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Critical behavior and partial miscibility phenomena in binary mixtures
of hydrocarbons by the statistical associating fluid theory

Felipe J. Blas and Lourdes F. Vegaa)

Departament d’Enginyeria Quı´mica, ETSEQ, Universitat Rovira i Virgili, Carretera de Salou s/n,
43006 Tarragona, Spain

~Received 11 May 1998; accepted 21 July 1998!

Predictions of critical lines and partial miscibility of binary mixtures of hydrocarbons have been
made by using a modified version of the statistical associating fluid theory~SAFT!. The so-called
soft-SAFT equation of state uses the Lennard-Jones potential for the reference fluid, instead of the
hard-sphere potential of the original SAFT, accounting explicitly for the repulsive and dispersive
forces in the reference term. The mixture behavior is predicted once an adequate set of molecular
parameters~segment size, dispersive energy, and chain length! of the pure fluid is available. We use
two sets of such parameters. The first set is obtained by fitting to the experimental saturated liquid
density and by equating the chemical potential in the liquid and vapor phases for a range of
temperatures and pressures. The second set is obtained from the previous one, by rescaling the
segment size and dispersive energy to the experimental critical temperature and pressure. Results
obtained from the theory with these parameters are compared to experimental results of hydrocarbon
binary mixtures. The first set gives only qualitative agreement with experimental critical lines,
although the general trend is correctly predicted. The agreement is excellent, however, when
soft-SAFT is used with the rescaled molecular parameters, showing the ability of SAFT to
quantitatively predict the behavior of mixtures. The equation is also able to predict transitions from
complete to partial miscibility in binary mixtures containing methane. ©1998 American Institute
of Physics.@S0021-9606~98!51040-9#
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I. INTRODUCTION

Knowledge of the thermodynamic properties of pu
substances and their mixtures is essential for the desig
processes used in the chemical industry, such as distilla
adsorption, and extraction. Unfortunately, such data often
not available, and may be difficult and expensive to obt
experimentally. Reliable equations of state for such co
pounds may be used to predict, with confidence, the ther
dynamic properties, and in particular the phase equilibria
havior at different conditions.

Binary mixtures offer a wider and richer variety of pha
behavior than pure fluids. When applying the phase rule
these kinds of systems, one finds not only gas–liquid ph
equilibria, but also liquid–liquid and gas–gas coexistence
well as three-phase regions. Another interesting feature
binary mixtures, not shown by pure fluids, is the fact that
critical points and three-phase coexistence states are
longer fixed thermodynamic points. Due to the presence
the additional component, these points have an extra de
of freedom, making it possible to find them along lines in t
three-dimensional thermodynamic space~pressure-
temperature-composition!. When we increase the number
components to three, the variety of phase behavior is e
richer.

The existence of tricritical points in ternary mixture
of hydrocarbons is associated to the presence of a th

a!Author to whom all correspondence should be addressed. Electronic
lvega@etseq.urv.es
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phase region, liquid–liquid–gas~LLG!, limited by two criti-
cal end points, an upper~UCEP! and a lower~LCEP!.1,2

Knowledge of the phase diagrams of binary mixtures of h
drocarbons allows one to select, in a systematic way, wh
ternary mixtures will exhibit such tricritical behavior.3–11

