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Static and dynamic viscosities in the binary mixture nitrobenzene —n-hexane near a critical
point
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Ultrasonic shear data are reported for the binary mixture nitrobenzene —n-hexane in the homogeneous phase

above t, . The observed dispersions at frequencies of 51 and 3 kHz have been compared with the predictions of
a modified form of the Deutch and Zwanzig theory, together with data on the behavior of static viscosity.

I. INTRODUCTION

Although the behavior of dynamic shear viscosity
in the critical region of binary mixtures' ' has
come to the attention of many scientists and the
measurements conducted on several systems have
been made, as yet no reliable information on the
critical slowing down has been reported. Most of
the conventional methods for determining viscosity,
such as capillary-flow techriiques, require or re-
sult in pressure changes in the system and tend to
obscure the validity of the apparent results. To
avoid this difficulty a torsional crystal technique
has been employed, which has the great advantage
over conventional methods of not producing signifi-
cant pressure differences in the Quid. Strumpf,
Collings, and Pings' have measured the viscosity
of xenon and ethane in the critical region by the
torsion crystal method. They have found no appre-
ciable difference between the static and dynamic
viscositiesof carbonrdioxide in the critical region.
'This indicates that the viscosity is independent of
the shear rate, contrary to the prediction of Botch
and Fixman. 4 The contradiction seems to arise
from the smallness of critical relaxation times of
a component system. In order to survey dynamic
critical behavior, the liquid-liquid system (due to
its relatively long relaxation time estimated by
viscosity) is more appropriate than the gas-liquid
system. For this reason, the dynamic shear vis-
cosity in nitrobenzene-n-hexane was measured at
ultrasonic frequencies. 'The present article also
reports a calculation of the dynamic shear viscosi-
ty rt'((d) due to critical fluctuations using the theo-
ry of Zwanzig and co-workers, "which is equiva-
lent to Fixman's derivation, based on the model of
a binary Van der Waals mixture compared with the
data.

II. THEORY

Botch and Fixman, ' proceeding from the theory
of correlation distribution functions, calculated

that the shear rate dependence of viscosity was
linked to fluctuations. Their results, however, are
not suitable for direct comparison with experimen-
tal results.

The starting point of this calculation is a time-
correlation-function expression for )1'(v),"

1()
0

where P„„(t) is an off-diagonal element of the total
pressure tensor, e is the frequency, V is the vol-
ume of the system, k~ is Boltzmann's constant,
and 7.

' is the absolute temperature.
Deutch and Zwanzig' have sepa, rated P„„(t) into a

short-range part that includes the kinetic and
short-range potential contributions to P„,(t), and a
long-range part P„',(t), which includes the con-
tribution of long-range intermolecular forces. The
only contribution to the critical-excess viscosity
hq'(a) is the P,', (t) correlation.

Let 6y, be the Fourier transform, with wave
number k, of the local concentration fluctuations.
6y~ is assumed to follow the diffusion equation

D(k) k'6 y, (t-),
Bg

neglecting dynamical coupling between temperature
and concentration. They have found that the time
dependence of P„',(t) is given by

(P,',(e)P,'„(0))=,f A (() exp [-2D()e))e'e) d)e,
7T 0

u), = u), x'/(I), '+ x'),

where 1/X is in the range of long-range interac-
tion, and D(k) =D(0)(1+A,'g') is the diffusion coeffi-
cient. From Eqs. (2) and (1), by straight-forward
calculations, one gets
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1"'(")=240~'k T
&max 1

A(k) (. ) 2 dk

D$ ', (x'e'"+1)'(x'+e' '")' K(x) '

A(T) —= T', ks/30'' T,

where K(x) =x'(x'+ 1) is the so-called Fixman func-
tion, x = k), D =D,e', the reduced frequency &u* = &u/

~D, and the characteristic frequency ~~ = 2 D$ '.
The relaxation time has the form TD = 1/D$ 'K(x),
which had been earlier proposed by Mistura and
co-workers. ' "

