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Pressure-composition diagrams were measured at different temperatures ranging from 293.15 to 353.15 K
for different perfluoroalkanes including linear (perfluoro-n-octane), cyclic (perfluorodecalin and perfluorom-
ethylcyclohexane), and aromatic compounds (perfluorobenzene and perfluorotoluene), at pressures up to 100
bar. Measurements were performed using a high-pressure cell with a sapphire window that allows direct
observation of the phase transition. The different molecular structures were chosen in order to check the
influence of the nature of the solvent on the carbon dioxide solubility. The soft-statistical associating fluid
theory (soft-SAFT) equation of state (EoS) was used to describe the phase behavior of the mixtures studied,
searching for transferable parameters with predictive capability. Optimized values for the chain length, Lennard-
Jones (LJ) diameter, and dispersive energy are provided for the different perfluoroalkanes and for carbon
dioxide. The effect of the explicit inclusion of a quadrupole moment on carbon dioxide, perfluorobenzene,
and perfluorotoluene was studied by adding a polar term to the original soft-SAFT EoS.

Introduction

Because of the exceptional solubility of carbon dioxide in
perfluoroalkanes, these compounds are being studied for
industrial and environmental applications such as the removal
of carbon dioxide from gaseous effluents1 or the improvement
of the solubility of hydrophilic substances in supercritical
reaction or extraction media.2

In many supercritical fluid applications, carbon dioxide is
widely used as the near-critical solvent. As an example, the
formation of water in CO2 microemulsions offers a new
approach to biological processes, organic synthesis, nanoparticle
chemistry, and dry cleaning3. Although CO2 has many advan-
tages, its poor solvency with respect to polar compounds can
be a problem. Until now, attempts to find suitable hydrocarbon-
based surfactants have had a limited success. One strategy that
has proven quite successful for overcoming this limitation is to
make use of CO2-philic functional groups to behave as surfac-
tants. It has been verified that the solubility of a compound in
carbon dioxide is increased if it contains a fluorinated alkyl
segment, since CO2 is more soluble in fluorinated compounds
than in their hydrocarbon counterparts.4

Despite this fact, experimental data relating the solubility of
CO2 in perfluoroalkanes is almost inexistent, and to our
knowledge, only the mixture CO2 + n-perfluorohexane was
studied by Iezzi et al.5 at 314.65 and 353.25 K and, more
recently, by Lazzaroni et al.6 at 313 K. There are two main
reasons why more data on this subject are needed: first,
perfluoroalkanes are expensive compounds, and so the search

for the best perfluroalkane to be used in each application
becomes an extremely expensive step for the optimal application
in a given process; and second, experimental data for different
systems and at different conditions can help to elucidate why
fluorinated compounds are so soluble in supercritical CO2 and
are far superior surfactants than hydrocarbons, thus promoting
the development of more accurate models for these systems.

Several authors employing different techniques and methods
have worked on this issue with results leading to different
conclusions. To explain the higher solubility of CO2 in per-
fluoroalkanes when compared with the corresponding alkanes,
some authors suggested a specific solute-solvent interaction
between the fluoroalkanes and the CO2. Cece et al.7 justified
by ab initio calculations the enhanced binding in the CO2-
C2F6 due to the electrostatic interaction between the positively
charged carbon atom of CO2 and the negatively charged fluorine
atoms in the perfluoroalkane. Also through ab initio calculations,
Raveendran and Wallen2 studied the effect of stepwise fluorina-
tion on the CO2-philicity. The authors concluded that CO2-
perfluoralkane and CO2-alkane interactions have a different
nature, although they are energetically comparable. The per-
fluoroalkanes interact with CO2 through its carbon atom, while
alkanes interact through the oxygen atoms. These findings agree
with the experimental results of Dardin et al.8, who, using high-
pressure1H and 19F NMR, identified specific solute-solvent
interactions, which were qualitatively explained in terms of the
surface accessibility of fluorine atoms in the various CF2CF3

units in perfluoroalkanes.
Contrary to the previous studies, Diep et al.9, using higher

levels of theory than those employed in the study by Cece et
al.7, did not find any particular attraction between CO2 and
perfluoroalkanes, relative to the corresponding alkanes. Fur-
thermore, the authors reported binding energies of CO2-alkanes
ranging from-3.3 to -4.9 kJ/mol, which are slightly higher
than those in the CO2-perfluoroalkanes species. The same
conclusions were achieved by Yee et al.10 through infrared
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spectroscopy, founding no evidence of special attractive interac-
tions between CO2 and perfluoroethane. Yonker and Palmer11

studied high-pressure1H and 19F NMR spectra of the neat
fluorinated methanes and their CO2 mixtures and concluded that
there are no distinct or specific interactions between the
fluorinated methanes and CO2.

