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Summary. Using the old, modi®ed TASQUAC model [1±3], only small negative excess entropies of

mixing can be described with model assumptions. Intra- and intermolecular vibrations and the

rotation of molecules are also not considered. In this work, therefore, a new relationship for the

interaction energy with an enthalpy (�h) and an entropy parameter (�s) in the quasi-chemical

approximation is suggested. The exact solution for the quasi-chemical equilibrium in the two-

component mixture is given, and a new model for describing and predicting phase equilibria in

multi-component systems S-TASQUAC is developed. We examined the possibilities of using S-

TASQUAC to predict VLE data and compared the results of binary systems to the results of other

known models of liquid mixtures (Wilson, NRTL, UNIQUAC). The results of the calculated data

demonstrate the usability of S-TASQUAC as a quali®ed tool to describe and predict phase equilibria.

Keywords. Theory; Methods of calculation; Vapour-liquid equilibria; quasi-chemical approxima-

tion; Gibbs free energy parameter.

Berechnung und Vorhersage von thermodynamischen Eigenschaften von

Nichtelektrolyt-Mischungen mittels einer neuen quasi-chemischen NaÈherung

Zusammenfassung. Bei Verwendung des alten, modi®zierten TASQUAC-Modells [1±3] koÈnnen nur

kleine negative Zusatz-Mischungsentropien naÈherungsweise beschrieben werden. Intra- und inter-

molekulare Schwingungen sowie die Rotation der MolekuÈle bleiben unberuÈcksichtigt. In dieser

Arbeit wurde daher eine neue From der Betrachung der Wechselwirkungsenergien, gekennzeichnet

durch einen Enthalpie-(�h) und einen Entropieparameter (�s), vorgeschlagen. Die exakte LoÈsung

fuÈr das quasi-chemische Gleichgewicht in einem Zweikomponentengemisch wird hergeleitet und ein

neues Modell fuÈr die Beschreibung und die Vorhersage von Phasengleichgewichten in

Mehrkomponentensystemen wird entwickelt. Es wird die MoÈglichkeit untersucht, S-TASQUAC

fuÈr die Vorhersage von VLE-Daten zu verwenden. Anschlieûend werden die fuÈr binaÈre Gemische

erhaltenen Ergebnisse mit denen anderer bekannter Modelle (Wilson, NRTL, UNIQUAC) fuÈr

FluÈssigkeitsgemische verglichen. Die Resultate beweisen, daû S-TASQUAC gut geeignet ist, um

Phasengleichgewichte zu beschreiben bzw. vorherzusagen.

� Corresponding author



Introduction

In designing chemical processes for the separation of ¯uid mixtures, chemical
engineers must frequently estimate the liquid-phase activity coef®cients of multi-
component systems. There are many methods for estimating multi-component
properties, provided information on the binary subsystem is available in the form
of binary parameters determined from a least-squares analysis of binary data.

A few predictive methods use the quasi-chemical theory by Barker [4] and
Guggenheim [5] to describe thermodynamic excess functions (�HE, �GE, �SE,
��E). With this quasi-chemical model, only small negative excess entropies of
mixing can be given, because by assumption of speci®c interaction compared with
the statistical arrangement of molecules a higher order is created. In many real
mixtures, positive values for �SE arise which can be explained by association,
complex formation, or preferential orientation, but cannot be described satisfyingly
with the existing quasi-chemical theory. The vibration and rotation of molecules,
which are in¯uenced by surrounding molecules, is also not considered. Therefore,
this method should be expanded.

Theory

The quasi-chemical theory is used frequently to describe thermodynamic excess
functions (�HE, �GE, �SE, ��E). The mathematical relations are given as

N2
AB

NAA � NBB

� 4 � exp �ÿ2 ��WAB=kT� � 4 � �AB �1�

Z � NA � NAB � 2 � NAA �2�
Z � NB � NAB � 2 � NBB �3�

NAB, NAA, and NBB are the number of AB, AA and BB contacts in a mixture of NA

molecules of type A and NB molecules of type B. The molecules are located on
lattice sites in a lattice with the coordination number Z.

