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Abstract: Ultrasonic wave propagation through liquid systems and solids is now well established as an effective
means of examining certain physical properties of the materials. Ultrasonic technique has been employed
extensively to investigate the acoustic parameters and predict the nature of molecular interactions in electrolytic
solution. Various acoustical parameters, viz. acoustic impedance (Z), isentropic compressibility (K ),
intermolecular free length (Ly), solvation number (Sy), relative association (Ra), relaxation time (t), Gibb’s free
energy change (AG), ultrasonic attenuation (a/f?), free volume (Vy), internal pressure (i) and van der Walls
constant (b) have been discussed along with working principle of interferometer. The qualitative intermolecular
elastic forces between the solute and solvent molecules are explained in terms of compressibility. The structural
arrangement of molecules in electrolyte solutions has been discussed on the basis of electrostatic field of ion.

Keywords: Ultrasonic interferometer, Acoustic impedance, Relative association, Isentropic compressibility,
Hydration number.

1. Introduction

Because of high sensitivity to very low population densities at high energy states, ultrasonic methods have been
preferred than the other techniques like dielectric relaxation, infrared spectroscopy, nuclear magnetic resonance,
electron paramagnetic resonance, Raman effect etc. Ultrasonic method is a versatile non-destructive technique
(NDT), which behaves like a powerful probe to assess the acoustic properties and predict the intermolecular
interactions in binary and ternary mixtures [1-3] containing electrolytes. Since ultrasonic wave is a high
frequency and low amplitude wave, due to its penetrating nature through liquid medium, it is of interest to study
its interaction with matter to throw light into the molecular interaction and molecular kinetic properties of the
materials. Ultrasonic energy is used in medicine, agriculture, engineering, defence and industry. In chemical
industries it is very much useful in studying the chemical process and synthesis of chemical substances. The
investigation of acoustic parameters of electrolytes in aqueous and mixed solvent systems has been the area of
interest of many researchers [4, 5].

In the present study, we have investigated theoretically various acoustical parameters, such as acoustic
impedance (Z), isentropic compressibility (Ks), intermolecular free length (L), relative association(Ra),
solvation number (Sp), relaxation time (t), Gibb’s free energy change (AG), ultrasonic attenuation (o/f2), internal

pressure (m), free volume (Vs) and van der Walls constant (b) along with working principle of ultrasonic
interferometer.

2. Measurement Techniques

2.1 Ultrasonic Interferometer

Ultrasonic velocity measurements in the electrolytic solutions were made by using a multi frequency ultrasonic
interferometer (Model No-M84, Mittal enterprises, New Delhi, India) operating at a frequency of 2MHz at
different temperatures. The temperature was maintained by a temperature controller device. Measurement of
sound velocity was carried out by interferometric method which provides continuous wave method of ultrasonic
velocity measurements and highly suitable for measurements in liquids in MHz region.

2.2 Description of Ultrasonic Interferometer

The ultrasonic interferometer consists of two parts

(A) High frequency generator

(B) Measuring cell

A. High frequency generator
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It is a high frequency crystal controlled oscillator in the form of a modified pierce circult operating in the MHz
region. It is designed to excite the transducer which is a quartz crystal at the bottom of the cell to produce
ultrasonic frequency in the experimental liquid taken in the measuring cell. The generator is provided with a
micro ammeter to observe the change in current. The generator is also provided with two controlling knobs. The
knob marked ‘Adj’ is used to adjust the position of the needle on the ammeter. The knob marked ‘Gain’ is used
to increase the sensitivity of the instrument for greater deflection. Two timer condensers on the back side of the
generator are required for adjustment or tuning of the instrument when the deflection in the microammeter is
insufficient for any particular liquid.

| sl

Ultrasonic Interferometer Measuring Cell

B. Measuring Cell

It is a special designed double walled cell to hold the experimental liquid. It consists of three parts (i) Metal base
(if) container and (iii) reflector. A thermostatically regulated bath is connected to it to maintain the temperature
of the liquid constant by circulating water in a double walled cell at any desired temperature. The reflector can
be moved downward or upward by a micrometer screw system. The measuring cell is connected to the high
frequency generator by a short co- axial cable.

