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We have carried out molecular simulations in the grand-canonical ensemble of water and cations in Wyoming
and Arizona montmorillonite clay minerals, with varying relative humidity. Several water models and cations
are used to investigate the swelling of these clays. We show how the water content depends on the type of
clay, type of cation, the basal spacing, and the relative humidity. Related to the layering of water molecules
in the interlayer space, the pressure normal to the clay sheets oscillates as a function of the basal spacing.
Minima in corresponding free energy curves indicate the presence of dehydrated states and layered hydrates.
The development of these stable states and the corresponding basal spacings are in agreement with experimental
data. Density profiles show significantly different interlayer structures depending on the type of clay and
models used. We show a relation between formation of two-layer hydrates and the position of the cations.
The simulations with the MCY water model underestimate the spacings of two- and three-layer hydrates,
whereas our simulations with the TIP4P model produce a better agreement. Therefore, we recommend the
TIP4P model for simulating clay minerals. In addition, we report remarkable ordering of cations and water
molecules in a one-layer Arizona montmorillonite hydrate.

I. Introduction on swelling clay minerals. Many computational studies dealing

cl . Is h id ; . hich mak with water and cations in swelling clays, in particular mont-
ay minerals have a wide range of properties, which make ., jonite  have appeared in the literatdr& 364246 |n

them impqrtant to the Earth sciencc_es, engineering, and industry. these studies, a couple of techniques were used. A number
These minerals can serve as ion exchangers or catalyze

) ; i : . . of authors carried out simulations in the NPensem-
reactiong but in other fields their swelling properties are ble 15-19.22-25.28.3+36.4246 This technique imposes the pressure
unwanted. Environmental regulations require that oil exploration normal to the clay layersPy) and allows the basal spacing
industries use water-based drilling fluids, instead of oil-based d001) to equilibrate at a given number of water molecules. An
ones®As a CONSEqUENCe, an excess c.)f water may cause Serioug e native approach is simulating swelling clay minerals in the
problems when drilling through geological formations containing grand-canonicalV'T) ensemblé:L8-21.26-28 |n this case, water
a high weight-percentage of swelling clay minerals. In the worst !

th b ladseheref fund al molecules are inserted into or removed from the clay system
case, the well boré may even co aris_ eretore, fundamental —,,qer the condition of a fixed water chemical potential, which
knowledge of swelling clay minerals is of great importance to

. . ! _~ is related to the water vapor pressure. Hensen and?Smit
Lt:cyi)éiggt?;rstand their behavior and to handle their properties combined the NFT and theu\V/T approach and carried out

X ) . . simulations in the(P,T ensemble. Recently, ab initio molecular
Swelling clay minerals have been studied for a long time. qynamics calculations have appeared in the literature asvell.
They consist of negatively charged sheets due to isomorphic ~ .. . . )
Simulation studies of the claycation—water system are

substitution. In the interlayer space of the clay mineral, water done with a number of different interaction potentials. This
molecules hydrate charge-compensating cations (counterions).makes it difficult to obtain systematic insights in, for exa.mple
Experimentally, t_his hydraf[ion Is studieq_for glifferent types of the effects of cations or humidity on the swellin’g. The use o,f
clays unde.r varying expenmental Con.d't'dsﬁé’ for examplg, certain potentials usually starts with the choice for a particular
by measuring the basal spacings (using X-ray powder diffrac- water model. Three types of water model are commonly used
tion) as a function of the relative humidity. The type of clay for simulatingj swelling)ylclay minerals: MC%N‘ZO’ZHS’%SGZG

and charge-compensating cations are other important aspectﬁ_lP4P’15'16,18‘19’2629/,'2 and SPC/EL3L33 There is no consen-

determining the basal spacing. Increasing relative humidity raises X . D X .
the water content. which mav lead to swellina. It is accepted SUS I the literature on, for example, which interaction potential
’ Y 9. PC 15 choose for hydrated clay$.

that swelling occurs through distinct steps forming one-, two-, g . )
and three-layer hydratés. Several types of clay are investigatéuh theu VT ensemble,

as well as different types of cations. These simulations are all
carried out at one particular value of the water chemical potential
and varying basal spacing. Delville and Sokolow%gerformed
t.§imulations as a function of the water chemical potential and
at a fixed basal spacing. Other studies were focused on the
« Corresponding author. E-mail: tambach@science.uva.nl. wetting properties of a clay surface as a function of the water

. 27 28 ;
# Present address: Schuit Institute of Catalysis, Eindhoven University Chemical potentiai’?® In a previous stud§? we showed
of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands. ~ adsorption isotherms of water in Li-, Na-, and K-montmorillonite

Natural clay samples usually contain structural and chemical
heterogeneities, which make the interpretation of the experi-
mental data more difficult. Molecular simulation is an important
tool to overcome these problems and do systematic researc
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Figure 1. Snapshot of Arizona (left) and Wyoming (right) Na-montmorillonite at a relative humidity of 67% using the TIP4P model. These stable

two-layer hydrates at 15.00 and 15.50 A, respectively, correspond to the density profiles shown in Figure 7. The tubes represent the clay structure

and the spheres the water molecules and cations. In the clayred, H= silver, Si= yellow, Al = purple, and Mg= green. For water, G- red

and H= silver, and cation N& blue.

at fixed basal spacing (12.0 A) within a range of water chemical a cutoff radius (.. of 9.14 A. As the minimum basal spacing

potentials.

