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Abstract Densities (p), speeds of sound (#) and viscosities () are reported for binary
mixtures of 2-chloroaniline (CA) with chlorotoluenes [o-chlorotoluene (0-CT), m-chloro-
toluene (m-CT), and p-chlorotoluene (p-CT)] over the entire range of mole fraction at
303.15, 308.15, 313.15 and 318.15 K and atmospheric pressure. By using this data, the
excess molar volumes, excess isentropic compressibilities, and deviation in viscosity for
the binary systems were calculated and fitted to the Redlich—Kister equation to determine
the fitting parameters and the root-mean-square deviations. The excess molar volumes,
excess isentropic compressibilities, deviations in viscosity and excess Gibbs energy of
activation of viscous flow have been analyzed in terms of charge-transfer complexes, and
dipole—dipole interactions between unlike molecules in the mixtures. The viscosity data
have been correlated using three equations: the Grunberg—Nissan, Katti-Chaudhri and
Hind et al.

Keywords Viscosity - Density - Charge-transfer complexes - 2-Chloroaniline -
Chlorotoluenes

1 Introduction

The thermodynamic and transport properties of liquid mixtures have attracted much
attention from the point of view of both theoretical and engineering applications. Many
engineering applications require data on the density, speed of sound and viscosity of liquid
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mixtures. They also provide information about the nature and molecular interactions
between liquid mixture components.

The liquids were chosen in the present study on the basis of their industrial importance.
2-Chloroaniline is used as parent substance in the production of antioxidants, agricultural,
pharmaceutical and rubber chemicals. It is also used in manufacture of intermediates for
synthetic dyes, and organic pigments, especially for red color. Chlorotoluenes are used as
intermediates in the pesticide, pharmaceutical and dye industries. A fundamental under-
standing of the mixture behavior of 2-chloroaniline with chlorotoluenes is therefore
important from the technical and engineering standpoint.

The present investigation is a continuation of our earlier research [1-6] on thermody-
namic properties of binary liquid mixtures. In this paper we report measurements of
densities, speeds of sound and viscosities for three binary systems, 2-chloroaniline + o-
chlorotoluene, 2-chloroaniline + m-chlorotoluene and 2-chloroaniline + p-chlorotoluene
at 303.15, 308.15, 313.15 and 318.15 K and atmospheric pressure. The aim of this work is
to investigate the influence on both the sign and magnitude of excess/deviation properties
by the introduction of a chlorogroup into the toluene molecule in mixtures with
2-chloroaniline.

Several researchers investigated density, speed of sound, and viscosity of binary mix-
tures of dimethylformamide with chlorotoluenes [7], tetrahydrofuran with chlorotoluenes
[8], dimethylsulfoxide with chlorotoluenes [9], and benzyl alcohol with chlorotoluenes
[10]. However, no attempt has been made to measure excess/deviation properties of binary
mixtures of 2-chloroaniline with chlorotoluenes. We report here excess volume VB,
excess isentropic compressibility (%), deviation in viscosity (An) and excess Gibbs energy
of activation of viscous flow (G'E) for the above said binary systems. The variations of
these properties with composition of the binary mixtures are discussed in terms of
molecular interactions between components and structural effects.

2 Experimental

The mass fraction purity of the liquids obtained from Merck, and S.D. Fine Chemicals Ltd.,
India are as follows: 2-chloroaniline (0.995), o-chlorotoluene (0.995), m-chlorotoluene
(0.995), and p-chlorotoluene (0.996). Prior to experimental measurements, all the liquids
were used after double distillations and partially degassed with a vacuum pump under an
inert atmosphere. The purity of these solvents was ascertained by comparing the measured
density, speed of sound, and viscosity of the pure components with available literature
values [11-16] as shown in Table 1. The binary mixtures of 2-chloroaniline with o-
chlorotoluene, m-chlorotoluene, and p-chlorotoluene were prepared in glass bottles with
air-tight stoppers, and adequate precautions were taken to minimize losses through
evaporation. The weighing of solutions was made using Afoset ER-120A electronic bal-
ance with a precision of £0.1 mg. The uncertainty in solution composition expressed in
mole fraction was found to be less than 1 x 10™*. After mixing, the bubble-free homo-
geneous sample was transferred into the U-tube of the densimeter using a syringe. The
density measurements were performed with a Rudolph Research Analytical digital den-
simeter (DDH-2911 Model), equipped with a built-in solid-state thermostat and a resident
program with giving temperature control to £ 0.03 K. The uncertainty in the density
measurements was found to be less than +4 x 10> g-cm™>. Proper calibration at each
temperature was achieved with doubly distilled, deionized water and air as standards. A
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multi—frequency ultrasonic interferometer (M-82 Model, Mittal Enterprise, New Delhi,
India) operated at 2 MHz was used to measure the ultrasonic velocities in the binary liquid
mixtures; the temperature was controlled by a digital, constant temperature water bath. The
uncertainty in the measurement of speed sound is 0.2 %.

