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Abstract

Based on our previous development of the molecular interaction potential for pure HO and CO, [Zhang, Z.G., Duan, Z.H. 2005a.
Isothermal-isobaric molecular dynamics simulations of the PVT properties of water over wide range of temperatures and pressures.
Phys. Earth Planet Interiors 149, 335-354; Zhang, Z.G., Duan, Z.H. 2005b. An optimized molecular potential for carbon dioxide.
J. Chem. Phys. 122, 214507] and the ab initio potential surface across CO,—H,O molecules constructed in this study, we carried out more
than one thousand molecular dynamics simulations of the PV Tx properties of the CO,—H,O mixtures in the temperature—pressure range
from 673.15 to 2573.15 K up to 10.0 GPa. Comparison with extensive experimental PV Tx data indicates that the simulated results gen-
erally agree with experimental data within 2% in density, equivalent to experimental uncertainty. Even the data under the highest exper-
imental temperature—pressure conditions (up to 1673 K and 1.94 GPa) are well predicted with the agreement within 1.0% in density,
indicating that the high accuracy of the simulation is well retained as the temperature and pressure increase. The consistent and stable
predictability of the simulation from low to high temperature—pressure and the fact that the molecular dynamics simulation resort to no
experimental data but to ab initio molecular potential makes us convinced that the simulation results should be reliable up to at least
2573 K and 10 GPa with errors less than 2% in density. In order to integrate all the simulation results of this study and previous studies
[Zhang and Duan, 2005a, 2005b] and the experimental data for the calculation of volumetric properties (volume, density, and excess
volume), heat properties, and chemical properties (fugacity, activity, and possibly supercritical phase separation), an equation of state
(EOS) is laboriously developed for the CO,, H,O, and CO,~H,O systems. This EOS reproduces all the experimental and simulated data
covering a wide temperature and pressure range from 673.15 to 2573.15 K and from 0 to 10.0 GPa within experimental or simulation
uncertainty.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

CO,-H,O0 is the most frequently encountered fluid mix-
tures in and around the Earth, widely existent in various
geospheres, as revealed from direct measurements or from
the study of fluid inclusions in various rocks and ore depos-
its (Roedder, 1984; Labotka, 1991). The functional rela-
tionship of pressure-volume-temperature-composition
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(the PVTx property) is the most fundamental thermody-
namic property because it can be used to construct equa-
tions of state, which can in turn calculate volumetric
properties (density, volume, and compressibility), phase
behavior (immiscibility, phase equilibrium, and solubility),
heat properties (enthalpy) and chemical properties (activi-
ty, fugacity, and chemical potential). PV Tx property is also
important in the analysis of fluid inclusions for tracing the
formation conditions of geological bodies (Roedder, 1984;
Bodnar, 1985; Ramboz et al., 1985; Labotka, 1991), in the
study of mineral precipitation caused by the boiling of
CO>-H,O0 fluid (Drummond and Ohmoto, 1985; Bowers,
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1991), in the investigation of mineral-rock interactions,
and in the simulation of CO, sequestration (Haugan and
Drange, 1992; Spycher and Pruess, 2005).

Over last half century, more than twenty research labo-
ratories reported more than thirty data sets on the PV'7Tx or
volumetric properties of this binary (in Table 1). We pro-
jected these data in Fig. 1, which shows that the data are
generally limited below 1000 K and 0.6 GPa, equivalent
to the upper crust conditions. Only a small number of data
points covering the temperature and pressure range up to
1673 K and 1.94 GPa, essentially no data applicable for
the conditions in the lower crust and mantle, where there
should exists large amounts of CO, and H,O (Navon
et al., 2004).

Although experimentalists are still devoting extensive ef-
forts on the expanding of the database of this binary sys-
tem in the 7P space, their path to higher 7 and P
conditions proves to be very difficult (Frost and Wood,
1997). It is unlikely in the near future that experiments
can cover a wide TP space (say up to 2573.15K and
10.0 GPa) in the measurement of the thermodynamic prop-
erties of this binary system. Scientists have been taking new
approaches to investigate this binary system.

Equations of state (EOS) provide possible formalism to
interpolate and extrapolate experimental data. Extensive
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Fig. 1. The distribution of experimental PVTx data of the CO,-H,O
system in 7P space.

efforts have been devoted to develop such an EOS for the
CO,-H,O0 binary system (Holloway, 1977; Kerrick and Ja-
cobs, 1981; Bowers and Helgeson, 1983; Duan et al., 1992,
1996; Churakov and Gottschalk, 2003). However, none of
these can predict the properties over a wide temperature
and pressure range. The EOS of Duan et al. (1992) is the