2.3 Working principle of Ultrasonic Interferometer

The metal base of measuring cell is connected to the output terminal of the high frequency generator through a
shielded co-axial cable. The container of the measuring cell is filled with the experimental liquid and then fitted
with the reflector component. Then the measuring cell is connected to the metal base and the generator is
switched on. The high frequency generator excites the quartz crystal that generates ultrasonic waves (produced
by Piezo electric method). These waves travel through the experimental liquid medium and are reflected back by
the movable metallic reflector kept parallel to the crystal inside the cell. The quartz crystal which first acts as
generating transducer also acts as the detecting transducer. The incident and reflected ultrasonic waves are
superimposed forming standing waves in the cells. As the reflecting plate is made to approach or proceed from
the vibrating crystal. Cyclic changes of amplitude and phase of ultrasonic waves occur while the reflector passed
through successive positions of maximum and minimum in the liquid medium. The acoustic propagation
produces an electrical reaction on the oscillator of the quartz crystal. When the reflected wave returning to the
crystal is 180° out of phase with the incident wave emanating from the crystal, the disturbance at the crystal will
be reduced essentially to zero. This will cause a considerable rise in the plate current which is otherwise
balanced at the output stage of a driving oscillator. The plate current will be maximum every time the reflector
is moved half a wavelength.

2.4 Measurement of Ultrasonic Velocity

For carrying out the experiment the micrometer is slowly moved till the anode current on the ammeter in the
high frequency generator shows the maximum. A number of maxima readings are observed and their number ‘n’

is noted. The total distance‘d” moved by the reflecting plate thus can be known. The wavelength, A and sound
velocity, U can be calculated from relations.

A=2d/n and U=Axf

where, f is the frequency of ultrasonic waves in solution. Thus,

U=2fd/n

The sound velocity of solution was measured at a frequency of 2MHz.

2.5 Principle of temperature controller device
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In order to control temperature of the system, a system involving a thermistor is used as the sensor, an OP-
amplifier as a comparator. A single power supply has been used to provide proper biasing to the OP-amplifier.
The potential divider arangement have been used for biasing the Non-INV terminal of the OP-amplifier. The
potential divider arrangement connected to INV terminal consists of a thermistor (NTC) and a variable resistor.

Thermistor ™= Relay
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Temperature controller
The resistance of thermistor at room temperature and range of variable resistor being of the same order, provides

a better adjustment of the variable resistor to control the temperature at different levels. The voltage on the INV
terminal can swing on either side of this reference voltage allowing the output to swing between 0V and Vcc.
The thermistor is immersed in water bath, which serves as a source for water to be circulated at controlled
temperature. Water from this bath is circulated through a pump. Constant inflow and outflow of water from this
bath stirs water in the bath. At the instant when the temperature of the bath equals room temperature, the
resistance of the thermistor is high and the voltage on the INV terminal is lower than the Non-INV terminal. As
a result of this the output of the OP-amplifier Vcc becomes positive, causing the thermistor to conduct. The
relay is then activated and the heater turns on. As the temperature of the bath rises, the thermistor resistance
starts decreasing. This increases the voltage at the INV terminal of the OP-amplifier. As the temperature rises
slightly above the limit set by the potentiometer, the voltage at the inverting terminals becomes positive with
respect to reference voltage at the Non—INV terminal. The output swing to ‘0’ volt and the transistor is cut off.
The relay is deactivated and the heater shuts’ OFF’. Due to this, it starts cooling down. When the temperature of
the bath approaches a value slightly less than the value, the thermistor resistance rises to such a value that the
voltage on the INV terminal becomes negative with respect to the reference voltage. The output voltage Vcc
becomes positive and the heater turns ‘ON’. This process continues and the temperature is maintained within a
certain range of the set value. As the gain of the OP- amplifier is very large, the range is quite small and the
thermistor response time is also small. As the thermistor’s temperature versus resistance characteristic is non
linear, the calibration of potentiometer is also non-linear. So calibration of potentiometer at different
temperature is necessary, which is done by attaching a dial to it. A thermometer is placed in the water bath,
whose temperature is to be controlled. For different settings of the potentiometer the controlled temperature is
recorded and appropriate markings are made on the potentiometer dial. Once it is calibrated, the potentiometer
can be set at the desired setting and the temperature is suitably controlled. However, it is necessary to check the
calibration at certain intervals as check against the deterioration in thermistor response.

