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EXCESS MOLAR ENTHALPIES
OF THE TERNARY SYSTEM
{xl CH3CH2COOCH2CH3 + X2CH3(CH2)4CH3 +
(1 - X1 xz)CH3CH2CH20H}
AT 298.15K, AND PREDICTION
USING DIFFERENT THEORIC METHODS
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Excess molar enthalpies at the temperature 298.15K and atmospheric pressure of the
ternary mixture {x] CH3CH2COOCH2CH3 + X2CH3(CH2)4CH3 -+ (1 — Xy — X2)CH3CH2
CH,0H} and of the involved binary mixtures {xCH;CH,COOCH,CH; + (1 — x)CHj;
CH,CH,0H} and {xCH3(CH,)4CHj3 + (1 — x)CH;3;CH,CH,OH} were measured using a
Calvet microcalorimeter. Variable degree polynomials were fitted to the results. The
group contribution models of Nitta-Chao and UNIFAC (versions of Tassios, Larsen
and Gmehling) were used to estimate ternary excess enthalpy values, and the results were
compared to the experimental data. Several empirical expressions for estimating ternary
properties from binary results were also applied.

Keywords: Excess enthalpy; group contribution models; ethyl propanoate; hexane;
1-propanol
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1. INTRODUCTION

This paper continues our previous studies on calorimetric properties
of non electrolyte ternary liquid mixtures [1 —7)]. In this work, excess
molar enthalpies at 298.15K, and normal atmospheric pressure, of
the ternary mixture {X1CH3CH2COOCH2CH3 + szH3(CH2)4CH3 +
(1 — x; — x,)CH3CH,CH,OH} and of the involved binaries {xCH;CH,
COOCH,CH;+ (1 — x)CH;CH,CH,OH} and {xCHs(CH,);CH;+
(1 — x)CH3CH,CH,OH} are presented. Excess enthalpy of the binary
{xCH;CH,COOCH,;CH; + (1 — x) CH3(CH,),CH;} was reported in
a previous work [3]. Enthalpy on mixing was determined in every
case using a Calvet microcalorimeter. The binary experimental data
were fitted using a variable degree polynomial, due to Redlich Kister
[8]. Ternary contribution to the excess enthalpy was correlated using
Cibulka {9] and Nagata [10] equations. Ternary magnitude was also
fitted to three equations proposed in an earlier work [11].

Experimental values were compared with the predictions obtained
applying the group contribution models of Nitta-Chao [12] and
UNIFAC, the latter in the versions of Tassios [13}, Larsen [14] and
Gmehling [15]. Deviations of the ternary enthalpies calculated using
several empirical methods are also listed. The symmetric equations
used were those introduced by Kohler [16], Jacob-Fitzner [17], Colinet
[18], Knobeloch-Schwartz [19], and the asymmetric ones due to Tsao-
Smith [20], Toop [21], Scatchard et al. [22], Hillert [23] and Mathieson-
Tynne [24]. These methods predict excess properties of ternary mixtures
from the values measured for the implicated binaries.

2. EXPERIMENTAL

The chemicals employed were supplied by Fluka, CH;CH,COOCH,
CH; (puriss, > 99mass%), CH3(CH,),CH; (puriss. > 99.5mass%),
CH,;CH;,;CH,O0H (puriss. > 99.5mass%) and were used with no fur-
ther purification than being dried over Union Carbide 0.4 nm molecu-
lar sieves to eliminate residual traces of water and avoid moisturising,
and degassed by ultrasound technique.

The experimental measurements were carried out using a Calvet
microcalorimeter equipped with a device allowing operation in the
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absence of vapour phase. Calibration was performed electrically using
a Setaram EJP 30 stabilised current source. Details of the experiment-
al procedure have been previously published [2, 25].

Three experimental series of measurements were carried out for ter-
nary compositions formed by adding CH;CH,CH,OH to a binary mix-
ture composed by {x]CH3CH,COOCH,CHj; + x,CH3(CH,), CH3},
where x4 = 1 — x{. The ternary composition point may be regarded
as a pseudobinary mixture composed by the addition of 1-propanol
to the described binary mixture. Thus, the ternary excess molar en-
thalpy at ternary composition x;, x; and x3 =1-—x; —x; can be
expressed as:

E E E
Hy 1o =Hy 403+ (51 + X2)Hy, 140 (1)

where an’(l +2)+3 18 the measured excess molar enthalpy for the pseudo-
binary mixture and Hﬁ,,l +2» 18 the excess enthalpy of the initial binary
mixture {x{CH3;CH,COOCH,CH; + x,CH;3(CH;),CHj3}.