In this work, we extend these studies by performingt
calculations in the intracrystalline swelling domain (i.e., basal
spacing< 20 A). We carry out a systematic variation of the
relative humidity (from 0% to>100%) and the basal spacing
(from 9.0 to 20 A). With this approach we want to gain more
insight into the stability of swelling states as a function of the
experimental relative humidity. We use our methodology to
study Wyoming and Arizona Na-montmorillonite with the
TIP4P water model and Arizona Li-, Na-, and K-montmoril-
lonite with the MCY water model. With respect to the two
different water models, we investigate the sensitivity on the
swelling.

Il. Methodology

II.LA. Clay Model and Potential Parameters. We simulated
Wyoming and Arizona Na-montmorillonite with a TIP4P-based
model and Arizona Li-, Na- and, K-montmorillonite with a
MCY-based model. Wyoming montmorillonite carries isomor-

of these types of clays is approximately 9.25 A, duplication of
the simulation cell in the-direction was necessary in order to
avoid problems in the nearest-image convention for short-range
interactions. Chaez-Pa&z et al'® proved that this is necessary
for clay systems bearing small spacings. Typical snapshots of
the simulated systems are shown in Figure 1. Due to the
duplication, the total system consisted of 16 montmorillonite
unit-cells with a total weight of 11 487 amu (Arizona) and
11 504 amu (Wyoming). The mass of the counterions should
be added to obtain the total dry clay weight.

We carried out isomorphic substitution randomly, by replac-
ing one AP* atom by one M§" atom in each unit-cell. We
obeyed Loewenstein’s rule, which states that the locations of
two substitution sites are not adjacent to each other. Previous
work!® shows a minor effect of specific substitutions in the
tetrahedral sheet on montmorillonite swelling. Despite this
observation, we chose random substitution sites only once for
both clay types and used these crystal structures for all
simulations. To compensate the resulting net charge, we added

phic substitutions in both its octahedral and tetrahedral layers, €ight monovalent counterions (Mto each interlayer space of

with the structural formula My Si7 757l 0 29[Al 3.3Mgo g/ O20(OH)s,
where “M” represents a monovalent counterion. Arizona mont-

the Arizona clay minerals and six counterions for Wyoming-
type clay. We investigated all clays with varying water chemical

morillonite only bears substitutions in the octahedral sheet with Potential, related to the relative humidity (see section I1.C.).

the structural formula Mod Sig][Al sMg]O20(OH)4. We used the

I1.B. Simulation Details. We used a combination of molec-

clay model, describing atomic clay coordinates and partial ular dynamics and Monte Carlo techniques to simulate water

charges, developed by Skipper et?alln addition to the

molecules and counterions in rigid montmorillonite in (AT

Coulombic interactions, the TIP4P-based interactions in the ensemble. Molecular dynamics was applied to displace the
clay—cation—water system are described by the van der Waals cations and water molecules, and a special adaptation of the

potentials taken from Clvaz-Pa&z et all® and Boek et al®

Monte Carlo technique was used to insert or remove water

We took MCY-based van der Waals interactions from the work molecules from the interlayer space of the d&jnsertions of

of Park and Sposité?

The simulation cell consisted of eight montmorillonite unit-
cells making up a clay patch of 21.12 A-dimension) by 18.28
A (y-dimension). The thickness of one clay layer was 6.56 A.

molecules in dense systems can be biased in order to improve
the probability of acceptané@.In a recent papé? we showed
that, in comparison with conventional techniques, the configu-
rational biased Monte Carlo (CBMC) technique makes simula-

We applied three-dimensional periodic boundary conditions with tions up to higher densities possible. For particle movement we
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apply the SHAKE algorithm to maintain the rigidity of the water 20

T T
molecules. We calculated long-range Coulombic interactions | 00 NVT (MCY) |
by using the Ewald summation method with a reciprocal space o—a NVT (TIP4P)
cutoff (k = 6 A) anda. = 0.35. We kept all clay atoms frozen 157 o uvT (MCY) i 7
during the simulation. L AA VT (TIP4P) 1

