Scientific Cooperations International Workshops on Engineering Branches
8-9 August 2014, Koc University, ISTANBUL/TURKEY

Computation of phase stability limits and critical
points for binary systems containing cyclo-and
normal-alkanes using the NRTL model
Fahad M. Al-Sadoon
Petrofac, Al-Khan Road, Sharjah
PO Box 23467
Sharjah, United Arab Emirates

Naif A. Darwish
Department of Chemical Engineering
American University of Sharjah
Sharjah, UAE
ndarwish@aus.edu
Abstract

80% of investment capitals, phase stability limits
determine the conditions for phase splitting and
consequently the required hardware facilities for
further separation and purification [2].In oil production
fields, it is necessary to avoid the precipitation of
asphaltenes that results in plugging the flowlines and
impact oil production negatively [3]. The conditionsat
which asphaltenes precipitate, can be accurately
predicted using phase stability criterion, which will
consequently lead to better design of oil flowlines. In
polymer science, phase splitting ofpolymer solution
can take two paths; either spinodal decomposition or
nucleation and growth [4-7]. Spinodal decomposition
refers to phase splitting by quenching the system into
the unstable region (inside the spinodal curve), while
nucleation and growth occurs when the system in
quenched into the metastable region (between spinodal
and binodal curves). Thus, determination of spinodal
locus is essential to understand how phase splitting
willoccur. In any case, knowledge of stability limits of
binary systems is also practically important, in
particular, in cases of safety engineering and materials
handling. This is because stability limits represent
conditions beyond which spontaneous and abrupt
phase change must occur. Sometimes, situations that
can give rise to reaching these stability limits are
unavoidable. For example, an erupting fire in close
proximity to chemical substances storage areas can
result in reaching stability limits and consequently
undergoing an abrupt phase change transition
concomitant with disastrous consequences [8, 9].

Stability limits (spinodal loci) weredetermined for
nine binary systems, belonging to three groups; NFormylmorpholine (NFM)+ branched cycloalkanes
(Methylcyclopentane, Methylcyclohexane, and
Ethylcyclohexane), Perfluoroalkanes
(Perfluorohexane, Perfluorohexane, and
Perfluorooctanee )+ n-Alkanes (hexane, octane),
and Acetonitrile+ n-Alkanes (Octane, Nonane, and
Decane).Rigorous thermodynamic criteriafor
spinodal limits and criticality conditions in terms of
mixture Gibbs free energy were derived from the
NRTL model. The highly nonlinear coupled
algebraic equations were solved using a Matlab®
code employing a double precision strategy to
minimize round off-errors. The generated critical
temperatures and compositions were compared
with literature and found in good agreement.
Keywords: Stability limits, spinodal, critical points,
binary mixtures, computation.

1.0 INTRODUCTION
The spinodal locus of a certain liquid mixture defines
the conditions of temperature, pressure, and
composition, beyond which where the system cannot
maintain its homogenous phase nature and must split
into two or more phases to attain a more stable
thermodynamic state [1]. Phase stability limits and the
critical phenomena are subjects of special importance
in the physical chemistry science of materials. Beside
the basic fundamental significance of these subjects,
theyhave currently many industrial applications
indifferent areas of modern technology. For example,
in separation processes, which constitute more than

The critical temperature of a binary mixture (if
existing) is a unique point, in the sense that it is both
stable and on the limit of stability locus. Graphically, it
is where the spinodal curve and binodal (LLE curve)
converge to each other. Binary systems can have
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thermodynamic criteria as advanced by Gibbs [1].In
this section we outline the method adopted here which
is entirely based on the rigorous approach presented by
Tester and Modell [1].

Upper Critical Solution temperature (UCST) and
Lower critical solution temperature (LCST). UCST
defines the upper limit of LLE and will formif the
binodal curve intersects the freezing curve and LCST
defines the lower limit of LLE and will form if the
binodal curve intersects the bubble point VLE curve
[10]. All systems analyzed here are of the UCST type.