Molecular simulations have also been performed for some
carbon dioxide/alkane and carbon dioxide/n-perfluoroalkane
mixtures. Cui et al.12 carried out a molecular simulation study
of the vapor-liquid equilibria ofn-hexane-CO2 and perfluoro-
n-hexane-CO2 binary mixtures using the Gibbs ensemble
Monte Carlo method. The authors did not introduce any binary
interaction parameters in their study, and so their results are, in
the authors’ own words, essentially qualitative. However, the
fact that simple interaction-site models correctly predicted the
increase of the miscibility for perfluoroalkane-CO2 compared
with the alkane-CO2 mixture indicates that geometric packing
and dispersion interactions have a major role on the miscibility
in the two mixtures.

Recently, Gomes and Padua13 obtained conformational and
structural properties of perfluoralkanes and alkanes, applying
the molecular dynamics method using flexible, all-atom force
fields containing electrostatic charges. The authors concluded
that it is easier to form a cavity in perfluoroalkanes than in
alkanes. This fact can justify the higher solubility of gases in
perfluoroalkanes but cannot justify the higher solubility of a
bigger molecule, such as CO2, when compared to other smaller
gases, a fact that the authors explain as resulting from differences
in solute-solvent interactions. The same study refers that
electrostatic terms play a minor role in the interactions between
CO2 and both alkanes and perfluoroalkanes, and that stronger
interactions of carbon dioxide with nonpolar solvents should
be attributed to dispersion forces and not to any particular
affinity of CO2 for perfluorinated liquids. In a recent work,
Zhang and Siepmann14 presented phase diagrams for selected
n-alkanes, n-perfluoroalkanes, and carbon dioxide ternary
mixtures, as a function of pressure, from Monte Carlo simula-
tions. They used two binary interaction parameters for the
alkane-perfluoroalkane mixtures, fitted to a particular mixture,
and used them in a transferable manner for the rest of the
mixtures involving the two compounds. Carbon dioxide was
modeled considering the polar charges in an explicit manner,
and no binary interaction parameters were used for the carbon
dioxide binary mixtures. The agreement with the available data
for the binary phase diagrams is fair, and hence, a qualitative
agreement with the ternary mixtures is expected. An interesting
part of this work is the use of molecular simulations to study
the structure and microheterogeneity of the mixtures through
the analysis of the radial distribution functions.

Colina et al.15 studied the phase behavior of mixtures
containing carbon dioxide,n-alkanes, andn-perfluoroalkanes
within the context of the statistical associating fluid theory,
SAFT, for potentials of variable attractive range (SAFT-VR).16

In their work, the quadrupole was not treated explicitly but rather
in an effective way via the square-well potential of depthε11

and adjustable rangeλ11. They used two binary parameters for
the mixtures, fitted to the CO2/n-tridecane mixture. These binary
parameters were used to predict the behavior of CO2/n-alkane
and CO2/n-perfluoroalkane mixtures, obtaining good agreement
for the CO2/n-alkane mixtures but only a fair agreement for
the CO2/perfluorohexane mixture (the only experimental CO2/
perfluoroalkane mixture available). Better results would prob-
ably be obtained if the binary parameters were fitted to the

perfluoroalkane mixture specifically. Note also that no electro-
static interactions were explicitly included.

The objective of this work is to check the influence of the
molecular structure and the polar interactions on the high-
pressure solubility of carbon dioxide in different perfluoro-
alkanes. New experimental data and modeling results for these
systems are presented. The main goal is to contribute with more
experimental data relating fluorinated systems and also to get
some insight into some of the questions that are still under
discussion, such as the role of the quadrupole in these mixtures.
For this purpose, a modified version of the statistical associating
fluid theory, known as soft-SAFT,17,18 was used. This model
has already been used to describe experimental data relating
the solubility of oxygen and alkanes in perfluoroalkanes,19 as
well as mixtures of carbon dioxide with alkanes and 1-alkanols,20

with high accuracy. In this work, soft-SAFT is used as a tool
to infer the role of the quadrupolar interaction for mixtures
containing carbon dioxide. For this purpose, a polar term was
added to the original soft-SAFT equation of state (EoS) to
account for the influence of electrostatic contributions to the
global properties of systems containing at least one component
with a quadrupole moment. Special care was taken for the
physical meaning of the molecular parameters used, as well as
the transferability of the binary parameters.