Table 1
The experimental PV Tx properties of the CO,—H,O system
Authors T (K) P (MPa) Concentration Ny
Ohsumi et al. (1992) 276.15 34.754 x(COy)% = 0.1798-0.6294 5
Teng et al. (1997) 278-293 6.44-29.49 x(COy)% = 2.50-3.49 24
Parkinson and De Nevers (1969) 278.1-313.7 1.0342-34.4744 Xco,” (mol) =0.1-2.2 28
Hebach et al. (2004) 283.80-333.19 1.09-30.66 x(CO,) = saturated values 201
King et al. (1992) 288.15-298.15 6.08-24.32 x(CO,)% = 2.445-3.070 27
Hnedkovsky et al. (1996) 298.15-705.38 1-35 m(CO,) =0.155-0.185 32
Zhang et al. (2002) 308.15 7.752-12.484 x(COy)% =10.3 16
Patel et al. (1987) 323.15-498.15 0-10 x(CO,) =0.5-0.98 457
Patel and Eubank (1988) 323.15-498.15 0.0855-1.0237 x(CO,) =0.02-0.5 297
Nighswander et al. (1989) 352.85-471.25 2.04-10.21 x(COy)% = 0.22-1.66 33
Zawisza and Malesinska (1981) 373.15-473.15 0.385-3.35 y(H,0) = 0.1210-0.9347 145
Ellis (1959) 387.15-621.15 0.5-16.4 y(COy)% = 3.90-6.27-84.02 36
Fenghour et al. (1996) 415.36-699.30 5.884-34.577 x(CO,) =0.0612-0.7913 164
Wormald et al. (1986) 437.2-773.2 1-12 x(COy) =0.5 115
Sterner and Bodnar (1991) 494.15-608.15 48.7-310 x(CO,) =0.1234-0.7473 84
673.15-973.15 100-600 x(CO,) =0.1234-0.8736 107
Ellis and Golding (1963) 504.15-643.15 4.791-25.443 b 9
Singh et al. (2000) 573.15 7.44-99.93 x(CO,) =0.05-0.9 58
Seitz and Blencoe (1997) 573.15-673.15 9.94-99.94 x(CO,) =0.1-0.9 113
Zakirov (1984) 573.15-673.15 5-180 x(CO,) =0.2-0.805 149
Zhang and Frantz (1992) 519.95-634.45 4 x(CO,)% = 5.5-16.5 29
Crovetto and Wood (1992) 622.75-642.70 19.64-28.13 x(COy)% = 0.48-0.8745 72
Crovetto et al. (1990) 651.10-725.51 27.98-38.05 x(COy)% = 0.130-1387 94
Seitz and Blencoe (1999) 673.15 9.94-99.93 x(CO,) =0.1-0.9 95
Gebhrig (1980) 673.15-773.15 10-60 x(CO,) =0.1-0.9 198
Shmulovich et al. (1980) 673.15-773.15 100450 x(CO,) = 0.087-0.6232 33
Franck and Todheide (1959) 673.15-1023.15 30-200 x(CO,) =0.2-0.8 303
Greenwood (1969) 723.15-1073.15 5-50 x(CO,) =0.1-0.9 711
Frost and Wood (1997) 1473.15-1673.15 950-1940 x(CO,) =0.108-0.787 19

Note. Nq, number of data points; x,y, mole fraction; m, molality.

@ Pressures are not reported, but can be calculated from their empirical formulations.
® Concentrations are not directly reported, but can be calculated from the report.
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only one to be able to predict both PVTx properties and
phase equilibrium, but is limited below about 0.2—
0.3 GPa. The EOS of Duan et al. (1996) is purely a theoret-
ical derivation from corresponding principle based on the
assumption of spherical molecules and, according to cur-
rent study, it contains errors up 9%. The other EOS’s are
only for pressures well below 1.0 GPa with considerable
uncertainties.

In recent years, molecular level computer simulation
(MLCS) emerges as an alternative approach for studying
thermodynamic properties of geological fluids for the fol-
lowing reasons besides the reason of increasingly more
powerful computers: (1) MLCS depends little on experi-
mental data. Although molecular interaction potential is
crucial in the simulation, the parameters of it are generally
evaluated from a few data points in a small TP space or
from ab initio calculations. Once the potential model is well
established, it can be used to predict various thermody-
namic, transport and liquid structure properties in a wide
TP range; (2) Through MLCS, we can look into micro-
scopic properties, which are generally difficult to observe
experimentally; (3) There is no limitation on temperature,
pressure and medium conditions, as long as the molecule
does not change its elements. Therefore, MLCS is especial-
ly suitable for the study of the Earth and planets at extreme
TP conditions.

The predictability of MLCS has been demonstrated by
our recent work (Zhang and Duan, 2005a,b). We found
through extensive comparison of our simulation results
with experimental data that a molecular potential deter-
mined under room temperature and pressure can be used
to predict PVT properties of H,O up to 1873.15K and
5.0 GPa with remarkable accuracy (Zhang and Duan,
2005a). We believe the predictability can be extended up
to 20 GPa, because the accuracy in predicted density
increases with pressure: from 0.1 to 5.0 GPa the errors de-
crease from about 2% to less than 1%. We have also devel-
oped a potential surface of CO, (Zhang and Duan, 2005b)
that simultaneously reproduces all the thermodynamic data
of CO,, including PVT, phase equilibrium, enthalpy, satu-
ration pressure, and critical point in a wide temperature—
pressure range.

With the previous work on H>,O and CO, as basis, we
make a further effort to investigate the PVTx properties
of CO,-H,O system over wide TP range with molecular
dynamics simulations in this study. The crucial issue for
the simulations of the mixture is to find the unlike interac-
tion potential between the water molecules and carbon
dioxide molecules. Since we adopt similar site-site models
with partial charges for both the CO, and H,O molecules,
it is possible to parameterize the cross interaction potential
with different combining rules. We first tried the conven-
tional Lorentz—Berthelot combining rule and the widely
used Kong combining rule (Kong, 1973) and found that
they are not able to accurately predict the non-ideal behav-
ior of the mixture. We took an alternative approach to
parameterize the cross mixing potential through non-linear

fitting to the ab initio potential surface and proved that it
substantially improves the prediction for the non-ideal
mixing property. Our simulations, as will be shown later,
would reproduce experimental data with remarkable accu-
racies. Based on the simulated data and experimental data,
an EOS is developed, which we believe is the most accurate
up to date for this mixture in the range from 673.15 to
2573.15 K and from 0 to 10.0 GPa.