All simulations were performed at = 298 K and a time- —_ *% Exp. data (Kell)

step ) of 1.0 fs. Each simulation started with a 10 ps & 10
equilibration using the Evans thermostat. After temperature < 3
equilibration, we applied the Nosddoover thermostat and - 5-
carried out 150 ps particle equilibration, followed by 200 ps to
gather statistical data. Resulting averages include the pressure
normal to the clay sheet®4), the number of water molecules, 0-
and the positions of cations and water molecules. We carried
out the calculation ofP, by using the trial volume change

method®” Every 100 time-steps (on average), we virtually -5 : ‘

displaced (scaled) all molecules normal to the clay sheets within 0 500 . 1 (_)300 1500

the range of-AzZmax< AZ < AZmax With AzZmax= 0.001 A. By Density (kgm °)

calculating the difference in potential energdWo), the Figure 2. Equation of state of the TIP4P and MCY model, calculated

formula for calculatingP; is with NVT and VT simulations. We simulated a cubic box= 20.0
A) of water molecules al = 298 K and obtained the experimental
data f Kell#”

P — (Nwater+ Ncatior‘)ka _ AUpot (1) atafrom e
z \ XyAz wherePyteris the partial pressure of water vapor a?f@te,the

) saturated water vapor pressure. At saturation, the relative water
whergNwaterls the number of water moleculé¥;ai0nthe number vapor pressureFae/P52,) is equal to 1.0 and the relative
of cations k, the Boltzmann constant, the temperature, and humidity is 100%. To allow a direct comparison between the
andy the corresponding dimensions of the clay system. In €q 1 yresent computer simulations and experimental data, we have

we use a molecular approach to calculiewhich implies that 1 convert a water chemical potential into a partial pressure of
we must scale the center of mass of the water molecules andy ater, The water chemical potential is directly related to the

clay layers. We obtained the free energyF) by integrating fugacity of water fuae)
P, as a function of the basal spacirg)( using the following
formule?! f

m — ef(ll\f\g(erf.uwatea/RT (4)
Sz f \?v{;tter
AF = =A[, (P{S) = P, dS, @)
whereusa  andf oo are equal to the water chemical potential
whereA is the area of the clay sheets (18.2821.12 2?), sg and fugacity when the air is saturated with water vapor. To
the reference basal spacing (arbitrarily chosen), Bggthe convert the relative water fugacity to the relative water vapor

external pressure. The latter variable does not depend on ourpressure, we use the fugacity coefficiepj (

simulations but becomes important at burial depths in the Earth’s

crust, where elevated pressures occur. #(P) = f (5)
We carried out simulations with varying chemical potential, P

related to the relative humidity (see below). In addition to our

uVT simulations, we carried out NVT simulations of dry clay 9'Ving

to simulate the dehydrated state. NVT simulations would be

similar touVT simulations with an infinitely low water chemical Pwater_ fuvatel P(Puate)
- : : = (6)
potential. However, it would be useless to spend CPU time psat fsa (Pt
water ate watel

attempting to insert water molecules, which will be accepted
with an infinitely small probability.

II.C. Thermodynamics of Water Models. The ab initio
based MCY water mod# was designed for describing the
interaction between two water molecules. As a consequence,
the thermodynamic properties of water are not very well
described with this model, in contrast to the TIP4P water
modef® based on experimental data. This discrepancy is also
illustrated in Figure 2, in which we compare the equations of
state of the MCY and TIP4P model with experimental data.

In our simulations we apply a water chemical potentighf)
to insert or remove water molecules from clay minerals.
Swelling clay experiments can be carried out in bulk water,
but the swelling process is usually studied with a mixture of
air and water vapor. In such a mixture, the relative humidity
(RH) is given by

wherep(Puate) andg(Pia.) are the fugacity coefficients at the
given partial pressure and at saturated partial vapor pressures
of water, respectively.

To determine these coefficients, we consider an experimental
system of liquid water with a vapor phase containing air and
water. If we assume that air behaves like an ideal gas mixture
and does not influence the liquid phase, we can compute the
fugacity coefficients from the equation of state of pure water.
In that case, we assume that the pressure and chemical potential
of pure water are equal to the partial pressure and chemical
potential in the airwater system. In addition, we used the
Peng-Robinson equation of state and the saturated water vapor
pressure of water at 298 K to calculate the fugacity coef-
ficients#® Exactly at the coexistence point, the fugacity coef-
ficient ¢p(Pia) is 0.817. If we substitute this value and eq 4
sat into eq 6, and substitute the latter equation into eq 3, we obtain
RH = (Pyate/Puated x 100% 3) the following equation:
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TABLE 1: Relative Water Fugacity (fuated/f jae,), Relative 0.5 \ \ \
Water Vapor Pressure Ppae/PS2.,), and Relative Humidity i i i |
(RH) Corresponding to the Water Chemical Potential for the — ++Chavez-Paez etal. 1+ RH>100 %
TIP4P and MCY Water Model & = 2 -
g0.4 - RH=67 %
MHwater fwate/f \?v?ler Puwate P‘?\,Zt[er RH \O) 7
(kJ mor™) - (=) (%) =2 0.3 |
TIPAP —60.0 1.9x 1073 1.6x 1078 0.16 T
-50.0 0.11 0.089 8.9 ‘GE) ]
—45.0 0.82 0.67 67
—43.4 na na >100 8 0.2 o |
MCY?® ~50.0 0.018 0.014 1.4 5 RH=8.9 %
—41.7 0.50 0.41 41 T
—40.0 1.0 1.0 100 =z 0.1 7
2The saturated water chemical potential corresponds44.5 kJ ) = RH=0.16 % |
mol~1. ® The saturated water chemical potential corresponds4.0 0Lt ‘ | ‘ | ‘ | ‘ |
kJ mol™ 9 12 15 18 21 24
RH = 817 o (er el RT Ko Basal spacing (A)
O(Puate) Figure 3. Water content as a function of the basal spacing for