The criteria of stability of thermodynamic systems is
best explored using the energy representation, i.e.,



U t = f St , V t , N1 , N2 ,.., Nn

Thermodynamic properties that require first and/or
higher order derivatives are usually considered good
test for the consistency and adequacy of
thermodynamic models. Given this, the prediction of
spinodal and critical loci, in addition of their practical
importance, furnish a good test for models like the
NRTL used here.



because then other

t

Legendre transforms such as H , Gt, and At can easily
be employed to develop more convenient criteria of
stability. In terms of Ut, the starting point for stability
criteria development is the requirement that the second
order variations in Ut, which is a second order
quadratic, be greater than zero, i.e.,:

 2 Ut
 U = K 
 x i x j
i=1 j=1  x i x j
n+2 n+2

The binary systems studied here are of both industrial
and academic significance. N-Formylmorpholine
(NMF) is an important solvent used to extract
undesired constituents from hydrocarbon mixtures
[11]. Aromatics content in gasoline and reformate that
are produced by catalytic reforming of naphtha, for
example, are restricted by environmental regulations,
and can be, minimized by extractive distillation using
NMF to selectively remove aromatics from these
products which can then be used as feedstock for
petrochemical processes[12]. Perfluoroalkaneshave the
same chemical structuresas those of alkanes, yet they
differ in physical properties; they possess higher
densities and vapor pressures, lower surface tensions,
and higher gas solubilities in comparison to their
corresponding alkanes. It is believed the differences in
the physical properties are due to the fact that
perfluoroalkanes have stronger covalent bonds, weaker
van
der
Waals
interactions,
and
lower
polarizability[13]. Perfloroalkanes are used as oxygen
carriers in blood substitutes, and in the synthesis of
fluorous phase organic using fluorous catalysis [13].
Acetonitrile is used in oxidative desulfurization in
biphasic acetonitrilesystems, where it is used to extract
sulphur compounds from diesel and gasoline. It is then
oxidized by the oxidative desulfurization process. This
is needed in order to remove sulphur compounds that
are inert in the hydro-desulfurization process [14].

2

t

0
(2.1)

In this expression x stands for the independent
variables St, Vt, N1,..,Nn. It can be shown that the
expression above is equivalent to [1]:

 2 y(n)
 N 2n-1

0
(2.2)

Where y(n) is the nthLegendre transform of Ut and n is
the total number of species in the system. Nn-1is the
mole number of the (n-1)th species. Note that y(2)is the
second
Legendre
transform
of





U t = f St , V t , N1 , N2 ,.., Nn i.e., y(2) = Gt = Gt(T,
P, N1, N2,, …, Nn). For binary mixtures (n = 2) this
becomes:

 2G 


0
 N 2 
 1 T ,P, N2

(2.3)

Equation 2.3 can be simplified by recognizing that

 G 

0


N
1

T , P , N

1  

(2.4)

2

And

1  G pure  RT ln( x1 1 ) (2.5)

2.0 METHODOLOGY

Therefore, the stability criterion (equation 2.3)
becomes:

As advanced in the previous section, there are many
different routes towards calculating stability limits and
critical loci for mixtures. In essence, all of these ways
are different facets of the same rigorous
188
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  2  1   0   1   0
 N1 T ,P, N2  N  x1 T ,P
 x1 T ,P

accounted for in phase and chemical reaction
equilibria. In this case there is one special constraint,
i.e., s = 1, which is the above stability criterion.
Therefore, for a binary system at a fixed pressure and
x1, the spinodal limit criterion (equation 2.10 above)
can be solved for the temperature at the stability limit.

(2.6)
In this work, an expression for μ1and the required
derivative are taken from NRTL model that is
expressed for binary systems by the following
equations

As thecritical temperature for a mixture is a stable
point on the stability limit locus, it satisfies in addition
to stability criterion above another stability condition,
i.e.,

 G21 21 
 G12 12 
GE
  x1 x2 
 (2.7)
 x1 x2 
RT
 x1  x2G21 
 x2  x1G12 

  3 y ( 2)

3
 N1

2
  G

G12 12 
2
21
 

ln  1  x2  21
2
  x1  x2G21  x2  x1G12  

 3 G 


  3 
0
 T , P , N  N1  T , P , N 2

(2.12)

Therefore, there are two special constraints
corresponding to the critical point of a mixture. The
phase rule in this case gives for a non-reactive, binary
mixture a single degree of freedom. For a binary
mixture at a given pressure, stability limit criterion
(equation 2.10) and the criticality criterion (equation
2.13) must be solved simultaneously for the
temperature (T) and the mole fraction (x1).

(2.8)
2
 


G12
G21 21
 

ln  2  x1  12 
x1  x2G21 2 
  x2  x1G12 
2

(2.9)
Where refers to the mole fraction,
and
are
energy binary interaction dependent on temperature.

