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bstract

This work presents new liquid–liquid equilibrium data for mixtures of 1H,1H,7H-perfluoroheptan-1-ol and linear perfluoroalkanes from C6 to C9.
ata were measured at atmospheric pressure by turbidimetry and at pressures up to 5 MPa using a laser light scattering technique. The coexistence

urves have been fitted to renormalization group extended-scaling expressions with the critical temperature and molar fraction obtained from the

t.
The soft-SAFT equation of state (EoS) was also used to describe the experimental data at both low and high pressures. A good description

f the immiscibility gap was obtained with this approach although results seem to deteriorate at high pressures showing that the model cannot
imultaneously describe the equilibrium and excess thermodynamic properties.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Phase equilibrium studies of mixtures involving perfluo-
oalkanes are an actual and promising subject due to the
mportant applications that these mixtures can find in a broad
ange of areas.

Extended attention has been given to perfluoroalkane
PFC) + alkane (HC) mixtures due to their use for industrial and
nvironmental applications and also because of the unexpected
on-ideal behaviour that these mixtures present. On the basis
f the Scott and Hildebrand regular solution theory, these mix-
ures should be close to ideal, due to the small difference (ca.

–2 cal1/2 cm−3/2) of their solubility parameters that is insuffi-
ient to account for the characteristic incidence of liquid/liquid
mmiscibility in PFCs + HCs mixtures [1].

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

1 Present address: Departamento de Engenharia Biológica, Universidade do
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In previous publications [2,3] attention has been devoted to
he measurement and modelling of vapou–liquid equilibrium
VLE) and liquid–liquid equilibrium (LLE) data for PFCs + HCs
ixtures. These works and references therein, mention the unex-

ected immiscibility of these mixtures and the different attempts
o justify this behaviour. The most accepted idea is that it is
elated with the weakness of the unlike forces governing the
iquid mixture.

McLure et al. [1] studied the liquid–liquid co-existence
urves of linear methylsiloxane-perfluoroalkane mixtures in
rder to study the influence of chain flexibility, where other
ffects as size and energy differences are also important. In
his case, the difference in the solubility parameters is lower
han in PFCs + HCs mixtures (ca. 1 cal1/2 cm−3/2) although, as
he authors noticed, dimethylsiloxane-perfluoroalkane mixtures
ctually exhibit positive deviations from ideality as large as those
f the alkane-perfluoroalkane mixtures whose solubility param-

ter difference is larger. Following these studies, the LLE of
ixtures of a perfluoroalcohol and linear perfluoroalkanes was
easured and modelled and the results are presented in this
ork.

mailto:imarrucho@dq.ua.pt
dx.doi.org/10.1016/j.fluid.2006.10.025
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The importance of this study stems from both a practical
nd a fundamental point of view. The practical importance is
ustified by the considerable number of applications of perflu-
roalcohols in a wide range of areas. Owing to their unique
roperties as high hydrogen bonding donor ability, low nucle-
philicity, high ionising power and ability to solvate water,
uorinated alcohols have been used to allow reactions, which
sually require the use of added reagents or metal catalysts to
e carried out under neutral and mild conditions [4]. Another
xample is the “pseudo-hydroxide extraction”, proposed as a
ethod for separating alkali metal hydroxide from alkaline salt

olutions using weakly acidic hydroxy compounds such as flu-
rinated alcohols. In both cases, the use of the fluoroalcohol
acilitates the isolation of the products originating high yields,
nd the fluoroalcohols could be directly recovered from the
eaction medium and reused. These processes bring an improve-
ent from an environmental point of view, by suppression of

ffluents, in particular heavy metals, and they are particularly
imple, since most of the reactions do not require any work-up
5].

Other recent applications of fluoroalcohols take advantage
f their ability to originate and stabilize the formation of
icroemulsions for diverse medical and industrial applications

6,7] as well as their effect on protein conformations, notably the
nduction of �-helix formation. It was observed that the effec-
iveness of helix induction was found to increase exponentially
ith increasing number of fluorine atoms per alcohol molecule

8].
The hydrophobicity of such highly fluorinated molecules has

lso been used to polymerise an epoxy monomer in their pres-
nce with the aim of inducing a surface modification toward
ore hydrophobicity using cationic UV-curing as technique
hich is solvent free, giving high production rates and low

nergy requirements when compared to traditional polymeri-
ation techniques [9].

