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Technical Progress Rep:
RESEARCH CBJECTIVE

The pimary objedive of our resear isthe development of moleaular models of ion
exchange on clay minerals with a iew toward underdganding the mechanisms of
radionuclide trangport through clay-rich soils. Specific scientific goals include using
moleaular cmmputer simulations to cdculate the thermodynamics of clay swelling and ion
exchange, and to evaluate the dependence of clay properties upon interlayer ion identity
and clay composition. These @als will, in general, facilitate the development structure-
function relationships in clays.

RESEARCH PROGRESSAND IMPLICATIONS
This rert summarizes work completedin the first 275 yearsof the 3year poject
period, with emphasis placedon the most recent acaompli shments.

Method and Code Development: This phase of the pioject was essitially completedwith
the recent development of a g-and-canonical ensenile molecular dynamics (GMD)
simulation method.™? lon exchange and clay swelling processes in the environment
typically takeplace under @nditionsof constant water chemicd potential. These
conditionsare reproduced inthe GMD simulations. Particle insertion and deletion
processesmadedifficult by the condrainedclay interlayer environment, are etalyzed
using a bias padential method developed ly us.

Swelling FreeEnergy: The GMD method hasbeen appliedto investigations of the
swelling of Cs-montmoril lonite” and Na-montmorillonite® in contact with bulk water.
Digjoining pressues atconstant water chemicd potential were @ culated as dunction of
clay layer spaing over a regpn encompassing the one- and two-layer hydraes.The
pressuesshow osdllations that ae indicaive of crystalline-swelling phasetransitions.
Integration of the disjoining pressureyielded free-energy curves with minima at
appoximately 125 (Csonly) and 155 A, represatative of the onedayer and two-layer
hydrates.These & displayed in Fig. 1 Resilts for Csmontmorillonite indicate incor-
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redly that the two-layer hydrate is more gable thanthe one-ayer hydrae® The
simulation model may therefore requre sosme ajusment for quantitative treament of
clay swelling. Deomposition of the free energy into its entropic and energetic
components indicaesthat the one-layer hydrae is favored anergeically, but dsfavored
entropically. The degndence of the swelling free enegy upon ion size is qualitatively
correct. While reaults for sodium-montmorillonite should be onsidered peliminary,
deaeasing the interlayer ion sizeclealy reaults in stabilization of the two-layer
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Figure 1: Swhing freeenergies. Curves ardisplaced for clarity.
hydrate rdative to the onedayer hydrae.

lon Exchange: lon exchange @lculations arebeing peformed wsing a method that
isolates the constant-volume exchange and swelling contributions to the overall exchange
process.Sodium to cesium exchange freeenergies, @l culated atconstant layer spaing
for amontmorillonite clay, have been deermined at seeral water mntents. Thesereaults
weredisaussal in a pevious reprt. The swelling contribution to exchange may be
calculated from the GMD swelling freeenergiesdisplayed in Fig. 1.Exchange of sodium
with cesium is much more favoralde for the onedayer hydrae than for the two-layer
hydrate. Thisisin agrement with the experimental observation that exchange with
cesium is accompanied ty dehydration to the one-layer hydrate.* The overall exchange
free energy is also qualitatively consistent with experimental measurements.”

lon Szeand Charge Depndence: The ion sizeand charge depelenceof clay swelling
has been investigated wsing Na, Cs, ad Srmontmorillonite clays®’ Results suggest a
dramatic difference in behavior between monovalent- and divalent-ion substituted clay
minerals. Immersion enegies for the three days aredisplayed in Fig. 2 All three cuves




show oscillations consistent with a discrete swelling mechanism. The results indicate, in
agreement with experimefithat the one- layer hydrate is energetically favored for Cs-
montmorillonite, while the two-layer hydrate is favored for both Na- and Sr-
montmorillonite. The immersion energy curve for Sr-montmorillonite shows a
discontinuous jump at approximately the one-layer hydrate. The energetic jump is
accompanied by signi_cant increases in clay layer spacing and in the strontium
coordination number. Metastable states occur along both branches of the immersion
energy curve surrounding the discontinuity. This suggests that, for Sr-montmorillonite
only, there is a constant water content phase transition between one-layer and two-layer
spacings. This transition has been characterized using pressure versus layer spacing
isotherms. Integration of the isotherms yields a free-energy curve with min- ima for both
one- and two-layer states. This has provided the identification of global free-energy
minima for several water contents near the transition point. The discontinuous behavior
in Sr- montmorillonite possibly originates from the strong, Sr-water interactions that
force the clay to two-layer spacings even with near one-layer water contents.
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Figure 2: Immersion energies.

PLANNED ACTIVITIES

A one-year, no-cost extension for this project has been requested. This will allow for
expansion of the breadth of the ion exchange and swelling calculations discussed above
to include a wider range of interlayer ions and clay composition. This is necessary for the
evaluation and development of ion exchange models. Efforts to address some simulation
model deficiencies will also be made.
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INFORMATION ACCESS
References [1] and [6] above are in print. A topical report for each article will be

submitted shortly. Reference [2] has a target submission date of June 30th, reference [7]
of July 31st, and reference [3] of September 30th.
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