In essence, what one looks for is a transition region in
phase diagram of two very similar binary mixtures in whi
there is a change from complete miscibility to partial mis
bility ~i.e., presence of a LLG three-phase line close to
critical point of the more volatile component!, following
the Rowlinson nomenclature.12–14 There are several hydro
carbon mixtures exhibiting such behavior: methane(
1n-pentane(2) and methane~1!12,2-dimethylbutane~2! are
typical examples of type-II systems in the Scot
Konynenburg classification,2,15,16 characterized by the ab
sence of the LLG line close to the critical point of methan
On the other hand, methane(1)1n-hexane(2) and
methane~1!12,3-dimethylbutane~2! present a type-IV phase
behavior, showing partial miscibility close to the critical r
gion of methane. Tricritical points occur at the border b
tween type-II and type-IV behavior. There are cases wh
experimentally it is hard to distinguish between type-I a
type-II, and type-IV and type-V behavior, respectively. T
only difference between such types of diagrams is the p
ence of a three-phase region~LLG! at low temperatures, tha
ends at an UCEP. Depending on the system, such part
miscible regions can interact with the solid phase of the l
volatile component, making it very difficult to confirm th
existence of the UCEP at low temperatures.
il:
5 © 1998 American Institute of Physics
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From the experimental point of view it is easier to stu
the three-phase region in binary systems with ethane ra
than with methane, since in the first case the three-ph
region lies at temperatures close to 40 °C while for meth
the temperatures are near270 °C. This fact is not relevan
when one solves the problem theoretically, as long as
equation used does not depend on the thermodynamic
ditions of the system. Although some of the traditional eq
tions of state are able toqualitatively describethe phase
behavior of hydrocarbon mixtures, only a few of them a
able to quantitatively predictthe phase behavior of thes
mixtures. Only molecular-based equations, with parame
with physical meaning and independent of the thermo
namic conditions, are able to predict with confidence
phase equilibria behavior at different conditions than th
used during the fitting procedure. One of the most relia
equations of this type has proved to be the so-called SA
equation of state~statistical associating fluid theory!.17 This
equation is based on Wertheim’s first-order thermodyna
perturbation theory for associating fluids,18–20 using hard
spheres as the reference term. The SAFT approach and
was first proposed and defined by Chapmanet al.:21,22 it
means, in general, to combine a chain reference term wit
associating perturbation term for the description of real
ids. SAFT was first widely applied as an equation of state
real fluids by Huang and Radosz.17 Details of the different
extensions of the Wertheim’s theory, as well as SAF
implementation, technical issues, extensions and comp
sons with molecular simulations, and experimental res
can be found elsewhere.17,21–45

In this work we check the ability of a modified versio
of the SAFT equation~soft-SAFT42! to predict the critical
behavior of binary mixtures of hydrocarbons. The accura
of the theory is tested versus experimental results for th
systems. The equation is also used to study the existenc
partial miscibility of some methane1alkane mixtures, with
results compared to experimental results. A previous wo42

has shown the accuracy of this equation for predicting
phase behavior of binary and ternary mixtures of hydroc
bons. The molecular parameters of the pure compon
~segment size, dispersive energy, and chain length! were ob-
tained by fitting to the experimental liquid density and
equating the chemical potential in both phases. The equa
was able to quantitatively predict the vapor pressure of
pure fluids and the phase envelope of binary and tern
mixtures, except near the critical region. As expected fr
any analytical equation of state, the critical point was alwa
overpredicted with this set of molecular parameters. Sinc
this work we are interested in checking the ability of so
SAFT to predict the critical region~and less interested in th
whole phase diagram envelope! we have used a second set
molecular parameters, derived from the first one, by res
ing them to the experimental critical temperature and pr
sure of pure alkanes. This method has been used previo
in the literature with other versions of SAFT.44,45 Both sets
of molecular parameters are used to find the phase diag
of several binary mixtures, and to compare the prediction
the soft-SAFT equation with experimental results. In a futu
work we will use these results to predict the existence
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tricritical points in two ternary mixtures of hydrocarbon
with methane and ethane.46

The rest of this paper is organized as follows. A su
mary of the soft-SAFT equation of state is described in
following section. In Sec. III we discuss the phase diagr
and critical lines calculations with this particular theory. R
sults of the phase equilibria of methane1alkane binary mix-
tures are presented and discussed in Sec. IV. Finally, con
sions are given in the last section.