Equation (1) is the relation for the number of AB, AA, and BB contacts at
equilibrium in a binary system; the factor 4 is obtained from the square of the
symmetry factor � of the contacts. The interchange energy �WAB is given by
Eq. (4):

�WAB � �UAB ÿ
�UAA � �UBB

2
�4�

�U is the potential energy between two molecules at equilibrium. Ideal mixtures are
de®ned by �WAB� 0 and �AB� 1. The system of equations of equilibrium (1) and
contact site balances (2), (3) can be solved analytically for a binary system:

NAB � Z � N � xA � xB � 2

1� �
� �

�5�

with xA, xB �mole fractions, N�NA�NB, and

� � 1� 4 � xA � xB � ��ÿ1
AB ÿ 1�ÿ �1=2 �6�
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The heat of mixing is given by

�HE � NAB ��WAB �7�
Integration of Eq. (7) with respect to the reciprocal temperature leads to the
following expression of the excess Gibbs free energy [6].

�GE � T �
�1=T

0

�HE d
1

T

� �
� T ��WAB �

�1=T

0

NABd
1

T

� �

� R � T � Z
2

� xA � ln � ÿ 1� 2xA

xA � �� � 1� � xB � ln � ÿ 1� 2xB

xB � �� � 1�
� �

� �NAB ��WAB �8�
The activity coef®cients can be calculated as


i � � ÿ 1� 2xi

xi � �� � 1�
� �Z=2

�9�
�NAB is the average number of AB contacts in the reciprocal temperature range from
0 to 1/T.

�NAB �
�1=T

0

NAB d 1
T

1=T
�10�

�SE can be obtained through

�SE � �HE ÿ�GE

T

� �
� �WAB

T
� �NAB ÿ �NAB� �11�

�SE is a pure con®gurational entropy and smaller than zero. The value for
jT ��SEj is therefore much smaller than j�HEj or j�GEj.

The critical temperature of phase separation is given by

�Tc � �WAB

k � Z � ln�Z=�Z ÿ 2�� �12�

The system of equilibrium equations (1) and contact site balances (2), (3) can only
be solved iteratively for mixtures with three or more components. The quasi-
chemical theory is only an approximation for the number of contacts; therefore it is
permitted to use a Taylor series approximation which can be solved analytically.
The Taylor series can use the ideal mixtures �AB� 1 as starting point. This
formalism (TASQUAC) also allows the derivation of a group contribution method
(GTASQUAC) [7].

Many real mixtures show values for T ��SE which are larger than zero and
larger than those calculated with the quasi-chemical theory in its present form.
Therefore, this method should be expanded. In many cases, �WAB is treated as
temperature dependent. For example, the form �WAB� a1�a2 � (1ÿT0/T) was
introduced by Kehiaian et al. [8]. The temperature dependence of �WAB yields
additional adjustable parameters. The equation allows one to take into account
dispersion and dipole interactions. The temperature dependence of dipole
interactions is proportional to the reciprocal temperature: UDP-DP�1/T [9].

Thermodynamic Properties by quasi-Chemical Approximation 487



The factor 4 � � in Eq. (1) can be regarded as a quasi-chemical equilibrium
constant which can be expressed as

ln K � ÿ�G0=RT � ÿ�g0=kT

� ln 4ÿ 2 ��WAB=kT
�13�

with �g0 � �h0 ÿ T ��s0;�h0 � 2 ��WAB;�s0 � k � ln�2 � k � ln 4; and the
symmetry factor �.

This ful®lls formally the general thermodynamic relation between equilibrium
constant and Gibbs free energy, but it does not cause a deviation from the ideal
mixtures for �WAB� 0. This starting point is not valid for inter- and intramolecular
vibration and rotations of a molecule. These properties are in¯uenced by neigh-
bouring molecules of the same or different type, especially in the liquid phase.
To take into account these interactions, we extended Eq. (1) [10] to

N2
AB

NAA � NBB

� 4 � exp�ÿ2 ��gAB=kT� � 4 � �G
AB � 4 � �H

AB � �S
AB �1a�

In this way, ln K � ln 4� ln �G
AB � ÿ�G0=RT is a real equilibrium constant with a

real Gibbs free energy. �gAB is given by two parameters, �hAB and �sAB, which
are de®ned analogous to �WAB in Eq. (4)

�hAB � �UAB ÿ
�UAA � �UBB

2
;�sAB � sAB ÿ sAA � sBB

2
�4a�

The �sAB parameter can be regarded as a vibrational and rotation interaction;
�hAB and �sAB are temperature independent.

