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Abstract

Despite the structural similarity between perfluoroalkanes (PFCs) and alkanes (HCs), mixtures containing these two classes of compounds
present large deviations from Raoult’s law and extended immiscibility regions. The study of these mixtures is of great interest for both practical
applications and testing or improving theories of mixtures as well as for the general understanding of solute–solvent interactions. In this work, new
liquid–liquid equilibrium (LLE) data for mixtures of perfluoro-n-octane and linear alkanes from C6 to C9 are presented. Data were measured at
atmospheric pressure by turbidimetry and at pressures up to 150 MPa using a laser light scattering technique. The binary liquid–liquid equilibrium
data were correlated using relations derived from renormalization group (RG) theory and the Modified UNIFAC with temperature dependent
interaction parameters. The soft-SAFT equation of state (EoS) was also used, with parameters taken from vapour–liquid equilibrium (VLE) data
to study their transferability to liquid–liquid equilibrium data. It is shown that using those parameters soft-SAFT can provide a good description
of the data measured far from the critical point at atmospheric pressure and a correct dependence of the critical temperature up to 150 MPa if the
size interaction parameter is also considered.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The mutual incompatibility between perfluoroalkanes (PFCs)
and alkanes (HCs) generates a set of interesting phenomena in
all states of matter expressed as large regions of liquid–liquid
immiscibility, large positive deviations from Raoult’s law, and
large positive excess properties [1,2]; microphase separation,
segregation, and self-assembly [3], negative aneotropy or min-
ima in the surface tension versus composition diagrams [4],
among others are also found. All these phenomena reflect the
bulk thermodynamics of these mixtures, which are characterized
by weak, unlike interactions.

∗ Corresponding author. Tel.: +351 234 370200; fax: +351 234 380074.
E-mail address: imarrucho@dq.ua.pt (I.M. Marrucho).

Since the late 1940s, the potential application of these sys-
tems as refrigerant mixtures or as immiscible solvents has moti-
vated their study. The hydrophobicity of fluorinated compounds
(that makes them immiscible at room temperature with water
and with many common organic solvents) as well as their abil-
ity to form a homogenous solution at elevated temperatures with
several of these solvents together with their inertness, their sol-
ubility in supercritical CO2, and their ability to dissolve gases,
assemble them and their mixtures interesting materials to be
used in new applications. These include their use as two-phase
reaction media in a novel technique known as “Fluorous Phase
Organic Synthesis” (FPOS) [5–7].

A bibliographic review on available experimental data of
(PFC + HC) systems is compiled in Table 1. It summarizes
the methods and experimental conditions used to perform
liquid–liquid solubility measurements for mixtures of linear,

0378-3812/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Table 1
Compilation of references reporting experimental liquid–liquid solubility data for perfluoroalkane + alkane systems

System Method T range (K) P range (MPa) Reference

C7F14 + C6H6 Synthetic 308–359 0.1 Hildebrand and Cochran [8]
C7F14 + C7H8 316–362

C7F16 + C6H6 Synthetic 330–387 0.1 Hildebrand et al. [9]
C7F16 + C7H16 300–323

C5F12 + C5H12 Synthetic 0.1 Simons and Dunlap [10]
C4F10 + C4H10 Synthetic 0.1 Simons and Mausteller [11]
C7F16 + C8H18 Synthetic 300–341 0.1 Campbell and Hickman [12]
C7F16 + C6H14 Synthetic 283–302 0.1 Hickman [13]
C6F14 + C6H14 Synthetic 250–294 0.1 Bedford and Dunlap [14]

C6F14 + C6H14 Synthetic 290–295 0.1 Lepori et al. [1]
C6F14 + C7H16 300–315
C6F14 + C8H18 286–325

C8F18 + C6H14 Synthetic 260–314 0.1 Lo Nostro et al. [3]
C8F18 + C7H16 293–331
C8F18 + C8H18 295–349

cyclic and aromatic alkanes with perfluoroalkanes that are liq-
uid at ambient temperature. Although significant experimental
data have been reported, the fact is that, to date, there are aspects
related to these mixtures that are not yet completely understood.
As a consequence, there is no single method/model able to cor-
rectly predict or describe this type of mixtures.

