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ABSTRACT

Aims: To evaluate the thermodynamical parameters and their excess functions to find
the molecular interactions between unlike molecules in ternary liquid mixtures.
Study Design: Ultrasonic velocities, densities and viscosities have been measured for
the ternary mixtures of quinoline with cresols in methanol at different temperatures
(303.15, 308.15, 313.15 and 318.15K) over the entire range of mole fraction. These
measurements are used to evaluate thermodynamical parameters like adiabatic
compressibility (β), free length (Lf), free volume (Vf), internal pressure (π), acoustic
impedance (Z) and enthalpy (H) were calculated. From these values the excess
properties such as excess adiabatic compressibility (βE), excess free length (Lf

E),
excess free volume (Vf

E), excess internal pressure (πE), excess acoustic impedance
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(ZE) and excess enthalpy (HE) are calculated.
Place and Duration of Study: Department of Physics and Department of Chemistry,
V.R. Siddhartha Engineering College, Vijayawada, between April 2012 and June 2013.
Methodology: The liquids were purified according to the standard procedures.
Ultrasonic velocities of pure liquids and liquid mixtures were measured using ultrasonic
interferometer, densities and viscosities were measured by using specific gravity bottle
and Ostwald’s viscometer.
Results: Excess adiabatic compressibility, excess free length and excess free volume
exhibit negative values over the entire range of composition. In the first two systems the
excess enthalpy values are found to be positive at lower mole fractions and negative for
higher mole fraction range and at higher temperatures, whereas for system-3 these
values are positive at all mole fractions and at temperatures 303.15, 308.15K and
negative at temperatures 313.15 and 318.15K.
Conclusion: These data are required in the development of models for energy
efficiency.

Keywords: Ultrasonic velocity; adiabatic compressibility; free length; internal pressure;
ternary mixtures; molecular interactions.

1. INTRODUCTION

Study of thermodynamical and transport properties of pure liquids and liquid mixtures have
found various applications in chemical, textile, pharmaceutical and many other industries. In
predicting the physico-chemical properties of liquid mixtures, the measurements of ultrasonic
velocity in pure liquids and liquid mixtures are found to be important [1-4]. Acoustic and
thermodynamic parameters have been used to understand different kinds of association like
molecular packing, molecular motion and various types of intermolecular interactions and
their strengths, influenced by the size in pure components and in the mixtures [5]. Nature of
interactions in the systems involving quinoline [6], cresols [7,8,9] and methanol [10,11] have
been studied by many researchers. However, no work was reported in ternary mixtures
containing quinoline. The liquids used in the present study are important due to their various
industrial applications. Quinoline is used in solar cells to increase its efficiency and in dyes.
Phenols are widely used for wood preservatives, selective weed killing, cleaning purpose
and phonographic record. Alcohols are self-associated organic liquids and are used as basic
organic compounds for the synthesis of other organic compounds. The study of ternary
mixtures of quinoline with phenols in methanol would be of considerable interest because
these mixtures exhibit varying molecular interactions and are important from an industrial
point of view.

It is hereby reported that the nature of interactions in ternary liquid mixtures of quinoline with
o-cresol or m-cresol or p-cresol and methanol from ultrasonic velocity, density and viscosity
measurements at temperatures 303.15, 308.15, 313.15 and 318.15K. From these values
adiabatic compressibility, free length, free volume, internal pressure, acoustic impedance
and enthalpy were calculated. In order to highlight the presence of interaction between the
molecules, it is essential to study the excess parameters [12]. The deviation of physical
property of the liquid mixtures from the ideal behaviour is a measure of the interaction
between the molecules, which may be due to either adhesive or cohesive forces. The sign
and magnitude of these deviations depend on the strength of interaction between unlike-
molecules in the mixtures. The experminetal values of u,  and η were used to calculate
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adiabatic compressibility β, free length Lf, free volume Vf, internal pressure π, acoustic
impedance Z and enthalpy H and their excess functions. The sign of excess values plays an
important role in assessing the compactness due to molecular rearrangement and extent of
molecular interactions in liquid mixtures.

