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Abstract: The simultaneous correlation of VLE and excess properties (HE, cP
E) for

diether + n-alkane systems was performed in our previous paper by the cubic equa-
tion of state which incorporates the activity coefficient model (CEOS/GE). With the
same aim, in the present work, a completely different approach based on a polyno-
mial equation (Kohler model) was considered. This method gave results on the same
systems which could be estimated as being comparable to GEOS/GE models for the
simultaneous correlation of two and, with considerably improved fits, of three prop-
erties.

Keywords: Kohler polynomial, thermodynamic properties, simultaneous correla-
tion, diether, n-alkane.

INTRODUCTION

Knowledge of phase equilibria: vapor–liquid equilibria VLE, liquid–liquid

equilibria LLE, gas solubility etc. and excess properties, such as excess enthalpy

HE, excess heat capacity cP
E, excess volume VE etc., of liquid systems are of great

importance for industrial purposes, particularly for the analysis and design of

chemical processes. Also, thermodynamic understanding of the structure of mole-

cules and their behaviour is of primary interest for many studies. Many approaches

(GE models, cubic equation of state, etc.) have already been used for single and the

simultaneous correlation of two properties, while those considering three proper-

ties are very rare in the literature.1

Various empirical equations of the polynomial type have also been very frequ-

ently used to adequately describe the thermodynamic behaviour of complex systems.

Well known expressions, such as the Redlich–Kister,2–4 Scatchard,5,6 Tsao–Smith,7,8

Toop,9,10 Jacob–Fitzner,11,12 Radojkovi},13,14 Cibulka,15,16 Kohler,17–20 Nagata20–22
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etc., are widely used for the fitting of thermodynamic data of binaries and correlating

and predicting those of ternaries. Such equations may often be adequate to represent

binary data with high precision to the accuracy of the experiments.

In this work the Kohler model was chosen as a representative polynomial for

the simultaneous correlation of VLE+HE+cP
E and their combination of two prop-

erties VLE+HE, VLE+cP
E and HE+cP

E data of diethers (1,4-dioxane, 1,3-dio-

xolane) with n-alkanes (heptane, octane and nonane). The present calculations are

compared to already published results1 of the CEOS/GE models for the same sys-

tems, bearing in mind that those complex mixture have a W-shaped cP
E–x curve

which is very difficult to fit.

KOHLER MODEL

The Kohler polynomial equations used in this work are given as follows:

GE = x1x2 ( ln )a b T c T T Qi i i i

i

� �

�

�
0

3 (1)

HE = x1x2 ( )a c T Qi i i

i

�

�

�
0

3 (2)

cP
E = – x1x2 c Qi i

i�

�
0

3 (3)

Model parameters Qi are determined by the following expression:

for i = 0, Qi = 1 (4)

for i = 1, Qi = x2 – x1 (5)

for i = 2, Qi =
1

2
�3(x2 – x1)2 –1�

(6)

for i = 3, Qi =
1

2
�5(x2 – x1)3 – 3(x2 – x1)� (7)

DATA REDUCTION PROCEDURE

The calculated pressure P and the vapor mole fraction y of the component i for

each data point of the isothermal VLE, were evaluated by the bubble point calcula-

tion, equating the fugacity of the vapor and liquid phase for each component.

The Kohler polynomial was used with twelve optimized coefficients given in

Eqs. (1–3). All coefficients in the expressions for temperature dependent parame-

ters of the polynomial model were generated from the corresponding fits of

VLE+HE, VLE+cP
E, HE+cP

E or VLE+HE+cP
E data by minimizing the following

objective function:
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In Eq. (8) k, q, m and n are the number of the experimental P, y, HE and cP
E

data points, respectively. For the minimization of the objective function, the

Hooke–Jeeves technique23 was used.

The correlating results of VLE, HE and cP
E data representation are given by

the following deviations:

– The average absolute deviation D(Z):

D(Z) =
1

1n
Z Z i

i

n

| |exp �

�

� cal
(9)

where Z stands for y.

– The percentage average absolute deviation PD(Z):

PD(Z) =
100

1n

Z Z

Z
i

i

n
exp

exp max( )

�

�

�
cal (10)

where Z stands for P or HE or cP
E.

RESULTS AND DISCUSSION

For the purpose of simultaneous fitting of VLE+HE+cP
E data and their combi-

nation of two properties, and comparison with CEOS/GE models, the diet-

her+n-alkane systems already used in our recent work1 were selected. All calcula-

tions were performed by the Kohler polynomial model and compared with those of

the MHV1 and MHV2 as CEOS/GE models applied in our previous work.1 The co-

efficients of this polynomial for all cases studied here are given in Appendix A.

Simultaneous correlation of two properties

For the simultaneous correlation of VLE+HE data, the unique set of optimized co-

efficients of the Kohler model for all systems (Table AI) were generated using two ob-

jective functions OF = OF1 + OF3 (type I) and OF = OF1 + OF2 + OF3 (type II). For

the 1,4-dioxane+n-alkane systems, in most cases good performance was acieved when

the coefficients were generated from the type I objective function. The results in D(y)

for the 1,4-dioxane+heptane system, obtained using the type II objective function were

considerably better than those attained with type I, but the error in PD(P) was some-

what higher, as can be seen from Table I. Asimilar behaviour was observed for the sys-

tem 1,4-dioxane+nonane. It is evident from Table I that for the 1,4-dioxane+octane
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and 1,3-dioxolane+heptane systems, the type of objective function employed had no

influence on the results of the VLE calculation.

