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Surface thermodynamic behaviour of binary liquid mixtures

of benzene11,1,2,2-tetrachloroethane at different

temperatures: an experimental and theoretical study
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Surface tensions, �, of pure benzene, 1,1,2,2-tetrachloroethane and those of their binary liquid
mixtures over the whole composition range at 298.15, 308.15 and 313.15K have been measured.
The experimental � data have been correlated against temperature and concentration using
standard relations. The measured values have been used to calculate various useful
thermodynamic parameters, viz., deviation in surface tension, ��, surface entropy, S s, and
surface enthalpy, Hs. The sign and magnitude of these parameters were discussed in terms of
molecular interactions between the component molecules of the liquid mixtures. A number of
empirical, semi-empirical and statistical models and theories such as Aurebach, Sanchez,
Goldsach–Sarvas volume fraction statistics, Brock and Bird relation, Sudgen’s relation and
Flory–Patterson–Rastogi model have been used to compute theoretically the values of surface
tension. Moreover, deviation in surface tension, �� has also been calculated using HSIS and
HSEG theories and found to be qualitatively correct.

Keywords: Surface tension; Liquid mixtures; Semi-empirical relations; Statistical methods

1. Introduction

In continuation of our investigations [1–3] on bulk thermodynamic and transport
behaviour of liquid mixtures, here, we present the experimental surface tension, �, of
pure benzene, 1,1,2,2-tetrachloroethane (TCE) and those of their binary liquid mixtures
over the whole composition range at 298.15, 308.15 and 313.15K. The surface tension
of a liquid mixture is not a simple function of the surface tension of the pure
components, because in a mixture the composition of the surface is not the same as that
of the bulk [4]. Surface tension of mixtures is an important physical property in mass
transfer processes such as liquid–liquid extraction, gas absorption, distillation and
condensation, and also a property that represents changes in molecular interactions and
could thus be used as a means of interpreting behaviour of binary mixtures [5]. The
binary system of benzene with TCE is of considerable interest from the viewpoint of the
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existence of specific interactions between the components in the liquid state. These
considerations led us to undertake the present study.

For these reasons, the surface parameters viz. surface enthalpy, Hs, surface entropy,
Ss, and deviation in surface tension, �� of the above binary mixtures at the studied
temperatures have been obtained. Apart from the experimental work, we have also
evaluated the theoretical values of surface tension of the present mixtures using
Aurebach method [6], Brock and Bird relation [7], Sudgen’s equation [8], Flory–
Patterson–Rastogi model [9], Sanchez relation [10] and volume fraction statistics of
Goldsach and Sarvas [11].

Moreover, deviations in surface tensions, ��, have been estimated by using the
theories of Hildebrand and Scott [12] for ideal solutions (HSIS) and their extension of
Guggenheim’s ideal solution equation (HSEG) [13] valid for systems containing
molecules of significantly different size.

2. Experimental

The chemicals used were supplied by Merck and s. d. Fine Chem Ltd. Their mass
purities were benzene (Merck, >99.5%) and 1,1,2,2-tetrachloroethane (SD Fine Chem,
>99.5%). Prior to use both chemicals were dried over molecular sieves (Sigma Union
Carbide 0.4 nm). All mixtures were prepared by mass using a Precisa XB 220A (Swiss
make) electronic balance having a precision of �1�10�4 g. Mixtures were stored in
glass stoppered flasks to avoid contamination and evaporation. The accuracy in mole
fraction was estimated to be within �0.0001.

The surface tension of the samples were measured by the ring-detachment method
using a De Nuoy tensiometer (SD Hardsons Ltd.) with a precision of �0.01mNm�1.
The platinum–iridium ring was thoroughly cleaned and flame dried before each
measurement. The torsion balance was calibrated with ethanol, and triple distilled water.
All solutions were thermostated with a precision of �0.02K using a constant stirrer
water bath (Julabo, Germany). At least three readings were taken for each sample.

