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Strong Critical Enhancement of the Shear Viscosity of Colloidal Systems
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(Received 19 August 1996)

The critical divergence of the shear viscosity of a colloid polymer mixture is experimentally foun
be as strong as the divergence of the correlation length. This is in contrast with the divergence
viscosity in atomic and molecular sytems, which is known to be very weak. The different behav
the shear viscosity of Brownian systems and molecular systems is believed to be due to the long
character of the hydrodynamic interactions between the Brownian particles, a type of interaction
in molecular systems. [S0031-9007(96)01946-1]

PACS numbers: 82.70.Dd, 64.60.Ht
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Critical enhancement of the shear viscosity of atom
and molecular systems is so weak that it is practica
impossible to measure anomalous effects of more t
about 30% relative to the background viscosity. Pro
extrapolation of the background viscosity into the critic
region has therefore been of major importance, and o
obscured the determination of an accurate value for
very small critical exponent. The critical exponent is no
believed to be equal to0.035 6 0.003 [1]. This value
agrees with some of the theories that have been develo
in the past to describe anomalous behavior beyond
mean-field region [1–4]. Mean-field anomalous behav
of the shear viscosity of atomic and molecular system
probably nonexistent.

In a recent publication, one of the present auth
(J. K. G. D.) predicted quite a different critical behavior
the shear viscosity for colloidal systems [5]. In additio
to direct interactions, also present in molecular syste
there is another type of interaction particular to colloid
systems. These additional interactions are mediated
the fluid in which the Brownian particles are disperse
These so-calledhydrodynamic interactionsare the result of
scattering of the shear flow field by the Brownian particl
which scattered flow field affects other Brownian partic
in their motion. Such interactions are long ranged and
responsible for the much stronger divergence of the sh
viscosity as compared to molecular systems.

The theoretical prediction for the critical divergence
the shear viscosityh for Brownian systems is [5]

h ­ hB 1 hA , (1)

wherehB is the viscosity in the absence of long rang
critical correlations, the so-called background viscos
and hA is the additive anomalous contribution, which i
proportional to the correlation lengthj in the unsheared
suspension:

hA ~ j . (2)

In this Letter we present experimental results on b
the divergence of the correlation length and the visco
of a colloid polymer mixture. Without polymer the co
loidal particles behave as hard spheres. The additio
nonadsorbing polymer induces an effective attraction
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tween the colloidal particles due to a depletion mechan
[6,7]. The magnitude and range of the attractive forc
can be tuned by the concentration and size of the polym
Different size ratios lead to different kinds of phase beh
ior [8,9]. In our case the size ratio of polymerycolloidal
particles is 0.48, which leads to a gas-liquid type of ph
separation. Measurements have been performed
the one-phase region approaching the spinodal al
so-called dilution lines, where the concentration ra
colloidypolymer is constant and only the amount
solvent is changed, simply by adding or evaporat
solvent. The control variable in these systems is
the temperature but rather the chemical potential of
polymer. However, this quantity is not easily accessi
experimentally and therefore we will use the relati
distance to the spinodal, expressed in concentrati
Since along a dilution line the polymer and collo
concentration are linearly dependent, it suffices to use
colloid volume fraction pertaining to a particular point o
the dilution line as the relevant variable. For example,
critical exponentn0 for the correlation length is now de
fined as

j ­ j0

√
wspin 2 w

wspin

!2n0

, (3)

where j0 is the length,w is the volume fraction of
colloid, while wspin is the volume fraction of colloid
where the dilution line intersects the spinodal;swspin 2

wdywspin is a “reduced volume fraction,” analogous
the more conventional reduced temperature. This allo
us to express the divergence of the viscosity in terms
the correlation length, for which theoretical values a
known. However, the exponents for the viscosity a
correlation length as a function of the reduced volu
fraction cannot be compared directly with theoretica
available exponents (see in this respect Ref. [10]).

The system under study consists of sterically stabiliz
stearyl-silica particles with a radius of 48 nm, synthesiz
according to Stöberet al. and van Heldenet al. [11,12],
and polydimethylsiloxane (PDMS, Janssen) with a m
lecular weight of 204 k and a radius of gyration of 23 n
dispersed in cyclohexane. Measurements were perfor
© 1996 The American Physical Society



VOLUME 77, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 23 DECEMBER1996

c
o
d
-

e
h
t

p

n
l

a
e

th
g
e

n
ing

re
the
ity
ge
he
in

of

s

s,
at a temperature of 25.0±C along two different dilution
lines: one dilution line which is probably close to interse
tion with the critical point (after phase separation the v
umes of the two phases are approximately equal), an
off-critical dilution line. The colloidypolymer concentra
tion ratios for these dilution lines are 51 g silicayg PDMS
and 69 g silicayPDMS, respectively.

