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Introduction 

The storage of nuclear waste frequently involves the construction of a concrete encasement 
adjacent to an engineered clay barrier, which can expose the swelling clay to elevated 
concentrations of certain cations (particularly calcium) and very high alkalinity (pH 10 - 13). 
These conditions have the capacity to degrade the integrity of the clay layer and, as such, it is 
necessary to fully understand the effects of all possible biogeochemical interactions involved. In 
this study, the changes in hydraulic conductivities and other physico-chemical properties of Na-
montmorillonite assemblages under the influence of both highly alkaline (pH 9 and 12) 
conditions and elevated concentrations of calcium and silica are examined.  

Methods 

Na-montmorillonite suspensions & filtration experimental method 

Colloidal montmorillonite suspensions were prepared from a naturally-sourced Australian 
bentonite which was dispersed in MilliQ water and size-fractionated by centrifugation before 
mixing with NaCl (to 1 molL-1). No chemical pre-treatment of the clay was employed with the 
end product being a homo-ionic Na-montmorillonite suspension. The stock suspensions were 
stored at 4°C until used. All subsequent experiments were performed on ten-fold Milli-Q 
dilutions of Na-montmorillonite gel which had solid contents of ~ 9 g/L. Natural pH was ~8.9, 
with adjustments made with micro litre additions of concentrated NaOH and HCl. 

A constant pressure filtration method was employed to examine the hydraulic properties of 
the Na-montmorillonite using the rigorous method developed by Smiles (1986; 2000). By 
differentiating the liquid flow relative to the solid phase, the cumulative outflow and cake 
moisture contents can be used to calculate the material hydraulic conductivity, contingent on 
the matric potential. Further details on the implementation of this methodology for the 
characterisation of swelling clay materials can be found in Santiwong et al. (2008a; 2008b). Fresh 
Na-montmorillonite suspensions were made from concentrated stock gels for each salt 
concentration and pH condition to avoid any ageing effects. A summary of the different feed 
suspensions used for the filtration experiments is given in Table 1.  

Filtration experiments were performed on 50 mL volumes of feed suspensions dispensed 
into a Perspex filtration cell, designed to pass through a membrane (Ø 0.044 m) at its base. The 
membrane used for all filtration experiments was a micro filtration membrane with an average 
pore size of 0.22 µm (DURAPORE®, Millipore) and was chosen to ensure the complete retention of 
clay and other solid particles on the feed-side of the membrane. Cumulative permeate outflow 
was measured using an electronic balance connected to a computer for instantaneous logging. 
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After each filtration run, both wet and dry weights of the filter cakes were determined, with the 
dry cakes weighed after > 48 hrs at 105°C. 

Table 1: Various treatment conditions of the montmorillonite suspensions 

Feed conditions pH 
Suspension Concentrations 

Na (mM) Ca (mM) SiO3 (mM) 

1 9 100 -- -- 
2 12 100 -- -- 
3 9 100 50 -- 
4 12 100 50 -- 
5 9 100 -- 10 
6 12 100 -- 10 
7 9 100 50 10 
8 12 100 50 10 

Further physico-chemical characterisation techniques 

Electrophoresis measurements were performed using a Zetasizer Nano ZS (Malvern 
Instruments). Measurements of electrophoretic mobilities were made within folded capillary 
cells, with the ionic strength calculated simultaneously. All electrophoresis measurements were 
made on suspensions that were mixed > 24 hrs previously, in order to ensure equilibrium had 
been attained. Scanning electron microscopy (SEM) of the various montmorillonite assemblages 
were performed using the cryo-snap preparation process detailed in Santiwong et al. (2008b). 
Briefly, small strips of fresh filtered montmorillonite cakes were momentarily immersed in 
liquid-N2, after which they could be snapped to produce an untouched edge that could be 
imaged using a non-cryogenic / high-vacuum (normal) stage. All SEM images were performed on 
an XL 30 CP SEM (Philips) at 15 kV. 

Results & Discussion 

Hydraulic Properties 

A summary of the hydraulic properties across the eight feed suspensions is contained in 
Table 2. The results show a ~ 65-fold variation in hydraulic conductivity between the highest 
conducting sample (pH = 12 + 50 mM calcium + 10 mM silica) and the lowest conducting sample 
(pH = 12) at 5 kPa. The moisture ratios also showed large discrepancies between samples, 
although not consistent with the hydraulic conductivities. 