In the following section, we will present the simulation
details, including the potential models, simulation algo-
rithms and setups. The simulation results will then be dis-
cussed in detail, followed by the presentations of an
equation of state. Finally, some conclusions will be drawn.

2. Simulation details

In this study, we carried out more than one thousand
isothermal-isobaric molecular dynamics simulations with
algorithms proposed in our previous paper (Zhang and
Duan, 2005a). We briefly describe the potential models,
simulation algorithms, and computational details below.

2.1. Potential models

Interaction potentials of molecules play key roles in the
molecular level simulation. There are three kinds of molec-
ular interactions involved in the CO,~H»O system: H,O-
H,0, CO,—CO,, and CO,-H,O interactions. We have
extensively searched for H,O-H,O potential and found
that SPC/E potential can accurately predict PVT proper-
ties at least up to 5 GPa and possibly up to 20 GPa (Zhang
and Duan, 2005a). We also optimized a potential for CO,—
CO, which shows excellent predictability and transferabil-
ity illustrated in our previous paper (Zhang and Duan,
2005b). Based on the formula for H,O-H,O and CO,—
CO, potentials, the following form is proposed for the
CO,-H,O0 potential:

u(l,Z) = ushort(1;2> + uCoul(la2)

SR -G st

e} je2) ity jezy

(1)

where r;; is the distance between the interaction sites; ¢; and
g; are the partial charges designated on the interaction sites;
g; and g; are the energy and size parameters for the short-
range Lennard-Jones potential, which can be parameter-
ized from two routines: combining rules or non-linear
fitting to ab initio potential surface. The procedures of
parameterizations are briefly described as follows.

2.1.1. Parameterization with combining rules
The conventional Lorentz—Berthelot combining rule is
used widely for its simplicity:

&j = /€t (2)
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Table 2
The interaction potential parameters between CO, and H,O

Partial charges

CO, C 0.5888 O —0.2944
H,0 H 0.4238 O —0.8476
Lorentz—- Kong Ab initio
Berthelot
elks (K) o (A) ek (K) o (A)  e/kp(K) o (A)
Short-range interaction parameters
C-O,0) 47494 29789 44713  3.0031 35240  3.1156
O(co,Om,0) 80.397  3.0830 80.127  3.0836  63.996  3.0297
— — — — — 36.049  2.8142
O(co,H — — — — 47.185  2.1942
o = (00 + 057) /2. (3)

Another combining rule discussed here is proposed by
Kong and is considered to be superior to Lorentz—Berthe-
lot combining rule for accurate predictions of equilibrium
properties (Delhommelle and Mille, 2001). Kong combin-
ing rule can be expressed with the following equations
(Kong, 1973):

5017 = (60012 /2) 1 + (60 /oo l?) /), (4)

8,-/-0'1(.} = (siiagsjjaf.j)l/z. (5)
The parameters determined from Eqs. (2)—(5) are listed in
Table 2.

2.1.2. Parameterization by non-linear fitting to ab initio
potential surface

In the last two decades, the ab initio potential surface of
CO,-H,O dimer has been studied by several research
groups (Mehler, 1981; Hurst et al., 1986; Block et al.,
1992; Makarewicz et al., 1993; Kieninger and Ventura,
1997; Sadlej et al., 1998). There are some differences be-
tween the results of different researchers. The ab initio cal-
culations of Sadlej et al. (1998) were chosen after we
examined these studies carefully. Firstly, the work of Sadlej
et al. (1998) employed both the extended basis sets and the
BSSE (basis set superposition error) correction of interac-
tion energies that was neglected by most of other research-
ers. Thus, their results should be more accurate. Secondly,
the studies of the potential energy surface given by Sadlej
et al. (1998) are more extensive and detailed than others,
including more configurations and data points.

In order to calculate the potential surface of CO,~H,O
complex, we establish the same system of coordinates pro-
posed by Sadlej et al. (1998), as shown in Fig. 2. The z-axis
of the system is chosen passing through the center the oxy-
gen atom of a water molecule and the center of carbon
atom of a carbon dioxide molecule while the origin is locat-
ed at the midpoint between these two centers. The plane of
the water molecule determines the xz-plane. In this system
of coordinates, configurations of CO,—H,O complex can be
described with four quantities: the distance r between the
oxygen atom and carbon atom, the angle 6 between CO,

Fig. 2. The system of coordinates established for the calculation of
CO,-H-0 potential surface.

and the z-axis, the angles 7; and 7, which describe the
out-of-plane torsion and the in-plane wagging of H,O
about CO,, respectively.

Multidimensional simplex non-linear fitting method was
adopted in our parameterization (Nelder and Mead, 1965).
AbD initio calculation results were provided by Dr. Sadlej
through personal communication. The short-range interac-
tions contributed from hydrogen atoms can not be neglect-
ed and become significant for the configurations with 7,
larger than 90°. Consequently, the Lennard-Jones parame-
ters related to hydrogen atoms were included in the fitting
procedure and this involves eight non-linear parameters in
total. In the course of parameterization, the optimization
was repeated with different initial configurations to de-
crease the possibility of local minimum. Non-linear fitted
potential with the parameters listed in Table 2 is compared
to the ab initio calculation results with several typical con-
figurations in Fig. 3, which shows that the fitted result is
satisfying.

