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Abstract: Vapor pressures and other thermodynamic properties of liquids, such as density and
enthalpy of mixtures, are the key parameters in chemical engineering for designing new process units,
and are also essential for understanding the physical chemistry, macroscopic and molecular behavior
of fluid systems. In this work, vapor pressures between 278.15 and 323.15 K, densities and enthalpies
of mixtures between 288.15 and 318.15 K for the binary mixture (2-propanol + 1,8-cineole) have
been measured. From the vapor pressure data, activity coefficients and excess Gibbs energies were
calculated via the Barker’s method and the Wilson equation. Excess molar volumes and excess molar
enthalpies were also obtained from the density and calorimetric measurements. Thermodynamic
consistency test between excess molar Gibbs energies and excess molar enthalpies has been carried
out using the Gibbs-Helmholtz equation. Robinson-Mathias, and Peng-Robinson-Stryjek—Vera
together with volume translation of Peneloux equations of state (EoS) are considered, as well as the
statistical associating fluid theory that offers a molecular vision quite suitable for systems having
highly non-spherical or associated molecules. Of these three models, the first two fit the experimental
vapor pressure results quite adequately; in contrast, only the last one approaches the volumetric
behavior of the system. A brief comparison of the thermodynamic excess molar functions for binary
mixtures of short-chain alcohol + 1,8-cineole (cyclic ether), or +di-n-propylether (lineal ether) is
also included.

Keywords: 1,8-cineole; 2-propanol; vapor pressure; phase equilibria; excess thermodynamic functions;
PRM; PRSV EoS; volume translation; SAFT

1. Introduction

Vapor pressures and other thermodynamic properties of pure liquid and mixtures are
physical properties of great importance for not only being necessary for the daily challenges
in chemical engineering but also from a theoretical point of view as they help to develop
and improve representative models of the liquid state.

Within this context, the mixture (2-propanol + 1,8-cineole) is of particular interest due
to the nature of the molecules it comprises, and because of its potential applications, as
described below. In this work, an experimental study of vapor-liquid equilibria (VLE),
densities, and enthalpies of mixing for the mixture (2-propanol + 1,8-cineole), together with
some current models to fit them, are addressed.

1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octane is a cyclic ether usually known as 1,8-cineole,
or more commonly as eucalyptol because it is the main component of essential oil obtained
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from the eucalyptus, although it can be identified in the extracts of many others plants. The
fairly recent paper of Cai et al. [1] includes a detailed review on sources, biological activities,
and applications of this compound. 1,8-cineole is frequently used in food [2-4], cosmetics and
care products [4,5], and has been used profusely in pharmaceutical trial [1,4]. It is effective
as a mucolytic agent in inflammatory airway medical conditions, such as chronic obstructive
pulmonary disease [6] and asthma [7]. Additionally, it has been claimed for many other
biological properties, such as antimicrobial [5,8,9], antifungal [10], anxiolytic [11], and it
has even been related to skin penetration enhancement of drugs [12]. More recently, other
studies have been carried out on the biological activity of 1,8-cineole for the prevention of
depressive-like behaviors [13], battle against ovarian and lung cancers [14,15], treatment of
Alzheimer’s disease [16,17] and the treatment of conditions, such as co-infections associated
with SARS-CoV-2 (COVID-19) [18], among others.

Moreover, 1,8-cineole could be considered an environmentally friendly solvent [19,20]
as it behaves as a low toxicity compound [21], and it is obtained mainly from renewable
sources [1]. Regarding the extraction process of 1,8-cineole from vegetal material, one of the
possible ways is to use supercritical CO, [22], and taking into account the low polarity of
COy, it is convenient to add a polarity modifier in order to increase the yield of extraction.
Usually, short-chain alcohols are used for that goal. Consequently, VLE and, in general,
thermodynamic behavior of 2-propanol + 1,8-cineole mixture could be an interesting guide
for the 1,8-cineole separation processes, even if conditions of extraction are somewhat
different from those considered here.

Propan-2-ol, the simplest secondary alcohol, also called 2-propanol, isopropanol or
isopropyl alcohol, is a well-known compound because of its use in the manufacturing of
a wide variety of chemicals and products, and also due to its potential to be used as a
multipurpose green solvent. In fact, although 2-propanol is currently obtained via synthesis
(through hydration reaction of propene or by hydrogenating acetone), it appears among
the first positions in the guides for the greenest solvents recommended according to safety,
occupational health and environmental criteria [23]. Additionally, a sustainable synthesis
of propanol from renewable glycerol has been proposed [24] in order to not only deliver
opportunities to the biodiesel industry, but also to develop a green production route from
the biomass-derived glycerol.

Another interesting feature in relation to their possible use as additives for diesel
or gasoline is that not only bio-cineole [25] and 2-propanol [26] have been separately
considered, but also types of ether/alcohol mixtures [27] such as the system analyzed in
this work.

On the other hand, from a theoretical point of view, alcohol + ether mixtures are of
great interest because ether molecules could compete with alcohol molecules in hydrogen
bond formation through the lone electronic pairs of oxygen atom of ether [28,29].

In recent years, some papers have been published on the thermodynamic properties
of both pure 1,8-cineole [30,31] and its mixtures with alcohols [32-37]. However, as far as
we know, until the present work, no data on vapor pressure, P, excess molar enthalpies,
HY, and density, p, at the considered temperatures of this binary system could be found in
the literature. Additionally, in this work, the activity coefficients, y;, and the excess molar
Gibbs energies, G,ﬁ, were determined from experimental P data.

Our results on P are correlated by three equations of state (EoS): two of them are
modifications of the Peng—Robinson (P-R) EoS [38], and a third equation is based on the
statistical associating fluid theory (SAFT) [39].

EoS are useful approaches to describe the thermodynamic properties of fluid systems
and phase equilibria. Since van der Waal, on the basis of the attractive forces between
molecules and their spatial volumes, built his groundbreaking cubic equation [40], hun-
dreds of EoS have been proposed along the years [41-43].

