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Excess Enthalpies of Binary Liquid Mixtures of y-Butyrolactone +
Benzene, + Toluene, + Ethylbenzene, and + Carbon Tetrachloride,
and Excess Volume of the y-Butyrolactone + Carbon Tetrachloride

Liquid Mixture

B. S. Bjola,' M. A. Siddiqi,* and P. Svejda*

Ruhr-Universitat Bochum, Institut fur Thermo- und Fluiddynamik, D-44780 Bochum, Germany

Molar excess enthalpies of binary liquid mixtures of y-butyrolactone + benzene, + toluene, + ethylbenzene,
and + carbon tetrachloride were measured by means of a flow microcalorimeter of Picker type at 293.15
K. For the y-butyrolactone + carbon tetrachloride mixture the molar excess volume was determined from
density measurements at 293.15 K and 313.15 K. All measurements were performed at atmospheric

pressure.

Introduction

y-Butyrolactone is a biodegradable and water-soluble
ester with a low degree of toxicity. It has applications in
the chemical industry (as an intermediate in different
syntheses, solvent, or catalyst) and power sources, elec-
tronics, specialty cleaning, foundry, textile, lithography,
and coating industries.>? However, despite its technological
potential, thermodynamic data for y-butyrolactone and its
mixtures have been comparatively scarce. However, the
measurements of various properties have been resumed in
different laboratories, recently.’~7

For scientific reasons it is interesting to carry out
thermodynamic studies of lactones and their mixtures. A
comparison of their properties to those of the well-studied
linear esters often reveals characteristic differences. Ring
closure in y-butyrolactone results in an exposure of the
ester group (because of less steric screening), in an increas-
ing polarizability (due to electron delocalization), and in a
high ring strain, typical for small cycles.

This work continues the systematic investigation con-
cerning the thermodynamic properties of lactone mixtures,*~’
which will provide the necessary data for improving
predictive group theories. In this paper, molar excess
enthalpies of binary liquid mixtures of y-butyrolactone +
benzene, + toluene, + ethylbenzene, and + carbon tetra-
chloride at 293.15 K together with the molar excess volume
of the y-butyrolactone + carbon tetrachloride mixture at
293.15 K and 313.15 K are presented. All measurements
were performed at atmospheric pressure.

Experimental Section

y-Butyrolactone (oxolan-2-one, C4HgO,; Fluka A. G.,
Buchs, Switzerland), benzene (J. T. Baker Chem. B. V.,
Deventer, The Netherlands), toluene (J. T. Baker Chem.
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B. V., Deventer, The Netherlands), ethylbenzene (Fluka A.
G., Buchs, Switzerland), and carbon tetrachloride (J. T.
Baker Chem. B. V., Deventer, The Netherlands) with stated
purities of better than (99, 99, 99.5, 99, and 99) mol %,
respectively, were stored over molecular sieves (0.4 nm, J.
T. Baker Chem. B. V., Deventer, The Netherlands), which
were activated at 573 K for more than 12 h under vacuum
prior to use. The drying of the above-mentioned chemicals
was performed with molecular sieves in the vapor phase,
except for benzene and toluene, where it was carried out
in the liquid phase. The purity of the chemicals was
checked also by gas chromatography and was found to be
in very good agreement with the original specifications, as
described in a previous work.” All liquids were thoroughly
degassed in a vacuum prior to use.

The measured densities and the calculated molar vol-
umes of the lactone and the aromatics were the same as
reported previously.*®> For carbon tetrachloride, densities
of 1.594 20 g-cm~3 at 293.15 K and 1.55522 g-cm~2 at
313.15 K were found, which may be compared with
literature data of (1.594 20,8 1.594 17,° and 1.594 101°)
g-cm~3at 293.15 K or (1.555 22,8 1.555 62,° and 1.555 15%71)
g-cm~3 at 313.15 K.

Relative atomic masses,’2 A(H) = 1.007 95, A/(C) =
12.011, A(O) = 15.9994, and A((Cl) = 35.4528, were used
for the calculation of the molar volumes from densities.

