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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 tH&#¥FT). 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
parameter¢segment size, dispersive energy, and chain lergftthe 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. 1898 American Institute

of Physics[S0021-96068)51040-9

I. INTRODUCTION phase region, liquid—liquid—gd&LG), limited by two criti-
_ _ cal end points, an uppeftUCEP and a lower(LCEP).}2
Knowledge of the thermodynamic properties of purekpowledge of the phase diagrams of binary mixtures of hy-

substances and their mixtures is essential for the design @focarbons allows one to select, in a systematic way, which
processes used in the chemical industry, such as distillation@ernary mixtures will exhibit such tricritical behavidril

adsorption, and extraction. Unfortunately, such data often arg, essence. what one looks for is a transition region in the

not aya|lable, and may be d|ff|gu|t and expensive to Obtalr‘bhase diagram of two very similar binary mixtures in which
experimentally. Reliable equations of state for such coms

. ) . there is a change from complete miscibility to partial misci-
pounds may be used to predict, with confidence, the thermot5i|ity (i.e., presence of a LLG three-phase line close to the

dyn_amlc properties, anql n particular the phase equilibria bec':ritical point of the more volatile compongntfollowing
havior at different conditions.

. —14
Binary mixtures offer a wider and richer variety of phasethe Rowlinson nomenclaturé:** There are several hydro

behavior than pure fluids. When applying the phase rule t&arbon mixtures exhibiting such pehawor: methane(1)
these kinds of systems, one finds not only gas—liquid phasg "-Pentane(2) and methadg-+2,2-dimethylbutan) are
equilibria, but also liquid—liquid and gas—gas coexistence, al/Pical examples  of prles_lllfi systems in the Scott-
well as three-phase regions. Another interesting feature dkonynenburg clas§|f|cat|o2n, " characterized by the ab-
binary mixtures, not shown by pure fluids, is the fact that theSence of the LLG line close to the critical point of methane.
critical points and three-phase coexistence states are nftn the other hand, methane(ijh-hexane(2) and
longer fixed thermodynamic points. Due to the presence ofethanél)+2,3-dimethylbutan@) present a type-IV phase
the additional component, these points have an extra degré&havior, showing partial miscibility close to the critical re-
of freedom, making it possible to find them along lines in thegion of methane. Tricritical points occur at the border be-
three-dimensional  thermodynamic  space(pressure- tween type-Il and type-IV behavior. There are cases where
temperature-compositionWhen we increase the number of experimentally it is hard to distinguish between type-l and
components to three, the variety of phase behavior is evetype-Il, and type-IV and type-V behavior, respectively. The
richer. only difference between such types of diagrams is the pres-
The existence of tricritical points in ternary mixtures ence of a three-phase regidrl.G) at low temperatures, that
of hydrocarbons is associated to the presence of a threends at an UCEP. Depending on the system, such partially
miscible regions can interact with the solid phase of the less

