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The concentration dependences of excess enthalpies of the binary systems cyclohexane-!-pro-
panol and cyclohexane-2-propanol were measured in an isothermal calorimeter at six tempera-
tures in the range of 25— 50°C. For the quantitative description of the concentration and tem-
perature dependences of heats of mixing, the Liebermann~Wilhelm model of associated solution
was used extended by the assumption of polynomial temperature dependence of the interaction
parameter. It follows from the comparison of chemical and physical contribution to the excess
enthalpy that heats of mixing in the system with 1-propanol are given mostly by a specific inter-
action of hydrogen bond. The excess Gibbs energies were estimated using an interaction para-
meter calculated from heats of mixing. The values obtained are systematically higher and have
rather semi-quantitative character.

In the last 25 years, an increasing effort can be noted to interpret quantitatively
the mixing process of a component which forms in pure state associates of dif-
ferent order (alcohols) with an inert solvent (saturated hydrocarbons). The formation
and breakdown of the associates is regarded as a succession of chemical reactions.

The first more general model of continuous associated solution was derived by Kretchmer
and Wiebe!. The models reported during next years follow it more or less and therefore the funda-
mental assumptions for their derivation are given below: ) The alcohol exists in the form of linear
associates By, B,, ..., B, which result from the hydrogen bridge formation. The formation of the
associates is described by the system of equations of the type

B, + B,., =B,.

2) The association constant K depends neither on the degree of association nor on the inert
solvent. 3) The molar volume of an n-mer is equal to the product of degree of association and
molar volume of monomer. 4) The ratio of molar volumes of pure components does not depend
on temperature. 5) The standard heat AH® of hydrogen bond depends neither on temperature
nor on degree of association. 6) The mutual interactions of #-mers and their interactions with the
solvent molecules are of physical nature only (therefore analogous to those in non-associating
mixtures). 7) The excess Gibbs energy GF can be divided into the chemical part Gf given by the
formation of associates and the physical part G‘;‘ following from the above-mentioned physical
interactions.

* Part XV in the series Enthalpy Data of Liquids; Part XIV: This Journal 44, 1687 (1979).
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The work by Kretchmer and Wiebe was resumed by Renon and Prausnitz? in 1967. Their
final relations are in substance analogous to the conclusions due to Kretschmer and Wiebe but
they are derived in a much more lucid way. Moreover, they also consider the temperature depen-
dence of the interaction parameter of the GE part, however, at the cost of another constant un-
known in advance. The procedure which chose Liebermann and Wilhelm® does not suffer from
this disadvantage and allows to predict the excess functions HE and G® from one experimental
point.

THEORETICAL

Liebermann and Wilhelm retained the GP part the same as that in the Renon and
Prausnitz model (for the sake of lucidity, the same symbolism is used and only final
expressions are given; for details see papers cited):

GE = x, ln% + xpIn Pos + Kxg(Ps; — 5,) - )]
Xa P51%p
Here

[ 42y ‘15:1 = lim @y, ,

T+ S+ KD ot

where ®g, xp are the volume fraction and mole fraction of alcohol, respectively, the
same symbols with subscript A stand for saturated hydrocarbon, K is the equilibrium
association constant.

To express the contribution G‘; they used a simplified equation proposed by Bruin* .

E_ —2RTxpxpln A
" (xa + xpd) (%a + xad)”

@

where A is the parameter dependent on temperature only.
The total excess Gibbs energy is then equal
GE=G; + Gy, 3

From the relation

E
-l (%) )
1223

and from Eqgs (I) and (2) we obtain the corresponding contributions to heats of mix-
ing:

HE = K AH® xg(®p, — B3,), )
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E -
HE = ACG;In 4 Xp + Xy 1 X ©)
1—InAd \xs +xgd x5+ x4 AlnA

where

Coo— 24K AH® (\/( ValVis )’ )

RTIn A \J(1 + 4K) [1 + J(1 + 4K)]?

Va, Vp are the molar volumes of hydrocarbon and alcohol.