Peng and Robinson introduced a modification [38] of the attractive term of such
equations in order to provide a more adequate prediction for densities of liquids. In
this work, this modification is considered together with that proposed by Mathias [44] to
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improve the results when considering systems with polar substances, by the introduction
of a polar parameter in the temperature depending on the attractive term of the EoS. On
the other hand, the Stryjek and Vera modification [45] to the Peng—Robinson equation is
considered. In this version, an adjustable parameter for pure components is introduced
together with a modification of the polynomial for the acentric parameters.

In short, the EoS of Peng—Robinson-Mathias [44], PRM, and Peng—Robinson-Stryjek—
Vera [45], PRSV, together with volume translation (VT) according to Peneloux [46] for both
models are considered in this work.

Finally, as previously indicated, experimental results are compared with that of SAFT.
The development and success of this model was due to the progress in the statistical
mechanics methods, especially the perturbation theory and the valuable contribution of
Wertheim [47,48] for chain and association effects. It provided a reasonably simple and
accurate [49] general formulation which is accepted as the basis of the SAFT free energy
model. This theoretical approach was derived by Chapman et al. [50,51], resulting in
a well-grounded EoS, especially in the case of chain-like molecules and when effect of
association is remarkable. In fact, the model may simulate the behavior of a wide range of
systems having molecules ranging from nearly spherical non-associating to non-spherical
associated ones, passing through the intermediate structural configurations. This third
situation becomes the case of the system considered in this work, for which molecules are
not very far from a spherical shape and one of the components is markedly associated
while the other is not. Thus, for our intermediate system, it is interesting to compare the
results of this particular SAFT molecular association model with those of the Van der Waals
Modified Cubic EoS PRM, and PRSV previously mentioned. A number of user-friendly
reviews on the derivation and applications of the SAFT model and the cubic EoS can be
found in the literature [39,52-57].

It has been for the purpose of enhancing the vision of the models and the molecular
interactions, that in addition to the measurements of P, the experimental determination
of p and heats of mixture were carried out. In fact, the corresponding thermodynamic
properties, V£, and HL, are very sensitive to the spatial effects derived from molecular
geometry and the detail of intermolecular forces, which complements information provided
by other thermophysical quantities [35,58,59]. Furthermore, the present work is also a part
of a comprehensive study conducted by our group using 1.8-cineole as cyclic ether and a
short-chain alcohol as the second component [32-37,60,61]. Likewise, in previous years,
we also carried out a similar study with di-n-propylether as linear ether, and an alcohol as
the second component of a series that also included the same short-chain alcohols [62,63].
Hence, we include a brief comparison of the different thermodynamic behavior of both sets
of systems in the Discussion section.

2. Results and Discussion
2.1. Pure Components

The molar volumes of the pure components, V?, used in the Barker analysis, together
with the experimental vapor pressures, P’, which are compared with the values in the
literature are gathered in Table 1.

Experimental P° data of 2-propanol at ten temperatures between (278.15 K and
323.15 K) were fitted to an Antoine equation (Equation (1)):

In(P°/kPa) = 17.6939 — [4114.55/(T/K — 39.969)] 1)

The standard deviation of the experimental pressures with respect to that calculated
are obtained according to Equation (2):

N 1/2
{2 X Xcalc (N - n)} (2)

i=1
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X and X, correspond to the experimental pressures and calculated values, respec-
tively, N is the number of experimental data and n is the number of adjusted parameters.
Standard deviation results in a value of 25 Pa, 15 Pa being the maximum deviation at
298.15 K. The corresponding Antoine equation for 1,8-cineole was published previously [36].
Some new experimental vapor pressure data of this liquid have been published in recent
years and they are shown in Figure 1 along with our data. The interval of temperature
selected in Figure 1 allows for a better comparison between the data from different authors.

Table 1. Molar volumes, V9, and vapor pressures, PY, of pure liquids used in the Barker analysis 2,

and data taken from the literature.

2-Propanol 1,8-Cineole
V0 x 10%/m3-mol-1 P%Pa V0 x 109/m3-mol—1 P%Pa

T/K lit. be exp. b lit. 4 lit. be exp. b lit.
278.15 75.35 1521 1514 164.6 71 54.80 8
283.15 75.70 2164 2162 165.3 93 80.12 8
283.51 - - - - - 83.55h
288.15 76.12 3069 3044 166.1 130 1331/115.17 8
293.15 76.52 4212 4228 166.9 178 163.72 8
293.49 - - - - - 170.01h
298.15 76.93 5781 5797 167.7 253 22950 &
303.15 77.35 7851 7852 168.5 346 317.058
303.34 - - - - - 323.77h
308.15 77.78 10,515 10,511 169.2 477 431348
313.15 78.23 13,934 13,913 170.0 627 -
313.23 - - - - - 591.71h
318.15 78.66 18,242 18,220 170.9 828 -
323.15 79.15 23,623 23,618 171.7 1101 -

2 Standard uncertainty u is u(T) = 0.01 K and the combined expanded uncertainty U is Uc(P) = 0.1% with a 0.95
level of confidence (k = 2). P Used in the Barker analysis. € Ref. [64]. d Ref. [65]. © Ref. [35]. f Ref. [66]. 8 Ref. [31].

h Ref. [67].
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Figure 1. Vapor pressure of pure 1,8-cineole in the temperature range 278.15 K-313.15 K. O, this work;
W, Stull et al. [66]; A, gtejfa et al. [31]; and [J, Guetachew et al. [67].