2.2. Simulation algorithms and setups

Based on the motion equations of Martyna et al. (1994),
the following equations of motion were adopted to propa-
gate the MD trajectories with the isothermal-isobaric
ensemble.
¥, =F;/m; + 1-721.1_ +ir = (& + 30/f) (8 — i), (6a)
ﬁ = (Pinst - Pdesire) exp(sn)/tlz,kBTdesire

N
+ Z mi(l;i - ’;]ri)z/ftikBTdesire - éi’], (6b)
i=1

N
é: Zmz(rz - ﬁri)2 + 3’;12t|23kBTdesire - (,f+ l)kBTdesire] /Qa

i=1
(6¢)
n=Inp'3, (6d)
where r;, F;, and m; are the position, force and mass of the

ith particle, respectively; ¢ and n are the thermostat and
barostat variables, with two corresponding parameters of



Equation of state for H,O, CO,, H;O-CO; up to 2573 K and 10 GPa 2315

a 05

__00f

©

£

S 051

=< .

>

= AN

@ 0t str4

w

§ ] ] ° ]

é 15 F st / str1: 6=90", t,=0", 1,=0

£ str2: 6=60°, ‘c1=0°, 12=52.26°
20 str3: =60°, r1:0°, 1:2:00

str4: 9=20°, 1,=0°, 7,=232.26"

25 Il Il Il Il Il 1 1 J

2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0

str5: r=4.0 A, 1,=0°, 1,=52.26°
str6: r=5.5 A, 1,=0°, 1,=127.74°

0.5

0.0

-0.5

Potential energy (kcal/mol)

15 PR SR R S (U NN R R R
0 20 40 60 80 100 120 140 160 180

0

Fig. 3. The non-linear fitted potential of CO,~H,O (solid line) from the
ab initio calculation results of Sadlej et al. (1998) (discrete point). (a) The
variation of interaction potential with distance r; (b) The variation of
interaction potential with angle 0.

Q and t, to adjust the fluctuation of temperature and pres-
sure; V' is the volume; f'is the degree of freedom of the sim-
ulated system with N particles; kg is the Boltzmann
constant; Pyeire and Tyesire are the desired/external pres-
sure and temperature; Pj, 1s the instantaneous pressure,
which is calculated from atomic virial W = %ZIF,- ‘T
(Martyna et al., 1994):

P 1 & . . W 7
inst—ﬁiz_l:mi(ri_nri) +7- (7)
Eq. (6) has an apparently different form from that pre-
sented in Martyna et al. (1994) but can easily found to be
entirely equivalent with mathematical transformations of
E= % = ¢ =10, and W = 3CkpTqesire from their Eq.
(2.9). According to our experience, despite the equivalence,
Eq. (6) is more straightforward and convenient to integrate
the molecular dynamics trajectory than Martyna’s algo-
rithm, as shown in detail in our previous publication
(Zhang and Duan, 2005a). In addition, since the confusing
velocity of particle v; = r; — #r; is not involved in our equa-
tions of motion, the original description of RATTLE

constraint dynamics algorithm (Andersen, 1983) can be
directly used without any further modifications, which is
also much simpler than Martyna’s algorithm.

In all of our molecular dynamics simulations, at least
256 molecules were placed in a cubic simulation box and
the number of each component in the mixture was set to
be larger than 20 to ensure the statistical reliability. When
comparing with experiments, the number of each compo-
nent was adjusted to precisely pinpoint the corresponding
experimental composition. The conventional periodic
boundary conditions and minimum image conventions
were used in the simulations to calculate inter-atom dis-
tances (Allen and Tildesley, 1989). Long-range electrostatic
forces and energies were calculated with the Ewald summa-
tion. Long-range corrections to the Lennard-Jones interac-
tions were made with the formulations presented by Zhang
and Duan (2002). Velocity Verlet algorithm (Swope et al.,
1982) was adopted to propagate the statistical trajectory,
which was described in detail in the Appendix of Zhang
and Duan (2005a). The geometries of CO, molecules were
constrained with the RATTLE method (Andersen, 1983).
The oxygen atoms were set as primary atoms in the prop-
agation of MD trajectory and the positions of the carbon
atoms were calculated as the midpoint of the other two
oxygen atoms. Note that the forces acting on the carbon
atoms should be carefully transformed to the primary oxy-
gen atoms for consistence as suggested by Ciccotti et al.
(1982). Parameters of Q and #, in Eq. (6) were adjusted
to control the fluctuation of temperature and pressure
according to the suggestion of Martyna et al. (1994), with
a typical value of 5.0 kJ ps*/mol for Q and 5.0 ps for t.
The time step of all the simulations was set as 1.0 fs. Sim-
ulations were initiated from the configurations “melted”
from the face-centered cubic lattice structure or the previ-
ous equilibrated configurations at similar densities. The
instantaneous volumes were recorded and counted into
the statistical average for about 50 ps after a 10-20 ps
pre-equilibrium simulation. At lower temperatures and
higher pressures, longer simulations (to 80 ps) were per-
formed to ensure the convergence of the simulation and
sufficient statistical reliability.

As discussed in our previous paper (Zhang and Duan,
2005a), we carefully checked the possible finite-size effect
and the adequacy of the simulation lengths. Little differenc-
es were found when the system size is increased from 256 to
512 molecules. As the total simulation time is increased
from 50-80 to 200 ps, the simulation results of volumetric
and structural properties were almost identical. So we con-
clude that our choice of the system size and simulation
length should be appropriate.