2


 1 


G21
G12 12

2

 21 


 
2 
 x1G12  x2  

 x1 T , P
 x1  x2G21 


Applying the derivative given in equation (2.6) on
equations (2.5) and (2.8), the final form is

 G 2 1  G21  G12 12  G12  1 
 8 x2  21 21

3
3 
 x1G12  x2  

  x1  x2G21 

2
  G
 1 

G12 12 
21

  2 x2  21 
 

2
 x 
  x1  x2 G21  x1G12  x2  
 1 T , P

2
 G 2 1  G21  2
G12 12  G12  1 
 6 x2 2  21 21


4
4
 x1G12  x2  
  x1  x2G21 


 G 1  G21  G12 12 G12  1 1
2 x2  21 21


3
x1G12  x2 3  x1
 x1  x2 G21 
2



1
x12

(2.13)

(2.10)
Equation (2.10) is the working equation to be solved
for the stability limit for binary systems. Note that
temperature is not explicitly expressed in equation
and
are function of temperature.
(2.10) but

3.0 RESULTS AND DISCUSSION
Table 1shows the different binary systems studied in
this work, together with the references citing their
available experimental data in the literature. The
systems addressed here involve N-Formylmorpholine
(NFM) + branched cycloalkanes (Methylcyclopentane,
Methylcyclohexane,
and
Ethylcyclohexane),
Perfluoroalkanes (Perfluorohexane, Perfluorohexane,
and Perfluorooctanee) + n-Alkanes (hexane, octane),
and Acetonitrile+ n-Alkanes (Octane, Nonane, and
Decane). For each binary system, the spinodal curve
was generated by solving the stability limit criterion
(equation 2.10). The critical temperature of each
binary at the reported pressure of the experimental data

In view of the phase rule, a non-reactive binary system
in a single phase at the stability limit has two degrees
of freedom as shown below [10]:

(2.11)
Where F stands for the number of degrees of freedom,
n is the number of species, π is the number of phase, r
is the number of independent chemical reactions, and s
stands for any external special constraint that is not
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was determined by solving the two highly coupled
stability and criticality criteria (equation 2.10 and
The interaction parameters required by the NRTL
model for the optimum fitof the binodal equilibrium
data of each binary system were reported in the
literature and they are reproduced in tables 2-4. It is to
be noted that different models for the binary
interaction parameter were employed by different
authors. The models used with their corresponding
systems are shown below,

equation 2.13).



Perfluoroalkane + n-Alkanes

g ij  g jj  Aij  Bij (Tc  T )  Cij (Tc  T ) 2







ij

g ij  g jj
RT

Formylmorpholine (NFM) + branched Cyclohexanes

 ij  aij 

bij
T

 cij ln T

(3.1)

And the non-randomness parameter is fixed at 0.3.
Coefficients aij, bij, and cijare given in table 2.

(3.2)

(3.3)

Coefficients Aij, Bij, and Cij are shown in table 3. NonRandomness factor is fixed at 0.2 for all binary
systems in this group.
Non-randomness factor was used as fitting
parameter as well here. Coefficients in equation
(3.6) and the non-randomness factor are given in
table-4.

Acetonitrile + n-Alkanes
g ij  g jj  Aij  Bij (Tc  T )  Cij (Tc  T ) 2 
Dij (Tc  T ) 3  Eij (Tc  T ) 4  Fij (Tc  T ) 5

(3.4)
Eleven binary systems studied here show upper critical
solution temperature (UCST) as shown in Figs 1-8. It
is to be noted that not always binary systems have
critical points. For example the binary system of tbutyl acetate+ poly (ethylene glycol) [15] doesn’t
show a critical point. Moreover, not always binary
systems have an UCST. Actually there many binary
mixture that show lower critical solution temperature
(LCST) such as polystyrene (1) +Tert-butyl acetate (2)
andWater (1) + n-heptylpolyglycolethers [16, 17].

experimental data, gives confidence in the predicted
spinodal curves for the different systems.
Unfortunately, experimentally determined stability
limits are lacking for most liquid mixtures.
It is interesting to note that for all binary systems
studied the metastable regions, where a single phase of
the two species can be maintainedhomogenous without
splitting (i.e., the region bounded by the spinodal
(dashed curve) and the bimodal(slid curve)), penetrate
deep into the two-phase region under the binodal
curve. For example, for methylcyclopentane(1) + NFM
(2) (Fig 1) at a temperature of 350 K, a homogeneous
mixture that is supposed to split into two phases of x1=
0.13 (NFM-rich phase) and x1 = 0.9
(methylcyclopentane–rich phase) can be maintained as
a single homogeneous phase without splitting up to x1
= 0.3 starting from pure NFM on the left and up to x1 =
0.8 starting from pure methylcyclopentaneon the right.

Critical temperatures for all binary systems are given
in table 5 and they are also depicted as a solid circle in
Figs 1-8.The experimental data reported in the
literature are shown to be nicely fitted with the NRTL
model.For all binary systems studied, Figs 1-8 show a
nice convergence of the spinodal to the bimodal curve
at the critical point of the mixture.This, in addition to
the perfect fit of the NRTL model to the binodal
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TABLE 1

RANGE OF TEMPERATURE AND COMPOSITION FOR BINARY SYSTEM STUDIED.