The second virial coefficient at T = 325.0 K of 2-propanol (Bj; = —1810 x 10° m3-mol !
and 1,8-cineole (By; = —5490 x 10°® m3-mol~!) were calculated from the Tsonopoulos
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correlation [68]. For mixtures, the cross virial coefficient, B1, will be calculated according
to the cubic Lorenz semiempirical combination rule [69], as mentioned in Equation (3),

—_

3
Bio = 5(Bi{® + By’) €)
2.2. Vapor Pressures and Derived Thermodynamic Parameters
Table 2 shows our vapor pressure measurements along with the activity coefficients, 1
and 77, and the excess molar Gibbs free energy, GE, values fitted using Barker’s method [70]

to the Wilson correlation [71].
G
RT = M In(x1 + A1px2) — x2In(xp + Agyx1) 4)

Table 2. Values of the vapor pressure P, deviations AP = P — P, activity coefficients, vy and v,
and excess molar Gibbs energies, GE 2, for the mixtures 2-propanol (1) + 1,8-cineole (2).

xo P/Pa  AP/Pa T Y2 GE/Jmol ™1 x, P/Pa AP/Pa T Y2 GE/J-mol 1
2-Propanol (1) + 1,8-Cineole (2)
T/K =278.15
0.0309 1485 3 1.0012  2.9938 81 0.6307 944 6 15749  1.1958 649
0.1004 1425 22 1.0120  2.5666 244 0.7188 849 13 1.8228  1.1146 571
0.2031 1303 1 1.0488  2.1015 437 0.8182 661 —16 22277 1.0494 428
0.3294 1195 1 1.1308  1.7073 598 0.8670 576 7 24999  1.0271 335
04351 1107 -2 12377 14756 670 0.9382 347 -5 3.0297  1.0061 172
05233 1024  —13 1.3622  1.3297 686 0.9882 149 16 35396  1.0002 35
T/K =283.15
0.0310 2128 20 1.0012  2.9499 82 0.6308 1323 2 15661  1.1918 650
0.1006 2007 14 1.0119  2.5340 245 0.7189 1176 2 1.8084  1.1121 572
0.2032 1865 19 1.0482  2.0801 439 0.8182 940 -5 22020  1.0483 429
0.3295 1684 —6 11293  1.6938 601 0.8670 808 17 24652  1.0264 336
04352 1569 1 12347  1.4666 673 0.9382 471 —14 29741 1.0060 172
05234 1451  —13 1.3573  1.3233 688 0.9882 183 3 3.4600  1.0002 35
T/K =288.15
0.0313 3010 22 1.0012  2.9026 82 0.6309 1859 ~1 1.5565  1.1875 651
0.1006 2838 13 1.0117  2.4997 246 0.7190 1655 6 17930  1.1095 572
02032 2622 7 1.0476  2.0570 440 0.8183 1329 6 21748  1.0471 428
0.3297 2398 7 11277  1.6793 602 0.8671 1112 7 24285  1.0257 335
04353 2205  —11 12314  1.4569 674 0.9382 657 -17 29160  1.0058 171
05235 2056  —10 13519  1.3165 689 0.9882 253 3 33775  1.0002 35
T/K =293.15
0.0316 4112 12 1.0012  2.8844 84 0.6310 2564 22 15514  1.1811 651
0.1007 3892 15 1.0119  2.4806 249 0.7191 2274 28 17811  1.1052 570
02033 3574  —15 1.0480  2.0388 444 0.8184 1800 8 21471 1.0450 426
03299 3264  —17 1.1283  1.6638 607 0.8672 1469 22 23875  1.0245 333
04354 3010  —28 12315  1.4448 677 0.9383 896 -10 2.8430  1.0055 170
0.5236 2828 -2 1.3506  1.3070 691 0.9882 321 ~16 32674  1.0002 34
T/K =298.15
0.0321 5654 29 1.0012  2.8630 87 0.6312 3492 12 15461  1.1752 651
0.1009 5320 -2 1.0121  2.4607 252 0.7193 3078 11 17695  1.1014 569
0.2035 4936 6 1.0484  2.0208 448 0.8185 2446 9 21213 1.0431 424
0.3302 4481 25 1.1288  1.6490 611 0.8673 2003 21 23501  1.0234 331
04356 4154  —18 12312 1.4336 680 0.9384 1221 -5 27782 1.0052 168
0.5238 3894 12 1.3491  1.2983 692 0.9882 475 10 31715  1.0002 34
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X2 P/Pa AP/Pa 1 72 GE/Jmol™! x, P/Pa AP/Pa T Y2 GE/J-mol?
2-Propanol (1) + 1,8-Cineole (2)
T/K =303.15
0.0329 7621 —14 1.0013  2.8303 89 0.6314 4713 9 1.5397  1.1707 652
0.1013 7215 -10 1.0121 24362 255 0.7195 4153 16 1.7580  1.0986 569
02038 6699 8 1.0484  2.0025 451 0.8187 3313 38 2.0988  1.0418 423
0.3307 6105 -7 1.1285  1.6356 614 0.8675 2676 —37 23189  1.0226 330
04358 5640 -17 12298  1.4243 683 0.9384 1623 -17 2.7274  1.0050 168
05241 5248 -10 1.3462  1.2914 694 0.9883 633 7 3.0988  1.0002 34
T/K =308.15
0.0325 10,218 —11 1.0013  2.8076 89 0.6318 6249 27 1.5338  1.1660 652
01017 9658 ~16 1.0122 24119 257 0.7199 5537 30 1.7469  1.0956 569
0.2041 8951 -10 1.0485  1.9839 455 0.8189 4353 7 20764  1.0404 422
03315 8170 —11 11286  1.6216 618 0.8677 3589 —4 22877  1.0218 329
04362 7557 -11 12288  1.4145 685 0.9386 2140 -30 2.6763  1.0048 167
0.5245 7054 27 1.3437  1.2841 696 0.9883 871 28 3.0260  1.0002 34
T/K =313.15
0.0338 13,490 —48 1.0014  2.7686 93 0.6324 8269 10 15272 1.1610 651
0.1015 12,790 —27 1.0122  2.3878 258 0.7204 7246 21 1.7346  1.0924 567
02039 11,878 11 1.0481  1.9658 456 0.8193 5721 44 2.0524  1.0389 420
03310 10,824 -2 11274  1.6093 619 0.8680 4656 —24 2.2547  1.0210 326
04368 9977 —-20 1.2274  1.4039 686 0.9387 2780 -36 26232 1.0046 165
05251 9254 -16 1.3408  1.2763 696 0.9883 1072 —26 29512 1.0002 33
T/K =318.15
0.0363 17,673 -13 1.0016  2.7299 100 0.6319 10780 15 15195  1.1565 650
0.1024 16,765 -2 1.0124  2.3622 262 0.7199 9481 84 1.7204  1.0896 565
0.2045 15,507 -19 1.0485  1.9459 460 0.8198 7322 ~12 2.0291  1.0373 417
03322 14,127 —25 1.1281  1.5933 622 0.8684 5993 37 22218 1.0200 323
04365 13,040 —31 12259  1.3944 687 0.9389 3592 —26 25692 1.0044 163
05247 12,103 -6 13373  1.2693 696 0.9883 1432 7 2.8747  1.0002 33
T/K =323.15
0.0410 22,785 —29 1.0020  2.6720 113 0.6328 13851 -11 15135  1.1516 649
0.1037 21,678 ~11 1.0127  2.3316 266 07206 12092 22 17092  1.0867 563
0.2055 20,080 -7 1.0487  1.9245 463 0.8204 9415 32 2.0078  1.0358 414
03341 18,256 -32 11287  1.5768 625 0.8689 7677 -23 21926 1.0192 321
04375 16,849 —38 12249  1.3840 689 0.9392 4569 —50 25224  1.0042 162
0.5257 15,679 54 13349  1.2616 696 0.9883 1889 38 2.8096  1.0002 33