The partition function for vibration Zv with high temperature can be written
as Zv � k � T=h � v; for the quasi-chemical equilibrium we therefore have to
introduce

Z2
�AB

Z�AA � ZvBB

� vAA � vBB

vAB � vBA

vAA is the vibration of molecule A with a neighbouring molecule A, and vAB is the
vibration of molecule A with a neighbouring molecule B. For all vibration
frequencies, we get

�s � k � ln
Y

vAiB �
Y

vBiA=
Y

vAIA �
Y

vBIB

� �� �
DoÈge, Arndt, Buhl, and Bettermann [11] have shown that the Raman band shape,
the full width at half-height, and the maximum frequency of the v1 bands of CH3I
and CDCl3 in the mixture depend on the particular concentration. The same
quantities were examined for the CH-vibration of CH2I2 and CCl4 by Moser,
Asenbaum, and DoÈge [12].

The contact site balances (Eqs. (2), (3)) stay unchanged. So we get

N 0AB � Z � N � xA � xB � 2

� 0 � 1

� �
�5a�
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with

�0 � 1� 4 � xA � xB � 1

�H
AB � �S

AB

ÿ 1

� �� �1=2

�6a�

The heat of mixing, the excess Gibbs free energy, and the activity coef®cient are
now given as

�HE0 � N 0AB ��hAB � Z � N � xA � xB � 2

� 0 � 1

� �
��hAB �7a�

�GE 0 � R � T � Z
2

� xA � ln �
0 ÿ 1� 2xA

xA � �� 0 � 1� � xB � ln�
0 ÿ 1� 2xB

xB � �� 0 � 1�
� �

�8a�


 0i �
� 0 ÿ 1� 2xi

xi � �� 0 � 1�
� �Z=2

�9a�

�SE 0 can be calculated as shown in Eq. (12):

�SE 0 � �HE 0 ÿ�GE 0

T
�11a�

�SE 0 now consists of two parts. The ®rst part depends on the contact number:

�SE 0
1 ��sAB� � N 0AB��G

AB� ��sAB:

The second part depends on the con®guration and is only a function of �G
AB:�SE

config

vanishes for �hAB � T ��sAB ��gAB � 0; �G
AB � 1� because �SE

config is only a
function of �G

AB. In this case, the number of AB contacts in a real mixture equals
the number of contacts in a mixture with a statistical distribution of AB contacts
(N 0AB � Z � N � xA � xB; �

0 in Eq. (5a)� 1).
Equation (8a) corresponds to these conditions. The critical temperature of

phase separation is obtained through

�gAB

k � Tc

� �hAB ÿ Tc ��sAB

k � Tc

� Z � ln Z

Z ÿ 2

Tc � �hAB

k � Z � ln�Z=�Z ÿ 2�� ��sAB

�12a�

Tables 1 and 2 show the results of �G
AB; �

0;�GE0=R � T � Z;�SE0=R � Z, and
�HE0=R � T � Z for different combinations of �hAB/kT and �sAB/k at xA� 0.5. The
results of three special cases are shown below

1� �hAB=kT � �sAB=k! �G
AB; �

0 � 1; �GE0 � 0;�HE0 � ÿT ��SE0

2� �hAB=kT � 0! �HE0 � 0; �GE0 � ÿT ��SE0

3� �sAB=k � 0! �G
AB � �AB; � � �0; jT ��SE0 j � �HE0 ;�GE0 ; �SE0 < 0

As in the original quasi-chemical theory, only binary systems can be calculated
analytically. The modi®cation of TASQUAC using the modi®ed interaction
parameter (mod. TASQUAC) can avoid this disadvantage and can be used for the
development of a group contribution method. Results with Eqs. (7a), (8a), (9a), and
(11a) will be presented together with results of the S-TASQUAC calculations for
binary systems.
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S-TASQUAC