The molar excess volumes VE were calculated from the
precise densities of the liquids which were measured by
means of a vibrating glass tube densimeter (DMA 02 D,
Chempro Paar, Germany) at 293.15 K and 313.15 K and
atmospheric pressure. The preparation of the samples
(from carefully degassed liquids, under vacuum, with vapor
space correction), their transfer to the vibrating tube
(without losses by evaporation or contact to air), and the
experimental setup (like measurement and control of the
temperature) have been described in a previous paper.t3
In summary, the following uncertainties were found: +0.003
K for the temperature; 3 x 105 for the final mole fractions;
2 x105g-cm2at293.15Kand1 x 1074 g-cm~2 at 313.15
K for the density, with a reproducibility of 3 x 107% g-cm~3;
and better than 0.003 cm3-mol~! for the excess molar
volume at about equimolar composition.

10.1021/je010091v CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/13/2001



1168 Journal of Chemical and Engineering Data, Vol. 46, No. 5, 2001

Table 1. Density p and Molar Excess Volume VE of the
Binary Liquid Mixture of y-Butyrolactone (1) + Carbon
Tetrachloride (2) at Temperatures of 293.15 K and 313.15
K and Atmospheric Pressure

plg-cm?3 VE/cm3-mol~1
X1 293.15 K 313.15 K 293.15 K 313.15 K

0.000 00 1.594 20 1.555 22

0.104 58 1.559 68 1.522 63 —0.289 —0.307
0.202 13 1.524 75 1.489 73 —0.491 —0.535
0.301 36 1.486 54 1.453 64 —0.641 —0.709
0.406 90 1.443 28 1.412 36 —0.767 —0.839
0.451 79 1.42376 1.393 62 —0.794 —0.863
0.506 50 1.399 20 1.370 16 —0.815 —0.888
0.604 61 1.352 48 1.325 34 —0.791 —0.861
0.698 79 1.304 47 1.279 12 —0.703 —0.765
0.801 47 1.248 48 1.22503 —0.534 —0.578
0.906 93 1.186 88 1.165 39 —0.278 —0.302
1.000 00 1.129 20 1.109 40

The molar excess enthalpies HE were measured with a
dynamic flow calorimeter of Picker type (Setaram, France)
at 293.15 K and at atmospheric pressure, as has been
described in detail elsewhere.'* The composition of each
mixture was determined by its density, which was mea-
sured in a thermostatically controlled flow densimeter

(DMA 602, Chempro Paar, Germany, vibrating glass tube
model). Then, from these measurements and by means of
previous Redlich—Kister correlations of excess volume
versus concentration at 293.15 K,457 the mole fraction
could be calculated with an estimated uncertainty of
+0.0001. Since no excess volume data of the y-butyrolac-
tone + carbon tetrachloride liquid mixture were available
in the literature, these have been measured during this
work too and are reported here. The calorimeter was
thermostated to +0.03 K or better and controlled by
calibrated Pt-100 thermoresistors. It was checked against
literature data of the benzene + cyclohexane system?!® and
exhibited an uncertainty of less than 1% at the maximum
value of HE.

Results

The experimental values of the molar excess volume VE
and molar excess enthalpies HE are summarized in Tables
1 and 2, respectively, at various mole fractions x; of the
mixtures. All excess properties have been fitted to Redlich—

Table 2. Molar Excess Enthalpies HE of Binary Liquid Mixtures with y-Butyrolactone as One Component at 293.15 K