Viscosities were measured in the shear rate rang
1 to 10 s21, using a Contraves LS 40 rheometer. T
corresponds to Peclet numbers Pe, 1, where the Pecle

FIG. 1. Results of the viscosity measurements. The up
solid squares represent the viscosity of the colloid polym
mixtures. The dotted line through these points correspo
to the critical exponents as obtained from Fig. 2. The so
line is the estimated background viscosity. The open squ
are the viscosities of pure colloid in the absence of polym
with the dotted line a best fit. The open circles are
measured viscosities of the polymer solution, correspondin
the particular dilution line. (a) refers to the critical dilution lin
and (b) to the off-critical dilution line.
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number is defined as Pe­ Ùgj2y2D0, which charaterizes
the amount of distortion of structures with linear dimensio
of j. These distortions are responsible for shear thinn
which is expected to set in at Peø 1. Indeed, shear
thinning is not observed. The data of the viscosities a
presented in Fig. 1. The filled squares are the data for
colloid polymer mixtures. As can be seen, the viscos
dramatically increases in a narrow concentration ran
on approach of the binodal. In order to determine t
background, the viscosity of the pure silica colloid

FIG. 2. A log-log representation of the anomalous part
the viscosity vsswspin 2 wdywspin. (a) refers to the critical
dilution line and (b) to the off-critical dilution line. The inset
show the linear extrapolation of the reciprocal viscosity vsw
in order to determine the spinodal colloid volume fraction
which are 0.205 6 0.002 and 0.232 6 0.002, respectively,
rendering values for the critical exponents of1.04 6 0.10 and
1.06 6 0.06.
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cyclohexane, without polymer, is measured (the op
squares); the dashed line is a best fit to a second o
polynomial. The background viscosity is now estimat
by multiplying this viscosity by the ratiohpolyhCHX,
where hpol is the viscosity of the pure PDMS solution
represented in Fig. 1 by the open circles and the do
line, andhCHX is the viscosity of the solvent cylohexan
The background viscosity is thus assumed to be the re
of hard-sphere interacting colloidal particles in a mediu
with a viscosity equal to that of the PDMS in cyclohexa
solution. There are two possible choices forhpol in
the calculation of the background viscosity, depend
on what is used for the polymer concentration. O
can either use the concentration of polymer as such
the concentration related to the free volume, available
the polymer. We found that the former choice leads
a background that fits the measured viscosities at
concentrations, whereas the latter choice overestim
the viscosity. The background viscosity obtained in t
way is represented by the solid line, and agrees with
measured viscosities of the colloid polymer mixture aw
from the spinodal, as it should. The anomalous part
the viscosity is now simply obtained as the differen
between the measured and background viscosity.

The reciprocal of the anomalous part of the viscos
is found to be linearly dependent on the colloid volum
fraction, as can be seen from the inset in Fig. 2. E
trapolation of the reciprocal anomalous viscosity to ze
yields the corresponding colloid volume fraction of th
spinodal. For the critical dilution line it is found tha
w ­ 0.205 6 0.002 and for the off-critical dilution line
w ­ 0.232 6 0.002.

The log-log plots of the anomalous part of the viscos
versus swspin 2 wdywspin are shown in Fig. 2. The
critical exponents are found to be equal to1.04 6 0.10
and 1.06 6 0.06 for the critical and off-critical dilution
line, respectively.

Correlation lengths were obtained from small ang
static light scattering data, using the Ornstein-Zern
expression for the static structure factor [13]. Ana
gous to the determination of the spinodal from v
cosity measurements, the correlation length is found
be linearly dependent on the colloid volume fracti
(see inset in Fig. 1), and values for the colloid volum
fraction at the spinodal ofwspin ­ 0.205 6 0.001 and
wspin ­ 0.230 6 0.001 are found for the critical and off-
critical dilution lines, respectively, in accordance wi
those obtained from viscosity measurements. The c
cal exponents for the correlation length along these
lution lines are found from a log-log representation (s
Fig. 3) to be equal to1.05 6 0.04 and 1.00 6 0.07,
respectively.

To within experimental errors these exponents are eq
to those for the vicosity, in accordance with the theoreti
prediction mentioned above. The reduced volume fr
tions in our experiments span about one decade; a m
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FIG. 3. A log-log representation of the correlation length
swspin 2 wdywspin. (a) refers to the critical dilution line and
(b) to the off-critical dilution line. The insets show the line
extrapolation of the reciprocal correlation length vsw in order
to determine the spinodal colloid volume fractions, which a
0.205 6 0.002 and 0.230 6 0.001 for the critical and off-
critical dilution lines, respectively, rendering values for t
critical exponents of1.05 6 0.04 and1.00 6 0.07.

extended range for the two dilution lines discussed her
not accessible, due to the relatively large distance betw
the binodal and spinodal, the locations of which a
marked in Fig. 1 by vertical lines. It would be worthwhi
to more accurately determine the location of the criti
point (which is not easy for these systems), so as
have access to a larger range of reduced volume fracti
In addition, there is a need for experiments on colloid
systems where the temperature is the control variable.
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