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Abstract—Evaluating the feasibility of CQgeologic sequestration requires the use of pressure-temperature-
composition P-T-X) data for mixtures of CQand H,O at moderate pressures and temperatures (typically
below 500 bar and below 100°C). For this purpose, published experinieiita data in this temperature and
pressure range are reviewed. These data cover the two-phase region whereieh@Base (generally gas)

and an HO-rich liquid coexist and are reported as the mutual solubilities gb knd CQ in the two
coexisting phases. For the most part, mutual solubilities reported from various sources are in good agreement.
In this paper, a noniterative procedure is presented to calculate the composition of the compresaad CO
liquid H,O phases at equilibrium, based on equating chemical potentials and using the Redlich-Kwong
equation of state to express departure from ideal behavior. The procedure is an extension of that used by King
et al. (1992), covering a broader range of temperatures and experimental data than those authors, and is readily
expandable to a nonideal liquid phase. The calculation method and formulation are kept as simple as possible
to avoid degrading the performance of numerical models of waterflo@s for which they are intended. The
method is implemented in a computer routine, and inverse modeling is used to determine, simultaneously, (1)
new Redlich-Kwong parameters for the 8,0 mixture, and (2) aqueous solubility constants for gaseous
and liquid CQ as a function of temperature. In doing so, mutual solubilities gb Hrom 15 to 100°C and

CO, from 12 to 110°C and up to 600 bar are generally reproduced within a few percent of experimental values.
Fugacity coefficients of pure CQOare reproduced mostly within one percent of published reference
data. Copyright © 2003 Elsevier Ltd

1. INTRODUCTION subject of more published investigations. The next step was to
implement calculation methods suitable to reproduce the ex-
perimental data with sufficient accuracy for the study of geo-
logic CQ, disposal, but with enough simplicity to avoid de-
grading the performance of numerical models for which these
methods are intended. The present study considers only the

The potential for global warming caused by the production
of carbon dioxide from burning fossil fuels is generating an
increasing interest in the study of carbon dioxide sequestration
(e.g., U.S. Department of Energy, 1999). One sequestration

method currently attracting attention from the scientific com- two-component system GEH,O. Because dissolved solids

munlt)llaconssts gf(lgnjec_tlngz(():g;bonbdloglde 'Sts sdallne ettjqwfers affect the phase partitioning of & and CQ, further studies
(e'.g" ruess and warcia, ), aban oned Nyarocaruon resery o \nger way to consider the impact of dissolved salts on the
voirs, or unminable coal seams. Predicting the sequestration

. . ) mutual solubilities of CQ and H,0.
potential and long-term behavior of man-made geologic reser- Q Ky

voirs requires calculating the pressure, temperature, and com- 2 PHASE PROPERTIES IN THE P-T RANGE OF

position P-T-X) properties of CQ-H,0 mixtures at depths GEOLOGICAL CO, SEQUESTRATION

where temperatures remain below 100°C, but where pressures

may reach several hundred bar. In tRi§ range, two phases The phase diagram of G&H,0 systems has been discussed
typically coexist: a CQ@-rich gas or liquid phase and an,&- by numerous authors (TObeide and Frank, 1963; Takenouchi

rich liquid phase. At temperatures below 100°C, the amount of and Kennedy, 1964; Evelein et al., 1976). However, in this
H,O in the CQ-rich phase is quite small, such that the £O  study, only the low-temperature behavior is of interest for
properties can be approximated fairly well by those of pure applications to geological CQOstorage. Figure 1 shows the
CO,. In contrast, HO in the CQ-rich phase exhibits a strong  location of all the literature data used in this study on a
nonideal mixing behavior (e.g., Spycher and Reed, 1988; King Projection of the C@H,O phase diagram onto BT plane.
et al., 1992). The solid lines are the two- and three-phase coexistence curves
The first task in this study was, therefore, to review existing €xplained further below and detailed in Figure 2. Because the
experimental data on the mutual solubilities of Cid H,0 at intended application of this work is to geological sequestration,
temperatures below 100°C and pressures up to 600 bar. Thethe approximate range of pressure and temperature conditions
initial focus was more on the J® solubility in CQ, than the likely to be encountered in such projects is indicated on Figure

solubility of CQ, in water, because the latter has been the 1. The lower dotted line indicates typical equilibrium subsur-
face conditions, based on a mean surface temperature of 20°C,

a geothermal gradient of 35°C/km, and a hydrostatic pressure
*Author to whom correspondence should be addressed gradient of 105 bar/km. The upper dashed curve indicates
(nspycher@Ibl.gov). typical maximum injection pressures, using a mean surface
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Fig. 1. P-T projection of the CO,-H,O phase diagram, showing the
location of all the literature data points used in this study (open circles).
The lower dotted line gives typical equilibrium subsurface conditions
(see text). The upper dashed line gives typica maximum injection
pressure conditions for geological storage, assuming thermal equilib-
rium (see text). The solid lines are phase coexistence curves as detailed
in Figure 2. The question mark indicates uncertainty about the location
of the hydrate formation curve at high pressures.

temperature of 15°C, a geothermal gradient of 25°C/km, and a
maximum injection pressure gradient of 160 bar/km. This last
curve assumes that the injected CO, is at the same temperature
as the formation, which should be valid away from the well.
Near the well, a lower temperature would be expected. For
supercritical conditions, the starting depth of interest is 800 m,
which corresponds to a temperature of 35°C using a mean
surface temperature of 15°C and a geotherma gradient of
25°C/km.
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Fig. 2. Enlarged P-T projection of the CO,-H,O phase diagram,
showing the two- and three-phase coexistence curves and the critical
points. The circles are literature data points used in this study. The solid
curves are three-phase coexistence curves as labeled (vapor phase V,
water-rich liquid L,, CO,-rich liquid L,, and hydrate phase H). The
dashed line in the inset is the pure-CO, liquid-vapor curve (VL), which
almost coincides with the three-phase coexistence curve for the CO,-
H,0 system (L,L,V). CP is the critical point of pure carbon dioxide,
UCEP is the upper critical end point for the CO,-H,0 system, and Q,
is a quadruple point for that system.

Most data fal in the subcritical temperature range easily acces-
sible to experimenters (Fig. 1), whereas only ~12% of the data
fals in the P-T range of most interest for geologica storage.
Nevertheless, the data outside this range are useful for fitting and
vdidating the representation used here, and they may also be
vauable in analyzing possible scenariosin which CO, migratesto
shallower depths. The question mark in Figure 1 indicates uncer-
tainty about the location of the hydrate formation curve at high
pressures, and this uncertainty may cast some doubt on the validity
of low temperature solubility measurements in that region.

Figure 2 gives a more detailed view of the two- and three-

phase coexistence curves at low temperatures. The various
phases involved include a hydrate (H), awater-rich liquid (L),
aCO,-rich liquid (L,) and a vapor phase (V) consisting mostly
of CO, in the P-T range considered. The L,L,V and HL,V
curves are based on the representations given by Wendland et
a. (1999). The HL,L, curve has been fitted to literature data
(Ng and Robinson, 1985; Fan and Guo, 1999), using the
functional form P/P, = 1+ 32.33 (T/T, — 1)¥* + 91.169
(T/ITy — 1) where T, = 9.77°C and P, = 44.60 bar are the
P-T coordinate of the quadruple point Q; at which all four
phases coexist. Because the data of Ng and Robinson (1985) for
the hydrate formation curve HL,L, only goes up to 140 bar,
this representation is not reliable for extrapolation to pressures
much above this value. The inset in Figure 2 shows that the
vapor-liquid (VL) coexistence curve for pure CO, (Span and
Wagner, 1996) and the L ;L ,VV curve aimost coincide. The CO,
critical point (31.06°C and 73.825 bar from Angus et a., 1976,
or 30.978 *= 0.015°C and 73.773 = 0.003 bar from Span and
Wagner, 1996) is very close to the upper critical end point
(UCEP, 31.48°C and 74.11 bar, Wendland et a., 1999). Most
of the literature data shown in Figure 1 fall either in the L,L,
regime, in which a water-rich liquid phase coexists with a
CO,-rich liquid, or in the regime above the critical temperature
of CO,, where the distinction between the vapor and liquid
phases of CO, disappears.

