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ABSTRACT

A modified perturbed hard-sphere equation of state, represented by
the Carnahan-Starling equation with the Soave’s attractive part, has
been investigated using the Mollerup approach for the energy
parameter a for pure substances. The equation has been extended to
mixtures, for both vapor-liquid equilibria and solid-supercritical fluid
equilibria, using the Boublik-Mansoori equation with the same
Soave’s attractive part. The vapor pressure, density, second virial
coefficient, specific heat capacity and enthalpy were examined for
pure substances. The new equation was alsc able to predict
accurately the vapor pressure of fatty acids. The predictions of both
vapor-liquid equilibria and solid-supercritical fluid equilibria, using
the one fluid van der Waals mixing rules with one binary interaction
parameter, are significantly better than those obtained by cubic
equation of state, especially for large molecules. The predictions for
solid-supercritical fluid systems were improved by incorporating
solute-solute interaction parameters. Density dependent mixing rules
were also examined.

Keywords: Equation of state, Mixing rules, Perturbed hard-sphere,
Solid-supercritical fluid, Vapor-liquid equilibria.

INTRODUCTION

ince van der Waals (VDW) proposed his

equation of state (EOS) more than 120
years ago, numerous attempts have been
made to develop an analytical model of the
EOS using either an empirical or theoretical
approach. Empirical EOSs have been based
partly on the VDW repulsive term while
theoretical EOSs have been based on
repulsive terms described by theoretical
expressions. The Carnahan-Starling equation
(CS-EOS) for hard sphere [1] and its
extension to mixtures by Boublik [2] and
Mansoori et al. [3] represents a considerable
improvement in this area. In order to be
applicable to real fluids. Carnahan and
Starling [4] suggested two perturbation
terms: the VDW perturbation term used by
van der Waals [5]in 1873 and perturbation
term used by Redlich and Kwong [6] in 1949,
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Different perturbation terms were proposed
by several authors (e.g. Beret and Prausnitz
[7], Chen and Kreglewski [8], Donohue and
Prausnitz [9], Brandani and Prausnitz [10],
Aim and Nezbeda [11], Cotterman and
Prausnitz [12], Gernzheuser and Gmeling
[13], Cotterman et.al [14], Dohrn and
Prausnitz [15]). Despite its so far limited
empirical success, the Carnahan-Starling
equation provides a better basis for
developments broadly applicable EOS than
does the popular hard-sphere reference
equation used by van der Waals, Redlich-
Kwong, Peng-Rubinson and many other.
These common  equations have been
remarkable successful for numerous VLE
calculations for hydrocarbon systems but
their extension to more complex system
has encountered severe difficulties.
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Some studies on the use of emperical
EOS’s based on theoretical models such as a
repulsive term, instead of the VDW repulsive
term, have been published (Dimitrelis and
Prausnitz [16], Bertucco et al [17], Mathias
et al. [18], Wu et al [19], Wogalzki and
Gutsche [20], Ashour [21]. Bertucco et al [17]
investigated the modified Carnahan-Starling-
van der Waals EOS (CSV-EOS) and
compared it with the Redlich-Kwong EOS
(RK-EOS) in correlation of binary solid and
liquid data in a supercritical fluid phase. In
some cases, the CSV-EOS was slightly better
than the RK-EOS, especially in terms of the
physical meaning of the parameters.

Adachi et al [22] evaluated 16 two-term
(repulsive + attractive) three-parameter EOSs
for the representation of saturation
properties and the high liquid density region
(reduced density < 3) of pure compounds.
They concluded that the VDW repulsive term
vielded the Ilower deviation in liquid
compressibility factor and that the Redlich-
Kwong attractive term was considered the
best because of its flexibility. In a
comprehensive review, Han et al [23]
evaluated seven EOSs, cubic and non-cubic,
for the calculation of the VLE of non-polar
and slightly polar substances over a range of
pressures, temperatures and molecular
variety. They concluded that the quality of
EOS representation of VLE was in general
the best symmetric mixtures composed of
similar molecules and the worst for hydrogen
mixtures. The other mixture categories
investigated were generally in between the
two extremes according to the similarity (or
diversity) of the mixture components. They
also reached the same conclusion of Adachi
et al. [22], which states that several cubic
EOSs are found to be effective and, in many
instances, better than more complex
equations. However, the usefulness of EOSs
for polar substances is still limited.

Kolasinska [24] covered advances in the
field of empirical EOSs for the correlation
and prediction of fluid phase equilibria
during the period 1980-1985. Anderko [25]
discussed the different EOSs, based on
either the VDW repulsive term or theoretical
term. He elaborated on the importance of an
accurate representation of pure component

vapor pressure by an EOS. The equati
must be accurate for pure component va
pressures in order to be accurate in VLE
calculations. However, this alone is not
sufficient. It is the mixing rules that are
important for phase equilibria calculations,
in addition to pure component properties. He
also concluded that in spite of the progre
made in the field of EOSs, no equation can
simultaneously represent all pure
components and mixtures with satisfactory
accuracy.

