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a b s t r a c t

Local composition models like UNIQUAC, NRTL and the UNIFAC group contribution method are used the
world over in the synthesis and design of separation processes, as well as for a large number of other
applications of industrial interest. They can qualitatively describe the equilibrium behaviour of systems
of different complexities but, sometimes, not with the precision required for the design of separation
equipment. Regrettably, this precision is not even achieved for the LLE of many conventional type 1
and some type 2 ternary systems. High deviations in correlation results are not rare, thus showing that
eywords:
hase equilibria
orrelation
RTL
ocal composition models
LE

more capable and flexible models are needed. The analysis of the topology of the Gibbs energy of mixing
function, and therefore the knowledge of the geometrical conditions that this function has to fulfil, is a
valuable tool that has allowed avoiding inconsistencies in the use of the existing methods, to ascertain
their capabilities and limitations to reproduce complex systems and additionally to suggest new models
that improve the flexibility and accuracy needed. In this work, a simple equation based on the NRTL
model, that takes into account such topological conditions, is proposed and its capabilities are tested
LSE with selected systems.

. Introduction

The synthesis and design of separation processes requires the
se of models to represent the phase equilibrium data, which

nvolve the previous correlation of experimental data to obtain the
alues of the corresponding parameters. The possibility of deter-
ining the number of existing phases for certain conditions with
unique set of parameters would be interesting to avoid seri-

us problems in many industrial processes such as distillation or
umping [1]. Despite the fact that simultaneous correlation of all
he existing equilibrium regions is very advantageous for design
alculations, correlation parameter sets are frequently found in lit-
rature that do not describe all the existing regions [2–7], or that
escribe more immiscibility regions than actually exist (i.e. p. 71
nd 436 in DECHEMA Chemistry Data Series [8]). The capability
f describing the complete equilibrium behaviour of the experi-
ental system is a measurement of the correlation success and the

exibility of the model.
Existing software packages like DECHEMA Data Preparation

ackage [9] and the regression utilities of Chemical Engineering
Please cite this article in press as: A. Marcilla, et al., Methods for impro
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

imulators like ChemCAD [10] offer the possibility of experimental
ata correlation using different classical models. They have been
idely used and their capabilities, with respect to equilibrium
ata correlation, are well-known. Nevertheless, they have been
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designed for the simplest LLE behaviour (types 1 and 2) and do
not allow the correlation of type 0 LLE, type 3 LLLE or type 4 LLSE
systems (Treybal classification [11]).

However, these complex behaviours are not so infrequent and
it would be desirable to correlate them for certain industrial appli-
cations. Type 0 isle ternary systems commonly result from the
simultaneous presence of a weak acid and a weak base, that
reversibly form a soluble salt, which has a lower miscibility than
either the free acid or the free base, leading to the liquid–liquid
phase separation [12], or they also occur in ternary systems of
two polymers and a low molecular weight solvent [13]. Systems
exhibiting a LLLE region (type 3) are also of considerable interest
for industrial processes involving surfactants that find application
in the production of cosmetics, herbicides, paints, lubricants, etc.
[14]. They are especially important in the petroleum engineering
industry where surfactants are used to recover residual oil [15–17].
And finally, type 4 ternary systems (LLSE) are of interest mainly due
to the salting-out effect used in many industrial applications such
as extractive fermentation [18,19], removal of contaminants from
industrial effluents [5], extractive crystallization [20], etc.

Correlation data always require comparison between the exper-
imental and the calculated equilibrium data. The accuracy of the
results obtained depends on many factors which are related to the
ving models for condensed phase equilibrium calculations, Fluid

quality of the experimental data and how are they used, the model
selected, as well as to the calculation algorithms and the capabil-
ity to overcome the convergence problems related to them. The
optimization method used must determine the best set of param-
eters for the model that minimizes the objective function of the

dx.doi.org/10.1016/j.fluid.2009.12.026
http://www.sciencedirect.com/science/journal/03783812
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eviations among the experimental and calculated compositions

i.e. O.F.(x) = ∑n
s=1

∑c
i=1

∑p
k=1(xexp

i,s
− xcal

i,s
)
2

k
) for the c-components

resent in the p phases of the n tie-lines. Nevertheless, the cal-
ulated compositions must be real equilibrium compositions (i.e.
ulfilling the isoactivity criterion: for a two phases system O.F.(a) =

n
s=1

∑c
i=1(aI

i,s
− aII

i,s
)
2 = 0). Problems may arise while searching

dequate parameters if the set of experimental data are not uni-
ormly distributed in the equilibrium space. In this case it would
e advisable to prepare a set of “experimental” data obtained by

nterpolating among the actually obtained, and use this new set of
omogeneously distributed data, to compare with the calculated
ata.

