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ABSTRACT 

The temperature dependence of the UNIQUAC interaction parameters A,, and A,, is 
introduced in the form of the equation A,, = a ,, + b,, / T. Values of the temperature-indepen- 

dent parameters a,, and b,, are obtained for several binary systems. This procedure enables 

us to use a unique set of four parameters ( aiz, b,,, alI and b,,) to accurately represent the 
excess Gibbs energy (GE) in a certain temperature range provided that values for GE derived 
from vapour-liquid equilibrium data show a regular variation with temperature. The correla- 
tion equation for A,2 and A,, proposed by Luecke is also confirmed for the systems 

considered in this study. 

INTRODUCTION 

In recent years, much effort has been devoted to the development of 
equations for the excess Gibbs energy (GE) of liquid solutions. The equa- 
tions based on the concept of local composition have been of great practical 
value and among them one of the most effective seems to be the UNIversal 
QUAsiChemical (UNIQUAC) equation introduced by Abrams and Praus- 
nitz [l]. Many sets of experimental data for binary systems have been 
analysed using this equation which requires two binary interaction parame- 
ters, A,, and A2i, and pure-component structural parameters. Data for 
higher order systems can be also analysed using this equation and two 
interaction parameters for each binary combination. Values for the parame- 
ters A,, and A,, must be found from binary experimental data: 
vapour-liquid equilibrium (VLE) data at constant temperature, total pres- 
sure data at constant temperature, VLE data at constant pressure, etc. 
Different sets of values for the pair (A,,, A,,) can be found to represent a 
set of data for a particular system within a certain confidence level [2]. It has 
been also observed that while both parameters may vary over a wide range, 
their variations are related so that the set of (A,,, A,,) values lies within an 
area of elliptical contours for the chosen confidence level. On the other 
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hand, the areas ~orre~pond~n~ to pairs of parameters ubtained from VLE 
data taken at different temperatures very often do not overlap [3]. This 
indicates a significant dependence of the (A,,, A,,) values on temperature. 

The strong correlation of the interaction parameters has been confirmed 
by Luecke [4] who studied the (A12, A,,) values published in the Dechema 
Data Series [5] for the systems far which the largest numbers of sets of 
experimental data are available. For instance the parameters of the 
ethanol(l) + water(2) system (for which 43 sets of data taken at tempera- 
tures ranging from 278 to 418 IS are available) are shown to be correlated by 
the equation 

(A,, -I- c)(A,, + c) = 2 X 105 0) 

where c = 1290 when A,, and A,, are given in caf mol-I. 
Hyperbolas with varying values of c were obtained by Luecke for another 

eight binary systems. No significant correlation between temperature and 
the location of the pair ( A12, A,,) on the hyperbola was found. Therefore, it 
is necessary to assume relations equating A,, and A,, to a certain function 
of temperature if the temperature dependence of these parameters is to be 
included in the UNIQUAC equation. Values for the new parameters appear- 
ing in the equations relating A,, and A,, with temperature could be 
obtained using several sets of VLE data taken at different temperatures. 
Consequently, a unique set of parameters would represent the behaviour of 
the system in a wide range of temperatures_ 

INTERACTION PARAMETERS IN THE UNIQUAC EQUATION 

The UNIQUAC equation for the excess Gibbs energy 
the sum of a combinatorial and a residual contributions 

G”-G,E+G: 

may be written as 

(2) 

The ~ombinato~a~ term depends on the mole fractions, X, the area 
fractions, 8, and the segment fractions, ch, and is given by 

Gf/RT= x1 ln~~~/~~~ + x2 h~[@~,/x,> + (Z/2) 

x (469 ln( &/% > + q32x2 ln( W% )I (3) 

where 2 is the coordination number which is set equal to 10. (I, and 8 can 
be calculated using the parameters r and q, respectively, and are given by 

@P, = W,/(W + x24 @2 = v2/hi + x2r2) (4 

4 = w,/6% + -VI21 82 = WAW, + x242) (5) 

Y and q are pure component molecular structure constants depending on 
molecular size and external surface areas. 
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The residual term of GE is given by 

GrE/RT= -q;xl ln(8; + 8i12i) - (q;x, ln(0; + e;I’,,)) (6) 
The parameter q’ was later introduced to be used in mixtures containing 

water or alcohols for which the surface of interaction q’ is smaller than the 
geometrical external surface q. Values for the structural parameters have 
been tabulated by Prausnitz et al. [3]. II2 and I,, are given by 