2. EXPERIMENTAL DETAILS

The analytical grade chemicals obtained from SRL Chemicals, Mumbai were used. They
were purified by standard procedure [13]. The purity of samples was checked by density and
viscosity measurements [14]. To prepare the mixtures in the required proportions, Job’s
method of continuous variation was used. The mixtures were preserved in well-stoppard
conical flasks. After mixing the liquids thoroughly, the flasks were left undisturbed to allow
them to attain thermal equilibrium.

Single crystal ultrasonic pulse echo interferometer (Mittal enterprises, India; Model: F-80X)
was used for measuring ultrasonic velocities. It consists of a high frequency generator and a
measuring cell. The measurements of ultrasonic velocities were made at a fixed frequency of
3MHz. The calibration of the equipment was done by measuring the velocity in benzene and
carbon tetrachloride. The results are in good agreement with the literature values [15]. The
ultrasonic velocity has an accuracy of ± 0.1 m.s-1. The temperature was controlled by
circulating water around the liquid cell from thermostatically controlled constant temperature
water bath (accuracy ± 0.01K).

A specific gravity bottle was used for the measurement of densities of pure liquids and liquid
mixtures. Weights were measured with an electronic balance (Shimadzu AUY220, Japan)
capable of measuring up to 0.1mg. An average of 4-5 measurements were taken for each
sample. Ostwald’s viscometer was used for measuring viscosities at the desired
temperature, which was calibrated using water and benzene. After the mixture had attained
bath temperature, flow time has been measured. The flow measurements were made with
an electronic stopwatch with a precision of 0.01 s. The viscosity is determined using the
relation

 = kt (1)

where k,  and t are viscometric constant, density of liquid and time of efflux for a constant
volume of liquid, respectively.

From the experimental data of ultrasonic velocity, density and viscosity various
thermodynamic parameters are evaluated using standard equations [16]:

Adiabatic compressibility

2

1
.u



 (2)

where ‘’ is the density of liquid and ‘u’ is the velocity of sound.
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Free volume
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M u
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(3)

where Meff is the effective molecular weight, ‘u’ is the velocity of sound, ‘’ is the viscosity of
liquid and K is proportionality constant, which is sensitive to molecular phenomenon.

Intermolecular free length

1/2
f TL K  (4)

where KT is the temperature dependent constant.

Internal pressure
1/2 2/3

7/6

kbRT
u M
 

     
   

(5)

where b is packing factor, k is dimensionless constant [17] independent of temperature and
nature of liquids and equal to 4.28 x 109 and  is the viscosity. The other symbols have their
usual meaning.

Acoustic impedance

Z = .u (6)

where ‘u’ is the velocity of sound and ‘’ is the density of liquid.

Enthalpy

H = Vm. (7)

where Vm [Vm=(x1M1+x2M2+ x3M3)/] is the molar volume, x1, x2 and x3 are the mole fractions,
M1, M2 and M3 are the molar masses of first second and third components and  is the
internal pressure.

The strength of interaction between the component molecules of ternary mixtures is well
reflected in the deviation of the excess functions from ideality [18].  The excess properties
such as E, Lf

E, Vf
E, E, ZE and HE were calculated using the equation

YE = Ymix – [x1Y1+x2Y2+ x3Y3] (8)

where YE is E or Lf
E or Vf

E or E or ZE or HE and x represents mole fraction of the
component and subscript 1,2 and 3 for the components 1,2 and 3.

3. RESULTS AND DISCUSSION

The experimental values of ultrasonic velocities, densities and viscosities of the pure liquids
at 303.15K are presented in Table 1, along with the corresponding literature values [19-23].
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Table 1. Comparison of experimental ultrasonic velocities (u), densities () and
viscosities (η) of pure liquids with literature values

Liquid T (K) u (ms-1)  (Kg m-3) η x 103 (Kg m-1 s-1)
Expt. Literature Expt. Literature Expt. Literature

Quinoline 303.15 1543.68 1547[19] 1085.45 1085.79[19] 2.928 2.932[21]
o-cresol 303.15 1487.42 1487[20] 1036.20 1036.9[20] 7.477 7.479[22]
m-cresol 303.15 1464.23 1465[20] 1025.80 1026.1[20] 8.922 8.929[22]
p-cresol 303.15 1472 1471[20] 1026.50 1026.3[20] 9.545 9.540[22]
methanol 303.15 1084.34 1084[23] 794.40 795.1[23] 5.064 5.070[23]