3. Theory of Acoustic Parameters

a) Acoustic impedance (Z):
Acoustic impedance is the resistance of a medium which assess the absorption of sound wave in a medium. It is
a function of elastic property of the medium (i.e. bulk modulus of elasticity). Acoustic impedance of a medium
is a fundamental concept to understand the generation and propagation of ultrasonic waves. It depends upon the
sound velocity (U) and density (d) of the medium, which is given as

Z =uUd (1)
Acoustic impedance increases with increase in concentration of electrolytes [6]. This is well agreeing with the
theoretical requirement as density and ultrasonic velocity increase with increase in the concentration of
electrolytes. The increase in Z values with concentration of electrolytes at a given temperature may be attributed
to the effective solute-solvent interactions.

b) Isentropic compressibility (Ks):
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The ultrasonic velocity through a liquid medium depends on the density (d) and degree of compactness i.e.,
isentropic compressibility (Ks) of the medium using the Newton-Laplace equation as,

U :(st)—IIZ B (2)

or, K,=1u?d=1/zU

when an electrolyte (solute) dissolves in water (solvent) some of the surrounding solvent molecules are closely
attached to the ions due to the influence of electrostatic field of the ions. Since the solvent molecules are
oriented in the ionic field (electrostatic field), the solvent molecules are more compactly packed in the primary
solvation shell as compared to the compactness in the absence of the ions. Thus, the electrostatic field of the ion
causes compactness of the medium due to ion-solvent interaction giving rise to a phenomenon called
electrostriction. The interstitial spaces in water are occupied by the solute molecules making the medium harder
to compress, i.e., providing greater electrostriction. The medium does not respond to further application of
pressure. Isentropic compressibility decreases as acoustic impedance increases with increase in concentrations.
Hence, isentropic compressibility as well as internal pressure describes the molecular arrangement in the
electrolyte solutions [6].

c) Intermolecular free length (L+):

Jacobson (1952) suggested that the isentropic compressibility of a liquid can be understood in terms of the
intermolecular free length which is the distance between the surfaces of the neighbouring molecules [7]. The
intermolecular free length depends on the type of packing, and the extent of association in a given liquid and is
given by the relation,

Lt =KrvKs - (3)
where K= {(93.875+0.375T) x 108} is the temperature dependent Jacobson’s constant.
The intermolecular free length (L) decreases with increase in concentration of solution at a given temperature

ie., LfogJKS . It indicates that, there is a significant interaction between solute and solvent suggesting the

structure promoting behaviour on addition of electrolytes [8].

d) Solvation number (Sn):

Solvation number is the no. of solvent molecules associated and taking part in the formation of primary shell
with the central ion [9]. They can also be computed from compressibility method which is associated with
ultrasonic velocity by the following relation,

Sh=m nEl(l—Ks/ KS) - (4)
where n; and n; are the number of moles of solvent and solute, respectively and Ks0 is the isentropic molar

compressibility at infinite dilution.

In the case of aqueous solutions of electrolytes, the major effect of ion-solvent interaction is the phenomenon of
hydration, and it involves the attachment of certain number of water molecules to the positive and negative ions.
The first layer of firmly bound water molecules to the ions is almost incompressible, and they contribute
towards the primary hydration of the ion. The second water layer beyond the primary hydration sheath, on
which the ion has some orientation effect, is the secondary hydration. It is shown that the molecules of water
which form the secondary hydration shells are compressed to the maximum extent possible due to the intense
electric fields around the ions. The external pressure compressed the remainder of the solvent water molecules.
Primary hydration number can be computed from entropies, apparent molal volume, and from mobility. The
solvation number gives an idea about the compactness of the solution leads to structure making/breaking effect
in the solutions.

e) Relative association (Ra):

Relative association is a parameter used to assess the association in any solution relative to the association
existing in solvent. It is estimated using the following relation,

Ra=(d/do)(Uo/U )1/3 - (5)

where doand d are the densities of pure solvent and solution, respectively. U and U are the velocities of pure
solvent and solution, respectively.

The relative association (Ra) is one of the important properties [10] of the electrolyte solution which is a
function of ultrasonic velocity. It is influenced by two factors: (i) breaking up of the associated solvent
molecules on addition of the solute and (ii) the solvation of solute molecules. The former leads to a decrease and
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the latter to an increase in relative association. The increase values of Ra with increase in concentration
suggesting the solvation of the solutes predominating over the breaking-up of the solvent structure.

f) Relaxation time (7):

Relaxation time is the time taken for the excitation energy to appear as translational energy and it depends on
temperature and on impurities. The dispersion of the ultrasonic velocity in binary mixture reveals information
about the characteristic time of the relaxation process that causes dispersion. The relaxation time (t) depends on
the viscosity (1) can be calculated from the relation.

r =477/3U%d .. (6)

The relaxation time ( 7 ) increases with increase in concentration of electrolytes suggesting the rearrangement of
molecules due to co-operation process [11].

g) Gibb’s free energy change (AG):

The relaxation time for a given transition is related to the activation free energy. The variation of t with
temperature can be expressed in the form of Eyring salt process theory.

