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Departamento de Quı́mica Orgánica y Quı́mica Fı́sica (AÄ rea de Quı́mica Fı́sica), Facultad de Ciencias,
Universidad de Zaragoza, 50009 Zaragoza, Spain

Vapor pressures of (1-bromobutane + 1-octanol or 1-decanol) at several temperatures between (278.15
and 323.15 K) were measured by a static method. The reduction of the vapor pressures to obtain activity
coefficients and excess molar Gibbs energies was carried out by fitting the vapor pressure data to the
Wilson equation according to Barker’s method. Excess molar enthalpies HE and volumes VE of
(1-bromobutane + 1-octanol) were also measured at 298.15 K. VE at 298.15 K was compared with
predictions of the ERAS model.

Introduction

Hydrogen bonding plays an important role both in
fundamental science and in industrial applications.1 Al-
though many experimental and theoretical studies have
been directed toward understanding hydrogen bonding, it
remains an area of active research. Thermodynamic data
of binary mixtures of an alcohol with a second polar
component are necessary for a better understanding of
hydrogen bonding and for the development and testing of
models and theories of associated systems in the liquid
state. Following our studies on thermodynamic properties
of binary systems of (alcohol + 1-chlorobutane)2-5 or
(alcohol + 1-bromobutane),6-8 we report vapor pressures
at several temperatures for (1-bromobutane + 1-octanol)
and for (1-bromobutane + 1-decanol). Excess enthalpies
and excess volumes for (1-bromobutane + 1-octanol) have
been measured at T ) 298.15 K. A description of the excess
volume according to the ERAS model is presented. Iso-
thermal vapor pressure data were not found for these
systems in the literature.

Experimental Section

Chemicals. All the chemicals were supplied by Aldrich.
All the chemicals had low water content, were stored over
a molecular sieve (3A), and were used without further
purification. The mass fraction purity was checked by gas-
liquid chromatography and found to be 0.996 for 1-bro-
mobutane, 0.995 for 1-octanol, and 0.986 for 1-decanol.

Apparatus and Procedures. The vapor pressure mea-
surements were performed by a static method. The ap-
paratus is similar to that of Marsh,9 except for some
experimental details which have been described previ-
ously.10,11 Each liquid was degassed by magnetic stirring
under its own vapor pressure before mixing, with periodic
vacuum pumping of the vapor + air. The mixture cell
containing a known mass of the first component was
immersed in liquid nitrogen, and a known mass of the
second component was added by gravity. The mixture cell,
filled with (8 to 10) cm3 of sample in each experiment, was

connected to a manometric system, which was evacuated,
and then the liquid sample was introduced by gravity into
the vapor pressure cell, which is connected to one of the
branches of the manometer. To prevent condensation
effects on the mercury meniscus, the temperature of the
manometer and the connecting tube containing the vapor
phase was maintained at 325.0 ( 0.1 K by circulating water
from a thermostat. Uncertainties in the mole fractions are
estimated to be less than 0.0003. The temperature of the
liquid sample was controlled to within (10 mK. Manomet-
ric levels were read with a cathetometer to within (0.01
mm, and pressure reproducibility was 10 Pa.

A Thermometric 2277 calorimeter, together with two
Shimadzu (model LC-10AD) variable speed piston pumps,
was used to determine HE at T ) 298.15 K. The precision
of the HE measurements is better than (2%. The accuracy
of the method was verified with a test on (benzene +
cyclohexane).12 The experimental results agreed with the
literature data with an accuracy of 20 J‚mol-1, in the worst
case. A densimeter (Anton Paar DMA 60/DMA 602) was
used for density measurements on the pure liquids and
mixtures. The densimeter operates at 298.15 K, and sample
density is calculated from the vibration period with an
uncertainty of (0.000 02 g‚cm-3. The accuracy for VE is
estimated to be 0.002 cm3‚mol-1.

Results

The molar volumes of the pure components used in the
Barker analysis together with the experimental and cal-
culated vapor pressures are presented in Table 1.

