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As a part of our calorimetric studies, we have measured the excess molar enthalpies of the ternary system
{(x1)propyl propanoate + (x2)1-hexanol + (1 - x1 - x2)benzene} and of their corresponding binary mixtures
at 25 °C and 35 °C and atmospheric pressure, over the whole composition range. The excess molar
enthalpies were obtained by means of a Calvet microcalorimeter. The excess molar enthalpies for the
binary mixtures were fitted to a Redlich-Kister variable-degree polynomial, and the ternary excess molar
enthalpies were adequately correlated by the Cibulka equation. The results obtained for the ternary
mixture were used to test the empirical methods of Kohler; Jacob and Fitzner; Colinet; Tsao and Smith;
Toop; Scatchard et al.; and Hillert. These methods predict excess properties of the ternary mixtures from
those of the involved binary mixtures.

Introduction

This communication is a continuation of our calorimetric
work with six carbon atom compounds.1-3 We present here
the ternary excess molar enthalpies at 25 °C and 35 °C
and atmospheric pressure of {(x1)propyl propanoate + (x2)1-
hexanol + (1 - x1 - x2)benzene} and of the binary mixtures
{(x1)1-hexanol + (x2)benzene} at the temperatures 25 °C
and 35 °C and of {(x1)propyl propanoate + (x2)1-hexanol}
at 35 °C. The excess enthalpies for {(x1)propyl propanoate
+ (x2)benzene} at 25 °C and 35 °C and for {(x1)propyl
propanoate + (x2)1-hexanol} at 25 °C were published
elsewere.1,2

The results obtained for the ternary mixture were used
to test the empirical methods of Kohler,4 Jacob and
Fitzner,5 Colinet,6,7 Tsao and Smith,8 Toop,9 Scatchard et
al.,10 and Hillert.11 These methods predict excess properties
of the ternary mixtures from those of the involved binary
mixtures.

Experimental Section
The substances employed were supplied by Fluka and

Sigma. The mass fraction purities were >0.99 for propyl
propanoate (Fluka), >0.99 for 1-hexanol (Fluka), and
>0.995 for benzene (Fluka). The liquids were degassed by
ultrasound and dried over molecular sieves (Sigma Union
Carbide, type 0.4 nm) and otherwise used as supplied. The
densities of the pure liquids agree with published values,
as Table 1 shows.

The excess molar enthalpies were measured by means
of a Calvet microcalorimeter connected to a Philips PM
2535 voltmeter. The inaccuracy of excess molar enthalpies
is better than 1%. The temperature was regulated to better
than (0.05 K. Details of calibration and procedures were

described by Paz Andrade et al.14,15 The mixtures were
prepared employing a Mettler AT201 balance with a
precision of 1 × 10-8 kg. The uncertainty of the mole
fraction is estimated to be <1 × 10-4. Several experimental
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Table 1. Data for Pure Liquids at 25 °C

F/g‚cm-3

substance exp lit.

propyl propanoate 0.875 53 0.875 4912

1-hexanol 0.815 16 0.815 3413

benzene 0.873 45 0.873 6013

Table 2. Excess Molar Enthalpies for the Binary
Mixtures at 25 °C and 35 °C

Hm
E Hm

E Hm
E

x J‚mol-1 x J‚mol-1 x J‚mol-1

(x)Propyl Propanoate + (1 - x)1-Hexanol
t ) 35 °C

0.0406 231 0.3805 1422 0.6999 1370
0.0890 487 0.4198 1486 0.7542 1250
0.1367 713 0.4667 1511 0.7995 1102
0.1766 869 0.5259 1536 0.8595 859
0.2470 1124 0.5961 1515 0.9109 597
0.3217 1320 0.6484 1459 0.9496 365

(x)1-Hexanol + (1 - x)Benzene
t ) 25 °C

0.0619 647 0.3137 1210 0.6192 908
0.0988 823 0.3792 1216 0.7214 684
0.1383 968 0.4153 1190 0.7711 582
0.1909 1080 0.4625 1135 0.8482 380
0.2287 1142 0.5107 1093 0.8884 289
0.2675 1183 0.5648 1012 0.9790 57

t ) 35 °C
0.0370 483 0.3195 1327 0.6577 968
0.0647 723 0.3867 1347 0.7485 739
0.1001 908 0.4630 1308 0.8067 574
0.1428 1070 0.4675 1298 0.8318 498
0.1815 1169 0.5017 1268 0.8867 333
0.2272 1253 0.5463 1204 0.9323 200
0.2476 1279 0.5930 1115
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runs were carried out for the ternary mixture formed by
adding benzene to a binary mixture of {(x′1)propyl pro-
panoate + (1 - x′1)1-hexanol} where x′1 is the mole fraction
of propyl propanoate in the binary mixture. The ternary
excess molar enthalpies at x1, x2, and x3 can be expressed
as

where Hm,φ
E is the measured excess molar enthalpy and

Hm,12
E is the excess molar enthalpy of the initial binary

{propyl propanoate + 1-hexanol}. Values of Hm,12
E at dif-

ferent mole fractions were interpolated by using a spline-
fit method.

