Modelling the phase equilibria and excess properties of the water 4+ carbon dioxide
binary mixture
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The high-pressure phase diagram and excess thermodynamic properties of the binary mixture of
carbon dioxide and water are examined using the statistical associating fluid theory for potentials of
variable range (SAFT-VR). The carbon dioxide molecule is modelled with two tangentially bonded
spherical segments, while the water molecule is modelled as spherical with four associating sites to
represent the hydrogen bonding. Dispersion interactions are modelled using square-well potentials.
The optimised intermolecular parameters are taken from the works of Galindo and Blas [Fluid Phase
Equil. 194-197, 501 (2002); J. Phys. Chem. B 106, 4503 (2002)] and Clark et al. [Mol. Phys. 22-
24, 3561 (2006)] for carbon dioxide and water, respectively. The mixture exhibits type III phase
behaviour in the classification of Scott and van Konynenburg, with the gas-liquid critical line con-
tinuously changing into a liquid-liquid line at high pressures. In this work one unlike intermolecular
interaction parameter is fitted to give the best possible representation of the minimum temperature
of the gas-liquid critical line of the mixture, and is then used in a transferable manner to study
other thermodynamic conditions and properties. The phase diagrams predicted by the SAFT-VR
approach are found to be in very good agreement with the experimental data at low and high pres-
sures and temperatures. In addition, a good qualitative description of the excess molar volume and
excess enthalpy and different temperatures and pressures is obtained.

I. INTRODUCTION

In recent years the use of supercritical carbon dioxide (COz) has achieved a great importance in the chemical
industries. Supercritical carbon dioxide is being considered as a substitute solvent of conventional organic solvents,
which are often associated to health and environmental concerns [1]. By comparison, CO3 is relatively non-toxic, non
flammable, relatively inert in most processes, very inexpensive (and hence economically profitable) and nonpolluting,
it has a greater solvation power, is readily recovered and recycled. There are numerous areas in which processes are
using COz as a solvent, including separations in the food industry, coatings, polymer production and dry-cleaning [2].
Other applications and uses of CO;y are of interest within the oil and gas industries. For instance, in enhanced oil
recovery where it is injected it in order to extract more crude. In the context of geochemistry and environmental
technology, particularly, due to the increasing concern to reduce the amount of carbon dioxide in the atmosphere CO2
capture and storage is under much examination. For example, the storage of carbon dioxide by means of sequestration
into depleted hydrocarbon reservoirs, by injecting into saline aquifers or by using the industrial fixation into inorganic
carbonate is being considered [3-5]. In addition, the presence of both carbon dioxide and water in such environments
can lead to the formation of hydrates, a problem of crucial interest to the oil industries in itself.

Carbon dioxide and water mixtures exhibit large regions of liquid-liquid separation, and from an experimental point
of view, most of the interest has focused on the mutual solubilities. This research has produced a large amount of
experimental data. We recommend the excellent reviews of Larryn and Akinfiev [6], Spycher et al. [7] and Chapoy et
al. [8] for additional information. More recently, Valtz et al. [9] have studied in detail the vapour-liquid (VL) equilibria
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of the mixture. From a theoretical point of view, the water + carbon dioxide binary mixture exhibits type III phase
behaviour according to the Scott and van Konynenburg classification [10, 11], with characteristic extensive liquid-
liquid immiscibility. The gas-liquid critical line starting at the critical point of the less volative component (water
in this mixture) continues to high-pressures turning into a so-called fluid-fluid critical line, or sometimes denoted as
gas-gas (GG) immiscibility of second kind. In systems that exhibit this kind of immiscibility, the critical line that
departs from the less volatile component has a negative slope as the pressure increases, passing through a temperature
minimum, then developing a positive slope at higher pressures. In the low-pressure region, liquid-liquid-vapour three-
phase coexistence is observed, and a three-phase line extends from low pressures and temperatures to an upper critical
end point (UCEP) found close to the critical point of the more volatile component (COz2). A short gas-liquid critical
line is seen between the UCEP and the gas-liquid critical point of the volatile component. A further interesting
feature of the water + carbon dioxide binary mixture is that it presents barotropic inversion, i.e., an inversion of
the density due to a pressure effect [12]. Theoretical studies have mainly been concerned with the solubilities [13],
hydrate formation [14], and vapour-liquid phase behaviour in small ranges of temperature and pressure [9]. Despite the
large amount of studies dealing the water 4+ carbon dioxide binary mixture, there are few describing its global phase
behaviour and other thermodynamic properties [9, 13-15]. Here we use the molecular-based statistical associating
fluid theory for potentials of variable range (SAFT-VR) [16, 17] to carry out such a study. The approach has proven
very useful in previous studies involving complex fluids in general [18], and in particular CO4 [19, 20] and HyO [21, 22].

