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Speed of Sound, Isentropic Compressibility and Acoustic
Impedance for Long Chain Non-polar Molecule with
Isomeric Alcohols at T=288.15to 318.15 K

Arun K. Singh, Ashish Singh, Sandeep Singh and Gyan Prakash

Abstract-Theoretical results for sound speed,
isentropic compressibility, and acoustic impedance for
two binary systems, 1-Butanol + n-Dodecane and 2-
Butanol + n-Dodecane, were derived from Peleteiro et
al's measurements at temperatures of 288.15, 298.15,
308.15,318.15 K and atmospheric pressure over the entire
composition range. The mixing properties and
interactions of these liquids were explored using the
Flory model, the Ramaswamy and Anbananthan (RS)
model, and the Glinski model. The Redlich-Kister
polynomial equation was used to fit deviations in the
speed of sound (u). In addition, the McAllister multi-

1. INTRODUCTION

The goal of the research was to use associated and non-
associated models to investigate the behaviour of binary
liquid mixtures and their molecular interactions. We
present the theoretical results of sound speed, isentropic
compressibility, and acoustic impedance for two binary
liquid mixtures, namely 1-Butanol + n-Dodecane and 2-
Butanol + n-Dodecane at temperatures 288.15, 298.15,
308.15, and 318.15 K and atmospheric pressure over the
entire  composition, based on Peleteiro et al's [1]
measured work. Dodecane, a liquid alkane hydrocarbon,
is used in reprocessing plants as a solvent, distillation
chaser, scintillator component, and diluents for tributyl
phosphate [2]. Other traditional aviation fuels, such as n-
dodecane, have been employed in recent years. 1-Butanol
is employed as a solvent in a range of chemical and
textile processes, as well as a chemical intermediate, a
paint thinner and a solvent in other coating applications,
and as a basis for perfumes.
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body interaction model is applied. The molecular
interactions from these liquid state models were explored
and connected with the features of the liquids. Finally, it
was discovered that when compared to related models,
the McAllister multibody interaction model (non-
associated) produces good results, whereas the Flory
model produces greater deviations.

Index Terms: -Speed of sound, isentropic
compressibility,  acoustic  impedance, = molecular
interactions, binary liquid mixtures, liquid state models

As a swelling agent in textiles, a segment of hydraulic
break fluids [5], cleaning details, degreasers, and anti-
agents [6], and a segment of metal flotation agents [7]
and wood-treating frameworks [8], n-butanol is used in a
variety of ways. Butanol is a potential bio-fuel that can
be utilized in cars that are meant to run on gasoline [9].
2-Butanol is a flammable secondary alcohol that is totally
miscible with polar organic solvents like ethers and other
alcohols. It's a major industrial solvent that's present in a
variety of household cleaners and paint removers, and it's
also employed in small amounts as scents or artificial
flavours. Sound velocity can be used to investigate the
thermodynamic characteristics and molecular interactions
of liquids and liquid mixtures [10-13]. Many researchers
[14-16] have done extensive effort in the past to examine
the interactions and molecular behaviour of sound
velocity and to correlate it with other physical and
thermodynamic characteristics. Based on Eyring's theory
of absolute reaction rates, the data were examined using
the Ramaswamy and Anbananthan (RS) model [17], the
Flory model [19], and the McAllister multi body
interactive model [20]. The first two models, the RS and
the Glinski model (associated), use the association
constant as an adjustable parameter, whereas Flory and
others (non-associated) use liquid additivity. We choose
liquids with long carbon chains (non-polar) and butanol
isomer (polar) molecules for this purpose. Deviations in
ultrasonic velocity, u were determined from these results
and fitted to the Redlich-Kister polynomial equation [21]
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to get binary coefficients and standard errors. Because of
the interaction of long chain carbon molecules with

2.MODELS

2.1 Flory model

By using the cell partition function and a simple van
der Waals energy-volume relation in the Prigogine cell
model [22], Flory and collaborators were able to obtain
the equations for the mixing functions by choosing the
m,n potential. Patterson et al [24] defined a close
relationship between the Flory theory and the
corresponding state theory of Prigogine [23] by using a
basic cell model for spherical chain molecules in the
form of reduction parameters.
Eq. takes the form; with the particular (3, «) choice of

m,n potential
~1/3 ~1/3

~--5/3
\

W) =[Mv —( —05 (1)