II. THE SOFT-SAFT EQUATION OF STATE

Since the SAFT equation of state and its technical iss
have been discussed in detail previously~see, for example,
Blas and Vega42 and references therein!, here we will explain
details concerning its implementation to the fluids studied
this work.

Molecules are represented as united atoms or sites:
site is assigned parameter values to represent a specific
or group of atoms in the molecule of interest. Care must
taken when using the molecular parameters given in
work for other applications: although the molecular para
eters have physical meaning~segment diameter, dispersiv
energy per segment, and chain length!, they areeffectivepa-
rameters. This is due to the fact that we use a Lennard-Jo
potential, instead of anab initio potential.17,43–45

The n-alkanes are modeled asm Lennard-Jones seg
ments of equal diameters, and the same dispersive energye,
bonded tangentially to form the chain. Intermolecular a
intramolecular dispersive energies are taken into acco
through the Lennard-Jones potential,

f54(
i

(
j

e i j F S s i j

r D 12

2S s i j

r D 6G . ~2.1!

This model accounts for three important attributes of ch
molecular architecture: the bead connectivity, the exclud
volume effects, and the attraction between differents be
Although the model is simple compared to realistic mode
it conserves the relevant features of the real system. He
we expect to give good results and to accurately predict
thermodynamic properties as well as the phase equilibria

The equation of state is written in terms of the Helm
holtz free energy. The residual Helmholtz free energy (Ar

5A2Aideal) of a binary mixture of alkanes can be express
as a sum of two terms, the reference term, which takes
account repulsions and attractions between different gro
in the chains ~intermolecular and intramolecular force!
through the Lennard-Jones potentialALJ, and the perturba-
tion term accounting for the chain formationAchain,

Ar5ALJ1Achain. ~2.2!

The total Helmholtz free energy is then calculated by add
the ideal contributionAideal.

The ideal term for a mixture of two components withNm

molecules takes the form,

Aideal5NmkBT$x1 ln~rm
~1!L1

3!1x2 ln~rm
~2!L2

3!21%, ~2.3!
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wherex15Nm
(1)/Nm andx25Nm

(2)/Nm are the mole fractions
rm is the molecular density,Nm

(1) andNm
(2) are the number of

molecules,L i is the thermal de Broglie wavelength,kB is the
Boltzmann’s constant, andV is the volume.

ALJ is the Helmholtz free energy of a mixture of sphe
cal Lennard-Jones molecules. We have chosen the Lenn
Jones equation of state by Johnsonet al.47

The contribution to the chain formation is accounted
in the termAchain. This term was independently introduce
by Wertheim20 and Jacksonet al.24 and Chapmanet al.25

from the first-order perturbation theory for associati
spherical molecules. For a binary mixture of alkanes w
bond lengths equal tos11 and s22, the diameter of the
Lennard-Jones sites in species 1 and 2, respectively, the
expression takes the form40,42

Achain5NmkBT$x1~12m1!ln yR
~11!~s11!

1x2~12m2!ln yR
~22!~s22!%, ~2.4!

wherem1 and m2 are the chain length of species 1 and
respectively.yR

( i i ) is the contact value of the cavity correla
tion function for spherical segments of species 1 and 2 in
Lennard-Jones reference fluid.yR

(11) and yR
(22) are easily re-

lated to the pair radial distribution functions of the Lenna
Jones fluid,gR

(11) andgR
(22) .

Since the Helmholtz free energy is calculated by add
different terms, each of them should be expressed in term
compositions for mixtures studies. We use the van der W
one-fluid theory~vdW-1f! to describe theALJ term of the
mixture. In this theory, the residual Helmholtz free energy
the mixture is approximated by the residual Helmholtz fr
energy of a pure hypothetical fluid,48 with parameterssm

andem calculated from

sm
3 5

( i 51
2 ( j 51

2 mimjxixjs i j
3

( i 51
2 ( j 51

2 mimjxixj
, ~2.5a!

emsm
3 5

( i 51
2 ( j 51

2 mimjxixje i j s i j
3

( i 51
2 ( j 51

2 mimjxixj
, ~2.5b!

where the mixing rules for a Lennard-Jones mixture ha
been expressed as a function of the chain molar fractio
The chain termAchain depends explicitly on composition an
no changes are needed for mixtures.