Mathias et al. [18] presented an empirical
EOS containing a theoretically realistic
repulsive term (Percus-Yevick EOS), for the
representation of VLE for high-pressure COs-
lemon oil and CO.-triglyceride systems. Their
equation resulted in somewhat better
predictions compared with Peng-Robinson
EOS. Dimitrelis and Prausnitz [16] presented
a comparison between the modified CSV-
EOS and another EOS based on the scale
particle theory proposed by Boublik [2] and
Mansoori et al. [3] with the same VDW
attractive term (BMV-EOS) for VLE
calculations. The Boublik-Mansoori EOS
proved to be superior, especially in the
diluted region. Wu et al. [19] used the BMV-
EOS, but the pure component parameters
were estimated as a function of VDW volume
for fatty acid methyl esters. The
determination of whether the BMV-EOS is
accurate or not is dependent mainly on the
accuracy of solubility data. Malanowski and
Anderko [26] covered the most of EOSs either
cubic or noncubic and other model used for
phase equilibrium calculations. Their merits
and limitations were presented. Aly and
Ashour [27] examined perturbed hard-sphere
EOS. For pure substances, Carnahan-
Starling equation with van der Waals
attractive term and this equation extended to
mixtures using Mansoori et al. [3] as a
repulsive term with the same attractive term.
Wogatzki and Gutsche [20] used the BMV-
EOS for the prediction of VLE data; the
attractive parameter a for pure component
being into two parts:

Where p, and p, are the reduced density ad
pressure, respectively.
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a(T, p) = [a(T) - a(T)]exp [ "p—] +ar) (1)

Parameter a© is determined from low-
density data, e.g. second virial coefficient,
while the parameter alll can be calculated
from vapor pressure data and high—density
PVT data. The prediction of VLE phase
behavior for ternary systems was good.

In spite of the fact that many researchers
have pointed out the major weaknesses of
most empirical EOSs in terms of the use of
VDW repulsive term (Henderson [28],
Rowlinson and Swinton [29], Vidal [30],
Dimitrelis and Prausnitz [16], Cuadros et al.
[31], the majority of researchers are still
working on the development of the attractive
term of the model of the empirical EOSs.
This problem is vividly illustrated by the
words of Dimiterlis and Prausnitz [16], who
were of the opinion that "most recent
literature has focused on the tail rather than
the dog”. Furthermore, some work is being
done to develop different mixing rules (e.g.
Dahl and Michelsen [32], Wong and Sandler
[33]. Also, Sheng et al. [34] suggested a
mixing rule for the energy parameter, similar
to that developed by Wong and Sandler [33],
together with a new mixing rule for the
excluded volume parameter b and a
generalized correlation for that parameter
was presented. Satisfactory  solid—
supercritical  fluid equilibrium  (SFE)
predictions were obtained for polycyclic
aromatics solids in carbon dioxide. Their
results were however comparable with those
obtained by the van der Waals mixing rules
with multiple unlike pair parameters.
Furthermore, a comprehensive comparison
was recently published of five different
mixing rules for the calculation of phase
equilibria for complex systems [35]. Ashour
and Aly (27) and Ashour et al. [37] concluded
that the weakness of phase-equilibria
predictions using EOSs is not only a result of
the weakness of the equations themselves
but may also be a result of the computation
techniques applied. The main objective of
this work was to investigate the validity of a
modified perturbed hard-sphere EOS, in
which the repulsive term is represented by
the Carnahan-Starling equation and the
attractive term is represented by the Soave’s

attractive term. This equation is referred to
as the MCSS-EOS and was applied to pure
substances. It was extended to mixtures
using the Boublik—Mansoori equation as the
repulsive term and keeping the Soave’s term
as the attractive term. This equation is
referred to as the BMMS-EOS. The
temperature-dependent function describing
the energy parameter a, which was originally
developed by Mollerup [38], is used in this
work.

THE EQUATION OF STATE

Pure components

The perturbed hard sphere EOS studied
in this work is commonly known as MCSS-
EOS and consists of the Carnahan-Starling
Equation [1] a repulsive term and VDW'’s
term as an attractive term. It can be written
as follows:

A+y+y*-y*) a(T) p°’
=RT . (2)
N i (1-y)? 1+bp

where y = (bp /4) and a(T) = a.a (1)

The co-volume parameter bis taken as a
temperature independent. Equation 6, which
was, derived from the critical point
constraints, namely that the first and second
derivatives of pressure with respect to
density are equal to zero, as given in
Equations 3 and 4:

2F . o (3)
op

0°F b (4)
ap°

For temperature-dependent  energy
parameter a(I) in  Equation 2, the
corresponding parameters a, and b, can also
be derived from the above critical point
constraints:

a, =0.61883 {R;‘“J (5)

(4

b, = 0.104899 [RPTC ] (6)

€
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An expression for a(7,,)was developed
by Mollerup [38] for Soave’s EOS:

al,;)=1+p(1/T,; -1)+yT,,InT,;
+0,(T,; -1) o W |

g

(7)

In order to avoid negative values at
higher reduced temperatures, extrapolation

of a(7,,) in Equation 7 can be performed

using the following expression at T;greater
than one (i.e. above the critical temperature):

=
) %1 +dx, +dx}) (8)

where x; = (Ti- 1). The constants d; and d>
are calculated from the following constraints
[38]:

a (1)=h (0)

a (1)=h (0)

from which

d=p-7-9 (9)

and

dy=dl-p,- 7 (10)
The pure component parameters

(B,7 and &) are fitted to vapor pressure

data by minimizing the objective function
represented by the following equation:

m T exp NTuu.l‘c 2 PP -P“‘ﬂc 2
ng};[[ - P = )l (11)

where T and P are temperature and vapor
pressure and ois the standard deviation.
The vapor pressure data fitting was

performed subjected to the following phase
equilibrium constraints, including minimum
free energy:

_f,f s f;-”

where f is the fugacity of the component iin
phase I, either liquid or solid and phase I,
either supercritical fluid or vapor.