III. EXPERIMENT

The torsion crystal techniques for 51 kHz de-
scribed by Mason" were used for dynamic viscosi-
ty measurements. The vibration of the crystal is
damped by immersing it in a liquid to be measured,
and the properties of the liquid in shear may be
calculated from the resulting change in the reso-
nant frequency b f and the half-width d of the reso-
nance curve of the crystal, compared with the cor-
responding values in air (the slight difference of
crystal frequency between air and vacuum can be
ignored because of the high impedance of the liquid
mixture). These quantities are related to the com-
ponents of the shear mechanical impedance Z =B
+iX, by the equations R = 6/2M2K, X'= 6f/V 2 K,"
where K is a constant for a particular crystal at a
given temperature. The values of K were given by
b f/(pqe)' ' and determined from Newtonian liq-
uids. The crystal was connected electrically as the
unknown arm of a mutual induction bridge (Ando
Electric Co. TR 10). The frequency was deter-
mined with an electronic counter which was precise
to approximately one part in 107. For a frequency
source a frequency synthesizer (HP 3320 A) was
used.

(„)
16x" T', ks2

(x"+1)' (x"+6T)''

k/X =x',

6T = (T —T,)/T.

A characteristic time for the relaxation process
may be the diffusion time for a concentration fluc-
tuation which extends over a region of the correla-
tion length (. 5T can be replaced with e = (T —T,)/
T, in the present case.

Using the power law $ = (,e "with 1/A. -g„ final
equations are given by

, A(T) " x' K(x)dx
7 D( 1 (x2e2v 1)2(x2 ~1 2v)2 ~42 +K2(x) &

(3)-
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FIG. 1. Coexistence curve of the binary mixture of
nitrobenzene and m-hexane.

The quartz cylinder has a length of 3.8 cm and a
diameter of 0.5 cm. The quartz crystal was cut,
polished, and plated by the Kinsekisha Co. The an-
gle of cut was accurate to O'. Qold electrodes were
placed on the crystal surface by a vacuum deposi-
tion technique. The electrodes are carefully orien-
ted so that the center line of each electrode makes
a 45 angle to the y axis.

The dynamic viscosity is given by the relation

7)'=2XR/&up,

where p is the density of solution.
For lower frequencies of 3 kHz, the 5-cm-long

0.05-cm-thick tuning-fork crystal" was used as a
transducer. Although the crystal is very thin, the
thin side produces a longitudinal wave load. Be-
cause of this loading term, the accuracy at 3 kHz
is slightly less than at 51 kHz as shown in Fig. 3.
(R and X were determined in the usual manner. ")

The impurities of a sample, no matter how
small, greatly affect the value of rl' (owing to their
conductivity); so the samples had to be very care-
fully purified. Samples were prepared from rea-
gent grade nitrobenzene and spectro-photometric
grade n-hexane. N-hexane was dehydrated by me-
tallic potassium and nitrobenzene in a phosphorus
pentoxide over night. Each component was dis-
tilled twice. Nitrobenzene was prepared by frac-
tional crystallization.

The critical point in the nitrobenzene-n-hexane
system was determined by measuring the precipita-
tion point of the coexistence curve and then ob-
serving whether the transmitted beam of a He-Ne
laser disappeared or remained. The result is
shown in Fig. 1, where at 1 atm the critical tern-
perature is t, =19.90+0.02 'C and critical concen-
tration is x, =51.6 wt. /0 of nitrobenzene. The value
of x, is consistent with previous data. " A critical
mixture of x, = 51.6 wt. /p, prepared with these com-
ponents, has a critical temperature t, =19.8284
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FIG. 2. Static and dynamic viscosities plotted against
temperature for a critical mixture (51.6 wt. %) of nit-
robenzene —»-hexane. The critical temperature t ~ is
19.828 'C.

FI(&. 3, Anomaious viscosity vs reduced temperature
difference &=(T-&" )/T . Solid l.ines show Eqs. (3) and
(4),

+0.0016 'C. The slight difference in t, may be due,
besides the eventual presence of impurities, to the
variations of the concentration of the mixture when
poured into the glass cell at about 30 C.

The crystals for 51 and 3 knz were separately
suspended in two 2-cm-diam. 10-cm-long glass
cells, which were tightly sealed by Araldite to
avoid concentration change. The change in compo-
sition by evaporation during the course of the ex-
periment was less tha. n 0.006% in weigh'' with a
friction of N-hexane. The components were
mixed in a dry-nitrogen-gas atmosphere. Each
mixture was well stirred before and after it was
poured into the ultrasonic cell, and rest periods
of more than 40 min were allowed to ensure the
establishment of equilibrium in the system before
the measurements were made at each temperature.
The ultrasonic cell was placed in a water Dewar
vessel along with a thermostat which provided a
constant temperature within 0.002 'C. The tem-
perature was measured by the quartz thermometer
(HP 2801 A). The static viscosity and density were
measured by the sealed Ubbelode's viscometer and
pycnometer. The value of the density p was de-
termined as p = —0. t45 && 10 ' t('C) + 0.8580 g/cm'.

