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Theoretical estimations of thermodynamic properties of

liquid mixtures by Flory’s statistical theory
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Flory’s statistical theory has been employed for the computation of ultrasonic velocity (u),
density (�), internal pressure (Pi), thermal expansion coefficient (�), isothermal compressibility
(�T), adiabatic compressibility (�S), heat capacity at constant pressure (CP), heat capacity at
constant volume (CV), heat capacities ratio (�), pseudo-Gruneisen parameter (�), excess volume
(VE) and excess heat capacity at constant pressure (CE

P) at varying temperatures for 10 binary
and 5 ternary systems. The binary systems under investigation are: acetonitrileþ benzene,
benzeneþDMF, acetonitrileþDMF, cyclohexanolþ cyclohexane, piperidineþ
tetrahydropyran, piperidineþ cyclohexane, tetrahydropyranþ cyclohexane, benzeneþ
p-xylene, benzeneþ p-dioxan, acetoneþmethyliodide, and the ternary systems are: benze-
neþ chloroformþ cyclohexane, tolueneþ chloroformþ cyclohexane, chlorobenze-
neþ chloroformþ cyclohexane, dioxaneþ chloroformþ cyclohexane and chlorobenzeneþ
cyclohexaneþ n-heptane. The results of calculations show that for all the systems under
consideration, the calculated values of various thermodynamic parameters show the same trend
as observed experimentally. Fairly good agreement is found between theoretical and
experimental values. The ultrasonic velocity of liquid mixtures is obtained using the most
popular Flory theory without the help of any empirical relation.

Keywords: Flory’s statistical theory; Ultrasonic velocity; Thermal expansivity; Isothermal
compressibility

1. Introduction

For liquid mixtures, the most widely accepted Flory’s statistical theory [1–5] has been
successfully employed to evaluate theoretically, the ultrasonic velocity [6–11], isentropic
compressibility [12–14], excess volume [11,15–21], isothermal compressibility [22],
viscosity and other properties e.g., excess enthalpy, excess Gibbs free energy and
activity coefficient. In the case of binary liquid mixture, excess volume and excess
enthalpy were interpreted in the light of Prigogine–Flory–Patterson theory. Starting
with the Flory equation of state, the excess volumes of binary, ternary and quaternary
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liquid mixtures have been theoretically evaluated [15–17]. This theory has also been
extended to multicomponent liquid systems for computing thermodynamic [23–30] and
transport [31–33] properties. Flory theory has also been utilised to evaluate ultrasonic
velocity in liquid mixtures. The traditional approach, employed by most of the workers,
is to use Auerback [34] and Altenberg [35] empirical equations between ultrasonic
velocity, density and surface tension. Surface tension is first deduced from Flory theory
using Patterson–Rastogi method [36], then it is transformed to ultrasonic velocity via
the aforesaid empirical relations. In this approach, the values of experimental density of
mixture are desired for obtaining ultrasonic velocity. In another advance approach,
developed during recent year [12], the experimental density, heat of mixing and excess
heat capacity data of mixture is required.

In the present work, we are presenting an entirely different formalism for computing
ultrasonic velocity (u), density (�), internal pressure (Pi), thermal expansion coefficient
(�), isothermal compressibility (�T), isentropic compressibility (�S), heat capacity at
constant pressure (CP), heat capacity at constant volume (CV), heat capacities ratio (�),
pseudo-Gruneisen parameter [37] (�), excess volume (VE) and excess heat capacity at
constant pressure [13] (CE

P) of binary and ternary liquid mixtures using Flory’s
statistical theory. The present approach has the following merits:

(i) No empirical relation is used.
(ii) We do not need experimental values of any property of mixture before hand.
(iii) The method does not involve any approximation.
(iv) Only experimental values of thermal expansivity, isothermal compressibility, heat

capacity at constant pressure and density of pure components are desired for
computing all the thermodynamic properties of binary and multicomponent
mixtures.

