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Study of densities, viscosity deviations, and isentropic
compressibilities of ternary liquid mixtures of water and
ethane-1,2-diol with some monoalcohols at various temperatures

BHOJ BAHADUR GURUNG and MAHENDRA NATH ROY*

Department of Chemistry, North Bengal University, Darjeeling-734 013, India
(Received 9 January 2006, accepted 13 January 2006)

Excess molar volume (V%), viscosity deviation (Apn), and excess Gibbs energy of activation
(AG*F) of viscous flow have been investigated from the density (p) and viscosity (1)
measurements of ternary liquid mixture of water + ethane-1,2-diol + methanol, water + ethane
1,2-diol 4 ethanol, and water + ethane-1,2-diol 4 1-propanol over the entire range of compo-
sition at 298.15, 308.15 and 318.15 K. The speeds of sound are also observed for these mixtures
and thus, the isentropic compressibility (Ks) and excess isentropic compressibility (K%)
calculated at 298.15 K. The results are discussed in terms of specific interactions and nature of
liquid mixtures. The system studied here exhibits a very strong cross association through
hydrogen bonding.

Keywords: Densities; Viscosities; Excess molar volume; Viscosity deviation; Excess Gibbs
energy of activation of viscous flow; Ethane-1,2-diol; Monoalcohol; Sound speed; Isentropic
compressibility; Excess isentropic compressibility; Specific interactions

1. Introduction

A knowledge of the thermodynamic behavior of liquid mixtures has been the main aim
during recent years. The investigated mixtures were chosen in order to obtain
information about the molecular interactions between their components [1-4]. This is
the case for the systems studied in this research, which contain water, ethane-1,2-diol,
and some monoalcohols.

Rheology is a branch of science [5] that studies material deformation and flow, and is
increasingly applied to analyze the viscous behavior of many pharmaceutical products
[6] and to establish their stability and even their bio-availability, since it has been firmly
established that viscosity influences the drug absorption rate in the body.

The liquids were selected on the basis of their industrial use [7]. Ethane-1,2-diol and
monoalcohols are important liquids which find a variety of applications in pharma-
ceuticals, cosmetics etc. In our systematic investigation of the thermodynamics,
acoustic, and transport properties of ternary mixtures, we have reported viscosities (),
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densities (p), speeds of sound (u), isentropic compressibilities and excess molar volumes
for the ternary liquid mixtures of water 4 ethane-1,2 diol + methanol, water 4 ethane-
1,2-diol 4+ ethanol, and water + ethane-1,2-diol + 1-propanol. Viscosity and density of
these ternary liquid mixtures are useful in understanding molecular interactions
between the components of the mixture which may be used to develop new theoretical
models and also for engineering applications [8]. In our previous investigation of the
properties, we have reported viscosities, densities and speeds of sound of various polar
mixtures [3,9,10].

The present work contributes to the study of various thermodynamics and transport
properties viz. excess molar volumes (V%), viscosity deviations (An), excess Gibbs
energy of activation (AG*¥) of viscous flow, Grunberg and Nissan parameters (d) and
isentropic compressibility (Kg) of various ternary mixtures.

To the best of our knowledge, the properties of mixtures of this liquid have not been
reported earlier.

2. Experimental

2.1. Source and purity of samples

Ethane-1,2-diol (C,HgO,), methanol (CH30H), ethanol (C,HsOH), and 1-propanol
(C3H,OH) were obtained from Merck and A.R. These were further purified by
standard methods [14]. Triply distilled water was used. The purity of the liquids was
checked by measuring their densities, viscosities, and sound velocities at 298.15K
which were in good agreement with the literature values. The purity of the solvents
were >99.5%.

2.2. Method

The speeds of sound (u) in pure liquids and in ternary mixtures were measured with
multi-frequency ultrasonic interferometer supplied by Mittal Enterprise, New Delhi.
In the present work, a steel cell fitted with a quartz crystal of 2 MHz [11] frequency was
employed. Densities (p) were measured with an Ostwald-Sprengel type pycnometer
having a bulb volume of 25 cm® and an internal diameter of the capillary of about
I mm. The pycnometer was calibrated at 298.15, 308.15, 318.15K with triply distilled
water and benzene. The pycnometer with the test solution was equilibrated in a
thermostatic water bath maintained at £0.01 K of the desired temperature by means
of a mercury in glass thermoregulator and the temperature was determined with a
calibrated thermometer and a Muller bridge [12]. The viscosities were measured by
means of a suspended Ubbelohde type viscometer [13] which was calibrated at the
desired temperatures with water and methanol. The solutions were prepared by mixing
known volumes of pure liquids in air-tight, narrow-mouth ground stoppered bottles
taking due precautions to minimize the evaporation losses. The masses were determined
by using a Mettler electronic analytical balance (AG285, Switzerland) accurate to
0.0002 g. The uncertainties in the liquid composition, density, viscosity, and speeds of
sound measurements were estimated to be 1 x 1074, 2 x 1074gcm*3, 3x 10" *mPas,
and 0.2ms™" respectively.
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Table 1. Comparison of experimental densities (p), viscosities (1), and ultrasonic speeds (u) of pure liquids
with literature values.