Values of Hﬁy, +2, at three mole fractions were interpolated by using
a spline-fit method. Equation (1) does not involve any approximation.

3. DATA CORRELATION

Excess molar enthalpies of the binary mixtures, listed in Table I, were
fitted to a variable-degree polynomial suggested by Redlich-Kister [8]:

M
HE, /(- -mol™") = x;x; ZAm(xi —x)" (2)
m=0

except those corresponding to the binary mixture xCH;(CH,), CH; +
(1 — x)CH;CH,CH,OH, where due to the asymmetry of the data, the
equation used was the following:

M
H,Env”/(J . mOl_l) — xiijAm(l _ xi)—m/z (3)
m=0

Equation (3) provides a more accurate representation of the experi-
mental set of data using a more reduced set of parameters. In Egs.
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TABLE I Experimental binary excess molar enthalpies HE _(J-mol™!) at 298.15K

m,i+j
x HE , /(J-mol™") x HE . J(J-mol™")
xCH;CH,COOCH,CH3; + (1 — x)CH3:CH,>CH,OH
0.0724 399 0.5652 1492
0.1408 705 0.5812 1487
0.2748 1132 0.6180 1459
0.3117 1217 0.6726 1403
0.3748 1341 0.7250 1299
0.4251 1414 0.8071 1078
0.4638 1462 0.8963 676
0.4879 1486 0.9340 457
0.5312 1500
XCHg(CH2)4CH3 + (1 - X)CHgCHzCHzOH
0.1187 177 0.5714 588
0.1947 278 0.6129 588
0.2749 380 0.6576 617
0.3065 402 0.7071 601
0.3562 450 0.7358 593
0.4148 497 0.7803 584
0.4736 546 0.8337 531
0.5149 555 0.9258 407

(2 and 3), the fitting parameters, 4,,,, were computed using the unweigh-
ed least-squares method. The number of parameters, M, was deter-
mined using the F-test proposed by Bevington [26]. The coefficients 4,,,
and the corresponding standard deviations s are shown in Table II.
Figure 1 shows experimental values of Hf“. +; plotted against the cur-
ves calculated from the fitting Eqs. (2) and (3). The measured data
for the binary mixture xCH;(CH,)sCH;+ (1 — x)CH3CH,CH,OH
were compared with those found in literature [27], and the difference
was = 0.03 |H£’i +j|- No data of excess enthalpy were found in current-
ly available literature for the ternary mixture.

The measured values of the ternary excess enthalpies, Hﬁ,l 1243
listed in Table III, were correlated as follows:

HE o =Hoo+He o+ He o+ xi0(l —xi —x2)Any (4)

where the ternary contribution to the magnitude, A;33, was correlated
using the equation proposed by Cibulka [9):

A3 = By + Bix1 + Baxy (5)
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FIGURE 1 Excess molar enthalpies Hﬂv,, +j 8t 298.15K of the binary mixtures: 0 xCH;

CH,COOCH,;CH; + (1 — x)CH3(CH;),CH; (Ref. 3); &, xCH;CH,COOCH,CH;+
(1 - X)CH3CH2CH20H; [¢] xCH3(CH2)4CH3 +(1 - x)CH3CH2CH20H

and that proposed by Nagata-Tamura [10]:

A123/RT = By — Bix1 — Byxy — B3x} — Bax;
ot B5X1X2 - Bﬁx? - B7xg.

(6)

The following equations, introduced in an earlier work [11], were
also used to correlate the ternary excess enthalpies, The first uses six
adjustable coefficients C;:

Hf+2+3 =Ci1x1x2+ Caxy1x3 + Caxaxs + C4x%x2 + C5x|x§ + C6x%x3 (7N
and the second and third include nine coefficients:

Hf+2+3 = C1x1x2 + Cax1x3 + C3xax3 + C4X%X2 + C5x1x§
+ Cﬁx%x3 + C7X%X§ + ng‘i‘x% + ng%xg (8)
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TABLE Ill Excess molar enthalpies HZ  , . for the ternary mixture x,CH;CH,
COOCHQCH3 + X2CH3(CH2)4CH3 + (1 — X1 — X2)CH3CH2CH20H

HE oyl HE 1 aes/ Hy 142)03/Hm 203/

x) X3 (- mol ~Y(J- mol™") X X2 (J-mol™ "Y(J - mol™Y)

