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Abstract
The study of liquid mixtures containing polar or nonpolar components finds wide application in industrial and tech-
nological processes. The ultrasonic velocity (u) and density (ρ) of the ternary mixtures 1,2 propane-di-ol (polar) + etha-
nol + benzene (system I) and n-hexane (nonpolar) + ethanol + benzene (system II) as well as of pure components have 
been measured at 303 K temperature and at 2 MHz frequency. The ultrasonic velocity is measured using ultrasonic 
interferometry technique, and density is measured using relative density bottle. From these measured data, the excess 
acoustic parameters: excess ultrasonic velocity (uE), excess density (ρE), excess adiabatic compressibility (βE), excess 
intermolecular free length ( LE

f
 ), excess molar volume ( V E

m
 ) and excess acoustic impedance (ZE), have been calculated 

using standard relations. The variations in sign and values of excess acoustic parameters of the two systems help us to 
know the interaction and structural arrangement of the liquid mixture. The values of uE and ZE for system I show that the 
interaction changes from strong to weak interaction with increasing concentration and for system II it has dispersive-
type interaction. There is an opposite trend in the values of ρE, βE, Lf

E and Vm
E for systems I and II. System I has smaller 

molar volume difference compared to system II, but relatively stronger Hp–π interaction gives it a compact structure. 
However, system II is more compressible due to dispersive-type interaction. Our work helps to understand the effect of 
the molecular interaction on behavior of liquid mixture of polar and nonpolar solvents in π-system clearly and concisely.

Keywords Acoustic impedance · Adiabatic compressibility · Excess acoustic parameters · Intermolecular free length · 
Molar volume · Molecular interaction · Ultrasonic study

1 Introduction

From the last few decades, the knowledge of structure 
and molecular interactions of liquid mixtures has been 
very important from the fundamental and engineering 
points of view. Liquid mixtures rather than pure liquids 
find practical application in many industries because mix-
ing gives flexibility to alter the properties (within a reason-
able range) by varying the composition and concentration. 
Mixing of liquids introduces some extra degree of free-
dom and results in new phenomena which are not present 
in pure liquids, such as complex formation, association, 

dissociation etc. This difference between actual proper-
ties and properties if system behaves ideally is known as 
excess properties. It indicates that the molecules of sol-
ute and solvents interact when mixed with each other and 
exhibit the non-ideal behavior. Thus, the mixing process 
considerably affects the molecular interaction between 
component molecules [1, 2]. Douheret et al. [3] pointed 
out the importance of examination of consequences of 
mixing process. Prigogine et al. [4] have shown that excess 
parameters give relative strength of A–A, B–B and A–B in 
the mixture of A and B liquids.
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Various efforts to understand the liquid mixture behav-
ior based on theoretical and experimental considerations 
have been done [5–9]. Experimental studies of macro-
scopic and microscopic properties of liquid mixture and 
their interaction are required as they provide a way to test 
and verify theoretical study and give the useful physico-
chemical properties of the mixture [10, 11]. Experimen-
tal study of molecular interaction and physicochemical 
properties of liquid mixture is reported by various spec-
troscopic methods such as optical, ultraviolet (UV) spec-
troscopy, X-ray diffraction (XRD), infrared spectroscopy 
(IR), nuclear magnetic resonance spectroscopy (NMR), 
refractive index and dielectric studies, but to detect weak 
interaction in liquid mixture ultrasonic method of veloc-
ity measurement is very useful at low frequency range 
(1–10 M Hz) [12–20]. Ultrasonic velocity and density data 
of mixture give direct estimation of thermo-acoustic 
parameters which are not easily accessible by any other 
method [21].

In recent years, ultrasonic velocity measurement tech-
nique has been used as a probe to study the physicochem-
ical parameter measurement, phase equilibria boundaries, 
charge complex formation and molecular interaction [22]. 
Variation in ultrasonic velocity and various thermo-acous-
tic parameters: adiabatic compressibility, free length, free 
volume, etc., of binary and ternary mixtures, has been 
investigated by some workers [25–29] in terms of molecu-
lar interactions between solute–solvent, solvent–solvent 
and solute–solute molecules.

