J. Chem. Eng. Data 1990, 35, 247-253 247

Densities and Shear Viscosities of Anisole with Nitrobenzene,
Chlorobenzene, Carbon Tetrachloride, 1,2-Dichloroethane, and

Cyclohexane from 25 to 40 °C
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Results of density and shear viscosity for the binaries of
anisole with nitrobenzene, chlorobenzene, carbon
tetrachloride, cyclohexane, and 1,2-dichloroethane have
been used to estimate the excess volume, excess shear
viscoslty, excess free energy of actlvation of flow, partial
molar volume, contact parameter, and denslty increment
over the entire mixture composition. A temperature
varlation of shear viscosity was used to estimate the
enthalpy, AH*, and entropy, AS*, of activation for the
flow process. The calculated quantities have been
discussed in terms of the type and nature of
thermodynamic interactions between the mixing
components. Furthermore, attempts have been made to
test the relative validity of the viscosity models proposed
by McaAllister, Heric, and Auslaender.

Introduction

In continuation of our ongoing research program (7-3)
concerning the thermodynamic interactions in binary mixtures,
we now present some binary data on densities and shear vis-
cosities of five mixtures of anisole with nitrobenzene, chioro-
benzene, carbon tetrachloride, 1,2-dichioroethane (DCE), or
cyclohexane at 25, 30, 35, and 40 °C. These results are
employed in the computation of excess parameters such as
excess volume, VE, excess viscosity, 7, and excess free en-
ergy of activation of flow, GE, in addition to partial molar vol-
umes, V, and \7%, of the components 1 and 2, respectively.
The enthalpy, AH* and entropy, AS* of activation of flow have
been obtained from the temperature variation of mixture vis-
cosity. Calculated results are discussed in terms of the nature
of interacting molecules of the mixture. Binary viscosity data
are also used to test the validity of viscosity theories of the
three-body interaction model of McAllister (4), Heric (5, 6), and
Auslaender (7).

Experimental Section

The solvents used in this research were obtained in their
highest purity and further purified by the procedures described
elsewhere (8). Binary mixtures were prepared by accurately
weighing the liquids in specially designed stoppered bottles.
Density, p, and viscoslty, 1, measurements were made by using
a pycnometer and a Cannon-Fenske viscometer (size 100),
respectively; these procedures have been described earlier (9).
An average of the triplicate measurements of p and n were
used in the calculation of thermodynamic quantities. The pos-
sible errors in the measurement of p and n are respectively
0.0002 and 0.0008 unit.

T Also adjunct research professor of chemistry, Lamar University.

Table I. Comparison of Physical Properties of Pure
Liquids with Literature at 25 °C

boiling point, °C

density, g-cm™

liquid obsd lit.2 obsd lit.e
anisole 154.0 153.8 0.98946 0.98932
cyclohexane 81.0 80.7 0.77373 0.77389
nitrobenzene 211.0 210.8 1.19850 1.19835
chlorobenzene 132.0 1317  1.09551% 1.09550°
1,2-dichloroethane 84.0 83.5 1.24552 1.24580
carbon tetrachloride 77.0 76.8  1.57490° 1.57480°

2Reference 8. ®These values at 30 °C.

Theoretical Relations and Data Treatment

Table I lists pure-component data that compare well with the
literature (8). The experimental p and n of the five binary
mixtures at four temperatures are given in Table II. These
data have been used to calculate the excess molar volume,
excess molar shear viscosity, and excess molar Gibbs free
energy of activation of flow by the use of the following relations

VE(em®/mol) = V- Vix, - Vox, 8]
7° (CP) = 1 = MyXy = MpX, (2)

GE (keal /mol) = RT[In (1V ) = x4 In (1,V4) = X, In (1,V,)]
(3)

where V,, V,, and V, represent respectively the molar vol-
umes of components 1 and 2 and their mixture and 7, and 7,
are the viscosities and x ; and x, represent the mole fractions
of components 1 and 2, respectively. The term, RT, has the
conventional meaning.