However, it has also been recently reported that fluorinated
elomer alcohols (FTOHs) may act as precursors to the per-
uorinated acids (PFCAs) that have been detected widely in

he environment as being ambient persistent and prejudicial
or human beings [10]. Efficient techniques to recover these
ompounds before they react are also important from an envi-
onmental point of view.

From a theoretically point of view, this study can give new
nsights regarding the interactions between the constituents of
he mixture helping to understand and develop accurate theoreti-
al models to describe and predict the thermodynamic behaviour
f this class of mixtures. Having in mind that the difference
etween the solubility parameters for the compounds studied in
hese mixtures is ca 2.6 cal1/2 cm−3/2, higher than those men-
ioned before, it is interesting to test the soft-SAFT EoS in the
escription of these systems.

The experimental LLE data were measured by turbidimetry
t atmospheric pressure and using a light scattering technique

or higher pressures up to 4.5 MPa. Whenever possible compar-
sons with previously results for the alkane + perfluoroalkane

ixtures [3] will be done, to conclude about the similarity of
he thermodynamics of these two classes of mixtures.

b
i
s
a
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The soft-SAFT EoS [11] was used to model the experimental
ata measured. The soft-SAFT EoS [11] was used to model the
xperimental data measured. This work appears as a continua-
ion of previous publications [2,3,12] intending to characterize
erfluoroalkanes and their mixtures with other classes of com-
ounds using a versatile and robust EoS, in this case the soft
ersion of the original SAFT EoS. The molecular parameters
hat characterize the pure perfluoroalcohol, according to the soft-
AFT model, were adjusted to densities and vapour pressures
nd are here presented. The molecular parameters of the PFC
re taken from our previous work [2].

. Experimental

Liquid–liquid equilibria of binary mixtures of 1H,1H,7H-
erfluoroheptan-1-ol (CAS no. 335-99-9) + linear perfluo-
oalkanes, n-CnF2n+2 (n = 6–9), were measured using synthetic
ethods: by turbidimetry at atmospheric pressure, and using a

aser light scattering technique for measurements at pressures up
o 5 MPa. 1H,1H,7H-perfluoroheptan-1-ol was obtained from
pollo Scientific with a purity of 98%. Perfluoro-n-hexane
as bought from Sigma–Aldrich (99%), perfluoro-n-heptane

rom Apollo Scientific (98%) and both perfluoro-n-octane and
erfluoro-n-nonane are from Fluorochem (99%). All the com-
ounds were used without further purification. This decision
as supported by the work of McLure et al. [1] who concluded

hat impurities in the mentioned range do not induce appreciable
hanges on the LLE data.

The experimental procedure applied was the same as
reviously used [3]. At a nominal pressure of 0.1 MPa, differ-
nt samples of 1H,1H,7H-perfluoroheptan-1-ol + perfluoro-n-
lkane were prepared in ampoules containing a magnetic stirrer.
amples with different compositions were prepared by weight-

ng using an analytical high precision balance (±0.01 mg) model
recisa 40 SM-200A. The ampoules containing the mixtures at
ifferent compositions were then immersed in a thermostatic
ath equipped with a calibrated Pt 100 temperature sensor with
n uncertainty of 0.05 K connected to a multimeter, Yokogawa
561. The water or alcohol thermostatic bath was sufficiently
arge to avoid temperature gradients. Cloud points were deter-

ined by visual observation by heating the samples until a
omogeneous phase was obtained followed by slow cooling of
he mixtures until phase separation was observed.

Measurements at pressure higher than the 0.1 MPa nomi-
al pressure were obtained by a He–Ne laser light scattering
echnique. The fully automated apparatus [3] has a thick-walled
yrex glass tube cell connected to a pressurization line and sep-
rated from it by a mercury plug. Scattered light intensity (Isc)
s captured at a very low angle (2 < 2θ (◦) < 4) in the outer part
f a bifurcated optical cable, while the transmitted light is cap-
ured in the inner portion of this cable. The cloud-point is the
oint on the (Isc,corr)−1 against pressure (P) or temperature (T)
east-squares fits where the slope changes abruptly. The cell can

e operated in the isobaric or isothermal mode. Abrupt changes
n either the transmitted or scattered light upon phase transition
harpen as the thermodynamic path approaches a perpendicular
ngle to the one-phase/two-phase surface. Temperature accuracy
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s typically ±0.01 K in the range 240 < T (K) < 400. As for pres-
ure, accuracy is ±0.01 MPa up to 5 MPa.