-1.0 Y
——) In(—5 )]
e v —-1.0

As a result, the surface tension of a liquid combination
can be calculated using the following formula:

oc=0 5‘(\;) (2)
The empirical relationship of Auerbach [25] relates
surface tension to acoustic velocity as follows:

2/3
(o
Flory [6.3X104p]

Patterson and Rastogi [26] utilized the following
reduction parameters to expand the related state theory to
deal with surface tension:

O_* =kl/3p*2/3T*l/3 (4)
The liquid's characteristic surface tension is referred to as
this. The Boltzmann constant, k, is used here. While
transitioning from the bulk to the surface phase, a
segment experiences an increase in configurational

energy equal to — m U (v) due to the loss of a fraction,

M, of its nearest neighbours at the surface. Its most
appropriate value is between 0.25 and 0.29.
From the resultant partition function, Flory deduced the
simplified equation of state as,
- ~ _1/3
Pv v 1
~ _1/3

T v

— ()
-1 VvT

The reduced quantities V , P and T are given by,
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butanol isomer, the mixing behaviours of such liquid
combinations are intriguing.

p_ P _2PV* L _ T _2VTCKT gng
P> Sn T* Sn

v=Y _VvV (6)
V* V=*

The reduced molar volume and characteristic pressure are

calculated using eq.(6) as follows: \}:[LH]B

(3+3aT)

a 2 2

Pr=—Tv =Ty )
Pr

where kr and y are the isothermal compressibility and
thermal pressure coefficients, respectively, and a is the
thermal expansion coefficient at p=0. According to egs.
(6) and (7), the numbers T*, P* and V* can be
determined from, T, and V. (7).

The equations for characteristic pressure and decreased
temperature of mixture were developed by Pandey et al.
[26].

T=T/T = T - ®
i | Vol
T, T,
where P* is the binary system's characteristic pressure
and can be written as

P =[wR +y,P, (w0, Xp, +,0,X,,)] )
Here, Xi12, X21 are the interaction parameters, which were
calculated using the following equations and the well-
known Berthelot connection, nij= (i n;)Y2. All of the
symbols used in the equations above have their typical
meanings, as explained by Flory.

2.2 RS Model

Ramswamy and Anbananthan postulated that when a
solute is added to the solvent and the acoustic impedance
is linear with the mole fraction of components, the
molecules interact according to the equilibrium as:

A+B < AB (120)
and the association constant Kas may be defined as;
__[AB] (11)
*  [AllB]

where [A] is the amount of solvent in the liquid

mixture and [B] is the amount of solute. When we
combine the linearity constraint with composition, we get
Uobs = XaUA + Xag Uag (12)
where Xa, Xas, Ua, Uag, and uobs are the mole fraction of
A, associate AB's mole fraction, speed of sound of A,
associate AB's speed of sound, and observed speed of
sound, respectively. The equilibrium reaction in eq. (12)
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is erroneous because there are molecules of non-related
component in the liquid mixture along with the linked
components. When a non-associated component is
present in a liquid mixture, eq has the following form:
Gobs = [XaUa + XsUg + XasUAB] 13)
where xg and ug are B's mole fraction and sound
speed, respectively (non-associated component). The
equilibrium concentration of the pure associate AB
can be calculated as follows:

K. = [AB] (14)

*  (C,—[ABD(C; —[AB])

The starting molar concentrations of the components A
and B are Ca and Cg, respectively. Any value of Ky can
be used to compute the equilibrium value of [AB] for any
mixture composition, as well as [A] =Ca-[AB] and [B]

=Cg-[AB]. Equation (14) becomes, when molar
concentration is replaced by activities.

a
Kas = o (15)