In the next section, the experimental setup and procedure used
to measure the solubility of CO2 in perfluoroalkanes is presented.
The modeling section presents the soft-SAFT model, focused
mainly in the polar term added to the equation to account for
the quadrupole moment on the CO2 and aromatic molecules.
In the results and discussion section, soft-SAFT predictions are
compared to the experimental data measured and conclusions
are drawn about the influence of electrostatics in the forces
ruling these systems.

Experimental Section

Chemicals used for the measurements were perfluoro-n-octane
(98%) and perfluorobenzene (99%) from Fluorochem, perfluoro-
decalin (99%) from Flutec, perfluorotoluene (99%) from Apollo
Scientific, and perfluoromethylcyclohexane (96%) from ABCR.
The carbon dioxide used was from Messer France with a degree
of purity >99.9%. Solvents and gas were used with no further
purification.

The technique used to carry out vapor-liquid equilibrium
measurements with carbon dioxide is based on a synthetic
method, which avoids sampling and analyses of both phases.
The experimental apparatus used in this work has been described
in detail elsewhere, and a good agreement on phase equilibria
for the system methane/hexadecane was obtained with literature
data.21 The experimental apparatus, shown in Figure 1, is
essentially made up of a variable-volume high-pressure cell. It
consists of a horizontal, hollow stainless-steel cylinder closed
at one end by a movable piston. The other end is closed by a
sapphire window that allows visual observation of the entire
fluid in study. A second sapphire window is fixed on the
cylinder wall in order to light the fluid with an optical fiber.
This orthogonal positioning of light and observation limits the
parasitic reflections and thus improves the observation in
comparison to axial lighting. A video acquisition system made
up of an endoscope plus a video camera is placed behind the
sapphire windows in order to display on the screen of a computer
what happens inside the measuring cell. A small magnetic bar
is placed inside the cell to allow the homogenization of the
mixture by means of an external magnetic stirrer. Because of
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the presence of this magnetic stirring bar as well as of the second
window, the minimum internal volume is limited to 8 cm3,
whereas the maximum volume was fixed to 30 cm3 to limit the
size of the cell and, thus, to reduce thermal inertia and
temperature gradients within the cell. The temperature of the
cell is kept constant by circulating a heat-carrier fluid through
three flow lines directly managed in the cell. This heat-carrier
fluid is thermoregulated with temperature stability of 0.01 K
by means of a thermostat bath circulator (Haake). The temper-
ature is measured with a high-precision thermometer (AOIP,
model PN 5207), with an accuracy of 0.1 K, connected to a
calibrated platinum resistance sensor inserted inside the cell
close to the sample. The pressure is measured by a piezoresistive
silicon pressure transducer (Kulite, model HEM 375, working
in the full-scale range of 100 MPa) fixed directly inside the
cell to reduce dead volumes. However, as this pressure
transducer is placed inside the cell, it is subjected to changes
in temperature and it needs to be calibrated. This calibration
was done in the temperature range 273-507 K by means of a
dead-weight gauge (Bundenberg) with uncertainty better than
0.02%. The uncertainty of the transducer in the experimental
range studied is 0.02 MPa.

The binary mixtures are prepared directly in the measuring
cell. The cell is first loaded with a known amount of liquid
perfluoroalkane by vacuum extraction. The exact mass of liquid
introduced is determined by weighing during its introduction
in the cell with a precision balance (Ohaus) with an uncertainty
of 0.1 mg. The carbon dioxide is then added under pressure.
For this purpose, the gas is initially loaded at saturation pressure
in an aluminum reservoir tank (Gerzat) loaded on the pan of a
high-weight/high-precision balance having a maximum weighing
capacity of 2000 g with an accuracy of 1 mg (Sartorius) and
connected to the measuring cell by means of a flexible, high-
pressure capillary. The needed amount of gas is then transferred
from the gas container to the measuring cell. The exact mass
of gas injected into the measuring cell is determined by weighing
the reservoir tank during filling.

After the mixture of known composition reaches the desired
temperature at low pressure, the pressure is slowly increased at

constant temperature until the system becomes homogeneous.
During the experiment, the mixture is continuously stirred at
high frequency to keep the system in equilibrium during the
compression. To avoid supersaturation effects, the fluid phase
boundary between the two-phase and the single-phase states is
obtained by measuring the pressure when the second phase is
visually observed to disappear. For each temperature, the
measure is repeated five times. Reproducibility of the pressure
disappearance measurements is within 0.02 MPa.