In the present paper, we study the effect of polar and 
nonpolar solvent on the molecular interaction in polar 
hydrogen–π interacting liquid mixture (benzene + ethanol) 
by analyzing the trend of excess thermo-acoustic param-
eters with the concentration of systems I and II. Alcohols 
are polar liquids, self-associated through hydrogen bond-
ing, and differ in nature depending on temperature, chain 
length and position of OH group(s). The nonpolar liquid 
n-hexane forms cluster with alcohols. It is well known that 
systems containing polar or self-associated, biochemical, 
partially mixable liquids show large deviations from ideal 
behavior [23]. Benzene is nonpolar solvent, but due to 
its negative quadrupole moment it has some degree of 
polar attraction as well [24, 25]. We report the ultrasonic 
velocity (u), density (ρ) and some excess thermo-acoustic 
parameters like excess adiabatic compressibility (βE or K E

s
 ), 

excess intermolecular free length ( LE
f
 ), excess molar vol-

ume ( V E

m
 ) and excess acoustic impedance (ZE) of ternary 

mixtures of 1,2 propane-di-ol + ethanol + benzene (system 
I) and n-hexane + ethanol + benzene (system II) at 303 K 
temperature and 2 MHz frequency. The variation in these 
excess acoustic parameters is interpreted in terms of the 
interaction and structural arrangement of the liquid mix-
tures. The variation in uE and ZE values for both systems is 

similar, but the values have large differences. This indicates 
that polar and nonpolar solvents have similar nature of 
intermolecular interaction irrespective of their nature, but 
their strength varies. Also, an opposite trend in the values 
of ρE, βE, Lf

E and Vm
E for the systems I and II shows n-hexane 

and PG leads to the opposite type of relative topological 
effects in Hp–� system. Our work on ternary mixture in 
polar and nonpolar solvent will contribute to the under-
standing of molecular interaction effect on behavior of 
ternary liquid mixture of similar nature. It is known that 
propylene glycol is used as a solvent in the process of 
extraction of alcohols from hydrocarbons. So, our study 
of the first mixture: propylene glycol + ethanol + benzene, 
helps us to understand the process of extraction better, 
and our second mixture: n-hexane + ethanol + benzene, 
gives an insight into the behavior of ethanol (alcohol) in 
hydrocarbon mixture (i.e., benzene + n-hexane).

2  Materials and methods

Chemicals The chemicals of AR (analytic reagent) grade 
with a minimum assay of 99% were used without further 
purification.

General procedure The mixtures of various concentra-
tions in mole fraction were prepared by mass using a 
digital balance (manufactured by Aczet) with a precision 
of ± 1 mg. The masses of the component liquids required 
for preparing the mixture of known composition were cal-
culated, and then a pseudo-ternary mixture of particular 
mole fraction was prepared. In both systems, mole frac-
tion of second component, ethanol (x2 = 0.4), was kept 
fixed, while mole fractions of other two (x1: mole fraction 
of benzene and x3: mole fraction of the third component, 
i.e., either 1,2 propane-di-ol in system I or n-hexane in sys-
tem II) were varied from 0.0 to 0.6, to have the mixture of 
different compositions.

Velocity measurement The velocity measurement was 
done by the variable path length interferometry tech-
nique [26]. The ultrasonic velocities in liquids have been 
measured using a Mittal-type (M-81D) ultrasonic interfer-
ometer working at 2 MHz (1.9858 ± 0.0001 MHz) frequency 
with an accuracy of ± 0.1 ms−1 and have provision for tem-
perature constancy (by the method described elsewhere 
[27]). Circulating water from thermostatically regulated 
bath (manufactured by Mittal, New Delhi), around the 
double-walled sample holder, was used to maintain the 
temperature of liquid constant with a precision ± 0.1 K. The 
path length in the cell was varied by motion of a reflector, 
electrical response on the micro-ammeter was used to fix 
standing wave position at a standard frequency, and their 
locations were determined. For the present investigation, 
the average of 50 maxima readings was taken in order to 
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reduce measurement errors. The distance (d) moved by 
the reflector between two successive current minima (or 
maxima) is equal to λ/2.