px 1073 (kgm™) nx10* (kgm™'s™") u(ms™h
Liquids T(K) Expt Lit. Expt Lit. Expt Lit.
Water 298.15  0.99707 0.9971 [15] 0.8904 0.890 [15] 1498.2  1497.4 [21]
308.15  0.99406 0.9940 [15] 0.7194 0.719 [15]
318.15  0.99025 0.9902 [15] 0.596 0.597 [15]
Ethane-1,2-diol  298.15 1.10998 1.1100 [16,21]  16.47362 16.472[16,21]  1660.7 1662.0 [21]
308.15 1.10299 1.1029 [16,21]  10.47212 10.470 [16,21]

318.15  1.09764 1.0956 [1621]  7.69443  7.694 [16,21]
Methanol 208.15 0.78664 0.78656 [17,20]  0.54230  0.5422 [17.20] 1105.1 1103.0 [21]
30815 0.77728 07772 [17,20]  0.47424  0.4742 [17,20]
318.15 076775 0.7677[17.20]  0.41739  0.4174 [17.20]
Ethanol 208.15 0.78514 0.7851[18,20]  1.08805  1.088 [18,20]  1144.9 -
308.15  0.77658 0.7765[18,20]  0.90421  0.904 [18,20]
318.15  0.76781 0.7677 [18,20]  0.76304  0.763 [18,20]

Propanol 298.15 0.79958 0.79954 [19,20]  1.93968 1.9324 [19,20] 1207.2  1206.5 [19,20]
308.15  0.79166  0.79162[19,20]  1.56776  1.560 [19,20]
318.15  0.78456 — 1.14998 =

3. Results and discussion

The comparison of the experimentally determined densities, viscosities at 298.15,
308.15, and 318.15K, and sound velocities at 298.15K of the pure components with
the literature values [15-21] have been presented in table 1.

The experimentally determined density, viscosity, and calculated excess thermo-
dynamic properties for ternary liquid mixtures are listed in table 2. Representatives
plots of 7, An, VE, AG**, and K& against mole fraction of water (x;) at 298.15K are
shown in figures 1-5, since for other temperature the curves are similar.

3.1. Viscosity deviations

In table 2, the measured n and calculated An of the ternary mixtures are shown along
with the mole fraction of water (x;) and ethane-1,2-diol (x,) at the three temperatures.

The viscosity deviations from linear dependence on mole fraction were calculated
[22] by,

An=n—> " xmi (€]
i=1
where, 1 is the viscosity of the mixture and x;, »; is the mole fraction and viscosity of
pure component, i respectively.

It is observed that An values increases to attain a maximum and then decreases over
the entire range of composition for each temperature (figure 2). This trend is observed
for all the ternary mixtures examined here. The values become more and more positive
as the temperature rises from 298.15 to 318.18 K. The positive value of An support the
existence of the specific interactions [23,18,24] between the unlike molecules.

For (1)+(2)+methanol, the maxima of Apn is observed at x;=0.89, for
(1)+(2) +ethanol at x;=0.92, and for (1)+4(2)+ l-propanol at x;=0.93 for all
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Figure 1. Viscosity, n, for water+ ethane-1,2-diol+alkanol at 298.15k. Experimental points:
Alkanol: CH;0H (e), C,HsOH (A), and C;H,OH (H).
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Figure 2. Viscosity deviation, Apn, in water + ethane-1,2-diol +alkanol at 298.15. Experimental points:
Alkanol: CH;0H (e), C,HsOH (A), and C;H,OH (H).
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Figure 3. Excess molar volume, V'F, of water + ethane-1,2-diol + alkanol at 298.15 K. Experimental points:
Alkanol : CH;0H (e), C;HsOH (A), and C3H,OH (H).
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Figure 4. Excess Gibbs energy, AG*E, of activation of viscous flow for water + ethane-1,2-diol 4 alkanol
at 298.15 K. Experimental points: Alkanol: CH;OH (e), C;HsOH (A), and C3H,OH (H).
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Figure 5. Excess isentropic compressibility, KF for water+ ethane-1,2-diol +alkanol at 298.15K.
Experimental points: Alkanol: CH;OH (e), C;HsOH (A), and C;H,OH (H).

the temperatures. From the value of An as shown in table 2, the positive values of An
follows the trend:

(1) + (2) + methanol > ethanol > 1-propanol.