The experimental values of ultrasonic velocity, density and viscosity for the three ternary
liquid systems (quinoline+methanol+o-cresol, quinoline+methanol+m-cresol,
quinoline+methanol+p-cresol) at temperatures 303.15, 308.15, 313.15 and 318.15K are
given in Table 2. In all the three systems, it is observed that as the mole fraction of quinoline
increases the ultrasonic velocity and density values increase whereas viscosity decreases. It
may be due to the fact that quinoline has higher density than those of methanol and cresols.
The nonlinear variation of ultrasonic velocity with mole fraction indicates the occurance of
complex formation between unlike molecules [24,25]. From Table 2 it is also observed that
as the temperature increases, the velocity of ultrasonic wave decreases. With increase in
temperature, available thermal energy facilitates breaking of the bonds between the
associated molecules into their monomers and hence increase in thermal energy weakens
the molecular force which, in turn, decreases the ultrasonic velocity.

Table 2. Ultrasonic velocities (u), densities () and viscosities () for the ternary
mixtures of quinoline at T = 303.15, 308.15, 313.15, and 318.15 K

x1 x3 u
(m s-1)


(kg m-3)

 x 103

((Kg.m-1.s-1)
x1 x3 u

(m s-1)

(kg m-3)

 x 103

(Kg.m-1.s-1)
quinoline (1) + methanol (2) + o-cresol (3)
T = 303.15 K
0.0000 0.7765 1482.16 1030.46 6.7070 0.3996 0.3645 1504.52 1063.35 4.7409
0.0765 0.6977 1487.78 1037.46 6.4127 0.4849 0.2764 1509.00 1068.87 4.2840
0.1546 0.6171 1491.16 1045.16 5.9417 0.5722 0.1864 1515.30 1072.80 3.6529
0.2345 0.5347 1495.52 1051.22 5.5147 0.6615 0.0943 1520.26 1078.08 3.0764
0.3161 0.4505 1500.52 1058.30 5.2090 0.7530 0.0000 1527.10 1082.54 2.5834
T = 308.15 K
0.0000 0.7765 1460.00 1021.66 5.5977 0.3996 0.3645 1499.31 1054.66 3.8353
0.0765 0.6977 1469.70 1029.44 5.3276 0.4849 0.2764 1504.31 1058.72 3.5192
0.1546 0.6171 1478.05 1037.08 4.9588 0.5722 0.1864 1510.60 1063.56 3.0119
0.2345 0.5347 1485.68 1042.75 4.5740 0.6615 0.0943 1515.89 1068.24 2.5174
0.3161 0.4505 1492.89 1048.99 4.1273 0.7530 0.0000 1520.94 1072.32 2.0114
T = 313.15 K
0.0000 0.7765 1443.15 1016.90 3.9098 0.3996 0.3645 1488.00 1050.40 2.6320
0.0765 0.6977 1453.50 1022.86 3.6617 0.4849 0.2764 1495.43 1054.40 2.4641
0.1546 0.6171 1464.05 1030.72 3.3695 0.5722 0.1864 1500.47 1059.28 2.0456
0.2345 0.5347 1474.16 1037.98 3.1722 0.6615 0.0943 1505.78 1062.52 1.7551
0.3161 0.4505 1481.52 1043.94 2.9141 0.7530 0.0000 1511.47 1066.08 1.4592
T = 318.15 K
0.0000 0.7765 1421.05 1011.86 2.3176 0.3996 0.3645 1479.15 1044.31 1.6801
0.0765 0.6977 1434.50 1017.53 2.2703 0.4849 0.2764 1488.31 1049.75 1.5922
0.1546 0.6171 1449.05 1025.29 2.1257 0.5722 0.1864 1494.30 1054.28 1.4256
0.2345 0.5347 1460.68 1031.87 2.0064 0.6615 0.0943 1500.78 1057.90 1.2614
0.3161 0.4505 1469.36 1038.49 1.8341 0.7530 0.0000 1505.10 1061.86 1.0698
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quinoline (1) + methanol (2) + m-cresol (3)
T = 303.15 K
0.0000 0.7769 1460.32 1023.94 7.2862 0.4019 0.3633 1495.21 1057.45 4.8669