The narrow three-phase (L, + L, + V) coexistence pressure
interval in the CO,-H,O system is further illustrated in Figure
3, which shows a P-X cross section of the CO,-H,O phase
diagram at 25°C (i.e., a section perpendicular to the plane of
Fig. 2 a 25°C). The inset of this figure was drawn using
approximate pressure values. Wendland et al. (1999) report a
three-phase coexistence pressure of 64.03 bar at 298.15 K. The
pure CO, vapor pressure extrapolated at the same temperature
(64.32 using data from Angus et al., 1976, or 64.35 from Span
and Wagner, 1996) isvery close. For the dataanalysis, themain
consequence of this narrow three-phase coexistence pressure
interval is that isotherms that cross the L,L,V coexistence
curve (below 31°C) exhibit a sharp discontinuity in the solu-
bility of H,O in the CO, phase (Fig. 3). Otherwise, the data are
continuous. Owing to its narrowness and its location in P-T
space, the three-phase region is of little importance for geolog-
ical sequestration, except perhaps for escaping CO, which
might be at lower pressures and temperatures, and for parts of
the CO, injection system.

3. REVIEW OF EXPERIMENTAL SOLUBILITY DATA

Most of the early experimental work on CO,-H,O mixtures
focused on high temperatures and pressures applicable to the



Mutual solubilities of CO, and H,O 3017

600 ——————————600
500} 6457 {500
A L, Lyly ]
= 400 400
g L V+L+53 ]
° 64| ]
£ 300 Vv Vily L1 1300
5 s ]
s I 0 0.004 ]
& 200 ~200
[ L, ]
100F +100
[ V4L ]
0 N 1 + 1 ] L 1 N N " 1 " 1 N 0
0 0002 0004 0.006 092 0.96 1

H,O mole fraction

Fig. 3. Pressure-mole fraction cross section of the CO,-H,O phase
diagram at 25°C. Solid curves are drawn to delimit the various phase
coexistence regions: V is the vapor phase, L, is the H,O-rich liquid
phase and L, is the CO,-rich liquid phase. Literature data points are
shown for CO, solubility in H,O (open circles) and H,O solubility in
CO, (open squares) (Wiebe and Gaddy, 1940, 1941; Coan and King,
1971; Gillepsie and Wilson, 1982; King et al., 1992). The inset shows
the three-phase coexistence region in greater detail. See text. Note the
difference in the horizontal scale between the two parts of the graph.

study of metamorphic processes (typically severa hundred
degrees Celsius and up to severa kilobar) (e.g., Mader, 1991).
Published data in the two-phase region at temperatures below
100°C and at moderate pressures were initially more limited.
However, in the last two decades, more data have become
available in this P-T range. Early studies include those by
Wiebe and Gaddy (1939, 1940, 1941), Todheide and Frank
(2963), and Coan and King (1971). More recent work on the
two-phase region below 100°C was performed by Gillepsie and
Wilson (1982), Briones et al. (1987), Song and Kobayashi
(1987), D’ Souza et al. (1988), Milller et a. (1988), Sako et al.
(1991), King et a. (1992), Dohrn et a. (1993), and Bamberger
et al. (2000). Other recent experimental studies providing ad-
ditional data on the solubility of CO, in water (but no infor-
mation on coexisting gas-phase compositions) within our P-T
range of interest include those of Teng et al. (1997), Jackson et
a. (1995), and Rosenbauer et al. (2001).

Data from all these sources are summarized in Appendix A
and tabulated by temperature. Only data points down to 12°C
and up to 110°C are listed in Appendix A. Teng et a. (1997)
report data at lower temperatures, which we do not consider
because of the potential for clathrate formation below 12°C
(Fig. 2) (see aso Wiebe and Gaddy, 1940; Anderson, 2002).
Data at 110°C from the work of Takenouchi and Kennedy
(1964) are included in Appendix A and used in discussions
later in this paper. Data points above 110°C from these authors
and from Muller et a. (1988) are not listed or considered
further because they are outside our targeted temperature range.

A number of other experimental studies on CO, solubility in
water have been conducted besides those listed above. These
studies cover pressures mostly below 50 bar and temperatures
outside our range of interest, or they do not include data on the
composition of the coexisting CO,-rich phase. For these rea-
sons, data from these studies were not considered. Most of
these studies were reviewed by Crovetto (1991) and Carroll and

Mather (1992) to derive Henry's law constants for CO, in
water. As discussed later, solubilities calculated in the present
study, using data in Appendix A, generaly agree well with
those calculated by these authors.

The mutua solubilities of H,O and CO,, from 12 to 110°C
and up to 600 bar (in Appendix A) are shown as symbols on
Figures 4 to 7. Data on these figures correspond to the branches
of the P-X phase diagram shown with superposed symbols on
Figure 3. Curves show solubilities calculated using methods
discussed later. Measured aqueous CO,, solubilities define clear
trends (right side of Figs. 4—7), with the points of overlapping
data sets generally agreeing within a few percent or falling in
trend with each other. The same is true for H,O solubilities in
the CO,-rich phase, but only at low temperatures (left side of
Figs. 4-6). H,O solubilities reported at 50, 75, and 100°C
show more relative spread (left side of Figs. 6—7). Some
assessment of precision between different data sets can be
made from the number of significant digits reported for solu-
bility values in Appendix A. However, the most precise mea-
surements may not necessarily be the most accurate if system-
atic measurement errors affected these data. A full evaluation
of experimental errors and uncertainties affecting these data
was beyond the scope of this study. However, because the
relative spread of the majority of these data remains within our
targeted range of data reproducibility (a few percent), a better
knowledge of data uncertainty would unlikely affect the out-
come of this study. Some observations regarding these solubil-
ity data follow.

The H,0 solubilities reported by Todheide and Frank (1963)
at 50 and 100°C plot quite off-trend (Fig. 6), but were reported
with a large error margin (=1 mol.%). Other solubilities least
in line with the bulk of the data (Figs. 4—7) include H,O
solubilities reported by D’ Souza et a. (1988) at 50°C, and by
Gillepsie and Wilson (1982) and Sako et al. (1991) at 75°C
(Fig. 6). CO, solubilities measured by Gillepsie and Wilson
(1982) at 15°C (Fig. 4) and by Sako et a. (1991) at 75°C (Fig.
6) also fall somewhat off-trend. H,O solubilities from Green-
wood and Barnes (1966) at 100°C (Fig. 6) appear to have been
extrapolated and were not included in Appendix A (these
authors cite Wiebe and Gaddy, 1939, 1940, 1941, as sources of
the 100°C data; however, Wiebe and Gaddy did not report
gas-phase compositions above 75°C).

As discussed previously, the sharp discontinuity in H,O
solubility at subcritical temperatures (Figs. 4 and 5) coincides
with the phase change from a gaseous to a liquid CO,-rich
phase. The pressure interval over which three phases coexist
(H,O-rich liquid, CO,-rich gas, and CO,-rich liquid) is very
small (Figs. 2 and 3) and, using only the solubility data, is
difficult to distinguish from the saturation pressure of pure CO,
at any given temperature (see Wendland et a., 1999, for mea-
surements on the three-phase coexistence line). Above this
saturation pressure (or more precisely above this three-phase
pressure interval), the H,O solubility in the CO,-rich phase
increases with pressure and temperature (Figs. 5-7). As would
be expected, above the critical temperature the H,O solubility
trend with pressure becomes progressively smoother.