Table 2: Summarised void (or moisture) ratio and hydraulic conductivity (at 5 kPa)  

Ca Si 
Void Ratio (m-3/ m-3) k (mm day-1) 

pH 9 pH 12 pH 9 pH 12 

-- -- 44.4 56.5 3.78 3.47 
50mM -- 47.2 31.8 100.92 192.37 
-- 10mM 72.0 56.1 6.31 2.55 
50mM 10mM 106.1 88.8 116.68 179.76 
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Further physico-chemical characterisation 

The zeta potential values obtained for the different additions of calcium and silica showed 
little variation between the paired pH values (9 & 12), except for the combined 50 mM calcium and 
10 mM silica sample and, to a lesser extent, between the 50 mM calcium samples (Figure 1). 
However, there were significant differences between the unmodified sample and addition of 
50mM calcium, 10mM silica and combined calcium / silica samples at their respective pH (P < 
0.05). The large contrast in values upon the addition of 50 mM calcium is indicative of a 
significant compression of the electrical double layer. 

The SEM micrographs (Figure 2) show a dramatic difference in pore size and in their overall 

structural assemblage between the various filter cakes. The Na-montmorillonite without calcium 
or silica (Figure 2A), along with the 10 mM silica sample (Figure 2C), displayed the largest pore 
size of the samples (2 to 5 μm) despite being previously shown to have the lowest hydraulic 
conductivity. Conversely, the samples with the highest hydraulic conductivity, those with 
additions of calcium, exhibited a much smaller pore network (Figures 2B and D). 

Figure 1: Zeta potential for all eight Na-montmorillonite suspensions (** P < 0.05) 

** ** 
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Figure 2: SEM micrographs of the filter cakes; A) the unaltered Na-montmorillonite, B) with 50 mM 
calcium, C) with 10 mM silica, and D) with 50 mM calcium and 10 mM silica. All cakes were prepared at pH 

12, and under the applied pressure of 20 kPa. The scale bar in all images is 5 µm (8000 x magnification) 

    

 

   

Along with the strongly negative zeta potential measurements (Figure 1), edge-face 
attraction under these conditions is not expected, with repulsion being the dominant mode of 
interaction. In terms of the orientation of the repulsive assemblage (i.e. edge-edge or face-face), 
the SEM micrograph of the unaltered alkaline montmorillonite (Figure 2A), resembles a macro-
scale structure with pore sizes in the order of 2 to 5 μm. Previous research on dilute swelling clay 
suspensions has shown the position of lowest potential energy is likely to be edge-edge contact 
(M'Ewen and Mould 1957), although work by Benna and colleagues (1999) on purified Na-
montmorillonite at high pH, suggested a card-house structure of edge-edge, edge-face and face-
face repulsion. 

The presence of the Ca2+ ions promotes the contraction of the electric double layer, as 
shown by the significant increase in zeta potential (Figure 1), effectively reducing the size of 
individual tactoids. It follows that the addition of calcium also reduces inter-tactoid repulsion, 
minimising pore-space and consolidating the filter cake assemblage. Lagaly and colleagues have 
reported that calcium ions promote the development of face-face contacts and the associated 
formation of quasicrystalline, band-like structures (e.g. Brandenburg and Lagaly 1988). The SEM 
micrograph shows a substantial reduction in pore size (Figure 2B), which corresponded to an 
enhanced movement of water. This would suggest that the sizes of the individual pore-spaces 
do not reflect the hydraulic conductivity of a Na-montmorillonite gel, but rather the forces acting 
on the water and the overall meso-structure are more determining factors. 

A B

C 
D
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The influence of silica alone appears to have had little impact on the hydraulic properties 
and structural assemblage of the clay; although an insufficient equilibration time for complete 
polymerisation to occur may have been a contributing factor to this result. Contrastingly, when 
in combination with Ca2+, we see physico-chemical changes to the suspensions that cannot be 
accounted by the divalent calcium alone. Owing to its polymeric properties (a factor enhanced by 
interlinking Ca2+), the negatively charged dissolved silica is able to form a more stable diffuse 
layer, most likely through bridging associations between the tactoids, as seen in Figure 2D. The 
differing zeta potential values between pH 9 and 12 could be due to the mono-/divalent 
transition of silica (pKa 9.91; Falcone 1982), with the divalent silicate further enhancing the 
influence of the electrical double layer. 
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