The density data for the 1H,1H,7H-perfluoroheptan-1-ol
ompound was measured with a vibrating tube Antón Paar DMA
500 densimeter between 293.15 and 343.15 K at atmospheric
ressure. The measuring principle is based on the calculation
f the frequency of resonance of a mechanic oscillator with a
iven mass and volume, which is excited to be in resonance.
he uncertainty of the measurements is ±5 × 10−4 g cm−3. The
apour pressure data were taken from the literature [13]. These
ata were used to fit the molecular parameters for the soft-SAFT
odel [11] of this compound.

. Modelling

.1. Renormalization group theory

Systems with liquid–liquid equilibria present long-range con-
entration fluctuations in the vicinity of their consolute critical
emperature. Asymptotically close to the critical point the ther-

odynamic properties vary as a simple power of the temperature
ifference or concentration difference with universal critical
xponents, apart from a regular classical part. The non-classical
ehaviour of these systems as they approach their critical point
s correctly taken into account from the renormalization group
heory (RG) [14]. Since our experimental conditions were very
lose to the consolute critical temperature, we have used the
G theory [14] to correlate the experimental data and to obtain

he critical temperatures and molar fractions of the studied sys-
ems. These properties are difficult to measure directly from
xperiments due to the extended flat critical region observed.
ccording to the theory [15], asymptotically close to the critical
oint the thermodynamic properties vary as a simple power of
he temperature difference or concentration difference (referred
o their critical point values) with universal critical exponents
nd can be extended to describe the non-asymptotic region by
he introduction of correction factors [16].

M = B0τ
β �1 + B1τ

Δ1 + B2τ
2Δ1 + . . .� (1)

here �M is the difference in the order parameter between the
oexisting phases, β the critical exponent, B the amplitude, Δ1
he correction exponent and τ = (T − Tc)/Tc holds for the reduced
emperature that expresses the distance from the critical point.
he order parameter is a quantity (mole fraction, volume frac-

ion, density, etc.) chosen to measure the difference between the
wo coexisting phases.

By further considering the definition of the diameter of the
oexisting curve [17] the following final equation is obtained:

− xc = fA

(
T − Tc

Tc

)β

(2)

here x stands for the molar fraction, being f = 1 for x > xc and

= −1 for x < xc. A and β are parameters to be adjusted to the
xperimental data. In this work, we have used the mole fraction
s the order parameter. This choice is usually guided by the
ymmetry of the equilibrium curves. The property that originates

ρ

w
C
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he most symmetric curves is usually chosen to be the order
arameter.

.2. Soft-SAFT model

The experimental data were also correlated with the soft-
AFT EoS [11]. The model was already used to study the
apour–liquid and liquid–liquid equilibrium data of mixtures
f perfluoroalkanes both as a correlation and prediction method
2,3]. As usually done in SAFT-type equations, the soft-SAFT
oS is formulated in terms of the residual molar Helmholtz
nergy, Ares, defined as the molar Helmholtz energy of the fluid
elative to that of an ideal gas at the same temperature and
ensity. Ares is written as the sum of three contributions:

res = Atotal − Aideal = Aref + Achain + Aassoc (3)

here Aref accounts for the pairwise intermolecular interactions
f the reference system, Achain, evaluates the free energy due
o the formation of a chain from units of the reference system,
nd Aassoc, takes into account the contribution due to site–site
ssociation. More details about the model for these particular
ystems can be found in references [11,17] and in the references
herein.

The SAFT model describes a pure non-associating fluid
s homonuclear chains composed of equal spherical segments
onded tangentially. Different fluids will have different number
f segments, m, segment diameter, σ, and segment interaction
nergy, ε. The molecular parameters for the linear perfluo-
oalkane compounds had already been obtained and previously
eported [2]. In this work, new molecular parameters are pre-
ented for 1H,1H,7H-perfluoroheptan-1-ol. The molecule was
odelled as an associating compound with two associating

ites that mimic the hydrogen bonds characterizing the perflu-
roalcohol. These associating sites require two more molecular
arameters to be considered, namely the energy and the volume
f the associating site. For consistency with previous works, the
ssociating parameters were chosen to be equal to those pre-
iously adjusted for normal alkanols, in a transferable manner
19].