Soft-SAFT EoS and Molecular Model. SAFT EoSs are
generally formulated in terms of the residual molar Helmholtz
energy,Ares, defined as the molar Helmholtz energy of the fluid
relative to that of an ideal gas at the same temperature and
density. Ares is defined as the sum of several independent
microscopic terms whose number depends on the systems under
analysis. There are several versions of the SAFT equation
available in the literature, most of them differing in the reference
fluid.16-18,22-24 An excellent review on the development,
applications, and different versions of SAFT-type equations was
provided by Müller and Gubbins25 and also by Economou.26

The general expression of the soft-SAFT equation used in
this work is defined as

Aref accounts for the pairwise intermolecular interactions of the
reference system,Achain evaluates the free energy due to the
formation of chains from units of the reference system,Aassoc

takes into account the contribution due to site-site association,
andApolar accounts for the electrostatic contribution. The species
in this work are nonassociating so that the association contribu-
tion to the Helmholtz free energy is zero.

In the soft-SAFT EoS, the reference term is a Lennard-Jones
(LJ) monomer fluid, which accounts both for repulsive and
attractive interactions. The reference term is calculated using
the LJ EoS proposed by Johnson et al.27 When dealing with
mixtures, the well-known van der Waals one-fluid mixing rules
are used. For the determination of unlike parameters, the
generalized Lorentz-Berthelot combining rules are employed,

whereη andê are the binary parameters for the speciesi and
j, which are usually fitted to experimental data. On the basis of
the polymerization limit of Wertheim’s theory,Achain is obtained
as a function of the chain length of the different speciesmi and
the pair correlation function of the reference fluid mixture.
Hence, the radial distribution function of LJ monomersgLJ is
used in the soft-SAFT EoS.

whereNm is the number of molecules in the system, withFm
i

) Nm
i/V being the molecular density;kB is the Boltzmann

constant;T is the temperature; xi is the mole fraction of
componenti; and the summation extends for alli compounds
in the mixture.

The leading multipole term for fluids of linear symmetrical
molecules, like carbon dioxide, nitrogen, acetylene, etc., is the
quadrupole-quadrupole potential.28 An expansion of the Helm-
holtz free energy in terms of the perturbed quadrupole-

Figure 1. Schematic diagram of the apparatus: (1) high-pressure, variable-
volume cell; (2) piezoresistive pressure transducers; (3) magnetic bar; (4)
thermostat bath circulator; (5) thermometer connected to a platinum
resistance; (6) endoscope plus a video camera; (7) screen; (8) perfluoro-
alkanes; (9) vacuum pump; and (10) carbon dioxide.

Ares) Atotal - Aideal ) Aref + Achain+ Aassoc+ Apolar (1)

σij ) ηij

σii + σjj

2
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εij ) êijxεiiεjj (3)

Achain) NmkBT∑
i

xi(1 - mi) ln gLJ (4)
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quadrupole potential with the Pade´ approximation was proposed
by Stell et al.:29

Expressions forA2 and A3, the second- and third-order
perturbation terms, were derived for an arbitrary intermolecular
reference potential30,31and involve the state variables, molecular
parameters, and the integralJ for the reference fluid. A detailed
derivation of these expressions is given elsewhere.28 This new
term in the soft-SAFT EoS involves an additional molecular
parameter,Q, the quadrupolar moment.

Within the soft-SAFT context, perfluoroalkanes and carbon
dioxide are modeled as fully flexible LJ chains of lengthm.
The molecular parameters for the perfluoroalkane molecules are
then as follows:m, the chain length;σ, the size parameter; and
ε, the energy parameter. These parameters were obtained by
fitting the experimental vapor-pressure and liquid-density data
following the procedure described in our previous work.19

When the quadrupole moment is explicitly taken into account,
two more parameters have to be considered, the quadrupolar
momentQ and xp, defined as the fraction of segments in the
chain that contain the quadrupole.32 In this work, it was
considered that carbon dioxide, perfluorobenzene, and perfluo-
rotoluene present a quadrupole moment.