In the early 1950s, it was believed that (PFC + HC) mixtures
would be completely miscible in all proportions and that the
regular solution theory [15] would describe these mixtures, at
least qualitatively. When the first results for LLE data begun to be
published – revealing their high non-ideality – new explanations
had to be considered to account for their anomalous behaviour.
Several approaches or proposals to solve this issue were pre-
sented. For instance, the failure of the geometric combining rule
due to the interpenetration between neighboring C H groups
which leads to an abnormally strong hydrocarbon–hydrocarbon
interaction energy, were corrected by an empirical shift in the
solubility parameter, δ, of the hydrocarbons. Additionally, cor-
rections to the regular solution theory to include the effect of
volume changes that occur on mixing and modifications of
regular solution theory to take into account size and ioniza-
tion potential differences between the two components were
considered. However, as reported by Scott [16] none of the
suggestions fully accounted for the anomalous behaviour of all
systems investigated. In the 1970s, Siebert and Knobler [17]
measured the second virial coefficients of n-alkanes, perfluoro-
n-alkanes, and their mixtures and concluded that the anomalous
behaviour of alkane + perfluoroalkane systems was due to the
failure of the geometric-mean rule to describe the unusually
weak hydrocarbon–fluorocarbon attractive interaction. They
discussed possible reasons for such a weak, unlike interaction
between the two components: non-central forces, large ioniza-
tion potential differences, and large size differences, concluding
that the observed deviation from the geometric-mean prediction
was most likely due to the latter. This explanation had previ-
ously been suggested by Dyke et al. [18] and Rowlinson [19]
from studies of the gas–liquid critical line and a review of the

data available, respectively. The results indicated that the inter-
actions between perfluoroalkanes and alkanes were about 10%
weaker than the geometric mean of the like-molecule interac-
tions.

Similar conclusions were drawn by Mousa et al. [20] when
they tried to apply the theory of conformal solutions to calculate
the critical properties of several perfluoralkane + alkane mix-
tures. The authors observed that accurate results were obtained
only when an unlike parameter equal to 0.92 was used to calcu-
late the mixed interaction constant. Archer et al. [21] reported
the first attempt to account for the liquid–liquid thermody-
namics of alkane + perfluoroalkanes mixtures using the bonded
hard-sphere (BHS) theory, that has its roots in the theory of
Wertheim [22], as the soft-SAFT equation of state (EoS) used
in this work, and that incorporates in its development the same
structural idea. The authors used the BHS theory to account
for repulsive interactions and the van der Waals one-fluid the-
ory to describe attractive interactions. They found this approach
accurate enough to describe properly the critical properties of
alkanes, perfluoroalkanes and their mixtures. They observed that
to correctly describe the UCST of the alkane + perfluoroalkanes
mixtures, the correction parameter ξ in the geometric-mean rule
for the van der Waals cross-term must be equal to 0.909 for all
the mixtures studied. By applying this correction, they usually
found that the difference between calculated and experimental
values would not exceed 7%.

Recently, renewed interest on the subject came out with the
work of McCabe et al. [23] and Colina et al. [24], both modelling
the solution thermodynamics of alkane + perfluoroalkanes mix-
tures using the statistical associating fluid SAFT-VR approach.
Interestingly, these authors found that to reproduce the observed
mixing behaviour within the SAFT-VR model, the interaction
energies between perfluoroalkane and alkane interaction sites
had to be reduced by ca. 8% relative to the geometric-mean pre-
diction, a result which is similar to that found by Knobler and
co-workers. McCabe et al. [23] studied the high-pressure phase
behaviour of a number of perfluro-n-alkane (C1–C4) + n-alkane



Aut
ho

r's
   

pe
rs

on
al

   
co

py

212 M.J.P. de Melo et al. / Fluid Phase Equilibria 242 (2006) 210–219

(C1–C7) binary mixtures, and suggested a value ξ = 0.9234.
Later, Colina et al. [24] slightly modified this value to ξ = 0.929 in
order to provide a better fit to the upper critical solution tempera-
ture (UCST) of the C6F14 + C6H14 system. The unlike parameter
was then used in a transferable way to predict liquid–liquid
envelopes and the vapour–liquid phase behaviour of some of
the mixtures measured by Lepori et al. [1]. As presented, the
model could describe quite well the UCST of the mixtures
but predicted narrower phase envelopes than the experimen-
tal ones. Also, the P–x–y diagrams were broader than those
inferred from experimental data as a result of the overestima-
tion of the pure component vapour pressures. In turn, the latter
was due to a rescaling of the parameters to match the critical
point, which made the predictions for subcritical properties less
accurate.