Here, dispersion and dipolar interactions are operating between water, ethane-
1,2-diol, and CH;OH/C,HsOH/C3H,;OH molecules resulting in negative An but with
the increase in temperature and mole fraction of water, the hydrogen bonding
interactions come into play leading to the formation of complex species between unlike
molecules thereby resulting in positive An [25-27].

3.2. Excess molar volume

The excess molar volumes, V*, are calculated from density data according to the
following equation [28]:

VE=Y xiMi1/p—1/p) @)
i=1



07:37 28 January 2011

Downl oaded At:

340 B. B. Gurung and M. N. Roy

where, M;, p; and p are the molar mass, density of the ith component and density
of the mixture respectively.

It can be seen from table 2 and figure 3 that '* is negative for all the water (1)+
ethane-1,2-diol (2) +monoalcohol mixtures at all temperatures and over the entire
range of composition. The negative values of V“ increases with rising temperature from
298.15 to 318.15K. The magnitude of the negative values of F* decreases with
increasing chain length of the monoalcohol in water (1) + ethane-1,2-diol (2) +mono-
alcohol mixture series. The values of F* at first decreases to minima and then increases
over the entire range of compositions for all ternary mixtures.

For (1)+(2)+ methanol mixture, the minima is observed at x;=0.49, for
(1) + (2) + ethanol, the minima is found at x;=0.55, and for (1)+ (2)+ l-propanol,
the minima observed at x; =0.59.

From the values of V'* as shown in table 2, the observed trend is as follows:

(1) + (2) + methanol < ethanol < I-propanol.

The negative V' indicates the presence of strong molecular interactions between the
components of the mixture. Volume changes for a mixed system result from changes
in the free volume of the liquids, since the bond lengths and bond distances in the
molecules themselves do not change. The optimum packing condition is directly related
to differences in molecular sizes and intermolecular attractions, in particular when
hydrogen bonding occurs between unlike molecules creating association complexes,
as well as being effected by the breaking of interactions between like molecules [24].
To account for temperature effect on V'“, the following considerations are important.
It is known that pure monoalcohol can form either ring or chain-like complexes, and
while the fraction of ring complexes increases with the number of CH, groups in the
monoalcohol, the degree of association decreases [23,30]. The associated rings break
down to chains with increasing temperature, which is then followed by a total break
down of the associated species. The degree of association of water and ethane-1,2-diol
also decreases with increasing temperature. The formation of mixed complexes is an
exothermic process and hence, the equilibrium constant decreases with increasing
temperature. Thus, the number of the mixed associated species is influenced by two
opposing effects with rise of temperature: (i) The number of species which are able
to form mixed complexes increases with temperature, while the self -associated mono-
alcohol rings, water and also ethane-1,2-diol break down. (ii) The equilibrium constant
of the association resulting mixed complexes decreases with increasing temperature.
The first effect seems to be dominant in presently investigated mixtures, i.e., the number
of hydrogen bonds increases with temperature so the contraction of mixture increases.

3.3. Excess Gibbs energy of activation of viscous flow

On the basis of the theory of absolute reaction rates [22], the excess Gibbs energy,
AG*E, of viscous flow was calculated from

AG*E = RTIn(nM/p) — RT Z x; In(n;:Mi/ py), (€)

i=1

where n stands for the number of components of the mixture and M; are the molar mass
of the mixture and of the pure components i.
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The values of AG** are positive for all the ternary mixtures and decreases from
methanol to propanol (figure 4 and table 2), and attain a maximum value and then
decreases over the entire range of composition. With the increase in temperature, the
values of AG*¥ show an increasing trend. The values of AG** decreases with the chain
length of the monoalcohol.

The positive values of AG*® over the entire range of mole fraction indicate the
presence of strong interactions [23,] between the mixing components accompanied
by the complex formation.