Wyoming Na-montmorillonite. Calculations are carried out using the

: : : P TIP4P model for various values of the relative humidity (RH). The
Experimentally, the chemical potential of liquid water simulation data (upper curve) taken from ‘@ha-Pez ef a® are

liquid sat :
(twate) ANty @re approximately-42.9 kJ mot. For the calculated at the same water chemical potenfigh = —43.4 kJ
TIP4P model, we computed a value e#4.5 kJ mot?! for mol~%) as our simulated data at RH 100%.

(e which is close to the value of43.4 kJ mot! by

Chavez-Pa&z et al® For the MCY model, we computed a value 50 \ \ \

of —40.0 kJ mot. Since the saturated water chemical potential i o o RH=0 %

of the TIP4P and the MCY water models are different from 401 e
each other, we cannot use the absolute chemical potential to | o—a RH=0.16 %
compare our simulation results. Instead, we have to the use the 30 oo RH=8.9 %
relative water vapor pressure or the relative humidity. The water .~ o
chemical potentials of the TIP4P and the MCY model, the 8 -+ RH=67 %

»— RH>100 %

corresponding relative water fugacities, the relative water vapor <. 20
pressures, and the relative humidities are collected in Table 1., N

In the following we will use the relative humidity to facilitate 10
a comparison with the experimental data.

Ill. Results and Discussion
IILA. Wyoming and Arizona Na-Montmorillonite with 10 ‘ L | | |
TIP4P Water. IlIl.A.1. Water Adsorption Isothermg&igure 3 9 12 15 18 21 24

displays the water content in Wyoming Na-montmorillonite, as Basal spacing (A)
a function of the basal spacing and for various values of the _ .
relative humidity. For sufficiently high relative humidity (RH), ~ Figure 4. Pressure normal to the clay shedis @s a function of the
the water content increases monotonically with increasing basalb""s‘fle spacing for Wyoming Na-montmorillonite. Calculations are

. L carried out using the TIP4P model for various values of the relative
spacing. For a low RH, the water adsorption isotherm has & pymidity (RH). We zoomed in on a particular area (see the inset).
maximum value of 0.07 glgy close to a basal spacing of 15.0
A for RH = 0.16%. With increasing spacing, the water content  The water contents in Arizona Na-montmorillonite show
decreases to a constant value of 0.06,g/gtarting near 17.0  similar trends (not shown here), but are up to 10% higher
A. In case of RH= 8.9%, the water content has a maximum of compared with Wyoming Na-montmorillonite. For this type of
0.16 g/giay near 16.0 A. The maxima occur due to a combination clay and under the condition of RH 8.9%, the maxima of the
of increasing spacing and a too low relative humidity. At small isotherms are located at larger spacing and/or higher water
interlayer spacings the water molecules form a film, in contact content. We can explain the higher water content in Arizona
with both clay layers, even at low relative humidity. With Na-montmorillonite by the higher layer charge and the different
increasing spacing, the effect of the clay is not sufficient to distribution of the charges. The eight sodium cations in each
stabilize the water network resulting in a decrease of the numberinterlayer space of Arizona montmorillonite are able to attract
of water molecules toward a constant value. These situationsmore water molecules than the six sodium ions in Wyoming
describe clay wetting, which is studied by oth&rg8 If the montmorillonite. As a consequence, a network of water mol-
relative humidity is sufficiently high (for example RH 67%), ecules is more stable in Arizona clay than in Wyoming clay
the water molecule network persists up to a higher spacing, butunder similar conditions. In addition, the cations in Wyoming
we expect that this isotherm will go to a constant value as well. montmorillonite have more affinity for the clay surface due to
As a function of the basal spacing, we expect the occurrence ofthe substitution sites in the tetrahedral sheet (see below). This
maxima followed by a constant water content for every relative means that these cations will be less hydrated than the cations
humidity smaller than 100% (corresponding to bulk conditions). in Arizona montmorillonite, resulting in fewer water molecules
At similar water chemical potential, our calculated water in the interlayer space.
adsorption isotherm is in agreement with'@bz-P&z et alt® IILA.2. Pressure and Free Energyrigure 4 shows the
(see Figure 3). pressure normal to the clay shed®g) @s a function of the basal
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Figure 5. Free energy AF) as a function of the basal spacing for Figure 6. Free energy AF) as a function of the basal spacing for