Table 1 gives, for 51 components, the

pure component parameters (f,7 and &) of

the MCSS-EOS, together with the absolute
average relative deviation between the
experimental and calculated  vapor
pressures, AP. The references for the
experimental data of vapor pressure data are
given in Ashour [21]. For oleic acid and fatty
acid methyl esters, the experimental vapor
pressure data are available at temperatures
greater than 373 K. These vapor pressures
were extrapolated to 313 K using a two-
parameter equation based on the kinetic
theory of gases [39]. The critical data are
either taken from Reid et al [40] or
estimated. The impact of extrapolation vapor
pressures affects the accuracy of predictions
as shown in Table 1. It should pointed out
that the minimum vapor pressure is 1.0 Pa
(10-5 bar). As can be seen, the MCSS-EOS
has successfully predicted the vapor
pressures for simple molecules as well as for
strongly non-polar molecules. For instance,
it gives excellent predication for all fatty
acids as demonstrated in Table 1 and
Figures 1 and 2 for both caproic acid and
palmitic acid. The results of predicting the
vapor pressures using the MCSS-EOS are
significantly better than those obtained using
cubic EOSs and the GVW-EOS [21] and
slightly better than modified perturbed hard
sphere using van der Waal’s attractive term
[27].

Figures 3-5 show the experimental [41-
43] and calculated density for pure carbon
dioxide and ammonia and the second virial
coefficient for pure methane, respectively.

i=1:me
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Figure 1 Relative deviation of experimental vapor
pressure from calculated values at different
temperature for caproic acid
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Figure 2 Relative deviation of experimental vapor
pressure from calculated values at different
temperature for palmitic acid

The density prediction, as displayed in
Figure 3 and 4, show the same trend as that
obtained using the same EOS but with
different attractive term as was presented by
Aly and Ashour [2]. As can be observed, the
prediction is accurate except at- low
temperatures and high pressures in the
liquid region. Similarly, Figure S
demonstrates accurate predictions for the
second virial coefficient of methane.
Furthermore, the MCSS-EOS predicted
accurately the enthalpy of methane even in
the saturated areas. It also succeeded in
predicting the specific saturated ammonia
and the results are physically meaningful.
The last results are not shown because of
space limitations.
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Figure 3 Density prediction for carbon dioxide
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Figure 4 Density prediction for ammonia

Mixtures

The MCSS-EOS (Equation 2), was
extended to mixtures using Boublik-
Mansoori Equation [2,3] as a repulsive term
plus the same VDW’s attractive term. The
resulting equation is referred to as the
BMMS-EOS. It has the general form for the
reduced Helmholtz free energy as given below

A =A™ 4+ AT (13)
The expressions for A= and Are are:

R p-(5) (5]
ar _CFECILFT] T (14)
RT 0-yv) a-y)
+(i—j—1]ln Q-y)

and
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A e "
= - In(+b (15)
RT T o ilx0p)

parameters D, E and F are defined as :

D'=Y &7 (16)
E=Y 0! (17)
F=% x0? (18)

where x; is the mole fraction, o,is the hard-

sphere diameter of molecule iand ncis the
number of components. The reduced density
yis defined as y = (b p /4) with

2 -
b:Zx,b,=§-fr N, F (19)

Here, Ni is Avogadros number and p is the

molar density.
For a mixture of nc components, the
following quadratic mixing rules were used:

a:ZZ Xy X, o84, (]"k.j) (20)
1=l j=1
where k; are dimensionless interaction
parameters.
The following density-dependent mixing
rules, according to Mohamed and Holder
[44], were also examined:

nc nc

a=YYxx Jaa |-G -kPp) @)

i=l j=1

The pure component parameters are
taken from Table 1. The one fluid van der
Waals mixing rules, represented by Equation
20, both with and without the solute-solute
interaction parameter, kzz and the density-
dependent mixing rules, represented by
Equation 21 were evaluated in this study to
extend the pure component parameters to
mixtures. The binary interaction parameters

were computed using the maximum
likelihood to minimize the following objective
function:

Z”‘: Ly Rt A (22)

o 2
1

Q =3
=1 i J

where nv is the number of independent

variables, zijare the measured variables and

o, are the statistical variances associated

with the measured variables. In this method,
the objective function was minimized subject
to the phase equilibrium constraints
including the minimum Gibbs free energy as
described by Ashour and Aly [27].
Essentially, this method allows all
experimental values to float within
prescribed variances, thereby giving the best
possible fit of the VLE data.

RESULTS AND DISCUSSION

Experimental VLE data were selected in
different classes of polar, non-polar and
highly associated compounds, represented
by 11 binary VLE systems displayed in Table
2. As can be seen, the test systems consist of
one symmetric mixture, four symmetric
mixtures (starting with argon- neopentane
and ending with CO, —fatty acid methyl
esters), four alcohol-containing mixtures and
one acetone-containing mixture. It may also
be observed that the experimental data
covers a wide range of temperature, pressure
and molecular variety.

The values of  Dbinary interaction
parameters were calculated for each binary
mixture by minimizing the above objective
function. The optimum  interaction
parameters determined in this way were
used in the final computation for comparison
with the experimental data. The maximum
likelihood method together with this objective
function was adapted in this study.
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Table 1 Physical propert}" :