The total heat of mixing is then
HE = HE + HE, ®

To verify the Liebermann-Wilhelm model (hereinafter LW-model only) the authors
have calculated the respective parameters A4 for x; = 0-5 and the corresponding G®
for nine binary systems and from them, heats of mixing at the same concentration.
The values of K and AH® have been taken over from the cited work of Renon and
Prausnitz®. The difference from the experimental data on HE has been from several
to twenty per cent. With regard to the variety of sources of the experimental HE
values, in some cases of unwarranted quality, the result can be estimated favourably.

For a more unambiguous judgement it has seemed therefore more convenient
to calculate the parameter A from heat of mixing, to carry out the comparison
of calculations with direct measurements in the whole concentration range and
at more temperatures and just from the H® values calculated concentration and
temperature course of the GE function to compare with available literature data.
For this purpose the systems cyclohexane-1-propanol and cyclohexane-2-propanol
have been chosen.

EXPERIMENTAL

Cyclohexane and 1-propanol have been purified in the previously described ways®. Their boiling
points, refractive indices and densities have been identical with the values given there.
2-Propanol, analytical reagent grade, has been distilled with benzene® first and the remainder
of water has been removed by molecular sieves Nalsit A4. Its physical constants have been as
follows: nbp = 82:3°C (ref.” 82:23°C), n3° 1-3748 (ref.? 1:3748), d25 0-78091 (ref.® 0-78093).

All the substances have been stored over a layer of molecular sieves. The water content of all
substances has been lower than 0004 mass %.

The heats of mixing have been measured in an isothermal calorimeter of our own design.
The calorimeter with control circuits and the technique of measurements have already been
described!® in detail formerly. Only the heating circuit of mixing vessel has been complemented
by a five-level source of constant current!!,
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RESULTS AND DISCUSSION

The heats of mixing have been measured for both systems in the whole concentration
range at temperatures of 25, 30, 35, 40, 45 and 50°C. The measured values are given
in Table 1. For the values of HE within 500—1000 J mol~!, the error of measure-
ment has amounted to 0-5—0-2%. At the concentration ends the error has reached
about 2%;.

The heats of mixing of cyclohexane with 1-propanol have been measured at 25°C
by Nagata'2. His data and those measured in this work are in surprisingly excellent
agreement; the differences of HE are within the limits of measuring errors of both
calorimeters.

For the cyclohexane-2-propanol system, the data of Nagata and Ohta'® for
temperatures of 35 and 45°C are available in the literature. We can again state very
good agreement with our measurements, only at a temperature of 35°C, their values
are systematically 1 —29; higher for xg > 0-5.

It can be also seen in Table I that the temperature dependence of H* is nonlinear
and comparatively large for both systems. For instance, in the system with 1-pro-
panol, H® (25°C) = 627 J mol™! and HE (50°C) = 952 J mol~! for x5 = 0-4. Simi-
larly at the same concentration and 30°C, the excess molar heat capacity ¢y = 11-8 J
K™ 'mol™* and at 45°C, cf = 15J K™* mol~’. For the system with 2-propanol,
HE are roughly 200—250 J mol™! higher than for 1-propanol. The concentration
course of HE is here also rather more symmetric (the maximum corresponds to
xg & 042 compared to 0-35 for l-propanol). The heat of mixing also increases
more distinctly with temperature as it can be seen from the excess molar heat ca-
pacities: ¢ (30°C) = 13-8 J K™ ' mol™!, ¢§ (45°C) = 16 JK™* mol™*.

Heat of Mixing

In agreement with Liebermann and Wilhelm?, the values of K and AH® have been
taken over from the work by Renon and Prausnitz?. The ratio of molar volumes
Va|V4 has been calculated from the temperature dependences of densities® of respec-
tive substances. Consistently with the above-mentioned assumptions the average
value has been taken which has differed only by 0-5% from those for pure substances.

However, preliminary calculations have shown that the original value of K for
2-propanol is too low and therefore, by analogy with the subsequent corrected data'*
for other alcohols, the constant K has been increased to 80.

The calculations have been carried out with the following set of constants:

l-propanol: K (50°C) =90, AH®= —251kJmol ', Vu/V, = 0:6883;
2-propanol: K (50°C) = 80, AH® = —251kImol™!, V[V, = 0-7060.