Trying to overcome the higher deviations that McCabe et al.
[23] observed when the chain length of the n-alkane component
increased, Morgado et al. [2], also using the SAFT-VR EoS, con-
centrated on the behaviour of alkane + perfluoroalkane binary
mixtures with chain lengths between five and eight carbon atoms
for both components. They determined a set of binary interac-
tion parameters that can be used to accurately predict the phase
behaviour of alkane + perfluoroalkane systems of longer chain
molecules and focused on the liquid–liquid immiscibility found
close to ambient temperatures, rather than the high-pressure
phase behaviour.

Song et al. [25] examined the use of typical all atom
Lennard–Jones 12-6 plus Coulomb potential functions for sim-
ulating the interactions between perfluorinated molecules and
alkanes together with the Lorentz–Berthelot combining rules
usually employed with such potentials. This model had already
been applied to accurately account for many of the liquid-phase
properties of pure perfluoroalkanes [26] and alkanes [27], and
the authors believed that departures from the geometric-mean
rule mentioned above possibly resulted from inadequate treat-
ment of molecular geometries or from charge distributions in
the models employed in these earlier studies. However, they
noticed that the special character of perfluoroalkane + alkane
interactions was definitely not captured if standard combining
rules were used. The authors compared their calculations with
experimental data for second virial coefficients, gas–liquid sol-
ubilities and enthalpies of liquid mixing and observed that a
reduction of ca. 10% in the interactions between unlike pairs of
molecules was required, which is the same reduction required
when simple single-site representations of molecules are used.
Alternatively, the authors tried the use of two-parameter combin-
ing rules as well as more sophisticated approaches to calculate
the cross-interaction parameters but the results were not conclu-
sive. Ultimately, the underlying physical origins of the unusual
mixing behaviour remained unclear.

In a recent work, Zhang and Siepmann [28] presented phase
diagrams for selected n-alkanes, n-perfluoroalkanes and carbon
dioxide ternary mixtures, as a function of pressure, from Monte
Carlo simulations. 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. The agreement

with the available data for the binary phase diagrams is fair,
and hence a qualitative agreement with the ternary mixtures is
expected.

In a previous study [29], our group used the soft-SAFT
equation of state to model the experimental vapour–liquid equi-
librium (VLE) and liquid–liquid equilibrium (LLE) data for
PFCs + HCs measured by Lepori et al. [1]. The unlike energy
parameter was treated as adjustable, and it was set at the optimum
value ξ = 0.9146 for the correct prediction of the experimen-
tal azeotrope of the perfluoro-n-hexane + n-hexane mixture at
298.15 K. The unlike size parameter was not adjusted (η = 1),
because the simple Lorentz combination rule provided satisfac-
tory results. It is interesting to notice that the value of the unlike
energy parameter agrees well with the values found by other
authors using different models to describe these systems.

In this work, we present new data at both atmospheric pres-
sure and high pressures for the LLE of perfluoro-n-octane with
alkanes ranging from n-hexane to n-nonane. The experimental
data measured is correlated using relations derived from renor-
malization group (RG) theory and Modified UNIFAC model
with temperature dependent interaction parameters. Data are
also modelled using the soft-SAFT equation of state in a predic-
tive way by using the energetic interaction parameter obtained
in our previous work [29] in a transferable manner. It is also
shown that, to correctly describe the pressure dependence of the
LLE data with the soft-SAFT EoS, both size and energy binary
interaction parameters have to be considered.

2. Experimental

Liquid–liquid equilibria of binary mixtures of perfluoro-n-
octane + alkanes, n-CnH2n+2 (n = 6–9), were measured using
synthetic methods: by turbidimetry at atmospheric pressure,
and using laser light scattering techniques for measurements
at pressures up to 150 MPa. All chemicals, from Aldrich, with
claimed purities of 98% (perfluoro-n-octane) and 99% (alkanes)
underwent further drying using 3 Å molecular sieves except the
perfluoro-n-octane, which was used as received. Binary mix-
tures were gravimetrically prepared with an estimated weight
fraction uncertainty of ±2 × 10−5.

In the case of measurements at a nominal pressure of 0.1 MPa,
different samples of perfluoro-n-octane + n-alkane were pre-
pared in ampoules containing a magnetic stirrer. Due to the
density difference between the components, the heavier bottom
phase is richer in PFC, and the upper phase contains mostly
the hydrogenated component. The ampoules were sealed while
frozen using liquid nitrogen to avoid changes in the composition
of the samples. The ampoules containing mixtures at differ-
ent compositions were then immersed in a thermostatic bath
equipped with a calibrated Pt100 temperature sensor with an
uncertainty of 0.05 K. Cloud points were determined by visual
observation while heating the samples until a homogeneous
phase is obtained followed by slow cooling of the mixtures until
phase separation is detected.