The viscosities of the pure liquids and their mixtures were determined at atmospheric
pressure, at 303.15, 308.15, 313.15 and 318.15 K, using an Ubbelohde viscometer that was
calibrated with benzene and doubly distilled water. The Ubbelohde viscometer bulb has a
capacity of 15 mL and the capillary tube with a length of about 90 mm with 0.5 mm
internal diameter. The viscometer was thoroughly cleaned and dried, and was filled with
the sample liquid and its limbs were closed with Teflon caps to avoid evaporation. The
viscometer was kept in a transparent walled bath with a thermal stability of £0.01 K for
about 20 min to obtain thermal equilibrium. An electronic digital stopwatch with an
uncertainty £0.01 s was used for flow time measurements. The viscosity values of pure
liquids and mixtures are calculated using the relation:

n =(at—=b/t)p (1)

where, a and b are the characteristic constants of the viscometer, p is the density, and
t represents the flow time. The uncertainty of viscosity thus estimated was found to be
+0.005 mPa-s.

3 Calculations

From these experimental values of densities (p) viscosity () and sound speed (u) data were
used to calculate excess molar volumes (VE), excess isentropic compressibility (K?)
deviation in viscosity (An) and excess Gibbs energy of activation of viscous flow (G"®) for
binary mixtures of 2-chloroaniline with chlorotoluene at 303.15, 308.15, 313.15, 318.15 K
are shown in Table 2 and also excess properties are graphically represented in Figs. 1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, 14, 15, and 16, respectively VE, Ap, G'F and «% are
calculated from the experimental measurements by Eqs. 2-9:

M M M M
VE _ M tM; (x] 1 Jrxz 2> 2)
p P1 %)
An = — (xiny +x2mp) (3)
GE =RT(InnV — (x;Inn, Vy + x21nn,V3)) 4)

where for each equation, p, V, and y are the density, the molar volume and the dynamic
viscosity of the mixtures and x; V;, M;, and n; (i = 1, 2) are the mole fraction, molar
volume, the molar mass and the dynamic viscosity of the components 2-chloroaniline (1)
with chlorotoluene (2), respectively. R is the gas constant and 7 the absolute temperature

K§ = Ks = K (5)

1
Ks = Zp (6)

where Kgl is the ideal value of the isentropic compressibility and was calculated from the
following equation [17]:
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Fig. 1 Curves of excess molar volume (V) versus mole fraction for the binary mixtures of 2-chloroaniline
+ o-chlorotoluene (square), m-chlorotoluene (circle), p-chlorotoluene (triangle) at 303.15 K
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Fig. 2 Curves of excess molar volume (V) versus mole fraction for the binary mixtures of 2-chloroaniline
+ o-chlorotoluene (square), m-chlorotoluene (circle), p-chlorotoluene (triangle) at 308.15 K
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Fig. 3 Curves of excess molar volume (V) versus mole fraction for the binary mixtures of 2-chloroaniline
+ o-chlorotoluene (black star), m-chlorotoluene (white star), p-chlorotoluene (crossed star) at 313.15 K
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Fig. 4 Curves of excess molar volume (V) versus mole fraction for the binary mixtures of 2-chloroaniline
+ o-chlorotoluene (pentagon), m-chlorotoluene (cross symbol), p-chlorotoluene (cross with plus symbol) at
318.15 K
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Fig. 5 Curves of excess isentropic compressibility (x5) versus mole fraction for the binary mixtures of
2-chloroaniline 4 o-chlorotoluene (square), m-chlorotoluene (circle), p-chlorotoluene (triangle) at 303.15 K
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Fig. 6 Curves of excess isentropic compressibility («£) versus mole fraction for the binary mixtures of
2-chloroaniline + o-chlorotoluene (square), m-chlorotoluene (circle), p-chlorotoluene (triangle) at 308.15 K
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Fig. 7 Curves of excess isentropic compressibility (KE) versus mole fraction for the binary mixtures of 2-
chloroaniline + o-chlorotoluene (black star), m-chlorotoluene (white star), p-chlorotoluene (crossed star) at
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Fig. 8 Curves of excess isentropic compressibility («£) versus mole fraction for the binary mixtures of
2-chloroaniline + o-chlorotoluene (pentagon), m-chlorotoluene (cross symbol), p-chlorotoluene (cross with