The corresponding densities were measured at 298.15K using a single stem
pycnometer having a bulb capacity of 8�10�6m3, with an accuracy of �0.3 kgm�3.
The ultrasonic speeds were measured at 298.15K using single crystal variable path
ultrasonic interferometer (Mittal Enterprises), operating at 2MHz. The accuracy in
measured ultrasonic speed was up to �0.5%. Moreover, for comparison, measured
values of pure components along with the literature values are given in table 1. It is clear
from the table that our values are in good agreement with those reported earlier [14–18].

Table 1. Comparison of experimental values of surface tension, �, density, �, and ultrasonic speed,
u of pure components with literature values at 298.15K.

Benzene 1,1,2,2-tetrachloroethane

Property Experimental Literature Experimental Literature

� (mNm�1) 28.0 28.22a 35.50 35.58a

� (kgm�3) 873.4 873.598b 1586.7 1586.6d

u (m s�1) 1303.5 1304.0c 1153.5 1153.0e

a[14], b[15], c[16], d[17], e[18].
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3. Results and discussion

Table 2 lists the measured surface tension, � of pure benzene, TCE and those of their

binary mixtures over the whole composition range at 298.15, 308.15 and 313.15K.

At all compositions surface tension, � decreased linearly with increasing temperature

(table 2). The surface tensions of binary mixtures were correlated with temperature by

the expression proposed by Jasper [19]:

� ðmNm�1Þ ¼ K1 � K2t ð1Þ

where K1 and K2 are fitting coefficients, the values of which are reported in table 3, and

t is temperature in �C.
For a given temperature, the surface tension of the studied binary mixture

decreases with increase of the benzene mole fraction (table 2). Connors and Wright

[20] proposed an equation of the following type to describe the effect of composition on

the surface tension of a mixture. This equation has been used successfully by many

Table 2. Values of experimentally measured surface tensions of the binary liquid
mixtures at different temperatures.

�/(mNm�1)

x1 298.15K 308.15K 313.15K

0.0000 35.50 34.35 33.65
0.1222 34.39 33.30 32.65
0.1956 33.60 32.55 31.94
0.3028 32.60 31.52 30.89
0.3862 31.80 30.73 30.15
0.4960 30.75 29.65 29.10
0.5936 29.90 28.81 28.25
0.6890 29.10 28.00 27.43
0.8079 28.10 27.00 26.44
0.9020 27.50 26.40 25.90
1.0000 28.00 26.75 26.15

Table 3. Values of surface tension parameters K1 (mNm�1) and
K2 (mNm�1K�1) for the binary liquid mixture as a function of composition.

x1 K1 K2

0.0000 38.57 0.1221
0.1222 37.28 0.1150
0.1956 36.36 0.1096
0.3028 35.44 0.1131
0.3862 34.54 0.1096
0.4960 33.50 0.1100
0.5936 32.65 0.1099
0.6890 31.88 0.1111
0.8079 30.87 0.1106
0.9020 30.17 0.1071
1.0000 31.09 0.1236

Surface behaviour of liquid mixtures 49

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
4
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



workers [21–23]:

� ¼ �1 � 1þ
bx1

1� ax1

� �
x2 �1 � �2ð Þ ð2Þ

where �1 and �2 are the surface tensions of pure components 1 and 2, x1 and x2 are mole

fractions of benzene and TCE, respectively, and a and b are adjustable parameters. � is

the surface tension of the mixture. The values of a and b obtained at each temperature

are listed in table 4.
The deviations of surface tension of a liquid mixture from linearity reflect changes of

structure and cohesive forces during the mixing process. Thus, surface tension

deviation, ��, were calculated from our measurements according to the following

equation:

�� ¼ � � x1�1 � x2�2 ð3Þ

The surface tension deviations were correlated by means of the Redlich–Kister

polynomial [24]:

�� ¼ x1x2
X4
p¼0

Ap x1 � x2ð Þ
p

ð4Þ

The results of the Redlich–Kister fit of �� together with coefficients Ap and standard

deviations s are given in table 5 while its variation with mole fraction x1 at different

temperatures are graphically shown in figure 1.
It is clear from figure 1 that the �� values are negative over the entire composition

range and show minima in benzene-rich region (x1� 0.8) at all the three studied

temperatures. It is to be emphasized that the influence of the solute/solvent for the

present system on the surface behaviour is less marked as compared to the volumetric

and compressibility behaviour [25] which were strongly correlated with the structures

of solute/solvent.