Component Te (K)
Argon 150.86
Nitrogen 126.20
Hydirogen 33.20
Feorn 13 302.00
COa 304.2 L
Methane 190.58 0.
Ethane 305.42 3 0.067002
Propane 309.82 ,15: 0.049767
Butane 425.17 37.97 0.193 0.113297
Pentane 469.65 33.69 0.251 0.173915
n-Hexane 507.85 30.31 0.296 0.216646
n-Cctane 568.83 24.86 0.394 0.037882
n-Decane 518.45 21.23 0.485 -0,137321
Neopentane 433.75 31.67 0.197 0.504369
Ethylene 282.40 S50.40 0.085 0.065597 -0.365465
Benzene 562.16 48.08 0.212 0.228680 -0.838657
Water 647.13 2206 0.344 0.049360 -0.355375
Ammonia 405.5 113.5 0.250 0.052936 -0.276368
Methanol 512.60 80.89 0.559 0.249803 -1.705417 0.670079
Ethanol 513.90 61.40 0.644 0.521236 -1.155901 0.508484
Acetone 508.20 47.01 0.309 0.537561 -1.534193 1.566949
Toluene 591.80 40.99 0.263 0.998651 -0.386651 -0.207320
Tetraline 719.00 35.10 0.303 0.132119 -0,705417 0.670079
1-Methylnaphthalene 772.00 36.00 0.310 0.124141 -0,.8649016 0.333674
Decanediol 778.89 25.15 1.330 4.536569 -4.142514 10.00000 1.70
Biphenyl 789.00 38.50 0.364 0.099199 -0.629793 0.094678 0.16
Naphthalene 748.40 40.53 0.303 0.379455 -51.59370 54.04078 0.31
Anthracene 883.00 28.90 0.455 -0.917720 2.8B62873 -4.381589 0.29
Phenanthrene 890.00 33.33 0.429 0.130242 -1.000470 0.320616 0.27
Pyrene 748.78 26.06 0.835 1.023883 -5.320192 5.700318 212
Fluorene 820.80 29.93 0,406 -0.144763 0.643659 -1.353962 0.11
Benzoic acid 752,00 43.59 0.620 -0.377905 1.632783 -2.771551 0.28
2,3-Dimethylnaphthalene 773.45 30.05 0.500 0.285970 -1.573850 1.017834 0.29
2,6-Dimethylnaphthalene 781.78 30.05 0.510 0.811644 -4.13394 3.927127 0.03
Fatiy acids
Caproic 5653.00 32.00 0.608 -0.243011 1.967241 -3.257069 1.38
Caprylic 594.00 27.00 0,754 -0.124999 1.614962 -2.88969 0.61
Capric 726.00 21.00 0.854 -0.285939 2911129 -4,157564 0.82
Lauric 733.50 19.10 0.934 -0.617930 4.276001 -5.912916 Q.7
Myristic 755.30 16.70 1.018 3.272296 -12.793271 13.56259 20.67
Palrnitic 774.22 14.27 1.027 0.46989 -0.6041369 -0.618016 0.41
Stearic 801.40 13.60 1.079 0.611817 -1.022456 -0.064067 0.84
Oleic 817.75 13.85 1.085 -2.624749 8.426664 -10.85156 11.9
Methyl esters
Caproate 583.50 27.80 0.481 -0.41343 1.359237 -2.8B3789 0.41
Caprylate 632.50 23.10 0.569 1.247775 -5.354548 5.001222 1.9
Caprate 670.50 19.80 0.654 0.104992 -0.0545048 -1.038174 1.3
Laurate 714.70 17.30 0.731 -0.049563 0.5542274 -1.732778 6.89
Myristate 730.70 15.40 0.816 0.079592 -0.32983532 -1.104194 1.7
Palmitate 792.00 13.80 0.891 0.710930 -0.7109301 -0.729652 0.69
Stearate 788.60 12.60 0.963 0.388799 -1.758314 0.436649 1.7
Oleate 810.10 12.80 0.953 0.012765 -0.1312525 -1.24095 3.9
Lincleate 813.90 13.10 0.943 0.135076 -0,8214317 -0,508175 2.9
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Table 2 Binary VLE systems

e Binary system Temperature b essure range (bar) Reference
D (K)

I Argon - neopentane 323.15 11.09-250.62 45

I Hydrogen - n-hexane 277.59 68.90-689.40 46

11 COz2 - benzene 298.15 8.90-57.34 47

IVa CO;z - n-decane 344.3 68.85-164.50 48

Vb CO: - n-decane 377.60 103.40-127.30 48

Va CO:z - methanol 298.15 2.18-61.26 49

Vb CO2 — methanol 313.15 5.77-80.58 49

Vi COz - ethanol 304.20 37.50-72.20 50

Vil a Methanol - ethanol 373.15 2.46-3.53 S1

VIl b Methanol - ethanol 414.15 8.87-10.83 51

VIII Ethanol — water 363.15 0.73-1.58 52

IX a CO: - propane 310.93 13.01-69.12 27

IXb COz - propane 344.26 26.46-67.29 27

Xa Propane - methanol 313.10 3.50-13.23 27

Xb Propane - methanol 343.10 4.20-25.30 49

Xc Propane — methanol 373.10 8.80-42.80 27

XI CO:z - acetone 313.15 10.05-74.13 27

Xll a Acetone — water 308.15 0.18-0.45 27

XIl b Acetone - water 373.15 1.11-3.68 36

Xl a CO2 - methyl stearate 313.15 94.50-134.40 36

XII b COz - methyl stearate 323.15 81.30-163.20 36

Xl ¢ COz — methy! stearate 333.15 89.90-178.80 36

X d COz — methyl stearate 343.15 127.50-197.30 36

XIVa CO: - methyl oleate 313.15 72.10-116.50 36

XIV b CO2 — methyl oleate 323.15 79.80-130.00 36

XIVe CO:2 - methyl oleate 333.15 87.30-148.80 36

XIvd COz - methyl oleate 343.15 100.50-200.00 36

XV a CO2 - methyl linoleate 313.15 48.70-125.26 33

XV b CO2z - methyl linoleate 343.15 41.38-200.41 33
The performance of the BMMS-EOS very accurate predication were obtained for
presented in Table 3 and Figures 5-11. For all systems investigated. The rms average
each binary mixture, we present the binary relative deviation is defined as:
interaction parameters, using both the
quadratic one fluid mixing rules and the - D
density-dependent mixing rules and the root Az = ( _.l__] i [ zl'—z-) (23)
mean square (rms) average relative deviation ng i=1 z®

between  experimental and calculated where np is the number of experimental
pressure, AP, liquid composition, Ax, and data, z is the measured variable (P, T, x and
vapor composition Ay. The temperature y).

predictions are not shown in Table 3 since
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Figure 5 Second virial coefficient for methane

Figure 6 shows the predication of VLE for
the argon-neopentane system, which
consists of molecules of different sizes. As
can be seen, the BMMS-EOS accurately
predicts both vapor and liquid compositions.
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Figure 6 Calculated and experimental VLE for argon /
neopentane at 32.15 K

Studies of VLE for mixtures containing
hydrogen have been intensive in recent
years, due to the development of coal
liquefaction and other sinful processes. New
experimental data have become available at
high temperatures and high pressures.
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Figure 7 Calculated and experimental VLE for
Hydrogen n-hexne at 277.59 K
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Figure 8 Experimental and calculated vapor - liguid
equilibria for ethanol - water system

Representation of the equilibrium
behavior of these asymmetric systems poses
a challenge on account of the significant
difference of hydrogen from the other
component in the mixture in terms of
molecular size, energy and other properties.
The results of predicting VLE phase behavior
for the hydrogen -n-hexane asymmetric
system significantly better than the other
published equation of state [36].