When dealing with mixtures that are highly non-ideal, the
orentz–Berthelot cross-interaction size and energy parameters
eed also to be adjusted to experimental data:

ij = ηij

σii + σij

2
(4)

ij = ξij
√

εiiεjj (5)

. Results and discussion

Density data for 1H,1H,7H-perfluoroeptan-1-ol measured in
his work is presented in Table 1. For the temperature range
tudied, experimental data were found to be correctly described
y a linear equation of the type:
calc = a − bT (6)

here T is the temperature in K and ρ is the density in g/cm3.
oefficients for Eq. (6) are also reported in Table 1.
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Table 1
Density data for the pure 1H,1H,7H-perfluoroheptan-1-ol and coefficients of
ρcalc =a − bT with T in K and ρ in g/cm3

T (K) ρ (g cm−3)

Density
293.15 1.7501
293.15 1.7502
303.15 1.7327
313.15 1.7150
323.15 1.6969
333.15 1.6785
343.15 1.6597

Coefficients
a 2.2792
b 1.8033 × 10−3

AAD 0.0004

s
i
p
p
r
c

φ

w
m
i
v
o
t

Table 2
Experimental liquid–liquid solubility data for 1H,1H,7H-perfluoroheptan-1-ol (1) + n

C6F14 C7F16

T (K) x1 T (K) x1

1H,1H-perfluoro-1-heptanol+
277.48 0.6649 275.97 0.7396
280.17 0.6314 280.44 0.7005
283.04 0.6012 285.53 0.6500
284.50 0.5753 289.23 0.5818
285.31 0.5591 287.42 0.6174
286.05 0.5388 284.38 0.6637
287.14 0.5050 281.61 0.6878
287.50 0.4874 277.35 0.7290
287.98 0.4579 289.50 0.5798
288.22 0.4339 290.88 0.5386
288.38 0.4026 291.47 0.5109
288.56 0.3536 292.07 0.4682
288.56 0.3094 292.10 0.4483
287.89 0.2291 292.15 0.4078
288.42 0.2857 292.18 0.3835
288.65 0.3429 292.15 0.3623
288.41 0.2959 292.15 0.3399
288.36 0.2568 291.95 0.2863
287.63 0.2167 291.89 0.2741
287.11 0.1900 291.20 0.2494
286.70 0.1716 292.20 0.3418
285.46 0.1495 292.20 0.3040
285.20 0.1419 291.52 0.2532
283.36 0.1265 291.18 0.2321
279.83 0.1066 290.37 0.2112
279.58 0.1026 289.35 0.1874
277.66 0.0919 288.18 0.1670
276.37 0.0877 286.94 0.1528

285.59 0.1391
283.71 0.1257
278.03 0.0946
quilibria 251 (2007) 33–40

Experimental LLE equilibrium data measured for the studied
ystems at atmospheric pressure and high pressure are reported
n Tables 2 and 3, respectively. Experimental data at a nominal
ressure of 0.1 MPa are presented in Fig. 1a and b in which com-
ositions are expressed in terms of mole and volume fraction,
espectively. Compositions in terms of volume fractions (φ) are
alculated using the relation:

i = xi

xi + K(1 − xi)
(7)

here K = ρiMj/ρjMi, being ρ and M the mass density and the
olecular weight, respectively, of components i and j. It is
nteresting to remark that unlike most systems, the temperature
ersus composition diagrams of 1H,1H,7H-perfluoroheptan-1-
l + n-PFC mixtures are more symmetric when represented in
erms of mole fractions than volume fractions. However, even in