0.0772 0.6975 1469.09 1031.69 6.7052 0.4874 0.2754 1502.37 1063.38 4.3087
0.1559 0.6165 1476.54 1038.05 6.2833 0.5747 0.1855 1509.71 1069.60 3.7283
0.2362 0.5338 1482.67 1045.00 5.7997 0.6639 0.0938 1519.42 1075.85 3.1825
0.3182 0.4495 1489.00 1051.67 5.2968 0.7550 0.0000 1527.10 1082.54 2.5834
T = 308.15 K
0.0000 0.7769 1444.32 1017.94 6.7614 0.4019 0.3633 1485.47 1048.58 4.3968
0.0772 0.6975 1455.28 1025.39 6.3549 0.4874 0.2754 1494.31 1054.84 3.8336
0.1559 0.6165 1463.66 1031.16 5.8696 0.5747 0.1855 1502.12 1060.65 3.2729
0.2362 0.5338 1470.94 1037.73 5.4038 0.6639 0.0938 1510.30 1065.91 2.6781
0.3182 0.4495 1478.58 1043.32 4.8428 0.7550 0.0000 1520.94 1072.32 2.0114
T = 313.15 K
0.0000 0.7769 1433.46 1012.57 5.0748 0.4019 0.3633 1478.84 1043.13 3.1958
0.0772 0.6975 1446.17 1018.81 4.6565 0.4874 0.2754 1486.16 1048.11 2.8040
0.1559 0.6165 1455.32 1025.73 4.2961 0.5747 0.1855 1495.15 1054.35 2.3578
0.2362 0.5338 1463.41 1031.42 3.9499 0.6639 0.0938 1502.28 1059.55 1.9521
0.3182 0.4495 1470.52 1037.87 3.5887 0.7550 0.0000 1511.47 1066.08 1.4592
T = 318.15 K
0.0000 0.7769 1416.25 1007.63 4.3075 0.4019 0.3633 1468.15 1037.42 2.5022
0.0772 0.6975 1427.19 1013.77 3.9387 0.4874 0.2754 1476.68 1042.97 2.1756
0.1559 0.6165 1440.27 1019.90 3.5688 0.5747 0.1855 1485.67 1049.18 1.8232
0.2362 0.5338 1450.37 1026.39 3.2080 0.6639 0.0938 1494.06 1055.06 1.3956
0.3182 0.4495 1460.21 1032.05 2.8562 0.7550 0.0000 1505.10 1061.86 1.0698
quinoline (1) + methanol (2) + p-cresol (3)
T = 303.15 K
0.0000 0.7756 1475.32 1024.76 6.9880 0.4030 0.3616 1501.15 1060.41 4.9919
0.0776 0.6960 1481.15 1034.10 6.6442 0.4884 0.2739 1506.69 1065.37 4.5224
0.1566 0.6148 1486.80 1040.95 6.1827 0.5755 0.1844 1512.56 1071.35 3.8995
0.2371 0.5320 1491.30 1048.06 5.7814 0.6643 0.0931 1518.58 1075.81 3.3819
0.3193 0.4476 1496.47 1054.81 5.3935 0.7550 0.0000 1527.10 1082.54 2.5834
T = 308.15 K
0.0000 0.7756 1451.21 1019.60 5.8979 0.4030 0.3616 1493.42 1051.34 4.0080
0.0776 0.6960 1462.44 1027.33 5.5675 0.4884 0.2739 1499.84 1056.84 3.5814
0.1566 0.6148 1470.89 1033.98 5.1697 0.5755 0.1844 1506.12 1061.32 3.1633
0.2371 0.5320 1478.31 1039.65 4.7147 0.6643 0.0931 1513.29 1066.11 2.6592
0.3193 0.4476 1486.05 1045.83 4.3531 0.7550 0.0000 1520.94 1072.32 2.0114
T = 313.15 K
0.0000 0.7756 1440.15 1015.20 4.1748 0.4030 0.3616 1486.48 1045.87 2.8418
0.0776 0.6960 1450.19 1021.30 3.8981 0.4884 0.2739 1492.48 1050.80 2.5630
0.1566 0.6148 1460.89 1028.24 3.6093 0.5755 0.1844 1499.31 1055.84 2.2463
0.2371 0.5320 1470.83 1034.58 3.3408 0.6643 0.0931 1504.38 1060.19 1.9253
0.3193 0.4476 1479.15 1040.79 3.0784 0.7550 0.0000 1511.47 1066.08 1.4592
T = 318.15 K
0.0000 0.7756 1418.58 1009.35 2.5837 0.4030 0.3616 1476.63 1040.50 1.9821
0.0776 0.6960 1430.98 1015.22 2.4877 0.4884 0.2739 1484.84 1045.06 1.8313
0.1566 0.6148 1444.69 1021.61 2.3858 0.5755 0.1844 1491.82 1050.80 1.6034
0.2371 0.5320 1457.15 1028.50 2.2945 0.6643 0.0931 1498.22 1055.79 1.4104
0.3193 0.4476 1466.99 1034.74 2.1767 0.7550 0.0000 1505.10 1061.86 1.0698