The results displayed in both Table 3 and
Figure 8, for the ethanol-water system at
363.15 K, clearly show the advantage of
using the density-dependent mixing rules,
compared with the traditional quadratic one
fluid mixing rules for such a strong
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posystem. As can be observed, the BMMS-
EOS, using the latter mixing rules, failed to
reproduce correctly the phase behavior in
both the liquid and vapor phases especially
near the azeotropic point. On the other hand
applying the density-dependent mixing rules
gives predictions which are significantly
better in both phases throughout the whole
pressure range.

Figure 9 shows the calculated and
experimental VLE for the systems CO; -
methyl linolate at 313.15 and 343.15K. The
BMMS-EOS predicts the VLE within the
whole range of pressure for this system well.
The results demonstrate the predictions of
the disparate molecules system consisting of
carbon dioxide and of methyl esters acids. As
can be seen, the equation predicts quite well
the VLE at 313.15 K, but the predictions are
less accurate at higher temperature of

, bar

343.15 K, especially for the liquid
composition.
CO2 - Linolate (BMMS - EQS)

4 Experimentul datn,
Adams et al., 18988,
=—— One fluid van der Wasls mixing rules

140

Pressure, bar

e 0.8 0.6 01 08 09
Mole fraction of methyl linolate

Figure 9 Experimental and calculated vapor — liquid
equilibria for carbon dioxide — methyl linoleate
system

Figure 10 shows the VLE predictions for
the CO; -methanol system using both
quadratic and density-dependent mixing
rules. This system is one which
demonstrates the advantage of the density-
dependent mixing rules as shown in Table 3.
It may be noted that the liquid composition
predictions are similar for both mixing rules,
but the density-dependent mixing rules

deliver better predictions for the vapor
phase.

The effect of incorporating a solute-solute
interaction parameter in one fluid van der
Waal’s mixing rules to account for the
association of acetone in the mixture is
illustrated in Figure 10 for the CO; —acetone
system. As can be seen, the liquid
composition prediction by the BMMS-EOS
shows a significant improvement for this
system throughout the whole pressure
range. However, this behavior did not hold
for other highly associated systems, such as
propane-methanol and CO;-methanol, as
demonstrated by Ashour and Wennersten
[54].

313.15K

(BMMS-EQS)

CO2 - Methanol

& Exparimental dats,
Katayama ot al., 1875

—— Fules
= Ope fluid van der Wasls mixiog rules

o8 1

°* Mole fraction of methanol

Figure 10 Experimental and calculated vapor -liquid
equilibria for carbon dioxide - methanol
system

The experimental SFE data for the CO; -
palmitic acid  system, at  different
temperatures and pressure, were taken from
four different literature sources (Kramer and
Thodos [55], Bamberger et al [56], Ashour
[21], Ohgaki et al. [56]. It should bee noted
that the variability in solubility data obtained
by different research groups underscores the
importance of some experimental variables
such as the sample purity, build-up and
clogging of lines and values with heavy solid
or liquid, density inversion or failure to
achieve equilibrium in the system and
entrainment of the solute in the supercritical
fluid phase (Ashour [21], Dimitrelis and
Prausnitz [57], Maheswari et al. [58].
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CO2 - Acetone
- . 4 Experimentsl data,
Kutaynma st al., 1878
1 —— with solute-solute paramater
60 - - + rd
4
H L
o
3 .
w
g "Il
& a0
20
I\.
e il 02 04 08 04

Mole fraction of acetone
Figure 11  Experimental and calculated vapor - liquid
equilibria for carbon dioxide - acetone
system

L One Nuid van der Waala

mixing rules, Kgy = 00 =
- —- One fluid von dor Weals -~
3 BMMS - EOS g &
e
2 CO4 - Palmitic acid i
B 4 DIBOOK
= Eaperimental data T
=3 & Hambecger ot al, 1988 4
E oo} ™ Ashew 1988 g
E & Krwmer and Thadus, 1988 ‘__,v" LW
g e H;-f"/ 21H00 K
ng E
v L~ 3136 K
'E -
= . -—
']
3 quer ()T * e SR K
&0 jiel 186 o0 250 00 a5 00

Pressure, bar
Figure 12 Experimental and calculated vapor - liquid
equilibria for carbon dioxide - acetone
system

CONCLUSION

The proposed BMMS-EOS investigated in
this work is an extension of one proposed by
Carnahan and Starling. The new extension
involves making the van deer Waals
parameter a a function of temperature. In
doing so, a number of new substance specific
parameters are introduced, leading to
improved accuracy of the equation. It did
yield excellent results for vapor pressure
predictions as well as phase equilibria at
high pressures. The equation failed, however,
to predict phase equilibria at low pressure.
This result supports the conclusion of
Anderko [21] that a better representation of
pure component properties does not
necessarily ensure an improvement in
prediction the phase equilibria for mixtures.
The result also resembles the conclusion of
Han et al. 23 that the quality of the EOS

representation of VLE was best, in general
for asymmetric mixtures composed of similar
molecules and the worst for hydrogen
mixtures. The other mixture categories
investigated in their work were generally in
between the two extremes, according to the
similarity (or diversity) of the mixture
components.