plus symbol) at 318.15 K
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Fig. 9 Curves of deviation in viscosity (An) versus mole fraction for the binary mixtures of 2-chloroaniline
+ o-chlorotoluene (square), m-chlorotoluene (circle), p-chlorotoluene (triangle) at 303.15 K
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Fig. 10 Curves of deviation in viscosity (An) versus mole fraction for the binary mixtures of
2-chloroaniline 4 o-chlorotoluene (square), m-chlorotoluene (circle), p-chlorotoluene (triangle) at 308.15 K
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Fig. 11 Curves of deviation in viscosity (An) versus mole fraction for the binary mixtures of
2-chloroaniline + o-chlorotoluene (black star), m-chlorotoluene (white star), p-chlorotoluene (crossed
star) at 313.15 K
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Fig. 12 Curves of deviation in viscosity (An) versus mole fraction for the binary mixtures of 2-
chloroaniline + o-chlorotoluene (pentagon), m-chlorotoluene (cross symbol), p-chlorotoluene (cross with
plus symbol) at 318.15 K
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Fig. 13 Excess Gibbs energy of activation of viscous flow (GF) with mole fraction of 2-chloroaniline in
the binary liquid mixtures of 2-chloroaniline with o-chlorotoluene (square), m-chlorotoluene (circle), p-
chlorotoluene (triangle) at 303.15 K
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Fig. 14 Excess Gibbs energy of activation of viscous flow (G'F) with mole fraction of 2-chloroaniline in
the binary liquid mixtures of 2-chloroaniline with o-chlorotoluene (square), m-chlorotoluene (circle), p-
chlorotoluene (triangle) at 308.15 K
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Fig. 15 Excess Gibbs energy of activation of viscous flow (G™®) with mole fraction (x,) of 2-chloroaniline
+ o-chlorotoluene (black star), m-chlorotoluene (white star), p-chlorotoluene (crossed star) at 313.15 K
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Fig. 16 Excess Gibbs energy of activation of viscous flow (G'¥) with mole fraction of 2-chloroaniline + o-
chlorotoluene (pentagon), m-chlorotoluene (cross symbol), p-chlorotoluene (cross with plus symbol) at

318.15 K
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where ¢; is ideal state volume fraction of component i in mixture and is defined by
relation:

x,«Vi“
(P. =
vy

T is temperature and kg, V7, of and C,; are isentropic compressibility, molar volume,

coefficent of isobaric thermal expansion and molar heat capacity, respectively, for pure
component [; of was calculated from measured densities by relation:

2 = (Z—;:l)/(Tle). 9)

(8)

3.1 Theory

The observed VE values are the resultant of physical and chemical forces and they may be
recognized as: (i) the breaking of liquid order on mixing with the second component; (ii)
non-specific physical interactions and unfavorable interactions between unlike molecules;
(iii) specific interactions appearing in the mixture between dissimilar molecules by
hydrogen bond formation; and (iv) specific dipole—dipole interactions in the mixture
between solvent and co-solvent molecules. The first two factors contribute for the
expansion of volume and the latter two factors contribute to the reduction of the volume.
From the VE curves shown in Figs. 1, 2, 3, and 4, it is clear that the volume reducing
factors are dominant over the expansion factors in the present systems. The negative excess
molar volumes show that the volume reduction factors play an important role between
unlike molecules. This indicates the formation of hydrogen bond complexes. Thus, the
observed negative VE indicate the predominance of formation of (-NH----1t) bonds over the
rupture of bonds present in pure 2-chloroaniline molecules. 2-Chloroaniline and chloro-
toluenes are polar solvents; their high dipole moments favor dipole—dipole interactions.
Hence, there will be dipole—dipole interactions between unlike molecules of the three
systems, contributing to the reduction in the volume.

An examination of curves in Figs. 1, 2, 3, and 4 indicates that the excess molar volumes
for all of the binary systems are negative over the entire composition range at 303.15,
308.15, 313.15 and 318.15 K.

The algebraic values of VE for the binary mixtures of 2-chloroaniline with chloro-
toluenes fall in the following order: o-chlorotoluene < m-chlorotoluene < p-
chlorotoluene.

The above order suggests that the dipole moments of the pure solvents are influencing
the VE data of the binary liquid mixtures. The dipole moments are 2-chloroaniline
(1.78 D), o-chlorotoluene (1.56 D), m-chlorotoluene (1.82 D) and p-chlorotoluene
(2.21 D). This type of behavior was observed earlier [8, 9]. The more negative VE data of
p-chlorotoluene when compared with other chlorotoluenes are due to its high dipole
moment, which leads to stronger dipole—dipole interactions. Further, introduction of a
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chloro atom into the toluene molecule influences the magnitude of VE to a considerable
extent. This type of behavior was reported earlier [18].