and Atmospheric Pressure

X1 HE/J-mol! X1 HE/J-mol* X1 HE/J-mol~* X1 HE/J-mol*
y-Butyrolactone (1) + Benzene (2)
0.0036 4.6 0.2073 3.0 0.4453 -0.8 0.7885 26.8
0.0080 7.8 0.2425 -0.8 0.4870 1.6 0.7911 27.4
0.0145 13.0 0.2600 -15 0.5195 4.6 0.7942 28.5
0.0265 19.1 0.2786 —-3.7 0.5482 7.8 0.8140 27.3
0.0504 23.8 0.2941 —-4.1 0.5936 11.8 0.8253 27.3
0.0592 24.0 0.3151 —4.3 0.5985 13.6 0.8458 26.6
0.0691 23.9 0.3259 —-4.7 0.6463 18.1 0.8537 25.4
0.0723 23.6 0.3334 —4.3 0.6524 19.6 0.8677 24.9
0.0757 235 0.3591 —5.3 0.6928 23.4 0.8743 24.5
0.1053 18.0 0.3700 -35 0.6984 23.3 0.8803 23.1
0.1075 19.5 0.3778 —-4.7 0.7258 25.3 0.9080 20.6
0.1141 18.3 0.3796 —-2.9 0.7314 255 0.9226 17.8
0.1460 11.1 0.3983 —2.6 0.7583 26.8 0.9465 13.7
0.1818 5.4 0.4159 -3.0 0.7613 26.9 0.9667 8.8
y-Butyrolactone (1) + Toluene (2)
0.0082 17.9 0.3735 202.8 0.6403 186.0 0.8616 101.4
0.0409 66.4 0.3986 207.8 0.6555 184.5 0.8734 94.0
0.1308 137.4 0.4440 205.8 0.6976 172.7 0.9026 735
0.1547 151.1 0.4631 209.1 0.7143 167.2 0.9211 62.1
0.2218 174.3 0.5102 204.1 0.7544 151.9 0.9439 45.3
0.2413 181.9 0.5212 205.9 0.7627 148.9 0.9651 29.2
0.3005 192.9 0.5793 197.5 0.8060 130.9 0.9894 8.3
0.3209 198.6 0.5835 198.2 0.8193 124.5
y-Butyrolactone (1) + Ethylbenzene (2)
0.0169 43.7 0.2658 3394 0.5933 401.3 0.8390 236.0
0.0257 56.9 0.3087 366.2 0.6174 394.3 0.8698 202.7
0.0428 97.7 0.3467 383.8 0.6504 381.3 0.8919 171.5
0.0708 141.4 0.3887 400.4 0.6766 368.2 0.9062 154.0
0.0986 185.7 0.4216 404.6 0.7088 350.5 0.9215 130.2
0.1187 213.9 0.4554 411.6 0.7347 330.9 0.9383 102.7
0.1390 234.0 0.4940 413.3 0.7621 310.4 0.9509 85.1
0.1773 272.7 0.5257 412.7 0.7887 286.5 0.9708 49.7
0.2199 309.9 0.5618 407.2 0.8172 260.0 0.9827 31.7
y-Butyrolactone (1) + Carbon Tetrachloride (2)

0.0026 15.0 0.2552 322.3 0.7193 74.0 0.9588 11
0.0028 18.0 0.3046 316.5 0.7258 73.6 0.9620 0.8
0.0113 62.6 0.3676 296.1 0.7765 454 0.9708 -0.2
0.0170 85.6 0.3724 291.6 0.7951 38.3 0.9727 0.0
0.0228 110.7 0.4387 258.2 0.8093 35.0 0.9741 -0.3
0.0253 120.1 0.4881 2275 0.8380 25.1 0.9772 -0.8
0.0355 148.5 0.5312 199.5 0.8400 22.6 0.9792 -1.6
0.0372 156.0 0.5734 170.2 0.8707 13.0 0.9835 -1.9
0.0458 179.5 0.5996 153.6 0.8767 10.8 0.9844 —-2.8
0.0523 189.9 0.6063 150.1 0.9083 6.5 0.9863 -3.8
0.0697 222.2 0.6467 121.2 0.9206 35 0.9882 —4.0
0.0799 238.8 0.6861 96.4 0.9432 2.0 0.9915 -2.2
0.1159 278.1 0.6886 98.6 0.9447 1.9 0.9921 —2.4
0.1662 307.2 0.6940 93.3 0.9451 1.6

0.2005 318.2 0.7144 78.0
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Table 3. Coefficients Aj and Standard (¢) and Maximum (d) Deviations of the Redlich—Kister Equation (Eq 1) for the
Experimental Excess Data at Temperature T (for VE All A;, ¢, and § in the Units cm3-mol~1; for HE All A;, ¢, and ¢ in the