3. Simulation results and discussions
3.1. Comparisons with experiments

Seitz and Blencoe (1999) measured the densities of
CO,-H,0 mixture through a well-established vibrating-tube
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Fig. 4. Comparisons between the experiments of Seitz and Blencoe (1999)
and MD simulation results of this study with different parameters at
673.15K and 99.93 MPa. The uncertainty of each simulation data is
around the size of the corresponding symbol.

densimeter at 673.15 K from 9.94 to 99.93 MPa, which we
consider highly accurate. Fig. 4 shows the comparisons
between the experiments of Seitz and Blencoe (1999) and
our simulation results with different mixing parameters at
673.15 K and 99.93 MPa. The simulated volumes with
the Lorentz—Berthelot and Kong combining rules are
found to be comparable with each other, but systematically
larger than the corresponding experimental data by
3.6-4.0%. On the other hand, the simulation results with
ab initio potential surface agree well with experiments with
an averaged deviation of 0.8% and maximum deviation
of about 1.7%. Complete comparisons between all the
experimental densities of Seitz and Blencoe (1999) and
simulation results with ab initio potential surface are
shown in Fig. 5, which shows that simulations agree well
with the experimental measurements. The noticeable
deviations of water-rich fluids at low pressures can attri-
bute to the decreased accuracies of SPCE model at low
pressures at 673.15 K, as shown in Fig. 2 of our previous
paper (Zhang and Duan, 2005a). At higher pressures the
SPCE model gives an increasingly accurate prediction of
the volumetric property of water and good predictabilities
are expected.

Shmulovich et al. (1980) and Sterner and Bodnar (1991)
provide experimental PV Tx data under high pressures. As
shown in Fig. 6, the combining rules of Lorentz—Berthelot
and Kong overestimate the volumes with similar systemat-
ical deviations. Ab initio potential surface reproduces
experimental volumes within 1.0% for most cases. Two
data points seem to be not as accurate with deviations of
—3.18 cm?*/mol (—5.9%) and +0.98 cm®/mol (3.4%) at 100
and 500 MPa, respectively. We notice that the authors
established an EOS based on their measured data (Shmulo-
vich et al., 1980). Clear deviations of about —3.0 cm’/mol
and +1.0 cm®/mol at these two data points with their
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06 |-
e - S e R
_ 0.5 - *QQO¢DHU/U/U‘1O
£
O 04
=
=
‘@ 03|
c
[
[a]
02
0.1 |
0.0 1 n 1 n 1 n 1 n 1 n 1

0.0 0.2 0.4 0.6 0.8 1.0
X, (Mole Fraction)

Fig. 5. Comparisons between the densities from the measurements of Seitz
and Blencoe (1999) and MD simulations of this study with ab initio
potential surface at 673.15 K. Experimental densities of pure water
(Xco, = 0) are calculated with the accurate EOS of Wagner and Pruf3
(2002). The experimental data are linked with solid lines and simulated
densities are linked with dotted lines for clarity. The numbers near the tails
of arrows represent the eleven pressures of the isobaric curves: 1:
9.94 MPa; 2: 14.94 MPa; 3: 19.94 MPa; 4: 24.94 MPa; 5: 29.94 MPa; 6:
34.94 MPa; 7: 39.94 MPa; 8: 49.93 MPa; 9: 59.93 MPa; 10: 79.93 MPa;
and 11: 99.93 MPa.

56 — 1 1 T T T 1T T 1T T 1 T 1T T 1]
3 —o— Sim. (Ab initio potential surface)
52 0 —o— Sim. (Lorentz-Berthelot combining rule)
—X— 8im. (Kong combining rule)
48 + Exp. (Shmulovich et al., 1980)
3
m'\E a4 L 4
€
L
© 40 ;
IS
=)
Q 36 g
32 4
28 - g
1 1 1 1 1 1 1 1 1

100 150 200 250 300 350 400 450 500

Fig. 6. Comparisons between the experiment of Shmulovich et al. (1980)
and the MD simulation results of this study with different parameters at
773.15 K. The uncertainties of the simulated data are around the sizes of
the symbols.

EOS are displayed in their Fig. 5(b), which implies the
uncertainties of these two measured values.

In Figs. 4 and 6, the differences between simulation re-
sults with Lorentz—Berthelot and Kong combining rules
are indistinguishable within the simulation uncertainties.
This suggests that the parameters from these two combin-
ing rules are not quite distinct from each other within the
uncertainties of the simulated PV Tx properties. Therefore,
in the following discussions we would not show the simula-
tion results with Kong combining rule for clarity.
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Fig. 7. The MD simulated volumes in this study and those simulated by
prior workers (Brodholt and Wood, 1993) at 673.15 K compared with
experimental results of Sterner and Bodnar (1991). The uncertainties of
the simulation in this study are around the sizes of the symbols.

Brodholt and Wood (1993) attempted to study the
PVTx properties of CO,—H,O with TIP4P model for water
and MSM3 model for carbon dioxide. They applied the
Lorentz—Berthelot combining rule for the unlike CO,—
H,O interactions. In order to compare with experimental
data, additional interpolations are needed for their imple-
mentation of simple NVE molecular dynamics simulations.
Fig. 7 shows that our simulation results are in significantly
better agreement with experimental data of Sterner and
Bodnar (1991) than Brodholt and Wood (1993). This is
expected since the inter-molecular potentials we used for
pure H,O and CO, give better predictions than TIP4P
and MSM3 adopted by Brodholt and Wood (1993). In
the mean time, the potential between CO, and H,O mole-
cules obtained from ab initio surface further improved the
accuracies.