The partial molar volumes, V, and V,, of components 1 and
2 have been calculated with use of the relations

Viem®/mol) = V, + VE/x, + xx,[8(VE/x,)/dx,] (4)
Valem®/mol) = V, + VE/x, + x,x,[(VE/x,)/dx,] (5)

Each of the above sets of results has been fitted to

4
Y= xxp2 a(x, - xy) ! (6)
i=1

to evaluate the coefficients, a,. Here, Y refers to VE, 4f, GE,
v, or v,

A nonlinear regression analysis based on the Marquardt al-
gorithm was used with a 640K PC to estimate the coefficients.
In each case, the optimum number of coefficients was as-
certained from an examination of the variation in standard error,
g, as given by

g = [Z(Yobs - Ycal)z/(n - p)]1/2 (7)

where p is the number of parameters (four, viz., &, a,, a3, and
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Table II. Densities () and Viscosities (n) of Binary Mixtures at Various Temperatures

p, grem™ n, cP
X4 25 °C 30 °C 35°C 40 °C 25°C 30 °C 35°C 40 °C
(A) Anisole (1)-Cyclohexane (2)
0.0 0.7737 0.7686 0.7640 0.7594 0.8876 0.8192 0.7546 0.6934
0.1016 0.7932 0.7883 0.7838 0.7788 0.8187 0.7586 0.7009 0.6496
0.1993 0.8131 0.8080 0.8032 0.7986 0.7856 0.7308 0.6800 0.6314
0.3005 0.8335 0.8288 0.8248 0.8190 0.7700 0.7174 0.6680 0.6223
0.3997 0.8551 0.8496 0.8448 0.8402 0.7696 0.7169 0.6674 0.6228
0.5014 0.8767 0.8715 0.8671 0.8622 0.7849 0.7317 0.6829 0.6370
0.6014 0.8988 0.8939 0.8889 0.8842 0.8030 0.7509 0.7001 0.6546
0.7043 0.9196 0.9167 0.9121 0.9075 0.8378 0.7843 0.7318 0.6823
0.8000 0.9436 0.9388 0.9342 0.9290 0.8834 0.8216 0.7693 0.7163
0.8992 0.9661 0.9613 0.9563 0.9515 0.9338 0.8700 0.8092 0.7511
1.0000 0.9895 0.9842 0.9796 0.9750 0.9785 0.9070 0.8422 0.7814
(B) Anisole (1)-Nitrobenzene (2)
0.0 1.1985 1.1932 1.1880 1.1832 1.8172 1.6662 1.5281 1.4022
0.1000 1.1716 1.1666 1.1623 1.6923 1.5560 1.4301 1.3171 1.3171
0.2022 1.1546 1.1496 1.1444 1.1397 1.5607 1.4434 1.3262 1.2240
0.3039 1.1334 1.1281 1.1232 1.1180 1.4540 1.3388 1.2359 1.1416
0.3968 1.1136 1.1086 1.1034 1.0987 1.3679 1.2626 1.1647 1.0783
0.5018 1.0915 1.0865 1.0817 1.0765 1.2811 1.1863 1.0963 1.0132
0.6021 1.0708 1.0653 1.0604 1.0559 1.2039 1.1151 1.0308 0.9572
0.7032 1.0499 1.0449 1.0399 1.0352 1.1464 1.0641 0.9838 0.9119
0.8267 1.0243 1.0196 1.0149 1.0100 1.0685 0.9924 0.9200 0.8533
0.9043 1.0086 1.0037 0.9987 0.9941 1.0453 0.9678 0.8978 0.8343
1.0 0.9895 0.9842 0.9796 0.9750 0.9785 0.9070 0.8422 0.7814
(C) Anisole (1)~1,2-Dichloroethane (2)
0.0 1.2455 1.2382 1.2304 1.2234 0.7833 0.7400 0.6929 0.6523
0.0971 1.2112 1.2044 1.1968 1.1901 0.8095 0.7615 0.7135 0.6712
0.1961 1.1790 1.1721 1.1655 1.1588 0.8125 0.7644 0.7190 0.6736
0.2958 1.1495 1.1427 1.1365 1.1300 0.8228 0.7712 0.7246 0.6785
0.3963 1.1218 1.1151 1.1098 1.1029 0.8354 0.7823 0.7333 0.6881
0.4918 1.0970 1.0908 1.0850 1.0790 0.8519 0.7983 0.7466 0.7004
0.5946 1.0721 1.0662 1.0606 1.0552 0.8754 0.8183 0.7639 0.7150
0.6933 1.0500 1.0446 1.0390 1.0337 0.9012 0.8399 0.7821 0.7319
0.7944 1.0288 1.0232 1.0181 1.0132 0.9299 0.8693 0.8076 0.7519
0.8972 1.0085 1.0032 0.9980 0.9931 0.9672 0.8983 0.8340 0.7759
1.0 0.9895 0.9842 0.9796 0.9750 0.9785 0.9070 0.8422 0.7814
(D) Anisole (1)~Chlorobenzene (2)
0.0 1.1010 1.0955 1.0897 1.0844 0.7562 0.7155 0.6769 0.6370
0.0994 1.0893 1.0838 1.0780 1.0728 0.7921 0.7495 0.7047 0.6642
0.2000 1.0776 1.0719 1.0663 1.0609 0.8143 0.7657 0.7212 0.6768
0.2957 1.0663 1.0608 1.0557 1.0503 0.8336 0.7850 0.7354 0.6921
0.3982 1.0548 1.0491 1.0441 1.0388 0.8576 0.8026 0.7535 0.7064
0.5028 1.0431 1.0375 1.0324 1.0283 0.8800 0.8232 0.7693 0.7227
0.6002 1.0321 1.0272 1.0218 1.0170 0.9024 0.8438 0.7866 0.7366
0.7006 1.0214 1.0159 1.0108 1.0059 0.9275 0.8635 0.8038 0.7511
0.7995 1.0104 1.0054 1.0005 0.9955 0.9474 0.8808 0.8201 0.7649
0.8997 1.0003 0.9951 0.9903 0.9858 0.9779 0.9091 0.8444 0.7855
1.0 0.9895 0.9842 0.9796 0.9750 0.9785 0.9070 0.8422 0.7814
(E) Anisole (1)-Carbon Tetrachloride (2)