To obtain the pair correlation function of a mixture
Lennard-Jones spheres, the same mixing rules~vdW-1f! have
been used as in a previous work.42 For the crossed interac
tions, the Lorentz–Berthelot combining rules are used.42 For
details, see Eqs.~14!, ~15!, and~16! in Ref. 42. The applica-
bility of the vdW-1f theory, with Lorentz–Berthelot combin
ing rules for binary and ternary mixtures of Lennard-Jon
spheres and chains has proved to be excellent in prev
studies.37,49–51

III. PHASE EQUILIBRIA AND CRITICALITY

In this section we outline the techniques used to obt
the phase equilibria and critical behavior of binary mixtur
with the soft-SAFT equation of state. For a more detai
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description of the solution of a mixture’s equation of sta
for phase equilibria and critical points, see the work of Sc
and Konynenburg.15,16

The usual conditions, equality for pressure, temperatu
and chemical potential in each phase, for liquid–vapor eq
libria in both pure component and binary systems, liqui
liquid equilibria in binary mixtures, and liquid–liquid–ga
three-phase coexistence line, as well as for the critical lin
have been found by solving the corresponding equations
ing the Marquart–Levenberg algorithm.52

Binary mixture critical points occur when the second a
third derivatives of the Gibbs free energy with respect
composition are equal to zero at constant pressure and
perature, i.e.,

S ]2G

]x2 D
P,T

5S ]3G

]x3 D
P,T

50. ~3.1!

In addition to these equations, classical stability for critic
points is required through the extra condition,

S ]4G

]x4 D
P,T

.0. ~3.2!

The soft-SAFT equation of state is given in terms of t
Helmholtz free energy and its natural thermodynamic va
ables are temperature, volume, and composition. Hence
more convenient as in other equations of state~van der
Waals type! to express the critical conditions in terms
derivatives of the Helmholtz free energy with respect to v
ume and composition, at constant temperature,

A2xA2V2AVx
2 50, ~3.3a!

A3x23AV2xS AVx

A2V
D13A2VxS AVx

A2V
D 2

2A3VS AVx

A2V
D 3

50,

~3.3b!

where the notationAnVmx5(]n1mA/]Vn]xm)T is used for
the derivatives of the Helmholtz free energy.2

Binary mixtures have been classified in six major grou
by van Konynenburg and Scott2,15,16 depending on their
phase behavior. The six principal classes of phase diagr
are easily differentiated by using their projection of the pha
diagram over the pressure–temperature plane, as show
Fig. 1. Type I shows a continuous gas–liquid critical lin
connecting the critical points of the two pure componen
Type II shows a liquid–liquid–gas three-phase line at lo
temperatures ending at an upper critical end point~UCEP!,
where a liquid–liquid critical line starts and evolves throu
high pressures, in addition to the gas–liquid critical line
type I. In type III the gas–liquid critical line is no longe
continuous, having two branches, one ending at an UC
and the other merging into the liquid–liquid critical line
Systems with type IV behavior have two gas–liquid critic
lines, one of which ends at an UCEP and the other one
lower critical end point~LCEP!, and a liquid–liquid critical
line as in type II. Type V is similar to type IV but with the
absence of the liquid–liquid critical line. Finally, type VI i
similar to type II with the liquid–liquid inmiscibility disap-
pearing at low temperatures and the corresponding crit
line ending at a LCEP.
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IV. RESULTS AND DISCUSSION

Here we check the ability of the soft-SAFT equation
state to predict the critical behavior of some experimen
systems. In particular, we have applied the soft-SAFT eq
tion of state to calculate the critical lines of two binary ser
of hydrocarbons:n-butane(1)1alkane(2) and methane(1
1alkane(2). In addition, we have obtained the comple
phase diagram of some binary mixtures of the methane
ries, finding partial miscibility in some of them, as occu
experimentally.12–16 In all cases we compare theoretical r
sults with experimental data.