An examination of plots in Figs. 5, 6, 7, and 8 reveal that % is negative over the entire
composition range for the binary mixtures of 2-chloroaniline with chlorotoluenes. This
may be attributed to the relative strength of the following effects which influences the free
spaces between component molecules [19, 20].

(a) Loss of dipolar association and difference in size and shape of component molecules
leads to decrease in speed of sound and increase in isentropic compressibility.

(b) Dipole—dipole interactions, electron donor—acceptor interactions or charge-transfer
complexes between unlike molecules lead to an increase in speed of sound and
decrease in isentropic compressibility. If the strength of the interaction between the
components increases, the magnitudes of the parameters become greater. In the
present investigation, there is a possibility of electron donor—acceptor type or charge
transfer interactions between the nitrogen atom of the amino group of 2-
chloroaniline molecule, which acts as donor and the m-electron of the benzene
ring of aromatic hydrocarbons, which act as acceptors (chlorotoluenes due to +M
effect) resulting in negative KE values [21].

The algebraic values of KE for the binary mixtures of 2-chloroaniline with chlorotoluene
are in the following order: o-chlorotoluene < m-chlorotoluene < p-chlorotoluene.

Viscosities of the binary mixtures of 2-chloroaniline with the chlorotoluenes are given
in Figs. 9, 10, 11, and 12, which indicate that the deviations in viscosity (An) of all the
binary mixtures are positive over the entire composition range at 303.15, 308.15, 313.15
and 318.15 K. Fort and Moore [22] observed that the positive deviations in viscosity
indicate the specific interactions involving the formation of hetero-molecular complexes.
The deviation in viscosity variation gives a qualitative estimation of the strength of the
intermolecular interactions. The deviation in viscosity [23] may be generally explained by
considering the following factors:

(i) The difference in size and shape of the component molecules and the loss of
dipolar association in pure component may contribute to a decrease in viscosity.

(i)  Specific interactions between unlike components such as dipole—dipole interac-
tions and charge transfer complexes may cause increases in viscosity in mixtures
compared to the pure components. The former effect produces negative deviations
in viscosity and the latter effect produces positive deviations in viscosity.

The positive values of viscosity deviation for the binary systems investigated suggest
that the viscosities of associates formed between unlike molecules are relatively greater
than those of the pure components. The deviations in viscosity are found to be opposite in
sign to the excess molar volumes for all binary mixtures, which is in agreement with the
view proposed by Brocos et al. [24, 25].

According to Reed and Taylor [26] and Palepu et al. [27], the excess Gibbs energy of
activation of viscous flow (G*F) may be considered as a reliable criterion to detect or exclude
the presence of interaction between unlike molecules. According to these authors, the
magnitude of the positive G*F values is an excellent indicator of the strength of specific
interactions. The results presented in Figs. 13, 14, 15, and 16 indicate that excess Gibbs
energies of activation of viscous flow are positive for three binary mixtures over the entire
composition range at all investigated temperatures. The positive values of excess Gibbs
energy of activation of viscous flow for the binary systems investigated suggest that the
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Table 3 Mole fraction of 2-chloroaniline (x;), viscosity (1), Theoretical values of Grunberg and Nissan
(Eq. 13), Katti and Chaudhri (Eq. 14) and Hind et al. (Eq. 15) and Heric-Brewer (Eq. 16) parameters
including standard deviation (SD) for binary mixtures at 303.15, 308.15, 313.15, and 318.15 K