0.0 1.5851 1.5749 1.5650 1.5554 0.9275 0.8702 0.8162 0.7676
0.1050 1.5157 1.5062 1.4970 1.4882 0.9408 0.8895 0.8268 0.7762
0.2013 1.4537 1.4450 1.4362 1.4275 0.9425 0.8842 0.8263 0.7751
0.3026 1.3899 1.3815 1.3734 1.3658 0.9493 0.8852 0.8279 0.7851
0.3956 1.3329 1.3254 1.3176 1.3105 0.9547 0.8927 0.8326 0.7777
0.5023 1.2691 1.2617 1.2546 1.2478 0.9644 0.9013 0.8397 0.7837
0.5968 1.2133 1.2066 1.1938 1.1934 0.9745 0.9054 0.8446 0.7864
0.6990 1.1547 1.1486 1.1423 1.1364 0.9834 0.9147 0.8502 0.7919
0.7970 1.1001 1.0946 1.0883 1.0831 0.9896 0.9190 0.8547 0.7946
0.8998 1.0433 1.0378 1.0325 1.0276 0.9961 0.9260 0.8580 0.7981
1.0 0.9895 0.9842 0.9796 0.9750 0.9785 0.9070 0.8422 0.7814

a,) and nis the number of data points (usually eleven). Com-
putation of VE 7f, and GE from eqs 1-3 is straightforward.
However, to compute the experimental values of V, and V,,
the needed derivatives, viz., d (VE/x ,)/3x, and 8 (VE/x,)/dx,,
of eqs 4 and 5 were obtained from a differentiation of the
computed VE from eq 6. Values of the estimated coefficients
together with the standard errors as obtained from eq 7 are
given in Table III.

Following our earlier suggestions (70, 77), the Fiory—
Scatchard-type contact interaction parameter, A {,, and the

associated density increment, (9 p/8¢ )o r, are computed by
using eqs 8 and 9, where ¢, (=x, V1/Z,2=1x,v,) represents the

Ay =P+ da02 = p)/ D120 (8)
Gp/0d1)pr =
(04 = P2} = p[A (b2 ~ &1} + (dA 12/dd N 102)]
1+ A040,

volume fraction of the ith component of the mixture. Results
of eqs 8 and 9 have been subjected to computer analysis to

@



derive the coefficients, a,, from eq 10. Here, Y refers to A,
or (8 p/0¢ )p r; these results are also included in Table III.

Y=a,+ ajo, ~ ¢, + azle, - ¢1)2 (10)

An increase in temperature decreases the shear viscosity of
the medium. This observation (72) has led us to compute the
thermodynamic quantities, viz., enthalpy, AH*, and entropy of
flow, AS*, as

In AV) =1In(hN) - AS* /R + (AH‘/R);, (11)

where A (=7/p) is kinematic viscosity, h is Planck’s constant,
and Nis the Avogadro number. From a least-squares analysis,
AH* and AS* have been estimated.

