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Why Clays Swell
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The particularly difficult subject of predicting the swelling behavior of clay minerals is addressed by a
combination of molecular dynamics and Monte Carlo sampling techniques. The introduced algorithm essentially
mimics the experimental determination of the water adsorption isotherm and quantitatively predicts clay swelling
for a montmorillonite-type clay including such details as the occurrence of hydrated states and hysteresis.
Furthermore, important insights into the underlying mechanism of clay swelling from the one-layer to the
two-layer hydrate are derived. It turns out that, for this case, clay swelling proceeds via the migration of
counterions that are initially bound to the mineral surface to the central interlayer plane where they become
fully hydrated. The extent of clay swelling strongly depends on the charge locus. This information appears
to be transferable to other clay types.

Introduction °
Clays are ubiquitous minerals that figure as liner materials |

in the containment of waste? drug and agrochemical delivery

agents, and catalytic materi&lJhey also play a vital role in e
biogeochemical processes by retaining and releasing metal 9 g
nutrients in soift Whereas clays are used to the benefit as drilling &.;

~ot “© é

mud lubricants during oil extraction, the replacement of oil-
based by water-based muds induces unwanted swelling in clay- g
rich shales and coherently mudrock damage or even well
collapse. Clays consist of negatively charged aluminosilicate g
layers kept together by cations. The most characteristic property
is their ability to adsorb water between the layers, resulting in
strong repulsive forces and clay expansion. Because the proper-
ties of a liquid near a surface are totally different from those of
the bulk liquid, macroscopic theories such as DLVO theory have
failed to describe typical stepwise microscopic swelling. In this
regime, swelling strongly depends on the molecular packing of
intercalated watérand statistical-mechanical simulations have
unveiled many details of the confined fluid’s struct@ré? but

not of the swelling mechanism due to their limitations to predict
clay water content. Here we employ modern Monte Carlo
methods, which enable us to compute water adsorption isotherms ¢
for sodium montmorillonite clay. Moreover, the simulations give

us deta!led |n5|ghts Into the swelling mechanism of this Figure 1. Atomistic model of the one-layer hydrate of sodium

prototypical swelling clay which are transferable to other types montmorillonite (O: red, H: white, Si: yellow, Na: blue, Al: purple,

of clay. and Mg: green) with a charge of1.00e per unit cell, representing

the stable state at = 298 K, p/po = 0.3. This simulation super cell

consists of two interlayer regions made up by 8 unit cells. Molecular

dynamics algorithms were applied to water and counterions. A
Typical for microscopic or crystalline swelling is that this ~temperature of 298 K was applied, while variations in the layer spacing

process occurs in discrete steps, and one observes the occurrenﬁ%‘ere allowed under the influence of a constant stress perpendicular on

. : . ese layers representing atmospheric pressure. Clay registration was
of one, two, or three water layers in the clay interlayer. Figure incorporated according to the algorithms in ref 10. Simulations were

1 shows the atomistic model of the one-layer hydrate of sodium performed in the open ensemble with respect to clay water cottént.
montmorillonite including details of the used algorithm. For a To this end, configurational-biased meth&dmabled efficient sampling
water vapor pressure pfpo = 0.3, our simulation code predicts  of the number of adsorbed water molecules. The interaction potentials
the occurrence of this one-layer hydrate with a spacing of 12.3 for the clay-water—counterion system are based on the TIP4P water

A which is in excellent agreement with experimental vafted: model as outlined in ref 9. These simulations essentially mimic the
' commonly applied water adsorption (desorption) experiment.

Clay Water Adsorption Isotherms

* Corresponding author. E-mail: E.J.M.Hensen@TUE.nl . . . .
* Present address: Schuit Institute of Catalysis, Eindhoven University ~ OUI simulation strategy is to determine the average water

of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands. ~ content and layer spacing starting from different initial values

10.1021/jp0264883 CCC: $22.00 © 2002 American Chemical Society
Published on Web 11/14/2002



Letters J. Phys. Chem. B, Vol. 106, No. 49, 20022665

0.3
>
E
3 £
J :
$ F
s g
2 5
k> g
2
>
<
(¥}
0 0.25 05 075 1 0 0.25 05 0.75 1
plpo p/po