Table 5. Values of coefficients Ap of Redlich–Kister polynomial equation (4) along with standard deviations
for the liquid mixtures at different temperatures.

�� (mNm�1)

T (K) A0 A1 A2 A3 A4 s

298.15 �4.1562 2.2762 �0.0040 8.3492 �8.8123 0.0173
308.15 �3.7123 2.4185 0.4618 7.1584 �7.7525 0.0177
313.15 �3.3098 2.6131 �1.2130 6.1532 �4.0455 0.0206

Table 4. Values of surface tension parameters a and b for the binary
liquid mixtures at different temperatures.

T (K) a b

298.15 0.1948 0.1860
308.15 4.3213 0.4243
313.15 3.8728 0.2436
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Thermodynamic parameters of the surface of these solutions were obtained by the
following equations. Variation of surface entropy per unit area [26], due to the interface
formation is:

S s ¼ �
d�

dT
ð5Þ

and the surface enthalpy per unit area is:

H s ¼ � � T
d�

dT

� �
ð6Þ

These equations were extensively used by many workers [27–29] to investigate the
surface thermodynamics of various binary mixtures. The surface entropies and
enthalpies of benzeneþTCE mixtures calculated from equations (5) and (6) were
drawn in figures 2 and 3 against mole fraction x2 of TCE, respectively.

It is clear from figure 2 that surface entropy of the mixtures are less than those of the
pure liquids, and show typical variation with mole fraction x2 of TCE. Such a typical
behaviour of surface entropy has also been reported by Azizian et al. [5,22] for the
systems ethylene glycolþ cyclohexanol/cyclopentanol. The surface enthalpies of the
above system decreases rapidly at low concentration of TCE (x2<0.2) and then it
increases slowly by increasing TCE concentration. No significant effect of temperature is
observed on surface enthalpy. It is clear from figures 2 and 3 that the trends of variation
of both parameters i.e. Ss and Hs are almost similar, and thereby support each other.

3.1. Theoretical analysis

3.1.1. Surface tension prediction. In recent years, successful attempts have been made
to predict theoretically the surface tensions [30–32] and deviations in surface
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Figure 1. Surface tension deviations of binary liquid mixtures at various temperatures.
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tension [33–35] of liquid mixtures using various empirical, semi-empirical and statistical

theories. As an extension, here we present six different surface tension predictive models

and relations taken from the literature for this purpose.
The first relation we tested is the Aurebach relation [6], the equation for which can be

written as,

� ¼ 6:4� 10�3�u3=2: ð7Þ

Using measured density, � and ultrasonic speed, u of pure liquids and liquid mixtures

at 298.15K, surface tension of the system under investigation has been calculated

at 298.15K by making use of equation (7).
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Figure 2. Plots of surface entropy vs. mole fraction of TCE.
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Figure 3. Plots of surface enthalpy vs. mole fraction of TCE at various temperatures.
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Sanchez relation [10] has been applied successfully to binary liquid mixtures to

deduce the value of surface tension of liquid mixtures:

� ¼
X2
i¼1

xiA
1=2
i

� � X2
i¼1

�i�i
�i�Ti

� �" #1=2

ð8Þ

where �Ti and �i are the isothermal compressibility and density of pure liquids. �i and xi
are the volume fraction and mole fraction of the ith component. Ai is defined as:

Ai ¼ �
2
i

�Ti
�i

� �
: ð9Þ

Goldsach and Sarvas [11] used the mole fraction and volume fraction statistics to

obtain the following expression for the surface tension of non-electrolyte solutions and

applied this equation to obtain surface tension of various organic liquid mixtures,

� ¼ �
RT

A

� �
ln x1 exp ��1A=RTð Þ þ x2 exp ��2A=RTð Þ½ � ð10Þ

where A is the molar surface area, and can be obtained as:

