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A new model, named the crossover-UNIQUAC model, has been proposed based on the crossover procedure for predict-
ing constant-pressure liquid—liquid equilibria (LLE). In this manner, critical fluctuations were incorporated into the
classical UNIQUAC equation. Coexistence curves were estimated for systems having a diverse range of asymmetries.
These systems included the LLE of five different mixtures, composed of nitrobenzene with one of the members of the
alkane homologous family (either pentane, octane, decane, dodecane, or tetradecane), as well as an extra system having
a different chemical nature, namely the mixture of n-perfluorohexane and hexane, to further check the validity of the
proposed approach. Using these nonideal mixtures, the validity of the new model was investigated within wide ranges,
covering near-critical to regions falling far away from the critical point. The graphical trends, as well as the quantita-
tive comparison with experimental data indicated the good agreement of the proposed model results with the experimen-
tal data. A maximum AARD% value of 3.97% was obtained in calculating molar compositions by the proposed model
for such challenging systems covering noncritical, as well as critical regions. In addition, to show the strength of the
proposed crossover approach to describe properties other than LLE, molar heat capacities were investigated for the sys-
tem of nitrobenzene + dodecane. © 2015 American Institute of Chemical Engineers AIChE J, 61: 3094-3103, 2015
Keywords: UNIQUAC model, critical phenomena, liquid—liquid equilibria, crossover procedure, heat capacity

Introduction exhibits enhanced values of susceptibilities. As a liquid-liquid
system approaches its critical point, the restoring force which
drives a microscopic system into the equilibrium state disap-
peared.’ Configurations different from the equilibrium config-
uration become long-lived, and the system displays patches
where local values of concentration differ from the equilib-
rium values. The average value of this difference, that is, the
concentration fluctuation, increases as the critical point is

A large number of the chemical industries are concerned
with processes that include liquid-liquid equilibria (LLE).'
For example, liquid-liquid extraction is among the main sepa-
ration technologies used in the pharmaceutical and food indus-
tries.” Because of its significance to the industry, in order to
describe LLE, various phenomenological and semitheoretical
models have been proposed in the literature.' The regular solu- 3
tion model, Wilson model, NRTL model, and UNIQUAC  approached.” S
model are among the commonly used models in literature, Different system types,' 1nvolv1ng'd1fferent molecular stru'c-
which are all based on classical mean-field theory. However, Fures, show acommon umvers%ll critical behavior near the cr.1t-
they fail to account for the effects of long-range concentration ?Cal point, because the co.rrelatlon length near the CI‘lFlC&l point
fluctuations in the vicinity of a consolute critical point. Indeed, 1s very large compared Wﬁh the mc?lecular size. In th.ls manner,
the problem of classical models is that they predict the critical ~ the behavior of a system is detemnglgd by its collective critical
power-law behavior with incorrect classical critical exponents ~ Pehavior, not the type of molecule.™

and fail to describe the singular behavior of thermodynamic Sufficiently close to the critical point, the properties vary
properties in the critical region.® A near-critical system according Fo a §1mple power of the .te.:mpergture difference or
concentration difference from the critical point, apart from the

- regular classical contribution. This means that, asymptotically
Additional Supporting Information may be found in the online version of this

article. close to the critical point, the thermodynamic properties sat-
isfy scaling laws with universal critical exponents and univer-
Correspondence concerning this article should be addressed to C. J. Peters at sal scaling functions.>”

cpeters@pi.ac.ae.

The thermodynamic property, the path of approach to the
© 2015 American Institute of Chemical Engineers critical point, and the universality class have the major roles
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on the values of the universal exponents.® Fisher and
coworkers’® presented a formulation of complete scaling for
one-component fluids. This formulation was a revision of the
standard scaling theory. Later, Anisimov and coworkers” !
proposed complete scaling for incompressible and weakly
compressible binary liquid mixtures. Binary LLE, shown as
T—x coexistence curves, may have asymmetrical behavior.
Anisimov and coworkers’™!' showed that a singular diameter
of the liquid-liquid coexistence curves originates from two
different sources: one is associated with a correlation between
concentration and entropy while the other is a correlation
between concentration and molar density, which generates a
more significant singular term. Recently, Bertrand et al.'? pre-
sented the connection between the theory of complete scaling
and the field-theoretic treatment of asymmetric fluid critical-
ity. Huang et al.'® and Yin et al.'*'¢ investigated the asym-
metric criticality of coexistence curves for some substances.
They concluded that the heat capacity has a significant role in
determining the asymmetric criticality of coexistence curves
by the complete scaling theory.'31¢