X1 n (mPa-s) Equation 13 Equation 14 Equation 15 Equation 16
2-Chloroaniline + o-chlorotoluene
303.15 K
0.0000 0.886 0.886 0.886 0.886 0.886
0.1100 1.0729 1.073 1.072 1.067 1.073
0.2176 1.2843 1.284 1.283 1.278 1.285
0.3228 1.5208 1.521 1.518 1.517 1.521
0.4258 1.7823 1.782 1.777 1.783 1.782
0.5266 2.0685 2.069 2.063 2.072 2.069
0.6253 2.3786 2.379 2.376 2.384 2.378
0.7219 27112 2.711 2711 2.716 2711
0.8165 3.0646 3.065 3.071 3.069 3.064
0.9092 3.4369 3.437 3.445 3.439 3.437
1.0000 3.8256 3.826 3.826 3.826 3.826
SD 0.001 0.004 0.004 0.001
308.15 K
0.0000 0.8080 0.808 0.808 0.808 0.808
0.1100 0.9808 0.981 0.981 0.981 0.981
0.2176 1.1755 1.175 1.175 1.178 1.176
0.3228 1.3920 1.392 1.392 1.396 1.392
0.4258 1.6298 1.630 1.630 1.635 1.630
0.5266 1.8877 1.888 1.888 1.891 1.888
0.6253 2.1643 2.164 2.164 2.166 2.164
0.7219 2.4576 2.458 2.458 2.456 2.457
0.8165 2.7651 2.765 2.765 2.761 2.765
0.9092 3.0843 3.084 3.084 3.080 3.084
1.0000 3.4122 3.412 3.412 3412 3412
SD 0.001 0.001 0.002 0.003
313.15 K
0.0000 0.7280 0.728 0.728 0.728 0.728
0.1100 0.8896 0.889 0.889 0.896 0.889
0.2176 1.0700 1.070 1.070 1.081 1.071
0.3228 1.2713 1.271 1.271 1.283 1.271
0.4258 1.4898 1.490 1.490 1.499 1.490
0.5266 1.7257 1.726 1.726 1.730 1.726
0.6253 1.9757 1.976 1.976 1.974 1.976
0.7219 2.2376 2237 2.238 223 2237
0.8165 2.5073 2.508 2.508 2.496 2.507
0.9092 2.7831 2.783 2.783 2.774 2.783
1.0000 3.0602 3.060 3.060 3.060 3.060
SD 0.001 0.001 0.001 0.008
318.15 K
0.0000 0.6420 0.642 0.642 0.642 0.642
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Table 3 continued

X1 n (mPa-s) Equation 13 Equation 14 Equation 15 Equation 16
0.1100 0.7935 0.793 0.793 0.806 0.794
0.2176 0.9642 0.964 0.964 0.983 0.964
0.3228 1.1532 1.153 1.153 1.172 1.153
0.4258 1.3585 1.358 1.358 1.372 1.359
0.5266 1.5777 1.578 1.578 1.582 1.578
0.6253 1.8077 1.808 1.808 1.802 1.808
0.7219 2.0451 2.045 2.045 2.031 2.045
0.8165 2.2860 2.286 2.286 2.267 2.286
0.9092 2.5263 2.526 2.527 2.511 2.526
1.0000 2.7621 2.762 2.762 2.762 2.762
SD 0.001 0.001 0.001 0.014

2-Chloroaniline + m-chlorotoluene

303.15 K
0.0000 0.7430 0.743 0.743 0.743 0.743
0.1012 0.9087 0.909 0.908 0.902 0.909
0.2056 1.1091 1.109 1.108 1.102 1.109
0.3125 1.3483 1.348 1.347 1.344 1.349
0.4056 1.5867 1.587 1.580 1.587 1.587
0.5026 1.8666 1.867 1.857 1.871 1.867
0.6025 2.1896 2.190 2.181 2.197 2.189
0.7145 2.5946 2.595 2.597 2.602 2.594
0.8180 3.0086 3.009 3.022 3.014 3.008
0.9100 3.4081 3.408 3.421 3.410 3.408
1.0000 3.8256 3.826 3.826 3.826 3.826
SD 0.001 0.008 0.005 0.001

308.15 K
0.0000 0.7010 0.701 0.701 0.701 0.701
0.1012 0.8581 0.858 0.859 0.861 0.858
0.2056 1.0466 1.047 1.047 1.053 1.047
0.3125 1.2694 1.269 1.269 1.278 1.270
0.4056 1.4889 1.489 1.491 1.498 1.489
0.5026 1.7431 1.743 1.747 1.749 1.743
0.6025 2.0317 2.032 2.036 2.033 2.032
0.7145 2.3863 2.386 2.384 2.382 2.386
0.8180 2.7402 2.740 2.734 2.731 2.740
0.9100 3.0733 3.073 3.069 3.065 3.073
1.0000 3.4122 3.412 3.412 3412 3412
SD 0.001 0.003 0.006 0.001

313.15 K
0.0000 0.6630 0.663 0.663 0.663 0.663
0.1012 0.8120 0.812 0.813 0.823 0.812
0.2056 0.9900 0.990 0.991 1.008 0.991
0.3125 1.1993 1.199 1.198 1.217 1.199
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Table 3 continued

X1 n (mPa-s) Equation 13 Equation 14 Equation 15 Equation 16
0.4056 1.4019 1.402 1.404 1416 1.402
0.5026 1.6341 1.633 1.637 1.641 1.634
0.6025 1.8932 1.893 1.896 1.890 1.892
0.7145 2.2045 2.204 2.202 2.191 2.204
0.8180 2.5075 2.507 2.502 2.489 2.507
0.9100 2.7856 2.785 2.782 2.770 2.785
1.0000 3.0602 3.060 3.060 3.060 3.060
SD 0.001 0.003 0.002 0.001