The second virial coefficient, at T ) 325.0 K, of 1-bro-
mobutane (B11 ) -1200 cm3‚mol-1) was taken from Velasco
et al.,17 and those of 1-octanol (B22 ) -19 850 cm3‚mol-1)
and 1-decanol (B22 ) -40 560 cm3‚mol-1) were calculated
from the Tsonopoulos18 correlation. The interaction virial
coefficient was estimated with a cubic combination rule,

Table 2 presents our vapor pressure measurements
together with the activity coefficients γ1 and γ2 of 1-bro-* To whom correspondence should be addressed.

B12 ) 1
8

(B11
1/3 + B22

1/3)3 (1)

224 J. Chem. Eng. Data 2004, 49, 224-230

10.1021/je030168a CCC: $27.50 © 2004 American Chemical Society
Published on Web 01/16/2004



mobutane and alcohol, respectively, and the excess molar
Gibbs energy GE values fitted by Barker’s method19 to the
Wilson correlation20

The activity coefficient of component i is given by

with

where the subscripts 1 and 2 stand for 1-bromobutane and
alcohol, respectively. V°i is the molar volume of the pure
component i, and λij is the interaction constant between
the molecules i and j. The vapor pressure is then given by

where the nonideality of the vapor phase is taken into
account with the corrections

where y1 and y2 are the vapor phase mole fractions of
1-bromobutane and alcohol, respectively, and

For a given composition in Table 2, when the sample
temperature is changed, a slight variation of the true liquid
mole fraction is observed, due to an enrichment of the most
volatile component in the vapor phase. In Table 3, the
Wilson parameters Λ12 and Λ21 are given, together with
the standard deviations defined by

∆P values are the residual pressures according to Barker’s
method, and N is the number of experimental points. To
obtain a good fit by means of a Redlich-Kister polynomial,
at least four parameters are necessary. Vapor pressure-
liquid composition curves are shown in parts a and b of

Figure 1. For both systems, Figure 2 shows the analytical
equations for GE at the lowest and highest temperatures.
A negative temperature coefficient was observed in both
cases.

Table 1. Molar Volumes V° and Vapor Pressures P° of the Pure Compounds Used in Barker Analysis

1-bromobutane 1-octanol 1-decanol

T V° a P°/kPa V° d P°/kPa V° d P°/kPa

K cm3‚mol-1 b c cm3‚mol-1 b e cm3‚mol-1 b e

278.15 105.6f 1.860 1.855 110.5 <0.003 <0.003
283.15 106.2f 2.480 2.477 111.0 <0.003 <0.003 189.3 <0.003 <0.003
288.15 106.8 3.265 3.269 111.5 <0.003 <0.003 190.0 <0.003 <0.003
293.15 107.4 4.261 4.264 112.1 0.003 0.003 190.7 <0.003 <0.003
298.15 108.0 5.506 5.502 112.6 0.007 0.006 191.5 <0.003 <0.003
303.15 108.7 7.039 7.027 113.1 0.011 0.011 192.3 <0.003 <0.003
308.15 109.3f 8.899 8.889 113.6 0.019 0.019 193.1 <0.003 <0.003
313.15 109.9f 11.148 11.143 114.2 0.031 0.031 193.9 0.004 0.004
318.15 110.5f 13.872 13.851 114.7 0.051 0.050 194.7 0.007 0.006
323.15 111.2f 17.092 17.077 115.3 0.080 0.079 195.6 0.011 0.011

a Timmermans.13 b This work. c Riddick.14 d TRC.15 e TRC.16 f Interpolated values.