Units J-mol~?)

excess property T/IK Ao A Az

Az Ay As As Az o )

y-Butyrolactone (1) + Benzene (2)

HE 293.15 11.3 181.0 255.8 —130.1 —314.8 164.3  704.8 —595.2 0.6 1.2
y-Butyrolactone (1) + Toluene (2)
HE 293.15 824.5 —123.8 278.4 24.7 —6.2 —490.2 365.6 1.3 25
y-Butyrolactone (1) + Ethylbenzene (2)
HE 293.15 1656.6 —-17.8 249.8 —85.1 286.2 —271.4 1.6 35
y-Butyrolactone (1) + Carbon Tetrachloride (2)

HE 293.15  876.2 —1270.2 669.1 —884.0 —897.8 2006.0 2180.1 —2863.3 1.8 3.4
VE 293.15 —3.234 —0.414 0.078 0.431 0.005 0.008
VE 313.15 —3.535 —0.367 0.169 0.275 0.003 0.004
0 cmi-mol~1, respectively. These curves are quite similar to
A previously reported VE functions for binary systems of
0.2 y-butyrolactone with different aromatic solvents,*516 namely
- T that all are rather symmetrical and that the minima are
'?3 - always deeper at the higher temperature. However, the
£-04 | mixture with CCl, shows deeper minima than the systems

“e | with aromatics.

g 06 | The molar excess enthalpies of the binary systems
w ’ containing y-butyrolactone + benzene, or + toluene, or +
> - ethylbenzene are plotted in Figure 2 and exhibit significant
-0.8 | differences in shape and maximum value. The most
| interesting results were obtained for the mixture of y-bu-
1 o tyrolactone + benzene, where a pronounced M-shaped

0 0.2 0.4 0.6 0.8 1
X4
Figure 1. Molar excess volume VE versus mole fraction x; of the

binary liquid mixture of y-butyrolactone (1) + carbon tetrachloride
(2) at 293.15 K (#) and 313.15 K (a) and atmospheric pressure.

Kister type polynomials

K
ZcEalc =X, X[ ) A%y — Xz)i] (1)

where ZE = VE/cm3-mol~ or HE/J-mol-1.
The coefficients A; are summarized in Table 3 together
with the standard deviation o, defined as

o’ = Z[ZE — Z&, PI(N — m) @)

where ZF is the experimental excess property, N is the
number of data points, and m is the number of coefficients
A, and the maximum deviation o

0 = max|Z® — Zg,| ®)

The coefficients A; and the deviations ¢ and 6 are given in
the same units as the corresponding excess properties.

It was found that the measured data of the peculiarly
shaped HE versus x curve for y-butyrolactone + benzene
or + carbon tetrachloride could be fitted much better by
Redlich—Kister polynomials (eq 1) using many coefficients
than by rational functions, which are sometimes used in
the literature for skewed excess curves too.

Discussion

For the molar excess volume of the mixture of y-buty-
rolactone + carbon tetrachloride, only negative values have
been found, both at 293.15 K and 313.15 K. The corre-
sponding Redlich—Kister plots (Figure 1) are almost sym-
metrical, with minima of about —0.82 cm3-mol—* and —0.89

curve, with two maxima and one minimum, has been
observed. (Note in Figure 2a that a large number of
experimental points has been measured to verify the shape
of the curve as well as possible.) In this system, all the
measured excess enthalpies are lying in a relatively narrow
range of less than 35 J-mol~. That means the mixture is
almost athermal, which allows us to observe small heat
variations due to changes of the liquid structure during
the mixing process. In comparison, the binary mixtures of
y-butyrolactone with toluene and ethylbenzene exhibit
quite usual HE curves with positive values and maxima of
about 200 J-mol~1 and 420 J-mol~1, respectively.