A ¼ 1:02� 108
X2
i¼1

Við Þ
2=3: ð11Þ

Another theoretical expression we analyzed is Sudgen’s equation [8] who introduces

a parameter called parachor as,

Pi½ � ¼ �
1=4
i

Mi

�i

� �
ð12Þ

where Mi is the molar mass of the pure component i, �i its density and [Pi] is the

parachor, which is a characteristic of the liquid substance. Assuming that the parachor

is additive with respect to mole number [36], � can be obtained for a binary mixture as:

� ¼ P1½ �
x1
M1
þ P2½ �

x2
M2

� �4

� �4 ð13Þ

where [P1] and [P2] are the parachors for benzene and TCE, respectively, and � is the

density of the mixture.
The extension of the principle of corresponding states given by Patterson and

Rastogi [9] together with the Flory’s theory [37–39] can be used to evaluate the surface

tensions of pure liquids and their mixtures. The surface tension is given by the expression:

� ¼ �� ~� ~vð Þ ð14Þ

where �� is the characteristic surface tension and ~�ð ~vÞ is the reduced surface tension.

The characteristic surface tension can be calculated from the equation:

�� ¼ k1=3P�2=3T �2=3 ð15Þ
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where k is the Boltzman constant, P� and T� are the characteristic pressure and
temperature, respectively.

The reduced surface tension can be defined as:

~� ~vð Þ ¼M ~v5=3 �
~v1=3 � 1

~v2

� �
ln

~v1=3 � 0:5

~v1=3 � 1

� �
ð16Þ

where, ~v is the reduced volume and M is the fraction of nearest neighbours that a
molecule loses on moving from the bulk of the liquid to the state surface. The most
suitable value for the parameter M is 0.29 [40].

Another theoretical model we analyzed is due to Brock and Bird [7], which obtains
the surface tension of pure components only from the values of critical parameters. The
Brock and Bird expression for a binary mixture reads:

� ¼ P2
CmTCm

� �1=3
�0:951þ

0:432

ZCm

� �
1� Trmð Þ

11=9: ð17Þ

In this expression, PCm, TCm, ZCm and Trm, are the critical pressure, critical
temperature, critical compressibility factor and reduced temperature respectively, for
the mixture. These parameters are defined as [32,39]:

PCm ¼ x1PC1 þ x2PC2 ð18Þ

TCm ¼ x1TC1 þ x2TC2 ð19Þ

ZCm ¼
PCmVCm

RTCm
ð20Þ

where,

VCm ¼ x1VC1 þ x2VC2 ð21Þ

and

Trm ¼
T

TCm
ð22Þ

PCi, TCi and VCi are the critical pressure, critical temperature and critical volume of
the ith component of the mixture. The values of which can be obtained from the
literature [36].

The parameters for pure components used in these relations are listed in table 6.
A close perusal of table 7 reveals that Sanchez method provides fairly good agreement
in theory and experiment followed by Brock–Bird, Goldsach–Sarvas, Flory–Paterson–
Rastogi, Aurebach and Sudgen’s relation.

The Aurebach relation is based on ultrasonic speed and density measurements of the
same mixtures, and, thus, the values obtained follows the density and ultrasonic
behaviour. The parameter parachor, [Pi] introduced by Sudgen has also been calculated
by using density and, thereby, follows the same behaviour. Some other workers [33–35]
also arrived at the same conclusions about Sudgen’s method. Further, if [Pi] were
calculated using a recently proposed statistical mechanical method by Escobedo and
Mansoori [30] or by using group’s contribution described elsewhere [36], these
discrepancies may further be minimized.
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The values of surface tension using the Flory–Patterson–Rastogi model are a bit

higher than our experimental values. The possible reason for this difference is that the

corresponding state treatment of liquid mixtures used in equation (16) considers the

molecules of a mixture as equivalent to a single component. Also, the value of M which

is the fractional decrease in the number of neighbours of a cell in the surface phase

compared to the bulk phase depends on the temperature and pressure and, thus, can

have values other than 0.29, as suggested by Patterson and Rastogi [9]. This might be

the reason for the observed discrepancies. Similar conclusions were also drawn at by

Pandey et al. [32].
Therefore, it is obvious that statistical approaches give better results than the

empirical ones. Thus, the present work emphasizes the relative validity of these theories/

models and their ability to reproduce the experimental data.