Thus, the ultrasonic velocity (u) in the liquid is

Density measurements Density measurements were 
carried out using relative density (RD) bottle of 10 ml. 
The RD bottle with the reference liquid (double distilled 
water) was kept in double-walled glass jacket (supplied 
by Saber Scientific, Ahmedabad, Gujarat, India) with cir-
culating water from water bath, for sometimes to attain 
the experimental temperature. After attaining the tem-
perature, weighing was done. The water is replaced with 
a mixture, whose density was to be determined and was 
weighed by following the same procedure. The average 
uncertainty in the measured density was ± 0.0001 kg m−3. 
Then density was measured using the following relation:

where w1 = weight of distilled water, w2 = weight of experi-
mental liquid, ρ1 = density of distilled water and ρ2 = den-
sity of experimental liquid.

3  Results and discussion

From the observed values of ultrasonic wave velocity (u) 
and density (ρ), the excess thermo-acoustic parameters 
were calculated using the following formulas:

• Isentropic compressibility ( KS or � ) (Newton–Laplace 
equation)

• Intermolecular free length ( Lf)

d = �∕2

(1)u = f × �

(2)�2 = �1

(

w2

w1

)

(3)KS =
1

u2�

(4)Lf = KT

√

�s

where KT is temperature-dependent empirical con-
stant, proposed by Jacobson and given as KT = (93.87
5 + 0.375 × T) × 10−8 at temperature T.

• Molar volume (Vm)

where Meff  is the effective molar mass, given as 
Meff =

∑

MiXi.
  Mi and Xi are the molar mass and mole fraction of the 

individual component.
• Acoustic impedance (Z)

• Excess thermodynamic parameter

where AE denotes the excess property of thermo-
dynamic parameter, Aexp and Aid are corresponding 
experimental and ideal value.  Ai and  xi are the values 
of thermodynamic parameters (u, ρ, Ks, Lf, Vm, Z) and 
mole fraction of ith component, respectively.

The present study was undertaken with ternary liquid 
mixtures, 1,2 propane-di-ol + ethanol + benzene (system I) 
and n-hexane + ethanol + benzene (system II). Benzene and 
ethanol were chosen; they can interact with both polar 
and nonpolar components [25]. The ultrasonic velocity and 
density of pure components benzene, ethanol, 1,2 pro-
pane-di-ol and n-hexane and their ternary liquid mixtures 
(system I and system II) at different concentrations had 
been measured at 303 K and 2 MHz frequency (Tables 1 
and 2). The values of excess acoustic parameters: excess 
acoustic velocity (uE), excess density (ρE), excess adiaba-
tic compressibility ( K E

s
 ), excess intermolecular free length 

( LE
f
 ), excess molar volume ( V E

m
 ) and excess acoustic imped-

ance (ZE), had been calculated by using value of measured 
parameters (Table 2). The plots of respective excess param-
eters against mole fraction of benzene (x1) are shown in 

(5)Vm =
Meff

�

(6)Z = �U

(7)A
E = Aexp − Aid

Aid =

3
∑

i=1

AiXi

Table 1  Experimentally 
measured ultrasonic velocity 
(u), density (ρ or d) and 
calculated excess thermo-
acoustic parameters of 
pure components at 303 K 
temperature and 2 MHz 
frequency

Solvents u
(m s−1)

ρ
(kg m−3)