(aA - aAB)(aB - aAB)
where aa, ag, and aag denote component A, component B,
and association AB, respectively. The value of Ky can be
calculated using eq (15) as follows:
a
Ky = = 3 (16)
Apdg —ap8s —8gapg T apg
It is feasible to compare the speed of sound estimated
using eq. (13) with the experimental values, assuming
any value of speed of sound in the hypothetical pure
component. By gradually altering both the adjustable
parameters Ky and AB, different values of the sum of
squares of deviations can be obtained, such as;
S=X (Uobs' Ucal) 2 (17)
The observed and calculated sound speeds are denoted by
uobs and ucal, respectively. With the values of K, and
Uas, the least value of S is adjusted. In certain
circumstances, the value of S is large and fluctuates
quickly, whereas in others, it is low and moves slowly.
We changed the value of uag so that it was neither lower
than the least measured sound speed nor considerably
higher than the greatest.
2.3 Model Suggested by Glinski
Glinski[18] assumed additivity with the volume percent,
of the components to improve the results, which is
similar to the improved version of Natta
and Baccaredda model [27]

- UpUgUag
cal —
¢AUBUAB +¢BUAUAB +¢ABUAUB
where ucal is the theoretical sound speed of a binary

liqguid mixture, A, B are the volume percentages of
component A and B, and ua, Us, and uag are the sound

as,u

(18)
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speeds of components A, B, and AB, respectively. Similar
to the RS model, the numerical approach and
determination of the association constant, Kas, were used.
The advantage of this method over the previous one was
that it did not require any data on liquid mixture densities
other than those of pure components needed to calculate
volume fractions. Reis et al [28] and others [29]
developed and expanded on the significance of related
liquids previously described.
2.4 McAllister — three body model

Eyring [30] proposed the following formula for
kinematic viscosity of a liquid and its relationship to
temperature:

o= h_NeAG*/ RT# (19)

where 0, h,N, M, R T and AG* are kinematic viscosity,
plank constant, molar mass, gas constant absolute
temperature and free energy of activation respectively.
The development of the particle between two layers of
fluid might be viewed as the section of the framework
over a potential energy barrier, identified with AG*.

McAllister followed Eyring's lead and looked at
different three-bodied planar encounters in molecules of
type (1) and (2), recommending that the absolute free
energy of enactment is determined by the free energy of
initiation (Gj, Gij, or Gsik) of individual collaborations
and their division of complete events as;

3 2 2 2
(Xi ) Xj Xj ’ Xj y Xj Xj OrXi ijk)

AG™ = X2AG, + X X,AGyy; + 2% %,AGy;, + ¥ X5 AG,,,

+ 2% X5AG, 53 + X5AG, (20)
Using the following assumptions as a starting point:

*

AG‘1*21 =AG;, = AGl*z and
AGl*Zl = Aszz = AG;l

Also,
AGE — AGy 5, +2AG; 55 and
12 3
AGE — AG;15 +2AG,,, (21)
21 3
As a result, eq.(24) can be expressed as;

AG™ = X3AG; +3xX,AGy, +3% X3AG,, +XAG,  (22)
Using eq. (20) for each set of interactions (i.e.
111,121,211, 112; 212, 122, 221and 222), the following
equation is obtained:

Inu=x’Inu, +3x2x, Inu,, +3x, X, Inu,,
+X3Inu, —In[x, +%,M, /M,1+3%°x, n[(2+ M, /M, )/3]
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+3x X2 In[(L+2M, / M,)/3]+ X3 In[M, / M,] (23)
here 2M, + M
’Mlz _ 1 2 and
3
M, = Mit2M; 24)

2.5 McAllister —four body model
If molecules have a large size difference, and we consider
multiple partnerships and their proportion of absolute
events, the energy of enactment activation could be made
up of the energy of initiations of numerous
collaborations.

AG™ = X}AG, + 4XXX,AG,,, + B6XZXZAG,,, + 4%, X3AG,,,,

+ XIAG] (25)
Following the same technique as before, the following

equation for four-body interaction is obtained:

Inu,, =x'Inu, +4x>x, Inu,,,, +6X°X, INu,,,,

+4x, X2 INU,,, + X5 Inu, —IN(X, +X,M, /M)

+4X2X, IN[(3+ M, /M,)/ 4]+ 6xxZ In[(L+ M ,M,) /2]

+ 4% X3 In[@A+3M, /M) / 4]+ x5 In(M, / M;) (26)

where u, X1, U1,M1, X2, Uz, and Mz represent the mixture's

surface tension, mole fraction, sound speed, and

molecular weight of pure components 1 and 2,
respectively.