Pressure effects on the liquid–liquid equilibrium temperature
were obtained by He–Ne laser light scattering techniques using
two apparatus. One of them, which operates up to pressures



Aut
ho

r's
   

pe
rs

on
al

   
co

py

M.J.P. de Melo et al. / Fluid Phase Equilibria 242 (2006) 210–219 213

of 5 MPa, has a thick-walled Pyrex glass tube cell (internal
volume ∼1.0 cm3, optical length ∼2.6 mm) connected to a
pressurization line and separated from it by a mercury plug. The
apparatus is easy, fast and safe to operate since both temperature
and pressure are computer controlled and it is fully automated
(including data acquisition and treatment). The apparatus, as
well as the methodology used for the determination of phase
transitions, have been recently described in detail [30]. Here,
only a brief description is provided. Scattered light intensity is
captured at a very low angle (2◦ < 2θ < 4◦) in the outer part of
a bifurcated optical cable, while transmitted light is captured in
the inner portion of this cable. The cloud point is the point on the
(Isc,corr)−1 against pressure (p) or temperature (T) least-squares
fits where the slope changes abruptly. Temperature accuracy
is typically ±0.01 K in the range 240 K < T < 400 K. As for
pressure, accuracy is ±0.01 MPa up to 5 MPa. The other
apparatus uses a stainless-steel cylindrical cell [31] closed
on both sides with thick sapphire windows. It was used for
experiments in which pressure was raised up to 150 MPa. In
this case, the hydraulic fluid is the pure alkane in contact with
a sufficiently long (1/16) in. stainless-steel tube filled with
the solution (buffer volume), in order to avoid contamina-
tion during compression/expansion cycles. The total volume
(buffer + optical) of injected solution is typically 1.6 cm3,
although the optical volume roughly corresponds to a mere
0.5 cm3. In the case of isothermal runs, temperature accuracy is
maintained (±0.01 K) but it worsens a bit for isobaric runs. As
for pressure, the uncertainty is ±0.1 MPa in this higher-pressure
range. Either cell can be operated in the isobaric or isothermal
mode. Abrupt changes in either the transmitted or scattered
light upon phase transition sharpen as the thermodynamic path
approaches a perpendicular angle to the one-phase/two-phase
surface. Pressure can be changed much more quickly than
temperature, but, nonetheless, some experimental runs had to
be performed in the isobaric mode due to the relatively low
critical T–p slope presented by the current binary mixtures.

3. Modelling

3.1. Critical point estimation and data correlation

Systems with liquid–liquid equilibria present long-range con-
centration fluctuations in the vicinity of their consolute critical
temperature. Asymptotically close to the critical point the ther-
modynamic properties vary as a simple power of the temperature
difference or concentration difference (referred to their criti-
cal point values) with universal critical exponents, apart from a
regular classical part. The non-classical behaviour of these sys-
tems as they approach their critical point is correctly taken into
account from the renormalization group theory [32]. Since our
liquid–liquid equilibria measurements are very close to the crit-
ical consolute temperature, we have correlated our experimental
data using relations derived from the RG theory. According to
Sengers et al. [33] the following relation is verified in the close
vicinity of the critical point,

�M = B(τ)β (1)

where �M is the difference in the order parameter between
the coexisting phases, β the exponent, B the amplitude, and
τ = (T − Tc)/Tc holds for the reduced temperature that expresses
the distance from the critical point. The order parameter is a
quantity (mole fraction, volume fraction, density, etc.) chosen
to measure the difference between the two coexisting phases. In
the non-asymptotic region Eq. (1) is modified by the presence
of corrections to scaling [34],

�M = B0τ
β[1 + B1τ

∆1 + B2τ
2∆1 + · · ·] (2)

where ∆1 is the correction exponent. The so-called diameter of
the coexisting curve is given by the relationship [35]

MI
1 + MII

1

2
= Mc[1 + A1τ + A2τ

1−α + · · ·] (3)

where α is a critical exponent and MI
1 + MII

1 , and Mc repre-
sent the property chosen for order parameter of component 1 in
phases I, II, and at the critical point, respectively. When Eqs. (2)
and (3) are combined (and perturbation terms are neglected) the
result is the equation used in this work to correlate the experi-
mental data:

φ − φc = fA

(
T − Tc

Tc

)β

(4)

where f = 1 for x > xc and f = −1 for x < xc.