GE/RT ) -x1 ln(x1 + Λ12x2) - x2 ln(x2 + Λ21x1) (2)

ln γi ) -ln(xi + Λijxj) + xj[ Λij

xi + Λijxj

- Λji

Λjixi + xj
] (3)

Λij )
V°j
V°i

exp(-
λij - λii

RT ) (4)

Pcalc ) x1γ1P°1R1 + x2γ2P°2R2 (5)

R1 ) exp{[(V°1 - B11)(P - P°1) - Pδ12y2
2]/RT} (6)

R2 ) exp{[(V°2 - B22)(P - P°2) - Pδ12y1
2]/RT} (7)

δ12 ) 2B12 - B11 - B22 (8)

σ(P) ) {∑
i)1

N

(∆P)i
2/(N - 2)}1/2 (9) Figure 1. Vapor pressures plotted against liquid-phase composi-

tion of alcohol, at working temperatures: (a) {(x1)1-bromobutane
+ (x2)1-octanol}; (b) {(x1)1-bromobutane + (x2)1-decanol}.
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Table 2. Values of the Vapor Pressure P, Deviations ∆P ) P - Pcalc, Activity Coefficients γ1 and γ2, and Excess Molar
Gibbs Energies GE

x2 P/kPa ∆P/Pa γ1 γ2 GE/J‚mol-1 x2 P/kPa ∆P/Pa γ1 γ2 GE/J‚mol-1

1-Bromobutane (1) + 1-Octanol (2)
T ) 278.15 K

0.1029 1.763 -3 1.0584 3.5858 422 0.5528 1.339 -12 1.6240 1.1586 690
0.1957 1.728 12 1.1473 2.2322 619 0.6397 1.191 3 1.7723 1.0918 607
0.2650 1.687 13 1.2241 1.7942 702 0.7345 0.964 1 1.9507 1.0449 485
0.3503 1.600 -6 1.3290 1.4886 750 0.8543 0.603 6 2.2038 1.0121 290
0.4477 1.491 -12 1.4625 1.2874 747 0.9136 0.384 8 2.3418 1.0041 179

T ) 283.15 K
0.1029 2.374 16 1.0602 3.5033 427 0.5529 1.779 -7 1.6108 1.1488 682
0.1957 2.301 9 1.1493 2.1789 622 0.6398 1.569 6 1.7502 1.0857 599
0.2650 2.236 3 1.2252 1.7561 703 0.7345 1.272 12 1.9158 1.0417 477
0.3504 2.125 -14 1.3279 1.4629 748 0.8543 0.769 -6 2.1467 1.0112 284
0.4477 1.984 -11 1.4569 1.2709 742 0.9136 0.489 3 2.2708 1.0038 175

T ) 288.15 K
0.1030 3.101 9 1.0557 3.4104 419 0.5530 2.310 -14 1.5930 1.1475 681
0.1958 3.018 21 1.1415 2.1558 615 0.6399 2.038 5 1.7297 1.0850 598
0.2651 2.920 3 1.2153 1.7451 697 0.7346 1.639 -1 1.8921 1.0414 477
0.3504 2.777 -13 1.3157 1.4577 743 0.8544 1.021 14 2.1184 1.0111 285
0.4478 2.592 -8 1.4420 1.2683 739 0.9137 0.636 4 2.2400 1.0037 175

T ) 293.15 K
0.1030 4.034 10 1.0528 3.3050 413 0.5531 2.984 -13 1.5736 1.1431 674
0.1958 3.916 24 1.1357 2.1179 608 0.6400 2.620 4 1.7052 1.0824 592
0.2651 3.786 5 1.2075 1.7228 689 0.7347 2.100 -3 1.8607 1.0401 472
0.3505 3.593 -19 1.3050 1.4445 736 0.8544 1.303 14 2.0762 1.0107 281
0.4479 3.352 -7 1.4276 1.2606 732 0.9137 0.815 8 2.1913 1.0036 173

