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A simple yet accurate model describing the viscosity of dilute suspensions of sodium montmorillonite in
low ionic strength waters is presented. Taking the clay particle and the surrounding clouds of ions as whole
as an uncharged but soft particle, the Huggins’ equation is extended in the model to account for both the
primary and the secondary electroviscous effects, by use of the notion of an effective volume fraction. In
the model, however, we do not represent the clay particle as a sphere surrounded by immobile water layer
with thickness of a Debye length, as did by Adachi et al. (1998) who used the co-volume fraction to
approximate the effective volume fraction. We visualize the effective geometry of the particle and the
associated ionic atmosphere as an ellipsoid. This representation is more practical and more plausible,
because in the limit of large ionic strength, the electrolyte ions have been screened to a significant extent
so that the charged particle behaves just like an uncharged one. As a result, the application of the Simha’s
equation of intrinsic viscosity (Simha, 1940) for ellipsoidal particle following with random Brownian
motion enables us to obtain an analytical expression for the primary electroviscous effect. More
importantly, the available models for hard plate-like particles (van der Kooij et al., 2001) can be used to
aid in the quantification of the secondary electroviscous effect.

The development of the model is based firmly on precise measurements of the viscosity of sufficiently
dilute suspensions of sodium montmorillonite in low concentration NaCl solutions (at room temperature)
using Ostwald capillary viscometers (Adachi et al., 1998). As shown in Figure 1, the obtained data clearly
demonstrate the primary and the secondary electroviscous effects. That is, with an decrease of ionic
strength, the intrinsic viscosity which is the intercept of the extrapolation of the plot at zero volume fraction
will increase, and the slope of the linear part which appears in the region of low volume fraction will also
increase. This linear part is, in practice, a direct reflection of pair interaction, whereas the deviation from
the linear part of inherent viscosity, appears at a volume fraction of ~ 0.3%, indicates the onset of
multiparticle interaction.

Figure 1: Experimental results of Adachi et al. (1998) for the inherent viscosity of the sodium
montmorillonite suspension.
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Using the nonlinear least squares method to fit the experimental results, the model gives the following
expression for the relative viscosity of the sodium montmorillonite suspension,

(1)

where C is the product of the effective intrinsic viscosity [η]e and the effective volume fraction φe, i.e.

(2)

and it is actually the first term of the relative viscosity increment.

It is seen in Figure 2 that the data points, originally scattered in Figure 1, now fall onto a single curve for
all cases of NaCl concentrations; in practice about 99.8% of the experimental results are well represented
by the expression given in Eq. (1). More importantly, it is found that the coefficients of the O(φ2) and O(φ3)
terms are all non-zero values, and they are deemed to be reasonable by comparison with the available
expression for hard plate-like particles (van der Kooij et al., 2001). This indicates that Eq. (1) has well
accounted not only for the pair interaction but also for the multiparticle interaction. If we use the co-volume
fraction instead to define the effective volume fraction, however, the second power term in Eq. (1) would
disappear, and thus it violates the fact that the effect of pair interaction between suspended particle is more
significant than that of the multiparticle interaction, even in dense suspension. This partly supports that our
definition of the effective volume fraction is appropriate.

The validation of the model against other experimental measurements has also been made. The results
demonstrate that the model works quite well in predicting the viscosity of dilute suspensions of sodium
montmorillonite in low ionic strength waters. The model will be used to quantify the release of colloidal
particles from an expanding buffer around the canister containing spent nuclear fuel, together with a
dynamic force balance model (Liu et al., 2009).
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Figure 2: Comparison of the predicted and the measured Adachi et al. (1998) relative viscosity of the
sodium montmorillonite suspension.
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