dAuthor to whom all correspondence should be addressed. Electronic maiyo!at"e component, making it very difficult to confirm the
lvega@etseq.urv.es existence of the UCEP at low temperatures.
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From the experimental point of view it is easier to studytricritical points in two ternary mixtures of hydrocarbons
the three-phase region in binary systems with ethane rathevith methane and etharié.
than with methane, since in the first case the three-phase The rest of this paper is organized as follows. A sum-
region lies at temperatures close to 40 °C while for methanenary of the soft-SAFT equation of state is described in the
the temperatures are neaf70 °C. This fact is not relevant following section. In Sec. Il we discuss the phase diagram
when one solves the problem theoretically, as long as thand critical lines calculations with this particular theory. Re-
equation used does not depend on the thermodynamic cosults of the phase equilibria of methanalkane binary mix-
ditions of the system. Although some of the traditional equatures are presented and discussed in Sec. IV. Finally, conclu-
tions of state are able tqualitatively describethe phase sions are given in the last section.
behavior of hydrocarbon mixtures, only a few of them are
able to quantitatively predictthe phase behavior of these
mllxtures. iny moIepuIar-basgd equations, with parametery g SOFT-SAFT EQUATION OF STATE
with physical meaning and independent of the thermody-
namic conditions, are able to predict with confidence the Since the SAFT equation of state and its technical issues
phase equilibria behavior at different conditions than thosénave been discussed in detail previou@ge, for example,
used during the fitting procedure. One of the most reliableBlas and Veg# and references thergirhere we will explain
equations of this type has proved to be the so-called SAFTetails concerning its implementation to the fluids studied in
equation of statéstatistical associating fluid thegry This  this work.
equation is based on Wertheim’s first-order thermodynamic  Molecules are represented as united atoms or sites: each
perturbation theory for associating fluiths2° using hard site is assigned parameter values to represent a specific atom
spheres as the reference term. The SAFT approach and tewn group of atoms in the molecule of interest. Care must be
was first proposed and defined by Chapneiral.?>?? it  taken when using the molecular parameters given in this
means, in general, to combine a chain reference term with awork for other applications: although the molecular param-
associating perturbation term for the description of real flu-eters have physical meanirigegment diameter, dispersive
ids. SAFT was first widely applied as an equation of state forenergy per segment, and chain lengthey areeffectivepa-
real fluids by Huang and Rado$zDetails of the different rameters. This is due to the fact that we use a Lennard-Jones
extensions of the Wertheim’s theory, as well as SAFT,potential, instead of amb initio potential'”*3~4°
can be found elsewhefé?1—4° bonded tangentially to form the chain. Intermolecular and
behavior of binary mixtures of hydrocarbons. The accuracy 1 6
Ji) (i
B e
partial miscibility of some methanealkane mixtures, with
volume effects, and the attraction between differents beads.
(segment size, dispersive energy, and chain I8ngére ob- it conserves the relevant features of the real system. Hence
was able to quantitatively predict the vapor pressure of th% The equation of state is written in terms of the Helm-
mixtures, except near the critical region. As expected from . .
s a sum of two terms, the reference term, which takes into
this work we are interested in checking the ability of soft-!

implementation, technical issues, extensions and compari- The n-alkanes are modeled aa Lennard-Jones seg-
sons with molecular simulations, and experimental resultgnents of equal diameter, and the same dispersive enekgy

In this work we check the ability of a modified version intramolecular dispersive energies are taken into account
of the SAFT equation(soft-SAFT*) to predict the critical through the Lennard-Jones potential,
of the theory is tested versus experimental results for these ¢:42 E .

. . . I
systems. The equation is also used to study the existence of T T
results compared to experimental results. A previous $fork This model accounts for three important attributes of chain
has shown the accuracy of this equation for predicting thdnolecular architecture: the bead connectivity, the excluded
phase behavior of binary and ternary mixtures of hydrocar- e oS
bons. The molecular parameters of the pure componen Ithough the model is simple compared to realistic models,
tained by fitting to the experimental liquid density and byWe expect to give QOOd_ results and to accurately pr?‘?”c.‘ the
equating the chemical potential in both phases. The equatiotll?erm()dyn‘rjlmIC properties as well as the phase equilibria.
; . oltz free energy. The residual Helmholtz free energy (
ure fluids and the phase envelope of binary and ternar : : )

b P P y = A—Al%a) of 3 binary mixture of alkanes can be expressed
any analytical equation of state, the critical point was alway t Isi d attracti bet diff i
overpredicted with this set of molecular parameters. Since jgecount repulsions and atiractions between difierent groups
n the chains(intermolecular and intramolecular forges

SAFT to predict the critical regiofand less interested in the through the Lenngrd-Jones potgnt]&HJ, apd thhe perturba-
X tion term accounting for the chain formatigf"a",

whole phase diagram envelgpee have used a second set of

molecular parameters, derived from the first one, by rescal- r— ALJ4 Achain 2.2

ing them to the experimental critical temperature and pres-

sure of pure alkanes. This method has been used previoushhe total Helmholtz free energy is then calculated by adding

in the literature with other versions of SAFt#°Both sets  the ideal contributiorA!®?.