For the analytical calculation of contact numbers of multi-component systems [13],
the contact numbers are approximated by a Taylor series:

NAB � N�AB �
X
CD

  
@NAB

@�G
CD

!�
� ��G

CD ÿ 1�

� 1

2
�
X
EF

 
@2NAB

@�G
CD@�

G
EF

!�
� ��G

CD ÿ 1� � ��G
EF ÿ 1�� �14�

The starting point of development of a Taylor series is at �gAB� 0. For the
differentials in Eq. (14) we derived analytical X-functions [14, 15] depending on
the concentration where �Z is the mean coordination number of mixture

N�AB � �Z � N � XAB �15� 
@NAB

@�G
CD

!�
� �Z � N � XAB

CD �16�

 
@2NAB

@�G
CD@�

G
EF

!�
� �Z � N � XAB

CD;EF �17�

�Z � xA � ZA � xB � ZB �18�
�Z � N=2 is the total number of hetero-contacts in the mixture. If �Z � N is placed
outside the parentheses, NAB in a mixture with any number of components is given
by

NAB � �Z � N �
 

XAB �
X
CD

 
XAB

CD � ��G
CD ÿ 1�

� 1

2
�
X
EF

XAB
CD;EF � ��G

CD ÿ 1� � ��G
EF ÿ 1�

!!
�19�

For the heat of mixing de®ned by Eq. (7a) we get

�HE � �Z � N �
X
AB

 
XAB �

X
CD

 
XAB

CD � ��G
CD ÿ 1�

� 1

2
�
X
EF

XAB
CD;EF � ��G

CD ÿ 1� � ��G
EF ÿ 1�

!!
��hAB �20�

The excess Gibbs free energy �GE is determined by integration of �HE according
to Eq. (8). The X-functions depend only on the mole fractions and remain
constant. Therefore, the �G(T)-functions have only to be integrated, and �GE can
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be written as

�GE
S-TASQUAC � �Z � N �

X
AB

 
XAB �

 
�hAB ÿ T ��sAB

!

�
X
CD

 
XAB

CD �
 

�hAB ��G
CD ÿ T ��sAB � �CD

!

� 1

2
�
X
EF

XAB
CD;EF � ��hAB ��G

CD;EF ÿ T ��sAB � �CD;EF�
!!
�21�

with the temperature functions �G
CD; �G

CD;EF and the entropy functions �CD, �CD,EF

�G
CD � T �

�1=T

0

��G
CD ÿ 1� d 1

T

� �
� �

S
CD � ��H

CD ÿ 1�
ln �H

CD

ÿ 1 �22�

�G
CD;EF � T �

�1=T

0

��G
CD ÿ 1� � ��G

EF ÿ 1� d 1

T

� �
�23�

� �
S
CD � �S

EF � ��H
CD � �H

EF ÿ 1�
ln ��H

CD � �H
EF�

ÿ �
S
CD � ��H

CD ÿ 1�
ln �H

CD

ÿ �
S
EF � ��H

EF ÿ 1�
ln �H

EF

� 1

In relation to the expression of free excess enthalpy for temperature independent
interchange energy the individual terms of zero, ®rst, and second approximations
must be corrected with the entropy term multiplied by the temperature. On the
basis of zero approximation this can easily be shown. If the inde®nite integration

T �
�

�hABd
1

T

� �
is carried out, the solution can be written as

�hAB � const � T
According to the de®nition of new interchange energy, this constant should be
ÿ�sAB.

The entropy functions �CD and �CD,EF for the ®rst and second approximation
were derived from a precise quasi-chemical solution. They are physically
comprehensible, because the molecules are not arranged statistically for very high
temperatures T!1 anymore. Now, the number of molecule contacts is given by
the entropy (�s) alone.