T ) 298.15 K
0.1030 5.173 -4 1.0479 3.1902 400 0.5532 3.809 -10 1.5520 1.1419 669
0.1959 5.025 35 1.1266 2.0884 595 0.6401 3.337 6 1.6807 1.0818 588
0.2652 4.854 15 1.1956 1.7094 678 0.7349 2.681 4 1.8329 1.0398 469
0.3506 4.598 -16 1.2902 1.4385 726 0.8545 1.656 16 2.0439 1.0107 280
0.4481 4.258 -27 1.4096 1.2579 725 0.9138 1.029 1 2.1566 1.0036 172

T ) 303.15 K
0.1031 6.607 0 1.0461 3.1182 397 0.5534 4.808 -32 1.5389 1.1389 667
0.1960 6.403 46 1.1228 2.0614 592 0.6403 4.218 3 1.6642 1.0800 586
0.2653 6.179 20 1.1904 1.6936 675 0.7350 3.385 3 1.8118 1.0389 468
0.3508 5.852 -14 1.2830 1.4292 724 0.8547 2.092 25 2.0158 1.0104 279
0.4482 5.410 -29 1.3998 1.2525 722 0.9138 1.315 20 2.1243 1.0035 172

T ) 308.15 K
0.1031 8.355 24 1.0434 3.0279 390 0.5537 6.016 -34 1.5222 1.1364 662
0.1961 8.062 65 1.1172 2.0314 584 0.6406 5.257 -6 1.6441 1.0786 582
0.2654 7.751 15 1.1827 1.6774 668 0.7352 4.228 11 1.7876 1.0382 465
0.3510 7.333 -23 1.2729 1.4205 717 0.8548 2.612 38 1.9854 1.0102 277
0.4485 6.771 -38 1.3867 1.2478 716 0.9139 1.633 20 2.0904 1.0034 171

T ) 313.15 K
0.1032 10.440 23 1.0413 2.9410 384 0.5540 7.455 -39 1.5061 1.1328 655
0.1962 10.057 79 1.1127 1.9982 577 0.6409 6.502 -7 1.6240 1.0765 576
0.2656 9.659 21 1.1763 1.6580 660 0.7355 5.209 3 1.7622 1.0372 460
0.3512 9.119 -30 1.2640 1.4092 709 0.8550 3.212 41 1.9521 1.0099 275
0.4488 8.413 -41 1.3746 1.2413 709 0.9140 2.028 41 2.0524 1.0033 169

T ) 318.15 K
0.1033 12.955 23 1.0388 2.8348 375 0.5544 9.159 -38 1.4861 1.1284 644
0.1965 12.424 72 1.1071 1.9570 565 0.6413 7.965 -6 1.5990 1.0739 566
0.2658 11.946 35 1.1683 1.6339 647 0.7358 6.357 -3 1.7310 1.0359 452
0.3516 11.259 -24 1.2530 1.3952 697 0.8552 3.914 50 1.9113 1.0096 270
0.4492 10.348 -53 1.3596 1.2333 697 0.9141 2.466 44 2.0060 1.0032 166

T ) 323.15 K
0.1034 15.932 26 1.0369 2.7506 368 0.5550 11.159 -45 1.4702 1.1247 636
0.1967 15.249 90 1.1028 1.9231 557 0.6418 9.687 -4 1.5793 1.0717 559
0.2661 14.637 41 1.1621 1.6140 638 0.7362 7.697 -23 1.7062 1.0348 446
0.3520 13.779 -23 1.2443 1.3835 688 0.8555 4.753 69 1.8789 1.0093 266
0.4497 12.631 -67 1.3478 1.2266 688 0.9143 3.006 67 1.9693 1.0031 164