In the present work, we are applying Flory’s theory for estimating the values of
various aforesaid thermodynamic properties of 10 binary and 5 ternary liquid mixtures.
In earlier approaches, ultrasonic velocity of liquid mixture has been calculated on the
basis of Flory–Patterson theory in conjunction with Auerbach and Altenberg empirical
relations. But the present approach is purely theoretical and no empirical relation is
used. Except mole fraction, no other property of liquid mixture is desired. The present
approach is entirely new, as far as our knowledge is concerned, and nobody has, so far,
succeeded in estimating the ultrasonic velocity of liquid mixtures using the most
popular Flory theory without the help of any empirical relation, which is very novel
approach. The sound velocity of any type of liquid mixture can be predicted simply
from the knowledge of �, �T, CP and V of pure components. The density of any type of
liquid mixture can be predicted simply from the knowledge of �, �T and V of pure
components. The computed values obtained by Flory theory are compared with the
experimental findings [16,38–44].

2. Theoretical

From the knowledge of �, �T and V of pure components, the values of ~V, V*, P*, ~T and
T* for pure components can be obtained. Segment fraction ( ) and site fraction (�) of
liquid mixtures have been computed by the method suggested earlier [23]. With the help
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of segment and site fraction reduced volume, ~V, of the mixture is calculated by the

method given by earlier workers [1–4,23,25,28,29].
The molar volume (V) of the mixture is related with the characteristic volume (V*)

and reduced volume ( ~V) of the mixture as,

V ¼ V � ~V ð1Þ

where V� ¼ �xiV
�
i ð2Þ

Density of the mixture is given by

�m ¼
Mm

V
ð3Þ

where Mm is the molar mass of the mixture expressed as

Mm ¼ �xiMi ð4Þ

where xi is the mole fraction and Mi is the molar mass of the i-th pure component.

Equation (3) in conjunction with equation (1) can be used to compute �m of the liquid

mixture.
Isothermal compressibility of the liquid mixture can be calculated by the following

expression:

�T ¼
�T ~V2

P�
ð5Þ

Thermal expansion coefficient of the mixture is obtained by the equation

� ¼
~V1=3 � 1

� �
T 1� 3ð ~V1=3 � 1Þ
� � ð6Þ

Internal pressure (Pi) is related with the thermal expansion coefficient and isothermal

compressibility through the relation,

Pi ¼
�T

�T
ð7Þ

Heat capacity at constant pressure of the mixture is defined as,

CP ¼ CE
P þ CPðidlÞ ð8Þ

where CP(idl) is ideal heat capacity of the mixture and defined as,

CPðidlÞ ¼ �xiCP,i ð9Þ

where CP,i¼ heat capacity of i-th pure component. CE
P is defined by Khanwalkar et al.

[13] according to Flory theory, as

CE
P ¼

P�V�

T�
1

ð4=3Þ ~V�1=3 � 1
� ���

xi

ð4=3Þ ~V�1=3i � 1

( )" #
ð10Þ
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�s is calculated with the help of well-known thermodynamic relation,

�S ¼ �T �
�2TV

CP
ð11Þ

Ultrasonic velocity (u) of the mixture is obtained with the help of the following relation:

u ¼
1

�S�

� �1=2

ð12Þ

The excess volume of the mixture is calculated with the help of Equation (18)
of [25].

VE ¼ ð�xiV
�
i Þ

~VE ð13Þ

Heat capacities ratio, �, for the mixture can be calculated by the well-known
relation,

� ¼
�T
�S

ð14Þ

The heat capacity of mixture at constant volume (CV) is computed by the following
relation:

CV ¼
CP

�
ð15Þ

Pseudo-Gruneisen parameter (�) of the mixture can be calculated using the following
relation:

� ¼
� � 1

�T
ð16Þ

3. Results and discussion

The values of ultrasonic velocity, density, internal pressure, thermal expansion
coefficient, isothermal compressibility, adiabatic compressibility, heat capacity at
constant pressure, heat capacity at constant volume, specific heat ratio, pseudo-
Gruneisen parameter, excess volume and excess heat capacity at constant pressure for
the 10 binary and 5 ternary liquid mixtures have been evaluated with the help of Flory’s
statistical theory at different temperatures. Following liquid systems are studied in the
present work.