I,, = exp( - ( u12 - +)/RT) = exp( -&/RT) (7) 

I,, = exp( - t uZ1 - uii)/RT) = exp( -&/RT) (8) 

where ui2 and uZ1 are the characteristic energies of each binary combina- 
tion, also referred to as A,, and Azl, the two binary interaction parameters. 
In order to include in the UNIQUAC equation the temperature dependence 
of A,, and A,,, we have assumed the following relations 

A,* = a12 + &2/T (9) 

A21 = a21+ b2l/T (10) 

These relations are the same assumed by Prausnitz et al. [3] in their study 
of the isothermal VLE data of the ethanol (1) + cyclohexane (2) system. In 
the next section, isothermal VLE data of several binary systems will be 
analyzed using the UNIQUAC model and eqns. (9) and (10). The use of a 
unique set of parameters ( a12, b,,, a21, b,,) which can be used to simulta- 
neously represent several isothermal sets of data of a binary system will be 
discussed. 

RESULTS AND DISCUSSION 

Table 1 lists the components of the binary systems, the conditions of the 
VLE data, the values of the parameters A,, and A,,, the standard deviation 
in pressure, up, and the source of data. When the data are isothermal, both 
the temperature and the range of total pressures are indicated. When the 
data are isobaric, the pressure and the temperature interval are stated. 
Values of A,, and A,, were calculated using a non-linear regression method 
based on the maximum likelihood principle [30]. Values for the structural 
parameters, critical constants, association parameters, constants for fugacity 
equation, etc., required for this calculation were taken from Prausnitz et al. 
[3]. When vapour compositions, y, are reported together with liquid com- 
positions, x, vapour pressure, P, and temperatures, T, the regression is 
performed on the (P, T, x, y) data set. When vapour compositions are not 
reported, the (P, T, x) data set is considered. 

Figure 1 shows a plot of values of A,, and A,, taken from Table 1. The 
correlation hyperbola obtained by Luecke [4] for the ethanol (1) + water (2) 
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system is also shown for comparison. Points are scattered because of the 
different nature of systems studied. Figures 2 and 3 show the typical results 
obtained when values of A,, and A,, calculated in this study and those 
reported by Gmehling and Onken [5] for the same sets of VLE data of 
methanol (1) + ethanol (2) and cyclohexane (1) + 2,2,4_trimethylpentane (2) 

TABLE 1 

Bmary systems studied, conditions and source of VLE data, values of the UNIQUAC 

parameters A,, and Azi, and standard deviation in pressure, up 

System Components 

No. 

T 

(R) &Pa) 

A 17 A,, 
(J mol-‘) (J mol-i) ZPa) 

Ref. 

I n-Hexane (1) + 293.15 0.4- 13 -447.2 621.4 0.01 6 

n-hexadecane (2) 303.15 0.7- 21 - 346.8 499.8 0.01 6 
313.15 l- 31 - 383.6 543.8 0.02 6 

323.15 I- 44 - 422.3 590.3 0.03 6 
333.15 2- 62 - 441.4 614.7 0.04 6 

II Cyclohexane (1) + 308.15 13- 19 -1001.9 1268.7 0.03 I 
2,2,4_trimethyIpentane (2) 318.15 17- 28 -1011.1 1257.8 0.05 7 

328.15 26- 41 - 936.4 1136.8 0.02 7 

338.15 37- 59 -852.1 1003.0 0.03 7 
348.15 57- 81 - 896.7 1053.8 0.03 7 

III Benzene (1) + 298.15 7- 12 - 569.6 1329.3 0.40 8 
2,2.4-trimethylpentane (2) 298.15 8- 13 -1030.4 2299.7 0.21 9 

308.15 12- 20 - 270.7 841.1 0.04 10 
318.15 18- 30 127.1 357.6 0.14 10 

328.15 27- 44 -143.1 648.4 0.05 10 

338.15 45- 62 -124.1 604.6 0.08 10 
348.15 54- 86 - 266.0 747.9 0.04 10 

82-97 101.35 - 373.4 686.7 0.49 8 

80-96 101.35 - 371.1 849.8 0.10 11 

IV Hexafluorobenzene (1) + 303.15 17- 21 - 27.97 17.54 0.16 12 

cyclohexane (2) 313.15 27- 32 32.81 -96.77 0.20 12 
323.15 39- 47 446.3 - 519.4 0.21 12 