of molecular parameters are used to find the phase diagram The ideal term for a mixture of two components wikll,

of several binary mixtures, and to compare the predictions ofnolecules takes the form,

the soft-SAFT equation with experimental results. In a future

work we will use these results to predict the existence ofA“*=NmksT{X, IN(pi’AD)+x; In(pigAD)—1}, (2.3
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wherex; =N/N, andx,=N)/N,, are the mole fractions, description of the solution of a mixture’s equation of state
pm is the molecular densityy(H andN(? are the number of ~ for phase equilibria and critical points, see the work of Scott
moleculesA; is the thermal de Broglie wavelengty is the  and Konynenburg>*®
Boltzmann’s constant, and is the volume. The usual conditions, equality for pressure, temperature,
A is the Helmholtz free energy of a mixture of spheri- and chemical potential in each phase, for liquid—vapor equi-
cal Lennard-Jones molecules. We have chosen the Lennartiria in both pure component and binary systems, liquid—
Jones equation of state by Johnsairal*’ liquid equilibria in binary mixtures, and liquid—liquid—gas
The contribution to the chain formation is accounted forthree-phase coexistence line, as well as for the critical lines,
in the termA°"@" This term was independently introduced have been found by solving the corresponding equations us-
by Wertheinf® and Jacksoret al?* and Chapmaret al?®®  ing the Marquart—Levenberg algorithth.
from the first-order perturbation theory for associating  Binary mixture critical points occur when the second and
spherical molecules. For a binary mixture of alkanes withthird derivatives of the Gibbs free energy with respect to
bond lengths equal ter;; and o,,, the diameter of the composition are equal to zero at constant pressure and tem-
Lennard-Jones sites in species 1 and 2, respectively, the finpérature, i.e.,
expression takes the fofft*?

# G\ &G 0 -
AN, kg Ty (1-my)In Y (g w2, “\as) 7O (31
+X5(1—my)In yg2><022)}, (2.9 In addition to these equations, classical stability for critical

wherem,; andm, are the chain length of species 1 and 2,polnts is required through the extra condition,

respectivelyy{l!) is the contact value of the cavity correla- G
tion function for spherical segments of species 1 and 2 in the x4 . T>0- 3.2
(22) ,

Lennard-Jones reference quiyl(R”) andyg“ are easily re- . o _
lated to the pair radial distribution functions of the Lennard- ~ The soft-SAFT equation of state is given in terms of the
Jones fluidgd® andg??. Helmholtz free energy and its natural thermodynamic vari-
Since the Helmholtz free energy is calculated by addingables are tem.perature., volume, and gomposition. Hence it is
different terms, each of them should be expressed in terms @Rore convenient as in other equations of statan der
compositions for mixtures studies. We use the van der Waal¥/aals type to express the critical conditions in terms of
one-fluid theory(vdw_lf) to describe th@\LJ term of the derivatives of the Helmholtz free energy with reSpeCt to vol-
mixture. In this theory, the residual Helmholtz free energy ofume and composition, at constant temperature,
the mixture is approximateq by the re_sidual Helmholtz free Azxsz—A\2/x=0y (3.39
energy of a pure hypothetical flufd,with parameterss,,,
and e, calculated from Ayx Avx\? Avx|®
Ay 3Azvx Ay Asy Ay 0,
(2.5a (3.3b

A3x_ 3AV2x

2 2 3
3 _2i=12j=lmiijin0'ij

g
"SSP mimixiX , (N FMA AN
where the notatiom,yme= (9" "A/dV"oxM) 1 is used for
o SPSPimimixixeor) the derivatives of the Helmholtz free energy.
€EmO = Eiz_ 1212= mmxx; (2.5b Binary mixtures have been classified in six major groups