Figure 2. Computed swelling curves for sodium montmorillonite: clay water content (left) and layer spacing (right) as a function of the water
vapor pressure. The various branches relate to different starting configurations (full]inel{= 12.5 A, Ny = 50; dashed line - shoria]]: do

=15 A, Np = 100; dashed line - longq]: do = 17.5 A, Ny = 150). The predicted stable states are close to experimentally observed ones for a
dehydrated clayd ~ 10.0-10.4 A), a one-layerd ~ 12—12.5 A), two-layer ¢ ~ 15 A), and three-layer hydratel &= 18—19 A). The integer
numbers relate to the number of intercalated water layers.

for the number of water molecules per simulation super cell of the Ewald summation technique to treat long-range electro-
(N,) and the layer spacinglf). Figure 2 displays the relation  static interaction. Most probably, the first factor is of overriding
between the equilibrium layer spacing and clay water content importance since the MCY water model is known to not
as a function of the applied water vapor pressure for sodium correctly predict pressure.

montmorillonite. The most striking feature is the stepwise nature

of the clay swelling process. One clearly observes the dehydratedViechanism of Clay Swelling

state ¢ = 10.3 A), two well-defined hydrated statea one- @ The present algorithms provide a method to predict the stable
= 12.3 A) and two- ¢ = 15.2 A) layer hydrateand a less-  gia1e5 of swelling clays. However, ideally one would want to
defined stated = 16-18 A) at the highest water vapor pressure. ool the clay swelling in many engineered settings. Therefore,
This agrees well with the experimentally observed plateaus in j; is essential to understand the microscopic mechanisms
layer spacing and clay water content. The values for the layer ngerlying clay swelling. Such details are not easily amenable
spacings of the three hydrates are close to experimental ones,, gynerimental observation. Realizing that during our simula-
whereas the computed interlayer water contents fontiager tions transitions between the stable states occurred, we aimed
hydrates @ = 1: 0.060-0.090 g/gay; n = 2: 0.160-0.190 {5 gptain exactly this kind of information. To this end, a
9/Giay, andn = 3: 0.200-0.250 g/giay) are marginally lower g jjation was performed, which started at the stable state
than experimental oné8.2! This is partly due to known ¢, rashonding ta/po = 0.3, i.e., the one-layer hydrate. When
problems in determining experimental clay water contents (water 1, equilibrium state was reached, the water pressure was
adsorption on the external surface, presence of interstratified;,reased t@/po = 0.8, corresponding to the two-layer hydrate.
phases). The water and sodium density profiles during swelling are
The first two stable hydrated states are well-defined in contrast condensed in Figure 3.
to a third one identified at the highest water vapor pressures |n the starting configuration, the one-layer hydrate is clearly
exhibiting strong fluctuations in layer spacing and water content. visible with sodium ions forming inner-sphere surface com-
Such a third stable state has indeed been observed less frequentlylexes? In this regime, the HD/Na' ratio is between 3 and 4.
in experiments (e.g., in refs 16, 19, 20) than the first two. A The water molecules are positioned in the center of the
further important point to note is that the computer simulations jnterlayer. The water oxygen coordinates to a sodium counterion,
predict the occurrence of hysteresis in layer spacing and claywhile the water hydrogen atoms hydrogen-bond to the clay
water content between the one- and two-layer hydrate. This surface oxygen atoms. With increasing water vapor pressure
phenomenon is often reported in smectite swelling measure-the clay swells but the inner-sphere complexes are preserved,
ment8®2tand derives from the mode of operation, that is, either their distance to the clay mineral surface remaining almost
allowing the clay to adsorb water or forcing water desorption. constant. Concomitantly, this forces the water molecules to form
Our approach is similar, since the hysteresis phenomena resuliwo layers. The increase in layer spacing results in less
from starting at a small layer spacing with high water vapor confinement of the water molecules allowing them to orient
pressure (adsorption) or starting at a large layer spacing with themselves to the sodium counterions. This is derived from the
low water vapor pressure (desorption). Since the time and lengthchange in the angle between the water dipole and the clay
scales in our simulations are much smaller than in a real mineral surface normal vector (Figure 3). Such a result can be
experiment, we do not expect quantitative prediction of these interpreted as an increased orientation to the counterions and a

hysteresis phenomena. decreased influence of hydrogen bonding to the clay mineral
A careful analysis shows that the interlayer fluid structure surface. It turns out that the water molecules close to one clay
coheres well with that described in earlier contributi®ay2 surface coordinate to sodium ions that are closest to the opposite