333.15 57- 67 - 113.4 -50.94 0.25 12 
343.15 80- 93 290.7 -481.6 0.18 12 

V Hexafluorobenzene (1) + 303.15 6- 13 -1705.1 1143.7 0.03 12 
toluene (2) 313.15 9- 21 -1708.1 1135.9 0.02 12 

323.15 14- 31 -1695.3 1097.2 0.03 12 

333.15 21- 46 -1674.6 1046.5 0.04 12 
343.15 31- 66 -1646.0 986.1 0.05 12 

VI Hexafluorobenzene (1) + 303.15 14- 16 -1503.6 571.9 0.06 12 
p-xylene (2) 313.15 22- 24 -1505.4 577.6 0.07 12 

323.15 34- 36 -1650.9 787.7 0.30 12 
333.15 50- 53 -1544.4 639.8 0.11 12 
343.15 71- 74 -1530.8 604.8 0.37 12 
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TABLE 1 (continued) 

System Components 
No. 

VII Methanol (1) + 
ethanol (2) 

VIII Methanol (1) + 
1-propanol(2) 

IX Methanol (1) + 
2-propanol(2) 

X Ethanol (1) + 
1-propanol(2) 

273.15 2- 4 
293.15 6 - 12 
298.15 9 - 16 
303.15 12 - 21 
313.15 20 - 33 
323.15 32 - 53 
333.15 51 -79 
353.15 114 -162 
373.15 236 -318 
373.15 233 -344 
393.15 427 -621 
338-351 101.35 
339-350 101.35 
339-350 101.35 
339-351 101.35 

(J mol-‘) 

- 788.1 
- 2163.2 

683.4 
1151.9 

- 1847.7 
439.9 

- 1778.3 
- 2433.8 
- 2158.0 

7455.5 
8354.2 
5903.0 
5297.7 
3293.0 
4472.1 

- 
(J mol-‘) 

- 2069.1 
4112.2 

- 532.5 
- 684.5 
3288.1 
- 68.68 
3323.4 
4423.2 
3758.4 

- 2709.7 
- 2957.1 
- 2510.4 
- 2387.1 
- 1668.3 
- 2006.0 

0.04 13 
0.15 13 
0.04 14 
0.10 13 
0.17 13 
0.05 13 
0.12 13 
0.26 13 
0.08 13 
0.21 15 
0.17 15 
0.14 16 
0.15 17 
0.16 18 
0.16 19 

273.15 0.7- 4 4081.9 - 1650.6 0.06 13 
283.15 2-7 28.56 490.8 0.05 13 
293.15 3 - 12 - 766.7 1799.9 0.07 13 
303.15 6 - 20 3029.8 - 1066.2 0.02 13 
313.15 10 - 33 2140.8 - 639.0 0.08 13 
323.15 17 - 52 3514.1 - 1187.2 0.15 13 
333.15 27 - 79 4668.2 - 1787.2 0.26 13 
333.17 23 - 83 3434.0 - 1428.6 0.20 20 
340-362 101.35 - 1366.1 4901.1 1.20 21 
339-367 101.35 4665.3 - 1771.4 0.22 22 
340-361 101.35 5075.4 - 1573.9 0.24 23 

328.15 33 - 66 2942.1 - 1327.8 0.21 24 
338-352 101.35 2328.8 - 458.0 0.39 25 
339-354 101.35 5320.7 - 2417.3 0.13 26 
340-353 101.35 4502.6 - 2190.9 0.15 23 
341-353 101.35 2205.7 - 1456.2 0.32 27 
339-355 101.35 5006.3 - 2276.9 0.07 28 

323.15 14 - 28 - 389.5 92.83 0.10 29 
333.15 24 - 45 - 1053.5 891.6 0.07 29 
343.15 9 - 17 4131.4 -2511.6 0.02 29 
353.15 14 - 25 3777.9 - 2556.8 0.04 29 
353-367 101.35 - 1252.7 293.0 0.16 23 

P 
NW 

A12 ~42, 

ZPa) 
Ref. 