1-Bromobutane (1) + 1-Decanol (2)
T ) 283.15 K

0.0997 2.389 26 1.0585 3.1684 391 0.6516 1.469 37 1.6585 1.0593 503
0.1937 2.301 13 1.1444 1.9782 567 0.7095 1.256 10 1.7314 1.0381 438
0.3007 2.172 -1 1.2532 1.4913 654 0.7113 1.228 -12 1.7337 1.0375 436
0.4342 1.913 -50 1.3996 1.2283 658 0.7801 0.977 -16 1.8222 1.0200 347
0.4912 1.833 -15 1.4652 1.1645 634 0.7906 0.940 -13 1.8359 1.0179 333
0.5656 1.697 25 1.5534 1.1051 583 0.9006 0.508 20 1.9824 1.0036 168
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Table 2. (Continued)

x2 P/kPa ∆P/Pa γ1 γ2 GE/J‚mol-1 x2 P/kPa ∆P/Pa γ1 γ2 GE/J‚mol-1

1-Bromobutane (1) + 1-Decanol (2) (Continued)
T ) 288.15 K

0.0998 3.133 23 1.0582 3.0621 389 0.6517 1.859 6 1.6299 1.0549 491
0.1937 3.025 17 1.1426 1.9259 562 0.7096 1.601 -6 1.6967 1.0351 426
0.3007 2.840 -10 1.2482 1.4626 645 0.7114 1.595 -5 1.6988 1.0346 424
0.4343 2.546 -17 1.3882 1.2136 646 0.7802 1.277 2 1.7792 1.0184 337
0.4913 2.393 -15 1.4501 1.1535 621 0.7907 1.237 14 1.7915 1.0164 323
0.5657 2.173 1 1.5326 1.0977 571 0.9007 0.644 21 1.9226 1.0033 163

T ) 293.15 K
0.0998 4.068 34 1.0518 2.9967 378 0.6518 2.405 8 1.6171 1.0564 495
0.1938 3.917 29 1.1321 1.9241 553 0.7097 2.088 6 1.6849 1.0362 431
0.3008 3.677 -2 1.2351 1.4677 641 0.7116 2.077 6 1.6871 1.0356 428
0.4344 3.272 -38 1.3739 1.2177 646 0.7803 1.665 11 1.7692 1.0190 341
0.4914 3.085 -25 1.4358 1.1568 623 0.7908 1.593 7 1.7818 1.0170 327
0.5658 2.802 -5 1.5187 1.1001 574 0.9007 0.821 12 1.9165 1.0034 165

T ) 298.15 K
0.0998 5.232 36 1.0483 2.9052 369 0.6519 3.057 3 1.5955 1.0551 490
0.1938 5.021 27 1.1254 1.8959 543 0.7098 2.660 10 1.6610 1.0353 426
0.3009 4.713 -2 1.2252 1.4561 632 0.7117 2.646 10 1.6632 1.0348 424
0.4345 4.210 -21 1.3600 1.2126 639 0.7805 2.124 21 1.7422 1.0185 338
0.4916 3.945 -28 1.4200 1.1532 616 0.7909 2.023 6 1.7543 1.0166 324
0.5660 3.558 -24 1.5003 1.0978 567 0.9008 1.035 8 1.8838 1.0033 163

T ) 303.15 K
0.0998 6.689 75 1.0440 2.8194 359 0.6521 3.858 2 1.5774 1.0550 488
0.1939 6.331 -6 1.1173 1.8767 533 0.7100 3.342 -4 1.6421 1.0353 425
0.3010 5.986 16 1.2139 1.4511 624 0.7120 3.346 18 1.6443 1.0348 422
0.4347 5.337 -13 1.3456 1.2115 633 0.7806 2.668 14 1.7225 1.0185 337
0.4918 4.978 -42 1.4045 1.1527 611 0.7910 2.564 18 1.7344 1.0166 323
0.5661 4.500 -26 1.4835 1.0977 564 0.9008 1.316 19 1.8626 1.0033 163

T ) 308.15 K
0.0999 8.423 67 1.04337 2.73896 356 0.6524 4.796 -7 1.5552 1.0517 478
0.1940 8.041 45 1.11526 1.83672 527 0.7102 4.148 -10 1.6154 1.0331 415
0.3011 7.522 6 1.20920 1.42924 616 0.7122 4.158 25 1.6175 1.0326 413
0.4350 6.666 -45 1.33603 1.20028 623 0.7809 3.312 24 1.6899 1.0173 329
0.4920 6.241 -45 1.39220 1.14426 600 0.7912 3.176 23 1.7008 1.0155 315
0.5664 5.626 -26 1.46694 1.09204 553 0.9009 1.644 45 1.8183 1.0031 159