�CD � �
S
CD ÿ 1

ln �S
CD

ÿ 1 �24�

�CD;EF � �
S
CD � �S

EF ÿ 1

ln ��S
CD � �S

EF�
ÿ �

S
CD ÿ 1

ln �S
CD

ÿ �
S
EF ÿ 1

ln �S
EF

� 1 �25�
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The chemical potential is determined by solution of the differential
�@�GE=@NK�T ;P;NL

. For this purpose, the X-functions alone are differentiated;
from them, the Y-functions are derived, because the X-functions contain NK

explicitly, and the �G(T) and �S terms remain constant. Now, the chemical potential
of each component K is given by:

��E;SÿTASQUAC
K � ZK �

X
AB

 
KYAB � �hAB ÿ T ��sAB� � �26�

�
X
CD

 
KYAB

CD � �hAB ��G
CD ÿ T ��sAB � �CD

ÿ �
� 1

2
�
X
EF

KYAB
CD;EF � ��hAB ��G

CD;EF ÿ T ��sAB � �CD;EF�
!!

with KY � @�N � X�
@NK

� �
NL

�27�

The mole fraction functions X and Y have been explained in detail in a previous
paper [15].

Instead of mole fractions, coordination fractions were introduced to describe
the asymmetrical course of mixing functions and to take into account the different
sizes and shapes of components.

�K � ZK � xKP
K ZK � xK

�28�

ZK is the coordination number of a component and is calculated using Eq. (28a)
where AW,Bondi is the surface area of components determined by the Bondi method
[18] (cf. Table 3).

ZK � AW;Bondi

AWS

AWS � 2:5 � 108 cm2 �molÿ1 �28a�

Now, employing the chemical potential, the activity coef®cient is given by


SÿTASQUAC
K � exp

��E;SÿTASQUAC
K

k � T

 !
�29�

Analogous to the UNIQUAC model [16], the equations for �GE and 
K consist of
two parts, a combinatorial (comb) and a residual (res) part.

�GE � �GE
SÿTASQUAC;res ��GE

comb �30�

ln 
K � ln 
SÿTASQUAC;res
K � ln 
comb

K �31�
The combinatorial part describes the contribution of molecules with different sizes
and shapes, whereas the residual part is due to intermolecular forces and is
computed from the properties of mixtures. The combinatorial part can be expressed
by the Flory-Huggins expression with the modi®cation of Kikic et al. [17]. The
volume fractions �K can now be calculated by using the volume increments of
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Bondi [18] (cf. Table 3, normalization on volume of the standard segment
VWs
�15.17 cm3 �molÿ1 [14]):

ln 
comb
K � ln

�K

xK

� �
� 1ÿ �K

xK

�32�

with �K � r
2=3
K � xKX

L

r
2=3
L � xL

; rK � Vw;Bondi

VWS

; and VWS � 15:17 cm3 �molÿ1: �33�

The excess free enthalpy and activity coef®cients of the S-TASQUAC model can
now be written in the following form using the modi®cations discussed above:

�GE �
X

K

xK � ln �K

xK

� �
��GE

S-TASQUAC;res �34�

ln 
K � ln
�K

xK

� �
� 1ÿ �K

xK

���E
K;S-TASQUAC

k � T �35�

Table 1. Model calculation results for �G
AB and �0 for different combinations of �hAB/kT (0.0, �0.1)

and �sAB/k (0.0, �0.1) at xA� 0.5

�hAB/kT !
�sAB/k

#

ÿ0.1 0.0 �0.1

ÿ0.1 �G
AB � 1:00 �G

AB � 0:82 �G
AB � 0:67

�0 � 1.00 �0 � 1.11 �0 � 1.22

0.0 �G
AB � 1:22 �G

AB � 1:00 �G
AB � 0:82

�0 � 0.91 �0 � 1.00 �0 � 1.11

�0.1 �G
AB � 1:49 �G

AB � 1:22 �G
AB � 1:00

�0 � 0.82 �0 � 0.91 �0 � 1.00

Table 2. Model calculation results for �GE0=R � T � Z;�HE0=R � T � Z; and �SE0=R � Z for different