The exponents of the power laws can also be calculated
from classical models. The classical equations remain analytic
at the critical point, however, they fail to describe the singular
behavior of some thermodynamic propenies.4

The range of validity of an asymptotic power law is
extremely limited to a small region near the critical point. Fur-
ther away from the critical point, corrections on the scaling
terms must be considered.*'’

A theoretical procedure to consider the effects of the long-
range fluctuations is provided by the renormalization group
theory of critical phenomena. Different crossover models have
been developed based on the renormalization group theory. The
crossover models combine the correct asymptotic behavior near
the critical point with the classical behavior far away from the
critical point.*'® Different modifications of classical equations
have been proposed, to describe both the critical region and
regions far away from the critical point. De Pablo and Praus-
nitz' first presented a phenomenological correction to the clas-
sical equations and obtained a good representation of LLE in
some binary and ternary systems.' To consider nonclassical
behavior, De Pablo and Prausnitz?**' also applied a Fox trans-
formation®” and extended it to binary and ternary systems. The
renormalization-group theory is a theoretical procedure to com-
bine long-range fluctuations into a classical equation. The
studies of Sengers et al.>>*> have shown how long-range fluctu-
ations can be incorporated into a Landau-type expansion.’
Based on their work, the theory has been extended to the
Carnahan-Starling-De Santis equation of state.”® Edison et al.
proposed a general transformation of temperature and the mole
fraction variable in the Gibbs energy models for LLE." Their
proposed transformation has the ability to be applied to any
classical Gibbs energy model." Nicoll and coworkers' #2728 pro-
posed a transformation of a classical Landau expansion to
incorporate the effects of critical fluctuations for pure fluids and
binary systems. Based on their work, Chen et al.>** and Jin
et al.*” presented different approaches based on the renormali-
zation group theory of critical phenomena. Van’t Hof et al.?
used the NRTL model and improved the general approach intro-
duced by Edison et al.' and presented the crossover-NRTL
model. They successfully applied their proposed model to a
number of binary liquid systems at constant pressure.

Based on the model proposed by Van’t Hof et al® and a
general approach presented by Edison et al.,' a new model,
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called the crossover-UNIQUAC model, is proposed in this
work. The behavior and ability of the new model is investi-
gated on six different liquid—liquid systems at constant pres-
sure having coexistence curves of diverse asymmetries.

Theory

There are sufficient classical equations that can explain the
behavior of fluids far away from their critical points. However,
close to the critical point, other theories are necessary. Ther-
modynamic properties near the critical point can be related to
the temperature differences or concentration differences with
respect to the critical point. The crossover theory is used to
smoothly join these two classes of equations.’’

The thermodynamic properties near the critical point for a
binary mixture can be described as follows™>

B

~F_ — T-T.

~F | T—T. o

1 =Ty TK ()
.

Ch=As | —= )

where By, Fg , and Aj are system-dependent constants, T is
the temperature, T, is the critical temperature, and o, 3, and y
are universal constants,” where A¥=(x—x.)/x, and x. is the
molar fraction at the critical point. These critical constants are
related by33

y=2-a-2f “4)

The power-law expansions are given in Table 1 for different
palths.33 The power law is valid in the vicinity of the critical
point.”°

As the equilibrium system moves to the region far away
from critical region, classical thermodynamic theory is satis-
factory and can explain the different behavior. The UNIQUAC
model has been proposed for classical systems far away from
the critical region.