The kinematic viscosities were also used to test the validity
of McAllister's three-body model (4 )y and Heric's relations (5,
6).

MA=x23InA +3x2x,Ina+3xx,2Ib+x2In A, -
In [x; + x,My/M,] + 3x 2, In [(2 + M,/M,)/3] +
8xx,2In [(1+ 2M,/M ) /3] + x,2 In (My/M,) (12)

A= x A+ x0 + xx,(a+ blx, - x) + elx, - x,))
(13)

mMA=x;Inx;+x,InA,+x,;,InM,+ x,InM, -
In (x,M, + x,M,;) + xx,[a+ bix, - x,) + clx, -x,)?]
(14)

The Auslaender relation (7) for the absolute viscosity of the
mixture is given as

Xqlxy + axy)n - nq) + bxylexy + x)dn-n) =0 (15)

The coefficients a, b, and ¢ in all the viscosity models have
been estimated from the least-squares method. These models
are used to predict binary viscosities; while doing so, the
standard error involved in the predicted and measured viscos-
ities will indicate the extent of validity of the viscosity model.

Discussion

Density results of all the mixtures at 25 °C are given in Figure
1. For mixtures of anisole with carbon tetrachloride or 1,2-
dichloroethane, the p versus x, plots are slightly curved
whereas, with cyclohexane, chlorobenzene, or nitrobenzene
mixtures, the linear dependencies are observed. Viscosity
behavior of all the mixtures at 25 °C is presented in Figure 2,
wherein mixtures of anisole with cyclohexane or nitrobenzene
exhibit somewhat greater deviations from the linear behavior
as compared to other mixtures.

Excess molar volume versus mole fraction of the first com-
ponent as shown in Figure 3 is negative for mixtures of anisole
with nitrobenzene or carbon tetrachloride, whereas it is positive
for mixtures of anisole with cyclohexane or DCE. In the case
of mixtures of anisole with cyclohexane, V& (=0.743 cm®/mol)
is the largest and positive among the liquids considered; this
suggests the presence of weak dispersion interactions between
the molecules. This is also supported by the fact that the molar
volume of anisole (V, = 109.3 cm®/mol) is quite close to that
of cyclohexane (V, = 108.8 cm®/mol). The largest negative
VE as seen in the case of the anisole (1)-nitrobenzene (2)
system is attributed to specific interactions due to an induced
dipole effect (1 of nitrobenzene at 25 °C is 4.03 D, and for
anisole it is 1.245 D) (8). Additionally, large differences in their
dielectric constants (¢ of nitrobenzene is 34.82 at 25 °C, and
for anisole it is 4.33 at 25 °C) might be responsible for the
considerable specific interactions between the mixing compo-
nents, leading to large negative V& (VE,, = -0.119 cm®/mol).
Similarly, carbon tetrachloride (with zero dipole moment) when
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Figure 1. Dependence of density on mole fraction at 25 °C. Symbols:
for binaries of anisole with (O) cyclohexane; (A) nitrobenzene; (O)
carbon tetrachloride; (@) 1,2-dichloroethane; (A) chiorobenzene.
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Figure 2. Dependence of viscosity on mole fraction at 25 °C. Sym-
bols have the same meaning as in Figure 1.

mixed with anisole yields small but negative VE (VE,_ = -0.066
cm¥mol). However, for the anisole (1)-chlorobenzene (2)
system, both positive and negative V€ values are observed, and
these lie in the neighborhood of the zero scale, (see Figure 3).
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Table III. Estimated Parameters of Various Functions