Results and Discussion
The excess molar enthalpies for the binary mixtures were

fitted to a variable-degree polynomial of the form

Table 3. Excess Molar Enthalpies of {(x1)Propyl Propanoate + (x2)1-Hexanol + (1 - x1 - x2)Benzene} at 25 °C and 35 °C

Hm,φ
E Hm,123

E Hm,φ
E Hm,123

E

x1 x2 J‚mol-1 J‚mol-1 x1 x2 J‚mol-1 J‚mol-1

t ) 25 °C
x′1 ) 0.2510 Hm,12

E ) 1160 J‚mol-1 x′1 ) 0.2510 Hm,12
E ) 1160 J‚mol-1

0.0065 0.0193 251 281 0.1157 0.3451 676 1211
0.0212 0.0633 541 639 0.1293 0.3859 625 1223
0.0252 0.0753 584 701 0.1388 0.4141 585 1226
0.0350 0.1044 654 816 0.1558 0.4651 501 1221
0.0472 0.1407 719 937 0.1784 0.5323 398 1223
0.0560 0.1671 738 997 0.1987 0.5929 297 1215
0.0673 0.2009 755 1066 0.2122 0.6332 214 1195
0.0783 0.2337 753 1115 0.2369 0.7069 81 1176
0.0888 0.2649 744 1154 0.2322 0.6930 106 1179
0.1015 0.3028 716 1185

x′1 ) 0.5008 Hm,12
E ) 1601 J‚mol-1 x′1 ) 0.5008 Hm,12

E ) 1601 J‚mol-1

0.0150 0.0150 182 230 0.2308 0.2300 359 1096
0.0404 0.0402 339 468 0.2569 0.2560 325 1146
0.0500 0.0498 369 529 0.2798 0.2789 291 1186
0.0872 0.0870 433 712 0.3152 0.3142 241 1249
0.0897 0.0894 438 725 0.3715 0.3703 160 1348
0.1085 0.1082 435 782 0.4062 0.4050 135 1433
0.1346 0.1341 440 870 0.4151 0.4138 122 1449
0.1566 0.1560 428 929 0.4292 0.4279 99 1471
0.1779 0.1773 408 977 0.4706 0.4690 45 1549
0.2128 0.2122 379 1059

x′1 ) 0.7541 Hm,12
E ) 1340 J‚mol-1 x′1 ) 0.7541 Hm,12

E ) 1340 J‚mol-1

0.0244 0.0079 83 126 0.4213 0.1374 84 833
0.0561 0.0183 114 214 0.4672 0.1523 56 886
0.0720 0.0235 161 289 0.5166 0.1684 65 982
0.2774 0.0905 146 639 0.5734 0.1870 55 107
0.3011 0.0982 136 671 0.6175 0.2013 30 1127
0.3418 0.1115 115 723 0.6509 0.2122 22 1179
0.3764 0.1227 100 769 0.7168 0.2337 17 1291

t ) 35 °C
x′1 ) 0.3267 Hm,12

E ) 1326 J‚mol-1 x′1 ) 0.3267 Hm,12
E ) 1326 J‚mol-1

0.0095 0.0195 261 299 0.1076 0.2217 714 1151
0.0246 0.0507 487 587 0.1189 0.2449 694 1177
0.0371 0.0765 589 739 0.1322 0.2723 677 1213
0.0478 0.0984 645 839 0.1522 0.3138 621 1239
0.0588 0.1211 683 921 0.1714 0.3531 561 1256
0.0749 0.1545 719 1023 0.0807 0.1663 722 1049
0.0884 0.1823 744 1103

x′1 ) 0.5009 Hm,12
E ) 1536 J‚mol-1 x′1 ) 0.5009 Hm,12

E ) 1536 J‚mol-1

0.0119 0.0119 158 194 0.1864 0.1858 453 1024
0.0391 0.0390 350 470 0.2034 0.2026 426 1049
0.0488 0.0487 389 539 0.2240 0.2232 391 1078
0.0674 0.0671 445 651 0.2589 0.2580 349 1143
0.0886 0.0883 474 745 0.3130 0.3119 252 1212
0.1106 0.1102 493 832 0.2799 0.2789 309 1167
0.1316 0.1312 484 888 0.3544 0.3532 175 1262
0.1543 0.1537 472 846

x′1 ) 0.7472 Hm,12
E ) 1261 J‚mol-1 x′1 ) 0.7472 Hm,12

E ) 1261 J‚mol-1

0.0303 0.0102 99 150 0.3366 0.1139 150 719
0.0568 0.0192 149 245 0.3773 0.1277 99 736
0.0726 0.0245 167 289 0.4350 0.1472 95 829
0.0989 0.0334 190 356 0.4655 0.1575 63 849
0.1221 0.0413 198 404 0.4955 0.1676 44 880
0.1615 0.0546 195 468 0.5824 0.1970 54 1037
0.2025 0.0685 190 532 0.6180 0.2091 40 1083
0.2292 0.0776 179 566 0.6804 0.2302 16 1164
0.2626 0.0889 164 607 0.7055 0.2387 10 1200
0.3055 0.1034 148 664

Hm,123
E ) Hm,φ

E + (x1 + x2)Hm,12
E (1)

Hm,ij
E /J‚mol-1 ) xixj∑

p)0

n

Ap(xi - xj)
p (2)
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using a least-squares method. The number of parameters
was determined using an F-test.16 The experimental results
for the binary mixtures are listed in Table 2.