The simultaneous correlation of VLE+cP
E data was carried out employing a sin-

gle set of optimized coefficients (Table AI) generated from the data of these properties.

As can be seen from Table I, the results obtained for the 1,4-dioxane+n-alkane sys-

tems, as well as for the 1,3-dioxolane + heptane system are satisfactory. Both objective

functions (type I and II) function very similarly for each individual system. From Fig.

1a it is evident that the Kohler (type I) and MHV1-4a1 models give good representa-

tion of the 1,4-dioxane+heptane and 1,4-dioxane+nonane systems. A similar conclu-

sion can be drawn for the fitting of the cP
E data for both systems, as shown in Fig. 1b,

where comparison is made with the same CEOS/GE model. It is clear that both models

are able to follow the W-shape of the cP
E–x curve over the whole concentration range

of the mole fraction of the liquid phase x.

TABLE II. Calculated results for the simultaneous correlation of VLE+HE + cP
E binary data by the

Kohler model

System Deviations Ia IIb

1,4-Dioxane+heptane PD(P) 0.59 0.94

D(y) 0.0083 0.0050

PD(HE) 0.32 0.24

PD(cP
E) 2.96 2.91

VLE, H
E
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E
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Fig. 1. The simultaneous correlation of VLE data at 353.15 K and cP
E data at 298.15 K. The points are

experimental data: a) �,� – VLE at 353.15 K for the system 1,4-dioxane (1)+heptane (2),24 �,� –

VLE at 353.15 K for the system 1,4-dioxane (1)+nonane (2);24 b) � – cP
E at 298.15 K for the system

1,4-dioxane (1)+heptane (2),25 O – cP
E at 298.15 K for the system 1,4-dioxane (1)+nonane (2).25



System Deviations Ia IIb

1,4-Dioxane+octane PD(P) 0.42 0.42

D(y) 0.0058 0.0058

PD(HE) 0.32 0.33

PD(cP
E) 1.57 1.39

1,4-Dioxane+nonane PD(P) 0.34 0.70

D(y) 0.0064 0.0041

PD(HE) 0.42 0.36

PD(cP
E) 2.29 2.19

1,3-Dioxolane+heptane PD(P) 0.91 0.93

D(y) 0.0110 0.0109

PD(HE) 0.20 0.29

PD(cP
E) 1.86 1.77

a,b The same as in Table I

Values of the sets of optimized coefficients (Table AI) appearing in the Kohler

model were generated from the simultaneous correlation of HE+cP
E data using the

objective function OF=OF3+OF4. The results of the correlation are given in Table

I. The Kohler model gave excellent results in terms of PD(HE) for all mixtures,

while the errors in PD(cp
E) were slightly greater (above 2 %) for the of 1,4-dioxa-

ne+heptane and 1,4-dioxane+nonane systems and around 1 % for the 1,4-dioxa-

ne+octane and 1,3-dioxolane+heptane systems. As an example, the very good

812 KIJEV^ANIN et al.

Fig. 2. Correlation of c
P

E data at 298.15
K with the parameters of the models gen-
erated from the HE+c

P
E data for the sys-

tem 1,4-dioxane (1)+octane (2). The po-
ints O are experimental data.25

TABLE II. Continued



agreement between the experimental and the values calculated using the Kohler

and MHV1-41 models for the 1,4-dioxane+octane system is shown in Fig. 2.

Simultaneous correlation of three properties

The simultaneous fittings of VLE+HE+cP
E binary data for the 1,4-dioxa-

ne+n-alkane systems and 1,3-dioxolane+heptane system with the Kohler model

are presented in Table II. The following remarks can be made: (i) the results of the

VLE, H
E

AND CP
E

CORELATION 813

Fig. 3. Simultaneous correlation of the VLE + HE

+ c
P

E data of the system 1,3-dioxolane(1) + hep-
tane (2). The points are experimental data: a) �,�

– VLE at 313.15 K,26 �,� – VLE at 343.15 K,26

b) � – HE at 298.15 K,27 c) O – c
P

E at 298.15 K.27



simultaneous correlation of three properties by the Kohler model are very good and

better than those obtained using the CEOS/GE models,1 (ii) introducing a part of

the objective function OF2 into the overall OF slightly decreases the errors in the

vapor phase composition and increases the errors in pressure P for the 1,4-dio-

xane+heptane and 1,4-dioxane+nonane systems, while for other systems the influ-

ence of OF2 on the improvement of the overall results can be neglected. The very

good correlating results for the 1,3-dioxolane+heptane system, are shown in Fig. 3,

from which it can be seen that for all properties the fitting curves agree most

closely with the experimental data points than the CEOS/GE models, where, for

example, the MHV2-41 model gave a considerably higher error, PD(cP
E) = 3.85.

