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ABSTRACT

Viscosity and density data are presented for five binary liquid mixtures of acetonitrile with
aniline and substituted anilines at five different temperatures. The experimental data are
fitted to semitheoretical equations proposed by McAllister and Heric. Excess viscosity, excess
volume and the excess Gibbs energy of activation of flow have been calculated from the
experimental data. Various thermodynamic parameters of activation of flow are calculated
from the dependence of viscosity on temperature. The deviations from ideality of thermody-
namic and transport functions are explained on the basis of molecular interactions between
the components of the mixture.

INTRODUCTION

As part of a study of thermodynamic properties of binary liquid mixtures,
we reported excess volumes, viscosities and activation parameters of flow for
the systems o-chlorophenol and m-cresol with substituted anilines [1,2].

In the present investigation we report the excess volumes (V'E), excess
viscosity (%), thermodynamic parameters of activation of flow and partial
molar quantities (¥,) for the binary systems: acetonitrile (ACN) + aniline
(ANL), ACN + N-methylaniline (MEA), ACN + N, N-dimethylaniline
(DMA), ACN + N-ethylaniline (EAN) and ACN + N, N-diethylaniline
(DEA). The experimental viscosity values of the solution are analysed in
terms of theoretical equations proposed by McAllister [3] and Heric [4,5] in
order to examine the closeness of the fit between each of the above relations
and the experimental values.

EXPERIMENTAL

All the reagents used were of reagent grade and were purified by standard
procedures [6]. All the solutions were prepared by mixing weighed amounts

* To whom ail correspondence should be addressed.
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of pure liquids. Densities of pure liquids and binary mixtures at different
temperatures were measured with an Anton-Parr DMA 45 densimeter with
an accuracy in density measurement of 0.0001 g ml~'. The viscosities were
obtained with modified Ostwald or Cannon-Fenske viscometers by compar-
ing the flowtimes of pure liquids or binary mixtures with that of water at
different temperatures and the accuracy in the viscosity measurements was
found to be +0.005 cP. The density and viscosity values of the pure
compounds agree very well with the available data in the literature [1,2,6].

RESULTS
The experimental mole fractions, densities and viscosities at different

temperatures for all systems * were used to calculate the excess thermody-
namic functions with the following equations

nE=n—(x1n1+x27lz) (1)
VE V- (lelo + x2V20) (2)
G*E= RT[ln nV - (Xl In 9V + x, In leVzO)] (3)

where 1 and V are the viscosity and molar volume respectively of the
mixtures, 1,, 1, and V;°, V3 are viscosities and molar volumes of the pure
components 1 and 2, respectively. The excess functions were fitted with a
Redlich-Kister [7] form of the type

xE=x1(1_x1)Zaj(1‘2x1)j : (4)
J=1

where xE represents the excess property under consideration. The a , values
are evaluated by the method of least-squares and are given in Tables 1-3
together with the standard deviation. Figures 1-3 show the values of n%, V'E
and G*E as a function of mole fraction of acetonitrile at 298 K. Activation
parameters (AG*, AH* and AS¥) of flow were calculated from the
variation of viscosity of the liquids with temperature using Eyring’s equation
[8] and are presented in Table 4. Partial molar excess volumes and partial
molar volumes were respectively calculated from the following equations

a(VE)l,z]

(VE)a=(FF )+ (1- x1)[ ax, (5)

I—/1 = VIO + (VlE)1.2 (6)

where (V}F), , is the partial molar excess volume of component 1 in solution.

* A complete set of tabular data on viscosity and density is available from the authors on
request.
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Fig. 1. Plot of excess viscosity vs. mole fraction of acetonitrile.

120
KEY
oemo ANL + ACN
zxx MER + ACN
1000 ass QMA + ACN
mma EAN + ACN
+
800
o)
=] 600
=
*
X
w 400
200
a.0
~200
0 21 d 3 ) S & .7 8 .9 1

gLE FRACTION OF ACETONITRILE
Fig. 2. Plot of excess Gibbs energy of activation vs. mole fraction of acetonitrile.
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Fig. 3. Plot of excess volume vs. mole fraction of acetonitrile.