The solubility of CO, decreases with rising temperature, but
increases sharply with rising pressure up to the saturation
pressure and at a lesser rate thereafter (Figs. 4—7). Below the
critical temperature, the CO, solubility trend with pressure
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Fig. 4. Mutual solubilities of H,O and CO, at 12, 15, 18, and 20°C and pressures to 600 bar. Experimental data (Appendix
A) are shown as symbols, with sources given below. Solubilities computed using Egn. 11 to 14, B1 and B7 and parameters
in Tables 1 and 2 are shown as solid lines. The dotted lines are calculated assuming ideal mixing. See text and Appendix
B. Reference numbers for this figure and Figures 5 to 7 are as follows: (1) King et al. (1992), (2) Wiebe and Gaddy (1941),
(3) Wiebe and Gaddy (1940), (4) Wiebe and Gaddy (1939), (5) Coan and King (1971), (6) Todheide and Frank (1963),
(7) Takenouchi and Kennedy (1964), (8) Jackson et al. (1995), (9) Greenwood and Barnes (1966), (10) Rosenbauer et al.
(2001), (11) Teng et a. (1997), (12) Muller et al. (1988), (13) Gillepsie and Wilson (1982), (14) Briones et al. (1987),
(15) D'Souza et al. (1988), (16) Sako et a. (1991), (17) Dohrn et a. (1993), (18) Song and Kobayashi (1987),
(19) Bamberger et al. (2000).

reflects two solubility curves for two distinct phases: liquid (Fig. 5). At the critical point, the solubilities of liquid and
CO, above saturation pressures, and gaseous CO, below these gaseous CO,, in water should be egual.

pressures. This results in a sharp break in slope on each of the

overall solubility trends at subcritical temperatures. Above the 4. SOLUBILITY MODEL

critical temperature, the CO,, solubility trend reflects only one

solubility curve for gaseous CO,, with a bend in the vicinity of Correlations to compute the mutual solubilities of CO, and

the critical point that smoothly diminishes away from this point H,O have been developed by many authors. Solubility models
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Fig. 5. Mutual solubilities of H,O and CO, at 25, 31, 35, and 40°C and pressures to 600 bar. Solid lines are calculated
data. See caption of Figure 4 for complete legend and data sources.

published in the last decade include those by King et a. (1992),
Duan et a. (1992), as implemented in their website calculator
(http://geotherm.ucsd.edu/geofluids/), Shyu et al. (1997), and
Bamberger et a. (2000). Various other authors have devel oped
methods to express P-T-X properties of two-phase CO,-H,0
mixtures (e.g., Coan and King, 1971; Spycher and Reed, 1988)
and to calculate the solubility of CO, in water (e.g., Muller et
al., 1988; Crovetto, 1991; Carroll and Mather, 1992). All these
studies, however, either do not cover our entire P-T range of
interest or involve correlations that are more complex or less
accurate (with respect to solubility) than those presented below.
Furthermore, existing solubility models that do overlap the P-T

range considered here do not rely on alarge number of exper-
imental data points for both the CO,-rich and H,O-rich phases.

4.1. Thermodynamic Formulation

The standard approach for calculating the mutual solubil-
ities of liquids and compressed gases (by equating the fu-
gacities of phases at equilibrium) is thoroughly described in
the chemical engineering literature (e.g., Prausnitz et al.,
1986). Here, we use a similar approach derived from equat-
ing chemical potentials, but using conventions and standard
states more typical of agueous geochemistry studies (e.g.,
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Fig. 6. Mutual solubilities of H,O and CO, at 50, 60, 75, and 80°C and pressures to 600 bar. Solid lines are calculated
data. See caption of Figure 4 for complete legend and data sources.

Helgeson and Kirkham, 1974; Helgeson et al., 1981; John-
son et a., 1992). These call for unit activity of pure liquids
at all pressures and temperatures; for gases, unit fugacity of
the hypothetical gas at 1 bar and any temperature; and for
aqueous CO,, unit activity in a hypothetical one molal
solution referenced to infinite dilution at any pressure and
temperature. In addition, our approach relies on “true” equi-
librium constants (K) (i.e., directly related to the standard
Gibbs free energy of reaction as AG° = —RTInK ; eg.,
Denbigh, 1983) rather than the Henry's law constants (K,)
typically used in the chemical engineering literature. Because
equilibrium constants, as used here, are more fundamental
thermodynamic properties than Henry’s law constants, the for-

mulation can be more easily extended to a non-ideal aqueous
phase (i.e., resulting from the addition of salts) than formula-
tions involving Henry's law constants.

At equilibrium, the following reactions and corresponding
equilibrium constants can be written:

H,04) © H,04 Khao = fizog/@mzom (@
COxag) & COsg Kcorig = feoag/acora) 2

where K are “true” equilibrium constants as defined above, f are
fugacities of the gas components, and a are activities of com-
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Fig. 7. Mutual solubilities of H,O and CO, at 93.3, 100, and 110°C and pressures to 600 bar. Solid lines are calculated
data. Dashed lines are results from Geofluids (Duan et a., 1992, as implemented in their website calculator http:/
geotherm.ucsd.edu/geofluids/). See caption of Figure 4 for complete legend and data sources.

ponents in the liquid (agueous) phase.* Values of K,o and
Kcoz(g Vary with temperature and pressure. The temperature
dependence is taken into account by expressing these equilib-
rium constants as a polynomial function of temperature (at one
bar, and H,O saturation pressures above 100°C). The pressure
correction (at a given temperature) is approximated by

. PPV,
K = Ko ap(?) ©)
where V, is the average partial molar volume of the pure
condensed component i over the pressure interval P° to P, and
P° is a reference pressure, here taken as 1 bar (and H,O
saturation pressure above 100°C). Because V; also varies with
temperature (much less than with pressure), V; is also averaged
over the temperature range of interest so that K, values can
be approximated from one constant V, value for each compo-
nent. Eqn. 3 derives directly from the fundamental relationship
expressing the change in chemical potential with pressure

1 In these equations, by convention, the fugacity f represents f/f © with
f° = 1 bar, and the activity a is on a mole fraction scale for water and
a molality scale for aqueous CO..

(duloP)+ = V, and its exponential term is similar in form to
the “Poynting” factor described in the chemical engineering
literature (e.g., Prausnitz et a., 1986). Eqn. 3 yields acorrection
typicaly < 10% below 100 bar, but this correction becomes
significantly larger at higher pressures. As discussed later,
vaues of Ko, Koz Viao and Ve, can be taken directly
from the literature and/or fitted to experimental solubility data.

If CO, changes from a gaseous to a liquid state as pressure
increases (at subcritical temperatures), additional free-energy
terms related to the phase transition need to be added to Egn. 3.
However, one aternative to adding extra termsin Eqn. 3 isto
consider another equilibrium constant in this equation, Kgoz(,),
referring to liquid instead of gaseous CO,. This equilibrium
constant is then used in place of KZqy When the temperature
is subcritical and the pressure is above the CO, saturation
pressure, with the values of K&q,, and K2y, being equal at
the critical temperature. This is the approach adopted in this
study. Also, the dissociation of CO,,, to bicarbonate
(HCO4 ™) can be safely ignored because the pK for this reaction
at the temperatures considered here ranges between ~6.0 and
6.6, whereas the solution pH at the CO,, pressures considered is
< 4
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From the definition of fugacity and partial pressures (e.g.,
Halaet a., 1967, Denbigh, 1983; Prausnitz et a., 1986), we can
write

fi = ¢YiPu 4

where f;, ®; and y; are the fugacity, fugacity coefficient, and
mole fraction of component i in the gas phase, respectively, and
P 1S the total pressure (the partial pressure P; = y;P.)-
(Note: hereafter, y always denotes mole fractions in the CO,-
rich phase, whereas x is used for mole fractions in the agqueous
phase). Substituting Egn. 4 in Egn. 1 and 2 then yields

fi20 = Pr2oYhzoPiot = Khzo@hz0(1) (5

foo2 = deorYcoPiot = KCOZ(g)aCOZ(aq) (6)

Recasting Eqn. 5 to express the water mole fraction in the gas
phase and applying the pressure correction to K, from Eqgn.
3yieds

KPi208420 ( (P_PO)\_/H20>

= ex 7
Ywo =g P RT 0

A fairly good approximation (within 10% in our considered
P-T range) of water mole fractions in the CO,-rich phase can
be computed with this equation if a,,,5 iS assumed to be unity.
However, for better accuracy at high pressures, the water
activity deviation from unity caused by dissolved CO, should
be taken into account. At the pressures and temperatures con-
sidered here, the CO,, solubility is sufficiently small such that
Raoult’s law can be used to set the water activity (a,,0) equal
to its mole fraction in the water phase (x,0). For a system
where H,O and CO, are the only two components, X,,,o iS
directly calculated as 1 — Xq,, Such that