@ Standard uncertainties, u, are u(x) = 0.0001, u(T) = 0.01 K, and the combined expanded uncertainty, U, is
U(P) = 0.1% with a 0.95 level of confidence (k = 2).

The activity coefficients are obtained through the appropriate differentiation of
Equation (4).

A12 A21 :|
Inyy = —In(xq + Apxs) +x — 5
m ( 1 12 2) 2|:X1 +A12X2 A21X] +JC2 ( )
A12 A21 :|
Iny, = —In(xy + Ayyx1) — x — 6
72 (x2 4+ Ag1x7) 1{x1+A12x2 Aot 1 1 (6)
with: 0
V! Ao — A
_ ij — i
i = v,.oexp(‘ ) @

where the subscripts 1 and 2 stand for 2-propanol and 1,8-cineole, respectively. V? is the
molar volume and A’s are the interaction constants between the molecules designated in
the subscripts.
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The vapor pressure is then given by,
Peale = x1711 P/ R1 + x272P3 Ro, ®)
and the non-ideality of the vapor phase is taken into account with the following corrections

(Equations (9) and (10)):

Ry = exp{ [ (V' — B11)(P — P{) — Péroy3| /RT} ©)

Ry = exp{ (V3 — Bx) (P — P§) — Poroy?| /RT} (10)

where y; and y; are the vapor phase mole fractions of 1-propanol and 1,8-cineole, respec-
tively and 415 is defined by the following equation:

012 = 2B1p — B — B (11)

For every liquid mixture, the vapor pressure is measured at different temperatures
from 278.15 to 323.15 K, so a slight modification of the true initial liquid mole fraction
can be detected in Table 2, because of the variation in the amount and composition of the
vapor phase.

In Table 3, the Wilson parameters, Ajp and Ay, are collected, together with the
standard deviations, defined by Equation (2).

Table 3. Wilson parameters, Ajp and Ay, standard deviations, s(Pa), and Wilson coefficients, Ajp — Aqq,
(J-mol~1)and A1 — Ay (J-mol 1) of Equations (2) and (4)~(7).

2-Propanol (1) + 1,8-Cineole (2)

T/K A1p Arp s/Pa A2 — An A2 — A
278.15 0.4255 0.5511 12 3783 (3815) —429 (—460)
283.15 0.4341 0.5548 12 3803 (3800) —452 (—452)
288.15 0.4434 0.5589 11 3818 (3784) —476 (—443)
293.15 0.4633 0.5504 19 3776 (3768) —445 (—434)
298.15 0.4815 0.5434 16 3743 (3752) —420 (—425)
303.15 0.4942 0.5417 20 3739 (3737) —417 (—416)
308.15 0.5082 0.5390 21 3725 (3721) —408 (—407)
313.15 0.5227 0.5371 28 3710 (3705) —402 (—399)
318.15 0.5401 0.5320 33 3682 (3689) —383 (—390)
323.15 0.5543 0.5301 34 3666 (3674) —375 (—381)

In parentheses, the values mentioned are those that linearly fitted.

In the same table, Wilson coefficients, A;, — Aq; and Aj; — Ay, obtained from
Equation (7), as well as values linearly fitted with temperature are also presented.
Vapor pressure-liquid composition curves are shown in Figure 2. On the other hand,
Figure 3 shows graphically the analytic calculations for G.

The negatively defined Wilson coefficients, A;;, stand for energies of interaction be-
tween the molecules type i and j. By combining our previous A;j values published for the
2-propanol (1) + di-n-propylether (2) system [62] and the A;; values for the 2-propanol (1) +
1,8-cineole (2) system from Table 3 at T = 298.15 K, we can obtain the differences:

Az — Ay = 851 J-mol
A2y — Agror = 480 J-mol ™!

where the notation used is 1 for 2-propanol, 2 for di-n-propylether and 2’ for 1,8-cineole.
These differences point to a stronger energy of interaction of 2-propanol-1,8-cineole
than 2-propanol-di-n-propylether and also a stronger energy of interaction of 1,8-cineole-
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1,8-cineole than di-n-propylether-di-n-propylether, taking into account that the calculated
numerical values are relative and also the approximate nature of the Wilson model.

25,000 T I T I ] I T I T
20,000 —
i 32315 K |
o 15,000 F o
a
~~
3 i 1
Q.
10,000 —
5000 —
0 27$15|K 1 ] 1 ] _§“
0 0.2 04 0.6 0.8 1
X3

Figure 2. Vapor pressures plotted against liquid-phase composition of 1,8-cineole, at working
temperatures between 278.15 K and 323.15 K at intervals of 5 K, for 2-propanol (1) + 1,8-cineole (2)):

(e) experimental values, (—) polynomial curve fitting.