For phase equilibria predication, the
BMMS-EOS gives goo results using the
quadratic one fluid mixing rules for systems
consisting of disparate molecules such as
CO.-methyl esters of fatty acids. These
predictions were improved for some systems
using either the same mixing rules. These
improvements were demonstrated for
systems such as CO;-acetone (VLE) and
CO.-palmitic acid (SFE), respectively.

NOMENCLUTURE
A Helmholtz free energy
a b equation of state parameters
d constants defined by Equation 8

D,E,F parameters defined by Equations
16-18, respectively

F fugacity

k1 binary interaction parameters

Na Avogadro's number

Ne Number of components

np Number of experimental data

points

nv Number of variables

P Pressure

Q Objective function

R Universal gas constant

I Temperature

v Volume

x mole fraction of liquid phase

y mole fraction of vapor phase and

reduced density

z measured variable

A compressibility factor

Greek letters

o parameter in Equation 7

B.y.,0 pure component parameters

A root mean square average relative
deviation, Equation 23 molar
density

o standard deviation in Equation 11

and hard-sphere diameter in
Equations 16-18
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1] fugacity coefficient
@ acentric factor of pure component
Superscripts

cal calculated value
exp  experimental value
L liquid state

Pert  perturbed

R reduced

Rep repulsive

S solid stat

A% vapor

Subscripts

C critical property

ij components o mixture

T reduced
REFERENCES

1. N.F. Carnahan and K.E. Starling, “EOS
for a Non-Attractive Rigid Sphere”, J.
Chem. Phys., Vol. 51, pp. 635-636,
(1969).

2. T. Boublik, “Hard-sphere EOS”, Chem.
Phys., Vol. 53, pp. 471-472, (1970).

3. G.A. Mansoori, N.F. Carnahan, K.E.
Starling, and T.W. Leland, “Equilibrium
Thermodynamic Properties of the Mixtures
of Hard Sphere”, J. Chem. Phys. Vol. 54,
pp. 1523-1525, (1971).

4. N.F. Carnahan and K.E. Starling,
“Intermolecular Repulsions and the EOS
For Fluids”, AIChE J., Vol. 18, pp. 1184-
1189, (1972).

5. J.D. Van der Waals, “On the continuity of
the gaseous and liquid States”, Ph. D.
Thesis, Leiden, The Netherlands, (1873).

6. O. Redlich and J.N.S. Kwong, “On the
Thermodynamics of Solutions, V: An
Equation of State-Fugacities of Gaseous
Solutions, Chem. Rev., Vol. 44, pp. 233-
244, (1949).

7. S. Beret and J.M. Prausnitz, “Perturbed
Hard-Chain Theory: An Equation of State
for Fluids Containing Small or Large
Molecules, AIChE J., Vol. 21, pp. 1123-
1132, (1975).

8. S.S. Chen A. Kreglewski, “Applications
of the Augmented Van Der Waals Theory
of Fluids. Part I: Pure Fluids”. Ber.
Bunsenges. Phys. Chem., Vol. 81, pp.
1049, (1977).

9. M.D. Donohue and J.M. Prausnitz,
“Perturbed Hard-Chain Theory for Fluid
Mixtures: Thermodynamic Properties for
Mixtures in Natural Gas and Petroleum
Technology”, AIChE J., Vol. 24, pp. 849-
860, (1978).

10. V. Brandani and J.M. Prausnitz,
“Empirical Corrections to the Van Der
Waals Partition Functions for Dense
Fluids”, J. Chem. Phys., Vol. 85, pp.
3207, (1981).

11. K. Aim and I. Nezbeda, “Perturbed
Hard-Sphere Equations of State of Real
Liquids, Part 1: Examination of a Simple
Equation of the Second Order, Fluid
Phase Equilibria”, Vol. 12, pp. 235-251,
(1983).

12. R.L. Cotterman and J.M. Prausnitz,
“Molecular Thermodynamics for Fluids at
Low and High Densities. Part II: Phase
Equilibria for Mixtures Containing
Components with Large Differences in
Molecular Size or Potential energy”, AIChE
J., Vol. 32, pp. 1799-1812, ( 1986).

13. P. Grenzheuser and J. Gmehling, “An
Equation of State for the Description of
Phase Equilibria and Caloric Quantities
on the Basis of the Chemical Theory”,
Fluid Phase Equilibria, Vol. 25, pp. 1-29,
(1986).

14. R.L. Cotterman, B.J. , Schwarz and J.M.
Prausnitz, “Molecular Thermodynamics
for Fluids at Low and High Densities. Part
I: Pure Fluids Containing Small or Large
Molecules” , AIChE J., Vol. 32, pp. 1787-
1798, (1986).

15. R. Dohrn and J.M. Prausnitz, “A simple
Perturbation Term for the Carnahan-
Starling Equation of State” Fluid Phase
Equilibria, Vol. 61, pp. 53-69, (1990).

16. D. Dimitrelis and J.M. Prausnitz,
“Comparison of Two Hard-Sphere
Reference Systems for Perturbation
Theories for Mixtures” Fluid Phase
Equilibria, Vol. 31, pp. 1-18, (1986).

17. A. Bertucco, Fermegha, M. and I. Kikic,
“Modified Carnahan - Starling — van der
Waals Equation for Supercritical Fluids”
Chem. Eng. J., Vol. 32, pp. 21, (1986).

18. P.M. Mathias, T.W., Copeman and J.M.
Prausnitz, “Phase Equilibria for
Supercritical Extraction of Lemon Flavors

D12 Alexandria Engineering Journal Vol. 38, No. 1, January 1999




19.

20.

215

22

23.