Existing equilibrium calculation strategies (for instance the pro-
edure used in the Liquid–Liquid Equilibrium Data Collection [8])
ive good results in most cases, but they may lead to uncertainties
nd problems in others, as evidenced by errors found in regres-
ion reports of programs and some published results, even for type
systems, where O.F.(a) /= 0 [21]. There are many questions and

roblems to be solved with respect to correlation of equilibrium
ata and many research efforts are being devoted to solve them.

In previous papers [22–26] robust calculation methods, based
n the topological analysis of the Gibbs energy of mixing function
gM = (�mixG)/RT), were developed. The topological analysis of gM

s a valuable tool that allows deducing the geometrical conditions
hat the gM function has to fulfil, in order to reproduce certain equi-
ibrium behaviour in the whole composition diagram, and clearly
vidences any existing calculation inconsistency. The topological
exibility of the gM function defined by each model determines its
apability to reproduce different equilibrium behaviours.

The previously developed methods [22–26] resulted in a robust
omputer program that has allowed the determination of the capa-
ilities and limitations of the NRTL equation [27] for correlating
quilibrium data between condensed phases in ternary systems.
RTL equation was selected as representative of thermodynamic

ocal composition models, and is one of the most frequently used
odel. Complex behaviours of type 0 (island), 1, 2 (LLE), 3 (LLLE)

nd 4 (LSE, LLSE, LShE, LLShE and LSShE) ternary systems, compar-
ng NRTL [27] with electrolytic-NRTL [28–30] in the last case, were
nalyzed in detail. The studied systems had not been previously
orrelated if they were, results were inconsistent with the number
f miscible pairs in the system. From the results obtained, it was
oncluded that NRTL can qualitatively describe the behaviour of the
tudied complex systems, but provided very high deviations (up to
%), which was not useful for engineering purposes.

Frequently, correlation deficiencies of equilibrium data are asso-
iated with the dependence of the results on the initial guesses
or the variables to be calculated, as well as to convergence cal-
ulation problems due to the non-linear equilibrium conditions,
nd other reasons. However, the topological analysis of the gM

unctions presented in this paper shows that, in many cases, the
ntrinsic limitations of the classical models are the very reason of

aking it impossible to find a solution of the problem. In the present
ork, some NRTL model limitations are illustrated and the neces-

ity of more flexible models is discussed. Moreover, a possible way
o develop such a model overcoming the limitations is presented.
hus, a new equation based on a simple modification of the NRTL
odel is proposed and its extended capability is illustrated with

ome correlations.

. Limitations of NRTL model
Please cite this article in press as: A. Marcilla, et al., Methods for impro
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

The NRTL model is based on binary interaction parameters, so
LE data for an n-component system can be calculated from the
alues of the two binary parameters corresponding to the n binary
ubsystems included in the multicomponent system if the non-
Fig. 1. Oneness of heterogeneous g binary curves with NRTL (—) for a given equi-
librium (A12(K) = 257.92, A21 = 632.90, ˛ = 0.2 T = 25 ◦C). Discontinuous lines (- - - -)
represent qualitative curves that cannot be generated with NRTL: (a) different values
for the minima, and (b) different slope of the tangent line.

randomness factor is considered constant, as it usually is.
The relation of the gM with the equilibrium compositions, as

provided by a model, is through the tangent plane condition [31,32]
(the derivatives of the gM, related to the activities) but not through
the value of the gM. Obviously, any model produces a unique curve
gM vs. composition once the corresponding parameters are fixed.
This is also true for local composition models. And if the model
has two parameters only two conditions could be specified for
such gM vs. composition functions. For instance, if the composi-
tions of the two phases in equilibrium are fixed there is only a single
curve, if any, that the NRTL equation with the corresponding pair of
parameters (unique pair of Aij for ˛ constant) could predict being
compatible with such behaviour. No more sets of Aij parameters can
be found that reproduce different curves with a common tangent
line at the same equilibrium compositions.