CONCLUSION

Thermodynamic modelling of the diethers (1,4-dioxane and 1,3-dioxolane)

with n-alkanes (heptane, octane and nonane) using the Kohler polynomial equa-

tion has proven to be a powerful tool for providing sufficient information on the si-

multaneous correlation of VLE and excess properties (HE, cP
E).

The simultaneous description of two properties (VLE+HE, VLE+cP
E and HE+

cP
E) of these systems can be very successfully performed by the Kohler model, as

was the case with CEOS/GE models.1 However, the correlation of three properties

(VLE+HE+cP
E) shows that the Kohler model is more suitable than the relatively

simple CEOS/GE models. The simultaneous correlation of three investigated ther-

modynamic properties is extremely rarely encountered in the literature, and bear-

ing in mind their importance from the theoretical and practical points of view, fur-

ther investigations in this field could be very promising.

Acknowledgement: This work was supported by a grant from the Research Fund of Serbia, Bel-
grade and the Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia.

I Z V O D

SIMULTANO KORELISAWE VLE, HE I cP
E PODATAKA DIETAR + n-ALKAN

SISTEMA POMO]U KOHLEROVOG POLINOMA

MIRJANA Q. KIJEV^ANIN, SLOBODAN P. [ERBANOVI], IVONA R. RADOVI], BOJAN D.

\OR\EVI] i ALEKSANDAR @. TASI]

Tehnolo{ko-metalur{ki fakultet, Univerzitet u Beogradu, Karnegijeva 4, 11000 Beograd

Simultano korelisawe VLE i dopunskih veli~ina (HE, cP
E) izvr{eno je u pret-

hodnom radu na sistemima dietri+n-alkani kori{}ewem kubne jedna~ine stawa koja

ukqu~uje model za koeficijente aktivnosti (CEOS/GE). Sa istim ciqem, u ovom radu

primewen je potpuno druga~iji pristup baziran na kori{}ewu polinoma (Kohlerov

model). Ovaj pristup dao je rezultate na istim sistemima koji su u slu~aju simultanog

korelisawa dve osobine sli~nog kvaliteta kao i pri kori{}ewu CEOS/GE modela dok

su rezultati pri simultanom korelisawu tri osobine zna~ajno poboq{ani.

(Primqeno 6. oktobra 2005)
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TABLE AII. The optimized coefficients for the simultaneous correlation of VLE+HE+cP
E binary data

System Coefficients Ia IIb

1,4-Dioxane+heptane a1 0.850612E+4 0.851109E+4

b1 –0.363750E+2 –0.366519E+2

c1 0.364219E+1 0.366661E+1

a2 0.442874E+2 0.111794E+3

b2 –0.149984E+2 –0.153965E+2

c2 0.231447E+1 0.240258E+1

a3 0.231265E+4 0.234230E+4

b3 –0.409838E+2 –0.423067E+2

c3 0.600669E+1 0.605939E+1

a4 –0.918545E+3 –0.819744E+3

b4 0.119980E+2 0.113170E+2

c4 –0.161052E+1 –0.155115E+1

1,4-Dioxane+octane a1 0.907504E+4 0.905860E+4

b1 –0.434031E+2 –0.430238E+2

c1 0.451435E+1 0.445804E+1

a2 –0.200698E+3 –0.255701E+3

b2 –0.178540E+2 –0.167749E+2

c2 0.287473E+1 0.271590E+1

a3 0.241815E+4 0.237611E+4

b3 –0.438578E+2 –0.430033E+2

c3 0.634212E+1 0.621925E+1

a4 –0.142833E+4 –0.146095E+4

b4 0.193280E+2 0.199824E+2

c4 –0.262641E+1 –0.272250E+1

1,4-Dioxane+nonane a1 0.969548E+4 0.968023E+4

b1 –0.498404E+2 –0.498133E+2

c1 0.525678E+1 0.521620E+2

a2 –0.163403E+3 –0.152429E+3

b2 –0.234463E+2 –0.229390E+2

c2 0.375890E+1 0.365437E+1

a3 0.232032E+4 0.228771E+4

b3 –0.409424E+2 –0.406523E+2

c3 0.595068E+1 0.586435E+1

a4 –0.159663E+4 –0.150734E+4

b4 0.248467E+2 0.247930E+2

c4 –0.349951E+1 –0.355470E+1
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System Coefficients Ia IIb

1,3-Dioxolane+heptane a1 0.723155E+4 0.723641E+4

b1 0.797387E+1 0.752390E+1

c1 –0.305693E+1 –0.308884E+1

a2 0.145728E+4 0.151670E+4

b2 –0.481333E+2 –0.483767E+2

c2 0.737936E+1 0.734313E+1

a3 0.340117E+4 0.340833E+4

b3 –0.603922E+2 –0.610696E+2

c3 0.875679E+1 0.872253E+1

a4 –0.141450E+4 –0.141059E+4

b4 0.211850E+2 0.215972E+2

c4 –0.292872E+1 –0.302811E+1

a,b The same as in Table I

VLE, H
E

AND CP
E

CORELATION 819

TABLE AII.Continued