From these data various parameters like adiabatic compressibility, free volume, free length,
internal pressure, acoustic impedance and enthalpy are evaluated.

Plots of respective excess parameters against mole fraction of quinoline are shown in Figs.
1(a) – 6(a) in case of system-1, in Figs. 1(b) – 6(b) for system-2 and in Figs. 1(c) – 6(c) for
system-3.  It is observed from the calculated values of adiabatic compressibility, free volume
and free length that as the concentration of quinoline increases, adiabatic compressibility
and free length decrease whereas the free volume increases. The decrease in free length is
due to the close packing of the molecules inside the shield, which may be brought by
strengthening of molecular interactions. From the calculated values of internal pressure,
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enthalpy and acoustic impedance it is observed that as the mole fraction of quinoline
increases, internal pressure and enthalpy values decrease while acoustic impedance values
increase. This suggests close packing of the molecules inside the shield, which may be
brought about by the increasing magnitude of interactions [26, 27]. However, in all the
systems under study, the free volume increases and internal pressure decreases as
temperature is increased.

To confirm the existence of interactions in the systems, it is customary to calculate the
excess values of the parameters considered in the present work [28]. Any non-zero value in
the excess parameter is a measure of non-linearity and is the confirmation for the existence
of interaction among the components of the systems. For mixtures in which strong attractive
interactions are likely to occur between the components, the excess volumes and excess
adiabatic compressibilities are negative [29], while for mixtures with only weak London type
interactions between the components, both excess volumes and excess adiabatic
compressibilities are positive. But, however, in some systems there is no simple correlation
between the strength of the interactions and the observed properties. In the present
investigations, from Figs. 1(a-c) to 3(a-c) it is observed that the excess adiabatic
compressibility (E), excess free length (Lf

E) and excess free volume (Vf
E) exhibit negative

values over the entire range of composition clearly indicating the presence of strong
interactions between unlike-molecules [30].

Fig. 1(a). Variation of excess adiabatic
compressibility, βE, with mole fraction, x1,

for Quinoline+ methanol+o-cresol
mixtures

Fig. 1(b). Variation of excess
adiabatic compressibility, βE, with
mole fraction, x1, for Quinoline+

methanol+m-cresol mixtures

Fig. 1(c). Variation of excess adiabatic compressibility, βE, with mole fraction, x1,
for Quinoline+ methanol+p-cresol mixtures
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Fig. 2(a). Variation of excess free
volume, Vf

E, with mole fraction, x1, for
Quinoline+ methanol+o-cresol mixtures.

Fig. 2(b). Variation of excess free
volume, Vf

E, with mole fraction, x1, for
Quinoline+methanol+m-cresol

mixtures.

Fig. 2(c). Variation of excess free volume, Vf
E, with mole fraction, x1, for Quinoline+

methanol+p-cresol mixtures

Fig. 3(a). Variation of excess
intermolecular freelength, Lf

E, with mole
fraction, x1, for Quinoline+ methanol+o-

cresol mixtures

Fig. 3(b). Variation of excess
intermolecular freelength, Lf

E, with mole
fraction, x1, for Quinoline+ methanol+m-

cresol mixtures
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Fig. 3(c). Variation of excess intermolecular freelength, Lf
E, with mole fraction, x1,

for Quinoline+ methanol+p-cresol mixtures.