For both systems, the values of parameter 4 have been calculated from Egs (5)—(8)
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TABLE I

Dependence of Heat of Mixing HE (J mol~!) in Systems Cyclohexane(A)-1-Propanol(B) and

—2-Propanol(B) on Mole Fraction at Various Temperatures

Xp HE ) Xp HE [
1-Propanol

25°C
0-0452 314-5 0-05 0-4562 602-9 132
0-0858 4067 —4:90 0-4729 596-8 1-58
0-1173 460-5 —536 0-4951 5855 1-62
0-1295 485-0 —373 0-5191 5739 2:05
0-1390 497-1 —3:90 0-5517 549-1 1:52
0-1680 532:1 —332 05836 5260 1-69
01996 562-9 —2:53 0-6476 468-8 143
0-2064 5692 —2:25 0-6918 4247 1-46
02619 600-5 —1-62 0:7502 363-0 2:42
0-3036 6169 —053 0-7918 3149 3:47
0-3126 621-5 0-05 0-8540 2291 3-03
0-3670 620:6 0-06 0:9206 133-0 472
0-3745 620-2 017

30°C
0-0805 4466 —0-12 05126 6255 072
0-1003 4827 —2:00 05648 584-0 0-08
0-1273 5307 —2:13 06282 5286 0-19
01632 580-2 —1-89 0:6593 497-4 0-24
0-1984 614-2 —1-98 0-6946 4556 —0-42
02189 6348 —113 0:7581 380-1 —0-02
0-2518 6566 —0-63 0-8128 305-6 —0-06
0-3067 673-6 —0-55 0-8438 2606 0-01
0-3782 674-0 ~0-37 0-8797 2072 0-84
04262 665-8 026 0-9080 1613 0-81
04632 652-3 056

35°C
00493 4097 7-96 0-5222 674-8 0-02
0-0781 483-1 1-82 0-5701 634-5 —0-31
0-1038 541-5 0-50 0-6280 5765 —071
01274 5835 —0-38 0-6652 5326 ~1-27
01542 621-0 —120 0-7013 488-8 —1-38
01982 669-8 —1-52 0-7440 4285 —2:46
0-2203 692-4 —094 0-7801 3777 —2-56
0-2660 7208 —0:74 0-8189 3190 —2:83
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TaBLE L
(Continued)
Xg HE é xg H® é

35°C
0-3077 7355 —0-49 0-8540 265-0 —2-24
0-3795 738-2 —017 0-9046 179-8 —1-83
0-4300 7258 0-03 0-9431 111-5 —0-38
0-4689 708-6 0-10

40°C
0-0602 4886 849 0-5360 726:0 —036
0-1078 603-1 225 0-5637 6999 —0-65
0-1397 664-2 1-38 0-5903 670-1 —1-29
0-1982 738-8 0-23 06122 6398 —2:48
0-2410 7789 0-54 0-6604 5851 —2:42
0-3036 803-9 —002 0-7181 505-0 —333
0-3527 810-4 0-07 0-7672 431-1 —3-86
0-3786 8075 —0-01 0-8110 360-7 —4-11
0-4255 7968 0-20 0-8574 280-2 —4:51
0-4605 781:4 0-24 0-9195 164-5 —4-83
0-5100 744-2 —0:60

45°C
0-0532 507-9 12:01 0-5483 7821 —0-69 -
0-0906 6230 602 0-5703 7556 —1-38
0-1365 718-8 2:63 0-6091 707-2 —2-33
0-1715 1775 2:03 0-6371 671-1 —274
0-2152 8273 1-23 0-6438 663-0 —2:69
0-2457 8467 0-29 0-6758 6155 —3-56
0-2680 868-0 1-02 0-7099 561-4 —4-58
0-3046 880-2 0:56 0-7459 508-3 —4-18
0-3413 884-4 0-23 0-7731 4580 —549
0-3780 8835 0-25 0-8038 403-0 —612
0-4275 8699 0-20 0-8242 364-3 — 681
0-4642 8512 0-07 0-8741 2726 —598
0-5096 8150 —0-65 0-9215 172-7 —7-81
0-5133 805-9 —1-43