by van Konynenburg and Scbttf!® depending on their
where the mixing rules for a Lennard-Jones mixture havgyhase behavior. The six principal classes of phase diagrams
been expressed as a function of the chain molar fractiongre easily differentiated by using their projection of the phase
The chain termA®"@" depends explicitly on composition and diagram over the pressure—temperature plane, as shown in
no changes are needed for mixtures. Fig. 1. Type | shows a continuous gas—liquid critical line
To obtain the pair correlation function of a mixture of connecting the critical points of the two pure components.
Lennard-Jones spheres, the same mixing riueé®/-1f) have  Type 1l shows a liquid—liquid—gas three-phase line at low
been used as in a previous wdfkFor the crossed interac- temperatures ending at an upper critical end pGiH€EP),
tions, the Lorentz—Berthelot combining rules are USgor  where a liquid—liquid critical line starts and evolves through
details, see Eqe14), (15, and(16) in Ref. 42. The applica- high pressures, in addition to the gas—liquid critical line of
bility of the vdW-1f theory, with Lorentz—Berthelot combin- type I. In type Ill the gas—liquid critical line is no longer
ing rules for binary and ternary mixtures of Lennard-Jonesontinuous, having two branches, one ending at an UCEP
spheres and chains has proved to be excellent in previougnd the other merging into the liquid—liquid critical line.
studies’’*9>* Systems with type IV behavior have two gas—liquid critical
lines, one of which ends at an UCEP and the other one at a
lower critical end poin{LCEP), and a liquid—liquid critical
absence of the liquid—liquid critical line. Finally, type VI is
In this section we outline the techniques used to obtairsimilar to type Il with the liquid—liquid inmiscibility disap-
the phase equilibria and critical behavior of binary mixturespearing at low temperatures and the corresponding critical
with the soft-SAFT equation of state. For a more detailedine ending at a LCEP.
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Type-I Type-II TABLE |. Nonscaled and scaled molecular parameters to critical properties
: of pure alkanes. See text for details.

cm  ekg(K) o (m elkg (K)

Compound  (nonscalegl (nonscalegl (scaled (scaled m
Methane 0.3722 147.3020 0.3843 144.9403 1.0000
Ethane 0.3585 190.3750 0.3760 186.6281 1.5936
Propane 0.3657 207.9678 0.3853 203.4697 1.9969
n-butane 0.3801 229.7099 0.4048 224.2150 2.1959
n-pentane 0.3778 232.9734 0.4016 227.4589 2.6991
Type-IIL Type-IV n-hexane 03662  233.6598 0.3908 2258652 3.3673
o n-heptane 0.3697 240.1248 0.3964 231.8685 3.7256
§ i i n-octane 0.3787 249.8109 0.4070 239.2301 3.9476
§ g 2,3-dimethyl 0.3656 229.3312 0.3885 224.1675 3.2991
D LLG 1 butane

of pure alkanes; this gives a better representation of the va-
Type-V Type-VI por pressure curve near the critical point. It should be noted
that although this procedure provides a better description of
the phase diagram near the critical region, it does not repro-
duce the features of the real phenomena. Near the critical
point density fluctuations become important and they are not
accounted for by this equation of state. To describe such
phenomena one should take into account the inhomogeneity
Temperature of the system near the critical point.
fe 1 P . wre i  the six different - Before presenting results obtained for critical lines we
o i Sasessa 5 3 " *Eompare the vapor pressure predicted by SoftSAFT with he
and 16. experimental results to test the accuracy of both sets of mo-
lecular parameters. Figure 2 shows the comparison between
the predicted vapor pressure curve and the experimental
IV. RESULTS AND DISCUSSION data® for the .n-al_kane. serie;, from methgne teoctane.
Temperature is given in kelvin, pressure in MPa, and mo-

Here we check the ability of the soft-SAFT equation of lecular density in mol/drh Figure Za) presents results ob-
state to predict the critical behavior of some experimentatained with the nonscaled molecular parameters. The agree-
systems. In particular, we have applied the soft-SAFT equament between experimental results and predictions is
tion of state to calculate the critical lines of two binary seriesexcellent over a wide range of temperatures, except in the
of hydrocarbonsn-butane(1j)-alkane(2) and methane(1) region near the critical point. This is due to the fact that we
+alkang2). In addition, we have obtained the complete are using an analytical equation of state with classical expo-
phase diagram of some binary mixtures of the methane sewents near the critical region and we are fitting far from this
ries, finding partial miscibility in some of them, as occursregion. As expected, a better representation of the critical
experimentally:*~*° In all cases we compare theoretical re- region is obtained when using the rescaled molecular param-
sults with experimental data. eters, as shown in Fig.(). Notice that this new set of pa-