The internal pressure is the result of the forces of attraction or repulsion between the
molecules in a liquid. From Fig. 4(a-c) it is observed that in all the three systems E values
are positive at lower mole fraction and negative at higher mole fraction. It supports the
increasing molecular interactions at higher concentration of quinoline [31].

Fig. 4(a). Variation of excess internal
pressure, πE, with mole fraction, x1, for

Quinoline+ methanol+o-cresol
mixtures

Fig. 4(b). Variation of excess internal
pressure, πE, with mole fraction, x1, for

Quinoline+ methanol+m-cresol mixtures

Fig. 4(c). Variation of excess internal pressure, πE, with mole fraction, x1, for
Quinoline+ methanol+p-cresol mixtures
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The variation of excess acoustic impedance (ZE), with respect to mole fraction, x1, is given in
Fig. 5(a-c) over the entire composition range and at T= 303.15, 308.15, 313.15 and 318.15
K. It is observed from the figures that the values of ZE are positive in all the three systems.
Such positive values of ZE suggest the presence of strong interactions between the
molecules of the mixture [32].

Fig. 5(a). Variation of excess acoustic
impedance, ZE, with mole fraction, x1, for
Quinoline+ methanol+o-cresol mixtures

Fig. 5(b). Variation of excess acoustic
impedance, ZE, with mole fraction, x1, for
Quinoline+ methanol+m-cresol mixtures

Fig. 5(c). Variation of excess acoustic impedance, ZE, with mole fraction, x1, for
Quinoline+ methanol+p-cresol mixtures

In the first two systems (Fig. 6(a,b)), the HE values are found to be positive at lower mole
fractions and negative for higher mole fraction range and at higher temperatures, whereas
for system-3 (Fig. 6(c)) the HE values are positive at all mole fractions for temperatures
303.15, 308.15K and negative for temperatures 313.15 and 318.15K. The negative values of
HE in the mixtures indicate the presence of strong interactions between unlike molecules.
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Fig. 6(a). Variation of excess enthalphy,
HE, with mole fraction, x1, for

Quinoline+ methanol+o-cresol
mixtures

Fig. 6(b). Variation of excess enthalphy,
HE, with mole fraction, x1, for Quinoline+

methanol+m-cresol mixtures

Fig. 6(c). Variation of excess enthalphy, HE, with mole fraction, x1, for Quinoline+
methanol+p-cresol mixtures

Based on all the above results, it can be inferred that all the three components of the ternary
systems are involved in more than one type of interactions among themselves. Quinoline
contains a heteroatom, nitrogen on which a lone pair of electron is available. It is an aromatic
compound with delocalised π-electron cloud. Cresols also pocesses aromaticity along with
alcoholic–OH group. Based on these structural features, it is possible to assess the
presence of inter molecular hydrogen bonding among the component molecules: For
example, hydrogen bonding may be possible between nitrogen of quinoline and –OH group
of cresols.

Apart from hydrogen bonding, significant interactions of π-electron cloud of aromatic
molecule and hydroxyl group are also possible. For instance, π-electron cloud of quinoline
can interact with –OH group of cresols. Similar interactions can occur between π-electron
cloud of cresols with methanoic –OH group. Along with hydrogen bonding and interactions
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involving π-electron clouds the ternary mixtures are expected to be involved in other
molecular interactions, which are generally weak compared with the above two.

4. CONCLUSION

The excess adiabatic compressibility, excess free length and excess free volume exhibit
negative values over the entire range of composition and at all the temperatures considered
in the present study for all the three ternary systems. It clearly indicates the presence of
strong interactions between unlike-molecules. Further excess acoustic impedance, which is
usually discussed in terms of molecular interactions, having positive values for all the
systems under study, supports strong molecular associations between the unlike molecules
of the mixtures. The strength of interactions between unlike molecules is in the order of
(quinoline+methanol+p-cresol) > (quinoline+methanol+o-cresol) > (quinoline+methanol+m-
cresol).
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