3.2. Modified UNIFAC model

Low pressure liquid–liquid equilibrium data are frequently
modelled using an excess Gibbs energy model. The Modified
UNIFAC model [36] was also used in this work to correlate
the experimental data. The parameters required for the use of
UNIFAC are group volumes (Rk), group surface areas (Qk) and
group-interaction parameters (amn and anm). The volume and
area parameters for the groups involved in the mixtures studied
(CF2, CF3, CH2 and CH3) are already available in the UNIFAC
parameter table [37]. The group interaction parameters between
the two main groups CF2 and CH2 have also been published
for VLE predictions [37]. However, as discussed by Magnussen
et al. [38], it is not possible to quantitatively predict LLE com-
positions using model parameters based on VLE data. In order
to obtain a reliable prediction of multicomponent LLE using
excess Gibbs energy models, it is necessary to establish the
model parameters based on binary and ternary LLE data. In
their work, the authors presented a set of interaction parameters
adjusted to LLE data but that did not include the CF2/CH2 inter-
action. These interaction parameters were adjusted in this work
using the experimental data measured.

The temperature dependence of the interaction parameters is
described by the equation:

amn = amn,1 + amn,2(T − T0) (5)

with amn �= anm and where T0 is an arbitrary reference tempera-
ture, chosen to be 298.15 K in this work. The adjusted parameters
amn,1 and amn,2 are equal to 146 and −0.3914 for the CF2/CH2
interaction and −7.66 and 0.2237 for the CH2/CF2 interaction.
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The parameters were adjusted discarding the experimental data
near the critical region giving a higher priority to the description
of the diagrams far from that region.

3.3. The soft-SAFT EoS

We have also used a molecular-based EoS to describe
the experimental data. The model was already used to
study the vapour–liquid and liquid–liquid equilibrium data for
PFCs + HCs mixtures [29]. More details about the model for
these particular systems can be found in that work and in refer-
ences therein. In this work, only the main equation is presented
for completeness.

As usually done in SAFT-type equations, the soft-SAFT EoS
is 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 written as the sum of three contributions:

Ares = Atotal − Aideal = Aref + Achain + Aassoc (6)

where Aref accounts for the pairwise intermolecular interactions
of the reference system, Achain evaluates the free energy due
to the formation of a chain from units of the reference system,
and Aassoc takes into account the contribution due to site–site
association. For molecules that do not associate, as those that
are being studied in this work, the association term is null.

The SAFT model describes a pure non-associating fluid
as homonuclear chains composed of equal spherical segments
bonded tangentially. Different fluids will have different number
of segments, m, segment diameter, σ, and segment interaction
energy, ε. These parameters are usually obtained by adjusting
the equation to density and vapour pressure data of the pure com-
pounds. The molecular parameters for the compounds studied in
this work had already been obtained and previously reported for
perfluoro-n-octane [29] and for the linear alkanes from C6 to C9
[39]. When dealing with mixtures that are highly non-ideal, the
Lorentz–Berthelot cross-interaction size and energy parameters
need also to be adjusted to experimental data:

σij = ηij

σii + σij

2
, (7)

εij = ξij
√

εiiεjj (8)

The soft-SAFT equation has been accurately applied by our
group to model VLE data for pure perfluoroalkanes [40], solu-
bility data of gases as oxygen [29,41] and carbon dioxide [42]
in these compounds and also VLE data for alkane and perflu-
oroalkanes systems [29]. In this last case, we have obtained
that a single, temperature independent, energy binary parameter
(ξij = 0.9146), fitted to VLE equilibria for the system perfluoro-
n-hexane + n-hexane mixture at 298.15 K is able to accurately
describe the behaviour of this and other PFC–HC mixtures in a
transferable manner [29]. We have further investigated the reli-
ability of these parameters for describing the behaviour of other
mixtures of PFC + HCs. Fig. 1 depicts experimental data for the
C6H14 + C7F16 mixture at 317.65 K and for the C6H14 + C8F18
mixture at 313.15 K, both taken from ref. [43], as compared with

Fig. 1. P–x–y diagrams for C6H14 + C7F16 at 317.65 K (diamonds) and
C6H14 + C8F18 at 313.15 K (triangles). Symbols represent experimental data
by Duce et al. [43] and lines correspond to the predictions from the soft-SAFT
EoS.

Fig. 2. P–x–y diagrams at 259.95, 253.62, 246.35 and 238.45 K for
C4F10 + C4H10 mixture compared with soft-SAFT predictions. The triangles
describe the experimental data [44] and the solid curves the theoretical predic-
tions as obtained by soft-SAFT.

soft-SAFT predictions using parameters from reference [29].
The predictive capability of these parameters is further shown in
Fig. 2, where we show P–x diagrams at 259.95, 253.62, 246.35
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and 238.45 K for C4F10 + C4H10 mixture [44] compared with
soft-SAFT predictions. The excellent agreement found between
the experimental data and the soft-SAFT predictions in all these
cases has encouraged the use of an identical set of parameters
for the LLE data measured in this work, in order to further check
their transferability for other regions of the phase diagram.