24.

25,

26.

27,

28.

29,

A Modified Perturbed Hard-Sphere Equation Using Soave’s Attractive Term

and Palm Oils with Carbon Dioxide” Fluid
Phase Equilibria, Vol. 29, pp. 545-554,
(1986).

A.H. Wu, A. Stammer and J.M.
Prausnitz, “Extraction of Fatty Acid
Methyl Esters with Supercritical Carbon
Dioxide” Report LBL24201, Lawrence
Berkeley, Laboratory, Berkeley CA, (1987).
H. Wogatzki and B. Gutsche, “Binary
and Ternary VLE Calculations for Methyl
Chloride, Dimethyl Ether and Methanol”
Chem. Eng. Processes, Vol. 24, pp. 57-62,
(1988).

I. Ashour, “Supercritical Fluid Extraction
of Fatty Acids and Their Derivatives” Ph.
D. Thesis, Lund University, Sweden,
(1989).

Y. Adachi, B.C.-Y, Lu, and H. Sugi,
“Three Parameters Equations”, Fluid
Phase Equilibria, Vol. 13, pp. 133-142,
(1983).

S.J. Han, H.M. Lin and K.C. Chao,
“Vapor-Liquid Equilibrium of Molecular
Fluid Mixtures by EOS”, Chem. Eng. Sci.,
Vol. 43, pp. 2327-2367, (1988).

G. Kolasinska,, “Correlation and
Prediction of VLE and LLE by Empirical
EOS”, Fluid Phase Equilibria, Vol. 27, pp.
289-308, (1986).

A. Anderko, “Equation-of-State Methods
for the Modeling of Phase Equilibria”
Fluid Phase Equilibria, Vol. 61, pp. 145-
225, (1990).

A. Anderko and S. Malanowski,
“Modeling Phase Equilibria:
Thermodynamic Background and
Practical Tools” John Wiley & Sons, Ins.
N.Y., (1992).

[. Ashour and G. Aly, “A Modified
Perturbed Hard-Sphere Equation of State’
Fluid Phase Equilibria, Vol. 101, pp. 137-
156, (1994).

D. Henderson, “Practical Calculations of
the EOS of Fluids and Fluid Mixtures
Using Perturbation Theory and Fluids
Related Theories” In: K.C. Chao and R.L.
Robinson (Eds.), EOS in Engineering and
Research. Adv. Chem. Ser., Vol. 182, pp.
1-30, (1979).

J.S. Rowlinson and F.L. Swinton,
“Liquids and Liquid Mixtures”, 3rd edn.,
Butterworths, London, (1982).

Alexandria Engineering Journal Vol. 38, No. 1, January 1999

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

J. Vidal, EOS-reworking the Old Forms,
“Fluid Phase Equilibria”, Vol. 13, pp. 15-
33, (1983).

F. Cuadros, A. Mulero and J.O.
Valderrama, “Modification of the Saove
Equation of State Suggested by Using
Computer Simulation”, Chem. Eng. Sci.,
Vol. 48, pp. 513-519, (1993).

S. Dahl and M.L. Michelsen, “High
Pressure Vapor-Liquid Equilibrium with a
UNIFAC-Equation of State”, AIChE J.,
Vol. 36, pp. 1829-1836, (1990).

D.S.H. Wong and S.I. Sandler, “A
Theoretically Correct Mixing Rule for
Cubic Equations of State”, AIChE, Vol. 38,
pp. 671-680, (1992).

Y.J. Sheng, P.C. Chen, Y.P. , Chen and
D.S.H. Wong, “Calculations of Solubilities
of Aromatic Compounds in Supercritical
Carbon Dioxide”, Ind. Eng. Chem. Res.,
Vol. 31, pp. 967-973, (1992).

K. Knudsen, E.H. Stenby and Aa. Freden-
slund, “A Comprehensive Comparison of
Mixing Rules for Calculation of Phase
Equilibria in Complex Systems”, Fluid
Phase Equilibria, Vol. 82, pp. 361-368,
(1993).

I. Ashour and G. Aly, “Effect of Compu-
tation Techniques for Equation of State
Binary Interaction Parameters on the
Prediction of Binary VLE data”, J.
Comput. Chem. Eng, Vol. 35, pp.327-333
(1996).

I. Ashour, [.A. Kattab, I. E., Ibrahiem,
[.LE. and A.M. Mohey-El-Dean, “Effect of
Minimization Routines on the Predications
Accuracy of the EOS”, AMSE modeling
Measurements and Control, Vol. 57, No.
1-2 (1998).

J. Mollerup, “Correlation of Thermo-
dynamic Properties Using a Random-
Mixture Reference State”, Fluid Phase
Equilibria, Vol. 15, pp. 189-207, (1983).
D.S. Abrams, H.A. Massaldi and J.M.
Prausnitz, “Vapor Pressures of Liquids as
a Function of Temperature: Two-
Parameter Equation Based on Kinetic
Theory of Fluids”, Ind. Eng. Chem.
Fundam., Vol. 13, pp. 259 - 262, (1974).
R.C. Reid, J.M. Prausnitzz and B.E.
Poling, “The properties of Gases and



41.

42.

43.

44.

45.

46.

47.

48.

49.

S50.

Sl.

D14

ASHOUR and EBRAHEIM

liquids”, 4t edn., McGraw-Hill, New York,
(1988).

L. Haar and J.S. Gallogher,
“Thermodynamic Properties of Ammonia,
J. Phys. Chem. Ref. Data, Vol. 7, pp. 635,
(1978).

J.H. Dymond and E.B. Smith, “The
Virial Coefficients of Pure Gases and
Mixtures”, Clarendon, Oxford, (1980).
J.F. Ely, “Supercritical Fluid Properties”,
Repoted DOE/OR/21374-T1, Department
of Energy, Washington, DC, (1984).