50°C
0-0763 641-5 10-25 0-4682 919-6 —0-76
0-1105 730-7 5-89 0-5210 8754 —1:38
0-1399 7942 423 05677 819-4 —274
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TasLel
(Continued)
xp HE 5 X HE 5

50°C
0-1671 843-0 3-42 0-6202 750-0 —3-88
0-1970 8676 3-02 06567 695-0 —4-83
0-2510 932:0 1-37 0-6954 634:0 —553
0-2987 952:2 0-39 0-7432 550-8 —653
0-3655 9580 —0-30 0-7953 454-4 —743
0-3772 9566 —0-36 0-8403 363-1 —8:57
0-4189 947-3 —0-33 0-8975 241:3 —9:36
0-4447 931-1 —091 0-9411 144-5 —823

2-Propanol

25°C
0-0613 4157 —2:29 0-5148 797-4 1-83
0-1053 530-1 —525 0-5633 760-6 1-87
0-1490 6179 —526 0-5990 723-4 1-40
0-1680 6487 —517 0-6351 6832 1-28
0-1949 695-4 —3:60 0-6662 6432 0-98
0-2238 732:1 —2:95 0-7030 593-2 0-96
0-2501 759:1 —2-46 0-7599 508-6 1-53
0-3018 805-9 —0-55 0-8109 417-7 1-21
0-3405 822:3 —0-13 0-8536 3354 1-23
0-3825 8331 0-65 0-8854 2675 0-49
0-4087 8358 1-23 09204 192:6 1-26
0-4536 8272 1-61

30°C
0-0620 4566 —0-44 0-5129 861-9 1-28
0-1065 5851 —319 0-5608 824:1 1-39
0-1453 669-4 —3-72 0-5967 784-1 0-90
0-1678 711-8 —3-43 0-6348 7350 0-27
0-1983 760-0 —3:04 0-6702 688:1 024
0-2440 8198 —1-95 0-7057 639-4 0-79
0:3028 871°2 —077 0-7615 546'5 0-87
0-3325 887-6 —024 0-8251 424-3 093
0-3753 900-7 0-42 0-8559 357-4 052
0-4117 903-5 0-99 0-9219 2039 022
0-4600 892:3 1-36
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TABLE I
(Continued)
xg HE I X HE 5

35°C
00625 510-7 3-64 0-4241 970-8 0-70
0-0956 610-5 —0-65 0-4588 963-0 1-13
0:1061 639-2 —1-16 0:5102 936:0 1-47
0-1302 6918 —2:82 0-5639 8863 1-14
0:1503 7382 —2:57 06079 829-2 0-16
0-1978 822-4 —2:46 0-6426 7835 0-05
0-2484 8866 —2-14 0-6817 7261 0-03
0-2762 9155 —1-58 0:7036 692-5 026
0-3039 938-6 —1-00 0-7557 603-3 0-84
0-3403 9581 —0-51 0-8185 4696 —015
0-3784 966-8 —022 0-8592 3708 —192
0-3878 971-8 029 09076 2568 —0-57

40°C
0-0519 513-9 8:18 0:5047 1011-0 1-19
0-0886 648-3 2:54 0-5449 974-6 0-99
01189 7293 —0-17 0-5849 934:5 1:31
0-1498 802-2 —1-06 0-6120 890-2 0-19
0:1755 849-8 —1:81 06621 815-9 —0-02
0-2002 891-9 —1-90 0-7026 741-5 —0-90
0-2191 920-8 —1-79 0-7360 682:1 —0-57
0-2489 960-8 —1-40 07671 6241 015
0-2984 1007-8 —0-90 0-8212 494-1 —1-68
0-3098 10149 —0-87 0-8538 4106 —2:95
0-3403 10327 —0-42 0-8901 322:2 —1-72
0-3802 10455 0-14 0-9488 157-1 —2:03
0-4509 1042-2 1-16