3.1.2. Estimation of deviation in surface tension. The first theory we analyzed for
the estimation of deviation in surface tension, �� of binary liquid mixtures is

the Hildebrand and Scott ideal solution theory (HSIS) [12], which is based on

Guggenheim’s ideal solution equation [13]. It assumes that, the bulk liquid and the

surface layer, form ideal solution and it must be applied when the size of the molecules

in the mixture is similar. The equation for HSIS model can be written as [12,41]:

�� ¼ �
Ax

2RT
�1 � �2ð Þ

2x1x2 ð23Þ

where �� is the surface tension deviation as defined in equation (3), R is the gas

constant and T the absolute temperature, Ax is the molar surface area and can be

defined as:

Ax ¼ x1A1 þ x2A2: ð24Þ

The molar surface area of the pure components can be deduced by the method

described elsewhere [41,42], which assumes that the molecules in the liquid are close

packed spheres and is given by the relation:

Ai ¼ ViNð Þ
1=3

ð25Þ

Table 6. Values of characteristic, Flory and pure component parameters at 298.15K.

Parameter Benzene 1,1,2,2-tetrachloroethane

V (106m3mol�1) 89.50 105.63
~V 1.2917 1.2473
� (103K�1) 1.223 0.998
�T (T Pa�1) 967.0 617.0
P� (106 J cm�3) 648.0 774.0
V� (106m3mol�1) 69.14 84.69
T� (K) 5237 4709
TC (K) 562.05 661.15
PC (MPa) 4.895 5.841
VC (cm3mol�1) 256.0 331.5
Cp (Jmol�1K�1) 136.0 162.3
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where N is the Avogadro’s number and Vi the molar volume of the pure component, i,

obtained experimentally from the molar mass of the compound and its density. The

obtained �� values using HSIS model are presented in figure 4.
Another theoretical expression we analyzed for the estimation of �� is HSEG, which

is based on Guggenheim’s ideal solution equation [13] and applicable to mixtures where

the size of the molecules is different as in our case. The expression for the HSEG model

can be written as [12,43]:

� ¼ Y1�1 þ Y2�2 �
�1 � �2ð Þ

2

2RT
Y1A2 þ Y2A1ð ÞY1Y2 ð26Þ

where the parameter Yi gives the relationship between the surface molar area, Ai for the

molecule i and the total molar surface area. Thus, Yi is defined by the following

expression:

Yi ¼
xiAi

x1A1 þ x2A2
: ð27Þ

To obtain �� from the HSEG model, we applied equation (3) to the � values obtained

from equation (26). The corresponding �� values are plotted in figure 4, along with the

experimental values and those obtained using HSIS models at 298.15K.
It is clear from the figure 4 that neither HSIS nor HSEG models reproduce the form

of experimental curves; both are symmetrical, while the experimental curve is

asymmetrical. Although, these two models predict the sign of �� correctly, but

quantitatively �� values predicted by the HSIS and HSEG models are much lower than

the measured ones. The reason for the observed difference in �� values may be that

these two equations (HSIS and HSEG) are a good approximation for mixtures of

quasispherical molecules [43,44]. Another reason for the observed discrepancies may be

in the calculation of molar surface area Ai using equation (25), as there are other

approaches in the literature for the calculation of Ai. For instance, Paquette [44,45]
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−1

0

0 0.2 0.4 0.6 0.8 1
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Figure 4. Experimental and theoretical surface tension deviations of binary liquid mixtures at 298.15K.
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suggests a relation to calculate molar surface area using molar and critical volume.

Another method to calculate Ai is the modified UNIFAC method, which assigns a given

molar surface area to each functional group of the molecule [45,46]. By making use of

these methods, the difference observed in the theoretical and experimental �� values

can be reduced.
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