function temp, °C a, a, as a, I function temp, °C a, a, ay a, a
(A) Anisole (1)-Cyclohexane (2)
VE, cm®/mol 25 2.809 -0.245 0.384 2.259 0.080 \72, cm®/mol 25 3.456 0.706 1.088 0.430 0.098
30 2.599 0.978 -0.542 -0.072 0.015 30 3.043 -0.042 -0.041 -0.012 0.003
35 2,633 0.770 -0.195 0.411 0.041 35 3.220 0.191 0.222 0.073 0.018
40 2,760 1.281 0.308 -0.450 0.019 40 3.684 0.299 -0.061 -0.126 0.022
nE, ¢P 25 -0.607 -0.141 -0.037 -0.235 0.002 A, 25 0.023 0.003 0.000 0.004
30 -0.535 -0.143 -0.016 -0.199 0.002 30 0.021 0.005 -0.004 0.001
35 -0.473 -0.131 0.008 -0.193 0.002 35 0.020 0.005 0.000 0.002
40 —0.409 -0.124 0.015 -0.133 0.001 40 0.021 0.006 0.003 0.001
GE, kcal/mol 25 -0.402 -0.133 —0.385 -0.123 0.001 (9p/dd1)p T 25 0.215 —0.020 0.000 0.003
30 -0.388 -0.138 0.004 -0.121 0.001 30 0.216 -0.016 —0.003 0.006
35 -0.373 -0.139 0.021 -0.130 0.001 35 0.216 —0.018 —0.002 0.006
_ 40 -0.351 —0.139 0.028 -0.098 0.001 40 0.216 —0.019 -0.003 0.002
Vi, em®/mol 25 1.119 -1.516 0.281 -0.282 0.113
30 1111 -0.959 0234 —0.401 0.043
35 1.083 -1.074 0254 -0.358 0.097
40 1.069 -1.049 0355 -0.337 0015
(B) Anisole (1)-Nitrobenzene (2)
VE, cm®/mol 25 -0.491 0.124 0.259 -0.359 0.012 V,, em3/mol 25 -0.392 0.047 -0.118 -0.085 0.019
30 -0.540 -0.010 -0.149 0.390 0.014 30 -0.500 0.033 0.157 0.083 0.020
35 -0.522 0.067 -0.082 ~0.061 0.022 35  -2277 -1614 -2.876 -1.225 0.030
40 -0.467 0.307 -0.323 -0.990 0.016 40 -0.673 —0.332 -0.489 -0.191 0.050
nE, cP 25 -0.474 -0.118 0.134 -0.063 0002 A 25 -0.005 -0.001 0.002 0.001
30 -0.413 ~0.124 0.154 0.015 0.005 30 -0.006 0.001 -0.001 0.001
35 -0.368 -0.097 0.139 -0.013 0.004 35 -0.005 —0.001 0.000 0.002
40 -0.319 -0.081 0.149 -0.004 0.004 40 —0.005 —-0.003 -0.005 0.002
GE, kcal/mol 25 -0.100 -0.006 0.079 -0.065 0.009  (dp/d¢y)pr 25 -0.210 0.004 0.002 0.001
30 -0.094 -0.019 0.090 -0.026 0.003 30 -0.209 0.007 -0.001 0.001
35 -0.093 -0.011 0.090 -0.043 0.003 35 -0.209 0.006 0.002 0.001
~ 40 -0.085 -0.008 0.099 -0.048 0.003 40 -0.209 0.007 0.004 0.001
V,, cm®/mol 25 -0.250 0.252 -0.028 0.088 0.050
30 -0.268 0.295 -0.145 0.068 0.030
35 0.282 0193 0.564 -0.100 0.070
40 -0.150 0.353 -0.046 -0.006 0.120
(C) Anisole (1)-1,2-Dichloroethane (2}
VE, ¢cm?/mol 25 0.794 —0.035 0.189 0.433 0.006 V,, cm®/mol 25 0976 0.188 0.224 0.074 0.020
30 0.848 0.387 -0.030 —0.397 0.011 30 0.997 -0.034 -0.158 -0.083 0.020
35 0.757 -0.164 0.435 0.410 0.018 35 0.949 0.261 0.242 0.064 0.020
40 0.926 0.329 0.222 -0.589 0.013 40 1.429 0.323 0.330 0.096 0.020
7E, cP 25 -0.117 -0.011 0.242 0.001 0.003 A 25 0.010 0.002 0.002 0.001
30 -0.106 -0.026 0.228 -0.003 0.003 30 0.011 0.002 -0.002 0.001
35 -0.087 0.003 0.208 -0.015 0.002 35 0.009 0.000 0.006 0.001
40 -0.071 -0.016 0.178 0.010 0.003 40 0.011 0.001 0.004 0.002