318.15 K
0.0000 0.6240 0.624 0.624 0.624 0.624
0.1012 0.7685 0.768 0.769 0.787 0.769
0.2056 0.9398 0.940 0.940 0.968 0.940
0.3125 1.1384 1.138 1.138 1.167 1.139
0.4056 1.3294 1.329 1.331 1.350 1.330
0.5026 1.5445 1.544 1.548 1.552 1.545
0.6025 1.7801 1.780 1.783 1.772 1.780
0.7145 2.0559 2.056 2.054 2.032 2.056
0.8180 2.3156 2.316 2.311 2.286 2.315
0.9100 2.5448 2.545 2.542 2.522 2.545
1.0000 2.7621 2.762 2.762 2.762 2.762
SD 0.001 0.002 0.021 0.001

2-Chloroaniline + p-chlorotoluene

303.15 K
0.0000 0.7820 0.782 0.782 0.782 0.782
0.1012 0.9617 0.961 0.956 0.536 0.956
0.2102 1.1753 1.175 1.177 0411 1.175
0.3125 1.4050 1.405 1.415 0.425 1.412
0.4056 1.6441 1.644 1.654 0.549 1.656
0.5142 1.9625 1.962 1.978 0.826 1.975
0.6125 2.2873 2.286 2.301 1.201 2.296
0.6952 2.5858 2.589 2.585 1.608 2.588
0.7859 2.9360 2.933 2.927 2.150 2.932
0.8859 3.3438 3.347 3.331 2.863 3.337
1.0000 3.8256 3.826 3.826 3.826 3.826
SD 0.007 0.009 0.011 0.007

308.15 K
0.0000 0.7280 0.728 0.728 0.728 0.728
0.1012 0.8921 0.892 0.892 0.469 0.892
0.2102 1.0975 1.097 1.095 0.323 1.098
0.3125 1.3182 1.318 1.315 0.313 1.318
0.4056 1.5429 1.543 1.542 0.410 1.543
0.5142 1.8329 1.833 1.828 0.650 1.833
0.6125 2.1198 2.120 2.115 0.987 2.120
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Table 3 continued

X1 n (mPa-s) Equation 13 Equation 14 Equation 15 Equation 16
0.6952 2.3773 2.377 2.380 1.357 2.377
0.7859 2.6739 2.674 2.681 1.856 2.673
0.8859 3.0141 3.014 3.022 2.516 3.014
1.0000 3.4122 3412 3.412 3412 3412
SD 0.001 0.005 0.013 0.001

313.15 K
0.0000 0.6820 0.682 0.682 0.682 0.682
0.1012 0.8377 0.838 0.838 0411 0.838
0.2102 1.0314 1.031 1.029 0.249 1.032
0.3125 1.2379 1.238 1.235 0.217 1.238
0.4056 1.4458 1.446 1.444 0.291 1.446
0.5142 1.7106 1.711 1.706 0.501 1.711
0.6125 1.9681 1.968 1.963 0.804 1.968
0.6952 2.1949 2.195 2.197 1.144 2.195
0.7859 24511 2451 2.458 1.605 2451
0.8859 2.7372 2.737 2.745 2.221 2.737
1.0000 3.0602 3.060 3.060 3.060 3.060
SD 0.001 0.004 0.019 0.001
318.15 K
0.0000 0.6320 0.632 0.632 0.632 0.632
0.1012 0.7836 0.784 0.784 0.350 0.784
0.2102 0.9716 0.972 0.970 0.171 0.972
0.3125 1.1704 1.170 1.167 0.122 1.171
0.4056 1.3684 1.368 1.367 0.176 1.368
0.5142 1.6162 1.616 1.612 0.360 1.616
0.6125 1.8516 1.852 1.847 0.638 1.851
0.6952 2.0537 2.054 2.056 0.953 2.053
0.7859 22747 2.275 2.281 1.385 2.274
0.8859 2.5112 2.511 2.518 1.966 2.511
1.0000 2.7621 2.762 2.762 2.762 2.762
SD 0.001 0.004 0.027 0.001

specific interaction between 2-chloroaniline and chlorotoluene molecules takes place through
dipole—dipole interaction. Thus, the values of deviation in viscosity and excess Gibbs energy
of activation of viscous flow are dependent on the position of the —Cl group in the toluene
molecule, indicating a different extent of molecular interactions in chlorotoluene.