UNIQUAC molar Gibbs energy of mixing

The molar Gibbs energy for a binary mixture of Compo-
nents 1 and 2 at constant pressure has the following form

dG=—SdT+ 1, dx ©)

Where S is the molar entropy, p; = pp— i and g; and x are the
chemical potential of species i and the molar fraction (x = x,),
respectively. The reduced molar Gibbs energy of mixing is

Table 1. Critical Power-Law Expansions™

Property Power-Law Expansion Path

Gy =—T (PAJOT%),  ATT*(1+A{N+.)  Ap=0,t>0

Gy = —T*(PAJOT%), A [ *(1+A[[f¥+..) Ap=0,t<0

7= (0p/Of)y 71+ +..) Ap=0,t>0

7= (9p/0n)y oo (4T M ) Ap = A,
7<0

Al = (DAA JOAD), iD\Af%l + =0

Di|Ap|™F+..)
1A Bl (1 + Byt +..) <0
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Ag . _ g
—=(1—x) In(1—x)+x ln(x)+RT

(6)
where R and g™ are the universal gas constant and the excess
Gibbs energy, respectively.

The universal quasi-chemical theory (or in short, UNI-
QUAQC) is used in this work for describing the excess Gibbs
energy. The UNIQUAC model is given by**

Comb. Res.
i _ i om . i es o
RT R R
£ \Comb. E\Res.
where (&7 and (;—T) are the combinatorial and residual

terms, respectively

E \Comb. % *
<g_) =(1—x)ln ( i )-i-x In (&)
RT 1—x X )
Z 0 0
+ 5 ((1—x)q11n <<I)11‘> +xq> In (q:;))

E \Res.
(g_) =—(1-x)¢}In (0’1 +0’2121) —x¢hIn (9’2 +0’1‘L'12) 9

RT

where
. (I=0)r
o= ——— 10
U (1=x)r +arm (10
XIp
Qf=— 11
2 (1=x)r +xrm an
1_
91 — ( x)ql (12)
(1=x)q1+xq2
Xq2
= —"—— 13)
2 (1—x)q1+xq (
1_ !/
(1—x)q) +xg5
A (15)
2 (1=x)q| +xq,
Au a
T12 = exp (— RT12) =exp (— le) (16)
Au a
Tp1 = exp (— —R;f):exp (— %) (17)

where 7, ¢, and ¢’ are the molecular-structure constants for
each pure component. The parameter Z is the coordination
number and is set to 10.**

All variables are made dimensionless by the following
transformations'

AT=1+T (2D
Ax=x—1 (22)
By applying the same method, 71, and 1,; are
Tip=exp (E(1+JAT~)) (23)
T21 =€Xp (ﬁ(l"l‘l’;AT)) (24)

The number of parameters in Eqs. 23 and 24 are reduced by
two parameters when applying the incipient immiscibility at
the consolute critical point condition'

e _(PPAG
8X2 x=x., T=T, - 8}(3

From Eq. 25, the a and ¢ parameters are given in terms of
mole fraction at the critical point (x.). These equations must
be calculated for each system.

=0 (25

x=x., T=T,

Crossover theory

A method was suggested by Edison et al." to apply the
crossover theory to classical Gibbs energy equations. The clas-
sical Gibbs energy of mixing is separated to singular and regu-
lar parts using a Taylor series around the mole fraction at the
critical point1

- s 0 . -
Agcl(T,x)=Ag(T,1)+$Ag|izl(x—l)+... (26)

In this definition, the second and higher orders in X are
formed

0

Agcr(fa)z):Agcl(’f7i)_Ag(f7 1)_$Ag~|?=l(i_l) (27)

Thus
[ s 0 ,. -
Agreg(T,x)zAg(T,1)+§Ag|}:1(x—l) (28)

When calculating Ag,., and Ag,, x = x(1 + AX), so Ag, is
a function of AT and Ax. For measuring the distance from the
critical point, the parameter x has been used. In classical
theory x2 is'

2 _ azAgcr
Ka= -2
OAX

To account the effect of fluctuation in the critical term of
molar Gibbs energy, it has to be renormalized. One such
method was proposed by Chen et al.**° in which the order
parameter for incompressible fluids is the concentration.