GE, kcal/mol 25 -0.030 -0.015 0.166 0.030 0.002  (3p/d¢1)pr 25 -0.261 -0.026 —0.009 0.018
30 -0.030 -0.022 0.167 0.019 0.002 30 -0.253 —0.011 -0.004 0.001
35 -0.023 -0.002 0.171 0.012 0.002 35 -0.250 —0.013 —0.001 0.001
40 -0.015 -0.015 0.157 0.025 0.002 40 —0.248 -0.014 -0.002 0.001
Vi, cm?/mol 25 0.318 -0.431 0.110 -0.072 0.067
30 0.367 -0.314 0.123 -0.126 0.030
35 0.297 -0.481 0.151 -0.043 0.065
40 0.298 -0.386 0.069 -0.077 0.083
(D) Anisole (1)-Chlorobenzene (2)
VE, cm?/mol 25 0.040 -0.128 -0.189 0.310 0.020 Vs, cm®/mol 25 -0.044 -0.030 0.104 0.070 0.015
30 0.070 0.200 -0.249 -0.080 0.017 30 —0.048 -0.126 -0.074 -0.005 0.003
35 0.050 -0.287 -0.107 0,936 0.013 35 0.068 0.134 0.395 0.193 0.042
40 -0.012 -0.142 0.295 0.733 0.042 40 0.228 0.290 0371 0.130 0.032
78, cP 25 0.042 0.003 0.176 -0.065 0.003 Ay 25 0.001 0.000 -0.004 0.002
30 0.039 0.001 0.174 -0.048 0.004 30 0.001 0.002 -0.004 0.001
35 0.032 0.014 0.151 -0.081 0.003 35 0.001 0.001 -0.002 0.001
40 0.044 0.006 0.138 -0.059 0.003 40 0.001 0.002 -0.003 0.003
GE, keal/mol 25 0.050 0.005 0.117 -0.021 0.002  (3p/d¢))pr 25  -0.111 0.001 -0.001 0.001
30 0.050 0.005 0.126 -0.014 0.003 30 —0.111 0.001 -0.002 0.001
35 0.042 0.011 0.119 -0.040 0.002 35 -0.110 0.000 -0.002 0.001
40 0.052 0.007 0.120 -0.029 0.037 40 -0.109 0.000 -0.003 0.001
Vi, em?3/mol 25 0.035 -0.034 -0.030 -0.018 0.037
30 0.064 -0.002 -0.011 -0.039 0.008
35 0.003 -0.087 -0.065 -0.006 0.108
40 -0.079 -0.060 -0.028 -0.054 0.082
(E) Anisole (1)-Carbon Tetrachloride (2)
VE, em®/mol 25 -0.210 0.154 0.027 0.085 0.012 nE, cP 30 0.034 —0.085 0.193 0.048 0.004
30 -0.272 0.264 -0.277 0.162 0.021 35 0.033 —0.068 0.132 —0.007 0.002
35 0.934 0.066 -2.628 -0.049 0.097 40 0.033 -0.016 0.138 —0.099 0.003
40 -0.159 0.009 -0.011 -0.270 0.017 GE, kcal/mol 25 0.029 -0.049 0.095 -0.011 0.001
nE, cP 25 0.041 -0.082 0.156 -0.025 0.002 30 0.026 —0.055 0.127 0.037 0.003
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function temp, °C  a; a, ag a, ¢ function  temp, °C  aq ay ay ¢
GE, kcal/mol 35 0.034 -0.049 0.080 -0.003 0.002 V,, cm®/mol 40 -0.078 0.068 0.125 0.054 0.012
40 0.029 -0.012 0.110 -0.075 0.002 A, 25 -0.003 0.002 0.001 0.001
Vi cm?/mol 25 -0.136 0.153 -0.062 0.036 0.003 30 -0.004 0.003 -0.001 0.002
30 -0.157 0.255 -0.129 0.015 0.008 35 0.010 -0.001 -0.022 0.001
35 0.728 -0.158 -0.144 -0.412 0.020 40 -0.002 0.001 0.000 0.001
_ 40 -0.098 0.090 -0.059 0.027 0.025 (8p/0¢)p,r 25 -0.596 0.003 -0.002 0.001
V,, cm?/mol 25 -0.063 0.067 0.053 0.011 0.004 30 -0.590 0.005 -0.003 0.001
30 -0.157 -0.022 0.052 0.038 0.008 35 -0.585 0.001 -0.001 0.003
35 -0.180 -1.151 -0.421 0.100 0.005 40 0.581 0.002 0.000 0.001
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Figure 3. Variation of excess volume, VE, with mole fraction at 25
°C. Symbols have the same meaning as in Figure 1.