The experimental values of density (p) and speed of sound (z) were used to calculate the
values of acoustic impedance, Z, intermolecular free length (L;). The values of Au, AZ, and
L]f”: were evaluated with help of the following relation:

YE:Y—(X|Y]+X2Y2) (10)
where YF is Au, AZ, and LE.
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The sign and magnitude of the observed values of Au, AZ, and LE on mixing were found
to depend upon several contributions, which are physical or/and chemical in nature. The
physical contributions comprise the dispersion forces and non-specific physical weak
interactions that lead to negative values in Au, AZ or positive LE, hence in order (inter-
molecular interaction) in the system. Chemical contributions involve breaking up of H-
bonded structures, if any, resulting in positive Lf or negative values in Au, and AZ and
specific interactions such as formation of new H-bonds, charge transfer complex and strong
dipole—dipole interactions between component molecules result in positive Au, and AZ and
negative L]f”: values, making the system more ordered due to increased intermolecular
interactions (Table 3).

An examination of data in the Table 4 shows that AZ values are positive for all binary
systems over the entire composition range at 303.15, 308.15, 313.15 and 318.15 K. The
positive values of deviation in acoustic impedance for the binary systems investigated
suggest that the specific interaction between unlike molecules in mixtures are dominant
over the breaking of dipolar interactions between like molecules in the mixture.

The variation of VE, KE and An with mole fraction were fitted to the Redlich—Kister
polynomial equation [28] of the type:

YE :xlxz{ao +a1(x1 —x2) —ax(x; —)CQ)Z}. (11)

The values of ag, a; and a, are the coefficients of the polynomial equation and the
corresponding standard deviations, with ¢ obtained by the method of least-squares with
equal weights assigned to each point. The standard deviation (o) is defined as:

; (Vs — Y&
a(YF) =1/> p— (12)
where 7 is the total number of experimental points and m is the number of coefficients. The
values of ag, a; and a, are determined by a multiple-regression analysis using the least-
squares method and summarized along with the standard deviations between the experi-
mental and fitted values of VE, KE, and Az in Table 5.

Knowledge of the viscosities of the pure liquids and respective mixtures and study of
the viscosity calculation methods are important for practical and theoretical purposes. Over
the last years, numerous equations for liquid mixture viscosity have been proposed.
Methods concerning viscosity modeling can be found in the literature [29, 30]. In the
present work, three typical semi-empirical relations are used to correlate the experimental
viscosity data of the investigated binary systems.

Grunberg—Nissan provided the following empirical equation containing one
adjustable parameter [31]:

Inn =x;Inn, +xInn, + x1x0d1, (13)

where d;, may be regarded as a parameter proportional to the interchange energy, also an
approximate measure of the strength of the interaction between the components.
Katti and Chaudhri [32] proposed the following equation:

W .
InVy =x1InVin +x2In Vo, + x1x; R;S (14)

where W,;/RT is an interaction term.
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Table 5 Coefficients of Redlich—Kister equation and standard deviation (o) values

Binary mixtures Functions a, a a, o
303.15 K
2-Chloroaniline + o-chlorotoluene V& (cm®>mol™")  —0.586 —0.047  0.033 0.001
Ay (mPa-s) 0.595 0.446 0.136 0.001
kE (TPa™") —90.37 13.67 —1.081  0.047
2-Chloroaniline + m-chlorotoluene ~ VE (cm*mol™")  —0.609 —0.031  —0.077  0.001
Ay (mPa- s) 0.688 0.582 0.204 0.001
KE (TPa™") -975 13.74 —27.73  0.001
2-Chloroaniline + p-chlorotoluene VE (em®*mol™")  —0.636 —0.035 —-0.173  0.001
Ay (mPa- s) 0.754 0.667 0.394 0.001
KE (TPa™") —104.4 13.71 —50.12  0.001
308.15 K
2-Chloroaniline + o-chlorotoluene V& (cm®>mol™")  —0.621 —0.047 —0.195  0.001
Ay (mPa- s) 0.626 0.463 0.14 0.001
KE (TPa™") —96.27 12.3 —29.37  0.001
2-Chloroaniline + m-chlorotoluene ~ VE (cm®>mol™")  —0.648 —0.052  —0.266  0.002
Ay (mPa- s) 0.758 0.613 0.188 0.001
KE (TPa™") —103.9 13.58 —50.34  0.001
2-Chloroaniline + p-chlorotoluene ~ V® (cm®>mol™")  —0.677 1.024  —0.029 —0.351  0.001
Ay (mPa- s) 0.869 0.681 0.197 0.001
KE (TPa™") —111.957.82  14.75 —71.08  0.001
313.15 K
2-Chloroaniline + o-chlorotoluene V& (cm®mol™))  —0.658 —0.057 —0.293  0.001
Ay (mPa- s) 0.675 0.492 0.142 0.001
KE (TPa™") —102.2 16.15 —49.06  0.001
2-Chloroaniline + m-chlorotoluene ~ VF (cm®>mol™")  —0.692 —0.042 —0381 0.001
Ay (mPa- s) 0.812 0.632 0.176 0.001
KE (TPa™") —111.9 15.81 —69.18  0.001
2-Chloroaniline + p-chlorotoluene V& (cm*mol™")  —0.725 —0.038  —0.453  0.001
Ay (mPa- s) 0.92 0.697 0.188 0.001
KE (TPa™") —120.7 15.03 —81.87  0.001
318.15 K
2-Chloroaniline + o-chlorotoluene VE (em®mol™!)  —0.687 —0.045  —0.448 0.002
An (mPa- s) 0.744 0.549 0.152 0.001
KE (TPa™") —109.2 15.48 —63.81  0.001
2-Chloroaniline + m-chlorotoluene V& (cm®>mol™")  —0.725 —0.033  —0.534  0.002
Ay (mPa-s) 0.904 0.675 0.172 0.001
kE (TPa™") —118.1 15.18 —88.9  0.001
2-Chloroaniline + p-chlorotoluene V& (cm®*mol™")  —0.771 —0.032  —0.564  0.001
Ay (mPa-s) 1.045 0.772 0.184 0.001
KE (TPa™") —130.4 17.22 —98.32  0.001
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Hind et al. [33] suggested an equation for the viscosity of binary liquid mixtures as:
n=xin, + x50, + 2x10H1, (15)