Fig. 1a shows the gM vs. composition function predicted by NRTL
when fixing the equilibrium composition at xI

2 = 0.2 and xII
2 = 0.9.

The solid line represents the unique curve that NRTL predicts (for
˛ = 0.2). The discontinuous curves represent possible behaviours
that cannot be reproduced by the NRTL model. Such gM vs. compo-
sition curves may be necessary for representing different ternary
systems having a binary with the specified compositions (i.e. at
xI

2 = 0.2 and xII
2 = 0.9 as in the previous case) in equilibrium and

tie-lines in the ternary region with different slopes. Fig. 1b shows
gM vs. composition curves providing common tangent lines with

I

ving models for condensed phase equilibrium calculations, Fluid

slope of contrary sign to that predicted by NRTL for x2 = 0.2 and
xII

2 = 0.9. This type of behaviour cannot be predicted by the NRTL
equation, which is again a serious limitation when trying to corre-
late different ternary systems with a binary having the same mutual
solubility and ternary tie-lines with different slopes.

dx.doi.org/10.1016/j.fluid.2009.12.026
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ig. 2. Possible gM binary curves with NRTL with homogeneous liquid behaviour for
2 = 0.4 and (f) x2 = 0.45. gM curves with phase splitting are represented by dotted li

We have run a systematic study on the capability of NRTL to
eproduce homogeneous gM vs. composition binary curves that
ay clarify the reasons of the limitations of this model to fit some

LE data, and the difficulty found in some cases in the convergence
f the optimization methods. A wide range of xi,min (0.20–0.45) and
M
min values (between −0.2 and −9) were evaluated and the NRTL
inary parameters reproducing each minimum were found [33].
ome of the situations unavoidably led to 2L phase splitting of the
inary system, i.e., to obtain a minimum of the given gM value at
he given composition could only be predicted if the curve presents
nother minimum or a situation where phase splitting occurred. In
ost of the cases, no curve was found with the x2,min and gM

min val-
es specified. As a consequence, gaps were found where solutions
or homogeneous binary behaviour did not exist. It was observed
hat when x2,min moves away from 0.5 (increasing or decreasing),
he gap increases. Fig. 2 illustrates this behaviour for six positions of
i,min below 0.5. Scale is different since it has been selected in each
ase to focus on the gap. It must be considered that these equations
re symmetric, thus yielding similar curves for xi,min corresponding
ompositions in the 0.5–1 interval.

The existence of such gaps reveals situations where it is not
ossible to find NRTL–gM curves compatible with homogeneous
ehaviour of the system. This limitation together with the oneness
f the curve reproducing partial miscibility for a binary system
estricts the capability of the NRTL model to correlate different
ystems and can also explain many convergence problems during
orrelation procedures.

. Examples of the consequences of the limitations on the
ata correlation

New applications of the existing models have already been
nvestigated and the correlation methods improved to try to obtain
Please cite this article in press as: A. Marcilla, et al., Methods for impro
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

he optimum results that these models can provide. Nevertheless,
he nature is very complex and the phase equilibrium behaviour
or many systems cannot be described with the precision required
or the design of the separation equipment. Regrettably, this pre-
ision is not even achieved for the LLE of some conventional type
ent positions of the minimum (a) x2 = 0.2, (b) x2 = 0.25, (c) x2 = 0.30, (d) x2 = 0.35, (e)

1 ternary systems. It seems that existing models are not capable of
providing adequate results for many systems, and it is not difficult
to find in the literature clear examples of such incapacity. It seems
clear that there is a necessity of developing new models capable of
representing such type of systems with the required accuracy. The
study of the topology of the gM function is an indispensable tool to
achieve this goal, as we will illustrate in the following examples.

We have selected two examples to illustrate the limitations of
NRTL and the reasons for such limitations. The first one is the type 1
system methanol (1) + diphenylamine (2) + cyclohexane (3) at 298 K
(DECHEMA, vol. 2, p. 129). In that data collection, this system is
correlated with the NRTL model giving a set of parameters that
predict tie-line slopes contrary to the experimental ones and we
tried to improve the correlation with NRTL with no results.