The excess molar viscosity at 25 °C versus x, is displayed
in Figure 4. The mixtures of anisole with cyclohexane exhibits
the highest negative 7 (n5,, = -0.154 cP) whereas, with ni-
trobenzene, it exhibits a less negative 7¥ (n&,, = -0.117 cP).
However, with anisole (1)-1,2-dichloroethane (2), a still negative
7 (n fm = -0.027 cP) is observed. Particularly for the latter
mixture, 7 passes through a minimum, but it shows two max-
ima in the positive 7% scale (around x, = 0.1 or 0.9). Being
a straight chain linear molecule, 1,2-dichloroethane might
change its conformation due to free rotation around a C-C bond
in solution, thereby producing both positive and negative values
of 1% over the entire composition scale. Similarly, mixtures of
anisole with either chlorobenzene or carbon tetrachioride be-
have almost in an identical manner as both the mixtures yield
positive #F and no sharp maxima are observed for these mix-
tures. However, sharp maxima in 7€ vs x, plots are prevalent
only with anisole (1)-cyclohexane (2) and anisole (1)-nitro-
benzene (2) mixtures, suggesting the formation of molecular
complexes in solution.

The dependence of excess molar Gibbs free energy, GF, of
activation of flow on x is displayed in Figure 5. It may be
noted that the curves for n and GE are very much identical
over the entire composition scale. For instance, the mixtures
of anisole with chlorobenzene or carbon tetrachloride exhibit
positive GE with no clear-cut maxima. A flattened positive
deviation of GE with respect to mole fraction scale as shown

-0.16 L —

0-0 0-2 0-4 0-6 0-8 1-0

Figure 4. Variation of excess viscosity, 1€, with mole fraction at 25
°C. Symbols have the same meaning as in Figure 1.

by mixtures of anisole with chlorobenzene or carbon tetra-
chloride suggests the absence of molecular complexes in so-
lution. This observation is further supported by the prevalence
of small but negative values of V* for these systems. The GE
curve for anisole (1)-carbon tetrachloride (2) system steadily
increases with an increase in x,, attaining the maximum at x ,
= 0.9. However, the GE data for anisole (1)-dichloroethane (2)
mixture shows a minimum in the negative scale and two max-
ima in the positive scale (one observed at x, = 0.1 and the
other at x, = 0.9). This behavior is also identical with the nt
vs x4 curve for this mixture. A sharp minimum with a large
negative Gt (GE = —104 cal/mol) is shown by the anisole
(1)-cyclohexane (2) mixture, whereas a somewhat flattened
minimum is observed for the anisole (1)-nitrobenzene (2) sys-
tem. To the best of our knowledge, excess properties of the
systems studied here are not available in the literature, and thus,
no comparison of our data with literature findings couid be
attempted.

In Figure 6 the plots of V, and V, vs x, for some repre-
sentative mixtures are given. It is observed that these de-
pendencies are noticeable for the anisole (1)-cyciohexane (2)
system as compared to the remaining mixtures. Figure 7 dis-
plays the variation of density increment on x, wherein linear
dependencies are observed for mixtures of anisole with cyclo-
hexane or DCE. On the other hand, for mixtures of anisole with
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Figure 5. Varlation of excess free energy of activation, GE, with mole
fraction at 25 °C. Symbols have the same meaning as in Figure 1.
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Figure 8. Variation of partial molar volumes with mole fraction at 25
°C for mixtures of anisole with (O) V, and (@) V, of chiorobenzene:
(A) V, and (A) V¥, of nitrobenzene; (O) V, and (M) V, of cyclohexare.
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Figure 7. Variation of the density increment, (3 p/d¢ 4)p, T with mole
fraction at 25 °C. Symbols have the same meaning as in Figure 1.

nitrobenzene, chlorobenzene, and carbon tetrachloride, devia-
tions from linearity are observed.

The values of AH* as evaluated from eq 11 are positive,
whereas AS* are negative for all the binary mixtures. This
suggests that the mixing is considered to be an endothermic
process and the orderliness of the liquid structure is maintained
while mixing. It is to be noted that AH* values of all the
mixtures vary in the range of 2-3 kcal/mol and the ~AS*
values vary from 10-13 (cal/mol)/°C. However, both AH* and
-AS* values do not seem to depend greatly on the mixture
composition.