In order to study the phase equilibria and the critic
lines of binary mixtures with SAFT, molecular paramete
for pure compounds, the segment sizes, the dispersive en-
ergy e, and the chain lengthm, are needed. There are tw
choices of molecular parameters. The first set, found i
previous work,42 is obtained by fitting to the saturated liqu
density and by equating the chemical potential in b
phases. These values, shown in Table I, have proved to
vide a good representation of the vapor pressure curve
well as the liquid–vapor coexistence over a wide range
temperatures, except in the region near the critical po
Since in the current study we are interested inpredictingthe
critical lines, we have chosen a different approach, which
proven to better predict the critical behavior with other eq
tions of state.44,45 The second set of molecular paramete
has, then, been found from the previous one in the follow
way. We rescales, the segment size ande, the dispersive
energy, to the experimental critical pressure and tempera

FIG. 1. Pressure-temperature diagrams of the six different classes of p
behavior according to the Scott and Konynenburg classification~Refs. 2, 15,
and 16!.
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of pure alkanes; this gives a better representation of the
por pressure curve near the critical point. It should be no
that although this procedure provides a better description
the phase diagram near the critical region, it does not rep
duce the features of the real phenomena. Near the cri
point density fluctuations become important and they are
accounted for by this equation of state. To describe s
phenomena one should take into account the inhomogen
of the system near the critical point.

Before presenting results obtained for critical lines w
compare the vapor pressure predicted by soft-SAFT with
experimental results to test the accuracy of both sets of
lecular parameters. Figure 2 shows the comparison betw
the predicted vapor pressure curve and the experime
data53 for the n-alkane series, from methane ton-octane.
Temperature is given in kelvin, pressure in MPa, and m
lecular density in mol/dm3. Figure 2~a! presents results ob
tained with the nonscaled molecular parameters. The ag
ment between experimental results and predictions
excellent over a wide range of temperatures, except in
region near the critical point. This is due to the fact that
are using an analytical equation of state with classical ex
nents near the critical region and we are fitting far from t
region. As expected, a better representation of the crit
region is obtained when using the rescaled molecular par
eters, as shown in Fig. 2~b!. Notice that this new set of pa
rameters not only gives accurate results near the critical
gion, but also over the whole range of the experimen
temperatures. However, although the description of
pressure–temperature diagram with the rescaled molec
parameters is good, the liquid density is not as accurate
was with the first set, as expected. This is the price paid
just looking at the critical region. It is not possible to simu
taneously predict the critical regionand the phase envelope
over a wide range of temperatures with thesameset of mo-
lecular parameters and an analytical equation such as
SAFT.

A. The n-butane series

In this section we present results for the ser
n-butane1n-alkane from methane up ton-octane. It is gen-
erally accepted in the literature thatn-butane is the first
member of the series that behaves regularly with respec
the rest of the members. Methane and ethane, and depen

ase

TABLE I. Nonscaled and scaled molecular parameters to critical prope
of pure alkanes. See text for details.

Compound
s ~nm!

~nonscaled!
e/kB ~K!