IV. RESULTS AND COMPARISON WITH THE THEORY

The results for the critical mixture a.re pre-
sented in Fig. 2. It is clearly seen that g and g'
show a divergence. The dynamic viscosity g' is
less than the static viscosity g. The solid line
shows the Arrhenius equation, from which g devi-
ates at about 30'C. The deviation of g' takes place
at about 25 'C. The critical excess viscosity is
thus determined and plotted against e in Fig. 3.

A comparison of our experimental results with
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FIG. 4. Anomalous dynamic viscosity vs *= ~/~D.
The solid and dashed lines show the integral in Eq. (311

at 51 and 3 kHz, respectively.

the theory presented in Sec. II requires parameters
which cannot be obtained from our measurements.
These parameters are the correlation length and
the diffusion coefficient, obtained by light-scattering
experiments. Assuming g= $,e "and D =Dp', one
gets the characteristic frequency era = 8.01 x 10"
&' sec ' for v =-',-, employing t, =2.03 A and D,
=1„65& 10 ' cm'sec '." Because of the unknown
value of 0, the thermodynamic coefficients(T)
is a free parameter obtained from the best fit of
Eq. (3) with experimental results at 51 kHz. One
finds that A(T) =2.6x 10 ' (in erg units) is nearly
independent of temperature. The quantity
&q'(Id)D( ' is plotted against u in Fig. 4. Owing
to the temperature-dependent parameter e, 4q'(e)
over a wide frequency range cannot be reduced to a
single curve. The solid line shows the integral in
EIl. (3) at 51 kHz; the dashed line, at 3 kHz. lt
seems that the dynamic data generally follow the
prediction of the theory below v* = 10'. Equation



MIYAKE, IZUMI, AND KONO

(4) for bq is plotted in Fig. 2 as a solid line. The
theory predicts the right order of magnitude for
4g above e = 3 & 10 4, but the temperature depen-
dency of &q is quite divergent. The Deutch-Zwan-
zig theory may be successful when applied to the
dynamic viscosity. Below e = 3 x 10 ' or above ~
= 10', the deviation of the theory from the data is "..

large. One sourct for the deviation probably stems
from the inadequacy of the Orstein-Zernik form
above x = 1, assumed in the derivation of Eqs. (2)
and (2) (in addition to the assumption y =1, which
should be 1.22 by the scaling law). Other possible
sources for the deviation might result. from im-
purities, temperature gradients, or an error in the
crit:ical concentration.

The gravitat;ional effect"''" i.s less probable„be-
cause no appreciable difference was found be-
tween the dynamic viscosities when measured at 51
kHz by a cylindrical crystal placed in the center of
the solution, parallel to and then perpendicular to
the horizontal over the whole temperature range
studied. It seems, as suggested by Sengers" that
the time needed to establish such a gradient is suf-

flclently long that ln practice measurements are
not affected by this effect. Recalling the charac-
teristic frequency for xenon, "+~.=5.38 x 10"e', it
can be understood that, the dynamic viscosity in a
one-component system did not show the critical
slowing down at ultrasonic frequencies. A fre-
quency of 38.7 kHz measured in xenon corresponds
to about 3 kHz in the present case, where g' is
close to g as is seen in Fig. 3.

The sealed-type viscometer was thoroughly im-
mersed to attain a uniform temperature. During
the measurement process, the viscometer was
rotated in the thermostatic liquid to push the liquid
mixture back into the upper reservoir. It has been
pointed out " that some of the effect may disappear
upon. stirring the critical mixture to destroy the
long-range correlations. These phenomena sugges t
that the rotation of the viscometer has an effect up-
on the value of g, thus resulting in unreliable data.
Nevertheless, 4g is well defined by the Kawasaki
plot" (&q/q =-a ln@ +5), until it breaks down
around ~ =10 4, 'This gives rise to a=0.035, which
is nearly equal to the prediction 0.033.
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