We use the SAFT-VR approach to examine the pressure-temperature phase diagram of the mixture for a wide
range of conditions, from the high-pressure critical region to the low-pressure three-phase region. In addition we test
the proposed model by comparing calculated excess thermodynamic functions with experimental data available in
the literature. Although analytical equations of state such as SAFT-VR cannot provide an accurate description of
the critical region as well as of the phase behaviour far away from critical points, it is possible through re-scaling
the pure component parameters, and by fitting the unlike intermolecular interaction parameters to critical data, to
provide accurate descriptions of the global pressure-temperature PT phase diagrams of mixtures. We have followed
this procedure in previous works to study the phase behaviour of CO5 + n-alkane mixtures and were able to reproduce
transitions in type of phase behaviour for increasing carbon number [19, 20]. In this work we pursue a similar goal;
i.e., to reproduce the overall PT phase diagram for a binary mixture of carbon dioxide and water. We have hence,
fitted one unlike interaction mixture parameter to the temperature minimum of the fluid-fluid critical line of the
mixture. Once the unlike parameter is determined, we study the phase behaviour at other conditions of pressure and
temperature, as well as other thermodynamic properties. In particular, we investigate the global phase behaviour
of the binary mixture. The ability of the theoretical approach to predict different thermodynamic properties is also
tested by comparing calculated excess volume and enthalpy of the mixture with corresponding experimental data.
This is a stringent test since excess thermodynamic functions are very sensitive to the molecular details of a model.

The rest of the paper is organised as follows: the molecular model and theory are described in section II, where
we also highlight the most relevant features of the molecular parameters used in this work; results and discussion are
presented in section III; and conclusions are given in section IV.

II. MOLECULAR MODEL AND THEORY

Water molecules are modelled as spherical using the four-site model proposed by Bol [23] and Nezbeda et al. [24]. In
this model the molecules are represented as hard-spheres of diameter o171, with four off-centre short-range attractive
sites, which mediate the hydrogen bonding interactions. Two of the sites (of type H) represent the hydrogen atoms
in the water molecule and the other two sites (of type O) represent the lone pairs of electrons of the oxygen. Only
H-O site-site interactions are allowed, i.e., no H-H or O—O interactions are allowed. The associating sites are placed
at a distance rq from the centre of the sphere and have a cut off range of r., so that when the site-site distance is less
than r. a hydrogen-bonding energy of interaction ep; is realised. Very recently, Clark et al. [21] have revisited the
determination of optimal intermolecular parameters for this model. See this work and reference therein for further
details.

Following earlier work [19, 20], carbon dioxide molecules are modelled with a simple united atom approach, in which
msg hard-sphere segments of equal diameter o95 are bonded tangentially. It is important to mention that the polar and
quadrupolar interactions of water and carbon dioxide are treated in an effective way via the square-well interactions
of variable range. The square-well interaction between segments i and j separated by a distance r is given by:
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where o;; defines the contact distance between spheres, and \;; and €;; are the range and depth of the potential well
for the i-j interaction, respectively.

In our model we do not incorporate CO2-CQO4 association interactions or cross-association interactions between COo
and H2O molecules, although we note that other authors have discussed this possibility. Valtz et al. [9] suggested that
the unusual large interaction parameters they find for this mixture may be an indication of the need to incorporate
a cross-association scheme for this mixture. They considered a model for CO4 incorporating association sites, but on
fitting to experimental data the optimal bonding energy was found to be of a value close to zero, and they rejected
the idea. More recently, Ji et al. [15] have modelled carbon dioxide as an associating molecule with three sites that
model the self-association in the CO5 and the association of CO5 and HyO molecules due to the quadrupolar moment.