KPzo(1Xco2) ( (P-P° \_/H20>
DrzoProt RT

The mole fraction of agqueous CO, (Xcop) is computed from its
molality m (i.e., mol/kgy o, such that Xco, = Meey/[Mee, +
55.508] with the convention that aco, = yMcoy, Where yisthe
activity coefficient of dissolved CO, on a molality scale). For
this electricaly neutral species, if no sdts are present, the
activity coefficientissetto y = 1/(1 + m.o,/55.508), whichis
a molality to mole fraction correction (e.g., Helgeson et a.,
1981; Denbigh, 1983) yielding a unit activity coefficient on the
mole fraction scale. Further correction for nonideality is not
considered at this stage because the solubility of CO, in water
is small. These relationships yield

®

Yh2o =

acoz = 55.508 Xcoz 9)
Substituting Eqn. 3 and 9 into Eqgn. 6 gives

o = dcoa( 1-Yi20) Piat _( P—P)Vcos (10)
€02 55.508K oxq) RT

Egn. 8 and 10 have essentially the same form as those typically
derived in the chemical engineering literature (e.g., Prausnitz et
al., 1986; King et a., 1992), except that the fugacities are
expressed through the use of true equilibrium constants and the
activities of liquid H,O and agueous CO, (using the conven-

tions described earlier). These equations can be solved directly
by setting

K? P—POV,
_ H20 (( ) H20> (11)
DrizoProt RT
and
P, P—POV
B _ d)COZ tgl _( ) CO2 (12)
55.508 Koy RT
such that
1-B
(1-B) (13)

YH2o = (1/A-B)

Eqgn. 13 provides the water solubility in the CO,-rich phase.
This equation simplifiesto y,,,o = A if the term B is neglected
(which corresponds to the assumption of unit water activity, as
discussed earlier for Egn. 7). Knowing y,,,0, the agueous CO,
mole fraction is then given by

Xcoz = B(1-Yi20) (14

Because y,,o is typicaly small (Figs. 4-7), fairly good
approximations of X-o, (within an error equal to y,,,c) can be
computed by setting Xco, = B. In our case, however, the full
forms of Eqn. 13 and 14 are used. Because a direct method is
used to compute fugacity coefficients (below), these two equa-
tions are solved without iterations.

As mentioned earlier, at subcritical temperatures and pres-
sures above saturation values, K2, in Egn. 12 needs to be
replaced with another equilibrium constant, Koy, referring
to liquid instead of gaseous CO,. The method implemented
here uses K2y, in place of Koy When both the following
conditions are met: (1) temperature is below 31°C (rounded-off
value of the critical temperature of pure CO,) and (2) the
calculated volume of the compressed gas phase (Appendix B)
is < 94 cm®mol (rounded-off value of the critical volume of
pure CO,). In doing so, the calculated phase-change boundary
for the CO,-rich phase is assumed the same as for pure CO,,
and the P-T space in which three phases coexist (CO,, gas, CO,
liquid, and H,O liquid) is ignored. This approximation can be
justified because the three-phase P-T space is quite small and,
in fact, essentially indiscernable using the available experimen-
tal solubility data (Figs. 2 and 3).

4.2. Equation of State

The fugacity coefficients in Egn. 11 and 12 must be derived
from the P-V-T or P-T-X properties of H,O and CO, mixtures,
preferably using an equation of state. Equations of state and
mixing rules with various degrees of complexity and accuracy
have been presented in the literature to calculate properties of
CO,-H,0 mixtures. Duan et a. (1992) developed an equation
of state including afifth-order virial expansion in volume. Their
equation is applicable from 50 to 1000°C and up to 1000 bar
and is quite accurate. However, its complex form was deemed
undesirable for our purpose, which was to implement the sim-
plest correlations possible, preferably not requiring an iterative
solution. Spycher and Reed (1988) presented a virial equation
strictly in terms of pressure and temperature, which has the
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Fig. 8. Compressibility factor of pure CO, between 9.85 and
106.85°C (283—-380 K) up to 600 bar. Reference data (symbols) are
from Lemmon et al. (2003). Vaues computed using Egn. B1 and
parameters in Table 1 are shown as solid lines. See text and Appendix
B.

advantage of being efficiently implemented in numerical mod-
els where pressure and temperature are primary variables.
However, their equation uses only two virial coefficientsand is
of limited use below 100°C and unsuitable for the two-phase
region or in the vicinity of the critical point. Preference was
given to cubic equations in volume (i.e., of the Van-der-Waals
type) such as those developed by Redlich and Kwong (1949)
and Peng and Robinson (1976). These equations are simple and
generally accurate enough for practical applications.

The Redlich-Kwong equation and its various modifications
have been used successfully to represent the properties of
CO,-H,0 mixtures over various P-T ranges (e.g., deSantis et
a., 1974; Kerrick and Jacobs, 1981; King et al., 1992). Such
equations, together with standard mixing rules, have a limited
accuracy in the vicinity of the critical point. However, they
have the advantage of representing properties of gases and their
mixtures fairly well over significant P-T ranges using relatively
simple expressions. For example, using a Redlich-Kwong
equation fitted to their data, King et al. (1992) were able to
represent within a few percent their experimental solubility
data and those of Wiebe and Gaddy (1940, 1941) from 15 to
40°C and up to 500 bar. The Peng-Robinson equation is some-
what more elaborate than the Redlich-Kwong equation, but has
the advantage of reproducing the liquid-vapor boundary much
more accurately than the Redlich-Kwong equation. Shyu et al.
(1997) used the Peng-Robinson equation and sophisticated
mixing rules to represent CO,-H,O mutua solubilities from 25
to 350°C and up to 1000 bar. These authors predictions
showed generally good agreement with limited published ex-
perimental data, although from their paper it was difficult to
evaluate the accuracy of their model below 100°C. Bamberger
et a. (2000) also used a Peng-Robinson equation with simple
mixing rules to fit their experimental solubility data at 50, 60,
and 80°C and up to 141 bars.

In this study, good results (Figs. 4—9) were obtained using a
modified Redlich-Kwong equation, with the intermolecular at-
traction parameter assumed to vary linearly with temperature
(Appendix B). Standard mixing rules were applied but simpli-

CO3 Fugacity Coefficients
1.0
1.0
094 X B Temp (°C)
- : : 09 | [-6.85
Fool NN ol AN e
I I NN i |
= E Y . \\’M g
NNl
LERNNSSSE=s =il
S e
T | |c 10685
0.1

T T T T T T 1
0 100 200 300 400 500 600
Pressure (bar)

Fig. 9. Fugacity coefficient of pure CO, between 6.85 and 106.85°C
(280—380 K) up to 600 bar. Reference data (symbals) are from Angus
et a. (1976). Values computed using Eqn. B1 and B7 and parameters
in Table 1 are shown as solid lines. See text and Appendix B.

fied by assuming infinite H,O dilution in the CO,-rich phase
(i.e, setting Y0 = 0 in the mixing rules) (Appendix B). In
doing so, simple correlations were obtained, and an iterative
procedure to solve Eqgn. 13 and 14 was not required (Appendix
B). By assuming infinite H,O dilution, the volume of the gas
phase and the fugacity coefficient of CO, in the gas mixture are
approximated as those of pure CO,. The presence of H,O in the
compressed gas phaseis assumed to have no effect on the much
more abundant CO, molecules, although the strong effect of
CO, on H,0O molecules is taken into account (Appendix B).
King et al. (1992) successfully applied this approach at low
temperatures (15-40°C). In this study, we applied this ap-
proach with good results over our entire P-T range of interest.
The only Redlich-Kwong parameters needed to implement
this method are the attraction and repulsion parameters for
pure CO, (aco, and beg,), the repulsion parameter for pure
water (b,o), and the H,O-CO, binary interaction parameter
(820.coz) (Appendix B). These parameters were fitted to
availablereference P-V-T datafor pure CO, (Span and Wagner,
1996) and to the P-T-X datain Appendix A, as discussed later.