The renormalized dimensionless variables in the critical
term and the Gibbs energy of mixing are

(29)

ATr=AT{u™ % (30)
- T,
T=—— (18)

T Ak =AD" 02 (31)
= (19) i —AG (AF — Afp AT — AT — L2AT
= Aging=Ag o (AX — Aig, AT — ATg)— SGAT K (3D)

g The term — %c%ATZK is the kernel term which accounts for
g:ﬁ (20)  the fluctuation-induced contribution to the Gibbs energy of
mixing.'
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Table 2. The Experimental Values of Critical Temperature, Critical Mole Fraction, Temperature Range, and Number of Data
for the Different Systems of This Study

Systems T, Xe Temperature (K) Ndp. Reference
Nitrobenzene + Pentane 297.104 0.386 287.335-297.102 31 36
Nitrobenzene + Octane 293.052 0.505 283.069-293.049 30 37
Nitrobenzene + Decane 295.964 0.574 285.959-295.958 28 36
Nitrobenzene + Dodecane 300.368 0.630 290.236-300.365 27 38
Nitrobenzene + Tetradecane 304.940 0.676 294.858-304.939 34 39
n-Perfluorohexane + Hexane 295.690 0.361 289.419-295.674 10 40

Ndp. is the number of data points.

D, k, {, and u rescaling functions and defined as follows

D=y~ 33)
Vv 2v—1
=" Yv—1) 34
* ocﬁA( (34
{=y5 (35)
u=y"e (36)

where o, 1, v, and @ are universal constants, which are given
in Supporting Informaiton Table S1. Y is the crossover func-

tion which was calculated by the implicit function where?*%*

A\ 2705

1-(1—a)Y=i 1+(—> ] y'/e (37)
K

In which
, Yoo, L .
K= K5 (AF — Afg, AT — ATg) (38)
%

¢, is a system-dependent parameter which is related to the
Landau theory. Thus, the parameters ¢, and ¢, can be calcu-
lated from Landau theory in the following manner>”

Grlah,é,d
c,=MVu*ﬁA 39)
Gul(a,c)

_ [Gu(a,e)
0 wul\ (40)

where u* is the fixed point coupling constant and G,J is a
derivative of the Gibbs energy of mixing i times AT, and
Jj times AX, and evaluated at the critical point.3

Calculation of heat capacity

The crossover-UNIQUAC model can also predict caloric
properties, such as the molar heat capacity at constant pressure
and composition, Cp . The heat capacity can be represented
by Eq. 41°

ACps (™[ _ T (PAG
R\ or ),, R\ 012 J,,

<8ZTAGreg PTAG ging )
=— +
P.x

(41)

or? o1?

where AH is the enthalpy of mixing. The other parameters have
been defined earlier. To account for a background contribution
to heat capacity, Edison et al." suggested that an analytic back-
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ground function of i, (Af) should be added to the regular part
of the Gibbs energy of mixing, in the form of Eq. 42

4 .
o (AT) = _ i, (AT (“42)
=0

The arbitrary coefficients of fiy, and jiy, are related to the
zero points of energy and entropy. The other coefficients of
Loos Moz, and fig, are system-dependent and can be optimized
based on experimental caloric properties data far away from
the consolute point.'~?

Investigated Compounds

For investigating the proposed crossover-UNIQUAC model,
five different binary liquid—liquid systems with increasing size
of components, that is, with coexisting curves that display dif-
ferent degrees of asymmetry, have been selected and their
equilibrium composition data at different temperatures col-
lected from the literature.’* ™" These include liquid—liquid
mixtures of nitrobenzene with either pentane, octane, decane,
dodecane, or tetradecane, that is, different members of the
homologous family of alkanes. Also a system having a differ-
ent chemical nature, namely n-perfluorohexane + hexane, has
been investigated to further check the validity of the proposed
approach. The temperature range and the number of data avail-
able for each system are reported in Table 2. The experimental
values of critical temperatures at various mole fractions of the
investigated systems, necessary by the UNIQUAC crossover
model, are also reported in Table 2.