combinations of �hAB/kT (0.0, �0.1) and �sAB/k (0.0, �0.1) at xA� 0.5

�hAB/kT !
�sAB/k

#

ÿ0.1 0.0 �0.1

ÿ0.1 �GE0 � 0:0000 �GE0 � 0:0240 �GE0 � 0:0470

�HE0 � ÿ0:0250 �HE0 � 0:0000 �HE0 � 0:0230

T ��SE0 � ÿ0:0250 T ��SE0 � ÿ0:0240 T ��SE0 � 0:0250

0.0 �GE0 � ÿ0:0256 �GE0 � 0:0000 �GE0 � 0:0243

�HE0 � ÿ0:0262 �HE0 � 0:0000 �HE0 � 0:0238

T ��SE0 � ÿ0:0006 T ��SE0 � 0:0000 T ��SE0 � ÿ0:0005

�0.1 �GE0 � ÿ0:0524 �GE0 � ÿ0:0256 �GE0 � 0:000

�HE0 � ÿ0:0275 �HE0 � 0:0000 �HE0 � 0:0250

T ��SE0 � 0:0249 T ��SE0 � 0:0256 T ��SE0 � 0:0250
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Real System Calculations

The quality of the S-TASQUAC model can only be estimated by comparing its
results with those of other models and experimental data. It is important to point
out that the different models have different numbers of parameters that can be
adjusted. The Wilson [17] and UNIQUAC models [16] require two parameters,
whereas the NRTL model [20] uses three for each data set. The S-TASQUAC
model only needs two parameters (�hAB and �sAB). For all models, these para-
meters were calculated from binary VLE data for Wilson, NRTL, and UNIQUAC
to each separate data set, but for S-TASQUAC and old TASQUAC to all data sets
of binary systems.

For ®tting the general interchange parameter of the S-TASQUAC-model, the
function

min �
XMVLE

i�1

1

Ni

� pexp ÿ pcalc

pexp

� �2

�36�

with MVLE� number of data sets and Ni� number of data points in a data set i is
minimized by the NAG-routine E04FDF. The results of adjustment are summarized
in Table 4.

With these parameters, the mean deviations in vapour composition, pressure, or
temperature were calculated and compared with experimental results as shown in
Tables 5 and 6. The VLE deviations of the models Wilson, NRTL, and UNIQUAC
are taken from Gmehling et al. [21]. All deviations were determined in the same
way:

Mean �X � 1

N
�
XN

i�1

jXcalc ÿ Xexpj X � p;T ; y �37�

For a better comparison and because of the low pressure data (see VLE data), all
deviations were calculated without taking real-gas corrections into account. We
checked the in¯uence of real-gas behaviour with the subroutines PHIS and BIJS
[22], but the in¯uence is (as expected) quite weak. The mean deviation for the
exact solution (Eqs. (7a), (8a), (9a)) and the S-TASQUAC approximation (Eqs.
(20), (21), (26)) are nearly the same. Therefore, only the S-TASQUAC values are
given.

Table 3. Surface and volume values AW and VW and model parameters ZK and rK

10ÿ9AW/cm2 �molÿ1 VW/cm3 �molÿ1 ZK rK

Chloroform 6.03 43.54 24.12 2.87

Tetrachloromethane 7.28 52.34 29.12 3.45

Benzene 6.00 48.39 24.00 3.19

Chlorobenzene 7.11 57.80 28.44 3.81

Cyclohexane 8.10 61.44 32.40 4.05

Aniline 7.04 56.43 28.16 3.72

Toluene 7.42 59.47 29.68 3.92
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Comparing the new model to the other `̀ local composition''-models shows that
S-TASQUAC provides better results and is of the same quality as the description of
liquid-vapour equilibrium. It should be mentioned that for the Wilson, NRTL, and
UNIQUAC models the parameters were ®tted individually with one set of
parameters for each data set (MVLE parameter sets), but in the case of TASQUAC
and S-TASQUAC, respectively, one set of parameters was ®tted to all data sets. A
further important result is also that for mixtures containing components with dipole
moment or aromatics the agreement between experimental and calculated values is
two to three times better with S-TASQUAC than with Wilson, NRTL, and
UNIQUAC. Compounds with dipole moment and aromatics have favoured
orientations with mutually energetic linking. Such an orientation means an
additional order. When two liquids are mixing, one is disturbed by the addition of
foreign molecules. As a result, the excess entropy increases over ideal value,
because a disorder is produced during the mixing process. Such positive excess
entropies could be described with the S-TASQUAC-model. Another advantage of
the new model is the quick implementation of thermodynamic calculations.