The excess volume is calculated with the following
equation:

V= Vmixtre — X0,V co, — (1 = xco,)Vh,0, (8)

where Viixiure 1S the molar volume of the mixture, xco, is
the mole fraction of carbon dioxide, Vo, and Vpy,o are
molar volumes of pure carbon dioxide and water at the
same TP condition. As shown in Fig. 8, simulated excess
volumes with ab initio potential surface are systematically
lower than those with Lorentz—Berthelot combining rule
and are in significantly better agreement with experimental
observations. From Fig. 8a, the experimental excess vol-
umes by Shmulovich et al. (1980) are larger than those
by Sterner and Bodnar (1991) in general and our simula-
tions with ab initio potential surface agree well with the
data of Shmulovich et al. (1980) within the uncertainties.
Destrigneville et al. (1996) established an EOS for the ex-
cess volumes based on their Monte Carlo simulation re-
sults. We include their predictions at 773.15K and
200.0 MPa in Fig. 8a, which shows their large overestima-

tions as compared with the two sets of simulation data in
this study. Fig. 8b and Fig. 8c show the simulated excess
volumes in this study and comparisons with the data of
Sterner and Bodnar (1991) at higher temperatures and
pressures. Similar trends as Fig. 8a can be found and over-
all good agreements are found between the predictions with
ab initio potential surface and experiments.

Frost and Wood (1997) provided the measured PVTx
properties of CO,-H,O under the highest temperatures
and pressures up to now. We carried out MD simulations
corresponding to the conditions of their measurements.
As revealed by the data listed in Table 3, our simulations
with ab initio potential surface are systematically more
accurate than those with the combining rules. In order to
clearly show the agreements of simulations with experi-
ments, we project the simulated data with ab initio poten-
tial surface along with corresponding experimental data in
Fig. 9. All of the simulation results are in remarkable
agreement within the experimental uncertainties except
the data point at T =1473.15K, P =950 MPa, and
Xco, = 0.787. Nevertheless, as shown in Fig. 9, the mea-
sured data at this point obviously deviates from the ther-
modynamic trend of the other points at the same 7P
condition. In the mean time, we notice that the authors
claimed the difficulty in their measurement of CO,-rich flu-
ids and noticeable uncertainty at 950 MPa. So it is reason-
able to conclude that the volume at this point is
underestimated by the measurement of Frost and Wood
(1997). The remarkable agreements shown in Table 3 and
Fig. 9 demonstrate the predictability of our simulations.

3.2. Predictions

The comparisons described above indicate that our
simulations with ab initio potential surface reproduce
accurately the experimental data and show remarkable
predictability for the PVTx properties of CO,~H,O sys-
tem. Especially, as the temperature and pressure increase,
the predictability remains convincing. Accordingly, we ex-
tend our simulations from the experimental range (less
than 1673.15K and 2.0GPa) to 10.0GPa and
2573.15 K and present the simulated results (690 simula-
tions for mixtures) in the electronic annex EA-1 (also
available from www.geochem-model.org/programs.htm).
We believe that these data should be accurate with uncer-
tainties less than 2% in density, and should be confirmed
by future experiments.

4. Equation of state of H,O, CO,, and H,0-CO,

In order to facilitate the applications in geochemistry, a
number of equations of state have been proposed for the
CO»,-H,0 system (Holloway, 1977; Kerrick and Jacobs,
1981; Bowers and Helgeson, 1983; Duan et al., 1992; Duan
et al., 1996; Churakov and Gottschalk, 2003). Generally,
these equations are empirically calibrated according to
the available experimental data and the applicable range
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Fig. 8. Experimental excess volumes of Sterner and Bodnar (1991) and Shmulovich et al. (1980) and simulated excess volumes in this study with ab initio
potential surface and Lorentz—Berthelot combining rule. Predictions by Destrigneville et al. (1996) are also included for comparisons. Representative

uncertainties are marked with error bars at corresponding simulation data.

is well below 1.0 GPa. The EOS of Duan et al. (1996) is the
only one derived from theory for the pressures well above
1.0 GPa. As compared with the simulation data listed in
the electronic annex EA-1, this EOS gives underestimations
of about 9.0% in density at 7= 1773.15 K, P =10.0 GPa,

and xco, = 0.75. With the reliable simulation results and
new experimental data, it is now possible and necessary
to develop an EOS to integrate all the data covering a wide
temperature and pressure range with or close to experimen-
tal accuracy.



Table 3

Equation of state for H,O, CO,, H;O-CO; up to 2573 K and 10 GPa

Comparison of simulation results in this study with experimental volumes of Frost and Wood (1997)
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T (K) P (MPa) XCo, Vb initio (cm*/mol) Vg (cm*/mol) Vexp (cm*/mol)
1473.15 950 0.218 29.78(.09) 30.00(.14) 29.07(.73)
1473.15 950 0.413 33.55(.13) 33.88(.15) 32.95(.78)
1473.15 950 0.606 37.10(.12) 37.41(.09) 36.47(.83)
1473.15 950 0.787 40.28(.12) 40.46(.11) 38.63(.78)
1373.15 1450 0.146 23.19(.09) 23.30(.06) 23.09(.29)
1473.15 1450 0.226 25.40(.07) 25.52(.09) 25.37(.32)
1473.15 1450 0.297 26.58(.05) 26.79(.08) 26.61(.34)
1573.15 1450 0.128 24.39(.05) 24.47(.08) 24.31(.35)
1573.15 1450 0.149 24.74(.05) 24.83(.08) 24.5(.35)
1573.15 1450 0.205 25.71(.08) 25.87(.07) 25.51(.41)
1573.15 1450 0.289 27.20(.08) 27.41(.10) 26.82(.34)
1573.15 1450 0.387 28.96(.06) 29.09(.06) 28.61(.41)
1673.15 1450 0.237 27.07(.11) 27.19(.11) 26.78(.48)
1673.15 1450 0.39 29.72(.08) 29.88(.09) 29.65(.48)
1673.15 1450 0.45 30.72(.07) 30.84(.09) 30.37(.46)
1673.15 1940 0.175 23.26(.06) 23.27(.05) 23.27(.22)
1673.15 1940 0.21 23.84(.07) 23.98(.03) 23.98(.25)

Note. xco, is the mole fraction of carbon dioxide, Vp initio 1S the simulated volume in this study with ab initio potential surface, V1 p is the simulated

volume with Lorentz-Berthelot combining rule, the numbers in the parenthesis are the uncertainties of corresponding volumes.
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Fig. 9. Comparisons between the experimental volumes of Frost and
Wood (1997) and corresponding simulation results of this study with
ab initio potential surface. Filled symbols with error bars are experimental
data and open symbols connected with dotted lines are simulated volumes.