System
Methylcyclopentane+N-Formylmorpholine [12]
Methylcyclohexane+N-Formylmorpholine [12]
Ethylcyclohexane+N-Formylmorpholine [12]
Perfluorohexane + n-hexane [13]
Perfluorohexane + n-octane [13]
erfluorooctanee+ n- octane [13]
Acetonitrile+n-octane [14]
Acetonitrile+n-onane [14]
Acetonitrile+n-decane [14]

Temperature range (K)
300.27-398.73
301.24-402.28
297.85-409.63
285.09-295.78
281.67-334.83
304.97-349.50
347.54-364.83
339.71-373
351.77-380.53

Composition
range
0.0673-0.9835
0.0626-0.9787
0.0274-0.9797
0.1498-0.7000
0.0513-0.9059
0.0503-0.8734
0.287-0.9082
0.3563-0.9482
0.2506-0.9511

TABLE 2 BINARY INTERACTION COEFFICIENTS FOR BRANCHED CYCLOALKANES (1)+ NFM (2). [4]

Methylcyclopentane +
NFM
Methylcyclohexane +
NFM
Ethylcyclohexane
+
NFM

a12

a21

b12/K

b21/K

c12

c21

-14.616

82.929

2413.9

-3071.7

1.7193

-12.407

254.71

29.701

-11370

-371.47

-37.485

-4.6313

194.08

-8.3869

-8527.4

2036.1

-28.539

0.75341

TABLE 3 BINARY INTERACTION COEFFICIENTS FOR PERFLUOROALKANE (1) +ALKANE (2).
ij=12

Aij (J/mol)
Bij (J/mol)
Cij (J/mol)
Aij (J/mol)
Bij (J/mol)
Cij (J/mol)
Aij (J/mol)
Bij (J/mol)
Cij (J/mol)

ij=21

Perfluorohexane (1) + n-hexane (2)
5.809150×102
6.935871×101
−1.872603
Perfluorohexane (1) + n-octane (2)
1.721268×103
6.033262×101
−6.988607×10−1
Perfluorooctane (1) + n-octane (2)
4.610810×102
5.275480×101
1.718153×10−2

5.298431×103
3.489141×1013.489141×101
−1.762582
4.734393×103
2.219952×101
−2.378780×10−1
6.523878×103
6.035228×101
−1.881921

TABLE 4 BINARY INTERACTION COEFFICIENTS FOR ACETONITRILE (1)+ ALKANE SYSTEMS (2).
ij=12
ij=21
Acetonitrile(1) + Octane(2)
Aij (J/ mol)
6.209280×103
2.148610×103
Bij (J/ mol K)
−9.578565×10
4.122008×102
Cij (J/ mol K2)
5.441342×10
−1.106913×102
Dij (J/ mol K3)
−8.743969
1.580942×10
Eij (J/ mol K4)
5.901122×10−1
−1.022817
Fij (J/ mol K5)
−1.435335×10−2
2.447284×10−2
αij
0.35
0.35
Acetonitrile(1) + Nonane(2)
Aij (J/ mol)
6.628703×103
2.921445×103
Bij (J/ mol K)
2.376530×10
3.716344×102
Cij (J/ mol K2)
6.007725
−4.503373×101
Dij (J/ mol K3)
−5.591383×10−1
2.875876
Eij (J/ mol K4)
1.914956×10−2
−8.278521×10−2
Fij (J/ mol K5)
−2.227959×10−4
8.814626×10−4
αij
0.41
0.41
Acetonitrile(1) + Decane(2)
Aij (J/ mol)
6.910348×103
2.746409×103
Bij (J/ mol K)
5.448184×10
1.720912×102
2
Cij (J/ mol K )
4.730795
−7.280994
Dij (J/ mol K3)
−5.680709×10−1
3.647042×10−1
4
−2
Eij (J/ mol K )
2.150812×10
−1.127986×10−2
Fij (J/ mol K5)
−2.727123×10−4
1.442988×10−4
0.41
αij
0.41
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TABLE 5CRITICAL TEMPERATURE COMPOSITION DETERMINED IN THIS WORK WITH LITERATURE FOUND IN LITERATURE.