Wyoming Na-montmorillonite. Calculations are carried out using the Arizona Na-montmorillonite. Calculations are carried out using the
TIP4P model for various values of the relative humidity (RH). Note TIP4P model for various values of the relative humidity (RH). Note
that we did not correct the data for an external pressure atRId0%. that we did not correct the data for an external pressure at RI80%.

spacing for Wyoming Na-montmorillonite at various values of for Wyoming and Arizona, respectively. However, an energy
the relative humidity P, oscillates as a function of the basal barrier between the one- and two-layer hydrates of Wyoming
spacing, which was already reported by othei%!9.21.4IThese montmorillonite prevents the swelling, whereas no such barrier
oscillations are related to the formation of one, two, or more is present for Arizona Na-montmorillonite. The differences
water layers in the interlayer space. The clay system is stablebetween the swelling behaviors of these two types of clay are
when the internal pressuRe equals the external pressure outside probably related to the higher water content in Arizona Na-
the clay (usually atmospheric pressure). A lower pressure thanmontmorillonite, induced by the higher number of cations and
the external pressure is interpreted as the tendency of the claytheir positions. These positions are related to the charge
system to shrink until its internal pressure is equal to the external Substitutions in the clay. Tamura et“dlsuggested that the
pressure. A higher pressure than the external one will induce location of charge substitution sites causes different expansion
swelling. The intersections of the pressure curves (with a behavior of clays, in agreement with our simulations. Arizona
negative slope; see below) with the external pressure allows moqtmorillonite will reach.a critical Qensity for svyellipg inan
the identification of stable staté$2!If no pressure is applied, ~ €arlier stage compared with Wyoming montmorillonite, under
the external pressure will be equal to the atmospheric pressureSimilar conditions. The start of three-layer hydrates formation
In addition, our simulations allow the investigation of the stable &t 67% relative humidity, with basal spacings between 17.0 and
states at the elevated pressures in the burial depths of the Earth'd 80 A, can also be observed. In case of a relative humidity
crust. In that case we have to examine the intersections of theMigher than 100%, both types of clay show macroscopic
curves with such an elevated pressure. We should note that undefVe!ling. indicated by the negative slope of the free energy

these conditions, elevated temperatures are usually also the casé,tart'ng around 17.0 A. Note that we did not correct for.the
while our simulations are carried out at 298 K. De Siqueira et external pressure due to the fact that a relative humidity higher

al*2 used elevated pressures and temperatures for thelf NP than_lOQ% imp_lies a Wa_lter den;ity higher than the bulk liquid.
simulations and found good agreement with experimental results. W'.th increasing relative humidity (or water qontent), suc-
: ) ) cessive development of layered hydrates and their corresponding

We obtained the swelling free energy for Wyoming Na- spacings are in agreement with experim&rts444and simula-
montmorillonite (see Figure 5) by integration of the pressure iions in different ensemble&:1618.19.2Chipera et af* measured
(Figure 4), according to eq 2. The swelling free energy of yehydrated states of Arizona Na-montmorillonite at 9.7 A, one-
Arizona Na-montmorillonite is shown in Figure 6. To identify layer hydrates at 12.3 A, and two-layer hydrates at 15.3 A. For
stable states we have to determine the minima of the free energyypton Na-montmorillonite, Fu et &f. measured comparable
curves. At very low relative humidity (R 0%) we simulate  spacings for these three stable states, while Cased'dbaind
dehydrated states for both clay types with a basal spacing of similar results for Wyoming Na-montmorillonite.
10.5 A. We discuss the dehydrated state in more detail later The calculated spacings of Wyoming Na-montmorillonite by
(seelll.A.4. Dehydrated Stat¢sWhen we increase the relative  goek et al'® and Chiaez-Pa&z et al® are in agreement with
humidity to 0.16%, we observe one-layer hydrates with basal gyr simulations. Another study by Ovez-P&z et al'® shows
spacings slightly lower (Arizona) and higher (Wyoming) than  that stable spacings of Otay Na-montmorillonite (similar to our
12.0 A. In addition, we observe the development of two-layer Arizona clay) are smaller than Wyoming Na-montmorillonite.
hydrates between 14.0 and 15.0 A. For Arizona montmorillonite |ndicated by similar trends, these authors also showed that the
at a relative humidity of 8.9%, we observe almost equal swelling for both types of clay occurs at a similar number of
preference for the one- and two-layer hydrates at 12.4 and 14.6water molecules in the interlayer space of the clay. The critical
A, respectively. For Wyoming montmorillonite at similar water density is therefore independent of the type of clay, which
conditions, we see that the two-layer hydrate is still developing is supported by additional simulations for Wyoming and Otay
and a stable one-layer hydrate has a spacing of 12.4 A. At aCa-montmorillonite!8 Compared to Naas a counterion, these
relative humidity of 67%, the two-layer hydrates are the most calculations show that the critical density depends on the type
favorable ones now, with basal spacings of 15.4 and 14.9 A of counterion. Since calcium is present as a divalent ion, charge
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compensation is obtained by half the number of counterions a i

for a given clay charge compared to charge compensation by 12.50 A --- Sodium

monovalent ions. i --- Oxygen
To summarize, different types of clay swell at a similar critical , f‘. — Hydrogen

water density for a certain counterion, but this critical density :ill%

is reached at different humidity conditions. We already pointed
out that the number of water molecules in the interlayer space
for Arizona and Wyoming Na-montmorillonite depends on the

relative humidity, induced by the number and the positions of . 18.00 A
the cations. We will further discuss the influence of the positions ’
of the cations below. i )

