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In the past, clay-water systems have been extensively studied. due to its importance in agricultural as well
as technological applications. A more recent use of clay is as sealing material for nuclear waste. The
success for such a containment depends on the clay structure and its swelling properties. This means that
the clay should be able to sustain considerable changes in the surrounding ground water including salinities
of glacial melt water as well as sea water, while still being an effective hydraulic barrier. We have
approached this problem using statistical mechanical simulation techniques.

The osmotic pressure in Ca/Na montmorillonite dispersions has been calculated via Monte Carlo
simulations. For a clay system in equilibrium with pure water - Figure 1, Monte Carlo simulations predict
a large swelling when the clay counterions are monovalent, while in presence of divalent counterions a
limited swelling is predicted with an aqueous layer between the clay lamellaes of about 1 nm - in excellent
agreement with SAXS data.

Montmorillonite in contact with a salt reservoir with e.g. both Na and Ca counterions will only show a
modest swelling unless the Na+ concentration in the bulk is several orders of magnitude larger than the
Ca2+ concentration. This is true both for a clay repositary surrounded by ground water as well as sea water
of high salinity - see Figure 2.

The limited swelling of clay in presence of divalent counterions is a consequence of ion-ion correlations,
which both reduce the entropic repulsion and give rise to an attractive com-ponent in the total osmotic
pressure. Ion-ion correlations also favour divalent counterions when competing with monovalent ones. This
is an important aspect for the retention of radioactive charged species. A more fundamental result of ion-
ion correlations is that the osmotic pressure as a function of clay sheet separation becomes non-monotonic
- Figure 3b, which indicates the possibility of a phase separation into a concentrated and a dilute clay
phase, which would correspond to the ”extra-lamellar” swelling found in dialysis experiments.

Figure 3a shows a situation where the ion exchange with the surrounding bulk is restricted. That is, if the
sodium/calcium ratio is kept fixed between the clay platelets, then it suffices with a rather modest amount
of monovalent counterions in order for the repulsive component of the pressure to dominate. This
emphasizes the importance of the salt content in the surrounding saline solution.

Figure 1: The total osmotic pressure as a function of
separation between two charged clay platelets. The
total pressure, including both electrostatic and van
der Waals forces, is drawn as lines without symbols,
while the electrostatic component is drawn as lines
with filled circles. Solid lines are for a system with
monovalent counterions and dashed lines for
divalent.
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Figure 2: The net osmotic pressure as a function of separation. The bulk contains a mixture of NaCl and
CaCl2 and σ = -0.14 C/m2 - the van der Waals interaction is not included. The NaCl concentration is kept
constant at a) 100 and b) 500 mM, while the CaCl2 concentration is varied as indicated in the graphs.

Figure 3: LEFT: The net osmotic pressure as a function of separation. The system is in equilibrium with
pure water and the amount of monovalent/divalent counterions has been varied. The fraction of surface
charge neutralized by monovalent counterions is indicated in figure and surface charge density is
σ = -0.11 C/m2 - the van der Waals interaction is not included. RIGHT: Simulated osmotic pressure as a
function of separation with divalent counterions and a σ = -0.08 C/m2. The two stable separations are
shown as black spheres and connected with a dot-dashed line.