Experimental values for the quadrupole moment in carbon
dioxide and perfluorobenzene are available in the literature.33,34

No reference was found regarding the quadrupole in perfluo-
rotoluene, but knowing that the quadrupole moment for benzene
is similar to that of toluene35 and that of perfluorobenzene
although with a opposite sign,34 it is legitimate to assume that
the quadrupole in perfluorotoluene will be similar to that in
perfluorobenzene and with the same sign. Regarding the
molecular parameterxp, it was fixed to1/3 for carbon dioxide
and1/6 for perfluorobenzene and perfluorotoluene, mimicking
the molecules as three and six segments with a quadrupole in
one of them. Therefore, withxp andQ fixed, only the usualm,
σ, andε parameters need to be adjusted. They were readjusted
in the usual way by fitting vapor pressure and saturated-liquid
densities to experimental data. The values for the quadrupole
momentsQ for these molecules obtained from the fitting are in
agreement with the ones present in the literature.33,34 The
parameters for all the components studied in this work are
presented in Table 1. References for the experimental vapor-
pressure and density data used to adjust the molecular parameters
and the quadrupole moment are indicated in the table together
with the absolute average deviation (AAD) between experi-

mental data and the predictions given by the soft-SAFT EoS.
Vapor pressures and liquid densities are fitted to experimental
data with an AAD less than 3.8% and 1.7%, respectively.

Results and Discussion

High-pressure phase diagrams for the mixtures CO2/perfluoro-
n-octane, CO2/perfluorodecalin, CO2/perfluorobenzene, CO2/
perfluorotoluene, and CO2/perfluoromethylcyclohexane, at tem-
peratures ranging from 293.15 to 353.15 K, were measured.
Experimental results obtained for the five mixtures studied are
reported in Table 2.

Figures 2 and 3 compare experimental data at the lowest and
highest temperatures measured, respectively. It can be observed
that the solubility of the CO2 in different compounds is very
similar, with the differences being larger near the critical point
of CO2. However, some differences should be noted: the
solubility of CO2 in perfluorodecalin is always smaller than in
the linear perfluoroalkane (perfluoro-n-octane). The solubility
of CO2 in perfluoromethylcyclohexane is between that in
perfluorodecalin and that in perfluoro-n-octane. At lower
temperatures, the aromatic compounds present the highest CO2

solubility and no significant difference can be observed between
them. The temperature effect on the solubility is more pro-
nounced for the aromatic perfluoroalkanes than for the saturated
compounds. To address a possible chain size effect on the
solubility of CO2, data measured in this work for perfluoro-n-
octane were compared with data measured by Iezzi et al.5 for
perfluoro-n-hexane at 314.65 and 353.25 K. As shown in Figure
4, also in this case, no significant difference was found between
the two systems except near the critical point at higher
temperatures, where the CO2/perfluoro-n-octane presents a
slightly more extended two-phase region.

The effect of fluorination was also cheeked by comparison,
whenever possible, between CO2/perfluoroalkane mixtures

Table 1. Soft-SAFT Molecular Parameters for CO2 and
Perfluoroalkanesa

component m
σ

(nm)
ε/kB

(K)
Q

(C‚m2) ref
AAD (%)

Pvap
AAD (%)
density

CO2 2.681 253.4 153.4 36 0.25 0.44
CO2 1.571 318.4 160.2 4.4× 10-40 36 0.50 0.90
C6F6 3.148 364.7 253.6 37 3.61 0.19
C6F6 3.253 360.2 245.5 5.0× 10-40 37 2.39 0.30
C7F8 3.538 376.4 253.0 37 3.11 0.52
C7F8 3.636 372.3 246.5 5.0× 10-40 37 2.63 0.40
C8F18 3.522 452.1 244.7 19 3.66 0.09
C7F14 3.463 415.0 228.6 38 0.16 1.73
C10F18 2.696 499.9 310.1 37 3.80 0.05

a Also presented are the references for the experimental data used to
adjust the molecular parameters and the absolute average deviations between
experimental data and the correlation given by the soft-SAFT EoS.

Aqq ) A2
qq( 1

1 -
A3

qq

A2
qq) (5)

Figure 2. Experimental measured solubility of CO2 in perfluoroalkanes at
293.15 K: perfluoro-n-octane ([), perfluorodecalin (9), perfluorobenzene
(2), perfluorotoluene (×e1b), and perfluoromethylcyclohexane (×).
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studied in this work and the corresponding CO2/alkane systems.
As shown in parts a and b of Figure 5, it was observed that,
besides the solubility of carbon dioxide always being higher in
the fluorinated systems, the solubility of carbon dioxide in the
different structural alkanes is similar, showing the same trends
found in the CO2/perfluoalkane mixtures. This observation
agrees with the hypothesis stated above that there is no particular
interaction between CO2 and perfluoroalkanes and that the
higher solubility of the gas in this system is essentially due to
geometric packing and dispersion interactions.