In order to study the phase equilibria and the criticalrameters not only gives accurate results near the critical re-
lines of binary mixtures with SAFT, molecular parametersgion, but also over the whole range of the experimental
for pure compounds, the segment sizethe dispersive en- temperatures. However, although the description of the
ergy €, and the chain lengtm, are needed. There are two pressure—temperature diagram with the rescaled molecular
choices of molecular parameters. The first set, found in @arameters is good, the liquid density is not as accurate as it
previous worki? is obtained by fitting to the saturated liquid was with the first set, as expected. This is the price paid by
density and by equating the chemical potential in bothjust looking at the critical region. It is not possible to simul-
phases. These values, shown in Table I, have proved to préaneously predict the critical regicand the phase envelope
vide a good representation of the vapor pressure curve, ag/er a wide range of temperatures with $smeset of mo-

well as the liquid—vapor coexistence over a wide range ofecular parameters and an analytical equation such as soft-
temperatures, except in the region near the critical pointSAFT.

Since in the current study we are interestegbiadictingthe A The n-butane series
critical lines, we have chosen a different approach, which has”
proven to better predict the critical behavior with other equa- In this section we present results for the series
tions of staté"**®> The second set of molecular parametersn-butaner n-alkane from methane up twoctane. It is gen-

has, then, been found from the previous one in the followingerally accepted in the literature thatbutane is the first
way. We rescaler, the segment size ang the dispersive member of the series that behaves regularly with respect to
energy, to the experimental critical pressure and temperatutée rest of the members. Methane and ethane, and depending
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FIG. 2. Vapor pressure curves of the first members ofrtlsgkane series.  FIG. 3. Pressure-temperature diagram of the first binary mixtures of
Solid lines represent predictions from the soft-SAFT equation of state anah-butanet n-alkane systems predicted by the soft-SAFT equation of state.
symbols correspond to the experimental results taken from the literéaire. (a) The predictions by SAFT when the nonscaled molecular parameters are
Soft-SAFT with nonscaled molecular parametdts, soft-SAFT with the used,(b) the same systems when using scaled parameters. Solid lines are the
scaled parameters. See text for explanation. vapor pressure of pure components, the dotted line is the predicted critical
line, and symbols correspond to the experimental critical points of the mix-

ture.

on the thermodynamic property to study, propane as well,
show an anomalous behavior with respect to the rest of theritical lines given by soft-SAFT and the symbols represent

series. A typical example of such anomalous phenomena ithe experimental critical lines of these mixtures taken from
the well-known effect of dependency of the critical pressurethe literature’* As can be seen, all are continuous liquid—gas
with the number of carbons: critical pressure, when correeritical lines (type-l1 behavior according to the Scott and
lated with the number of carbon atoms, is a monotonougonynenburg classificatirt>!9. Although the equation is
decreasing function, except for methane and etlfdmgecriti-  able to capture the shape of the critical lines, it only agrees
cal pressure of ethane is higher than that of methdience qualitatively with experimental data when using this set of
we have chosen to begin this study with binary mixtures ofparameters. This is an expected result since we are using an
n-butane. Note that once the molecular parameters of thanalytical equation of state with mean-field mixing rules
pure fluid are obtained, predictions for any binary mixture(van der Waals one-fluid approximatjorrigure 3b) shows
can be made just by using the Lorentz—Berthelot combininghe same diagrams as in the previous figure, but using the
rules, without any further adjustment. parameters scaled to critical properties. Note that using the
The pressure—temperature diagrams of the membesame equation and just rescaling the parameters of the pure
of the n-butanern-alkane series, from n-butan€l) components, a quantitative agreement with experimental
+methane(2) tm-butane(1)-n-propan€¢2), areshown in  critical lines of the mixture is obtained. Special attention
Fig. 3. Figure 8a) represents predictions of the soft-SAFT should be paid to binary mixtures with low molecular weight
equation of state with the nonscaled molecular parametersompounds, such as methane and ethane. These compounds,
Solid lines correspond to the vapor pressure curves of puras previously mentioned, show an anomalous behavior in
components. The end lines in all curves represent the presome thermodynamic properties. The small discrepancies be-
dicted critical points ofn-alkanes. The dashed lines are thetween predictions and experimental results for the critical
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FIG. 5. Pressure-temperature diagram of the first binary mixtures of the