Ks × 10−10

N−1 m2
L × 10−11

m
V × 10−6

m3 mol−1
Z × 104

kg m−2 s−1

Benzene 1263.63 868.06 7.215 5.573 89.99 109.6908
Ethanol 1126.35 782.25 10.076 6.5868 58.893 88.1085
Propylene glycol 1484.65 1032.51 4.394 4.3496 73.699 153.2908
n-Hexane 1035.75 649.48 14.35 7.861 132.688 67.2699
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Figs. 1, 2, 3, 4, 5 and 6. Excess thermodynamic properties 
of mixtures correspond to the deviation of real mixture 
behavior from ideal behavior. The variation in signs and 
magnitudes with the composition of mixture is the con-
venient means to understand the strength of interaction 
between the unlike molecules and are useful in the study 
of molecular interactions and the structural arrangements 
of molecules of the mixture.

Figures 1, 2, 3, 4, 5 and 6 show that uE and ZE are nega-
tive for benzene + ethanol + n-hexane ternary system over 

an entire range of composition and varies from positive 
to negative for benzene + ethanol + PG system on mov-
ing from x1 = 0 to 0.6 range. In general, ultrasonic veloc-
ity (u) is the measure of forces acting between molecules 
and acoustic impedance (Z) is the measure of sound pres-
sure (totality of the forces) generated by vibration at that 
frequency and gives the intensity of wave propagation. 
The negative values of uE indicate the presence of weak 
interactions, while the positive values are due to strong 
attractive forces between unlike molecules [10, 28]. The 

Table 2  Experimentally 
measured ultrasonic 
velocity (u), density (ρ) and 
calculated excess thermo-
acoustic parameters of 
ternary mixtures of (1) 
benzene + ethanol + n-hexane 
and (2) benzene + ethanol + PG 
at T = 303 K and 2 MHz 
frequency

x1 u
m s−1

ρ
kg m−3

uE

m s−1
ρE

kg m−3
Ks

E × 10−10

N−1 m2
Lf

E × 10−11

m
Vm

E × 10−6

m3 mol−1
ZE × 104

kg m−2 s−1

Benzene + eth-
anol + n-hex-
ane

 0.0 1039.8 678.60 − 32.2 − 23.99 0.9890 0.3096 0.1823 − 5.0482
 0.1 1056.6 700.03 − 38.1 − 24.42 0.8667 0.2997 0.1368 − 5.8804
 0.2 1075.9 723.09 − 41.6 − 23.21 0.7320 0.2782 0.1323 − 6.2901
 0.3 1097.8 748.11 − 42.6 − 20.05 0.5915 0.2457 0.1557 − 6.2071
 0.4 1126.6 775.89 − 36.5 − 14.13 0.3670 0.1757 0.1452 − 5.1590
 0.5 1161.6 807.27 − 24.3 − 4.61 0.1071 0.0795 0.0651 − 3.0421
 0.6 1199.9 838.33 − 8.8 4.59 − 0.0739 − 0.0060 0.3390 − 0.4688

Benzene + eth-
anol + PG

 0.0 1349.9 955.62 8.6 23.21 − 0.9246 − 0.2721 − 0.7156 1.7840
 0.1 1313.0 934.50 − 6.2 18.54 − 0.7419 − 0.1972 − 0.6128 − 0.1585
 0.2 1275.6 914.09 − 21.5 14.58 − 0.5081 − 0.1090 − 0.4852 − 1.8942
 0.3 1247.7 893.69 − 27.3 10.62 − 0.3258 − 0.0487 − 0.2775 − 2.6295
 0.4 1226.3 874.11 − 26.6 7.48 − 0.1874 − 0.0107 − 0.0537 − 2.5881
 0.5 1211.0 855.66 − 19.8 5.47 − 0.1081 0.0013 0.1546 − 1.7979
 0.6 1199.9 838.33 − 8.8 4.59 − 0.0739 − 0.0060 0.3390 − 0.4688

Fig. 1  Plot of excess ultrasonic velocity (uE) against mole fraction of 
benzene in ternary mixtures at T = 303 K and 2 MHz

Fig. 2  Plot of excess density (ρE) against mole fraction of benzene 
in ternary mixtures at T = 303 K and 2 MHz
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weak interaction between molecules increases the inter-
molecular distance between the molecules which leads to 
less wave propagation. This causes a decrease in ZE [29].