~nonscaled!
s ~nm!
~scaled!

e/kB ~K!
~scaled! m

Methane 0.3722 147.3020 0.3843 144.9403 1.00
Ethane 0.3585 190.3750 0.3760 186.6281 1.59
Propane 0.3657 207.9678 0.3853 203.4697 1.99
n-butane 0.3801 229.7099 0.4048 224.2150 2.19
n-pentane 0.3778 232.9734 0.4016 227.4589 2.69
n-hexane 0.3662 233.6598 0.3908 225.8652 3.36
n-heptane 0.3697 240.1248 0.3964 231.8685 3.72
n-octane 0.3787 249.8109 0.4070 239.2301 3.94
2,3-dimethyl 0.3656 229.3312 0.3885 224.1675 3.29
butane
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on the thermodynamic property to study, propane as w
show an anomalous behavior with respect to the rest of
series. A typical example of such anomalous phenomen
the well-known effect of dependency of the critical press
with the number of carbons: critical pressure, when cor
lated with the number of carbon atoms, is a monoton
decreasing function, except for methane and ethane~the criti-
cal pressure of ethane is higher than that of methane!. Hence
we have chosen to begin this study with binary mixtures
n-butane. Note that once the molecular parameters of
pure fluid are obtained, predictions for any binary mixtu
can be made just by using the Lorentz–Berthelot combin
rules, without any further adjustment.

The pressure–temperature diagrams of the mem
of the n-butane1n-alkane series, from n-butane~1!
1methane(2) ton-butane(1)1n-propane(2), areshown in
Fig. 3. Figure 3~a! represents predictions of the soft-SAF
equation of state with the nonscaled molecular parame
Solid lines correspond to the vapor pressure curves of p
components. The end lines in all curves represent the
dicted critical points ofn-alkanes. The dashed lines are t

FIG. 2. Vapor pressure curves of the first members of then-alkane series.
Solid lines represent predictions from the soft-SAFT equation of state
symbols correspond to the experimental results taken from the literature~a!
Soft-SAFT with nonscaled molecular parameters,~b! soft-SAFT with the
scaled parameters. See text for explanation.
ll,
e
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critical lines given by soft-SAFT and the symbols repres
the experimental critical lines of these mixtures taken fro
the literature.54 As can be seen, all are continuous liquid–g
critical lines ~type-I behavior according to the Scott an
Konynenburg classification2,15,16!. Although the equation is
able to capture the shape of the critical lines, it only agr
qualitatively with experimental data when using this set
parameters. This is an expected result since we are usin
analytical equation of state with mean-field mixing rul
~van der Waals one-fluid approximation!. Figure 3~b! shows
the same diagrams as in the previous figure, but using
parameters scaled to critical properties. Note that using
same equation and just rescaling the parameters of the
components, a quantitative agreement with experime
critical lines of the mixture is obtained. Special attenti
should be paid to binary mixtures with low molecular weig
compounds, such as methane and ethane. These compo
as previously mentioned, show an anomalous behavio
some thermodynamic properties. The small discrepancies
tween predictions and experimental results for the criti

d
FIG. 3. Pressure-temperature diagram of the first binary mixtures
n-butane1n-alkane systems predicted by the soft-SAFT equation of st
~a! The predictions by SAFT when the nonscaled molecular parameters
used,~b! the same systems when using scaled parameters. Solid lines a
vapor pressure of pure components, the dotted line is the predicted cr
line, and symbols correspond to the experimental critical points of the m
ture.
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line of n-butane~1!1methane(2) may be due to such effec
The rest of then-butane series is presented in Fig. 4.

shows the pressure–temperature diagrams for the bi
mixtures fromn-butane(1)1n-pentane(2) ton-butane(1)
1n-octane(2). Symbols and lines are used as in Fig. 3. Bo
the experimental data54 and the predictions from soft-SAFT
show that all these mixtures exhibit continuous gas–liq
critical lines ~type-I behavior!. Again, the agreement be
tween experimental and theoretical results is excellent w
using the second set of molecular parameters. In these fig
we show only the vapor pressure curves close to the crit
points since we are interested in the critical lines.