700 1

600 -

278.15 K
500

0 02 04 06 0.8 1

X
Figure 3. Excess molar Gibbs energies, G,h;,, calculated via the Barker’s method, at temperatures
between 278.15 K and 323.15 K at intervals of 5 K, for 2-propanol (1) + 1,8-cineole (2), plotted as a

function of mole fraction of 1,8-cineole.
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2.3. Excess Molar Enthalpies and Densities

Experimental excess molar enthalpies and densities at four temperatures are gathered
in Tables 4 and 5, respectively.

Table 4. Excess molar enthalpies, HE, for the 2-propanol + 1,8-cineole system at four temperatures 2.

an/]molf1
x
2 288.15 K 298.15 K 308.15 K 318.15 K

0.000 0 0 0 0

0.050 65 71 77 88
0.102 146 160 175 196
0.206 291 325 360 401
0.303 396 448 495 554
0.409 474 542 609 676
0.510 517 599 663 749
0.606 518 602 683 762
0.703 483 558 644 719
0.804 401 461 530 593
0.897 245 283 334 368
0.952 124 143 172 195
1.0000 0 0 0 0

@ Standard uncertainties, u, are u(x;) = 0.001, u(T) = 0.01 K and the combined expanded uncertainty, U, is
U(HE) = 2% with a 0.95 level of confidence (k = 2).

Table 5. Densities for the 2-propanol + 1,8-cineole system at four temperatures 2.

plkg-m—3
x
2 288.15 K 298.15 K 308.15 K 318.15 K
0.0000 789.34 780.99 772.37 763.40
0.1084 821.21 812.72 803.98 794.93
0.2025 842.65 834.07 825.27 816.20
0.2938 859.68 851.02 842.19 833.12
0.3996 875.90 867.22 858.36 849.56
0.5011 888.92 880.21 871.35 862.32
0.6004 899.70 890.97 882.13 873.15
0.6980 908.60 899.88 891.06 882.14
0.7953 916.30 907.60 898.81 889.96
0.9029 923.59 914.91 906.19 897.44
1.0000 928.96 920.34 911.73 903.13

@ Standard uncertainties, u, are u(xy) = 0.0001, u(T) = 0.01 K and the combined expanded uncertainty, U, is
Uc(p) = 0.04 kg-m’3 with a 0.95 level of confidence (k = 2).

Graphical representations of experimental densities as function of composition at the
four temperatures considered appears in Figure 4.
Excess molar volumes were calculated using Equation (11):

VE = x; M, (1 - 1) + x2M2(1 - 1) (12)
P p1 P P2

where p stands for experimental density of the mixture and subscripts 1 and 2 for 2-propanol
and 1,8-cineole, respectively.

The values of the excess molar properties, HVE and Vyﬁ, have been fitted via least
squares to a Redlich-Kister polynomial:

k
Qh =x102)_ Aj(x1 — x2) (13)
=1
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where QF denotes HE or V., x; and x, represent the mole fraction of 2-propanol and
1,8-cineole, respectively.

950.00
p
p
910.00 | p
288.15K p
870.00 |

3

318.15K

p/ kgm?3

830.00

790.00

750.00

X,

Figure 4. Densities, p, of mixtures 2-propanol (1) + 1,8-cineole (2) at four temperatures (288.15, 298.15,
308.15 and 318.15 K): (e) experimental values, (—) polynomial curve fitting.

The coefficients of Equation (13) are collected in Table 6 beside the standard deviation
s(QF) obtained from Equation (2).

Table 6. Coefficients and standard deviations, s(QF ), for least squares representation by Equation (2)
of HE (J-mol™1) and VE (cm®-mol 1) at the four temperatures studied.

E Ap Aq Ay Ap s(QE)

288.15K HE 2063 —617 136 6.3
VE —2.017 —0.227 —0.770 —0.25 0.007

298.15K HE 2380 ~768 75 6.6
VE —~1.979 —0.247 —0.765 —0.300 0.006

308.15 K HE 2667 —981 197 7.8
VE —1.912 —0.306 —0.737 —-0.31 0.006

318.15K HE 2978 ~1107 204 7.0
VE —1.847 —-0.378 —0.642 —-0.30 0.007

Graphical representations of both excess molar properties, HE and V[, are plotted in
Figures 5 and 6, respectively. Both excess molar properties increase with temperature and
in the case of excess molar enthalpies that increase at molar fraction around 0.5 is almost
lineal, so we can calculate a value of Clb;,m ~76 ]~mol_1K’1.
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Figure 5. Excess molar enthalpies, HE, at four temperatures for 2-propanol (1) + 1,8-cineole (2): (o)
experimental values; (—) Equation (12).
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Figure 6. Excess molar volumes, VE, at four temperatures for 2-propanol (1) + 1,8-cineole (2): (o)
experimental values; (—), Equation (12).

In the absence of the independent values of the activity coefficients, we cannot use
the Gibbs—Duhem relation to test the thermodynamic consistency of the vapor pressure
measurements. However, we can test the consistency of the HE, and GJ, values via the
Gibbs-Helmholtz equation. The HJ, values calculated at T = 298.15 K are shown as curves in
Figure 7, together with our HJ, experimental data. The match can be considered satisfactory
although considerable uncertainty is implied by the quantitative evaluation of H}, from
vapor pressures [72]. In the same figure and for the same temperature, T'S fn curves, obtained
from TSE = HE — GE, are also plotted.
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Figure 7. Thermal excess molar functions at 298.15 K for 2-propanol (1) + 1,8-cineole (2): (o) experi-
mental HE; (—) Gibbs—Helmholtz HE, GE and TSE..

2.4. A Comparative Discussion of the Thermodynamic Excess Functions for Short-Chain Alcohol +
1,8-Cineol, or +di-n-Propylether

For comparative purposes, and in order to highlight the particularities of our binary
mixture, the thermodynamic excess molar functions at T = 298.15 K and x = 0.5 of the short-
chain alcohol + 1,8-cineole (cyclic ether) or +di-n-propylether (lineal ether) or +n-hexane
(an inert solvent) are summarized in Table 7.