Density

|

11ILA.3. Density Profiles.In the interlayer space of clay I
minerals we can distinguish so-called outer-sphere and inner- pA i i
sphere catiorclay complexes. According to Sposito et 4l., AR
inner-sphere complexes are formed when no water molecule is z-coordinate (A)
present between a cation and a surface functional group it binds
to. On the other hand, outer-sphere complexes have at least one b
water molecule interposed between the cation and the surface. ~—-- Sodium
Cations that are not sorbed to the clay layers are present in the --- Oxygen 12.50 A
so-called diffuse-layer. Simulations by Greathouse and Spbsito — Hydrogen

Density

show outer-sphere complex formation exclusively for Li- Al
hectorite (0.75e octahedral charge per unit-cell) and solely 15.00 A :! "I
inner-sphere complex formation for Li-beidellite (0.&%etra- 5 J'- \
hedral charge per unit-cell). In the case of Wyoming Li-
montmorillonite, which bears both octahedral and tetrahedral
layer charge, they found both inner-sphere and outer-sphere i
complexes. i

In Figure 7 we show density profiles of stable one-, two-, it :: i i
and three-layered hydrates for Wyoming and Arizona mont- nli T
morillonite. The peaks corresponding to the oxygen atoms of DAY M
the water molecules indicate that these are organized in one, z-coordinate (A)
two, and three layers in the interlayer space. The ion distribution
in the one-layer hydrates of both clay minerals points to the Figure 7. Density profiles of oxygen and hydrogen (TIP4P water)
formaton o nnr-Sphere an aute-sphere complexes. WhereadC XL 1 Moo (o and o () Nasmontoriante e
in Arizona montmorillonite we only encounter outer-sphere ., ihree-layer (18.00 A) hydrates at a relative humidity of 8.9%, 67%,
complexes, the four cation peaks in the Wyoming clay indicate and>100%, respectively.
inner-sphere and outer-sphere complex formation, consistent
with the NRT simulations by Boek et @k and CHiaez-P@&z et The underestimation of the dehydrated state might also be
al*® The inner-sphere complexes are formed with the cations caused by inaccurate description of the etalay interactions,
that move close to the surface and bind to tetrahedral SUbStitU-Something we will discuss below in more detail.
tions. These inner-sphere complexes remain in the two- and e already mentioned that our water adsorption isotherm at
three-layered hydrates of Wyoming montmorillonite, but the sjmilar water chemical potential is in agreement with the one
other cations move to the diffuse-layer. Again, the structure of of Chavez-P&z et al'® However, our pressure calculations are
the two-layer hydrate is in agreement with those simulated by somewhat different, especially for the dehydrated state. The
Boek et al'® and Cliaez-P&z et al® Two- and three-layer  curve ofP, as a function of the basal spacing by @ba-P@z
hydrates of Arizona montmorillonite only have cations in the et al1° shows an intersection with the external pressure (1 atm)
diffuse-layer, at similar positions as in the case of Wyoming followed by a minimum. Our pressure curve does not have such
montmorillonite. These cations are located between the Wateran intersection in the dehydrated state domain under similar
layers (see Figure 7). relative humidity conditions, which is the reason we do not

I1.A.4. Dehydrated State&igure 4-6 show that, independent  observe the dehydrated state. If we would integrate the pressure
of the type of clay mineral, we simulate the dehydrated state at curve of Chaez-P&z et all® the corresponding free energy
a relative humidity of 0%. If we introduce a few water molecules profile would show a preference for the dehydrated state with
in the dehydrated state, the pressure increases dramatically and high barrier for swelling to the one-layer hydrate. Thus, our
swelling occurs. Experimentally, the dehydrated state is observedsimulations underestimate the dehydrated state, wheréag£ha
from 0% to 20% relative humidit§# In this humidity range, Paez et al*® overestimate its existence. However, according to
water molecules can adsorb on the outer surface of the clayour interpretation the N and 4VT simulation results of
minerals, but our simulations show that some water molecules Charez-P&z et alt® show different trends. Fd¥yaer= 16, their
can also adsorb in the interlayer at 0.16% and 8.9% relative constant pressure simulations predict a stable one-layer hydrate
humidity. Consequently, these water molecules induce swelling, of approximately 11.90 A, whereas their grand-canonical
and therefore we underestimate the transition between thesimulations predict thallyaer = 16 is reached at a spacing of
dehydrated state and the one-layer hydrate. This underestimatiorapproximately 11.25 A, together with a negative pressure,
follows the trend we mentioned above and is in agreement with pointing to shrinking.
other NRT181932 gand uP,T 2° simulations, showing rapid Clay—clay interactions might explain the differences between
increase of the spacing after introducing a few water molecules. experiments and our simulations. Skipper et?ahlready
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Figure 8. Water content as a function of the basal spacing for Arizona Figure 9. Free energy AF) as a function of the basal spacing for