3D gM surface is shown in Fig. 3a, where the tangent plane
comprising a tie-line calculated with the model (i.e. for a given
composition value of x2 = 0.0136) is also included. A magnification
of the LLE region is necessary to appreciate the curvature of the par-
tially miscible binary 1–3 (Fig. 3b). As we have commented in the
previous section, the partially miscible binary system can only be
reproduced by a single curve with a defined curvature. The best set
of parameters found for the homogeneous binary subsystems 1–2
and 2–3, in combination with the partially miscible binary pair 1–3,
are responsible for the contrary slopes of the calculated tie-lines.
It is clearly observed in Fig. 3b that the tangent plane containing
the tie-line, marks two shadowed areas in the surroundings of the
equilibrium phases where the plane is very near the surface. In this
figure the calculated tie-line and the projection of the experimental
tie-line with molar fraction of component 2 in right phase closest
to x2 = 0.0136 are shown. It is clearly observed that the slopes of the
two tie-lines are contrary. Fig. 4 shows the complete composition
diagram in the ternary composition triangle together with the gM

binary curves.
ving models for condensed phase equilibrium calculations, Fluid

The second selected system is the type 3 system 1-hexanol
(1) + nitromethane (2) + water (3) at 294 K (DECHEMA, vol. 2, p. 69).
In the data collection, this system is not correlated with the NRTL
model. In a previous work [26] the binary tie-lines (LLE) and the tie-
triangle (LLLE) were simultaneously correlated with NRTL showing

dx.doi.org/10.1016/j.fluid.2009.12.026
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Fig. 3. Gibbs energy surfaces for NRTL model (parameters in Table 1) with tangent
plane comprising a tangent line (continuous line) of a given composition value of
x2 = 0.0136): (a) global view and (b) magnification of the LLE region where the pro-
jection on the plane of the experimental tie-line that is nearest x2 = 0.0136 is also
represented for comparison (discontinuous line).

Fig. 4. Experimental (�) and calculated (�) data in composition diagrams with the NRTL m
included. Parameters in Table 1.
 PRESS
ilibria xxx (2010) xxx–xxx

that the very narrow LLLE tie-triangle and the LLE data for the
1–2 binary subsystem could not be simultaneously correlated with
enough accuracy, though the behaviour could be represented qual-
itatively. Fig. 5 shows the complete composition diagram together
with the gM binary curves obtained with NRTL.

The corresponding 3D gM surface is shown in Fig. 6, where
the tangent plane comprising the tie-triangle calculated with the
model is also included.

These examples clearly show that the lack of flexibility of the
models (i.e.: NRTL as representative of all others) to represent
different behaviours of the gM binaries, and correspondingly the
ternary surfaces, is the cause of the lack of ability to correlate cer-
tain experimental systems, including the apparently simplest ones
as the type 1 systems.

4. What characteristics should be expected for a model?

Obviously, any new model should be based on binary parame-
ters, be symmetrical with respect to the components and fulfil the
characteristics of the existing models. But from the previous consid-
erations, as well as for other widely accepted reasons, a model for
phase equilibrium calculations should have a set of characteristics
and capabilities:

(a) The first and more important one is that the model should
have enough flexibility to produce different gM binary curves
compatible with the same mutual solubility, thus enabling the
possibility of representing different ternary systems with the
same binaries.

(b) Secondly, and related to the first, the model should avoid, as
much as possible, the existence of the gaps in the gM curves
previously discussed.

(c) It would be desirable that the new model should be a modifica-
ving models for condensed phase equilibrium calculations, Fluid

tion of a classical model, including it in its formulation. In that
case the parameters already obtained for the classical model
would normally be the best initial guesses for the new model.

(d) The model should have the minimum number of parameters,
but enough so as to assure the required flexibility.

odel. Magnification of the LLE region and gM curves for the binary subsystems are

dx.doi.org/10.1016/j.fluid.2009.12.026
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ig. 5. Experimental (· · · ·) and calculated data with NRTL (—) in a composition diag
ncluded. Parameters in Table 2.

. An example of a new model improving the results

There is a much extended thought that a model should have no
ore than two (three in special cases) parameters per binary pair. A

lassical topic is that a model with more parameters is supposed to
rovide better results, although they are strongly questioned and
ery few examples can be found in literature. Nevertheless, from
ur point of view, none of these two topics are founded. Regarding
he first one, it is impossible to provide a mathematical equation
xpressing the dependence of the gM with the required flexibil-
ty with only two parameters. From this it is evident that more
arameters are needed. Regarding the second one, the use of more
arameters is not necessarily a guarantee of improving the results.
he mathematical expression should provide the required flexibil-
ty and yield gM curves compatible with the behaviour of the real
ystems. Also the expression of gM should avoid the possibility of
alse solutions.