As this new model predicts liquid—liquid behavior with the
UNIQUAC model in regions far away from the critical point
as a classical method, all of the corresponding UNIQUAC
parameters are necessary. This includes the volume and sur-
face area structural parameters as the principle parameters.
These parameters have been reported for some systems in the
literature, while for others, they were calculated in this work
based on the UNIFAC group contribution method.*'** Table 3
summarizes the values of the UNIQUAC volume and surface

Table 3. UNIQUAC Volume and the Surface Area Structural
Parameters for the Investigated Compounds

Compound r q Reference
Nitrobenzene 4.1292 3.14 43
n-Perfluorohexane 7.704 6.924 42
Pentane 3.8254 3.316 41
Hexane 4.5 3.86 42
Octane 5.849 4.936 44
Decane 7.1974 6.016 41
Dodecane 8.5462 7.096 44
Tetradecane 9.895 8.176 41
Published on behalf of the AIChE DOI 10.1002/aic 3097



Table 4. The Calculated Values of Parameters a and ¢
in Eqs. 23 and 24 by the Incipient Immiscibility at the
Consolute Critical Point Conditions for the Different

Systems

System a ¢
Nitrobenzene + Pentane 0.0489 —=0.751
Nitrobenzene + Octane 0.1407 —0.7849
Nitrobenzene + Decane 0.1586 —0.773
Nitrobenzene + Dodecane 0.1704 —0.7621
Nitrobenzene + Tetradecane 0.1781 —0.7518
n-Perfluorohexane + Hexane —0.4376 —0.0085

area structural parameters for the compounds investigated in
this study.

In addition, to study the capability of the proposed cross-
over approach to describe properties other than LLE, molar
heat capacities of nitrobenzene + dodecane are investigated.
For this purpose, the liquid-liquid heat capacity data by Utt
et al.** for nitrobenzene + dodecane near the consolute point
were used to compare wiht the results of the proposed model
of this study.

Results and Discussion

Based on the explanations provided in the “Theory” section,
the liquid-liquid behavior of six different systems has been
investigated by the crossover-UNIQUAC model. After identify-
ing the values of critical temperature and composition for each
system (Table 2), the parameters a and ¢ in Egs. 23 and 24
need to be calculated. By applying the incipient immiscibility at
the consolute critical point conditions in Eq. 25, these parame-
ters were calculated as reported in Table 4 for each system.

In addition to the two parameters of a and ¢, which are not
optimized but calculated parameters, the model contains four
optimized parameters. Two of which (A and ) correspond to
the critical region and the other two (b and d) are designated
for the region far away from the critical point. These parame-
ters should be optimized simultaneously for each system.
Optimization was carried out using the Genetic Algorithm
(GA). The values of these optimized parameters are presented
in Table 5 for all of the mixtures investigated.

As can be observed in this table for nitrobenzene + alkanes
systems, the values of the optimized parameters, in the case of

Table 5. The Values of the Optimized Parameters for the
Different Systems by the Crossover-UNIQUAC Model

System A i b d
Nitrobenzene + Pentane 1.298 0.346 3.53 0.513
Nitrobenzene + Octane 1.166 0.3 3.569 0.5104
Nitrobenzene + Decane 1.397 0.333 3.539 0.519
Nitrobenzene + Dodecane 1.2 0.378 3.58 0.499
Nitrobenzene + Tetradecane 1.166 0.313 3.54 0.540
Common parameters 1.1 0.32 3.54 0.51
for Nitrobenzene + Alkanes
n-Perfluorohexane + Hexane 1.5 0.413 —2.283 —6.003

every parameter, do not vary significantly for the various alkane
members, that is, with the carbon number of the alkane. It can be
concluded that these values are globally optimized values. If they
had been corresponding to local optima, their values could have
been quite different from one another among the varying systems.
Also, because the values of the optimized parameters were rather
close to one another for the various nitrobenzene + alkanes sys-
tems, we also suggest one set of “common” parameters for the
whole homologous family of nitrobenzene + n-alkanes, in order
to make the treatment more flexible and transferable. This com-
mon parameter set is also presented in Table 5.