As mentioned previously, the quadrupole term was introduced
in the soft-SAFT equation to check its effect on the CO2

mixtures, as compared to the experimental data. Figures 6, 7,
and 8 show a comparison between the experimental data for
the systems CO2/perfluorobenzene, CO2/perfluorotoluene, and
CO2/perfluoro-n-octane, respectively, with predictions from the
soft-SAFT equation with and without the quadrupole term, at
three different temperatures, 293.15, 323.15, and 353.15 K.
Symbols correspond to the experimental data; dashed lines show
calculations performed with soft-SAFT without the quadrupole,

Table 2. P (MPa)-xCO2-T (K) Data for CO 2-Perfluoroalkane Mixtures at Different Temperatures from 293.15 to 353.15 K

xCO2 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K

CO2-perfluoro-n-octane (C8F18)
0.104 0.53 0.59 0.65 0.71 0.78 0.84 0.90
0.212 1.12 1.25 1.38 1.51 1.63 1.76 1.89
0.261 1.39 1.57 1.74 1.91 2.09 2.26 2.44
0.370 1.98 2.26 2.53 2.80 3.07 3.35 3.62
0.473 2.57 2.94 3.32 3.70 4.08 4.46 4.84
0.601 3.29 3.85 4.40 4.95 5.51 6.06 6.61
0.701 3.86 4.59 5.32 6.05 6.79 7.52 8.25
0.784 4.17 5.04 5.92 6.80 7.68 8.56 9.43
0.850 4.60 5.59 6.58 7.58 8.57 9.57 10.56
0.900 4.73 5.98 7.14 8.22 9.20 10.09 10.89
0.944 4.95 6.41 7.67 8.72 9.57 10.21 10.64
0.960 4.96 6.42 7.67 8.70 9.52

CO2-perfluorodecalin (C10F18)
0.098 0.73 0.80 0.87 0.95 1.02 1.10 1.17
0.262 1.70 1.91 2.12 2.32 2.53 2.74 2.95
0.349 2.22 2.52 2.83 3.13 3.43 3.73 4.03
0.473 2.90 3.38 3.87 4.35 4.83 5.31 5.79
0.570 3.46 4.11 4.76 5.41 6.06 6.70 7.35
0.674 4.04 4.88 5.73 6.57 7.42 8.26 9.11
0.775 4.50 5.55 6.59 7.64 8.69 9.73 10.78
0.850 4.88 6.07 7.25 8.44 9.62 10.81 12.00
0.900 5.11 6.39 7.68 8.96 10.24 11.53 12.81
0.946 5.32 6.80 8.17 9.43 10.59 11.65 12.60

CO2-perfluorobenzene (C6F6)
0.107 0.61 0.72 0.82 0.93 1.04 1.14 1.25
0.199 0.99 1.19 1.38 1.58 1.77 1.97 2.16
0.299 1.49 1.80 2.10 2.40 2.70 3.01 3.31
0.410 2.00 2.45 2.89 3.33 3.77 4.22 4.66
0.510 2.52 3.10 3.68 4.26 4.84 5.42 6.00
0.600 3.00 3.71 4.43 5.15 5.87 6.59 7.30
0.700 3.58 4.48 5.37 6.26 7.15 8.05 8.94
0.800 4.19 5.25 6.32 7.39 8.46 9.53 10.59
0.850 4.49 5.63 6.77 7.91 9.04 10.18 11.32
0.900 4.84 6.17 7.43 8.59 9.68 10.67 11.58
0.950 5.25 6.66 7.90 8.99 9.92 10.68 11.29

CO2-perfluorotoluene (C7F8)
0.101 0.63 0.71 0.79 0.87 0.95 1.03 1.12
0.205 1.11 1.30 1.48 1.67 1.86 2.05 2.24
0.302 1.51 1.81 2.10 2.39 2.68 2.98 3.27
0.400 1.99 2.40 2.81 3.22 3.62 4.03 4.44
0.497 2.45 3.00 3.55 4.10 4.65 5.20 5.75
0.603 3.00 3.72 4.43 5.15 5.87 6.59 7.31
0.701 3.62 4.49 5.36 6.23 7.10 7.97 8.84
0.801 4.22 5.27 6.32 7.37 8.42 9.47 10.52
0.872 4.77 5.94 7.12 8.29 9.47 10.64 11.82
0.901 4.95 6.30 7.59 8.80 9.95 11.02 12.02
0.950 5.21 6.72 8.05 9.21 10.18 10.97 11.58