The EOS proposed in this study is taken from Duan
et al. (1992):

PV BV, CV?> DV* EV: FV?
Z: _:1_|_ c ¢+ c c

RT v T A s T

(oo )

where R = 83.14467 cm? bar/(K mol) is the universal gas

constant. For the end-members, the parameters
(B,C,D,...) in Eq. (9) are calculated with the following
equations:

ar as
B—al—i—F—l—F, (IOa)

C:a4+;—53+;—63, (10b)

D:a7+%+%, (10¢)

E:a10+“T—1§+“71§, (10d)

F:%, (10e)
T

=g (10f)

s

where T. and P, are the critical temperature and critical
pressure respectively. For water, 7T,=0647.25K and
P.=221.19 cm*/mol. While for carbon dioxide,
T.=304.1282 K and P, =73.773 cm’/mol.

Additional 15 parameters in Egs. (9) and (10) for each
end-member are determined by fitting to over 2500 avail-
able experimental data and the simulation volumes. In or-
der to optimize the EOS, the whole 7P range is divided into
two sub-regions with 200 MPa as the switching boundary
(Table 4). Compared with the well-known IAPWS95 model
(Wagner and Pruf3, 2002) with the valid range from 673.15
to 1273.15 K and 0 to 1.0 GPa, our EOS shows very good
agreements within +0.6% and an averaged relative devia-
tion of about 0.1%. Compared with the accurate EOS for
carbon dioxide proposed by Span and Wagner (1996) with
a valid range from 673.15 to 1073.15K and 0 to
800.0 MPa, the new EOS agrees well with deviations within
+1.0% and an averaged relative deviation of less than
0.3%. At higher temperatures and pressures from 673.15
to 2573.15 K and 1000.0 to 10.0 GPa, the new EOS accu-
rately reproduces the simulated volumes of water with
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Table 4

Parameters for the new EOS in this study (Egs. (9) and (10))

Pressure range  Parameters H,O CO,

0-0.2 GPa a 4.38269941E—02 1.14400435E—-01
a —1.68244362E—01  —9.38526684E—01
as —2.36923373E—01  7.21857006E—01
ay 1.13027462E—02 8.81072902E—-03
as —7.67764181E—02  6.36473911E—02
as 9.71820593E—-02 —7.70822213E—02
as 6.62674916E—05 9.01506064E—04
ag 1.06637349E—03 —6.81834166E—03
do —1.23265258E—03  7.32364258E—03
ayo —8.93953948E—06  —1.10288237E—04
ap —3.88124606E—05  1.26524193E—03
ap 5.61510206E—05 —1.49730823E—03
o 7.51274488E—03 7.81940730E—03
B 2.51598931E+00 —4.22918013E+00
y 3.94000000E—02 1.58500000E—01

0.2-10.0 GPa a; 4.68071541E—02 5.72573440E—-03
a —2.81275941E—-01  7.94836769E-+00
as —2.43926365E—01  —3.84236281E+01
ay 1.10016958E—02 3.71600369E—02
as —3.86603525E—02  —1.92888994E~+00
as 9.30095461E—02 6.64254770E+00
a; —1.15747171E—05  —7.02203950E—06
ag 4.19873848E—04 1.77093234E—02
ag —5.82739501E—04  —4.81892026E—02
a 1.00936000E—06 3.88344869E—06
ap —1.01713593E—05  —5.54833167E—04
ap 1.63934213E-05 1.70489748E—03
o —4.49505919E—02  —4.13039220E—01
B —3.15028174E—01  —8.47988634E+00

y

1.25000000E—02

2.80000000E—02

deviations within +1.3% and an averaged relative deviation

around 0.3%.

Meanwhile,

the calculated volumes of

carbon dioxide agree well with simulation results within
—2.24% to +0.96% and the averaged relative deviation is

about 0.43%.

The mixture parameters in Eq. (9) (BV., CVf,DVf, o)

are obtained from combining the end-member parameters
by the mixing rule listed in Table 5, which was suggested
by (Duan et al., 1992). Three empirical mixing parameters
(k1 k2 %, and k3 ;) are included to improve the accura-
cies and their relationships with temperature are listed in
Table 6. Compared with the simulated data for the mixture
listed in the electronic annex EA-1, the developed equation
of state shows remarkable accuracy with averaged devia-
tion of 0.9%. In the mean time, our EOS reproduces over
one thousand experimental data presented by Seitz and
Blencoe, 1999, Shmulovich et al. (1980), Sterner and Bod-
nar (1991), Frost and Wood (1997), Fenghour et al. (1996),
Hnedkovsky et al. (1996), Wormald et al. (1986) and
Greenwood (1969) with an averaged deviation of 0.77%.
Our EOS agrees with the measurements of Seitz and Blen-
coe (1999) at 673.15 K with an averaged deviation of less
than 0.4% and maximum deviation of less than 1.5%. Com-
pared with Sterner and Bodnar (1991), we find noticeable
deviations at 973.15 K and 300.0 MPa in the water-rich re-
gion, where the maximum deviation reaches 7.71% when

Xco, = 0.3716. However, as analyzed by Churakov and
Gottschalk (2003), the experimental data of Sterner and
Bodnar (1991) in this region show increasing negative ex-
cess volumes as the composition of water enhanced. Fur-
thermore, a series of additional simulations at these
conditions confirm the accuracy of our EOS with devia-
tions around 1.0%.