Cubic equations of state typically cannot represent PVT
behavior with great accuracy. As already pointed out by others
(e.g., Shyu et al., 1997), tuning these equations to experimental
or reference data, as done here, can provide good predictions of
P-T-X phase equilibria, but saturation volumes often deviating
significantly from measured data. In this study, the compress-

PV
ibility factor (Z = ﬁ_) for pure CO, was represented with

enough accuracy (typicaly < 5%) (Fig. 8) to reproduce fugac-
ity coefficients mostly within one percent of published refer-
ence data (Fig. 9), as discussed later. However, the P-T satu-
ration curve could only be reproduced within a few bars from
reference data

To improve predictions of the P-T saturation curve, the
approach outlined above was also implemented using the Peng-
Robinson equation (in its standard form, with molecular inter-
action parameters derived from critical constraints). This equa-
tion is known to yield more accurate vapor pressures than the
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Table 1. Fitted Redlich-Kwong parameters for Eqn. B1 to B7 (Appendix B). Values of by, and a,0.cop Were derived assuming infinite dilution
of H,0 in the compressed gas phase (i.€. Y0 = 0 and yoo, = 1 inthe mixing rules; avalue for a,,o IS not needed). See text. The uncertainty shown

represents the 95% confidence interval from the model calibration.

Parameter Value Units
aco2 7.54 X 10°-4.13 X 10* X T(K) (fitted T range: 283-380K) bar cm® K°® mol—
T (°Q) acop (£0.01 X 107)
15 6.35 X 107
25 6.31 X 107
50 6.21 X 107
75 6.10 X 107
100 6.00 X 107
beon 27.80 (=0.01) cmmol
20 18.18 (+1.05) cm®mol
Ay120.coz 7.89 X 107 (+0.08 X 107) bar cm® K% mol

Redlich-Kwong equation. In doing so, the CO, vapor pressure
was indeed better reproduced (within 0.3 bar of reference data).
However, absolute deviations above the critical point were on
the average twice as large as with the Redlich Kwong equation.
Below the critical point, a few bars away from the saturation
curve, deviations were on the average roughly the same. Mod-
ifications of the Peng-Robinson equation from Melhem et al.
(1989) did not produce significantly better results in our P-T
range of interest. For this reason, preference was given to our
original approach, keeping in mind that the goal of this study
was to represent accurately (within a few percent), yet ssimply,
available solubility data at €l evated pressures, and not to predict
accurate volumetric properties in the vicinity of the CO, satu-
ration curve.

4.3. Model Calibration

The solubility model wasimplemented as a computer routine
(Spycher and Pruess, in preparation).? Parameters needed for
implementation of this model (Tables 1 and 2) were obtained
from the literature, where available, and by calibration (fitting
procedure) to the data in Appendix A, as well as to other
published reference data as discussed below. Model calibration
was performed automatically using the PEST-ASP v5.0 free-
ware, a powerful model-independent nonlinear parameter esti-
mation package (Doherty, 2002). Mutual solubility points
above ~600 bar and 100°C (beyond our range of interest),
those within afew bars from the CO, saturation pressure curve,
and those clearly off the genera trend were given lower
weights than other points to avoid biasing the calibration by
large deviations. In doing so, solubilities could be reproduced
generally within a few percent of experimental values over a
temperature range from 12 to 110°C for X, and from 15 to
100°C for Y0, to pressures of 600 bar.

Values of KP,,. were regressed as a polynomia function of
temperature using the fugacity values of pure H,O at 1 bar from
Harvey et a. (2000) (Table 2). These are reference data from
the Nationa Institute of Standards and Technology (NIST)
computed as reported in Wagner and PrugB (2002). The average
partial molar volume of water (V,,,o) Was also calculated using
these reference data (average of values over a P-T grid of

2 The authors plan to submit their routine for publication. Until then, it
is available directly from the lead author.

1-601 bar by 280380 K using 10-bar and 10-K increments)
(Table 2). These data yielded satisfactory results that could not
be significantly improved by further adjustments through cali-
bration.

King et al. (1992) derived Redlich-Kwong molecular inter-
action parameters and other data necessary to compute CO,-
H,O mutua solubilities (from experimental data at 15-40°C
and up to 200 bar), but their parameters were not suitable for
our broader temperature and pressure range. The Redlich-
Kwong parameters for pure CO, (aco, and b.o,) were ob-
tained by fitting Eqn. B1 and B2 (Appendix B) to compress-
ibility factors from Lemmon et al. (2003) from 283 to 380 K
(9.85t0 106.85°C) and from 1 to 600 bar (NIST data calculated
from Span and Wagner, 1996). |gnoring errors for pointswithin
a couple bars from the vapor pressure curve, these compress-
ibility factors were reproduced with a mean absolute error of
1.2%. Approximately haf the points fal within 1% of the
reference data (with 99% of the points falling within 5%) (Fig.
8). Closer to the phase boundary (along the steep portion of the
curves on Fig. 8), errors can be much higher depending on
whether a gaseous phase or liquid phase volume is computed,
because (as discussed earlier) the vapor pressure curve of CO,
is not accurately reproduced. In this case, the saturation pres-
sure is reproduced within ~2 bars from the reference data of
Span and Wagner (1996) (or Angus et ., 1976). Using aco,
and boo, determined in this way (Table 1) and Egn. B7
(Appendix B), fugacity coefficients for pure CO, could be
reproduced with a mean absolute deviation of 0.6% from pub-
lished reference data (Angus et d., 1976)° and no deviations >
2% (Fig. 9).

Once values of a-o, and b, were obtained, the molecular
interaction parameters ay;,0.cop ad byyo, as Well as Kocop(q),
KOCOZ(,), and V.o, were determined by inverting simulta-
neously the mutual solubility data given in Appendix A. Initial
guess values for K2, (gas and liquid) and V.o, were com-
puted using SUPCRT92 (Johnson et a., 1992) (Table 2), and
initial guess values for interaction parameters were taken from
King et al. (1992). A series of successive calibrations were
performed, each time decreasing the number of fixed parame-
ters. The values of a,,0.cop and by,o Obtained in this way

3 Span and Wagner (1996) do not tabulate fugacity coefficients; within
the P-T range considered here, their CO, densities and those reported
by Angus et al. (1976) typically agree within < 0.1%.
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Table 2. Equilibrium constants (K°) and average partial molar volumes as defined through Eqn. 1 to 3, and regression parameters for
10g(K%1, 1 b = @ + bT + cT? + dT* with temperature in °C. Uncertainty is shown for fitted data only, and represents the 95% confidence

interval from the model calibration.

109(K%) 1 1ber
Species 15 25 31 40 50 75 100 V;(cm®/mol) Reference
H,O —1.768 —1.499 —1.348 -1.133 -0.910 -0.417 -0.006 1817 Harvey et a. (2003)
COyq) 1.372 1.481 1.541 1.623 1.705 1.861 1.948 32.6 This study (see text)
(=0.01) (+0.01) (+0.01) (+0.01) (+0.02) (+0.02) (+0.03) (1.3
— — — — 1.703 1.860 1.951 28.6-35.1 Carroll and Mather
(1992)°
— — — — — — 1.954 — Milller et al. (1988)°
1.347 1.472 1.539 1.628 1.713 1.875 1.981 — Crovetto (1991)°
1.339 1.469 1.537 1.627 1.712 1.871 1.969 33.84 SUPCRT92 (see text)
COyyy 1.362° 1.477° 1.541° — — — — 326 This study (see text)
(£002)  (£0.02)  (=0.03)
CO%y/0) 1.347° 1.474° — 1.628 — — — 32.0 King et al. (1992)°
Regression coefficients
Species a b c d
H,0 (fitted T range: 10-110°C) —2.209 3.097 X 102 -1.098 x 10 2.048 x 107
CO, () (fitted T range: 12-110°C) 1.189 1.304 x 1072 —5.446 X 107° 0.0
CO, , (fitted T range: 12-31°C) 1.169 1.368 x 1072 -5.380 X 10™° 0.0

2 Average of values (between 17.5 and 18.9) in therange T = 280 to 380 K and P = 1 to 601 bar at 10-K and 10-bar increments.
b Converted from Henry’s law constants K, using Eq. 9 for activities, yielding log(K) = log (55.508 X K,,).

¢ At these temperatures, the fitted solubility data reflect a liquid CO,-rich phase.

d Average of values computed with SUPCRT92 between 15 and 100°C and from 1 to 500 bar.