Table 3 presents the excess molar enthalpies for ternary
mixtures that were correlated by the equation proposed by
Cibulka:17

The Bi parameters were calculated by the unweighted
least-squares method using a nonlinear optimization al-
gorithm due to Marquardt.18 Table 4 presents the values
of the parameters Ap and Bi of eqs 2 and 3, respectively,
and the corresponding standard deviations.

The experimental excess molar enthalpies of binary
mixtures plotted against mole fraction are shown in Figure
1. In all cases the excess molar enthalpies are positive.
Figure 2 shows lines of constant ternary excess molar
enthalpy, and in both cases the excess molar enthalpy
decreases as the temperature increases. Figure 3 shows
lines of ternary contribution, (Hm,123

E - Hm,12
E - Hm,13

E -
Hm,23

E ). Table 5 shows maxima and minima for the ternary
contribution.

Excess molar enthalpies of {(x)1-hexanol + (1 - x)-
benzene} have been measured previously, and the
difference between our results and the values presented
by González et al.19 at 25 °C for x1 ) 0.5 is less than
4%.

Table 4. Coefficients Ap and Bi and Standard Deviations
s

t s

°C A0 A1 A2 A3 A4 A5 A6 J‚mol-1

(x)Propyl Propanoate + (1 - x)1-Hexanol
25a 6404 912.6 1138 510.9 6
35 6143 570.2 839.7 400.5 5

(x)Propyl Propanoate + (1 - x)Benzene
25b -408.3 63.4 4
35 -507.4 195.8 118.2 -175.6 2

(x)1-Hexanol + (1 - x)Benzene
25 4435 -2673 1113 -3317 3585 6
35 5084 -2619 4081 -4210 7

t/°C B0 B1 B2 s/J‚mol-1

(x1)Propyl Propanoate + (x2)1-Hexanol + (1 - x1 - x2)Benzene
25 8969 334.0 -14086 31
35 12308 -3657 -31106 20

a From ref 1. b From ref 2.

Figure 1. Excess molar enthalpies of (0) {(x)propyl propanoate
+ (1 - x)1-hexanol} at 35 °C; (b) {(x)1-hexanol + (1 - x)benzene}
at 25 °C; and (O) {(x)1-hexanol + (1 - x)benzene} at 35 °C.

Hm,123
E (J‚mol-1) ) Hm,12

E + Hm,13
E + Hm,23

E +
x1x2(1 - x1 - x2)(B0 + B1x1 + B2x2) (3)

Figure 2. Curves of constant excess molar enthalpies in J‚mol-1

at (a) 25 °C and (b) 35 °C of {(x1)propyl propanoate + (x2)1-hexanol
+ (1 - x1 - x2)benzene}.

Table 5. Maxima and Minima for the Ternary
Contribution

value/J‚mol-1 coordinates

t ) 25 °C
maximum 201 x1 ) 0.40 x2 ) 0.21
minimum -19 x1 ) 0.11 x2 ) 0.77

t ) 35 °C
maximum 168 x1 ) 0.38 x2 ) 0.14
minimum -172 x1 ) 0.20 x2 ) 0.62
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Several empirical methods have been proposed for
estimating ternary excess enthalpy from experimental
results of the constituent binary mixtures. The equa-
tions involved are asymmetric if the numerical predic-
tions depend on the arbitrary designation of compo-
nent numbering, and symmetric otherwise. The symmetric
equations studied were those of Kohler; Jacob and
Fitzner; and Colinet. The asymmetric expressions were
those of Tsao and Smith; Toop; Scatchard et al.; and Hillert.
The standard deviations between experimental and pre-
dicted values are shown in Table 6. In general, for the
asymmetric equations we have found that the results agree
with the rule given by Pando et al.20 This rule consists of
designating as component 1 the common component of the
two mixtures with the largest absolute values of excess

molar enthalpies in its maxima or minima, 1-hexanol in
our case.
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I. Excess Molar Enthalpies of Propyl Propanoate + Hexane +
Benzene at 298.15 and 308.15 K. J. Chem. Eng. Data 2000, 45,
445-449.

(3) Casas, H.; Segade, L.; Garcı́a-Garabal, S.; Piñeiro, M. M.; Franjo,
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