Taking these considerations into account we have tested many
odifications of the existing local composition models (i.e. consid-

ring a dependency of the parameters of NRTL with composition,
ifferent relative contributions between ideal and excess Gibbs
nergies, etc.) and empirical equations, such as Gaussian based
xpressions, which have not succeeded in improving the fit-
ing of data of equilibrium between condensed phases. From our
xperience in the topological analysis of gM surfaces, it can be con-
luded that many empirical models for the excess Gibbs energy,
ith a promising capability to reproduce equilibrium phase split-

ing for binary systems, easily predicted multiple meta-stable or
nstable regions in the ternary equilibrium diagram. Furthermore,
Please cite this article in press as: A. Marcilla, et al., Methods for impro
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

ertain types of systems required the use of a higher number
f parameters in order to extend the possibility of reproduc-
ng the existing equilibrium regions or specific behaviour for
he tie-line slopes, which obviously reduced the utility of the

odel.
g curves for binary subsystems with the corresponding equilibrium values being

According to the abilities searched, a modification based on the
local composition NRTL model is suggested that should be consid-
ered only as an example. Other models could be developed, but this
is very simple and solves many of the requirements listed above.
The expression for the Gibbs energy of excess is:

GE

RT
=

∑
i

Fixi

∑
j�jiGjixj∑

lGlixl
(1)

where Fi are the new parameters proposed for the modified model.
The rest of the parameters are defined the same as in the original
model [27]. It includes a new parameter per component.

This model allows the filling in of the gaps found for NRTL as rep-
resented with discontinuous lines in Fig. 7. Furthermore, the model
can provide sets of curves with different slopes for the common
tangent line to the gM vs. composition curves at the same specified
equilibrium compositions, and even slopes of contrary sign. Fig. 8
shows those possibilities for some selected cases.

The proposed model allows a greater flexibility which will be
tested by fitting the selected two previously selected systems,
already correlated with NRTL in order to compare the results
obtained.

For both systems, the optimization of the parameters (Fi and Aij)
has been carried out by using the simplex flexible method, with the
objective function defined as:

O.F.(x) = min
n∑

s=1

c∑
i=1

P∑
k=1

(xexp
i,s

− xcal
i,s )

2

k
(2)
ving models for condensed phase equilibrium calculations, Fluid

where exp and cal, respectively, refer to experimental and calcu-
lated compositions for the c-components present in the p phases of
the n tie-lines.

All tie-lines fulfil the common tangent plane [31,32] crite-
rion, that it is preferred to the isoactivity condition because it

dx.doi.org/10.1016/j.fluid.2009.12.026


Please cite this article in press as: A. Marcilla, et al., Methods for improving models for condensed phase equilibrium calculations, Fluid
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

ARTICLE IN PRESSG Model
FLUID-8373; No. of Pages 10

6 A. Marcilla et al. / Fluid Phase Equilibria xxx (2010) xxx–xxx

Fig. 6. Gibbs energy surface for the NRTL model (parameters in Table 2) with the tangent plane comprising the tie-triangle. The 3L phases are also represented in the figure
(�).

Fig. 7. Possible gM binary curves with NRTL with homogeneous liquid behaviour for different positions of the minimum (a) x2 = 0.2, (b) x2 = 0.25, (c) x2 = 0.30, (d) x2 = 0.35, (e)
x2 = 0.4 and (f) x2 = 0.45. Gaps filled by the modified model are represented by discontinuous lines and gM curves with phase splitting are represented by dotted lines.

dx.doi.org/10.1016/j.fluid.2009.12.026
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ig. 8. Different g binary curves provided by the new model to represent the same
quilibrium compositions (xI

2 = 0.2, xII
2 = 0.9). Different values for the minima and

ifferent slopes of the tangent line are possible.

escribes the equilibrium more precisely, avoids false solutions
nd accelerates convergence [34]. The corresponding set of non-
inear equations, formulated according to Iglesias-Silva et al. [35],
re solved with the Newton–Raphson method.