We use the SAFT-VR approach to study the phase behaviour and excess properties of the mixture. Since the
theory has already been presented [16, 17], we provide only a brief overview of the main expressions. The SAFT-VR
equation is written in terms of the Helmholtz free energy, expressed as the sum of four microscopic contributions:
an ideal contribution A™PFAL g monomer term AMONO  which takes into account the attractive and repulsive forces
between the segments that form the molecules, a chain contribution ACHAIN which accounts for the connectivity of
the molecules, and an association term ASSOC which takes into account intermolecular association. The free energy
is then written as:

A AIDEAL AMONO ACHAIN AASSOC
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(2)

where N is the total number of molecules, T is the temperature, and kg is the Boltzmann constant.
The free energy of the ideal mixture is given by [25]:
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where p; = N;/V is the number density, z; the molar fraction, and A; is the thermal de Broglie wavelength of species
i.
The monomer free energy is written as a second-order high temperature perturbation expansion [26-28]:

AMONO AHS Al AQ
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(4)

AHS/NkBT is the residual free energy of a mixture of hard spheres, and A;/NkpT and As/NkpT are the first- and
second-order perturbation terms associated with the attractive interactions w;;(r) given by Eq. (1). The residual free
energy of the reference hard-sphere mixture is obtained from the expression of Boublik [29] (equivalent to that of
Mansoori et al. [30]), the mean-attractive energy associated with the first-order perturbation term is treated in the
context of the M1Xb mixing rule [17] and the second-order perturbation term is obtained using the local compressibility
approximation.

The contribution to the free energy due to the formation of chains of square-well segments can be written as [17,
31, 32]:
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where m; is the number of segments of component ¢, yisiw(oii) = gisiw(aii)efﬂ €j. The contact pair radial distribution
function for a mixture of square-well molecules corresponding to the ¢ — ¢ interaction, gisiw(oii), is obtained from a
high-temperature expansion [26-28] to first order (see [16, 17] for further details).

The contribution to the free energy due to the association of s; sites on a molecule of species i can be obtained
from the theory of Wertheim [33-36] as:
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where the first sum is over species 7 and the second over all s; sites of type a on a molecule i. Since there is only one
type of hydrogen bond for the water molecule, the fractions X of water molecules not bonded at any of the four sites
are equivalent. This, together with the absence of water-carbon dioxide association greatly simplifies the analysis.
The fraction X, ; of molecules ¢ not bonded at site @ is given by the mass action equation as [37, 38]:
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where A, 4 ; characterizes the association between site a on molecule ¢ and site b on molecule j. It can be written
as [16, 17]:

Aabij = Ka,b,i,jFa,b,i,jgiS]w(Uij) = A =K1 Fi1g% (o11), (8)

where the Mayer f-function of the a — b site-site interaction ¢q 4 ; is given by Fypi; = exp(—@ap,i,;/ksT) — 1, and
K p,i,; is the available volume for bonding. Since in the mixture there is only one type of water-water hydrogen bond,
the only subscripts remaining indicate that the only association is between molecules of component 1 (water). The
corresponding Mayer f-function is then given by F = exp(ei®/kgT) — 1. The expression for the bonding volume can
be found elsewhere [16, 17, 37].

Other thermodynamic properties, such as the chemical potential p, compressibility factor Z, and other thermody-
namic derivatives needed in our calculations can be easily obtained from the Helmholtz free energy using standard
thermodynamic relations.