However, it disagrees with an earlier conclusion performed in one. The key phenomenon in the transition occurs at a layer
the open ensembfewhich discounted the occurrence of a two- spacing close to 13.50 A: part of the inner-sphere sodium ions
layer hydrate. The main differences with the present study are move to the central plane of the interlayer. The driving force
the use of the MCY interaction potential model and the absencefor this counterion flux is the energy associated with full
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Figure 3. Evolution of the water and counterion distribution in the clay interlayer during the swelling transition. The graphs indicate the oxygen
(upper left), hydrogen (upper right), and sodium (lower left) density as a function of the layer spacing (in bins of 0.25 A). The integrated density
at a given layer spacing is unity (color scheme: blasd—yellow—white from lowest to highest density). The splitting of the single water peak

is observed atl = 12.5 A, while the counterion flux to the central plane starts at approximately 13.5 A. The lower right figure schematically shows
the location and orientation of one counterion that remains close to the right clay mineral surface and coordinates to a water molecule closer to the
opposite surface. The water molecule is subsequently reoriented, finally resulting in the transfer of the sodium ion from the inner-sphere position
to the center of the interlayer. Note that only the position perpendicular to the clay surface is indicated; the clay mineral surface is also indicated
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Figure 4. Computed swelling curve for sodium beidellite: clay water content (left) and layer spacing (right) as a function of the water vapor
pressure. Beidellite only contains tetrahedral substitutions which strongly bind the counterions. This prevents counterions from becoming fully
hydrated and the clay from swelling beyond the first stable state, even at the highest water vapor pressure. Note that for these simulatiahs tetrahedr
charge sites were implemented by randomly exchangifigs@ies by AF* sites, obeying Loewenstein’s rule. No surface relaxation for tetrahedral
charge sites or charge delocalization was allowed.

hydration of these counterions. The water molecules in this in the central interlayer plane. We suspect that this lowers the
hydration shell interact with the clay mineral surface via energy barrier for the transfer of sodium ions. A further
hydrogen bonding, and these hydrated sodium ions are referrecexpansion of the clay leads to an increasing number of sodium
to as outer-sphere complexes. This hydration is facilitated by ions in the center of the interlayer and concomitant adsorption
the increased interlayer volume and the increased number ofof water molecules that hydrate these ions. Particularly, one
intercalated water molecules. Notably, the sodium ions move observes that in the regime 14:285.0 A the water oxygen

to the interlayer center for a ratio8/Nat ~ 6. This ratio agrees ~ atoms overlap with the sodium ions that are located close to
well with the sodium coordination number of concentrated NaCl the inner-sphere positions. The resulting constraint is relieved
aqueous solutior A specific structural detail is that in the by a further expansion to a layer spacing of about 15.3 A,
initial swelling stages the water molecules that are almost allowing a further increase of the clay water content and the
parallel to the clay sheets with their dipole vector are reoriented formation of inner-sphere surface complexes. In this final state,
due to the increased counterion coordination. In this way, they a large fraction of counterions are fully hydrated outer-sphere
position themselves in a favorable orientation for full hydration complexes in the central interlayer plane. These observations
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indicate that the swelling proceeds from the state of partially content of sodium montmorillonite. Moreover, it enabled us to
hydrated inner-sphere sodium ions;@INa" 3—4) to the state obtain molecular insight into the transition of the one-layer to
characterized by fully hydrated outer-sphere sodium ions with the two-layer hydrate for such a swelling clay. In essence, the
a smaller fraction of inner-sphere sodium ions;QNa" ~ results show that swelling proceeds by the migration of
8—9). The essential transition takes place aroun®@Ma" = counterions initially strongly bound to the clay mineral surface
6. It may be envisioned that, in the final state, six water to positions in the clay interlayer where these ions are fully
molecules make up the first coordination shell of the sodium hydrated. From these results, understanding of the dependence
ions located in the middle plane, while the remaining water of clay swelling on charge locus, charge density, and the type
molecules contribute to the formation of the smaller fraction of counterion can be derived.

inner-sphere surface complexes.
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