B. The methane series

We first show results for the critical lines of three bina
mixtures with methane, namely, methane~1!1ethane~2!,
methane~1!1propane~2!, and methane(1)1n-butane(2).
The pressure-composition diagram of these mixtures
shown in Fig. 5. Symbols and lines are used as in Fig
Here we use the scaled molecular parameters since t
have proved to better predict the critical behavior of m

FIG. 4. Detail of the critical region of the pressure-temperature diagram
several binary mixtures of then-butane series. Symbols as in the previo
figure. ~a! The predictions by SAFT when nonscaled molecular parame
are used,~b! the behavior of the phase diagram when scaled parameter
used.
.

ry

d

n
res
al

is
.
se

-

tures. The agreement between the experimental and the
ical results is excellent for methane~1!1ethane~2! and
methane~1!1propane~2! mixtures. In the methane(1
1n-butane(2) binary mixture, the agreement is poorer,
discussed in the previous section. In all cases the phase
havior corresponds to type-I.2,15,16 No evidence has bee
found of partial miscibility at any thermodynamic conditio
in these mixtures.

Figure 6 shows the pressure-temperature composi
diagram of the binary mixture methane(1)1n-pentane(2).
Only scaled molecular parameters are used for SAFT. S
bols and lines are used as in previous figures. The agreem
between predictions from the soft-SAFT equation of st
and experimental results is very good. The small differen
between both results could be due to the fact that the mix
contains methane, as explained previously.

As mentioned before, we are interested in studying p
tial miscibility of alkane mixtures by the soft-SAFT equa

f

rs
re

FIG. 5. Pressure-temperature diagram of the first binary mixtures of
methane series. Solid lines represent the predictions of the gas–liquid c
of pure components. Dashed lines are the predictions for the critical line
the mixtures and symbols are the experimental critical points of the diffe
mixtures. Only scaled molecular parameters are used with SAFT.

FIG. 6. Pressure-temperature diagram of the mixture methane
1n-pentane(2). Symbols as in the previous figures. Only scaled molecu
parameters are used with SAFT.
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tion. Our interest is in finding the transition behavior fro
type-I to type-V. Knowledge of this behavior is very usef
in order to select, in a systematic way, ternary mixtures
alkanes~with methane as the first component! that exhibit
tricritical behavior. For this purpose we have studied
pressure-composition and temperature-composition diagr
of methane(1)1n-pentane(2) at different temperatures a
pressures. Results from soft-SAFT are shown in
pressure-composition diagram at temperatures between
and 205 K @Fig. 7~a!# and in the temperature-compositio
diagram at pressures between 5.5 and 15 MPa@Fig. 7~b!#.
Predictions show that this mixture has no liquid–liquid i
miscibility near the critical region of the methane. On
liquid–vapor equilibria is found over all the temperatu
ranges studied indicating that this mixture exhibits a typ
phase behavior. These diagrams confirm that
methane(1)1n-pentane(2) mixture has no three-phase
gion near the critical point of methane.

To study tricritical phenomena another binary mixtu
with methane showing type-V phase behavior is needed.
have studied in detail the phase diagram of two candida

FIG. 7. Projections of the phase diagram of the binary mixt
methane(1)1n-pentane(2) at different temperatures and pressures.
predictions by SAFT~solid lines! have been calculated using the scal
molecular parameters set. Pressure-composition diagram~a! is shown at
several temperatures near the critical temperature of methane.~b! The
temperature-composition diagram at different pressures.
f

e
s

e
65

I
e
-

e
s:

methane(1)1n-hexane(2) and methane~1!12,3-dimethyl-
butane~2!. Although the structure of the second compone
in these mixtures is different both of them are seen as id
tical in the SAFT approach since this is a first-order pert
bation theory and it does not distinguish between differ
locations of atoms in the same molecule. However, wh
fitting to experimental data, different values obtained fors
ande for n-hexane and 2,3-dimethylbutane can be used. T
is due to the fact that these molecular parameters areeffective
and somehow include the real structure of the group atom42