Parameters and deviations are collected in Tables 1 and 2. Stan-
ard deviation is calculated as in the DECHEMA database [8]:

= 100

√∑n
s=1

∑c
i=1

∑p
k=1[(xexp

i,s
− xcal

i,s
)
2

k
]

2cn
(3)
Please cite this article in press as: A. Marcilla, et al., Methods for improving models for condensed phase equilibrium calculations, Fluid
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

.1. Application of the new model to the type 1 system

The previously considered type 1 system has been correlated
gain with the proposed model (Eq. (1)). Since it has been concluded
hat the slopes of the ternary calculated tie-lines depend on the

Fig. 10. Gibbs energy surfaces for the new model (parameters in Table 1) with tan-
gent plane comprising a tangent line (continuous line) of a given composition value
of x2 = 0.0136): (a) global view and (b) magnification of the LLE region where the
projection on the plane of the experimental tie-line that is nearest x2 = 0.0136 is
also represented for comparison (discontinuous line).

ig. 9. Experimental (�) and calculated (�) data in composition diagrams with the new model. Magnification of the LLE region and gM curves for the binary subsystems are
ncluded. Parameters in Table 1.

dx.doi.org/10.1016/j.fluid.2009.12.026
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Table 1
Parameters obtained from the correlation of the equilibrium data for the methanol (1) + diphenylamine (2) + cyclohexane (3) system [8] at T = 298 K, ˛ = 0.2 with NRTL and
the proposed model.

Aij (NRTL model [8]) Aij (new model) Fi

j j

1 2 3 1 2 3

i
1 – 873.57 379.39 – −731.45 50.984 0.174
2 −1245 – −987.32 −3112.6 – −193.02 1.915
3 578.07 −856.11 – 3203.15 −170.13 – 13.082

� = 4.08 � = 2.47

Table 2
Parameters obtained from the correlation of the equilibrium data for the 1-hexanol (1) + nitromethane (2) + water (3) system [8] at T = 294 K, ˛ = 0.2 with NRTL and the
proposed model.

Aij (NRTL model [8]) Aij (new model) Fi

j j

1 2 3 1 2 3

i
1 – 163.46 −2.3341 – 15.130 −561.09 1.473
2 577.60 – 492.78 560.89 – 744.63 1.068
3 1060.9 564.33 – 1333.69 646.86 – 0.634

r
A
i

t
t
i
d

F
v

� = 5.93

elative values of the gM binary curves, initial values for the Fi and
ij parameters were proposed after studying the effect of changes

n gM binary curves representations.
Please cite this article in press as: A. Marcilla, et al., Methods for impro
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

Results obtained are shown in Fig. 9. It can be observed that
he modified model considerably improves the data correlation:
ie-lines are coherent since they have the same slopes as the exper-
mental ones and are very close to them, providing a much lower
eviation than NRTL.

ig. 11. Experimental (· · · ·) and calculated data with the new model (—) in composition d
alues are included. Parameters in Table 2.
� = 1.57

Fig. 10 shows gM surface for this system obtained by the correla-
tion with the new model. In this figure the tangent plane containing
a tie-line calculated with the new model (for a given composition
ving models for condensed phase equilibrium calculations, Fluid

value of x2 = 0.0136) is included. Differences between the 3D sur-
faces can be observed by comparing Figs. 3a and 10a, where for
instance, the homogeneous binary gM curves for subsystems 1–2
and 2–3 are quite different. Again, a magnification of the LLE region
is necessary to observe the curvature of the partially miscible binary

iagrams, gM curves for the binary subsystems with the corresponding equilibrium

dx.doi.org/10.1016/j.fluid.2009.12.026
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ig. 12. Gibbs energy surface for the new model (parameters in Table 2) with the
angent plane comprising the tie-triangle. The 3L phases are also represented in the
gure (�).

–3 system (Fig. 10b). The projection of the experimental tie-line
ith molar fraction of component 2 closest to x2 = 0.0136, on the
revious tangent plane, is also shown (Fig. 10b). It can be seen that
oth lines are now almost coincident.

From Figs. 9 and 10, it can be observed that the gM curves for 1–2
nd 2–3 binaries with a homogeneous liquid behaviour are more
imilar with the modified model, which causes a decrease in the
ie-line slopes. Furthermore, the gM curve for the partially miscible
inary 1–3 is considerably different since the tangent line to the gM

urve has a higher slope and the curvature is less pronounced. NRTL
ould not predict this curve with any set of parameters. All these
haracteristics allow for predicting a smaller binodal curve closer
o the experimental one with calculated tie-lines very similar to
xperimental data. The modifications of the gM curves for the binary
ystems, provided by the new model, have allowed the remarkable
mprovement of the fitting.