CO2-perfluoromethylcyclohexane (C7F14)
0.099 0.71 0.79 0.88 0.96 1.05 1.14 1.22
0.203 1.27 1.45 1.63 1.81 1.98 2.16 2.34
0.300 1.83 2.09 2.36 2.62 2.88 3.14 3.41
0.401 2.41 2.78 3.14 3.51 3.87 4.24 4.61
0.514 2.99 3.51 4.03 4.55 5.07 5.59 6.11
0.600 3.46 4.10 4.74 5.38 6.02 6.66 7.30
0.701 3.97 4.76 5.55 6.34 7.13 7.92 8.71
0.800 4.46 5.46 6.44 7.39 8.32 9.23 10.10
0.870 4.82 5.91 7.02 8.17 9.22 10.03 10.48
0.900 5.02 6.14 7.34 8.48 9.46 10.13 10.40
0.950 5.40 6.70 7.96 8.99 9.59 9.58 8.77
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while the full lines represent calculations with the polar term.
It can be observed that the quadrupole has a significant influence
on the description of the phase behavior of the mixtures
involving aromatic compounds. Polar soft-SAFT is able not only
to provide an overall better agreement but also to capture the

changes in the curvature as a function of temperature. Note that
no binary parameters were fitted in these cases; the lines are
full predictions from the pure-component parameters.

Results obtained for perfluorodecalin and perfluoromethyl-
cyclohexane (not shown here) are similar to the ones obtained

Figure 3. Experimental measured solubility of CO2 in perfluoroalkanes at
353.15 K: symbols as in Figure 2.

Figure 4. Effect of the chain size on the solubility of CO2 in perfluoroalkane
systems at 313 and 353 K: data measured for CO2/perfluoro-n-octane system
in this work ([) and experimental data measured for CO2/perfluoro-n-hexane
system by (+) Iezzi et al.5 Note that data presented by Iezzi et al.5 for the
lower temperature was actually measured at 314.65 K

Figure 5. Comparison between theP-x diagrams for (a) the CO2/alkane
mixtures and (b) the corresponding CO2/perfluoroalkane mixtures at a given
temperature of 313 or 323 K depending on the data available on the
literature: (s) CO2/n-hexane,39 (]) CO2/n-octane,40 (0) CO2/decalin,41 (x)
CO2/methylcyclohexane,42 (4) CO2/benzene,43 and (O) CO2/toluene.6 Data
for the CO2/C6F14 mixture (+) was taken from the work of Iezzi et al.5
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for perfluoro-n-octane, meaning that the introduction of the
quadrupole effect does not seem to noticeably influence the
description of the phase equilibria for non-aromatic perfluoro-
compounds.

In previous work, it was observed that binary parameters are
needed for obtaining quantitative predictions if the lengths of
the two molecules involved in the mixtures are different and/or
their shape deviates from spherical.18 Using another EoS,
Kontogeorgis et al.44 and Coutinho et al.45 showed that, for
athermal mixtures, the use of a size binary parameter would
provide a better and more meaningful description of the data
and that the use of this parameter would reduce the size of the
energy binary parameter to be used in systems where energetic
interactions are important. As previously with oxygen/perfluo-
rocarbons,19 a good description of the phase diagrams of CO2/
perfluoroalkanes requires the use of two interaction parameters.
One of the main advantages of using a molecular-based EoS is
that parameters should not depend on the thermodynamic
conditions. In our case, theP-x curves were found to be
sensitive to the energy binary parameter,êij , but relatively
insensitive to the binary size parameter,ηij ,. Hence, the
procedure followed here was to fix the binary size parameter
and adjust only the energy parameter to experimental data at
323.15 K for each mixture. In this way, the size and energy
binary parameters were transferred within the same mixture at
different conditions. Additionally, the size parameter was also
transferred for different compounds.

Table 3 compares the binary parameters adjusted when the
quadrupole moment is considered explicitly and in an effective
way. When the polar term is included, the binary energy and
size parameters are consistently closer to unity than when the
nonpolar soft-SAFT EoS is used. This is expected, since the
polar equation explicitly considers the quadrupole, with an extra

Figure 6. Predictions of the vapor-liquid equilibrium of CO2/perfluo-
robenzene system at 293.15, 323.15, and 353.15 K. Symbols represent
experimental data measured in this work. Dashed lines correspond to the
original soft-SAFT model, and solid lines correspond to the polar soft-
SAFT model. In both cases, the size and the energy binary interaction
parameters are set to one.