X =0.2494 HE |, = 815] -mol™
0.2420  0.7282 311 1099 0.1461  0.4396 77 1247
0.2370  0.713 417 1189 0.1327  0.3994 742 1175
0.2219  0.667 615 1338 0.1167  0.3512 700 1080
0.2132  0.6416 682 1377 0.1028  0.3093 657 992
0.2015  0.6064 740 1397 0.0868  0.2611 594 877
0.1870  0.562 779 1388 0.0643  0.1935 471 680
0.1762  0.5301 785 1359 0.0486  0.1462 372 530
0.1699  0.5111 790 1343 0.0171  0.0516 140 196
0.1599  0.4811 793 1314

X, = 04991 HE |, = 1032J- mol™'
0.4900  0.4917 194 1212 03045  0.3055 985 1617
0.4771  0.4787 390 1381 0.2851  0.2860 977 1569
0.4527  0.4542 649 1590 0.2501  0.2509 944 1464
04329  0.4344 764 1663 0.2124 02131 877 1318
04170  0.4184 833 1699 0.1841  0.1847 812 1194
0.3970  0.3984 901 1726 0.1523  0.1528 722 1038
0.3650  0.3662 960 1718 0.0787  0.0790 425 589
0.3465  0.3477 981 1701 0.0503  0.0504 282 387
0.3387  0.3399 988 1692

¥, =0.7494 HE |, = 769] - mol™'
0.7274  0.2430 264 1005 0.4337  0.1449 1220 1662
0.6847  0.2288 592 1290 0.4006  0.1338 1210 1619
0.6562  0.2193 771 1440 03521  0.1176 1170 1529
0.6322 02112 885 1529 03131  0.1046 1120 1439
0.5987  0.2000 1009 1619 0.2694  0.0900 1041 1315
0.5554  0.1856 1126 1691 0.2099  0.0701 891 1104
0.5280  0.1764 1172 1710 0.1691  0.0565 757 929
0.5105  0.1706 1195 1715 0.1244  0.0416 59 719
0.4763  0.1592 1216 1701 0.0775  0.0259 392 471

H1E+2+3 = Cixix2 + Cax1x3 + C3xax3 + C4xfx2 + C5x1x§
+ C6x§x3 + C7x?x2 + nglxg + C9x3x3 9

The B; and C; parameters corresponding to Eqs. (7-9) were cal-
culated with the unweighed least-squares method using a non-linear
optimisation algorithm due to Marquardt [28]. These parameters and
the corresponding standard deviations are also enclosed in Table II.

Figure 2 shows the pseudobinary representation of the measured
experimental values of the ternary excess enthalpies together with the
correlated curves, using Eq. (5) to correlate the ternary contribution.
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FIGURE 2 Pseudobinary representation of the excess molar enthalpies HZ | ,.:/
(T-mol™!) at 298.15K, of: {{x + x3)(x{CH;CH,COOCH;,CHj; + x5CH3(CH,),
CH3)+(1 — x; — x2)CH3;CH,CH,;0H}; O, x| =0.2494, x/, = 0.7506; A, x| = 0.4991,
x5 =0.5009, &, x| = 0.7494, x}, = 0.2506; , correlated using Eqgs. (4) and (6).

Figure 3 represents the lines of constant ternary excess molar en-
thalpy calculated using Eqgs. (4) and (6). The excess molar enthalpy is
positive over the whole range of concentration and shows a maxi-
mum of 1783J-mol~! at x; = 0.450 and x, = 0.298. Figure 4 shows
the ternary contribution to the excess enthalpy A3 correlated with
Eq. (5). The ternary contribution is also positive and shows a maxi-
mum of 291J-mol™! at x; = 0.418 and x, = 0.298. The value of
this maximum, coinciding closely with the maximum of the ternary
magnitude, and representing about a 21% of the total ternary
magnitude in that composition range, gives a good idea of the strong
energetic interaction existing between the groups present in the
mixture.
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~ o

FIGURE 3 Curves of constant HE, , ,/(J- mol™') for the temary mixture
x1CH3CH;COOCH:CH; + x;CH3(CH)4CH3 + (1 — x; — x2)CH3CH,CH,0H, calculat-
ed with Eqs. (4) and (6), at 298.15K.

4. EXCESS ENTHALPY THEORIC PREDICTION

Several empirical methods have been proposed to estimate ternary
excess properties from experimental results on constituent binaries.
These methods can be divided into symmetric and asymmetric, depend-
ing on whether the assumption of the three binaries contributing
equally to the ternary mixture is accepted or not. Asymmetry is usually
understood to be caused by the strongly polar or associative behav-
iour of any of the compounds in the mixture. In these cases, different
geometric criteria are applied to match each point of ternary composi-
tion with the contributing binary compositions.