-perfluoroalkane (2) mixtures at atmospheric pressure

C8F18 C9F20

T (K) x1 T (K) x1

294.77 0.6991 299.15 0.7465
296.82 0.6710 305.75 0.6467
298.19 0.6483 307.42 0.5719
299.45 0.6265 307.92 0.5020
299.93 0.6058 307.93 0.4556
301.08 0.5582 307.78 0.4125
301.23 0.5427 307.74 0.3699
301.42 0.5264 305.71 0.2640
301.55 0.5087 304.86 0.2454
301.65 0.4864 303.49 0.2229
301.89 0.4113 302.36 0.2018
301.64 0.4838 298.05 0.1562
301.78 0.4596 295.11 0.1279
301.90 0.4397 271.97 0.8831
301.93 0.4256 279.07 0.8477
301.81 0.3779 291.22 0.8008
301.72 0.3380 297.11 0.7625
301.43 0.3068 301.97 0.7131
301.16 0.2933 304.83 0.6681
301.91 0.4135 306.86 0.6045
301.80 0.3643 307.93 0.5410
301.73 0.3478 301.03 0.1864
301.52 0.3205 306.26 0.2862
301.29 0.3027 306.80 0.3152
300.98 0.2840 307.33 0.3391
300.25 0.2539 286.03 0.0827
299.92 0.2449 292.73 0.1137
299.18 0.2246
298.29 0.2060
296.95 0.1836
295.13 0.1650
287.11 0.7616
294.46 0.7033
293.19 0.7188
290.35 0.7403
279.03 0.8058
297.17 0.1889
294.57 0.1589
292.53 0.1416
290.65 0.1298
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Table 3
Experimental liquid–liquid solubility data for 1H,1H,7H-perfluoroheptan-1-ol (1) + n-perfluoroalkane (2) mixtures at pressures higher than atmospheric and resulting
(∂T/∂P) for distinct fixed compositions near the critical point

C6F14 (x1 = 0.3710) C7F16 (x1 = 0.3991) C8F18 (x1 = 0.4277) C9F20 (x1 = 0.4531)

P (MPa) T (K) P (MPa) T (K) P (MPa) T (K) P (MPa) T (K)

1H,1H,7H-perfluoro-1-heptanol+
0.589 288.75 0.542 291.99 0.179 301.78 0.226 307.97
0.630 288.75 0.890 292.02 0.535 301.82 0.594 308.03
0.822 288.73 1.273 292.04 1.071 301.89 1.160 308.14
1.066 288.73 2.011 292.10 1.585 301.95 1.746 308.25
1.560 288.70 2.523 292.14 2.304 302.04 2.171 308.33
2.185 288.67 3.240 292.19 2.757 302.08 2.821 308.45
2.234 288.67 3.825 292.24 3.077 302.12 3.339 308.54
2.647 288.64 4.450 292.28 3.721 302.20 3.819 308.62
3.282 288.61 4.150 302.26 4.406 308.73
3.984 288.58 4.425 302.30
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from C6 to C9. In previous studies of LLE of mixtures with
PFCs using the original soft-SAFT model [3] it was found that
the EoS was not able to adequately describe the entire equilib-
rium diagram. It could provide an acceptable description of the

Table 4
Parameters to be used in Eq. (2) together with critical constants for the studied
mixtures

System A β φ1c x1c Tc (K)
4.252 288.57
(∂T/∂P)c × 102 (K MPa−1)

−5.00 7.53

erms of molar fraction the mixtures are less symmetric than the
erfluoro-n-octane + n-alkanes measured previously as is also
hown in Figure 1. The LLE equilibrium data for the mix-
ure perfluoro-n-octane + n-octane measured in a previous work
3] is here used to elucidate about the difference in symmetry
nd immiscibility range characterizing each of these classes of
ixtures.
The pressure dependence of the studied systems is given

n Table 3. It was measured for a fixed composition near the
ritical point. Also given in Table 3 are the (∂T/∂P)c ratios cal-
ulated from the experimental data measured. It is important
o mention that this ratio increases along the n-perfluoroalkane
eries studied passing from negative values for the mixture of
he perfluoro-alcohol with C6F14 to positive values for the other

ixtures. This change in the signal of the pressure dependence
erivative reflects a signal change in the excess volume. In fact,
ccording to the Prigogine-Defay equation recently discussed
y Rebelo et al. [20], near the critical region and under some
estrictive assumptions [21], a Clapeyron-type of relationship
an be established in which the pressure dependence of the
ritical temperature is directly related to the excess properties
hemselves,

dT

dp

)
x

∼= Tc
vE(Tc(p), x)

hE(Tc(p), x)
(8)

As a final comment on the symmetry of the coexistence
urves, the experimental data were plotted as reduced T, defined
s Tred = T/Tc, as a function of the molar fraction. The diagrams
btained are shown in Fig. 2 along with those for the perfluoro-
-octane + n-alkanes mixtures studied in a previous work [3]. It
an be observed that a global LLE diagram can be visualized
elping to support the universality theory reported by Munson
22] and Gilmour [23].
As mentioned in the previous section our experimental data
t 0.1 MPa were correlated using relations derived from renor-
alization group (RG) theory. Eq. (2) was used to correlate our
utual solubility experimental data in the entire temperature

C
C
C
C

12.2 18.2

nterval, including the critical region. Values for A and β to be
sed in Eq. (2) together with the calculated values for the critical
emperature, mole fraction and volume fraction for each mixture
re reported in Table 4. The solid lines in Fig. 1a and b represent
he correlations.