For the system of n-perfluorohexane + hexane, because of
the differing nature of the system, especially the component
n-perfluorohexane, the values of the optimized parameters are
somewhat different than the previous systems investigated.
However, all are within the same order of magnitude. The
objective function used for the optimization process is shown
by Eq. 43. This objective function is based on the experimental
temperature and composition, to which the calculated values by
the model are guided to approach by proper optimization

L N 2
2 — 1 § : 2 : (xi,p,exp _xi,p.cal)
X (Xi.p,cah Ti,cal) - N—M L L 02.
j=1i=1 X

+ XN: (Ti,exp_Tiﬁcal)2 }

)
i=1 or

(43)

N and M are the number of data points and the number of
adjustable parameters, respectively. L is the number of phases
and o; is the standard deviation property.

The graphical results of the model for the six investigated
systems are presented in Figures 1-6. Each figure consists of
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298 1
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2 0 =
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s Exp Dataof phase Il
286 0.01
0 02 04 0.6 0.8 1-T/T)
(a) Nitrobenzene molar composition (b) ¢

Figure 1. (a) Phase boundary of the binary nitrobenzene + pentane. (b) Log-log representation of experimental
phase boundary data of both branches of the coexistence curve of nitrobenzene + pentane.
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Figure 2. (a) Phase boundary of the binary system nitrobenzene + octane. (b) Log-log representation of experimen-
tal phase boundary data of both branches of the coexistence curve of nitrobenzene + octane.
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Figure 3. (a) Phase boundary of the binary liquid nitrobenzene + decane. (b) Log-log representation of experimen-
tal phase boundary data of both branches of the coexistence curve of nitrobenzene + decane.
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Figure 4. (a) Phase boundary of the binary system nitrobenzene + dodecane. (b) Log-log representation of experi-
mental phase boundary data of both branches of the coexistence curve of nitrobenzene + dodecane.
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Figure 5. (a) Phase boundary of the binary system nitrobenzene + tetradecane. (b) Log-log representation of exper-
imental phase boundary data of both branches of the coexistence curve of nitrobenzene + tetradecane.

two subfigures: the behavior of temperature vs. molar compo-
sition is shown in subfigure a for each of the systems.

As can be observed from these figures, the model results show
good agreement with the experimental data. This agreement is
particularly close in the critical region. It can be seen that, as the
chain length of the alkane increases, the coexistence curve
becomes more asymmetric. There are slight deviations far away
from the critical region in the model with respect to experimental
data. This is because only two optimized parameters have been
used in the entire temperature range for each system, while in a
conventional UNIQUAC model, a new set of optimized parame-
ters are calculated at each different temperature.

According to Eq. 1, the limiting slopes of log—log plot of A
T vs. A% on the two branches of the coexistence curve should
be equal to the universal Ising value of the exponent f
(p = 0.3255). Based on this fact, the log—log plots of different
systems are presented as subfigures b in each of Figures 1-6.
As can be seen, the limiting slopes of the two branches of the
coexisting curve on the log—log plot are the same when
approaching the critical point. However, further away from
the critical point, the curves of the two branches of the coexis-
tence curve start to diverge from one another because the dis-
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tance to the critical point, x — x,, is different for each branch.?
Figure 6 shows a special behavior, differing from those given
in Figures 1-5. This figure is the graphical validation of the
proposed crossover-UNIQUAC model for a system of differ-
ent nature. As can be seen from this figure, the results of the
model are in good agreement with the experimental data and it
can be concluded that the proposed model is also valid for sys-
tems having chemical natures that differ from those of the sys-
tems of Figures 1-5.

To have a comprehensive comparison between the conven-
tional UNIQUAC model and the crossover-UNIQUAC model,
the results of both of these models are compared in Figure 7
with experimental data for nitrobenzene + tetradecane as an
example. As can be observed in Figure 7, the conventional
UNIQUAC shows very large deviations from the experimental
data for the near-critical to critical region. The other five sys-
tems investigated in this study have similar behavior. The
graphical comparison of the conventional UNIQUAC and the
crossover-UNIQUAC models are presented for these five sys-
tems in Supporting Information.