4. Results and discussion

Experimental data measured for the studied systems at atmo-
spheric pressure and high pressure are reported in Tables 2 and 3,
respectively. Experimental data at a nominal pressure of 0.1 MPa
are presented in Fig. 3a and b where compositions are expressed
in terms of mole and volume fraction, respectively. Composi-
tions in terms of volume fractions (φ) are calculated using the
relation:

φi = xi

xi + K(1 − xi)
(9)

where K = ρiMj/ρjMi, being ρ and M the mass density and the
molecular weight, respectively, of components i and j. As for
most systems, it occurs that the temperature versus composition
diagrams of PFCs + HCs mixtures are more symmetric when
represented in terms of volume fraction as compared to mole
fraction.

Fig. 3a also compares the data measured in this work with
the experimental data recently published by Lo Nostro et al.
[3]. It can be observed that the results agree well for the
perfluoro-n-octane + n-octane mixture but significant deviations
are observed for perfluoro-n-octane with n-hexane and espe-
cially with n-heptane. The higher deviations found in mixtures
involving volatile compounds, as is the case of n-hexane and
n-heptane, may be justified by changes in the composition of
the mixtures during the measurement procedure.

As mentioned in the previous section our experimental data
were correlated using relations derived from renormalization
group theory, in which the volume fraction was chosen to be
the order parameter. Eq. (4) was used to correlate our mutual
solubility experimental data in the entire temperature interval,

Table 2
Experimental liquid–liquid solubility data for perfluoro-n-octane (1) + alkane
(2) (C6–C9) mixtures at atmospheric pressure

C8F18 + C6H14 C8F18 + C7H16 C8F18 + C8H18 C8F18 + C9H20

T (K) x1 T (K) x1 T (K) x1 T (K) x1

293.98 0.0806 319.13 0.1024 334.24 0.0991 352.09 0.1116
306.36 0.1222 328.21 0.1772 345.48 0.1669 362.24 0.1650
308.95 0.1683 330.76 0.2611 349.16 0.2374 367.65 0.2526
310.83 0.2518 330.76 0.3185 350.52 0.3013 368.85 0.3505
310.81 0.2997 330.96 0.3818 350.44 0.4026 368.49 0.4342
310.71 0.3470 330.58 0.4967 349.70 0.4984 367.46 0.5395
310.65 0.3959 329.80 0.5437 346.09 0.5964 362.59 0.6391
309.61 0.4425 316.24 0.7048 336.01 0.7245 349.16 0.7639
308.49 0.4891 327.71 0.7640 322.99 0.8805
305.74 0.5440 299.71 0.8919
303.05 0.6000
296.93 0.6657
293.89 0.6924

Table 3
Experimental liquid–liquid solubility data for perfluoro-n-octane (1) + alkane
(2) (C6–C9) mixtures at pressures higher than atmospheric

C8F18 + C6H14

x1 = 0.2552 x1 = 0.2678 x1 = 0.2644

T/K P/MPa T/K P/MPa T/K P/MPa

311.58 1.48 311.13 0.85 311.72 1.43
312.08 2.18 311.80 1.74 312.52 2.45
312.59 2.88 311.41 1.23 313.29 3.40
313.31 3.78 310.89 0.53 314.02 4.42
314.12 4.95 313.24 3.60 314.81 5.45
310.98 0.71 312.42 2.57 322.99 16.70
310.53 0.13 332.97 31.00

342.95 46.50
353.00 62.80
363.07 80.20
373.16 98.00
383.43 118.50
394.15 143.00

C8F18 + C7H16

x1 = 0.2567 x1 = 0.3446

T/K P/MPa T/K P/MPa

331.90 1.52 330.88 0.14
333.29 3.20 331.33 0.60
333.78 3.83 331.92 1.37
332.48 2.24 332.82 2.41

333.50 3.28
334.49 4.46

C8F18 + C8H18

x1 = 0.3608 x1 = 0.7510

T/K P/MPa T/K P/MPa

349.80 0.15 332.302 4.02
350.18 0.60 331.999 3.55
350.93 1.48 331.619 3.04
351.80 2.49 331.124 2.54
352.64 3.46 330.628 1.87
353.44 4.42 332.604 4.26