Endothermal mixing processes are common in systems
consisting of a polar + a nonpolar liquid:*1” Structural
order which exists in pure polar liquids is disturbed or
broken up during mixing, which consumes energy and
leads to the observed endothermal effect. Thus, in the pure
liquid state the lactone will develop a fairly strong molec-
ular order, due to its large dipole moment.” Similarly, a
weaker order is found for pure aromatics as a consequence
of the polarizable z-system. By mixing, these orders are
destroyed and endothermal HE values are observed, like
in the systems of lactone + tolene or + ethylbenzene.
However, the dipole of the lactone may also strongly attract
the z-system of the aromatics!® (dipole—induced dipole
interactions??), leading to an exothermal effect. And indeed,
in the system y-butyrolactone + benzene apparently the
shape and the size of both molecules and their mutual
interactions are just right to attract each other in an
optimal way in their mixture at mole fractions of the
lactone around 0.3. The observed M-shaped HE curve
results from a superposition of this exothermal effect on
the usual endothermal curve. A vy-butyrolactone mole
fraction of 0.3 could mean that at the minimum of HE on
the average two benzene molecules are “coordinated”
tightly with one lactone molecule.

The system of y-butyrolactone + carbon tetrachloride is
related to that of the lactone + benzene. Its excess enthalpy
exhibits an asymmetrical S-shaped curve, mainly positive
and not exceeding 330 J-mol~! (Figure 3). Slight, but
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Figure 2. Molar excess enthalpy HE versus mole fraction x; of
the binary liquid mixtures of y-butyrolactone (1): (a) + benzene
(2), (b) + toluene (2), or (c) + ethylbenzene (2) at 293.15 K and
atmospheric pressure.

reproducible, exothermal effects (with a minimum value
of about —5 J-mol~?, cf. Table 2) were found for a narrow
composition range at high lactone concentrations, again
after very careful measurements. In this mixture there
exists also a strong attraction between the lactone and
carbon tetrachloride, possibly due to the interaction of the
dipole of the lactone with the strongly polarizable C—CI
bonds. Superposition of the corresponding exothermal effect
on the normal endothermal curve this time results in the
S-shaped HE curve. However, the position of the minimum
of HE at large mole fractions of lactone seems to indicate
that several lactone molecules interact strongly with one
carbon tetrachloride molecule. HE curves of a similar shape
have been reported for other binary mixtures of carbon
tetrachloride + lower aliphatic alcohols.?°

350

300

0 0.2 0.4 0.6 0.8 1

Figure 3. Molar excess enthalpy HE versus mole fraction x; of
the binary liquid mixture of y-butyrolactone (1) + carbon tetra-
chloride (2) at 293.15 K and atmospheric pressure.
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Figure 4. Reduced molar excess enthalpy [HE/(x1x2)] versus mole
fraction x; of the binary liquid mixtures of y-butyrolactone (1): (O)
+ benzene (2), (¢) + toluene (2), (o) + ethylbenzene (2), or (+) +
carbon tetrachloride (2) at 293.15 K and atmospheric pressure.

It seems of interest that plots of the reduced molar excess
enthalpy [HE/(x1x2)] versus mole fraction x; of the measured
data (Figure 4) support these interpretations nicely. Such
plots showing partial molar enthalpies are especially
sensitive to the shape of a curve of excess properties.
Previously, it was found that formation of a strong complex
in a liquid mixture would exhibit a sharp minimum in the
graph.2! In the present mixtures of y-butyrolactone, which
is much less polar, only a very broad and shallow minimum
can be observed in the mixture with benzene again at a
mole fraction of about 0.3. At higher values of x; the curve
becomes almost a straight line, suggesting rather an ideal
behavior of the mixture, as discussed above. The minimum
shifts to x; = 0.5 in the mixtures of y-butyrolactone +
toluene or + ethylbenzene, because in the looser structure
of these two benzene derivatives the mixing partners seem
to be coordinated only 1:1. The curve of [HE/(x1x,)] for
y-butyrolactone + carbon tetrachloride reflects a completely
different behavior at mixing compared to that of the
aromatics. There is no minimum at low mole fractions, no
ideal mixing is shown, but a surprisingly sharp minimum
is found at very high values of x;, where a single carbon
tetrachloride molecule seems to be coordinated very strongly
with many lactone particles.
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