3. RESULTS & DISCUSSION
The literature [1] was used to obtain experimental density
and sound speed data for pure liquids at various
temperatures. Panday et al [31] provided the thermal
expansion coefficients («) and isothermal compressibility
coefficients (kr). The Redlich-Kister equation can be
used to calculate sound velocity deviations (u).

y = x(1— xl)i:io A (2% — 1)

where y denotes the sound velocity deviation (u), Xi
denotes the mole fraction, and A; denotes the coefficient.
Multiple regression analysis using the least squares
approach was used to calculate the coefficient values,
which are given along with the standard deviations
between the experimental and fitted values of the
corresponding function (Table 1). The standard deviation
(o) range for sound velocity was 0.23 - 0.54, with the
greatest value obtained at 288.15 K for the 1-
butanol+dodecane mixture.

@7)

Table 1 Coefficient of Redlich- Kister and standard deviation for speed of sound of binary liquid mixtures.

1-Butanol+n-Dodecane

2-Butanol+n-Dodecane

T/IK Ao Aq A, As 40 Ao Aq A; Az 40
288.15 -5.95 -2.26 -26.04 18.01 0.53 -6.78 0.86 -9.59 15.21 0.38
298.15 -14.41 -3.14 -26.22 14.54 0.45 -14.62 -6.63 -15.15 17.80 0.36
308.15 -22.89 -5.27 -26.97 13.79 0.40 -20.94 -1252  -21.72 18.11 0.32
318.15 -31.39 -5.20 -22.78 2.65 0.23 -25.24  -15.15 -25.89 10.67 0.24

Table 2. Parameters of McAllister-3 and 4 Body interaction coefficients and their standard deviations (40) for speed

of sound of binary liquid mixture.

McAllister three Body Model

McAllister four Body Model

1-Butanol+N-Dodecane

T/IK A B A0 A B C 40
288.15 709.10 969.36 0.74 1334.02 1322.44 1315.44 0.31
298.15 687.34 939.90 0.68 1294.01 1282.65 1275.35 0.30
308.15 665.82 910.90 0.60 1254.29 1243.67 1235.75 0.30
318.15 644.36 882.82 0.54 1215.21 1204.58 1197.64 0.24

2- Butanol+n-Dodecane
288.15 700.07 963.29 1.17 1317.00 1305.02 1311.26 0.44
298.15 676.84 934.35 0.97 1273.27 1266.25 1270.66 0.48
308.15 653.99 905.78 0.74 1229.76 1228.48 1230.41 0.48
318.15 631.55 877.78 0.52 1187.17 1190.67 1191.28 1.79

Table 3. Parameters of McAllister-3 and 4 body interaction coefficients and their standard deviations (40) for

acoustic impedance of binary liquid mixture.

doi: 10.32622/ijrat. 103202204

14



International Journal of Research in Advent Technology, Vol. 11, No. 3, September 2023
E-ISSN: 2321-9637
Available online at www.ijrat.org

McAllister three Body Model/

McAllister four Body Model

1-Butanol+N-Dodecane

T/IK A B A0 A B C A0
288.15 0.5419 0.7378 0.0003 1.0308 1.0165 0.9936 0.0003
298.15 0.5201 0.7082 0.0003 0.9902 0.9761 0.9538 0.0003
308.15 0.4989 0.6792 0.0003 0.9504 0.9367 0.9148 0.0003
318.15 0.4778 0.6513 0.0003 0.9113 0.8979 0.8773 0.0002

2- Butanol+n-Dodecane
288.15 0.5335 0.7310 0.0004 1.0152 0.9990 0.9894 0.0004
298.15 0.5102 0.7018 0.0004 0.9707 0.9600 0.9488 0.0004
308.15 0.4874 0.6732 0.0005 0.9267 0.9221 0.9088 0.0004
318.15 0.4653 0.6453 0.0006 0.8838 0.8847 0.8701 0.0004

The method of least squares was used to calculate the
McAllister coefficients a, b, and ¢ for sound speed and
acoustic impedance, and standard deviations between the
calculated and experimental values were determined
(Tables 2 & 3). For all systems, the four-body model was
found to be more accurate with sound speed and acoustic
impedance mixture than the three-body model.