(Table 1) are slightly higher than those reported by King et al.
(1992) (who report a0 cop = 7.67 X 107 bar cm® K mol —2
and b, .o = 16.6 cm®/mol). These val ues reflect the assumption
of infinite dilution of H,O in the compressed gas phase and
should be used only with the present solubility model. The
estimated values of Ko, K2o2q): and Vo, are within the
range of values from other studies (Table 2) and further dis-
cussed below.

Using the parameters calibrated in thisway (Tables 1 and 2),
fitted experimental H,O solubilities were reproduced with a
mean absolute error of ~5% and individua errors < 5% for
73% of the data points. The fitted experimental CO,, solubilities
were reproduced with a mean absolute error of ~1.8% and with
half the data points within 1%.

5. DISCUSSION AND CONCLUSIONS

Calculated mutual solubilities using Egn. 11 to 14, B1, B2
and B7, and parameters presented in Tables 1 and 2, are shown
as solid lines on Figures 4 to 7. Ideal solubilities of H,O in the
compressed gas phase (calculated &S Y0 = Psuuraion Hzo/
Peota) @€ aso shown on these figures and clearly indicate that
the assumption of ideal mixing for water in the CO,-rich phase
leads to large discrepancies.

We mentioned above that the trend of CO, solubility with
pressure at given subcritical temperatures reflects two distinct
solubility curves, one for liquid CO, and the other for gaseous
CO,. These two solubility curves should cross exactly at the
phase transition point. However, because the Redlich-Kwong
equation cannot precisely predict the location of the phase
change in P-T space, the model does not switch from the gas to
the liquid solubility curve exactly where it should (in this case,

the liquid solubility curve extends dlightly into metastable
space). This does not affect the shape of each individual solu-
bility curve (gas or liquid), nor does it affect the fit of the
experimenta data. It only results in a small jump in the com-
puted CO, solubility at the phase transition point (<0.1
mol.%), noticeable only on subcritical isotherms computed
using small pressure increments (less than a couple bars or so)
across the phase boundary.

From 12 up to 50°C, agreement between calculated and
experimental solubilities is quite good and generally within a
few percent up to pressures near 600 bar (Figs. 4 and 5). At 75
and 100°C and pressures above 50 bar, the available H,O
solubility data become scattered (Figs. 6 and 7), and the accu-
racy of the model is more difficult to evaluate. The 93°C data
of Gillepsie and Wilson (1982) are reproduced within 7% up to
100 bar. At 200 bar, however, the calculated H,O solubility is
higher by ~17% than the value reported by these authors (Fig.
7). The 100°C datain Figure 7 include points from Greenwood
and Barnes (1966) that were not included in the data inversion
(nor in Appendix A) because they appear to have been extrap-
olated from the work of Wiebe and Gaddy (1941). The only
other H,O solubility data at 100°C and pressure above 100 bar
are those reported by Todheide and Frank (1963), which were
reported with a low precision of ~=*1 mol.%.

To further evaluate the model accuracy in this general tem-
perature range, solubilities reported for 110°C by Takenouchi
and Kennedy (1964) were also considered (Fig. 7). These data
follow a more defined trend than the 100°C data. However, for
H,0O solubilities, this trend clearly cannot be reproduced by the
calculations. In absence of more consistent experimental data,
model results at higher temperatures were also compared to
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solubilities calculated using the Geofluids model (Duan et al.,
1992, asimplemented in their website calculator http://geother-
m.ucsd.edu/geofluids) (Fig. 7), which uses an accurate equa-
tion of state. Their model cannot reproduce H,O solubilities of
Takenouchi and Kennedy (1964) at 110°C either, and yields
results similar to ours in this temperature range. Both models
agree reasonably well at 110°C (Fig. 7), although the Geofluids
model becomes less accurate in terms of solubilities at lower
temperatures (this model mostly covers temperatures and pres-
sures much larger than considered here). VVolumes of the com-
pressed gas phase calculated with both models at 100 to 110°C
and 500 to 600 bar agree within 2%.

Asthe H,O mole fraction in the compressed gas phase keeps
increasing with temperature, the assumption of infinite H,O
dilution should eventually break down. Therefore, calculated
H,O solubilities would be expected to become progressively
less accurate as temperature increases. This could be a reason
for the poor H,O solubility fit at 110°C. However, the similar-
ity of our 110°C results with those of the Geofluids model
suggest that this may not be the case. Also, Spycher et d.
(1988) aready pointed out difficulties in fitting smoothly the
110°C data of Takenouchi and Kennedy (1964) with other data
from the literature. This suggests there could be problems with
the 100 to 110°C data, in addition to the calculation limitations.

Because the mutual solubilities of CO, and H,O were fitted
simultaneously, the CO,, log(K) values determined in this way
reflect actual data for both the CO,- and H,O-rich phases.
However, these solubility constants reflect the use of average
CO,, and H,0 partia molar volumes over the entire P-T range
of interest. In addition, the fitted equilibrium constants reflect
the assumptions made regarding the activities of water and
COyaq and other uncertainties associated with the parameters
necessary to compute fugacities. Therefore, these constants
should be used only with other parameters given in Tables 1
and 2.

No claims are made that the CO,, solubility constantsfitted in
this study are more accurate than other values shown in Table
2. Our log(K) value at 100°C matches closdly the values
derived from Henry’s law constants reported by both Muller et
al. (1988) and Carroll and Mather (1992). However, each data
source has its own share of assumptions and potential prob-
lems. Crovetto (1991) used a more comprehensive set of aque-
ous solubility data, but had to calculate water mole fractionsin
the gas phase (rather than rely on measured data) to compute
her values of Henry’s law constants. This author also omitted
data in our P-T range of interest (specifically, points above 2
bar and between 0 and 80°C) because of difficulties in evalu-
ating data near the CO, critica point. Carroll and Mather
(1992) used measured gas-phase compositions to derive Hen-
ry’s law constants, but did not cover data below 50°C. Log(K)
values derived from their reported Henry's law constants be-
tween 50 and 100°C are in close agreement with our estimated
log(K) values (Table 2). However, these authors fitted each
isotherm separately, and obtained inconsistent trends of partial
molal volume variation with temperature, and a value possibly
too low at 100°C (28.6 cm®mol) (e.g., Garcia, 2001). These
authors also had to exclude the data of Muller et a. (1988) in
their analyses to obtain meaningful volume values at 100°C.
This may be partly caused by the fact that for each isotherm,
these authors attempted to fit an activity model for CO,; (a

Margules parameter) in addition to the partial molal volume
and the Henry's law constant. This could have resulted in
“overfitting” the data because the activity of CO,,, islikely to
remain very close to unity at the small concentrations consid-
ered. Also note that the log(K) values derived from the Henry’s
law constants reported by King et a. (1992) and Crovetto
(1991) at 15°C are identical. However, the study of King et al.
(1992) involved liquid CO, below the critical temperature,
whereas Crovetto (1991) considered only experimental studies
in which gaseous CO, was present. Therefore, it is fortuitous
that some of the log(K) values in Table 2 match exactly. The
general agreement between the various solubility constant val-
ues would seem to indicate that aqueous solubility differences
caused by the CO, phase change in the 12 to 31°C temperature
range are within the range of errors introduced by the various
correlation approaches and experimental procedures.