T ) 313.15 K
0.1000 10.518 69 1.0416 2.6644 351 0.6527 5.920 -17 1.5365 1.0498 471
0.1942 10.079 100 1.1113 1.8072 521 0.7104 5.116 -18 1.5940 1.0319 410
0.3014 9.339 -22 1.2026 1.4151 608 0.7126 5.136 33 1.5961 1.0313 407
0.4354 8.287 -48 1.3256 1.1935 615 0.7812 4.077 25 1.6650 1.0166 324
0.4924 7.738 -61 1.3799 1.1393 593 0.7914 3.930 44 1.6753 1.0149 311
0.5667 6.970 -32 1.4518 1.0888 546 0.9010 2.034 68 1.7866 1.0029 156

T ) 318.15 K
0.1000 13.048 95 1.0379 2.5777 339 0.6531 7.266 -20 1.5179 1.0495 466
0.1944 12.412 83 1.1038 1.7843 508 0.7116 6.290 7 1.5752 1.0315 405
0.3016 11.532 -3 1.1917 1.4080 597 0.7130 6.286 27 1.5766 1.0312 404
0.4358 10.198 -52 1.3114 1.1914 606 0.7816 4.978 12 1.6445 1.0165 321
0.4928 9.514 -69 1.3644 1.1381 585 0.7916 4.800 32 1.6544 1.0149 308
0.5670 8.566 -34 1.4347 1.0882 540 0.9012 2.501 89 1.7641 1.0029 155

T ) 323.15 K
0.1002 16.044 122 1.0356 2.4949 331 0.6536 8.809 -32 1.4977 1.0479 458
0.1946 15.207 92 1.0988 1.7532 497 0.7112 7.623 -11 1.5518 1.0307 399
0.3020 14.104 0 1.1835 1.3941 586 0.7135 7.606 23 1.5540 1.0301 396
0.4364 12.440 -53 1.2992 1.1852 595 0.7820 6.030 20 1.6188 1.0160 315
0.4934 11.586 -81 1.3502 1.1336 575 0.7919 5.818 50 1.6283 1.0144 303
0.5675 10.419 -35 1.4179 1.0854 531 0.9013 3.037 124 1.7328 1.0028 153

Table 3. Wilson Parameters and Standard Deviations σ(P) of Eq 2

1-bromobutane (1) + 1-octanol (2) 1-bromobutane (1) + 1-decanol (2)

T/K Λ12 Λ21 σ/Pa Λ12 Λ21 σ/Pa

278.15 0.9827 0.0778 9
283.15 1.0266 0.0720 10 1.2029 0.0644 25
288.15 1.0292 0.0838 12 1.2482 0.0638 14
293.15 1.0465 0.0919 13 1.2281 0.0810 20
298.15 1.0466 0.1081 18 1.2388 0.0912 20
303.15 1.0579 0.1144 25 1.2340 0.1061 30
308.15 1.0650 0.1252 34 1.2684 0.1070 37
313.15 1.0777 0.1338 41 1.2860 0.1131 53
318.15 1.0931 0.1450 42 1.2817 0.1291 56
323.15 1.1056 0.1542 55 1.2940 0.1393 70
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Experimental excess molar enthalpies and volumes, at
298.15 K, for mixtures (1-bromobutane + 1-octanol) are
given in Table 4. The results were fitted with a polynomial

where QE denotes HE or VE, and x1 and x2 are the mole
fractions of 1-bromobutane and alcohol, respectively. For
alcohol mixtures, this polynomial21,22 represents the ex-
perimental behavior better than the classical Redlich-
Kister equation. Table 5 gives the Cj coefficients along with
the standard deviations.