IIT. RESULTS

In order to treat real compounds the intermolecular model parameters need to be determined. In the case of water
these are: the number of segments forming the model molecule, m; = 1 (since is treated as spherical), the segment
hard-core diameter o171, depth €17 and range A;; of the square-well interaction, and two additional parameters to
characterise the site-site interactions, the hydrogen bonding energy ¢fB, and available volume KB, The complete set
of parameter values are taken from the recent work of Clark et al. [21], and are also presented in Table I. Similarly,
carbon dioxide, which is modelled as non-associating, is described by means of four molecular parameters: the number
of segments forming the model molecule, ms = 2, the segment hard-core diameter os2, and the depth €29 and range Ao
of the square-well interaction. In this work we use the parameter values obtained by Blas and Galindo [19] (see also in
Table I). Both sets of parameters are able to provide a very good description of the vapor pressures and coexistence
densities for a wide range of temperatures (see our previous works for further details [19-21]) with the exception of the
critical region. This is an expected behavior since SAFT-VR, as any classical equation of state, does not consider the
density fluctuations that occur near the critical point. However, since we have an interest in the high-pressure phase
equilibria and critical behavior of the HoO + COg binary mixture, we have rescaled the conformal parameters (o,
and €.) to the experimental critical temperature and pressure. The rescaled parameters are also presented in Table
I. The remaining, non-conformal parameters, are kept fixed in reduced units, their corresponding values in real units
are also presented in the table for clarity. Throughout this work the parameters scaled to the critical points are used.

The calculation of mixture properties also requires to determine several unlike intermolecular parameters. In our
case, 012 is given by the arithmetic mean, o152 = (011 + 022)/2, and A2 = (A11011 + A22022)/(011 + 022). The
unlike dispersive energy is written as €12 = &124/€11€22, With &2 = 0.9742. We have adjusted &2 to give the best
possible representation of the temperature minimum of the fluid-fluid critical line of the mixture. This adjusted unlike
parameter is treated as temperature-independent, and used to study the complete pressure-temperature-composition
PTz phase behaviour of the mixture in a wide range of conditions. In addition, as we will show later, a number of
excess properties are also predicted using these model parameters.

The PT projection of the PTz surface for the HoO + COy mixture is shown in Fig. 1. As can be seen, the phase
behaviour of the system is dominated by large regions of liquid-liquid (LL) immiscibility. The mixture exhibits two
separated gas-liquid (GL) critical lines. At high pressures and temperatures a critical line starts from the critical point
of pure water (647K and 22.03 MPa) extending to higher pressures, first with a negative slope, through a temperature
minimum (450 K and 190 MPa), and then continuing with a positive slope to higher temperatures and pressures. This
distinctive feature of the phase behaviour exhibited by the water + carbon dioxide mixture is an example of the
gas-gas immiscibility mentioned in the introduction. At lower temperatures and pressures a much shorter critical line



starts at the critical point of pure carbon dioxide (304.21 K and 7.383 MPa) and ends at slightly higher pressures at
UCEP, where the GL region, richer in COs, disappears into the region of LL immiscibility. The dashed-line shown
in the inset of the figure is the predicted three-phase line that runs from very low temperatures and pressures to the
UCEP; it corresponds to pressures and temperatures where the two immiscible liquid phases coexist with a gaseous
phase. As can be seen, the theory is able to provide a good description of the whole PT projection of the PTx surface
of the phase diagram. It is important to note that only one parameter is necessary in order to describe the phase
behaviour for the entire fluid range, including the existence of the temperature minimum in the high-pressure critical
line.

Different GL and LL regions of the phase diagram of the mixture become clearer in the constant-temperarature
Pz slices of the PTx surface shown in Fig. 2. In Fig. 2 (a) a Pz slice at 288.15K, a temperature below the UCEP
of the mixture and below the critical point of pure COs is shown. As can be seen, three homogeneous phases (a
gas, a COq-rich liquid and an HoO-rich liquid) bound the coexistence envelopes of this slice. At temperatures below
the three-phase coexistence, a COs-rich gas phase coexists with the HyO-rich liquid phase, above the three-phase
temperature a large region of LL immiscibility is seen, and a small GL coexistence region is also observed (the COo-
rich gas is in coexistence with the COsq-rich liquid phase). The theory is able to predict the main features exhibited
by the system at these conditions, including the existence of the three-phase coexistence, although it overestimates
the coexisting molar fractions in both liquid phases (above the pressure at which the system exhibits three-phase
behaviour), and in the gas phase (below the three-phase line). In Fig. 2 (b) a Px slice, at much higher temperature,
namely, T = 348.15K is shown. At these conditions, the system is above the UCEP of the mixture and no LLG
coexistence exits. The coexistence envelope shows two different characters, GL coexistence at low pressure, and LL
phase behaviour at high pressures. The theory predicts qualitatively the shape of the phase envelope as the pressure
is increased, although the coexisting compositions are overestimated in all cases. It is also interesting to note how the
phase behaviour of the mixture changes from (a) to (b) as the temperature is increased. The shape exhibited by the
phase envelope in the COs-rich phase (in Fig. 2a) is a reminiscence of the small gas-liquid coexistence region located
above the three-phase line of the mixture in the COs-rich phase region shown in part (a). This is also related with
the existence of gas-gas immiscibility of second kind, which is essential to understand the experimental data for this
mixture, which is however, usually presented in the form of mutual solubilities of HoO in a COs-rich gas (or liquid)
phase and COg in HoO-rich liquid phase (see the work of Spycher and references therein for a detailed revision of the
experimental data available in the literature). A more in depth discussion of the behaviour of the mutual solubilities
of HyO and COg is given in [39].