.2. Application of the new model to the type 3 system

Correlation of the type 3 system, previously correlated with
RTL, was repeated with the modified NRTL model (Eq. (1)). Initial
alues for the Fi and Aij parameters were proposed using the best set
f parameters obtained with NRTL, and qualitatively searching for
ew sets of parameter values that simultaneously reproduced equi-

ibrium tangent points close to the experimental ones for the binary
M curves and the cross-sections gM curves along the experimen-
al tie-triangle sides. Parameters and deviations for NRTL and the

odified model are collected in Table 2 where standard deviations
Eq. (3)) are also shown.

Fig. 11 shows the comparison between experimental data and
orrelation results for the new model in a composition diagram,
ogether with the binary gM curves. It can be observed that for
he calculated tie-triangle to approach the experimental one while
sing NRTL, it is required that the LLE calculated compositions for
he 1–2 binary subsystem be much closer to one another and, there-
ore, very far from the experimental ones. However, the new model
vercomes this deficiency and considerably improves the correla-
ion of this system, compared with Fig. 5, since it can reproduce a
Please cite this article in press as: A. Marcilla, et al., Methods for impro
Phase Equilibr. (2010), doi:10.1016/j.fluid.2009.12.026

arrow tie-triangle together with a more open 1–2 binary subsys-
em.

Fig. 12 shows the 3D gM surface for type 3 system with the
roposed model. The gM binary curves are considerably different
rom the curves in the modified model, compared with results
 PRESS
ilibria xxx (2010) xxx–xxx 9

obtained with NRTL (Fig. 6). Curvature for 1–3 gM binary is more
marked compared with the other binaries, and the tangent line
in this binary has a higher slope than the one described with
NRTL model. The curvature of gM function for 1–2 binary is a lit-
tle more pronounced than NRTL and gM function for 2–3 binary
has a similar curvature with somewhat higher gM values. Both
binaries 1–2 and 2–3 keep tangent lines with slopes similar to
NRTL model results. As a consequence of these differences with
the modified model, tie-line slopes of the LLE region starting at
1–3 binary are increased while tie-line slopes starting from the
other binaries keep with a similar slope. Besides, higher curva-
tures of binaries 1–2 and 1–3 lead to greater LLE regions starting
from the corresponding binaries. All these characteristics help
in predicting a smaller tie-triangle closer to the experimental
one.

6. Conclusions

Summarizing, we can conclude that the high deviations in
correlation results provided by NRTL (as representative of local
composition models), and the existence of gaps in the predicted
behaviour of the gM vs. composition curves for the binaries, show
that more flexible equations are needed.

The topological analysis of the gM function is a powerful tool
that must be properly used to guarantee the coherency among the
calculated equilibrium and the experimental data. The knowledge
of the geometrical conditions that the surface has to fulfil to be
coherent with a given equilibrium, may help in the development
of both empirical and theoretical models to reproduce the phase
equilibria with the accuracy required in design calculations.

A simple modification based on the NRTL model is proposed as
an example, which takes into account the topology required for the
gM function, shows a great flexibility, fills the gaps of NRTL in the
gM vs. composition curves and improves the correlation results for
the selected examples shown.

List of symbols
Aij binary interaction parameters (K)
˛ij non-randomness NRTL factor
ak

i,s
activity of component i of tie-line s in phase k

GE excess Gibbs energy (J mol−1)
c number of components
Fi new model parameters (dimensionless)
GM, gM Gibbs energy of mixing (J mol−1 and dimensionless,

respectively)
gM

min global minimum Gibbs energy of mixing (dimensionless)
LLE liquid–liquid equilibrium
LLLE liquid–liquid–liquid equilibrium
LSE liquid–solid equilibrium
LLSE liquid–liquid–solid equilibrium
LLShE liquid–liquid-hydrated solid equilibrium
LShE liquid-hydrated solid equilibrium
n tie-line number
P number of phases
R gas constant (J K−1 mol−1)
T temperature (K)
xi,min molar fraction of component i in the minimum of the

Gibbs energy of mixing

Superscripts
ving models for condensed phase equilibrium calculations, Fluid

exp experimental value
cal calculated value

Subscripts
h, i, j Components h, i, j
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