329.668 0.70
329.308 0.29
330.127 1.27

C8F18 + C9H20

x1 = 0.0828

T/K P/MPa

344.34 0.16
344.68 0.84
345.34 1.85
345.78 2.50
346.46 3.48
347.12 4.41

including the critical region. Values for A and β to be used in
Eq. (4) together with the calculated values for the critical tem-
perature, mole fraction, and volume fraction for each mixture
are reported in Table 4. The solid lines in Fig. 3a and b represent
the correlations.
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Fig. 3. Experimental and correlated coexisting curve of perfluoro-n-octane + alkanes (C6–C9) in terms of mole fraction (a) and volume fraction (b). Symbols represent
solubility in n-hexane (�), n-heptane (�), n-octane (�) and n-nonane (�). ( ) Represents the critical point for each mixture. The non-filled symbols in Fig. 1a
represent data measured by Lo Nostro et al. [3]. The lines represent the correlated data calculated from renormalization group theory.

Fig. 4 shows a comparison between the experimental LLE
data for C8F18 + CnH2n+2 at 1MPa and two models: the mod-
ified UNIFAC model (dashed lines) and the soft-SAFT EoS
(solid lines). Note that the UNIFAC model has been fitted to
the binary data using four adjustable parameters, while results
from soft-SAFT are pure predictions since the parameters used
were obtained from fitting VLE data. Even though the agree-
ment of soft-SAFT with the experimental data is not as accurate
at that shown in Figs. 1 and 2, the EoS provides an acceptable
description of the experimental data in the region far from the
critical point and even the trend of the critical point shift with
the alkane chain length change in the mixture is well captured.
Since most classical models are not accurate in describing LLE
and, in addition, no fitting to these data has been performed,
those should be considered as good predictions. Also, notice
that no long-range fluctuations are included in the version of
soft-SAFT used here, and hence, a correct description of the
critical region should not be expected. An alternative approach
would be to use the crossover-soft-SAFT EoS [45,46], which
correctly describes both the regions far from and close to the
VLE critical point of pure fluids and binary mixtures. However,
two reasons have prevented us from using the crossover equation

Table 4
Parameters to be used in Eq. (4) together with critical constants for the studied
mixtures

System A β φc xc Tc

C8F18 + C6H14 0.71426 0.25801 0.471 0.320 310.54
C8F18 + C7H16 0.71572 0.25017 0.474 0.348 330.99
C8F18 + C8H18 0.77238 0.27603 0.473 0.371 350.33
C8F18 + C9H20 0.79521 0.28589 0.473 0.393 368.65

Fig. 4. Comparison between experimental LLE data for C8F18 + CnH2n+2 mix-
tures at 0.1 MPa and the predictions obtained from the soft-SAFT EoS. Symbols
represent the experimental data as in Fig. 1. The full lines represent the predic-
tions given by the soft-SAFT EoS when η = 1 and ξ = 0.9146 ( ) and η = 1.011
and ξ = 0.9146 (—) and the dashed lines the correlation results obtained with the
Modified UNIFAC model. Stars represent the upper critical solution temperature
for each mixture.



Aut
ho

r's
   

pe
rs

on
al

   
co

py

M.J.P. de Melo et al. / Fluid Phase Equilibria 242 (2006) 210–219 217

in this work: first of all, our purpose here was to check the
transferability of the parameters obtained from other regions of
the phase diagram of these mixtures and of related ones (which
were fitted with the classical soft-SAFT EoS), and secondly, as
discussed in ref. [46], the crossover-soft-SAFT equation is not
ready, yet, for LLE, since the isomorphism assumption used to
develop it does not apply to this type of phase equilibria.

The soft-SAFT model has also been used to predict the pres-
sure dependence of the phase diagrams. In this case, the size
binary interaction parameter had to be slightly adjusted to a
value equal to 1.011 in order to correctly describe the pressure
dependence of the experimental data. This change is related with
the excess volume description of the mixtures by the soft-SAFT
model and has little influence on the description of the LLE
data at atmospheric pressure as shown in Fig. 4. It is inter-
esting to observe that the size and energy binary interaction
parameters used in this work are very similar to the adjusted
unlike CHx/CFy cross-interaction parameters used by Zhang
and Siepmann [28] when using molecular simulation to model
alkane + perfluoroalkane mixtures.