45°C
0-0811 677-8 521 0-5350 1 060-0 1-02
0-1267 811-2 0-89 0-5615 1031-7 0-98
0-1563 8773 —0-67 0-:5976 982-8 0-56
0-1965 954-1 —1-39 0-6378 920-3 0-10
0:2252 1 000-2 —1:38 0-6758 852-1 —0-49
0-2584 1044-8 —1-09 0-7091 7877 —0-87
0-3027 1092-2 —0-27 0-7502 701-1 —1:27
0-3355 11102 —0-22 0-7862 624-1 —0-71
0-3868 11236 0-08 0-8268 520-9 —1-42
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TasLe I
(Continued)
xp HE s xp HE s
45°C
0-4241 11245 0-59 0-8694 4085 —124
0-4569 11158 090 09193 262-8 —1-47
0-5113 1081-5 1-03
50°C

0-0459 5650 13-06 0-5044 11684 112
0-0814 7313 655 05618 11077 0-95
0-1025 811-2 4-89 0-6026 1048-7 0-52
0-1274 8791 2-31 0-6405 9853 0-14
0-1607 9666 134 0-6731 922'6 —0-38
0-1981 1031-9 —0-47 0-7084 8556 —0-09
0-2472 1109-8 —0-58 0-7491 7645 —0-30
0-2752 1142-8 —0'53 0-7871 672:0 —0-38
0-3053 11689 —0-51 0-8265 562-4 —1-34
0-3401 11891 —0-44 0-8714 436'3 —0-78
0-3732 11992 —0-32 0-9031 339:0 —0-46
0-4241 1202-8 0-28 0-9388 2167 —~232
0-4611 1192-2 063

& Deviation between measured and calculated HE related to the measured value 6.

for single measurements by an iterative procedure on a computer HP 2116 B. With
regard to the requirement to describe heats of mixing in the region about their
maximum, the average value of A has been established for xz € (0-2, 0-6>. From the
temperature dependence of the average parameter A it has been found that for the
system with 1-propanol, it is possible to express 4 as

A = 04432 + 46946 . 1073T — 11:0. 107 °T*> )

and for 2-propanol
A = 13982 — 1-9666 . 1073T. (10)

To judge quantitatively the LW-model, the excess enthalpies have been calculated
from Eqs (5)—(10) for measured values of mole fractions and the results have been
mutually compared. In the third and fourth columns of Table I, the per cent devia-
tions between measured and calculated H® are given. For the first system, the results
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are very satisfactory excepting the region of lower alcohol concentrations (x,3 < 0-2)
and temperature of 50°C. For better visualization, the mean absolute deviations
(in %) are given calculated from all the experimental points. For the individual sets
with increasing temperature, they have the following values: 2-19, 0-72, 1-38, 199,
3-07, 4-08. Approximately the same holds for the second set. Thanks to higher values
of HE, the mean absolute per cent deviations are more favourable (1-96, 1-28, 1-14,
1-44, 1-04, 1-63).

Moreover, from Table I it is evident that practically the same results would be
obtained when calculating the parameter 4 (for the given temperature) from one
measurement at the maximum of HE.

In the end if we judge the results simultaneously from the point of view of the
concentration and temperature dependence, the LW-model represents 139 experi-
mental values of heats of mixing in the cyclohexane-1-propanol system in terms
of three constants of Eq. (9) with a standard deviation of 16-6 J mol~! and a mean
absolute deviation of 2:3%; in the cyclohexane-2-propanol system, 141 data on H®
with the deviations of 14-4 J mol ™! and 1-42%, in terms of two constants of Eq. (10).

To complete the entirety of the LW-model judgement the comparison of both
contributions Hg and HE has been carried out, too. In one of our previous works®
it was found that for lower alcohols the heats of mixing are given mostly by specific
interactions of hydroxylic group. The small values of heats of mixing of propane
with cyclohexane calculated from the Barker model!® also corresponded to it. Since
all the models of associated solutions assume an additive relation analogous to Eq. (8)
we can explicitly express the ratio of specific and unspecific interactions for the LW-
-model as well. The values of HE and H}, for xg = 0-4 calculated from Egs (5)—(10)- ..
are compared in Table II.