Analysis of viscosity data in terms of viscosity models sug-
gests that the Heric relations, namely, eqs 13 and 14, seem to
reproduce the experimental data within the average standard
error ¢ of about 0.004, whereas McAllister theory (eq 12) re-
produces the predicted data to experiments with a ¢ value of
about 0.04. However, Auslaender theory (eq 15) showed an
average o value of about 0.007. This further suggests that, on
a relative basis, Heric equations may be somewhat better than
either Auslaender or McAllister equations in predicting the binary
viscosity data.
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Thermodynamics of the Dissociation of Boric Acid in Potassium
Chloride Solutions from 273.15 to 318.15 K

Andrew G. Dickson

Marine Physical Laboratory, S-002, Scripps Institution of Oceanography, La Jolla, California 92093-0902

Electromotive force measurements have been made with
the cell Pt|iH,(g, 101.325 kPa)|KCl (m ,),borax (m,)
|AgCl;Ag over the temperature range 273.15-318.15 K
and at five lonic strengths from 0.1 to 1.5 mol-kg™'. The
results have been used to calculate the stolchiometric
(ionlc medium) dissoclation constant for boric acid in
potassium chioride media.

Introduction

A recent study by Felmy and Weare (7) has shown that the
chemistry of boron in naturally occurring aqueous electrolyte
solutions can be represented by a combination of chemical
equilibria and ionic interactions. In the course of this work,
Felmy and Weare identified the need for measurements that
could be used to obtain parameters for the interaction of po-
tassium ion with orthoborate ion.

The best technique available to characterize the extent of this
interaction uses the cell

Pt|H,(g, 101.325 kPa)[KCI (m,),borax (m,)|AgCl:Ag (A)

to make measurements at various concentrations of potassium
chioride and of borax. This cell is similar to that used by Owen
and King (2) to measure the dissociation constant of boric acid
in sodium chloride media. I report here measurements on cell
A over a range of lonic strengths and temperatures and at three
values of m,. In addition, these values have been used to
calculate the ionic medium (stoichiometric) dissociation con-
stants of boric acid in potassium chloride media. The inter-
pretation of these results in terms of ionic interactions—Pitzer
coefficients (3)—has been performed for the electromotive
forces (emfs) at 298.15 K and reported elsewhere ( 7); further
work extending the modeling of aqueous boron systems to a
range of temperatures is currently in progress.

Experimental Section

The chemicals used in this work were of high purity. The
borax was recrystallized from water, taking care to keep the
temperature below 328 K (4). It was stored in a hygrostat
(over a saturated solution of sucrose and sodium chioride) for
a number of weeks to ensure the correct extent of hydration
(Na,B,0,-10H,0) and then assayed by titration with hydrochloric
acid, which in turn had been assayed as silver chioride (5). The

0021-9568/90/1735-0253%02.50/0

potassium chloride (reagent grade) was recrystallized from
water and dried at 575 K. All dilutions were carried out with
ultrafiltered, deionized water (Milli-Q); all apparent masses were
corrected to mass. The details of electrode preparation and
cell design have been given elsewhere, together with a de-
scription of relevant experimental procedures (6). All emfs
reported have been corrected to a hydrogen fugacity of
101.325 kPa (see footnote to Table I) and have been adjusted
so that the values of £° correspond to those published by Bates
and Bower (7). This was achieved by subtracting the difference

AE®/V = [E®(298.15 K)/V] - 0.22240 (1)
from each emf reading. £ °(298.15 K) was measured with cells

containing hydrochioric acid at 0.01 mol-kg™' (6, &, 9). Typ-
ically AE® amounted to 0.00002 V.

Results

Table I contains vaiues for the corrected emfs of cell A from
273.15 to 318.15 K at potassium chloride concentrations of
approximately 0.1, 0.3, 0.5, 1.0, and 1.5 molkg™! and at borax
molalities of 0.005, 0.01, and 0.015 molkg™'. The exact values
of m, and m, corresponding to these nominal values are given
in the tabile.

When the salt borax is dissolved in water, it yields an equi-
molal mixture comprised of boric acid and sodium orthoborate:

Na,B,0,10H,0 = 2B(OH), + 2Na* + 2B(OH),” + 5H,0 (2)
The charge-balance expression for the solution is thus

m(K*) + m(Na*) + mH") =
m(CIr) + m(B(OH),") +m(OH") (3)

and hence
m(B(OH),") = 2m, - m(OH) + m(H") (4)

where m, is the molality of borax. The mass balance equation
for boron is

4m, = m(B(OH);) + m(B(OH),") (5)
Substituting in eq 4 gives
m(B(OH);) = 2m, + m(OH") - m(H™) (6)
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