Table 7. Thermodynamic excess functions for {0.5 alkanol + 0.5 1,8-cineole or +0.5 di-n-propylether
or +n-hexane} at 298.15 K.

Alkanol 1,8-Cineole ? (x = 1.544 D) P Di-n-Propylether (x = 1.2 D) 4 n-Hexane !
HE, TSE, VE HE TSE, VE HE, TSE, 1%
J-mol-1 cm®-mol—1 J-mol—1 cm®-mol—1 J-mol—1 cm?®-mol -1
Ethanol 229 —501 —0.645 717 € —254f —0.294 ¢ 555 —850 0.410
1-Propanol 160 —384 —0.700 7418 —808 —0.388 & 565 —680 0.180
2-Propanol 600 € —400 € —0.495 © 956 & 102 8 —0.027 8 7871 —270] 0.510 %
1-Butanol 213 —254 —0.664 743 € 4f —0.468 © 510 —630 0.080

3 Ref. [33]. P Refs. [73,74]. ¢ This work. 4 Refs. [75,76]. © Ref. [77]. { Ref. [63]. 8 Ref. [62]. ' Ref. [78]. i Ref. [79].
} GE—55 value calculated at 303.15 k from vapor pressures data taken from Barraza and Edwards [80]. k Ref. [81].

Among the reported values in Table 7, the low values of HE, and V[ for alcohol +
1,8-cineol mixtures stand out when comparing with those corresponding to the mixture
of alcohol with di-n-propylether or with n-hexane. Such behavior can be qualitatively
interpreted in terms of the type of interactions between the molecules that constitute the
mixture, and the molecular shapes. Unlike what happens in the (alcohol + n-hexane) mix-
tures, where the most important contribution to the excess molar enthalpy is the breaking of
hydrogen bonds in alcohol (endothermic contribution), in alcohol mixtures with both ethers
we would also consider the breaking interactions of polar type in ether (endothermic con-
tribution) and also the formation of alcohol—ether interactions (exothermic contribution).
In the case of mixtures of alcohol with 1,8-cineole, we have to take into account that this
molecule has a larger molar volume and a larger dipole moment than the corresponding
di-n-propylether. For that reason, one would expect greater endothermic contributions to
the excess molar enthalpy. However, experimental excess molar enthalpies are considerably
lower in mixtures with 1,8-cineole than the corresponding ones with di-n-propylether. To
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justify this experimental behavior, we should consider that the alcohol-1,8-cineole (cyclic
ether) interaction is stronger than the alcohol-di-n-propylether (linear ether) one. This
justification is consistent with both the more negative values of the excess molar entropy
and the excess molar volume of alcohol + 1,8-cineole mixtures, as shown in Table 7, as well
as from the relative values of A;; interaction energies between 2-propanol-1,8-cineole and
2-propanol-di-n-propylether obtained from the vapor pressure data using Wilson’s model,
as indicated above.

The negative value of V£ and the low value of HY, for alcohol-cineol mixtures probably
also has to do with the slightly curled shape of the ether molecule, which can favor the
formation of alcohol-ether complexes, thanks to a good spatial coupling of the molecules.
A sketch of the possible coupling between molecules of 1,8-cineole and 2-propanol is
represented in Figure 8. The figure shows the maps of the electrostatic potential of both
geometrically optimized molecules, obtained via the software BIOVIA COSMOtherm 2020;
Version 20.0.0 (Revision 5273M). For a mutual orientation as that represented in the figure,
both the interaction between the oxygen atom -O- of 1,8-cineole with the highly positive
H- atom of the hydroxyl -OH group of alcohol, and the interaction between the highly
negative -O- oxygen atom of the hydroxyl -OH group of alcohol with the -H atoms of -CHjs
groups of 1,8-cineole, would be favored.

Figure 8. Favorable coupling between 1,8-cineole and 2-propanol molecules for the formation of a
complex. The electronic charge density and the electrostatic potential surface were obtained using
the software BIOVIA COSMOtherm 2020; Version 20.0.0 (Revision 5273M).

The greater strength of the alcohol—cyclic ether interaction with respect to that existing
in the case of the linear ether could be also caused by an increase in electron density of the
oxygen atom in the cyclic molecule (ring strain), as pointed out by other authors [82,83].
To confirm the validity of this hypothesis, we calculated the electron density around the
oxygen atom in both the molecules, 1,8-cineole and di-n-propylether, obtaining the values
of 5.12 and 4.98 electrons, respectively, which it is consistent with previous arguments.
The calculations of electron density have been carried out at the B3LYP/6-31** level of
theory [84-86] and the analysis of the electron-pairing was conducted using the Electron
Localization Function (ELF) methodology as implemented in the Topmod program [87].

In the discussion above, we are assuming that the main contribution to the alcohol-
ether interaction is the hydrogen bond formation between the lone pair of the oxygen
atom in the ether and the hydrogen atom of the OH group in the alcohol. This has been
established by numerous authors, among which we could cite a recent article by Patel et al.
on binary systems 1,8-cineol + cresol [88].

Focusing on the comparison between 2-propanol and the other alcohols included in
Table 8, we can see that mixtures including 2-propanol show greater positive value of HE,
and appreciably less negative value of V£ than mixtures where 2-propanol is replaced by
one of the other alcohols. Only excess molar entropy in mixture 1,8-cineole with 2-propanol
are quite similar to that of mixture with 1-propanol. The extra increase in the excess molar
functions has been attributed to cyclic multimers formation in the case of branched alcohols
in low polarity solvents [89].
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2.5. Equations of State (EoS)

Table 8 shows the properties of the pure compounds used in this work in order
to describe both the phase equilibrium and the volumetric behavior of 1-propanol (1) +
1,8-cineole (2) mixtures via the PRM, PRSV and SAFT models.

Equations for calculation are described in detail in Appendix Al (EoS Implemented in
PE) of the work of Pfohl, Petkov and Brunner [90].