3.4. Grunberg and Nissan interactions parameter

Grunberg and Nissan [31] suggested a logarithmic relation between the viscosity of
liquid mixture and that of its pure components,

In n= jf:.xiln n; + d IEI.Xi (4)
i=1 i=1

where d is a constant, regarded as a measure of the strength of molecular interactions
between the mixing components.

The positive value of Grunberg and Nissan parameter () gives an indication of
specific hydrogen bonding interaction between unlike molecules [32,33]. This parameter
(d) has been calculated (vide eq. 4) for the ternary liquid mixtures under discussion as a
function of the composition of the mixtures. It is seen from table 2 that the values
of d are positive over the entire range of composition for all the ternary liquid mixtures
at all temperatures. The observed value of d indicates the presence of strong molecular
interactions between the mixing components [32, 33].

3.5. Isentropic compressibility

Table 3 contains the sound velocity (u), isentropic compressibility (Ks) and excess
isentropic compressibility (KE) data for the mixtures at 298.15K.

Isentropic compressibility (Ks) and excess isentropic compressibility (KE) are
obtained using the following equation [29]:

Ks=1/u*-p Q)

n
K¢ =Ks— ) xiKs; (6)

i=1

where, Ks; gives the isentropic compressibility for the ith component of the mixture.

As can be seen from table 3 and figure 5 that KE is negative and such magnitude of
negative values decreases with increasing number of carbon atoms of monoalcohol over
the whole composition range for all the mixtures. However, the values of Kt decreases
to reach a minima at x; =0.49, 0.55 and 0.59 for (1) 4+ (2) + methanol, 4+ ethanol, and
+1-propanol, respectively and thereafter increases for every mixture. The trend follows
the sequence:

(1) + (2) + methanol < ethanol < 1-propanol.
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Table 3. Speeds of sound (u), isentropic compressibility (Ks), and excess isentropic compressibility (K%) of
ternary liquid mixtures of various compositions (mole fraction) at 298.15 K.

X1 u(ms™") Ksx 10" (Pa™") K§ x 10" (Pa™) x;  u(ms™") Ksx 10" (Pa™") KEx 10" (Pa™")
Water (1) + ethane-1,2-diol (2) + methanol Water (1) + ethane-1,2-diol(2) 4 ethanol
0 1261.26 46.87243 —1.42 0 1305.72 6.43967 —0.84
0.20125 1347.07 5.93228 —1.61 0.24310 1396.89 5.54184 —1.08
0.36081 1428.55 4.20481 —-1.75 0.41901 1479.25 4.87599 —-1.27
0.49042 1499.42 4.67085 —1.81 0.55220 1544.33 4.42264 —1.36
0.59779 1550.40 4.32688 —1.76 0.65654 1580.53 4.1813 —1.32
0.68819 1581.90 4.12151 —1.63 0.74051 1602.50 4.03309 —1.24
0.76536 1600.12 3.9990 —1.47 0.80953 1613.36 3.95044 —1.14
0.81399 1580.98 4.07328 —1.15 0.86726 1598.63 3.99765 —0.94
0.89010 1544.20 4.25043 —0.755 0.91627 1566.91 4.13914 —0.66
0.94125 1509.34 4.44746 —0.37 0.95839 1528.71 4.34161 —0.35
1.00000 1498.20 4.46822 0 1.00000 1498.20 4.46822 0

Water (1) + ethane-1,2-diol (2) 4 1-propanol

0 1363.82 5.84636 —0.39
0.27341 1435.34 5.20294 —0.74
0.45843 1538.32 4.47445 —0.99
0.59195 1591.98 4.13337 —1.10
0.69285 1610.91 4.00023 —1.06
0.77179 1618.78 3.93120 —1.00
0.83522 1617.83 3.91023 —0.91
0.88731 1608.20 3.93490 —0.80
0.93085 1582.44 4.04692 —0.62
0.96780 1535.64 4.29368 —0.31
1.00000 1498.20 4.46822 0

These results can be explained in terms of molecular interactions [20, 29] between
unlike molecules. It appears from the sign and magnitude of K& that specific
interactions exist between mixing components [34]. The exaltation of polarization
supported the specific interactions between components in the mixtures [34, 35].
This graded behavior is consistent with the present viscosity results.

4. Conclusions

The investigated mixtures were chosen in order to obtain information about the
molecular interactions between their components. In this work, the mixed systems have
been studied in terms of excess molar volumes, viscosity deviations, excess Gibbs energy
of activation of viscous flow, Grunberg and Nissan parameter, and excess isentropic
compressibility. The measured data and calculated values of all systems are in good
accordance, and are theoretically and statistically satisfying.
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