The method presented here to compute the mutual solubili-
ties of H,O and CO, is essentialy a reformulation of the
standard approach of equating fugacities to calculateP-T-X
properties of phases at equilibrium. The formulation relies on
true equilibrium constants and could be easily extended to
moderately saline solutions through the use of published activ-
ity models for water and aqueous species. Simplifications re-
sulting from the assumption of infinite dilution of H,O in the
CO,-rich phase significantly improves computing efficiency,
because an iterative solution scheme is not required. This
assumption was originally shown by King et a. (1992) to work
well at temperatures up to 40°C for the CO,-H,O system. Our
study suggests that this approximation can be made to temper-
atures of at least 100°C. The equation of state adopted for this
study is adequate to reproduce mutual solubilities typically
within a few percent of experimental data. Compressibility
factors a couple bars away from the CO, vapor pressure curve
are reproduced mostly within 5% of reference data. This equa-
tion of state is not intended to calculate an accurate vapor-
pressure curve, or to derive accurate thermodynamic properties.
The approach implemented here was intended for efficient
calculation of mutual solubilities in numerical models used to
study the feasibility of CO, geologic sequestration. It is also
useful for other practical applications involving geochemical
systems at temperatures between 12 and 100°C and pressures
up to 600 bar.
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Appendix A

A.1l. Mutual Solubilities of CO, and H,O: Experimental Data
from 12 to 110°C and from 1 to 700 bar

Ref. Ref.
T(°0) P (bar) Yhzo (%o) Xcoz (%) gas lig.
12 345 0.6030 18
12 50.7 2777 3
12 76.0 2.837 3
12 101.3 2.871 3
12 152.0 2.993 3
12 202.7 3.098 3
12 304.0 3.196 3
13.17 137.9 3.3627 18
13.78 82.8 2.7852 18
15 51.7 222 1
15 60.8 2.658 1
15 64.4 2.69 11
15 70.9 2.716 1
15 76.0 2.35 2.729 1 1
15 98.7 2.80 11
15 101.3 241 2.757 1 1
15 121.6 2.828 1
15 126.7 255 1
15 131.7 2.840 1
15 147.7 2.96 11
15 152.0 2.62 2.886 1 1
15 157.1 2.902 1
15 177.3 2.72 2.960 1 1
15 196.8 3.09 11
15 202.7 2.80 3.013 1 1
15 2432 3.070 1
15 2458 3.19 11
15 294.9 3.27 11
15.56 20.7 1.0656 18
15.56 52.4 0.6400 (g) 18
15.56 52.4 1.1200 (1) 18
15.6 50.7 0.819 2.58 13 13
15.6 1014 2.78 242 13 13
15.6 202.7 2.92 2.61 13 13
17 48.3 0.8229 18
18 25.3 1544 3
18 50.7 2510 3
18 76.0 2.649 3
18 101.3 2.659 3
18 152.0 2.793 3
18 202.7 2.901 3
18 304.0 3.063 3
20 345 1.0010 18

Ref. Ref.
T(°C) P (bar) Yizo (%o) Xcoz (%) gas lig.
20 58.8 2.61 1
20 64.4 2.50 11
20 65.9 2531 1
20 70.9 2.72 1
20 76.0 2.76 2.563 1 1
20 81.1 2.78 1
20 96.3 2.597 1
20 98.7 2.58 11
20 101.3 2.93 2.625 1 1
20 126.7 2.87 1
20 136.8 2.689 1
20 141.9 3.07 1
20 146.9 2.727 1
20 147.7 2.75 11
20 152.0 3.20 2.743 1 1
20 177.3 3.22 2.807 1 1
20 196.8 2.93 11
20 202.7 3.34 2.847 1 1
20 217.9 2.945 1
20 245.8 3.04 11
20 294.9 3.12 11
20.2 57.9  0.8999 (g) 18
20.2 57.9 1.5000 (1) 18
21 100 2.59 10
21 300 2.94 10
21 600 3.36 10
21.1 6.9 4.3276 18
25 1.0 28.6 2
25 22.7 1.95 5
25 25.3 1.64 2
25 29.8 1.63 5
25 30.0 1.67 5
25 37.3 1.45 5
25 374 1.49 5
25 48.3 1.2787 18
25 50.7 1.28 2.10 13 13
25 50.7 1.29 2.142 2 3
25 65.9 3.00 1
25 70.9 3.07 1
25 76.0 2.444 3
25 76.0 3.09 2.445 1 1
25 82.8 3.0152 18
25 91.2 3.14 1
25 101.3 3.27 2.510 1 1
25 101.3 3.32 2.488 2 3
25 101.4 3.36 2.49 13 13
25 103.4 3.3739 18
25 1115 3.37 1
25 126.7 341 1
25 136.8 2.582 1
25 1419 3.44 1
25 152.0 3.54 2.603 1 1
25 152.0 3.60 2
25 177.3 3.69 2.672 1 1
25 202.7 3.76 2.57 13 13
25 202.7 3.78 2.734 1 1
25 202.7 3.77 2
25 405.3 3.011 3
25 456.0 4.01 2
25 481.3 3.99 2
25 506.6 3.97 2
26.67 669  1.2700(g) 18
26.67 66.9 1.9541 (1) 18
29.4 55.2 1.57 2.03 13 13
29.4 1014 3.89 2.39 13 13
29.4 202.7 4.36 2.63 13 13
295 717 1.4981(g) 18
295 717 2.1940()) 18
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Ref. Ref. Ref. Ref.
T(°C) P (bar) Yhizo (%o) Xcoz (%) gas lig. T(°C) P (bar) Yhizo (%o) Xcoz (%) gas lig.
31.04 1.0 39.8 2 50 122.1 543 2.096 14 14
31.04 25.3 2.28 1127 2 3 50 126.7 2.106 4
31.04 50.7 161 1.904 2 3 50 1411 6.1 217 19 19
31.04 76.0 2.303 3 50 147.5 6.08 2.215 14 14
31.04 101.3 3.65 2.368 2 3 50 1475 2.207 14
31.04 152.0 2.476 3 50 152.0 6.10 2174 2 4
31.04 202.7 421 2.567 2 3 50 152.0 7.9 2.10 15 15
31.04 405.3 4.77 2.871 2 3 50 176.8 6.43 2.262 14 14
31.04 506.6 4.80 3.014 2 3 50 200 10 23 6 6
31.04 532.0 4.75 2 50 201 6.82 2.347 17 17
31.04 557.3 4.78 2 50 202.7 6.77 2.289 2 4
31.05 6.9 6.94 0.331 13 13 50 301 7.82 2514 17 17
31.05 253 2.39 1.056 13 13 50 304.0 2457 4
31.05 50.7 1.63 1.817 13 13 50 344.8 75 8
31.05 101.4 4.08 241 13 13 50 405.3 7.59 2.606 2 4
31.05 202.7 4.50 2.62 13 13 50 500 10 2.8 6 6
31.06 739 2.1079 18 50 608.0 7.93 2.868 2 4
35 25.3 1.030 3 50 709.3 8.01 2.989 2 4
35 50.7 1754 3 60 40.5 6.6 0.96 19 19
35 76.0 2.189 3 60 50.6 55 121 19 19
35 91.2 3.84 1 60 60.6 55 138 19 19
35 101.3 4.07 2.288 1 3 60 70.8 51 157 19 19
35 1115 4.14 1 60 80.8 5.0 1.66 19 19
35 126.7 4.35 1 60 90.9 4.7 1.79 19 19
35 136.8 4.40 1 60 100.9 4.9 1.86 19 19
35 152.0 457 2.394 1 3 60 111.0 53 1.95 19 19
35 202.7 4.98 2.495 1 3 60 121.0 5.8 2.01 19 19
35 405.3 2.792 3 60 141.1 7.8 2.08 19 19
35 506.6 2.963 3 75 1.0 301 2
40 25.3 0.9253 3 75 6.9 60.14 0.149 13 13
40 50.7 1.609 3 75 253 18.16 0.542 13 13
40 76.0 2.032 3 75 25.3 10.6 0.545 2 4
40 101.3 4.28 2.186 1 3 75 233 20.0 5
40 1115 4.40 1 75 374 125 5
40 126.7 4.67 2.256 1 3 75 375 12.6 5
40 152.0 5.07 2.308 1 3 75 50.7 10.87 1.006 13 13
40 177.3 543 1 75 50.7 1.002 4
40 202.7 5.80 2.488 1 3 75 51.3 104 5
40 405.3 2.726 3 75 515 10.2 5
40 506.6 2.868 3 75 76.0 1.351 4
50 1.0 116 2 75 101.3 8.29 1.630 2 4
50 17.3 841 5 75 101.33 74 1.56 15 15
50 253 6.20 0.774 2 4 75 101.4 7.27 1.616 13 13
50 255 5.95 5 75 103.4 6.3 191 16 16
50 258 5.98 5 75 1115 811 2
50 36.4 4.66 5 75 126.7 8.55 2
50 36.4 4.63 5 75 152.0 9.56 1.937 2 4
50 40.5 4.6 1.09 19 19 75 152.0 9.0 1.88 15 15
50 46.3 3.96 5 75 153.1 7.5 192 16 16
50 50.6 3.6 137 19 19 75 202.7 9.38 2.09 13 13
50 50.7 3.83 1.367 2 4 75 202.7 113 2.098 2 4
50 60.6 37 161 19 19 75 209.4 84 16
50 60.8 3.57 2 75 304.0 2.317 4
50 68.2 3.39 1.651 14 14 75 344.8 133 8
50 70.8 34 176 19 19 75 405.3 13.19 2.498 2 4
50 75.3 3.45 1.750 14 14 75 608.0 13.93 2
50 76.0 3.50 1779 2 4 75 709.3 14.00 2.933 2 4
50 80.8 34 1.90 19 19 80 40.5 143 0.80 19 19
50 87.2 3.64 1.768 14 14 80 60.6 109 114 19 19
50 90.9 41 2.00 19 19 80 70.8 104 1.28 19 19
50 100.6 4.29 14 80 80.8 9.7 1.40 19 19
50 100.9 45 2.05 19 19 80 90.9 9.2 151 19 19
50 101 5.47 2.075 17 17 80 100.9 9.3 1.60 19 19
50 101.3 4.36 2.081 14 14 80 111.0 9.0 1.72 19 19
50 101.3 4.49 2.018 2 4 80 121.0 9.6 176 19 19
50 101.33 55 1.98 15 15 80 131.0 10.0 1.84 19 19
50 111.0 5.0 2.10 19 19 93.3 6.9 120.3 0.0973 13 13
50 121.0 55 214 19 19 93.3 25.3 34.71 0.435 13 13
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Ref. Ref.
T(°C) P (bar) Yhizo (%o) Xcoz (%) gas lig.
93.3 50.7 19.70 0.846 13 13
93.3 101.4 13.74 145 13 13
93.3 202.7 14.32 2.06 13 13
100 3.25 288 0.045 12 12
100 6.00 155 0.098 12 12
100 9.20 107 0.159 12 12
100 1191 77.0 0.208 12 12
100 14.52 69.0 0.261 12 12
100 18.16 54.0 0.328 12 12
100 23.07 45.0 0.414 12 12
100 253 0.4294 4
100 36.8 32.8 5
100 37.2 323 5
100 44.8 27.7 5
100 448 274 5
100 50.7 0.812 4
100 515 24.8 5
100 515 25.1 5
100 76.0 1.135 4
100 101.3 1.400 4
100 152.0 1.794 4
100 200.0 29 2.0 6 6
100 202.7 2.023 4
100 304.0 2.318 4
100 405.3 2,537 4
100 500.0 30 2.8 6 6
100 709.3 3.002 4
110 100 44 1.40 7 7
110 200 42 2.10 7 7
110 300 52 2.40 7 7
110 400 68 2.60 7 7
110 500 86 2.80 7 7
110 600 107 3.00 7 7
110 700 128 3.15 7 7