systems are plotted. The correlation hyperbolas obtained by fitting these 
values of A,, and A,, to eqn. (1) are also shown in Figs. 2 and 3. The same 
correlation curve is adequate for the (A,,, A,,) pairs of the remaining 
systems. Table 2 lists the total number of pairs (A,,, A,,) (those from Table 
1 and those reported by Gmehling and Onken [5]) used to establish the 
correlation hyperbola of each system and the values of parameter c. The 
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Fig. 1. Correlation of UNIQUAC interaction parameters for the binary systems listed in 
Table 1. The correlation curve obtained by Luecke [4] for the ethanol (l)+ water (2) system is 
also shown for comparison purposes. 

methanol (1) + ethanol (2) system was also studied by Luecke who reported 
a value of c (c = 1411.1 cal mol-‘) similar to that calculated in this study. 
The other eight systems studied by Luecke were formed by an alcohol as a 
first component and water, ethanol, chloroform, cyclohexane, benzene, 
2-butanone and cyclohexanone as a second component. Therefore, it is 
confirmed that this correlation is also valid for (A,,, A2r) pairs of systems 
formed by two alcohols, two hydrocarbons or a hydrocarbon + 
hexafluorobenzene. 

-3 

-3 -1 1 3 5 

A21/KJ no1 -1 

Fig. 2. Correlation of UNIQUAC interaction parameters A,, and A,, for the cyclohexane (1) 
+ 2,2,4_trimethylpentane (2) system: (0) (A,,, A,,) pairs from Table 1; (0) (A,,, A,,) pairs 
calculated by Gmehling and Onken (51; (- ) correlation curve. 
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Fig. 3. Correlation of UNIQUAC interaction parameters A,, and A,, for the methanol (l)+ 
ethanol(2) system: (0) (Ai2, A,,) pairs from Table 1; (0) (A,,, A,,) pairs calculated by 
Gmehling and Onken [S]; (- ) correlation curve. 

Isothermal VLE data for the methanol (1) + 2-propanol(2) system were 
taken only at one temperature. The excess Gibbs energy values which can be 
obtained at several temperatures and mole fractions from the isothermal 
VLE data of the other nine systems studied were used to check the 
performance of the UNIQUAC equation with four adjustable parameters. 
Values of ui2, b,,, u2i and b,, can be calculated by minimizing the sum of 
squares of the differences between these values of GE and those obtained 
from the UNIQUAC equation. Except for data taken at 298.15 K for the 
benzene (1) -t 2,2,4_trimethylpentane (2) system, the values of GE were re- 
ported together with the (P, T, x, y) measurements for systems I-VI. For a 
particular system, values of GE always show a regular variation with 

TABLE 2 

Correlation of UNIQUAC interaction parameters according to eqn. (1) 

System No. No. of (A,,, A,,) pairs c (J mol-‘) 

I 10 5856.8 
II 10 5892.0 
III 18 5677.3 
IV 10 5755.1 
V 11 6073.5 
VI 10 6245.9 
VII 23 5591.0 
VIII 18 5378.8 
IX 12 5647.1 
X 10 5994.0 
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temperature. For some systems, GE values are small, thus indicating a 
nearly ideal behaviour. For other systems, these GE values are considerably 
endothermic or exothermic. This variety of behaviour makes the group of 
systems studied a convenient sample to test a modification in an excess 
Gibbs energy equation. 

GE values at 298.15 K for the benzene (1) + 2,2,4_trimethylpentane (2) 
system were obtained from VLE data taken by Chu et al. [8] and Kenny [9] 
using Barker’s method. Details of the application of the method are given 
elsewhere [30]. These values for the excess Gibbs energy are in disagreement 
with those calculated by Weissman and Wood [lo] from VLE data taken at 
308.15, 318.15, 328.15, 338.15 and 348.15 K. Consequently, alZ, blz, azl 
and b,, were determined from data taken in the interval 308.15-348.15 K. 
For the remaining five systems (I, II, IV-VI), parameters alz, b,,, azl, and 
b,, were obtained considering simultaneously all isothermal data available. 