It is also useful to investigate the validity of our model in the study of excess properties of the mixture, which is a
very stringent test of any theory and molecular model. We consider the excess thermodynamic volume of the mixture
at different conditions. Unfortunately, experimental information of the excess volume, and in general volumetric data,
of the water 4+ carbon dioxide mixture is scarce. Here we use the SAFT-VR approach to predict the excess volume of
the mixture at fixed T' = 673.15 K, and several pressures ranging from 9.94 up to 24.99 MPa. It is useful to note that
the temperature selected is above the critical temperature of pure water, while most of the pressures considered (all
except 24.99 MPa) are below the critical pressure of pure water. It is important to mention at this point that we have
used the same molecular parameters (see Table I) and the same unlike parameter value {12 = 0.9742 previously used to
obtain the phase diagram of the mixture. The theoretical predictions and experimental data taken from the literature
are shown in Fig. 3. As can be seen, at T = 673.15K the excess volumes are positive at all pressures considered,
with a nearly quadratic shape. Positive excess values are expected since the water 4+ carbon dioxide mixture is highly
nonideal due to the specific interactions (extensive hydrogen bonding) between water molecules. The maximum of
the excess volume at different pressures is relatively large, and a sharply increase of the excess volumes is observed as
the pressure is varied. The shape of the curve is very symmetric at lower pressures, and becomes more asymmetric
as the pressure is increased, with the maximum displaced toward mixture compositions rich in water. The highest
degree of asymmetry occurs where the maximum values are achieved, at 24.94 MPa, which is very close with the PT
conditions of the critical isochore for pure water (~ 29.2 MPa at 673.15K). As can be seen, the SAFT-VR equation
is able to provide a good description of the excess volume of the mixtures. Although quantitative agreement between
theory and experiment is not seen, the SAFT-VR approach is able to predict the most important features exhibited
by the excess volume of the mixture, including its variation with pressure.

We finally consider another important excess thermodynamic function, namely, the excess enthalpy of the mixture.
In particular, we examine the excess enthalpy at a fixed temperature, T = 573.15 K, and at several pressures. As
in the case of the excess volume, the experimental excess enthalpy data is scarce and it has only been determined
in a limited region of the phase diagram. As can be seen in Fig. 4, the excess enthalpy is positive in the whole
composition range. This property is seen to exhibit a particular shape, which is related to the the large region of
fluid-fluid immiscibility the system exhibits at these conditions. The excess enthalpy is positive in the entire range
of compositions and increases in magnitude as the pressure is decreased. For the lowest pressure, P = 10.4 MPa,
although it is difficult to distinguish it in the figure, there is a change in the slope of the excess enthalpy at molar



fractions close to 1. In addition, there is a sharp turning point at molar compositions of water z; ~ 0.7, 0.75 and
0.80, which correspond to the compositions at which the liquid phase disappears (at the corresponding pressures).
This means that for water molar fractions between 0.988 — 0.996 and 0.7 — 0.8 approximately, the system is in the
fluid-fluid two-phase region of the phase diagram. Although the theory is seen to slightly underestimate the values of
the excess enthalpy at all compositions, and to overestimate the range of compositions at which the water + carbon
dioxide mixture exhibits an homogeneous liquid phase, agreement between theoretical predictions and experimental
data is very good. The disagreement is essentially due to the overestimation of the coexistence molar fraction of water
in the COgs-rich liquid phase.