3.1. Binary liquid mixtures

Acetonitrileþbenzene, benzeneþDMF, acetonitrileþDMF, cyclohexa-
nolþ cyclohexane, piperidineþ tetrahydropyran, piperidineþ cyclohexane, tetrahydro-
pyranþ cyclohexane, benzeneþ p-xylene, benzeneþ p-dioxan, acetoneþmethyliodide.
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3.2. Ternary liquid mixtures

Benzeneþ chloroformþ cyclohexane, tolueneþ chloroformþ cyclohexane, chloroben-

zeneþ chloroformþ cyclohexane, dioxaneþ chloroformþ cyclohexane and

chlorobenzeneþ cyclohexaneþ n-heptane.
All the parameters of pure components are listed in table 1. The necessary data

needed, for the calculation, have been taken from different sources [16,38–44]. Tables 2

and 3 enlist the computed values of all aforementioned properties of only 4 binary and

5 ternary liquid mixtures, respectively. In table 4, average percentage deviations (APD)

of all the 10 binary and 5 ternary liquid mixtures have been presented. The computed

values of the desired thermodynamic properties of rest of binary liquid mixtures can be

obtained from the authors on request.
For the comparison of theoretically computed values with the observed values under

consideration, the experimental values of liquid mixtures were taken from different

sources [16,38–44]. Those systems for which experimental values of � and �T are not

known, we have used the following empirical equations [45]:

�exp ¼
75:6� 10�3

T1=9u1=2�1=3
K�1 ð17Þ

�TðexpÞ ¼
1:71� 10�3

T4=9�4=3u2
cm2 dyne�1 ð18Þ

where u is in m sec�1 and � in g cm�3.
The experimental values of �S, CP, �, CV, � and Pi of liquid mixtures were obtained

by the following equations:

�SðexpÞ ¼
1

u2
ðexpÞ�ðexpÞ

ð19Þ

CPðexpÞ ¼
�2ðexpÞTVðexpÞ

�TðexpÞ � �SðexpÞ
ð20Þ

�exp ¼
�TðexpÞ
�SðexpÞ

� �
ð21Þ

CVðexpÞ ¼
CPðexpÞ

�ðexpÞ
ð22Þ

�ðexpÞ ¼
�ðexpÞ � 1

�ðexpÞT
ð23Þ

and PiðexpÞ ¼
�ðexpÞT

�TðexpÞ
ð24Þ
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In all the cases, the calculated values of all the properties of binary and ternary liquid
mixtures by Flory’s statistical theory show the same trend as observed experimentally.

A careful study of table 4 demonstrates that the APD values of density in all the cases
are below 1%, which is in excellent agreement. The APD values of ultrasonic velocity is

Table 1. Parameters of pure components at different temperatures.

T V � �� 103 �T� 1012 P* T* CP

Components (K) (cm3mol�1) (g cm�3) (K�1) (cm2 dyne�1) ~V (J cm�3) (K) (JK�1mol�1)

Benzene 298.15 89.42 0.87363 1.229 97.41 1.2928 628.75 4697.7 135.90
303.15 90.03 0.86770 1.320 102.70 1.3138 672.17 4578.6 147.81
313.15 91.08 0.85775 1.256 109.53 1.3097 616.03 4769.0 138.90

p-Xylene 298.15 123.94 0.85662 1.013 88.91 1.2504 531.60 5193.8 181.70
313.15 125.86 0.84358 1.038 98.88 1.2659 526.77 5244.9 186.20

p-Dioxan 298.15 85.71 1.02792 1.132 75.79 1.2742 721.41 4896.7 147.90
303.15 86.51 1.01850 1.115 78.71 1.2744 697.09 4973.9 143.25
313.15 87.20 1.01037 1.164 84.49 1.2916 719.86 4947.1 153.70

Toluene 303.15 107.92 0.85390 1.065 96.00 1.2643 537.34 5094.4 147.77

n-Heptane 298.15 147.47 0.67951 1.258 142.40 1.2985 444.42 4642.9 224.68

Acetone 253.2 69.61 0.83436 1.332 91.60 1.2740 597.60 4159.7 120.33
263.2 70.53 0.82348 1.344 98.40 1.2847 593.35 4220.3 121.08
273.2 71.48 0.81253 1.361 106.90 1.2963 584.46 4273.9 122.05
283.2 72.47 0.80144 1.380 115.80 2.3081 577.53 4325.6 123.22
293.2 73.48 0.79042 1.398 125.50 1.3198 568.92 4380.1 124.73
303.2 74.53 0.77928 1.416 136.30 1.3315 558.40 4435.7 126.44
308.2 75.07 0.77368 1.435 143.00 1.3391 554.56 4450.2 127.28