Fig. 3 presents the correlation obtained with the RG the-
ry and the correlation given by the soft-SAFT EoS. As
entioned before, the molecular parameters for 1H,1H,7H-

erfluoroheptan-1-ol were adjusted using the liquid density and
apour pressure data. The associative energy and volume param-
ters were chosen to be equal to the ones of a normal alcohols
eing equal to 3450 K and 2250 Å3, respectively [18]. The
emaining molecular parameters namely, the number of seg-
ents, m, segment diameter, σ, and segment interaction energy,

, are 3.744, 4.245 Å and 252.7 K, respectively. Liquid densi-
ies and vapour pressures are fitted to experimental data with an
AD less than 0.08% and 0.6%, respectively.
In the case of the mixtures, the binary interaction parameters

ere adjusted to the experimental LLE data measured. A fixed
ize interaction binary parameter equal to 1.05 was used in a
ransferable way for all the mixtures. In this way, the energy
nteraction parameter was the only adjusted parameter and it
as found to increase along the linear perfluoro-n-alkane series.
heir values were equal to 0.9607, 0.9638, 0.9647 and 0.9655
F2H(CF2)6H2OH + C6F14 0.6478 0.2510 0.380 0.371 288.36
F2H(CF2)6H2OH + C7F16 0.8301 0.3144 0.349 0.399 292.31
F2H(CF2)6H2OH + C8F18 0.8225 0.2963 0.326 0.428 301.81
F2H(CF2)6H2OH + C9F20 0.7718 0.2749 0.304 0.453 307.73
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Fig. 1. Experimental and correlated coexisting curve of 1H,1H,7H-perfluoro-
heptan-1-ol + n-perfluoroalkanes (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 (�). Asterisk (*) represents the critical point
for each mixture. The non-filled symbols represent data for n-octane + perfluoro-
n
t

e
e
l
r
w
b

t

Fig. 2. Reduced temperature as a function of the molar fractions for all the
m
a
w

d
w
b
ones as can be seen in Fig. 4. It was tried to fit binary parameters
to the data measured at higher pressures to achieve an adequate
representation of the pressure dependence of the phase diagrams.

Fig. 3. Comparison between experimental LLE data for 1H,1H,7H-
perfluoroheptan-1-ol + CnF2n+2 mixtures at 0.1 MPa and the predictions obtained
-octane (�) measured by our group in a previous work [3]. The lines represent
he correlated data calculated from renormalization group theory.

xperimental data in the region far from the critical point and
ven the trend of the critical point shift with the alkane chain
ength change in the mixture, but it failed to describe the critical
egion. This is not the case for the mixtures studied in this work,
here it was possible to accurately describe the LLE diagram

oth far and close to the critical point as shown in Fig. 3.

The binary interaction parameters adjusted using experimen-
al data at 0.1 MPa have also been used to predict the pressure

f
T
η

r

ixtures studied in this work (full symbols) and also for perfluoro-n-octane + n-
lkanes (non-filled symbols) using experimental data measured in a previous
ork [3]. Symbols as in Fig. 1.

ependence of the phase diagrams. However, these parameters
ere not capable of correctly describe the pressure dependence,
eing the theoretical predictions higher than the experimental
rom the soft-SAFT EoS. Symbols represent the experimental data as in Fig. 1.
he dashed lines represent the description obtained with soft-SAFT EoS when
= 1.05 and ξ = 0.9607, 0.9638, 0.9647 and 0.9655 from C6 to C9. The full lines

epresent the correlated data calculated from renormalization group theory.
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ig. 4. Prediction of the high pressure experimental data obtained with the soft-
AFT EoS using the binary parameters adjusted for data at atmospheric pressure
full lines). Symbols as in Fig. 1 (with thinner lines being guides for the eye).

evertheless, using these parameters to describe the LLE data
t 0.1 MPa, makes it possible to identify and locate the phase
iagram on the composition scale but leads to an overpredic-
ion of the two phase region as expected from results reported
n a previous work [3]. This shows that the soft-SAFT EoS is
ot able to simultaneously describe the gE and the hE and vE.

good description of the gE results in an accurate description
f the phase diagram while a poor description of the hE and/or
E leads to a wrong pressure dependency of the critical point,
ccording to Eq. (8). If one forces a good representation of the
ressure dependence of the critical temperature, and hence, of
he vE/hE ratio, a poor description of the phase diagram, and
hus of gE is obtained.