R.S. Mohamed and G.D. Holder, “High
Pressure Phase Behavior in Systems
Containing Carbon Dioxide and Heavier
Compounds with Similar Vapor
Pressures”, Fluid Phase Equilibria, Vol.
32, pp. 295-317, (1987).

B.I. Rogers and J.M. Prausnitz, “High
Pressure VLE for Argon-Neo-Pentane- and
Methane-Neopentane”, J. Chem.
Thermodynamics, Vol. 3, pp. 211-216,
(1971).

W.B. Nichols, H.H. Reamer and B.H.
Sage, B. H., “Volumetric and Phase
Behaviour in the Hydrogen — n-Hexane
system”, AIChE , J., Vol. 3, pp. 262-267,
(1957).

K. Ohgaki and T. Katayama, “Isothermal
VLE Data for Binary Systems Containing
CO; at High Pressures: Methanol - CO,, n-
Hexane - CO; and Benzene - CO;
Systems”, J. Chem. Eng. Data, Vol. 21,
pp- 35-55, (1976).

N. Nagarajan and R.L. Robinson,
“Equilibrium Phase Composition, Phase
Densities and Interfacial tensions for CO»
- Hydrocarbon Systems, Part Il CO; - n-
Decane”, J. Chem. Eng. Data, Vol. 31, pp.
168-171, (1987).

T. Katayama, K. Ohgaki, G., Maekawa,
M. Goto “Isothermal VLE of Acetone- CO»
Methanol-Systems at High Pressures”, J.
Chem. Eng. Japan, Vol. 8, pp. 89-92,
(1975).

S. Takishima, K. Saiki, K., Arai and S.
Saito, “Phase Equilibria for CO; - C;HsOH-
H>O System”, J. Chem., Eng., Japan, Vol.
19, pp. 48-56, (1986).

V.G. Niesen, A. Palavra, A.J. , Kidnay,
and V.F. Yesavage, “An Apparatus for
VLE at Elevated Temperatures and

52.

53.

54.

55.

56.

57.

58.

59.

Pressures and Selected Results for Water-
Ethanol and Methanol-Ethanol systems”,
Fluid Phase Equilibria, Vol. 31, pp. 282-
298, (1986).

R.C. Permberton. and C.J. Mash,
“Thermodynamic Properties of Aqueous
Non-Electrolyte Mixtures, Part II: Vapor
Pressures and Excess Gibbs Energies for
Water-Ethanol at 303.15 to 363.15 K”, J.
Chem. Thermodyn., Vol. 23, pp. 867-888,
(1978).

W.R. Adams, J.A. Zollweg, W.B. Street,
and S.S.H. Rizvi, “New Apparatus for
Measurement of Supercritical Fluid-Liquid
Phase Equilibria”, AIChE J., Vol. 34, pp.
1387-1391, (1988).

I. Ashour and R. Wennersten, “The
Effect of Solute-Solute Interaction on the
Calculation of Phase Equilibria for Binary
and Ternary Systems Using an PHS-EOS.
Technology Today”, Vol. 4, pp. 222-226,
(1991).

A. Kramer and G. Thodos, “ Solubility of
1-Hexadecanol and Palmitic acid in SC-
CO7” J. Chem. Eng. Data, Vol. 33, pp.
230-234, (1988).

T. Bamberger, J.C.. Erickson and C.L.
Cooney, “Measurements and Model
Prediction of Solubilities of Pure Fatty
Acids, Pure Triglycerides and Mixtures of
Triglycerides in SC-COz+, J. Chem. Eng.
Data, Vol. 35, pp. 327-333, (1988).

K. Ohgaki, I. Tsukahara, K.,Sembo and
T. Katayama, “A Fundamental Study of
Supercritical Extraction Solubilities of « -
Tocopherol, Palmitic Acid and Tripalmitin
in Compressed Carbon Dioxide at 25° C
and 40 © C, Int. Chem. Eng.”, Vol. 29, pp.
302-308, (1989).

D. Dimitrelis and J.M. Prausnitz, “Solubi-
lities of n-Octadecane, Phenanthrene and
n-Octadecane-Phenanthrene Mixtures in
Supercritical Propane at 390 and 420 K
and Pressure up to 60 bar”, J. Chem. Eng.
Data, Vol. 34, pp. 266, (1989).

P. Maheshwari, Z.L. Nikolov, T.M. White
and R. Hartel, “ Solubility of Fatty Acids
in Supercritical Carbon Dioxide”, JAOCS,
Vol. 69, pp. 1069-1076, (1992).

Received September 9, 1998
Accepted November 25, 1998

Alexandria Engineering Journal Vol. 38, No. 1, January 1999

T —



A Modified Perturbed Hard-Sphere Equation Using Soave’s Attractive Term

3ol ol sl b il ol SR o3 0 Ao

RWERRIE DR W PO

C.z.,hua:'d.a

e sl - O yl8” Wslag adlly (3l ) s plusianly) ddoall ot SN B Uy g g Wlas A3 #
ety Lt - gt e ST 0151 s Sl el Sy Aslall B Balel] & Bl O g falas Jl5al
aPdnal] O g o D BLLYL 6y 5 - b g Wslas plbsely = > e c:'i'. ks

3503 Bt Wslalt | Sty Dy ) daldt (Sl for pd falas GBS (s et laiall jlas £ A4 5 gl
T At @i - Cdaly Ll - et e S pu By Bl e 6yt il il e L
ol S AT Wslas pltsily 0l o0 Jadl O Ll Odlondt Jalas o klodl U 5 00 plusealy
Ll ¢ oy - el O3l ot ge Jish o pgedt @il - Gl delasl s pnd U 8 1 S Oy ol
A e ezl Jald O g6 iz

Alexandria Engineering Journal Vol. 38, No. 1, January 1999 D15