IV. CONCLUSIONS

We have studied the thermodynamic properties of the water + carbon dioxide binary mixture using the SAFT-VR
equation of state. Water is modelled as spherical, with four association sites to mediate hydrogen bonding. Carbon
dioxide is described as a non-associating chain formed by two attractive spherical segments tangentially bonded
together. Since we are interested in the global PT phase behaviour of the mixture, including the critical lines,
we have used intermolecular parameters re-scaled to the critical points of the pure components. An unlike energy
parameter is also adjusted to give the best representation of the minimum temperature of the gas-liquid critical line,
and then used in a transferable manner to study other thermodynamic conditions and properties.

The SAFT-VR equation of state, with the parameters proposed here, is used predict the phase behaviour and
the excess thermodynamic properties of the mixture. The theory is able to provide a global description of the most
important features of the phase diagram of the mixture: type III phase behaviour, GG immiscibility of second kind,
VL equilibria at low temperatures and pressures, and LL phase equilibria at high pressures. Theoretical predictions
are compared with experimental data taken from the literature. Agreement between theory and experiment is quite
good in all cases. The theory is also used to predict the behaviour of the two most important excess thermodynamic
properties, the excess volume and the excess enthalpy. We examine the variation of these properties with pressure, at
constant temperature, for the entire composition range. The theoretical predictions are compared with experimental
data taken from the literature. The SAFT-VR approach is able to provide a good description of these functions,
especially in the case of the excess enthalpy, which is in quantitative agreement with the experimental data. Mixtures
involving COq are of increasing interest in many areas, we have shown here that simplified models, which do not
take into account explicitly the quadrupolar nature of the molecule can nevertheless provide predictive information
of crucial thermodynamic properties of these mixtures.
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Figure 1. PT projection of the PTx surface for the water(1) 4+ carbon dioxide(2) binary mixture. The circles
correspond to the experimental vapour pressure of the pure water [40—48], the squares to the vapour pressure of the



pure carbon dioxide [49-54], the asterisks [55] and plusses [56] to critical data, and the triangles to the three-phase
line data [9]. The continuous curves represents the SAFT-VR predictions for the vapour-pressures, the dashed curves
the critical lines, and the long-dashed curve the three-phase line.

Figure 2. Pz constant-temperature slices for the water(1) 4+ carbon dioxide(2) binary mixture at 288.15 (a) and
348.15K (b). The open circles correspond to the experimental VL and LL phase equilibria (data at 288.15 K is taken
from references [57, 58] and data at 348.15 K from references [59-64]) and the continuous curves to the (VL and LL)
phase envelopes. The dashed curve in part (a) indicates three-phase coexistence conditions and the solid circles the
three coexistence phases at this temperature and pressure.

Figure 3. Excess volumes for the water(1) + carbon dioxide(2) binary mixture at 673.15 K and several pressures. The
curves correspond to the theoretical predictions and the symbols to the experimental data taken from the literature [65]
at different pressures: 9.94 MPa (circles and solid curve), 14.94 MPa (squares and dotted curve), 19.94 MPa (diamonds
and dashed curves), and 24.94 MPa (triangles-up and long-dashed curve).

Figure 4. Excess enthalpies for the water(1) + carbon dioxide(2) binary mixture at 573.15 K and several pressures.
The curves correspond to the theoretical predictions and the symbols to the experimental data taken from the
literature [66] at different pressures: 11.0 MPa (circles and solid curve), 12.2 MPa (squares and dotted curve), and
13.8 MPa (diamonds and dashed curves). The thinner solid, dotted and dashed lines shown on the right hand represent
the lines that connect the composition boundaries of the fluid-fluid two-phase regions at the corresponding pressures.
The inset shows the HoO-rich phase region in detail.

Table I: Optimised and re-scaled square-well intermolecular potential parameters for water [21] and carbon dioxide [19, 20].

Substance m o(A) e/kp(K) A "B/kp(K) KFB(A3) o.(A) e /kp(K) P /kp(K) KPP (A®)
H.O 1 3.033 300.4330 1.718250 1336.951 0.893687 3.469657 276.2362 1229.273  1.337913
CO2 2 2.7864 179.27 1.515727 - - 3.136386 168.8419 - -
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