For a quantitative investigation of the proposed model, the
values of the absolute average relative deviation (AARD%) of
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Figure 6. (a) Phase boundary of the binary system n-perfluorohexane + hexane. (b) Log-log representation of the exper-
imental phase boundary data of both branches of the coexistence curve of n-perfluorohexane + hexane.
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Figure 7. Liquid phase boundaries of the binary system
of nitrobenzene + tetradecane by the conven-
tional UNIQUAC and the crossover-UNIQUAC
models.

the model results with respect to experimental data are
reported in Table 6. This statistical error was calculated

according to Eq. 44
100 <xexp4i_xcal‘i> ’
Xexp,i

where N is the number of data points and Xeyp; and xc,; are
the experimental and calculated mole fractions of component
i, respectively.

Table 6 indicates that the maximum AARD% value is 3.97,
belonging to the system of nitrobenzene + decane. Such quan-
titative comparisons of the proposed model show the good
agreement of the model with experimental data, confirming
the qualitative accuracy, previously shown by the graphical
comparisons in Figures 1-6. The AARD% values, also for the
crossover-UNIQUAC based on a common parameter set for
all the nitrobenzene + alkanes systems, are presented in Table
6. These values do not differ much to the individual crossover-
UNIQUAC errors because the values of the optimized parame-
ters for each individual system are close to the common
parameter set values.

The AARD% of the system of n-perfluorohexane + hexane
is 1.21%. This is another evidence, from a quantitative point
of view, in addition to qualitative results from Figure 6, con-
firming the validity of the proposed crossover-UNIQUAC
model for a system of different nature.

N

1
AAD=NZ

i=1

(44)
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Figure 8. (a) Mole fraction difference [(x’ —x")/2x.] of
the binary system of nitrobenzene + octane
as a function of |(T — T.)/T,|. (b) The reduced
diameter [(x' +x")/2x;] for the coexistence
curve of nitrobenzene + octane as a function
of (T — T)/T.

The crossover-UNIQUAC model of this work is also com-
pared with the crossover-NRTL model, as presented by Van’t
Hof et al.® In both crossover models, it is necessary to opti-
mize two adjustable parameters for the whole temperature
range. However, in the crossover-UNIQUAC model, the two
adjustable parameters are included in only the residual part
(Eq. 9), and not the combinatorial term of the excess Gibbs

Table 6. The Values of AARD% Calculated by the UNIQUAC-Crossover Model for the Different Systems and Comparison
with the Corresponding Results of the Crossover-NRTL and Complete Scaling Model

AARD%
AARD% AARD% AARD% Crossover-UNIQUAC

System Crossover-UNIQUAC Crossover-NRTL? Complete Scaling with Common Parameters
Nitrobenzene + Pentane 2.19 0.44 0.66 2.73
Nitrobenzene + Octane 2.45 0.23 2.37 4.12
Nitrobenzene + Decane 3.97 0.49 2.09 4.01
Nitrobenzene + Dodecane 1.87 0.31 1.55 2.38
Nitrobenzene + Tetradecane 1.15 0.46 0.61 343
n-Perfluorohexane + Hexane 1.21 - 0.37 -
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Figure 9. Comparison of the proposed crossover-
UNIQUAC model results and the experimen-
tal molar heat capacities of nitrobenze-
ne + dodecane at the composition x. as a
function of temperature in both subcritical
and supercritical regions.

energy relation (Eq. 7). Therefore, less fitting is carried out in
the case of the crossover-UNIQUAC, as compared with the
crossover-NRTL. As a result, slightly larger deviations are
expected for the crossover-UNIQUAC model, as confirmed in
Table 6, which also includes the results of crossover-NRTL
for comparison with the crossover-UNIQUAC.

The results of the scaling method of this work are also com-
pared with those by the theory of complete scaling, as given
by Cerdeirina et al.’ Figure 8 presents the results for the sys-
tem of nitrobenzene and octane.