The equation was used to calculate the deviation in
acoustic impedance (Z).

N
AZ=Z-> XZ

i=1 (28)
The properties of liquids were previously examined using
the van der Waal equation of state and the findings were
approximated in an additive method. The linked models
(RS and Glinski), which assume linearity with
component mole fractions, were utilised to estimate the
speed of sound in liquid mixtures and behaviour with
component association. The fitted parameters were the
association constant (Kas) and uag, where uag is the speed
of sound of a pure hypothetical associate AB formed by
combining the components A and B. When the fitted
parameters are changed, the equilibrium concentrations
of the species [A], [B], and [AB] change, and the speed of
sound changes as well. The sum of squares for the
deviation is calculated using the disparities between
experimental and theoretical sound speed values.

Because the species AB is created by the association after
mixing, it was presumed that three species (A, B, and AB)
were present in solution rather than two (A and B). The
pure associate's sound speed could be modelled as a
fitting one with a value of Ks. The data for the liquid
mixtures are listed in Tables 4-6. The values of such
attributes in the tables vary depending on the position of
the alkanol's hydroxyl group. The decrease in association
power when the hydroxyl group is situated in a non
primary location was the rationale for these findings. At
all temperatures, when the mole percentage of alkanol
increases, the density increases but the speed of sound
falls. Conversely, as the mole fraction increases, the
values of acoustic impedance fall until a certain limit is
reached, after which they increase continually. At all
temperatures, a similar trend was seen for all binary
systems. For each model, the average deviation values in
sound speed and acoustical impedance were computed
(Table 5 & 6). The RS model, which assumes
association, outperformed the Flory model, which
assumed non-association. The three and four body
interaction models developed by McAllister produce
outstanding results. The average results, in general,
follow the order; McA-3 < McA-4 < RS < Glinski <
Flory. The variance in isentropic compressibility, T, with
the mole fraction at various temperatures using different
models for the examined systems is higher for the values
derived by Figures 1&2.

Table 4. Average absolute percent deviations of speed of sound(u) from various theoretical models for binary liquid

mixtures.
1-Butanol+n-Dodecane
Average Absolute % deviation
UFlory UGlinski
T/K Kas Usp (M/S) (m/s) u grs (M/s) (m/s) Umcas (M/S) U mcas (M/S)
288.15 0.006 1278.25 1.07 0.04 0.22 0.05 0.02
298.15 0.007 1275.25 2.07 0.14 0.36 0.04 0.02

doi: 10.32622/ijrat. 103202204
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308.15 0.009 1215.25 0.29 0.23 0.52 0.04 0.02

318.15 0.04 1185.25 1.85 0.15 1.15 0.04 0.01
2-Butanol+n-Dodecane

288.15 0.02 1250.25 1.30 0.20 0.37 0.07 0.03

298.15 0.03 1225.25 1.83 0.24 0.63 0.06 0.03

308.15 0.04 1225.25 0.40 0.26 0.90 0.05 0.03

318.15 0.03 1185.25 2.13 0.10 0.82 0.03 0.12

Table 5. Average absolute percent deviations of acoustic impedance (Z) from various theoretical models for binary

liquid mixtures.

1-Butanol+n-Dodecane

Average Absolute % deviation

T/K Kas Zapx106 ZFlory ZRs ZGlinski YAV ZMc4
288.15 0.006 1.00 1.07 1.36 1.53 0.02 0.02
298.15 0.007 0.96 2.07 1.49 1.69 0.02 0.02
308.15 0.009 0.95 0.29 1.62 1.88 0.02 0.02
318.15 0.04 0.91 1.85 1.28 2.55 0.02 0.02
2-Butanol+n-Dodecane

288.15 0.02 1.00 1.30 1.00 1.61 0.04 0.02
298.15 0.03 0.96 1.80 1.00 1.92 0.03 0.03
308.15 0.04 0.92 0.40 0.99 2.20 0.04 0.03
318.15 0.03 0.88 2.13 1.24 2.16 0.05 0.03

