. 2.

Academic Press, London.

Roedder, E., 1984. Fluid inclusions. Reviews in Mineralogy,

vol. 12. Mineralogical Society of America, Virginia.

Rumpf, B., Maurer, G., 1993. An experimental and theoretical in-

vestigations on the solubility of carbon dioxide in aqueous sol-

utions of strong electrolytes. Ber. Bunsenges. Phys. Chem. 97,

85–97.

Rumpf, B., Nicolaisen, H., Ocal, C., Maurer, G., 1994. Solubility

of carbon dioxide in aqueous solutions of sodium chloride:

experimental results and correlation. J. Solution Chem. 23 (3),

431–448.

Sun, R., Hu, W., Duan, Z., 2001. Prediction of nitrogen solubility

in pure water and aqueous NaCl solutions up to high temper-

ature, pressure, and ionic strength. J. Solution Chem. 30 (6),

561–573.

Takenouchi, S., Kennedy, G.C., 1964. The binary system H2O–

CO2 at high temperatures and pressures. Am. J. Sci. 262,

1055–1074.

Takenouchi, S., Kennedy, G.C., 1965. The solubility of carbon

dioxide in NaCl solutions at high temperatures and pressures.

Am. J. Sci. 263, 445–454.

Todheide, K., Franck, E.U., 1963. Das Zweiphasengebiet und die

kritische Kurve im System Kohlendioxid-Wasser bis zu Druck-

en von 3500 bar. Z. Phys. Chem. 37, 387–401.

Weare, J.H., 1987. Models of mineral solubility in concentrated

brines with application to field observations. Rev. Miner. 17,

143.

Wiebe, R., Gaddy, V.L., 1939. The solubility in water of carbon

dioxide at 50j, 75j, and 100 jC at pressures to 700 atm. J. Am.

Chem. Soc. 61, 315–318.

Wiebe, R., Gaddy, V.L., 1940. The solubility of carbon dioxide in

water at various temperatures from 12 to 40j and at pressures to

500 atm. J. Am. Chem. Soc. 62, 815–817.

Yasunishi, A., Yoshida, F., 1979. Solubility of carbon dioxide in

aqueous electrolyte solutions. J. Chem. Eng. Data 24, 11–15.

Zawisza, A., Malesinska, B., 1981. Solubility of carbon dioxide in

liquid water and of water in gaseous carbon dioxide in the range

0.2–5 MPa and at temperatures up to 473 K. J. Chem. Eng.

Data 26 (4), 388–391.

Zuo, Y., Guo, T.M., 1991. Extension of the Patel–Teja equation of

state to the prediction of the solubility of natural gas in forma-

tion water. Chem. Eng. Sci. 46 (12), 3251–3258.

Z. Duan, R. Sun / Chemical Geology 193 (2003) 257–271 271


	Introduction
	Phenomenological description of gas solubility as a function of composition, pressure and temperature
	Review of solubility data of CO2
	Parameterization and comparison with experimental data
	CO2 solubility in seawater: extrapolation of the model
	Conclusions
	Acknowledgements
	The equation of state for supercritical fluids CO2
	The empirical model for pure water pressure
	References