Figure 8 shows the pressure-temperature diagram of
mixture methane(1)1n-hexane(2). Lines are predictions
from soft-SAFT ~with scaled molecular parameters! and
symbols are experimental data for the liquid–gas part of
critical line.54 The complete diagram can be seen in Fig. 8~a!.
The critical region of methane is enlarged in Fig. 8~b!, where
both critical end points~UCEP and LCEP! bounding the
three-phase line can be seen. The positions of the UCEP
LCEP predicted by the soft-SAFT equation are given
TUCEP5193.45 K, PUCEP54.952 MPa,xUCEP50.998,TLCEP

5189.35 K, PLCEP54.335 MPa, andXLCEP50.948, and
those obtained experimentally2,55,56 are TUCEP5195.91 K,

e
FIG. 8. Pressure-temperature projection of the phase diagram
methane(1)1n-hexane(2). ~a! The complete phase diagram of the syste
~b! The region near the critical point of methane enlarged. Symbols as in
previous figures. Only scaled molecular parameters are used with SAF
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PUCEP55.206 MPa, xUCEP50.9976, TLCEP5182.46 K,
PLCEP53.415 MPa, andXLCEP50.9286. The difference be
tween theory and experiments is less than 6% in all ca
except for the pressure of the LCEP, where deviations fr
experiments go up to 25%.

We have also studied the pressure-composition
temperature-composition diagrams for this mixture. Fig
9~a! shows the pressure-composition diagram at 192 K. O
an enlarged region near the three-phase line is shown.
liquid–gas regions can be seen below and above the th
phase line. Also, a liquid–liquid inmiscibility region with a
upper critical solution temperature~UCST! can be observed
at pressures above the liquid–liquid–gas line, as expe
from Fig. 8. BothL21G andL11L2 regions are very smal
compared to theL11G region showing that liquid–liquid–
gas and liquid–liquid inmiscibility phenomena in this mi
ture is small compared to the liquid–gas coexistence.

The temperature-composition plane of the methane
1n-hexane(2) mixture at 4.4 MPa is shown in Fig. 9~b!. At
these conditions the system exhibits the liquid–liquid–gas

FIG. 9. Projections of the phase diagram of methane(1)1n-hexane(2) at
different temperatures and pressures. All predictions by SAFT have b
calculated using the scaled molecular parameters set.~a! The pressure-
composition diagrams at 192 K. Three phase liquid–liquid–gas line, as
as liquid–liquid inmiscibility regions can be seen.~b! The temperature-
composition diagrams of the system at 4.4 MPa.
s,
m

d
e
ly

o
e-

ed

)

s

well as liquid–liquid inmiscibility below the three-phas
line, as expected from Fig. 8.

We have also studied the binary mixture methane~1!
12,3-dimethylbutane~2!. Soft-SAFT predicts similar dia-
grams than those obtained for methane(1)1n-hexane(2)
and results are not shown here.

V. CONCLUSIONS

The soft-SAFT equation of state is able to predict t
critical lines of several mixtures of alkanes as well as par
miscibility. Results obtained from this equation with two di
ferent sets of molecular parameters have been compare
experimental results. The agreement between theoretical
experimental results is remarkably good when the molec
parameters of the pure components are rescaled to the cr
properties. However, with these sets of parameters the o
all agreement between the phase envelope obtained by
equation and the experimental one is poorer than when fit
over a wide range of temperatures and pressures. Hen
has been shown that soft-SAFT is able to quantitatively p
dict both phase envelopes and critical behavior. Care mus
taken during the fitting procedure depending on the prop
ties to be studied.

In particular, soft-SAFT is able to capture the shape
critical lines of binary mixtures of hydrocarbons with bo
sets of parameters. A quantitative agreement with exp
mental data is obtained when the molecular parameters
rescaled.

We have found a transition from type-I (methan
1n-pentane) to type-V behavior~methane-n-hexane,
methane12,3-dimethylbutane). This transition is necessa
to observe tricritical phenomena in ternary mixtures conta
ing methane. In a later work, tricritical points of ternary mi
tures with methane will be located using the SAF
approach.46
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