0.03 T=298.15K

1.5 0.02 1\‘."_/

201 -

=

= 0 ' '

z 0.5 1 1.5

$.01 -

N

=

-0.02 -

0.03 X1
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Fig.1 Deviation in the acoustic impedance (AZ) with the mole fraction for (x1) 1-butanol + (1-x1 )
dodecane : ¢ ,Flory model, m, Ramaswamy and Anbananthan model, A , model suggested by Glinski.
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Fig. 2 Deviation in the acoustic impedance (AZ) with the mole fraction for (x1) 2-butanol + (1-x1)
dodecane : ¢ ,Flory model, ®, Ramaswamy and Anbananthan model, A , model suggested by Glinski.
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Fig. 3 Deviation in the isentropic compressibility (Akr) with the mole fraction for (x1) 1-butanol + (1-x1)

dodecane : ¢ ,Flory model, ®, Ramaswamy and Anbananthan model, A , model suggested by Glinski .
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Fig. 4 Deuviation in the isentropic compressibility (Akr) with the mole fraction for (x1) 2-butanol + (1-x1)
dodecane : ¢,Flory model, m, Ramaswamy and Anbananthan model, A , model suggested by Glinski.

As seen in alkyl chain alkanol + long chain alkane
systems [1,32] they are positive across the whole
composition range and grow with temperature. At all
temperatures, the computed T values for the 2-butanol
system are larger
than those for the 1-butanol system. The various
capacities of self association of the two alkanols can
easily explain the observed temperature and composition
relationships. Due to its increased steric hindrance, 2-
butanol has a weaker connection, which increases the
breakdown of the alcohol structure by the alkane
molecule, implying a higher Temperature. Different
models were used to plot the variance in acoustic
impedance, Z, with the mole fraction at various
temperatures (Figures 3—4). The RS model demonstrated
greater changes in isentropic compressibility than the
Flory model for the 2-butanol system. For 1-butanol, the
Glinski model performed better than the Flory model.
The patterns in all of the graphs were nearly identical and
showed positive changes as the temperature rose,
indicating that higher temperatures result in stronger
interactions between liquid molecules. Figures 3-4
indicate that all of the models' acoustic impedance
deviations, AZ, are negative. The values of acoustic
impedance deviation, AZ, are in this order: Flory model
RS model Glinski. Negative acoustic impedance
deviations in all systems are caused by a molecular
association between the hydroxyl and alkane molecules,
resulting in the formation of a hydrogen bond, and show
weak interactions between the components due to
packing effect and dipolar-dipolar interactions at all
temperatures Positive acoustic impedance variations, on
the other hand, are caused by significant interactions
between the component liquids in all systems. Self-

doi: 10.32622/ijrat. 103202204

association of molecules is more important than packing
effect for positive deviations. Negative deviations, on the
other hand, are dominated by the packing effect and
dipolar-dipolar interactions. The relative strength of these
two opposing influences determines the actual sign and
size of deviations.

4. CONCLUSIONS

Finally, the computed findings of sound speed,
acoustic impedance, and isentropic compressibility from
the RS model assuming association were shown to be
superior to those obtained from the Flory model
assuming  non-association. The packing effect,
association features, and dipolar-dipolar interactions are
all explained in the McAllister three and four body
interaction models, which produce good results. Except
for the Flory model, acoustic impedance variances, Z, are
almost negative. The least variations are found in the
McAllister three and four body interactive models.
Positive deviations in isentropic compressibility for all
systems are caused by molecular self association and
reveal substantial interactions between the components at
all temperatures. Positive acoustic impedance variations,
on the other hand, are caused by significant interactions
between the component liquids in all systems. Self-
association of molecules is more important than packing
effect for positive deviations. Negative deviations, on the
other hand, are dominated by the packing effect and
dipolar-dipolar interactions. The relative strength of these
two opposing influences determines the actual sign and
size of deviations. The observed values were also utilised
to evaluate a number of predictive models that are used to
estimate qualities in binary mixes. All of the models were
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found to describe the fluctuation of the magnitude of the
attributes with the length of the alkanol chain in a
qualitative fashion.
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