Figures 3, 4 and 5 show that excess adiabatic compressi-
bility ( K E

s
 ), excess intermolecular free length ( LE

f
 ) and excess 

molar volume ( V E

m
 ) are negative for benzene + ethanol + PG 

ternary mixture over an entire range of composition and 
change from positive to negative for benzene + etha-
nol + n-hexane system on moving from x1 = 0 to 0.6. The 
free length is the distance between the surfaces of neigh-
boring molecules. The interaction of solute and solvent 
molecules affects the structural arrangements about con-
stituent molecules and eventually causes the variation in 

the free length. Thus, intermolecular free length depends 
on the type of packing and the extent of association 
between molecules. Adiabatic compressibility is the frac-
tional decrease in volume per unit increase in pressure 
when compression is carried out without heat exchange 
with the surrounding. Ultrasonic method enables to cal-
culate adiabatic compressibility (Newton–Laplace equa-
tion, Eq. 3). If the free space between components is more, 
i.e., intermolecular free length is long, then it is easier to 
compress the system and has higher compressibility. 
Structural rearrangement on wave propagation through 
a medium is affected by relative orientation of molecules. 

Fig. 3  Plot of excess adiabatic compressibility (Ks
E) against mole 

fraction of benzene in ternary mixtures at T = 303 K and 2 MHz

Fig. 4  Plot of excess free length (Lf
E) against mole fraction of ben-

zene in ternary mixtures at T = 303 K and 2 MHz

Fig. 5  Plot of excess free volume (Vm
E) against mole fraction of ben-

zene in ternary mixtures at T = 303 K and 2 MHz

Fig. 6  Plot of excess acoustic impedance (ZE) against mole fraction 
of benzene in ternary mixtures at T = 303 K and 2 MHz
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So, measurement of adiabatic compressibility helps to 
determine the orientation of molecules and interaction 
between them. The molar volume (Vm) is the measure 
of molecular size and provides information about the 
molecular packing (topology) such as structure breaking 
or making of structure on mixing the liquids. According to 
Fort and Moore [30], in the absence of strong interaction, 
when the liquids of almost equal molecular size are mixed, 
they give positive excess adiabatic compressibility and 
molar volume. The molecular size difference determines 
the packing condition. So, there are several factors which 
decide the value of K E

s
 , LE

f
 and V E

m
 in a mixture. The factors 

are (1) molecular interaction: weak interaction leads to 
positive contribution, while strong interaction leads to 
negative contribution; (2) physical facts: the difference in 
shape and size gives rise to packing effect and contrib-
utes negatively; and (3) chemical aspects: this includes the 
breaking or rupture of bonds of pure component when 
they are mixed with other components. This results in posi-
tive values and formation of new bonds, complexes, etc., 
giving negative values of K E

s
 , LE

f
 and V E

m
 [31–34].