where Hj, is Hind’s interaction parameter and is attributed to unlike pair interactions.
Heric and Brewer [34] proposed the following equation:

lnn =X ]ani’]l + X2 IHMQT’]Z - ]Il(.lel +X2M2)2X1X2A12 (16)

where A, is the interaction term and other symbols have their usual meaning.
The one-parameter equation due to Tamura and Kurata [35] has the form:

1’] :XI(DM’]I +X2(I)21’]2 +2()C1X2(D|(D2)1/2T12 (]7)

where ®@; and @, are the volume fractions of components 1 and 2, respectively, T;, is
Tamura and Kurata constant.

The interaction parameter d;, is positive for binary systems. Nigam and Mahl [36]
concluded from the study of binary mixtures that (i) if Ap > 0, d;, > 0 and magnitude of
both are large then strong specific interaction, (ii) if Ay < 0, d;, > 0 then weak specific
interaction, and (iii) if Ay < 0, di, < 0 magnitude of both are large then the dispersion
force will be dominant. Fort and Moore [19] reported that for any binary liquid mixture, a
positive value of d;, indicates the presence of specific interactions and a negative value of
d,; indicates the presence of weak interactions between the unlike molecules. On this basis,
we can say that there is a strong interaction in the binary systems studied.

The interaction parameter W,;i/RT shows almost the same trend as that of d;,. In fact,
one could say that the parameters d;, and W,;/RT exhibit almost similar behavior, which is
not unlikely in view of logarithmic nature of both equations. The values of interaction
parameters of Tamara and Kurata (7',) and Hind et al. (H,,) do not differ appreciably from
each other. This is in agreement with the view put forward by Fort and Moore [19] in
regard to the nature of parameters 7', and H,,. The experimental and theoretical values of
viscosity of the liquid mixtures calculated using Eqs. 13—16, including standard deviation,
are presented in Table 3. The Grunberg—Nissan relation gives better results than the
comparison to other theoretical relations. The differences between experimental and the-
oretical values are greater for other relations studied here.

4 Conclusions

Experimental data of viscosity, speed of sound, and density are reported for binary mix-
tures of 2-chloroaniline with o-chlorotoluene, m-chlorotoluene, p-chlorotoluene over the
entire range of mole fraction at 303.15, 308.15, 313.15 and 318.15 K. Calculated excess
molar volume, excess isentropic compressibility, deviation in viscosity, and excess Gibbs
energy of activation of viscous flow are fitted with Redlich—Kister type polynomial
equation. Positive values of the deviation in viscosity and excess Gibbs energy of acti-
vation of viscous flow, and negative values of excess molar volume and excess isentropic
compressibility over the whole composition range are observed for all the investigated
binary systems. Thermodynamic functions of activation have been estimated for each
binary mixture. The viscosity data have been correlated with several semi-empirical
equations (Grunberg—Nissan, Katti-Chaudhri, and Hind et al.). The Grunberg—Nissan
relation gives better results than the other theoretical relations. The excess/deviation
properties and positive values of viscosity interaction parameter can be interpreted by
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considering the intermolecular charge transfer complexes, molecular size and shapes of the
components. The strong intermolecular interactions have significant effect on the ther-
modynamic and transport properties of the investigated binary mixtures.
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