methane series. Solid lines represent the predictions of the gas—liquid curve
of pure components. Dashed lines are the predictions for the critical lines of
the mixtures and symbols are the experimental critical points of the different

mixtures. Only scaled molecular parameters are used with SAFT.

tures. The agreement between the experimental and theoret-
ical results is excellent for metharg+ethané?2) and
methanél)+propané2) mixtures. In the methane(1)
+n-butane(2) binary mixture, the agreement is poorer, as
discussed in the previous section. In all cases the phase be-
havior corresponds to type?f:>1® No evidence has been
found of partial miscibility at any thermodynamic condition
in these mixtures.

Figure 6 shows the pressure-temperature composition
diagram of the binary mixture methane(h-pentané?).
Only scaled molecular parameters are used for SAFT. Sym-

FIG. 4. Detail of the critical region of the pressure-temperature diagram otools and lines are used as in previous figures The agreement

several binary mixtures of the-butane series. Symbols as in the previous

figure. (a) The predictions by SAFT when nonscaled molecular parameterf€tween predictions from the soft-SAFT equation of state
are used(b) the behavior of the phase diagram when scaled parameters a@nd experimental results is very good. The small differences

used.

between both results could be due to the fact that the mixture

contains methane, as explained previously.
As mentioned before, we are interested in studying par-

line 0fn-butané1)+methane(2)_ma_y be due to SPCh _EﬁeCtS'tial miscibility of alkane mixtures by the soft-SAFT equa-
The rest of then-butane series is presented in Fig. 4. It

shows the pressure—temperature diagrams for the binary
mixtures fromn-butane(1)} n-pentane(2) ton-butane(1)
+n-octan€2). Symbols and lines are used as in Fig. 3. Both
the experimental datdand the predictions from soft-SAFT
show that all these mixtures exhibit continuous gas—liquid
critical lines (type-l behavioy. Again, the agreement be-
tween experimental and theoretical results is excellent whei
using the second set of molecular parameters. In these figure&;
we show only the vapor pressure curves close to the critica2
points since we are interested in the critical lines.

B. The methane series

We first show results for the critical lines of three binary
mixtures with methane, namely, methé&be-ethané€2),
methan€l)+propan€2), and methane()n-butang2).
The pressure-composition diagram of these mixtures i<

shown in Fig. 5. Symbols and lines are used as I,n Fig. 3FIG. 6. Pressure-temperature diagram of the mixture methane(1)
Here we use the scaled molecular parameters since the&el-pentaneZ). Symbols as in the previous figures. Only scaled molecular
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FIG. 7. Projections of the phase diagram of the binary mixture FIG. 8. Pressure-temperature projection of the phase diagram of
methane(1) n-pentane(2) at different temperatures and pressures. Thenethane(1) n-hexan€2). (a) The complete phase diagram of the system.
predictions by SAFT(solid lines have been calculated using the scaled (b) The region near the critical point of methane enlarged. Symbols as in the
molecular parameters set. Pressure-composition diagears shown at  previous figures. Only scaled molecular parameters are used with SAFT.
several temperatures near the critical temperature of methi{@herhe

temperature-composition diagram at different pressures.