Figure 4 shows the values of ¥, as a function of the mole fraction of
acetonitrile. In the theoretical analysis of our data, the following predictive
equations of McAllister [3] and Heric [4,5] respectively have been tested

Inv=xInp, +3x2x, In v;, +3x,x3 In »,; +x3 In v, + D (7)
_ X, M, 2 2 2 2 10| L M,
D =1n|x, +( M, )] + 3x;x, In 3 + M, +3x;x5 In 3 + IM,
M
+x3 ln[ﬁj] (7a)

where » is the kinematic viscosity and M is the molecular mass. The
adjustable interaction parameters 7,, and 7,; were determined from the
experimental values using a non-linear least-squares method and are pre-
sented in Table 5.

Inyv=x;Inv+x;,Inv,+x In M{+x, InM,—In[x;M; +x,M,] + 4,

(8)
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TABLE 4

Activation parameters for viscous flow ?

System X AH AS AG

Acetonitrile and aniline 0.0000 22.35 19.28 16.60
0.0792 19.17 10.57 16.02
0.2110 16.60 5.16 15.06
0.3090 13.17 -4.16 14.41
0.4086 13.14 —4.65 13.64
0.5188 11.32 -4.98 12.81
0.6119 9.94 —7.45 12.16
0.7011 9.19 -7.72 11.49
0.8014 8.02 -9.18 10.75
0.9061 5.66 —-14.72 10.05
1.0000 5.92 —-11.53 9.36

Acetonitrile and N-methylaniline 0.0000 16.98 5.05 15.47
0.0979 15.22 0.58 15.04
0.2096 13.79 -2.32 14.48
0.3118 12.65 -4.20 13.90
0.4093 11.71 —5.56 13.36
0.5235 10.33 —7.66 12.61
0.6138 9.22 —-9.38 12.02
0.7084 8.75 -9.03 11.44
0.8079 7.64 -10.34 10.72
0.8262 7.46 —10.53 10.60
0.9069 6.69 -11.23 10.03
1.0000 5.92 —11.53 9.36

Acetonitrile and N, N-dimethylaniline 0.0000 11.01 -12.71 14.80
0.1068 11.41 -10.31 14.48
0.2140 10.11 -13.07 14.00
0.3144 9.81 -12.59 13.56
0.4189 9.38 -12.34 13.06
0.5068 9.14 -11.62 12.61
0.6192 8.19 —12.64 11.96
0.7227 8.00 -11.19 11.33
0.8012 7.29 —11.87 10.82
0.9046 6.67 -11.41 10.07
1.0000 5.92 -11.53 9.36

Acetonitrile and N-ethylaniline 0.0000 16.64 2.70 15.85
0.1162 14.50 —2.49 15.24
0.2206 13.90 —2.98 14.78
0.3290 12.63 -5.28 14.20
0.4137 11.92 -6.16 13.75
0.5068 10.76 —8.14 13.18
0.6008 9.77 -9.24 12.52
0.7099 8.65 —10.28 11.72
0.8061 7.76 —10.80 10.98
0.9004 6.69 —-11.83 10.23
1.0000 592 -11.53 9.36
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System X AH AS AG
Acetonitrile and N, N-diethyl- 0.0000 15.35 —349 16.39
aniline 0.1071 14.40 —5.03 15.90
0.2109 13.61 —6.05 15.42
0.3097 12.85 -6.87 14.89
0.4608 11.62 -1794 13.99
0.5044 11.25 —-8.27 13.71
0.6106 10.46 -8.44 12.97
0.7034 9.31 -9.85 12.25
0.8049 831 —10.48 11.43
0.9020 7.10 -11.07 10.40
1.0000 592 -11.53 9.36

2 X is the mole fraction of acetonitrile. Units: AH. AG, kJ mol™!; AS, J mol ™"

where A, = a;, X x, is a term representing departure from a noninteracting
system, «;, is the interaction parameter and is a linear function of composi-

tion

Ay = .31,2 + ,81’;("1 - xz)

54.
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Fig. 4. Plot of partial molar volume of acetonitrile vs. mole fraction of acetonitrile.

(8a)
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TABLE 5

Computer analysis of parameters of egns. (7) and (8)