Figure 2. Excess molar Gibbs energies GE at 283.15 K and 323.15
K plotted as a function of mole fraction of alcohol: (a) {(x1)1-
bromobutane + (x2)1-octanol}; (b) {(x1)1-bromobutane + (x2)1-
decanol}..

Figure 3. Thermal excess molar functions at T ) 298.15 K: (a)
{(x1)1-bromobutane + (x2)1-octanol}; O, experimental HE; (b)
{(x1)1-bromobutane + (x2)1-decanol}; 9, experimental HE (Pérez
et al.23). ‚‚‚, Gibbs-Helmholtz HE; s, GE and TSE.

Table 4. Experimental Molar Excess Enthalpies and Excess Volumes at T ) 298.15 K for 1-Bromobutane (1) + 1-Octanol
(2)

x2 HE/J‚mol-1 x2 HE/J‚mol-1 x2 VE/cm3‚mol-1 x2 VE/cm3‚mol-1

0.0250 364 0.3205 1057 0.0702 0.104 0.6922 0.142
0.0571 602 0.3670 1056 0.1016 0.127 0.7908 0.111
0.1224 840 0.4661 1005 0.2062 0.167 0.8530 0.081
0.1949 976 0.5784 889 0.2980 0.183 0.8904 0.057
0.2361 1021 0.7064 692 0.3954 0.187
0.2760 1048 0.8484 400 0.4953 0.182

0.9311 204 0.5976 0.168

Table 5. Coefficients Cj and Standard Deviations σ(QE)
for Least-Squares Representation by Eq 10 of HE and VE

for 1-Bromobutane (1) + 1-Octanol (2), at T ) 298.15 K

QE C0 C1 C2 C3 σ(QE)

HE/J‚mol-1 21881 -60622 70042 -28646 16
VE/cm3‚mol-1 3.247 -8.593 9.972 -4.040 0.002

Table 6. Thermodynamic Excess Functions for (0.5)Alkanol + (0.5)1-Bromobutane or (0.5)1-Chlorobutane or
(0.5)n-Hexane at 298.15 K

1-bromobutane 1-chlorobutane n-hexanee

alcohol HE/J‚mol-1 TSE/J‚mol-1 VE/cm3‚mol-1 HE/J‚mol-1 TSE/J‚mol-1 VE/cm3‚mol-1 HE/J‚mol-1 TSE/J‚mol-1 VE/(cm3‚mol-1)

ethanol 772a -419b 0.184a 706c -437d 0.136c 555 -850 0.41
1-butanol 956f -3f 0.141f 873c -65g 0.061c 510 -630 0.08
1-hexanol 958a 147b 0.157a 905c 121d 0.030c 465 -515 -0.16
1-octanol 977h 274h 0.182h 927c 241i 0.021c 415 -430 -0.35
1-decanol 1031a 420h 0.200a 1002c 405i 0.041c 386j -330k -0.574c

a Pérez et al.23 b Garriga et al.8 c Pérez et al.25 d Garriga et al.4 e Brown et al.26 f Garriga et al.6 g Garriga et al.2 h This work.
i Garriga et al.5 j Kumaran et al.27 k Wieczorek.28

QE ) x1x2∑
j)0

m

Cjx2
j/2 (10)
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We tested the consistency of the enthalpies and free
energies by means of the Gibbs-Helmholtz equation. The
coefficients ∂Λij/∂T have been obtained by fitting the Wilson
parameters as a linear function of the temperature. The
calculated HE values at T ) 298.15 K are shown as curves
in Figure 3. A good agreement is obtained considering that
the quantitative evaluation of HE from vapor pressures
involves considerable uncertainty.24 In the same figure and
at the same temperature, TSE curves (obtained from TSE