With the developed EOS, the relation between the par-
tial fugacity coefficient ¢, at (T, P, x;, V), and ¢!*" at (T, P™,
x;, V™) can be derived with the following formula:

f n fref
D ref
x;P x;P

P 1 OA(T,nV ,n)
Pret RT al’ll‘ TV

aAref(T7 nVref, n)
ani Tn me.}’lj

P 1 Y (OP
=—In f o / A d(l’l V)
pPre RT [yt on; T.nV nj

Ing, —In¢* =In
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Vref
eyl o)
207 |pr AV |
V
(EV3Y 1 s
¢ - FV
+ SVS prref ZVVi( C)
4
< exp (_va> I
V2 Vrcf 2 ('V Vf ) 2

><((GV + (V= V)Y
1 «Vz v
X / — )xexp(—/;)
V Vref
x GVEx (yV? — (V%)
% Vz) x (V=)
14
V) V2 e
X £ 2] x ——£
< g T P\ pret
(11)

where f; and £ are the partial fugacity, n is the total num-
ber of moles in the mixture, A and 4™ are Helmholtz free
energies, 2™ = Prer‘ef/RT is the compres51b111ty factor at
(T, P, V™). The derivatives ((BV.)', (CV?)',...) are listed

in Table 5. The notations with integration limits
(U”;‘) Zrer = (BI;) ““:/K, -+) are adopted here for clarity.

When the pressure P is less than 0.2 GPa, the ideal gas
state with V™ = oo, qﬁ;ef =1.0, Z®'=1.0 is selected and
the partial fugacity coefficient ¢; can be straightforwardly
derived with Eq. (11). While when the pressure is larger
than 0.2 GPa, we need to calculate the partial fugacity
coefficient in two steps: firstly calculate the referenced par-
tial fugacity coefficient at 0.2 GPa with the lower pressure
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Table 5

Mixing rule for the EOS of the CO,-H,0 mixture and derivatives in Eq. (11)
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Table 6

The binary interaction parameters of CO,~H,0O when 673.15K < T< 2573.15K

Pressure range

Parameters

0-0.2 GPa

0.2-10.0 GPa

ky =3.131 — 5.0624E—03 T+ 1.8641E—06 T> — 31.409/T
ky = —46.646 + 4.2877E-02 T — 1.0892E—05 7>+ 1.5782E + 04/T
k3=10.9

ky =9.034 — 7.9212E—03 T+ 2.3285E—06 T* — 2.4221E + 03/T
ky=—1.068 + 1.8756E—03 T — 4.9371E—07 T+ 6.6180E + 02/T
k3=1.0

parameters listed in Table 4, then replace another set of

parameters valid at higher pressures and continue the cal-

culations with Eq. (11).

With the calculated partial fugacity coefficients, it is con-

venient to calculate the activity a; at (7, P, x;) with the fol-
lowing equation:
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Fig. 10. Activity—concentration relations of the system CO,-H,O at
1073.15K and (a) 0.6 GPa, (b) 1.4 GPa calculated from the EOS of this
study (continuous curves) and those experimentally determined by
Aranovich and Newton (1999) (square points). The claimed uncertainties
involved in the experimental data are marked with error bars.

o fi _ ¢:x;

a; = F = ¢(_) )
where £ and qb? are the fugacity and fugacity coefficient of
pure component i at (7, P). Fig. 10 shows the calculated
activity—composition relations at 1073.15 K and two pres-
sures of 0.6 and 1.4 GPa, they agree with those experimen-
tally determined by Aranovich and Newton (1999).

(12)

5. Conclusion

The CO,-H,O mixtures are ubiquitously typical geo-
logical fluids, but the PVTx data of this system are still
scarce for geological applications. To supplement the
existing experimental database, with laborious and care-
ful selection of the molecular interaction potentials, in
this study we carried out more than one thousand molec-
ular dynamics simulations of the CO,-H,O system. Our
simulations show remarkable accuracies as demonstrated

by comparison with reliable experimental data available
up to high temperatures and pressures, with an average
deviation of about 1.0%. The consistent and stable
predictability of the simulation from low to high temper-
ature—pressure and the fact that the molecular dynamics
simulation resort to no experimental data but to ab initio
molecular potential makes us convinced that the simula-
tion results of the PVTx properties of the CO,~H,O
system should be reliable up to at least 2573 K and
10 GPa with errors less than 2% in density.

In order to integrate all the experimental and simulat-
ed data covering a wide temperature and pressure range
with experimental accuracy for geochemical applications,
we developed an equation of state for the H,O, CO,,
and CO,-H,O systems valid from 673.15 to 2573.15K
and from 0 to 10.0 GPa with errors less than 2% in
density. This EOS should represent the most accurate
model in a very wide temperature and pressure range.
From this EOS, volumetric properties (density, volumes,
and excess volumes), heat properties (enthalpy), and
chemical properties (fugacity, activity, chemical potential,
and possibly supercritical phase separation) can be
derived. A program for this EOS has been programmed
and can be downloaded from the website: www.geochem-
model.org/programs.htm.
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