System

Critical Temperature (K)
This work
Literature

Critical composition
This work
Literature

Methycyclopentante (1)+NFM (2)
Methylcyclohexane (1)+ NFM (2)
Ethylcyclohexane(1)+ NFM(2)
Perfulorohexane(1)+ Hexane(2)
Perfulorohexane(1)+ Octane(2)
Perfulorooctane(1)+ Octane(2)
Acetonitrile(1)+Octane(2)
Acetonitrile(1)+Nonane(2)
Acetonitrile(1)+Decane(2)

402.91
404.8
414.65
296.41
334.84
349.52
364.8
372.89
380.41

0.5936
0.5708
0.551
0.3621
0.42
0.3506
0.678
0.707
0.72

403.29 [12]
404.78 [12]
414.73 [12]
295.8 [13]
331.5 [13]
349.4 [13]
364.84 [14]
372.96 [14]
380.45 [14]

0.5933 [12]
0.5707 [12]
0.5509 [12]
0.37 [13]
0.45 [13]
0.36 [13]
0.6781 [14]
0.6928 [14]
0.7203 [14]

Similarly, the critical temperatures for Acetonitrile +
n-Alkanes systems increased with the alkane size. The
critical temperatures and critical compositions found
by [14] are somewhat different from the ones
determined here. This is due to the fact that data
reduction in that paper [14] used the second, third, and
fourth derivatives of Gibbs excess equation to find the
critical temperature along with the energy fitting
parameters, whereas we have only used the second
derivative of Gibbs excess equation.

The spinodal curves for the different binary systems
studied here are consistent with the reported
experimental binodal equilibrium data. That is they are
lying nicely within the binodal and they make a good
convergence to the binodal data at the critical point.
The calculated critical temperatures, together with the
calculated composition for the different binary systems
studied here are summarized in table 4. Shown also in
the same table, are experimental valuesreported in the
literature.
The critical temperatures found for Formylmorpholine
(NFM) + branched Cyclohexanesagreesreasonably
well with the literature [12]. The mutual solubility
increases as the size of the cyclohexane increases, as
expected. Nevertheless, it is interesting to note that the
contribution of the cycloalkane size has less effect on
the critical temperature than the branch size. Going
from methylcyclopentane to methycyclohexane has an
effect of increasing the critical temperature by only 2
K, while the difference between methylcyclohexane
and ethylcyclohexane produces a difference of almost
10 K. In addition, it can be observed that increasing the
size of the components decreases the critical
composition. As for Perfluoroalkane + n-Alkanes
systems, the predicted critical temperatures were
slightly higher than the ones found in literature. The
mutual solubility, i.e. critical temperatures, increased
with the size of the hydrocarbons.

4.0 CONCLUSION
Stability limits and critical temperatures were found
for nine binary systems using the criticality and
spinodal limits criteria proposed by Gibbs. The binary
systems considered in this work contain cyclic-and
normal-alkanes. Rigorous thermodynamic criteria for
spinodal limits and criticality conditions in terms of
mixture Gibbs free energy were derived using the
NRTL model for the excess Gibbs energy for the
liquid phase of each binary. The resulting highly
nonlinear
coupledalgebraic
equations
were
simultaneously solved by Matlab©. The results found
in this paper, i.e.critical temperatures and
compositions, were compared with literature and found
in good agreement.
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Fig. 1. Binodal&Spinodal curves for Methylcyclopentane (1) + NFM (2).
Experimental points (+), Binodal curve from NRTL (—), Spinodal curve (-), and critical point (•).
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Fig. 5. Binodal&Spinodal curves for Perfluorohexane (1) + Octane
(2). Lines and symbols are the same as in Fig. 1.
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Fig. 2. Binodal&Spinodal curves for Methylcyclohexane (1) + NFM (2).
Lines and symbols are the same as in Fig. 1
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Fi.g. 3. Binodal&Spinodal curves for Ethylcyclohexane (1) + NFM (2).
Lines and symbols are the same as in Fig. 1
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Fig. 7. Binodal& Spinodal curves for Acetonitrile (1) + Octane (2).
Lines and symbols are the same as in Fig. 1.
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Fig. 6. Binodal&Spinodal curves for Perfluoroooctane (1) + Octane
(2). Lines and symbols are the same as in Fig. 1.
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Fig. 4. Binodal&Spinodal curves for Perfluorohexane (1) + Hexane (2).
Lines and symbols are the same as in Fig. 1
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Fig. 8. Binodal& Spinodal curves for Acetonitrile (1) + Nonane (2).
Lines and symbols are the same as in Fig. 1.
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inversion curve and spinodal curve loci of methane,
ThermochimicaActa, 287 (1996) 43-52.
5.0

[10] J.M. Smith, H.C. Van Ness, M.M. Abbott,
Introduction to chemical engineering thermodynamics,
McGraw-Hill, 2005.
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