System T (K)  McAllister formula (eqn. 7) Heric formula (eqn. 8)  Averag:
a2 N2 Bi2 Bi % error
Acetonitrile and 298 1.7048 0.8065 -0.0111 0.0498  0.604
aniline 303 1.5464 0.7412 0.0492 0.0900  0.767
308 1.5310 0.6718 0.1633 02790  1.120
313 1.4467 0.6328 0.2245 0.3337  0.730
318 1.3052 0.6125 0.2634 0.2690  0.660
Acetomtrile and 298 1.4053 0.7518 0.5686 0.1527 0461
N-methylanilice 303 1.3302 0.6883 0.6166 0.2391 0461
308 1.2047 0.6626 0.6227 0.1823 0422
313 1.1195 0.6318 0.6233 01759  0.334
318 1.0354 0.5996 0.6322 0.1659  0.306
Acetonitnle and 298 1.1087 0.7559 0.8986 -0.0321 0.170
N, N-dimethylaniline 303 1.0654 0.6849 0.8825 0.0775  0.961
308 0.9144 0.6938 0.8233 -0.1574  1.060
313 0.9291 0.6355 0.8649 0.0197  0.304
318 0.8361 0.6156 0.7910 —0.0858  0.250
Acetonitrile and 298 1.4284 0.9311 0.9621 -0.1663 0974
N-ethylaniline 303 1.2644 0.8831 09434  —02399 1.200
308 1.1830 0.8331 0.9763 —-0.2148  1.020
313 1.1340 0.7730 1.0023 —-0.1267 0.778
318 1.0530 0.7227 0.9872 -0.1114  0.550
Acetonitrile and 298 1.5384 1.0780 1.4340 —0.3057  0.448
N, N-diethylaniline 303 1.3737 0.9992 1.3887 -0.3335  0.493
308 1.2888 0.9411 1.4108 -0.3058  0.668
313 1.1937 0.8829 1.3742 -0.2956  0.510
318 1.0988 0.8272 1.3418 -0.2984  0.427

The two adjustable parameters 8, and B{; were determined using non-lin-
ear least-squares methods and are presented in Table 5.

DISCUSSION

Analysis of the adjustable parameters together with the mean percentage
deviation indicate that equations of both McAllister and Heric with two
adjustable parameters are found to be effective in fitting our binary data.
The selection of cubic equation (McAllister) is justified, since for each
solution in this work the ratio of radius (r,/r,) = [V3 /V°]'/? is found to be
smaller than 1.5. The viscosities of the mixtures increase regularly with the
mole fraction of ACN, and their deviations from linear dependency on
composition as expressed in terms of the excess viscosity are negative (Fig.
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1). The values of #* vary approximately from 0.0 to 1.0 cP for ACN + DEA
to ACN + ANL systems. Similarly, the excess Gibbs energies of activation
of flow are positive over the whole composition range (Fig. 2). The G*E
values increase in the sequence DEA > EAN > DMA > MEA > ANL with
the mixtures of ACN. Excess viscosities and values of G*F suggest that the
specific interactions significant enough to cause notable changes in the
degree of association are not present in the mixtures [9-12].

All mixtures exhibit negative excess volumes over the entire composition
range with a minimum, in no case exceeding —1.0 cm® mol™!, and the
magnitude of the minimum increases steadily with temperature. The nega-
tive values of VF in Fig. 3 for the five systems are explained in terms of
different sizes of the molecules or dipole—dipole interaction between them
[13]. The molar volume of acetonitrile 52.85 cm® mol~! (298 K) is smaller
than the molar volumes of ANL (91.54), MEA (109.16), DMA (127.29),
EAN (126.70) and DEA (160.49 cm® mol~!). Accordingly, it seems reasona-
ble to ascribe the contraction in volume in the case of mixtures of ACN with
ANL, MEA and EAN to weak N-H---N hydrogen bonding and geometrical
effects. In the case of DEA and DMA mixtures with ACN, the volume
contraction is mainly due to geometrical effects.

Examination of Fig. 4 reveals that the addition of 1 mole of acetonitrile in
a large volume of the different bases produces a volume contraction in the
order DEA > MEA > DMA > ANL > EAN.

In the temperature range investigated, the values of AH* are positive and
vary in the order ANL > EAN > MEA > DEA > DMA > ACN, indicating
that the dipole—dipole interactions and association increase with the value of
AH¥ (Table 4). The values of AS¥® are positive except for DEA, DMA and
ACN. Negative values of AS¥ indicate very little association in these
liquids. The AH® and AG* values for the mixtures are positive for all the
binary systems. The AS® values are negative for the entire range for DEA
and DMA mixtures and become negative for the other systems with increase
in acetonitrile composition.

In conclusion, the study indicates that the strength of specific interactions
between acetonitrile and anilines vary in the order ACN + ANL > ACN +
MEA > ACN + EAN > ACN + DEA > ACN + DMA. The interactions oc-
curring between the systems are mainly due to dispersion forces and weak
(N-H---N) hydrogen bonding.
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