The cubic PRM and PRSV EoS parameters for 2-propanol were calculated from the
correlation of vapor pressure and saturation properties. The SAFT parameters for 2-
propanol were taken from the literature [39]. The cubic PRM and PRSV EoS parameters,
and SAFT parameters corresponding to 1,8-cineole were calculated in a previous paper [35].

Table 8. Pure component properties and parameters used for the application of the studied equations

of state.

My/g-mol~1 Tu/K T.J/K P./MPa w
1,8-cineole @ 154.25 449.6 661.12 3.019 0.338
2-propanol b 60.096 355.4 508.3 4.760 0.665
PRM-VT P; c/b Range T/K
1,8-cineole € —0.003518 —0.086491 278-450
2-propanol d —0.256223 0.039731 278-493
PRSV-VT kap c/b Range T/K
1,8-cineole © 0.007355 —0.086427 278-450
2-propanol d 0.166735 0.039468 278-493
SAFT m v°°/L-mol ! u®- kK K e-k~UK Range T/K
1,8-cineole € 4.842 0.0178 263.43 - - 278-450
2-propanol € 3.249 0.0120 202.94 0.0210 2670 293-493

a Ref. [32]. P Ref. [91]. € Ref. [35]. ¢ This work. © Ref. [39].

The van der Waals one-fluid mixing rules [43] were used to determine the PpT behavior
of the mixtures. Classical quadratic combining rules for the cross-terms [43] were selected
in all cases. A quadratic dependence between the interaction parameter, k;, and the
temperature was found in the experimental range considered.

The kjj interaction parameter has been set to our VLE data, showing a quadratic
dependence on temperature. The fitted parameters for the equation,

kij=a+bT/K+cT?/K? (14)
appear in Table 9 together with the regression coefficients.

Table 9. Values of the coefficients a, b and ¢ in Equation (14) and regression coefficient, R2.

Model a b c R?
PRM-VT 3.4140 —2.1981 x 1072 3.5557 x 107> 0.954
PRSV-VT 1.3550 —8.9000 x 1073 1.4854 x 10~° 0.964

SAFT 0.5930 —4.0773 x 1073 6.9106 x 10~° 0.976

Figure 9 shows the experimental VLE at three temperatures together with the obtained
results using the selected EoS. It should be noted that bubble curves corresponding to
the three models appear well separated for the temperatures of 278.15 and 323.15 K, but
not at 298.15 K, where the bubble curves for PRM and PRSV models appear to be almost
overlapping. A similar behavior is displayed in the dew curves for these two same models
at 298.15 K. The dew curves corresponding to the PRM and SAFT models at 278.15 K and
those of the PRM and PRSV ones at 323.15 K are also practically coincident. The best results
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for the correlations of the experimental data of the mixture under study were achieved with
PRSV-VT and PRM-VT. The absolute average percentage deviation values (ADD) for these
models were 9.27% and 10.99%, respectively. The ADD obtained for SAFT was 19.30%.

10000

P/Pa

1000

100

Figure 9. Isothermal vapor liquid equilibrium of the 2-propanol (1) + 1,8-cineole (2) system. Full
symbols experimental data: (W), T = 278.15K; (A), T = 298.15K; (e), and T = 323.15 K. Open symbols
were obtained from the Wilson equation. Lines, EOS correlations: — — —, PRM-VT; ... , PRSV-VT;

—, SAFT.

The major or minor capacity of the three EoS to reproduce the volumetric behavior of
the system was also tested at 298.15 K. Figure 10 shows our experimental data for the excess
molar volume at that temperature, together with the predictions of the three EoS tested.

08 /’A,' e -1
0.6 /, N\ -
04 / \ —

0.2 -/ \ -

VE/em®-mol

Figure 10. Volumetric behavior of the 2-propanol (1) + 1,8-cineole (2) system at 298.15 K. (A), This
work; — ——, PRM-VT; -------- , PRSV-VT, —, SAFT.

As it can be observed, only the SAFT model correctly reproduces the sign of V£, and
even approaches the values of the volumetric behavior of the system quite well, something
that the other two EoS cannot satisfy even when the refinement of the volume translation is

used in them.
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3. Materials and Methods
3.1. Chemicals

2-Propanol and 1,8-cineole were supplied by Aldrich, Seelze, Germany (mass fraction
purity > 0.999 and >0.990, respectively). All the chemicals were low water content, stored
over molecular sieve (4 A), and used without further purification. The mass fraction purity
was checked via gas chromatography and found to be 0.9999 for 2-propanol, and 0.9970 for
1,8-cineole.

3.2. Apparatus and Procedures

Vapor pressure measurements were carried out according a static method, using an
apparatus similar to that of Marsh [92], but with the incorporation of some different details.
The device and operating method have been thoroughly described previously [93]. Several
important points should be noted here. The undesirable effects of condensation on the
mercury meniscus were avoided by circulating the thermostat water at £0.1 K to maintain
the manometer temperature at 325 K. In the same way, most vapor phase was maintained
at that temperature, T = 325 K. Liquid sample temperature was measured using Beckmann
thermometers, calibrated against vapor-liquid equilibria (VLE) of pure benzene (Merck
mole fraction > 0.999 and distilled twice), along with Ambrose’s equation [94] relating
temperature with pressure by means of a sum of Chebyshev polynomials up to the sixth
degree. Thus, the accuracy in the temperature measurements was estimated to be +0.01 K.
The volume of the cell containing the liquid mixture was about 12 em?, and (8 to 10) cm? of
liquid were used in each experiment. Previously, to be successively added by gravity into
the cell immersed in liquid nitrogen, the liquids were degassed via magnetic stirring, with
the (air plus vapor) phase being pumped away periodically. Masses of both components
were determined by weighing with a precision electronic balance (0.0001 g). Caution was
taken to prevent evaporation. Conversion to molar quantities was based on the relative
atomic mass table issued by IUPAC, leading to an uncertainty in the mole fraction estimated
to be less than +0.0003. The vapor pressures, P, obtained from the difference in heights of
the mercury meniscus in the two columns of the manometer, were calculated using the
specific weight of that element for the value of gravitational acceleration at the laboratory
where the measurements were performed. Manometer readings were performed using a
Wild KM-305 cathetometer within £0.01 mm, and pressure reproducibility was estimated
to be better than 13 Pa. The uncertainty in the vapor pressure is estimated to be less
than 0.1%.