As can be seen from Figure 8, both models agree well close
to the critical points. The models start to deviate from one
another as the distance to the critical point is increased. Such
behavior is expected because both of the scaling models are
derived for the very close vicinity of the critical point, and
thus are more accurate in this region. Further systems are also
compared in Supporting Informaiton Figures S6-S10.
Although most figures show a better fit by the complete scal-
ing model (Supporting Informaiton Figures S6 and S8), a defi-
nite generalization cannot be made as there are also examples
in which the two models nearly coincide (Supporting Infor-
maiton Figure S7) or where the scaling model of this work
gives a better representation of the experimental data (Sup-
porting Informaiton Figure S9).

As the Kernel term is included in the proposed crossover-
UNIQUAC model, caloric properties, such as heat capacity,
can also be investigated. For this purpose, experimental heat
capacities of the system of nitrobenzene + dodecane have
been selected from the literature for comparison with the
model. The results of the proposed crossover-UNIQUAC
model in Figure 9 show good agreement with the correspond-

Table 7. The Values of the System-Dependent Coefficients,
Hoz Bo3, and f1, in Eq. 42

Region Hoa o3 Fog
Two phase (subcritical) —-0.416 0.807 31.344
One phase (supercritical) —0.339 0.593 35.974
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ing experimental values. The experimental heat capacities are
presented in two regions, subcritical and supercritical, having
a discontinuity at the consolute point. As can be seen from this
figure, the proposed crossover-UNIQUAC has good agreement
with the experimental data in both regions, while implying a
weak divergence in Cp, at the consolute point. The system-
dependent coefficients of [iy,, [iy3, and [iy,, related to the heat
capacity calculations are optimized in both regions and are
presented in Table 7. The values of the corresponding coeffi-
cients in both regions are close to one another.

Conclusions

In this study, a new model, based on existing crossover pro-
cedures has been proposed to incorporate critical fluctuations
into the classical UNIQUAC equation to model constant-
pressure liquid—liquid phase behavior, with coexistence curves
of diverse asymmetries. Five different liquid—liquid systems at
constant pressure, including mixtures of nitrobenzene with
five different members of the alkane homologous family, that
is, pentane, octane, decane, dodecane, and tetradecane were
selected to investigate the validity of the new model. Also, a
system of differing chemical nature, namely n-perfluorohexa-
ne + hexane, was investigated to show the validity of the pro-
posed crossover-UNIQUAC for other systems. The GA
procedure was used for optimization of the necessary parame-
ters. The results of the proposed model showed good agree-
ment with experimental data for every single system. The
maximum AARD% obtained among the investigated systems
was 3.97%, which indicates the high accuracy and reliability
of the model. The graphical comparison of the model to exper-
imental data, aimed at investigating the trend of the model in
both the near-critical region and the region far away from crit-
icality, was also presented. These results indicated that the
model can have even better estimations in the critical region
than it does further away from the critical point. Log—log plots
of dimensionless molar composition and temperature with
respect to critical molar composition and critical temperature,
respectively, were prepared for the different systems investi-
gated. It was concluded that the two branches of the coexis-
tence curve behave similarly while closely approaching the
critical point, but away from the critical point, these two
branches start to diverge from one another.

Also, it was concluded that as the chain length of the alkane
increases, the coexistence curve becomes more asymmetric, as
observed in both the experimental data and by the results of
the proposed model. The values of the optimized parameters
for the different systems are reported. A comparison of these
values for each parameter in the different systems show a
rather consistent value, which does not vary much among the
different systems composed of differing alkanes. Thus, it was
concluded that these values correspond to globally optimized
parameters. Furthermore, one set of “common” parameters is
suggested for the whole homologous family of nitro-
benzene + n-alkanes, in order to make the treatment more
general.

For a more comprehensive investigation of the proposed
crossover-UNIQUAC model, the caloric property of molar
heat capacity was calculated close to the consolute point for
the system of nitrobenzene + dodecane. The results showed
good agreement between the heat capacities calculated by the
model and the corresponding experimental data in both the
subcritical and supercritical regions. The discontinuity near
the consolute point was also observed.
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