(g) and (1) refer to H,O solubilities reported in coexisting gaseous
and liquid CO,, respectively. References (in same order as in Figures
4-7): (1) King et a. (1992), (2) Wiebe and Gaddy (1941), (3) Wiebe
and Gaddy (1940), (4) Wiebe and Gaddy (1939), (5) Coan and King
(1971), (6) Tddheide and Frank (1963), (7) Takenouchi and Kennedy
(1964), (8) Jackson et a. (1995), (9) not used in this Table, (10)
Rosenbauer et al. (2001), (11) Teng et a. (1997), (12) Miller et 4.
(1988), (13) Gillepsie and Wilson (1982), (14) Briones et a. (1987),
(15) D’Souza et al. (1988), (16) Sako et al. (1991), (17) Dohrn et al.
(1993), (18) Song and Kobayashi (1987), (19) Bamberger et al. (2000).

APPENDIX B

B.1. Equation of State and Mixing Rules
The Redlich-Kwong equation takes the form (Redlich and Kwong,
1949)

P= <%) _< T°‘5V(?/ + b)) (B1)

where parameter a and b represent measures of intermolecular attrac-
tion and repulsion, respectively. V is the volume of the compressed gas
phase at pressure P and temperature T, and R the is gas constant. In the
standard equation, parameters a and b are derived from critical con-
straints. Here, we use a modified form by setting

a=ko+ kT (B2)
and fitting ko, ky, and b to reference P-V-T data.

For mixtures, parameters a and b can be calculated by the following
standard mixing rules (e.g., Prausnitz et a., 1986):

Amix = E EYMa\j (B?’)
i=1j=1

by = Db (B4)
i=1

where a.;, and b, replace a and b in Egn. B1. For the binary
H,0O-CO, mixture, therefore,

Bmix = V20" 820 + Y20 Yeoz Arzo-coz T Yoo Bcoz (BD)
Brmix = Yhz0 Brzo + Ycoz Peoz (B6)
From these mixing rules and Eqn. B1 the fugacity coefficient, ®,, of

component k in mixtures with other components i can be calculated as
(e.g., Prausnitz et al., 1986)

_ v by 2Dy (V + bm'x)
In(d)k) B |n<v_bmix> * <V_bmix>_ z ‘ In \

RTD

et [ i) [oler) e

It is apparent from this equation that the fugacity coefficient of
each component in the gas mixture depends on the mixture compo-
sition (in addition to pressure and temperature). Therefore, Eqn. B7
(and Egn. B1 to calculate P, V, or T from two of these three
variables) need to be solved simultaneously with Egn. 11 to 14 to
compute the mutual solubilities of CO, and H,O. This requires an
iterative scheme that can add significant burden for implementation
into already computationally intensive fluid flow/transport models.
However, if the assumption is made that y;;,0 = 0 and yco, = 11in
the mixing rules in Egn. B3 to B7 (i.e., assumption of infinite H,O
dilution in the CO,-rich phase), the fugacity coefficients ®,,o and
®o, can be computed in a direct, noniterative, manner. This is
because a,,, and by, in Eqn. B5 and B6 simplify to aco, and begy,
respectively. The strongly nonideal mixing behavior is still captured
through the molecular interaction parameters a;, and by (i.e., a0.
coz and b,,c) in Egn. B7, which are used to calculate the H,O
fugacity coefficient. The parameter a,,,o is not needed (e.g., King et
al., 1992).

B.2. Numerical Implementation
The volume of the compressed gas phase is computed by recasting
Eqgn. B1 as a genera cubic equation in terms of volume,

v3-v2<ﬂ> -V<R—Tb _ @ b2> -<%2_5> =0 (B9

P PPt

then solving this equation directly using the method of Nickalls
(1993). Below the critical point, this equation yields more than one
volume value as it attempts to reproduce the liquid-gas phase
transition (Fig. B1). The volume value to use depends on which
phase, liquid or gas, is stable at a given pressure and temperature.

The volume of the gas phase, Vg, is dways given by the maximum
root of Egn. B8 (Fig. B1). The minimum root always provides the
volume of the liquid phase, Vjiq,iq- The phase transition occurs at the
point where the work w; done from Vg, to Vg dong a straight path
isthe same as the work w, done along the curved path depicted by Eqn.
Bl (Fig. B1) (e.g., Adamson, 1979). From the work definition (
w = [PdV ) w;, is easily computed as

Wy = P (Vgas_vlwquid) (BQ)

and w, is given by differentiating Eqn. B1 between Vg, and V;qiq t0
obtain
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Fig. B1. Illustration of P-V-T relationships calculated with the
Redlich-Kwong eguation (Egn. B1) or similar cubic equations of state
for apure fluid (G = gas, L = liquid, and the dashed line denotes the
phase boundary). See text.
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For any pressure and temperature, the volume of the stable phase is
then computed according to the following criteria: if (w, —w;) > 0, then
V is taken as the maximum root of Egn. B8, and if (w, —w;) < 0, then
V istaken asthe minimum root. If (w, —w;,) = 0, two phases are stable
and, therefore, both roots provide a correct answer (in such case, we use
the maximum root). Once the volume of the compressed gas phase is
computed, it is substituted directly into Eqn. B7 to compute fugacity
coefficients.
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