The symmetric equations tested were the suggested by Kohler [16],
Jacob-Fitzner {17], Colinet [18] and Knobeloch Schwartz [19], while
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FIGURE 4 Curves of constant ternary contribution A;,3/(J -mol™") to the excess mo-
lar enthalpy Hﬁy, 4243 for the ternary x,CH3;CH,;COOCH,CHj + x2CH3(CH,),CH; +
(1 — x; — x2)CH3CH,CH,O0H, at 298.15K, correlated using Eq. (6).

the asymmetric ones were those of Tsao-Smith [20], Toop [21],
Scatchard [22], Hillert [23] and Mathieson-Tynne [24]. The average
percent deviations from the experimental data are listed in Table IV.
For the asymmetric equations, three different numberings of the com-
pounds have been tested, being the first element considered in each
case CH;CH,COOCH,CH,, CH53(CH;),CH3 or CH3CH,CH,OH, in
this order. The deviations obtained are rather high, and this fact can
be attributed to the importance of the ternary contribution to the mix-
ture. The best agreement with experimental data was achieved by the
symmetric equation of Knobeloch Schwartz, with a 5.7% deviation,
while the best asymmetric was that of Tsao Smith, with the alkane
chosen as first component in the numbering. It can be observed that
the dependence on the arrangement of the components varies in each
equation.
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TABLE IV Average percent deviations from the experimental values obtained with the
empirical predictive methods listed above. For the asymmetric equations, three num-
berings of the components have been compared, in this order, 123, 231, 312

Predictive method Percent deviation

Kohler 14.5

Jacob-Fitzner 15.6

Colinet 14.3

Knobeloch-Schwartz 5.7

Tsao-Smith 9.8 3.5 5.0
Toop 15.2 17.1 15.0
Scatchard 15.7 17.6 15.1
Hillert 7.4 17.1 15.0
Mathieson-Tynne 15.8 16.6 13.8

The Nitta Chao [12] group contribution model is based on the cell
theory for thermodynamic properties of polar and non-polar liquids
and their solutions, including excess properties, activity coefficients
and PVT relations. The base of this model is the cell theory intro-
duced by Flory [29], where the repulsive forces between molecules are
expressed by means of a cell partition function, derived from the rigid
spheres equation of state by Carnahan and Starling [30], and the cuasi-
chemical approximation of Guggenheim {31] is used. The interaction
parameters for the groups involved in this mixture, ester, alkane and
alkanol, were calculated by Fernandez et al. [32], Ortega e al. [33]
and Legido et al. [34].

The UNIFAC group contribution model was originally developed
by Fredenslund et al. [35], using the UNIQUAC equation by Abrams
and Praustniz [36] for a multicomponent mixture. The activity co-
efficient in this model is calculated as the addition of two terms. The
firsts one is combinatorial and takes account of the differences of
shape and size of the molecules. The second one is a residual term that
includes the energetic interactions present in the mixture. The adjust-
able parameters in this model are the interaction parameters between
groups. The Tassios [13] version predicts only values for HZ. In the
version of Larsen [14] the interaction parameters become tempera-
ture dependent, and the combinatorial term is modified. As a result
this version can predict other properties, such as G, liquid —liquid
equilibrium and vapour-liquid equilibrium. Gmehling [15] modi-
fied the temperature dependence of the parameters, recalculated in-
teraction parameters using a wider database, and fitted them
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TABLEV Average percent deviations, of the estimated ternary molar excess enthalpies
using the described group contribution models, compared with the experimental data

Model Percent deviation
Nitta-Chao 4.0
UNIFAC (Tassios) 14.9
UNIFAC (Larsen) 229
UNIFAC (Gmehling) 15.2

simultaneously to liquid—liquid equilibrium, vapour liquid equilib-
rium, HE and 4. The parameters used in this work for prediction
were, for every version of the model, those provided by the authors in
the original works, except those of Gmehling version of UNIFAC,
that were calculated by the same author in a later work [37].

Table V shows the percent deviations of the values predicted by the
mentioned models. Best accuracy was yielded by the Nitta Chao
model, with a 4,0% deviation from experimental data. This result im-
proves definitely those obtained by the tested versions of UNIFAC,
ranging from 14,9% of Tassios to 22,9% of Larsen.

LIST OF SYMBOLS

HE s Ternary excess molar enthalpy

H} (043 Pseudobinary excess molar enthalpy

HE, " Binary excess molar enthalpy

x Mole fraction

A Parameter of correlation Egs. (2) and (3)
Al Ternary contribution

B; Parameter of correlation Egs. (5), (6)

C; Parameter of correlation Egs. (7), (8), (9)
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