1 kgT exp —AG
r h kgT

keT T

or, AG =kgTIn(k;Tz/h) - (7)

where kg = 1.38x10% JK*molecule™ is the Boltzmann’s constant and h = 6.626x10°*Js is Planck’s constant.
Gibb’s free energy change (AG) increases with increase in concentration of electrolytes at a given temperature
suggests shorter time for rearrangement of molecules

h) Ultrasonic attenuation (¢/ f? ):

Ultrasonic attenuation is a measure of spatial rate of decrease in the intensity level of the ultrasonic wave and
attenuation co-efficient () is characteristic of the medium which depends upon the external conditions like
temperature, pressure and frequency of the measurement. It can also be computed from ultrasonic velocity by
the following relation,

a/f2:4;;21/2U - (8)
where f (= 2MHz) is the frequency of ultrasonic wave.
When a plane progressive wave passes through a system, each small volume in the system is subjected to a time
dependent perturbation. The study of ultrasonic absorption is to understand how the system responds to the
perturbation, and relaxes in fluid media.

i) Free volume (V¥):
According to Eyring and Kincaid [10], the free volume (Vs) is defined as the effective volume in which
particular molecule of the liquid can move and obey perfect gas laws. Free volume in terms of ultrasonic
velocity (U) and the viscosity of the liquid (1) is represented as,

Vi =(M4U/Kyp)"? . (9)
Where pm

o = > i mi/ > n; IS the effective molecular weight, ni is the number of moles and m; is the molecular

mass of the i component in the solution, K= 4.281x10° is the dimensionless constant independent of
temperature and nature of liquid.

Free volume is one of the significant factors in explaining the variations in the physico-chemical properties of
liquids and liquid mixtures. The free space and its dependent properties have close connection with molecular
structure and it may show interesting features about interactions, when two or more liquids are mixed together.
This molecular interactions between like and unlike molecules are influenced by structural arrangements along
with shape and size of the molecules. A liquid may be treated as if it were composed of individual molecules
each moving in a volume V; in an average potential due to its neighbours i.e., the molecules of a liquid are not
quite closely packed and there are some free spaces between the molecules for movement and the volume Vs is
called the free volume. The free volume (V) decreases with increase in concentration of electrolytes. Internal
pressure (i) changes in a manner opposite to that of free volume at a given temperature. The decrease of V¢ (or
increase of 7; ) indicates the formation of hard and/or tight solvation layer around the ion [12].
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j) Internal pressure (mi):

The internal pressure is the cohesive force, which is a resultant of force of attraction and repulsion between the
molecules [13]. Cohesion creates a pressure of 10% to 10* atmospheres within the liquid. The internal pressure is
an important parameter to study the thermodynamic properties of liquids and gives an idea of the solubility
characteristics. Dissolved solutes exist under the internal pressure of the medium and their interactions with the
solvent arise through hydrogen bonding, charge transfer, Columbic or van der Waal’s interaction. The term a/v?
in van der Waal’s equation [14] being the measure of attractive force of the molecule is called the cohesive or
internal pressure. The internal pressure varies due to all types of solute-solvent, solute-solute and solvent-
solvent interactions.

The internal pressure based on the Maxwell’s equation of thermodynamics is

(2] -]

On the basis of statistical thermodynamics, expression for the internal pressure by the help of free volume

concept is given by
3

1| bRT - (1)
Vi e ()
v ),

As ( oE j is the internal pressure and neglecting P which is insignificantly small to =jthe above equation can be
T

V, =

ov
, 3
writtenas, \, _ 1 [ P'RT .. (12)
ERVE T,
The internal pressure can be obtained by combining and rearranging the equations (11) and (12) as,
7, =b'RT (Ki/U)*2(d?* /M, "®) (13)

where b' = 2 is the cubic packing factor for all liquids and R = 8.3143 JK-mol is the Universal gas constant.

k) Vander Waal’s constant (b):

The van der Walls constant is also known as co-volume in the van der Walls equation [13] and is calculated
from the relation,

M M U 2 1/2
bo—et|q_| _RT 14— 1 (14)
d M, U2 3RT

The increasing values of van der Walls constant with concentrations indicates, there exist a strong molecular
interaction and binding forces between the solute and solvent molecules.

5. Conclusion

The acoustic parameters are investigated through ultrasonic technique, which provide qualitative information
regarding solute-solvent and solvent-solvent interactions. The intermolecular elastic forces between the solute
and solvent molecules are explained in terms of compressibility and the solvation humber gives an idea about
the compactness of the solution leads to structure making/breaking effect in the electrolytic solutions.
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