In the cyclohexane-1-propanol system the contribution H, :: increases with tempera-
ture from 17:5 to 25-3% of the total HE. For the second system this contribution
is greater (at 25°C twofold) but changes only little with temperature.The higher
values of HE for 2-propanol are consequently explainable by an increased ratio
of non-specific interactions. The reason is probably in different spatial arrangement
of CH; and CH, groups of both alcohols.

Excess Gibbs Energy

The isothermal vapour-liquid equilibrium in the cyclohexane-1-propanol system
has been measured at temperatures of 49-86 and 59:71°C by Brzostowski and Wary-
cha'® and at temperatures 55 and 65°C by Strubl and coworkers'”. From Eqs
(Z)~(3) and (9), the excess Gibbs energies were calculated"® for these temperatures
and corresponding concentrations and compared with the data of the authors cited
above. All the calculated values have been systematically higher even if they have
represented the position of maximum and the course of GE curve. For the tempera-
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tures 49-86 and 55°C, the average absolute deviation has been practically the same
(11-8 and 11-2%, respectively). At higher temperatures, it has grown up to the value
of 25-8% at 65°C. The main reason has been probably the extrapolation of Eq. (9)
outside the range of its validity.

The vapour-liquid equilibrium in the cyclohexane-2-propanol system was measured
at 50 and 60°C by Nagata and coworkers®. The GE values calculated from the LW-
-model and from Eq. (10) have been again at all concentrations higher than the ex-
perimental values. In spite of a small number of measurements (9 and 10, respectively)
the found deviations (20-6 and 30-9%) are too high.

With regard to the comparative simplicity of the LW-model we can, however,
consider the results for both systems to be sufficient for a semiquantitative estimation
of GE.

Heats of Mixing with n-Alkanes

For a more extensive judgement of the LW-model, the calculations have been carried
out of heats of mixing for 6 systems published in the literature whose one com-
ponent is 1-propanol or 2-propanol, respectively, and the second is n-alkane. The
data used have not been assorted and smoothed in any way. The parameter 4 has

TasLe 11
Comparison of Contributions HE and Hf (J mol™!) for x5 = 0-4

1,°C HE HE Hy HEHE, %,
1-Propanol
25 614-0 506-7 107-3 175
30 671-9 546-0 1259 18-7
35 7352 5865 148-7 20-2
40 803-3 628-1 1752 21-8
45 877-0 670-6 206-4 235
50 956-0 7140 242-0 253
2-Propanol
25 8266 524-0 3027 366
30 896-1 564-3 331-8 370
35 968-2 605-9 362-4 374
40 1043-4 648-4 395-0 378
45 1122:2 691-9 430-2 383
50 1203-6 7363 467'3 388
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been calculated as an average value from the range of xge {0-1, 0-9). The results
are summarized in Table III.

The calculated results are, except for the system with n-tetradecane, very favourable
and in full agreement with the results obtained in this work. The great deviations for
the 1-propanol-n-tetradecane system originate probably from the fact that the as-
sumptions of the LW-model cease to be valid with increasing hydrocarbon chain.
Similar differences were found by Nagata'? as well. The same found out Dohnal'®
when applying the Barker model with hydrocarbon as one component. Patterson
and coworkers?® explain it by the difference of the hydrocarbon structure in a pure
state and in a mixture.

TasLE IIT
Calculation of Heats of Mixing from LW-Model for n-Alkanes with 1-Propanol and 2-Propanol

System 1,°C m® A 8, % Ref.

n-Hexane + 1-propanol 25 8 0-8715 327 21

35 8 0-8494 090

45 8 0-8221 2:90
n-Hexane + 2-propanol 25 7 0-8170 803 22
n-Heptane + 1-propanol 30 12 0-8533 322 23

45 12 0-8124 2-40

20 9 0-8760 531 24

25 10 0-8671 425

30 10 0-8556 3-01
n-Heptane + 2-propanol 35 16 0-8097 475 25

45 17 0-7676 1-91

60 15 0-7305 1-82
n-Octane + 1-propanol 20 9 0-8638 524 24

25 10 0-8552 5:04

30 11 0-8454 5-46
n-Tetradecane ’ 20 9 08198  13:06 24
-+ 1-propanol 25 9 0-8066 10:37

30 10 0-7862 7-40

% Number of measurements.
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