Li-, Na-, and K-montmorillonite. Graphs correspond to a relative  ai>ona Li-, Na-, and K-montmorillonite. Graphs correspond to a

humidity of 1.4% (lower), 41% (middle), and 100% (upper). For the o |ative humidity of 1.4% (upper), 41% (middle), and 100% (lower),

same clay mineral, the graph with asterisks (middle column) shows rogpeciively. We zoomed in on the one-, two-, and three-layer hydrates.
the water content calculated with the TIP4P model and the relative Since we shifted the graphs for good comparison, only relative free

humidity >100%. We zoomed in on the one-, two-, and three-layer gnerqy differences should be compared. Figure 10 shows density

hydrates. profiles corresponding to stable layered hydrates shown in this graph.
suggested that these interactions are not well described by the L ' ' ' T T
current models. We followed the approach of Boek éfahd T g'(t)f(‘j'lll’]’:‘n 16.75 A 14.50 A
represented the oxygen atoms of the clay surface by TIP4P | |.-.. Potassium| i :
(water) oxygen atoms. This water model, however, does not ---- Oxygen ! ! ;
take into account separate van der Waals interactions between —— Hydrogen i i !
hydrogen atoms and between hydrogen and oxygen &bms, 1175 A ’f\ il ::
but these interactions are embedded in the potential describing = o /;f.,\"’\ f“‘«\,'{\ i
the interaction between two oxygen atoms. In addition, the 2 3} .\Hh
partial charges of water and clay oxygen atoms are also different, 8 ] 18.00 A ."l‘ :'.

]

i i
and in that case we might expect the same for their potentials. N"{\ f\u" -4’:\_
4 v *

Similar to Boek et al'®> we did not take into account the van

der Waals interactions between any other clay atoms. Therefore 14.50 A .', .'; 14.75 A

incomplete description of the clayclay interactions may be e ' i 4

the origin of the discrepancy between experiments and simula- {1/ Y 5N

tions_ /2% VA\ " \ - AMI
I11.B. Arizona Li-, Na-, and K-Montmorillonite with MCY z-coordinate (A)