It is known that benzene molecules are bound together 
by π-stacking and ethanol molecules are bound by 
H-bonding. When the two are mixed, then (at x1 = 0.6), the 
rupture of π-stacking between benzene molecules and 
H-bonding between ethanol molecules takes place and 
favors a geometrical condition that allows benzene and 
ethanol to interact through Hp–π interaction. This results 
in negative values of uE and ZE. (Hydrogen bonding and 
π-stacking are stronger than non-conventional hydrogen 
bonding as already suggested by Renato Ferreira et al. 
[35].) A similar trend of negative values of uE was reported 
for benzene with 1-alkanols  (C5,  C7,  C8) by A. Ali et al. [36]. 
With the addition of third component, more negative 
values indicate that strength of dispersive interaction 
increases. For system I, the addition of 1,2 propane-di-ol 
(alcohol) introduces more hydroxy groups. There is either 
Hp–π interaction between benzene and alcohol or hydro-
gen bonding between ethanol and 1,2 propane-di-ol. At 
higher x1, Hp–π interaction dominates, and at lower x1, 
hydrogen bonding between ethanol and 1,2 propane-di-
ol dominates. The concentration of benzene in system I 
is increased, and the nature of interaction between the 
components is seen to get reversed. The strong H-bonding 
interaction converts to weak Hp–π interaction. This gives 
a u-shape to curves uE and ZE. The similar behavior in the 
variation of ZE is reported for ethanol + 1-hexanol and eth-
anol + 1-octanol mixtures [37]. For system II, the addition of 
n-hexane introduces complexity into the system. It is pos-
sible to have dipole-induced dipole interaction between 
n-hexane and ethanol molecules, nonpolar–π interaction 
between benzene and n-hexane molecules or Hp–π inter-
action between benzene and ethanol molecules. (Benzene 

can interact with polar as well as nonpolar organic solvents 
via polar hydrogen–π and nonpolar hydrogen–π interac-
tion [24, 25]. Due to the polarity of alcohols, the preferred 
interaction between n-hexane and alcohol (ethanol) mol-
ecules is weak dipole-induced dipole interaction [38].) At 
lower x1 (effect of benzene is less), dipole-induced dipole 
interaction dominates, and at higher x1, nonpolar–π inter-
action between molecules dominates. The same trend of 
negative value of uE (at x1 = 0) is reported for n-hexane and 
alcohol mixtures [38–40].

As x1 increases, the slope of uE and ZE curves for sys-
tem II is found to be more than system I. This indicates 
that nonpolar–π interaction is more dispersive than Hp–π 
interaction. At lower x1, there is a large difference in the 
values of uE and ZE for system I and system II. This indi-
cates that there is a larger interaction energy difference for 
dipole-induced dipole interaction and hydrogen bonding 
interaction.

In the binary mixture of benzene and ethanol, weak 
Hp–π interaction between components tries to take the 
molecules further apart and makes system more com-
pressible but the smaller molecular size of ethanol (molar 
volume = 5.889 × 10−5  m3  mol−1) than that of benzene 
(molar volume = 8.999 × 10−5 m3 mol−1) favors the geo-
metrical fitting of molecules into the void of each other. 
This results in compact structure and the negative value 
of Ks

E, Lf
E and V E

m
 at x1 = 0. In system I, increasing concen-

tration of PG (molar volume = 7.369 × 10−5  m3  mol−1) 
decreases the difference between the size of molecules 
but strong H-bonding results in the same well packing 
of molecules and results in more negative value of Ks

E, 
Lf

E and V E

m
 . In system II, i.e., adding n-hexane (molar vol-

ume = 13.27 × 10−5 m3 mol−1) to the ethanol + benzene 
system, the high molar volume difference between com-
ponents should favor geometrical fitting of molecules but 
dispersive interaction between unlike component makes 
the system more compressible and leads to the positive 
values of K E

s
 , LE

f
 and V E

m
.

4  Conclusions

The variation of excess acoustic parameters shows that 
there exist molecular interactions between the compo-
nents of the mixture, which are affected by the nature, 
molecular geometry and concentration of mixing solvents. 
There is an opposite trend in ρE, Ks

E, Lf
E and V E

m
 for the sys-

tems I and II. In system I, the positive values of uE and ZE are 
due to the strong attractive H-bonding, while the nega-
tive values are due to the weak Hp–π interaction between 
unlike molecules. At the same time, smaller size of ethanol 
and polarity of diol group of PG make the system less com-
pressible. In system II, at lower value of x1, the nonpolar–π 
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interaction dominates, while at higher values of x1, Hp–π 
interaction is responsible for the behavior of the system. 
As compared to system II, system I has smaller molar vol-
ume difference but relatively stronger Hp–π interaction 
which gives it a compact structure. System II is more com-
pressible due to dispersive-type interaction.
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