Advantages and limitations of the static (isothermal) measurements method used in
this work have been previously detailed by Smith and Menzies [95], together with the more
general sources of error involved in steam pressure measurement, and particular reference
to the individual sources of error in both the static and dynamic methods. Despite their
greater laboriousness, compared to dynamic measurements, the main advantages of the
static ones are not having to resort to physical or chemical analysis of the phases, directly
providing the value of the Gibbs energy at each of the measured temperatures and avoiding
inaccuracies derived from the accumulation of impurities throughout the measurement
process. Regarding the more general sources of error involved in any of the measurement
methods, both static and dynamic, those authors have highlighted deficiencies in (i) the
stability, distribution and precise determination of temperature, (ii) the measurement and
corrections for pressure measurements, and (iii) the presence of impurities in the chemical
species used as components. In our work, we tried to minimize these deficiencies through
methodological details such as those indicated above. Finally, and from the point of view
of thermodynamic consistence compliance based on the Gibbs-Duhem equation, the static
(isothermal) measurements are also more adequate than the dynamic (isobaric) ones.

A vibrating tube densimeter DMA 5000, Anton Paar GmbH, Graz, Austria was used for
density measurements on the pure liquids and mixtures. The sample density is calculated
from the vibration period with an uncertainty of +0.04 kg-m~3. The composition of the
binary mixtures was determined by weighing the vapor pressure mixtures preparation in a
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similar way. From the experimental densities, the excess molar volumes were calculated.
The uncertainty in excess molar volumes is estimated to be +-2 x 10~% m3-mol 1.

A Thermometric 2277 Thermal Activity Monitor, American Laboratory Trading, San
Diego, (CA, USA) together with two Shimadzu (model LC-10ADVP HPLC), Shimadzu
Europe GmbH, Duisburg, Germany variable speed piston pumps, was used to determine
excess enthalpies at the different temperatures. The pumps were programmed in order to
be able to measure the excess molar enthalpies at the selected molar fractions of mixture and
they were previously calibrated. The uncertainty in mole fraction is estimated to be £0.001,
and the uncertainty in HJ, measurements is better than 2%, as verified by comparing the
results for a standard system with those of the reference system [96]. Some additional
details can be found in a previous paper [97].

In Table 10, experimental and literature densities, p, of pure liquids at the different
temperatures are showed. The agreement between both sets of values could be considered
as satisfactory.

Table 10. Experimental and literature densities of pure liquids .

p/kg-m—3
2-Propanol 1,8-Cineole
T/K Experimental Literature Experimental Literature
288.15 789.34 - 928.96 928.78 &
780.98 P
298.15 780.99 780.82 ¢ 920.34 920.29 &
781.26 4
308.15 772.37 777722561 fe 911.73 -
318.15 763.40 - 903.13 -

2 Standard uncertainty, u, is u(T) = 0.01 K and the combined expanded uncertainty, U, is Uc(p) = 0.04 kg-m’3
with a 0.95 level of confidence (k = 2). ® Ref. [98]. € Ref. [99]. 4 Ref. [64]. € Ref. [100]. f Ref. [101].8 Ref. [102].

4. Conclusions

New isothermal vapor-liquid equilibrium data at three temperatures, from 278.15 K
to 323.15 K, and over the entire composition range for the binary mixture 2-propanol
+ 1,8-cineole are presented. Vapor pressures have been measured via a static method.
From these data, activity coefficients and excess Gibbs energies have been calculated using
Barker’s method and the Wilson equation. The consistency of the obtained vapor pressure
data is substantiated by the close values of excess molar enthalpies calculated from the
vapor pressures by applying the Gibbs-Helmholtz equation to those experimental values
obtained in the present work. Although the system is far from an ideal behavior, showing a
large positive deviation from Raoult’s law, azeotrope do not appear within the considered
temperature interval.

On the other hand, excess molar volumes for this system at temperatures between 288.15
and 318.15 K have been calculated from the densities that were experimentally obtained.

A brief comparison is presented between the thermodynamic behavior of short-chain
alcohol + 1,8-cineol binary mixtures and those where the cyclic ether has been replaced by
a linear ether, di-n-propylether or inert solvent, n hexane. This comparison allowed us to
attribute a higher OH-O interaction energy in the alcohol + cyclic ether mixture than that
corresponding to the mixture with linear ether. This effect is probably due to an increase in
the electronic density of the oxygen atom in the cyclic ether (which is associated with the
ring strain) together with a steric effect derived from the possibility of a closer coupling
between the alcohol molecule and the cyclic ether molecule.

Both experimental vapor-liquid equilibrium (VLE) and volumetric data were corre-
lated using three different thermodynamic models, namely PRSV-VT, PRM-VT and SAFT.
The best results for the correlations of the experimental VLE data are achieved when the
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first two models are used. This is probably due to the regression flexibility conferred in the
cases of the modified PR models by considering the binary interaction parameter k;; as an
adjustable coefficient. On the contrary, only the SAFT model approaches the volumetric
behavior of the real system better than the other EoS, even using the volume translation
correction in them. The detail of the localized interactions between the areas of higher
electron charge densities that SAFT considers could be responsible for that improvement.
The approximations reported, as provided by the two considered versions of the Robinson—
Stokes equation for VLE, and the one provided by SAFT for excess enthalpy, are within a
very reasonable range.

Because of the special characteristics of the chemicals involved in this study, the
results obtained in this work can be a good database in the development of advanced
theoretical models such as molecular dynamics and direct simulation Monte Carlo. From
an application point of view, these results, together with others of a more industrial type, can
contribute to the development of biorefineries. More concretely, the values of parameters,
as well as the reported experimental data, can be potentially suitable for simulation and for
designing separation processes to obtain the interesting chemical 1,8-cineole.
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