The results given by the model to describe the high-pressure
data are compared with the experimental results in Fig. 5 for
the C8F18 + C6H14 mixture at x = 0.2644. Table 5 compares the
experimental and calculated (∂T/∂P)x for distinct fixed compo-
sitions of all the mixtures studied. Although the model overpre-
dictes the experimental temperature, as expected because there
was not a perfect match at atmospheric pressure, the pressure
dependence is correctly predicted. A comparison between the
predictive results obtained with the soft-SAFT and the corre-
lated data obtained with the Modified UNIFAC model, using

Fig. 5. Effect of the pressure on the LLE of C8F18 + C6H14 mixtures at
xC8F18 = 0.2644. The line represents the predictions given by the soft-SAFT
EoS when η = 1.011 and ξ = 0.9146.

Table 5
Experimental and calculated (∂T/∂P)x for distinct fixed compositions of all the
mixtures studied

System xC8F18 (∂T/∂P)x (K bar−1)

Experimental (×102) Calculated (×102)

C8F18 + C6H14 0.2552 7.47 7.51
0.2678 7.63 7.56

C8F18 + C7H16 0.2567 8.18 7.70
0.3446 8.29 8.20

C8F18 + C8H18 0.3608 8.54 8.37
0.7510 8.17 7.73

C8F18 + C9H20 0.0828 6.61 5.04

interaction parameters explicitly adjusted to describe LLE data,
let us conclude that the predictive capacity of the soft-SAFT
model is superior.

In the case of one of the systems studied, C8F18 + C6H14, it is
possible to estimate the magnitude of the molar excess enthalpy,
a quantity that has seldom been investigated in these systems.
Under some restrictive assumptions [47], the Prigogine–Defay
equation establishes a Clapeyron-type of relationship in which
the pressure dependence of the critical temperature is directly
related to the excess properties themselves:
(

dT

dp

)
c

∼= Tc
vE(Tc(p), x)

hE(Tc(p), x)
(10)

Recently, Rebelo et al. [48] demonstrated that Eq. (10)
can also be successfully applied at temperatures and finite
concentrations not too far from critical. At 298.15 K, the
C8F18 + C6H14 system is heterogeneous for the equimolar com-
position. Nonetheless, by Redlich–Kister interpolation it is pos-
sible to determine the hypothetical, equimolar reference value
for any excess property provided there are sufficient data in the
homogeneous region. This was done by Lepori et al. [1] who
reported a value of 5.1 cm3 mol−1 for the equimolar excess vol-
ume at 298.15 K. The use of the Prigogine and Defay relation
(Eq. (10)) thus establishes 2.03 kJ mol−1 for the endothermic
equimolar excess enthalpy at 298.15 K to be compared with the
experimental values 2.16 and 2.37 kJ mol−1 [49,50] for the sim-
ilar C6F14 + C6H14 system.

5. Conclusions

In this work, we have presented liquid–liquid equilibrium
of binary mixtures of perfluoro-n-octane + alkanes, n-CnH2n+2
(n = 6–9), as measured by turbidimetry at atmospheric pressure,
and using a laser light scattering technique for measurements at
pressures up to 150 MPa. A group renormalization theory was
used to calculate the critical temperature and mole fraction for
each mixture, which are difficult to observe experimentally due
to the extended flatness region that these systems exhibit. The
Modified UNIFAC model was used to correlate the experimental
data using interaction parameters that are temperature depen-
dent. Results obtained from the correlation were compared with
the predictive results obtained with the soft-SAFT model using
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interactions parameters adjusted to VLE data. The comparison
showed that the results obtained with the soft-SAFT model are of
better quality than those correlated by UNIFAC, corroborating
the higher predictive capacity of the soft-SAFT model.

List of symbols
amn UNIFAC group-interaction parameters
A Helmholtz free energy
hE excess enthalpy
m chain length (for Lennard–Jones segments)
M molecular weight
�M difference in the order parameter between the coexist-

ing phases
P pressure
Qk UNIFAC group surface areas
Rk UNIFAC group volumes
T temperature
T0 reference temperature equal to 298.15 K
vE excess volume
x mole fraction

Greek letters
α critical exponent
β critical exponent
∆1 correction exponent
ε segment interaction energy (between Lennard–Jones

segments)
η size parameter of the generalized Lorentz–Berthelot

combination rules
ξ energy parameter of the generalized Lorentz–Berthelot

combination rules
ρ mass density (kg/m3)
σ size parameter of the intermolecular potential/diameter

(for Lennard–Jones segments)
τ reduced temperature that expresses the distance from

the critical point
φ volume fraction

Indices
assoc association term for soft-SAFT EoS
c critical
Chain chain term for soft-SAFT EoS
i component
ref reference term for soft-SAFT EoS
I phase one
II phase two
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