Methyl iodide 253.2 59.50 2.38956 1.167 91.60 1.2459 628.28 4464.6 81.59
263.2 60.10 2.36173 1.184 98.40 1.2569 626.35 4508.0 81.25
273.2 60.82 2.33377 1.200 106.90 1.2678 623.58 4554.9 80.96
283.2 61.56 2.30572 1.214 115.80 1.2783 619.38 4606.9 81.17
293.2 62.32 2.27760 1.229 125.50 1.2890 616.57 4658.1 82.05
303.2 63.10 2.24945 1.242 136.30 1.2993 612.42 4714.1 83.47
308.2 63.49 2.23563 1.254 143.00 1.3055 612.13 4732.5 84.22

Cyclohexane 293.15 108.08 0.77868 1.224 111.60 1.2880 533.37 4667.1 153.34
298.15 108.76 0.77380 1.215 112.77 1.2902 534.72 4724.3 156.84
303.15 109.84 0.76620 1.239 119.90 1.2985 527.96 4718.8 151.80
313.15 110.80 0.75959 1.265 128.97 1.3114 528.25 4752.8 163.60
323.15 112.19 0.75019 1.294 141.11 1.3248 520.08 4783.8 166.00

Cyclohexanol 298.15 105.98 0.94510 0.804 59.07 1.2061 590.32 5938.7 208.30
313.15 107.28 0.93368 0.823 64.55 1.2192 593.51 5971.5 211.90
323.15 108.16 0.92600 0.836 68.61 1.2281 593.90 5994.6 213.80

Piperidine 293.15 98.86 0.86132 1.055 79.80 1.2553 610.71 5041.6 181.88
313.15 100.98 0.84324 1.077 91.80 1.2740 596.30 5144.6 185.64

Tetrahydropyran 293.15 97.44 0.88403 1.129 93.40 1.2698 571.40 4863.3 149.62
313.15 99.69 0.86408 1.155 108.10 1.2898 556.64 4965.8 156.61

Acetonitrile 298.15 52.85 0.77674 1.372 111.67 1.3193 637.59 4458.2 90.03

DMF 298.15 77.43 0.94392 0.559 54.78 1.1498 402.20 7541.7 147.22

Chlorobenzene 298.15 102.24 1.10092 0.982 75.50 1.2440 600.13 5284.0 150.78
303.15 102.73 1.09570 0.990 78.90 1.2490 593.05 5299.0 148.96

Chloroform 303.15 81.40 1.46650 1.300 108.60 1.3100 622.48 4611.4 117.10
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below 2% for all the systems except benzeneþDMF and acetonitrileþDMF for which

APDs are 4.73 and 3.05%, respectively. It is due to the special nature of DMF. It is

clear from table 4 that for the liquid systems cyclohexanolþ cyclohexane, benzeneþ

p-xylene, benzeneþ p-dioxan and acetoneþmethyl iodide, the agreement between

computed values and experimental values for all the properties are quite good. For

these systems, all experimental values are known [39–41]. For other systems, the APD

values are slightly higher because the experimental values of � and �T were obtained

with the help of empirical equations (17) and (18).
The VE and CE

P for binary system acetoneþmethyl iodide at different

temperatures are presented graphically in figures 1 and 2, respectively. From

figure 1 it is clear that as temperature increases, the dip of the curves increase,

indicating that the interaction become stronger and stronger. Figure 2 also

supports this fact, as sign of CE
P changes from positive to negative with the

increase in temperature.
Figures 3 and 4 represent graphically, the values of VE and CE

P for ternary system

chlorobenzeneþ cyclohexaneþ n-heptane at 298.15K. Both the values of VE and CE
P

are negative in the entire composition range, indicating strong interaction. Similarly,

we can discuss the interaction in other liquid systems investigated in the present

work.
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Figure 1. A graph between excess volume vs. mole fraction (x1) of acetone(x1)þmethyl iodide(x2) system at
different temperatures.
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Figure 3. A graph between excess volume vs. mole fraction (x1) of chlorobenzene(x1)þ cyclohexane
(x2)þ n-heptane(x3) system at 298.15K.
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Figure 2. A graph between CE
P vs. mole fraction (x1) of acetone(x1)þmethyl iodide(x2) system at different

temperatures.
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