Finally, the predictive power of the S-TASQUAC model was examined. For
that purpose, we have investigated four ternary systems whose thermodynamic
excess functions were calculated solely from parameters obtained from the
adjustment of binary VLE data. These results were compared to those of the old
TASQUAC-model (see Table 7). In the case of the systems hexane-benzene
chlorobenzene and hexane-cyclohexanebenzene, S-TASQUAC is superior (factor
2±3). The results for the other ternary mixtures are of the same quality.

The S-TASQUAC formalism allows the development of a group contribution
method. We will publish this new S-GTASQUAC model in the following paper.
The software can be obtained from the corresponding author.

Table 4. General binary interchange parameters from VLE data for a temperature dependent

description of �gAB=k � �hAB=k ÿ T�sAB=k [10]

Component A Component B MVLE �hABkÿ1/K 103�sABkÿ1

Benzene Cyclohexane 28 13.18 24.81

Benzene Hexane 32 12.12 18.09

Benzene Toluene 25 19.21 50.61

Benzene Chlorobenzene 5 1.95 3.35

Benzene Aniline 10 15.97 21.61

Tetrachloromethane Chloroform 6 3.23 3.93

Tetrachloromethane Cyclohexane 8 1.80 1.26

Tetrachloromethane Toluene 5 7.89 23.37

Cyclohexane Toluene 13 12.00 25.14

Cyclohexane Chlorobenzene 2 9.88 14.17

Cyclohexane Aniline 4 38.95 51.63

Cyclohexane Hexane 14 4.72 12.35

Toluene Aniline 4 25.74 44.40

Hexane Chlorobenzene 3 14.73 25.18
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List of Symbols and Abbreviations

AW surface of a molecule

G Gibbs free energy

g Gibbs free molar energy

�gAB Gibbs free energy parameter for the S-TASQUAC-model

H enthalpy

h molar enthalpy

�hAB enthalpy parameter for the S-TASQUAC-model

K equilibrium constant for the number of contact pairs

k Boltzmann constant

MVLE number of VLE data sets

N total number of molecules

NI number of data points

NK number of molecules of type K

NAB number of contacts between molecules of component A and B

p pressure

r volume parameter

S entropy

s molar entropy

�sAB entropy parameter for the S-TASQUAC-model

T temperature

VW volume of a molecule

W interchange energy

x liquid-phase mole fraction

X concentration function

Table 7. Description of ternary mixtures with the TASQUAC and S-TASQUAC models (prediction of

binary VLE data)

System TASQUAC S-TASQUAC

�T/K �y �T/K �y

Benzene-cyclohexane-toluene [21i] 3.73 0.0225 3.78 0.0224

Hexane-benzene-chlorobenzene [21j] 0.54 0.0176 0.36 0.0162

Hexane-cyclohexane-benzene [21k] 0.61 0.0081 0.23 0.0046

System TASQUAC S-TASQUAC

�p/mmHg �y �p/mmHg �y

Benzene-cyclohexane-aniline [21l] 13.79 0.0063 13.82 0.0061

Hexane-cyclohexane-benzene [21k] 9.11 0.0133 3.64 0.0039
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y vapour-phase mole fraction

Y concentration function

Z coordination number
�Z mean coordination number

�KL temperature function

�,�0 function for the calculation of contact numbers in a binary mixture (exact

quasi-chemical solution)


 activity coef®cient

� deviation

�G � exp ÿ2��gAB

k�T
� �

interchange parameter (dimensionless) for S-TASQUAC model

�H � exp ÿ2��hAB

k�T
ÿ �

enthalpy parameter (dimensionless) for the S-TASQUAC-model

�S � exp 2��sAB

k

ÿ �
entropy parameter (dimensionless) for the S-TASQUAC-model

�K coordination fraction of component K

�K chemical potential

v vibration frequency

� volume fraction

� symmetry number

�KL entropy function of the S-TASQUAC-model

NRTL Non Random Two Liquids

TASQUAC Taylor Series Approximation of Quasi-Chemical Equilibrium

S-TASQUAC Entropy-TASQUAC

G-TASQUAC Group contribution TASQUAC

UNIQUAC Universal Quasi-Chemical

VLE Vapour-Liquid Equilibrium

References

[1] SchaÈfer B, Lacmann R (1995) Monatsh Chem 126: 35

[2] SchaÈfer B (1993) Modellierung thermodynamischer Eigenschaften von Nichtelektrolyt-