Values of GE were not reported for most of the systems formed by two 
alcohols. As a part of this study, GE values were evaluated from the (P, T, 
x, y) or (P, T, x) sets of data using a regression method discussed 
elsewhere [30]. These resulting sets of GE values are moderately endothermic 
and do not show a regular variation with temperature. For a given 
alcohol (1) + alcohol (2) system, GE curves corresponding to different tem- 
peratures cross each other sometimes and GE values either increase or 
decrease with temperature. As can be seen in Table 1, the isothermal VLE 
data for these systems cover considerable temperature intervals (120 K for 
the methanol + ethanol (2) system, 60 K for the methanol + 1-propanol(2) 
system and 30 K for the ethanol + l-propanol(2) system). However, due to 
the observed discrepancies, it is impossible to simultaneously consider these 

TABLE 3 

Values of the UNIQUAC parameters a,*. h,,, uzl, and b,, and comparison between GE 
values obtained from VLE data and GE values calculated from the UNIQUAC equation 

System T 
No. WI 

a12 b b “/GE&X 
(J mol-‘) (&S mol-‘) y?rnoI-r) (.& mol-‘) FJ mol-if (%) 

I 

II 
III 
IV 
V 
VI 
VII 
VIII 

x 

293-333 400.77 - 22313.2 - 1116.4 180096.5 0.4 1 
308-348 - 484.41 - 41638.2 261.48 144812.4 0.3 1 
308-348 4370.4 - 477633.0 - 4286.1 1223725 2.4 1 
303-343 - 1699.4 1059841 - 121.17 931806.1 2.7 1 
303-343 611.54 - 1006979 - 3996.4 2855273 8.5 4 
303-343 6818.4 - 1848355 - 1798.3 - 66003.3 12 3 
323-333 - 9867.8 2848589 15907.9 - 4715776 2.8 6 
283-293 - 25521.8 7392916 33402.4 - 9457733 4.1 6 
303-323 - 2780.5 1403918 1075.9 - 705211.4 2.7 2 
313-323 2947.7 - 447119.9 - 1851.7 240794.1 4.9 4 
323-333 14746.1 -4130114 - 12846.4 3903680 6.3 4 
343-353 10103.8 - 3205118 - 13567.8 4787403 6.3 3 
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Fig. 4. Excess Gibbs energies for the n-hexane (1) + n-hexadecane (2) system: 
tal; ( -) calculated from the UNIQUAC equation with the introduction 
ture-independent parameters given in Table 3. 

(0) experimen- 
of the tempera- 

sets of data. Only those sets which are consistent with each other can be 
taken into account in the regression. New isothermal measurements would 
be necessary in order to obtain coherent sets of GE values for these systems. 

Results of the regressions are shown in Table 3. Figures 4-6 also show 
some typical examples of the results obtained. Values of u12, b12, uzl and 

b,,, are given in Table 3. The temperature interval, the standard deviation, 

u, between GE values obtained from VLE data and GE values calculated 
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‘; 
z 30 
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< 25 
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0 .l .2 .3 .4 .5 .6 .7 .6 .9 1 

Xl 

Fig. 5. Excess Gibbs energies for the cyclohexane (1) + 2,2,4_trimethylpentane (2) system: (0) 
experimental; ( -) calculated from the UNIQUAC equation with the introduction of the 
temperature-independent parameters given in Table 3. 
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Fig. 6. Excess Gibbs energies for the hexafluorobenzene (1) + cyclohexane (2) system: (0) 
experimental; ( -) calculated from the UNIQUAC equation with the introduction of the 
temperature-independent parameters given in Table 3. 

from the UNIQUAC equation, and the percentage of this standard devia- 
tion with respect to the highest absolute value of GE, are also indicated. 
Values of a/GE= are as high as 6% for the systems formed by two alcohols 
and considerably lower (l-4%) for the other systems. This could be related 
to the observed discrepancies in VLE data for these systems. Values of A,, 
and A,, calculated from eqns. (9) and (10) by substituting the values of ar2, 
b 12, a21, and b2, reported in Table 3 and the temperatures at which 
isothermal data were taken are also correlated by eqn. (1) after substitution 
of the value for the parameter c given in Table 2 for each system. 

We may conclude that the success of the simultaneous correlation of 
excess Gibbs energies of binary mixtures evaluated at different temperatures 
depends on the accuracy of isothermal VLE data. When data are accurate 
enough so as to provide consistent sets of GE values, a unique set of four 
parameters can be obtained. These parameters represent the behaviour of 
the system in a wide temperature interval. The sign and magnitude of the 
excess Gibbs energies of a system do not seem to influence the result. The 
modification introduced in the UNIQUAC equation seems to be valid for 
systems exhibiting either endothermic or exothermic values of GE and either 
small, moderate or large absolute values of GE. 
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