) HE - GE) are also plotted.
HE, TSE, and VE at T ) 298.15 K and x ) 0.5 are collected

in Table 6. For mixtures of a straight-chain alkanol +
1-bromobutane or + 1-chlorobutane as a polar solvent, HE

and TSE are plotted in Figure 4 and are compared with
those for mixtures containing n-hexane as an inert solvent.
Excess molar enthalpies and entropies are much more
positive than those for inert solvent solutions due to the
interaction between the OH group and the polar group. On
the other hand, in mixtures of an alkanol with 1-bromobu-
tane or 1-chlorobutane, a similar behavior is observed for
both thermodynamic excess functions. The effect of the
chain length of the alcohol will be due to formation of
contacts between the halogen atom and the chain of the
alcohol, and at a given composition, it will be larger in
solutions of longer chain alcohols. The volumetric behavior

is a more complicated question as is the result of both
structural and interaction effects.

The constants λij, defined as negative values, stand for
the energies of interaction between the molecules desig-
nated in the subscripts. The Wilson coefficients (λij - λjj)
are plotted in Figure 5 as a function of temperature.
According to Wilson’s equation, to a fair approximation,
the differences in the characteristic energies are indepen-
dent of the temperature, at least over modest temperature
intervals. For accurate work, these differences may depend
on the temperature, as shown in Figure 5 for (λ12 - λ22).

A theoretical approach developed by Heintz29sthe so-
called extended real associated solution (ERAS) models
combines Flory’s theory30 for chainlike molecules with the
Kretschmer and Wiebe linear association model31 and
makes it possible to calculate GE, HE, and VE. We have
tested the ERAS model of Heintz (original version) for a
set of mixtures of 1-bromobutane + an alcohol32 ranging
from 2 to 10 carbon atoms. For alcohols, the self-association
parameters used for enthalpy and volume were ∆h2

/ )

Figure 4. Excess molar enthalpies and entropies, at T ) 298.15
K and x ) 0.5, for mixtures of a straight-chain alcohol of n carbon
atoms with solvent: 4, 1-bromobutane; 0, 1-chlorobutane; O,
n-hexane (empty symbols, enthalpies;full symbols, entropies). See
Table 6 for source of data.

Figure 5. Wilson coefficients as a function of temperature for
binary mixtures of {(x1)1-bromobutane + (x2)1-octanol} [b, (λ12 -
λ11); O, (λ12 - λ22)] and of {(x1)1-bromobutane + (x2)1-decanol} [9,
(λ12 - λ11); 0, (λ12 - λ22)].

Figure 6. Excess molar volumes VE of (a) {(x1)1-bromobutane +
(x2)1-octanol} and (b) {(x1)1-bromobutane + (x2)1-decanol}, at T
) 298.15 K: O, this work; 9, Pérez et al.;23 ‚‚‚, chemical contribu-
tion; -‚‚-, physical contribution; s, ERAS model.
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-25.1 kJ‚mol-1, ∆v2
/ ) -5.6 cm3‚mol-1, and the equilibri-

um constants K2 ) 98 for 1-octanol and K2 ) 88 for
1-decanol. We have calculated the enthalpy and volume
cross-association parameters by fitting, simultaneously, our
experimental results of GE, HE, and VE, for eight mixtures
including branched alkanols of 1-bromobutane + alcohol,
obtaining ∆h12

/ ) -13.0 kJ‚mol-1 and ∆v12
/ ) -5.8

cm3‚mol-1, which characterize the (OH) T Br interaction.8
These values are similar to those obtained for the (OH) T

Cl interaction (∆h12
/ ) -14.5 kJ‚mol-1 and ∆v12

/ ) -6.5
cm3‚mol-1).5 While holding these values constant, we
adjusted the other cross parameters K12, X12, and Q12 to
fit the experimental data for each mixture. For mixtures
of alcohol and a polar solvent, the ERAS model satisfac-
torily reproduces the experimental curves of HE and GE.
However, for VE, the agreement is poor, as shown in Figure
6. The failure to reproduce the VE curves has been observed
with other polar solvents33 (except ether),34,35 and the
disagreement is more noticeable with short chain alcohols.
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