These results show that the soft-SAFT EoS, as it was
resented in this work, cannot simultaneously describe the
quilibrium properties (the LLE diagram) and the excess ther-
odynamic properties when using the same set of binary

nteraction parameters. Recent works presented derivations of
wo versions of the SAFT EoS, the soft-SAFT EoS [24] and the
AFT-VR Mie [25], and they are attempts to deal with situations
s the one mentioned above. Both works, using different method-
logies, intend to generalize the SAFT EoS in order to make it
road enough to be able to simultaneous describe equilibrium
nd excess properties, using a same set of parameters, that would
lso be more physically robust. In future work, it would be inter-
sting to test the ability of these “extended versions” to predict
he experimental data measured in this work.

. Conclusions
In this work, liquid–liquid equilibria results of binary mix-
ures of 1H,1H,7H-perfluoroheptan-1-ol + perfluro-n-alkanes,
-CnF2n+2 (n = 6–9), as measured by turbidimetry at atmospheric

A

T

quilibria 251 (2007) 33–40 39

ressure, and using a laser light scattering technique, for mea-
urements at pressures up to 5 MPa, are presented. A group
enormalization theory was used to calculate the critical tem-
erature and mole fraction for each mixture, which are difficult
o observe experimentally due to the extended flatness of this
egion that these systems exhibit.

The soft-SAFT EoS was used to correlate the experimen-
al data measured at atmospheric pressure. Using a fixed and
ransferable size binary interaction parameter, it was possible to
ccurately describe the equilibrium data measured including the
ritical region. The same binary interaction parameters proved
o be inefficient to predict the higher pressure data measured. As
uture work, it would be interesting to look for the possibility of
he existence of a set of molecular and/or interaction parameters
hat could simultaneously describe both equilibrium and excess
ata.

ist of symbols
Helmholtz free energy

E excess enthalpy
chain length (for Lennard-Jones segments)
molecular weight

M difference in the order parameter between the coexist-
ing phases
pressure
temperature

E excess volume
mole fraction

reek letters
critical exponent

1 correction exponent
segment interaction energy (between Lennard-Jones
segments)
size parameter of the generalized Lorentz-Berthelot
combination rules
energy parameter of the generalized Lorentz-Berthelot
combination rules
mass density (kg m3)
size parameter of the intermolecular potential/diameter
(for Lennard-Jones segments)
reduced temperature that expresses the distance from
the critical point
volume fraction

ndices
critical
component

ssoc association term for soft-SAFT EoS
alc calculated
hain chain term for soft-SAFT EoS
ef reference term for soft-SAFT EoS
es residual term for soft-SAFT EoS
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Trancoso, C.A. Cerdeiriňa, L. Romani, Phys. Chem. Chem. Phys. 4 (2002)
2251–2259.

21] L.P.N. Rebelo, Phys. Chem. Chem. Phys. 1 (1999) 4277–4286.
22] M.S.B. Munson, J. Phys. Chem. 68 (1964) 796–800.

23] J.B. Gilmour, J.O. Zwicker, J. Katz, J. Phys. Chem. 71 (1967) 3259–3264.
24] F. Llovell, C.J. Peters, L.F. Vega, Fluid Phase Equilibr. 248 (2006) 115–

122.
25] T. Lafitte, D. Bessieres, M.M. Pineiro, J.L. Daridon, J. Chem. Phys. 124

(2006).


	Liquid-liquid equilibrium of (1H,1H,7H-perfluoroheptan-1-ol+perfluoroalkane) binary mixtures
	Introduction
	Experimental
	Modelling
	Renormalization group theory
	Soft-SAFT model

	Results and discussion
	Conclusions
	Acknowledgements
	References