Mischungen unter besonderer BeruÈcksichtigung chemischer Wechselwirkungen. Thesis, TU

Braunschweig, Germany, Papier¯ieger GbR, Clausthal-Zellerfeld

[3] SchaÈfer B, Lacmann R (1995/1996) Fluid Phase Equilibria 112: 101; 119: 101

[4] Barker JR (1952) J Chem Phys 20: 1526

[5] Guggenheim EA (1952) Mixtures. Clarendon Press, Oxford

[6] Rushbrooke GS (1967) Introduction to Statistical Thermodynamics. Clarendon Press, Oxford

[7] Lacmann R, SchaÈfer B, Brennecke D, Li I, Pfennig A (1999) Physik Chem Chem Phys 1

(in press); StaÈudte A, Buchholz K, Lacmann R (1999) Monatsh Chem 130: 501

[8] Kehiaian HV Grolier JP, Benson GC (1978) J Chim Phys 12(11): 44

[9] Atkins PW (1994) Physical Chemistry. Oxford University Press, Oxford Melbourne Tokyo

[10] StaÈudte A (1996) Beschreibung und Vorhersage der thermodynamischen Eigenschaften von

Nichtelektrolytgemischen mit dem S-TASQUAC/S-GTASQUAC-Modell. Thesis, TU Braun-

schweig, Germany, Papier¯ieger GbR, Clausthal-Zellerfeld

[11] Moser G, Asenbaum A, DoÈge G (1993) J Chem Phys 99(12): 9389

[12] DoÈge G, Arndt R, Buhl H, Bettermann G (1980) Z Naturforsch 35a: 468

[13] Mickeleit M, Lacmann R (1983) Fluid Phase-Equilibria 12: 201

[14] Brennecke D (1989) Modellierung des Phasengleichgewichtsverhaltens und der thermodyna-

mischen Eigenschaften von Nichtelektrolytgemischen. Thesis, TU Braunschweig, Germany

498 R. Lacmann and A. StaÈudte



[15] Brennecke D, Lacmann R (1988) Fluid Phase Equilibria 43: 57

[16] Abrams DS, Prausnitz JM (1975) AICHE J 21: 116

[17] Kikic I, Alessi P, Rasmussen P, Fredenslund A (1980) Can J Chem Eng 58: 253

[18] Bondi A (1968) Physical Properties of Molecular Crystals, Liquids and Glasses. Wiley, New

York, p 450

[19] Wilson GM (1964) J Am Chem Soc 86: 127

[20] Renon H, Prausnitz JM (1968) AICHE J 14: 135

[21] Gmehling J, Onken U, Arlt W, Grenzheuser P, Weidlich U, Kolbe B (1980±1984) Vapour-Liquid

Equilibria Data Collection, Chemistry Data Series. Dechema, Frankfurt am Main: [a] Vol. I, Part

8, 55±61, [b] Vol. I, Part 6a, 204±241, [c] Vol. I, Part 7, 256±266, [d] Vol. I, Part 7, 423±431, [e]

Vol. I, Part 7, 329±351, [f] Vol. I, Part 6a, 278±290; Vol. I, Part 6c, 251±262, [g] Vol. I, Part 6a,

139±150, [h] Vol. I, Part 6c, 213, [i] Vol. I, Part 6a, 648±650, [j] Vol. I, Part 6a, 659±661, [k] Vol. I,

Part 6a, 640±647, [l] Vol. I, Part 6a, 639

[22] Prausnitz JM, Grens EA, Eckert CA, Hsieh R, O'Connell JP (1980) Computer Calculations for

Multicomponent Vapour-Liquid and Liquid-Liquid Equilibria. Prentice-Hall, New Jersey

Received August 10, 1998. Accepted (revised) December 1, 1998

Thermodynamic Properties by quasi-Chemical Approximation 499