Figure 7. Predictions of the vapor-liquid equilibrium of CO2/perfluoro-
toluene system at 293.15, 323.15, and 353.15 K. Legend as in Figure 6.

Figure 8. Predictions of the vapor-liquid equilibrium of CO2/perfluoro-
n-octane system at 293.15, 323.15, and 323.15 K. Legend as in Figure 6.

Table 3. Optimized Size and Energy Binary Interaction Parameters
for the Mixtures Measured in This Work

with polar term without polar term

system ηij êij ηij êij

CO2-C8F18 1.04 0.890 1.06 0.790
CO2-C10F18 1.04 0.836 1.06 0.732
CO2-C7F14 1.04 0.902 1.06 0.806
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parameter; in this case, the binary parameters account only for
the unlike van der Waals interactions. On the contrary, when
the quadrupole is not included, the binary parameters, especially
the energy parameter, effectively account for it, showing greater
deviations from unity.

Figures 9, 10, and 11 presentP-x diagrams where experi-
mental data for the binary mixtures CO2/perfluoro-n-octane,
CO2/perfluoromethylcyclohexane, and CO2/perfluorodecalin,
respectively, are compared against the soft-SAFT calculations.
The energy binary parameter was adjusted for each mixture to
the intermediate temperature (323.15 K) and used in a predictive
manner for the other temperatures. The binary size parameter
used for the three mixtures was constant, equal to 1.04 for the
polar soft-SAFT EoS and to 1.06 for the original soft-SAFT
EoS. It can be observed that agreement between the experi-
mental data and the description provided by the soft-SAFT
model with and without the polar term are both excellent for
the three mixtures, at all conditions studied.

Conclusions

New high-pressure equilibrium phase diagrams for CO2/
perfluoralkane mixtures at temperatures ranging from 293.15
to 353.15 K have been measured. The different chemical natures
of the perfluoroalkanes were chosen to investigate its possible
influence on the solubility behavior. It has been observed that
the solubility of CO2 in the selected perfluoroalkanes is very
similar, with a temperature dependence more pronounced in the
case of the aromatic compounds, meaning that enthalpic
interactions are more important on these systems.

The experimental data has been modeled with both the
original and a modified version of the soft-SAFT EoS that takes
into account the quadrupolar interactions. For the CO2/perfluo-
roaromatic mixtures studied, polar soft-SAFT with pure-
component molecular parameters was able to provide quanti-
tative predictions of the experimental data, for the entire
temperature range studied. To quantitatively describe the other
mixtures, a size binary interaction parameter was fixed for all
the mixtures and the energy binary interaction parameter was
adjusted. The results here reported seem to indicate that the

Figure 9. Vapor-liquid equilibrium of CO2/perfluoro-n-octane system at
293.15, 323.15, and 353.15 K. Symbols represent experimental data
measured in this work. Solid lines correspond to the soft-SAFT model
including the polar term, and black dashed lines correspond to the original
soft-SAFT model at optimized size and energy binary interaction parameters
(Table 3).

Figure 10. Vapor-liquid equilibrium of CO2/perfluoromethylcyclohexane
system at 293.15, 323.15, and 353.15 K. Legend as in Figure 9.

Figure 11. Vapor-liquid equilibrium of CO2/perfluorodecalin system at
293.15, 323.15, and 353.15 K. Legend as in Figure 9.
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quadrupole is only important for the description of systems of
CO2 with perfluoroaromatic compounds.
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List of Symbols

A ) Helmholtz energy
g ) radial distribution function
m ) chain length, number of Lennard-Jones segments
Q ) quadrupole moment (C‚m2)
R ) real gas constant
T ) temperature
x ) molar fraction

Greek Symbols

ε ) soft-SAFT Lennard-Jones energy parameter
η ) soft-SAFT binary interaction parameter for size
ê ) soft-SAFT binary interaction parameter for energy
σ ) soft-SAFT Lennard-Jones size parameter (segments diam-

eter)

Superscripts

assoc) related to association contributions
chain) related to chain-bonding contributions
ideal ) related with the ideal-gas contribution
polar ) related to polar-moments contributions
ref ) reference-term contributions
total ) total sum of the contributions

Subscripts

i ) componenti
j ) componentj
LJ ) Lennard-Jones
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