methane(1)} n-hexane(2) and methafig+2,3-dimethyl-

tion. Our interest is in finding the transition behavior from butané2). Although the structure of the second component
type-I to type-V. Knowledge of this behavior is very useful in these mixtures is different both of them are seen as iden-
in order to select, in a systematic way, ternary mixtures otical in the SAFT approach since this is a first-order pertur-
alkanes(with methane as the first compongihat exhibit  bation theory and it does not distinguish between different
tricritical behavior. For this purpose we have studied thelocations of atoms in the same molecule. However, when
pressure-composition and temperature-composition diagraniigting to experimental data, different values obtained dor
of methane(1) n-pentane(2) at different temperatures andand e for n-hexane and 2,3-dimethylbutane can be used. This
pressures. Results from soft-SAFT are shown in théds due to the fact that these molecular parametersféeetive
pressure-composition diagram at temperatures between 16#d somehow include the real structure of the group aféms.
and 205 K[Fig. 7(@] and in the temperature-composition Figure 8 shows the pressure-temperature diagram of the
diagram at pressures between 5.5 and 15 §Hg. 7(b)].  mixture methane(1) n-hexan€2). Lines are predictions
Predictions show that this mixture has no liquid—liquid in- from soft-SAFT (with scaled molecular parametgrand
miscibility near the critical region of the methane. Only symbols are experimental data for the liquid—gas part of the
liquid—vapor equilibria is found over all the temperature critical line>* The complete diagram can be seen in Fig) 8
ranges studied indicating that this mixture exhibits a type-IThe critical region of methane is enlarged in Fig)8 where
phase behavior. These diagrams confirm that thdoth critical end pointUCEP and LCEP bounding the
methane(1} n-pentane(2) mixture has no three-phase rethree-phase line can be seen. The positions of the UCEP and
gion near the critical point of methane. LCEP predicted by the soft-SAFT equation are given by

To study tricritical phenomena another binary mixture Tycgp=193.45 K, Pycep=4.952 MPa X jcgp= 0.998, T cep
with methane showing type-V phase behavior is needed. We=189.35 K, P cgp=4.335 MPa, andX cgp=0.948, and
have studied in detail the phase diagram of two candidateshose obtained experimentaf}?®® are T cep=195.91 K,
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i well as liquid—liquid inmiscibility below the three-phase
line, as expected from Fig. 8.

We have also studied the binary mixture methape
+2,3-dimethylbutan@). Soft-SAFT predicts similar dia-
grams than those obtained for methanefh)hexane(2)

480 1 L 1 and results are not shown here.
g i L+G
& V. CONCLUSIONS
465 | ] The soft-SAFT equation of state is able to predict the
L@ critical lines of several mixtures of alkanes as well as partial
LG miscibility. Results obtained from this equation with two dif-

ferent sets of molecular parameters have been compared to
o . . experimental results. The agreement between theoretical and
0.85 0.90 0.95 1.00 experimental results is remarkably good when the molecular
parameters of the pure components are rescaled to the critical
properties. However, with these sets of parameters the over-
all agreement between the phase envelope obtained by the
equation and the experimental one is poorer than when fitting
over a wide range of temperatures and pressures. Hence it
has been shown that soft-SAFT is able to quantitatively pre-
dict both phase envelopes and critical behavior. Care must be
L+l taken during the fitting procedure depending on the proper-
189.9 | 1 ties to be studied.
Lt L#a In particular, soft-SAFT is able to capture the shape of
critical lines of binary mixtures of hydrocarbons with both
189.4 | 1 sets of parameters. A quantitative agreement with experi-
mental data is obtained when the molecular parameters are
rescaled.

188.9 . . We have found a transition from type-l (methane
) 085 0.90 ‘y 095 100 4pn-pentane) to type-V behavior(methanea-hexane,

methane-2,3-dimethylbutane). This transition is necessary

FIG. 9. Projections of the phase diagram of methane(l-hexane(2) at  to observe tricritical phenomena in ternary mixtures contain-
different temperatures and pressures. All predictions by SAFT have bee[hg methane. In a later work, tricritical points of ternary mix-

calculated using the scaled molecular parameters (agetThe pressure- . . .
composition diagrams at 192 K. Three phase liquid—liquid—gas line, as weI]:ureS with methane will be located using the SAFT

as liquid—liquid inmiscibility regions can be seeth) The temperature- appl‘O&CHl.6
composition diagrams of the system at 4.4 MPa.

190.9

190.4 | L+G

T(K)
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