Water. We carried out simulations with Arizona montmoril-  Figure 10. Arizona montmorillonite density profiles of layered
lonite and three different cations (LiNa", and K") using the hydrates, calculated with the MCY water model. Left and middle
MCY water model and other interaction potentials from Park columns show sodium, upper right shows lithium, and lower right shows
and Sposité? For all three cations, Figure 8 and Figure 9 show pota§sium. For .better resolution, we increased the magnitude of the
the water content and the free energy as a function of the basafjerﬁ'ty profiles 'néhe m|d<|j|e_ CO::Jm”.dby affactoor of 1'75i All density
spacing at dry (1.4%), intermediate (41%), and saturated (100%)pr0 iles correspond to a relative humidity of 100% (see also Figure 9).
relative humidity, respectively. For comparison, we also included 12.0, 14.5 A, and 16.8 A respectively. The stability of the
the water adsorption isotherm, calculated>eit00% relative layered hydrates, indicated by the energy minima, depends on
humidity, using the TIP4P model and Arizona Na-montmoril- the type of cation.
lonite in Figure 8. For the TIP4P model, we calculated that the  Figure 10 shows two-layer hydrate density profiles of Arizona
water content at RH> 100% is only slightly higher than at a  montmorillonite for the three cations, as well the one- and three-
relative humidity of 67% (not shown), similar to Wyoming Na- layer hydrates of Na-montmorillonite. We also included a
montmorillonite (see Figure 3). Therefore, we can compare the density profile at 18.00 A to compare this with the three-layer
water adsorption isotherm of MCY at 100% RH with the one hydrate simulated with TIP4P model. We observe that the
of TIP4P at RH> 100%. localization of the cations in the two-layer hydrates depends
The water adsorption isotherms show an increase of the wateron the type of cation. In general, the smaller the cation, the
content with increasing basal spacing, except for a low relative more affinity it shows for the diffuse-layer instead of forming
humidity (RH= 1.4%). In this case, the water content remains a complex with the clay surface. The preference for the diffuse-
constant at a certain basal spacing. We clearly see a cation effectayer is probably related to the hydration energy. Smaller cations
on the water adsorption isotherms. Whereas Li- and Na- hydrate better than larger cations. We relate the two-layer
montmorillonite have comparable water content, this quantity hydrate interlayer structures for the three cations with the
is significantly lower for K-montmorillonite. We observe the formation of the layered hydrates (Figure 9) and conclude that
successive formation of layered hydrates with increasing relative swelling is dependent on the distribution of the cations. The
humidity (see Figure 9). The calculated spacings correspondingmore cations leave the clay surface to the diffuse-layer, the easier
to the one-, two-, and three-layered hydrates are approximatelyswelling is. This finding agrees with the clay swelling mech-
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anism proposed by Hensen and SthiEurthermore, it contrib- relative humidity instead of absolute values of the water
utes to answering the question of why Arizona montmorillonite chemical potential. Our calculated value of the TIP4P saturated
swells in an earlier stage than Wyoming montmorillonite, as water chemical potential shows an underestimation of the
discussed above. It was already mentioned that the tetrahedrabxperimental value, whereas the MCY model overestimates this
charges of Wyoming clay minerals form inner-sphere complexes value (see section II.C.).
with cations. When we compare the water adsorption isotherms, we observe
For all three cations, we can compare our two-layer hydrate that the water content is almost equal at small spacings, even
Arizona montmorillonite structures and spacings with those up to the one-layer hydrate (see Figure 8). However, the
simulated for Wyoming montmorillonite by Chang et*ap43% isotherms start diverging between 13.0 and 14.0 A, indicating
For Na-montmorillonite we observe outer-sphere complexes anda clear difference between both water models. We expect such
ions in the diffuse-layer. In addition to these positions, Chang a difference, because with increasing spacing the system starts
et al3 found inner-sphere-complexed cations as well. Due to to approach bulk water and pressure oscillations will dé¢ay.
the absence of tetrahedral substitutions in the presently studiedWe already pointed out that the liquid density of MCY water
Arizona montmorillonite, we do not expect these complexes. is approximately 75% of the TIP4P liquid density (see Figure
With their NPT simulations, Chang et &.computed spacings  2).
of 12.08, 15.28, and 18.77 A and assigned these to be the one-, Similar to our results with the TIP4P model, we clearly
two-, and three-layer hydrates. Especially the spacing of the observe the successive formation of layered hydrates with
three-layer hydrate is significantly different from our spacing increasing relative humidity for our simulations with the MCY
of approximately 16.8 A. The three-layer hydrate density profiles model (see Figure 9). Our calculated spacings with the TIP4P
of Chang et af® show the formation of four water layers instead model are in better agreement with experimental data than the
of three. They explain that surface-complexed"Ns water  spacings calculated with the MCY model. The difference in
molecules in its solvation shell, contributing to two major layers spacing of both models is supported by density profiles. Overall,
offset in the midplane. The other two layers of water molecules our computed interlayer structures are different for both models.
are associated with Nain the midplane, which are part of a  Compared with the TIP4P model, the smaller spacing for the
so-called diffuse ion-swarm. Based on our results, we would MCY one-layer hydrate results in a different cation distribution.
rather call their three-layer hydrate with four layers of water Our previous simulatio?8 with a larger spacing indicated a
molecules a four-layer hydrate. The initial spacing of Chang et similar cation distribution compared with our results for TIP4P
al3 was 19.0 A for the three-layer hydrate. Probably, the shown here. However, the difference between the average
simulation was trapped in a local minimum, corresponding to positions of the hydrogen atoms are more striking. In the case

a four-layer hydrate. of the TIP4P model, three hydrogen peaks are present, whereas
The differences between the two-layer hydrate density profiles only two hydrogen peaks appear in the MCY case. We can
of Arizona Li-montmorillonite (our work) and Wyoming Li-  explain this using the background of both models. The MCY

montmorillonite (Chang et &f) are also explained by tetrahedral model was created by ab initio calculations of two water
substitutions. We find that the ticounterions are exclusively ~ molecules, whereas experimental data are the underlying source
present in the diffuse-layer, whereas Chang étshow a small ~ of the TIP4P potentials. As a consequence, TIP4P water
portion of inner-sphere-complexed cations due to the tetrahedralmolecules probably tend to reproduce the tetrahedral structure
substitutions. The computed spacifigsf the one-, two-, and ~ of water better. This tendency might be important for the
three-layer hydrates are 12.27, 15.06, and 19.48 A respectively development of the one-layer hydrate. In the literature, however,
Again, the spacing of the three-layer hydrate is significantly it has been argued that this behavior of TIP4P water molecules
different from our spacing (approximately 16.8 A) for the same is less suitable than MCY water in constrained environments
reason as for Na-montmorillonite mentioned above. Note that such as clay minerafs.
with the MCY-TIP4P hybrid model, Chang et&lcomputed a Differences in cation distribution become clearer when
spacing of 17.2 A, which is in better agreement with our result. comparing the two-layer hydrates of Arizona Na-montmorillo-
Our density profiles for Arizona K-montmorillonite show the  nite, computed with MCY and TIP4P. In the former case, the
exclusive formation of outer-sphere complexes, whereas Changcations are in the diffuse-layer and form outer-sphere complexes
et al34 show the formation of outer- and inner-sphere complexes, With the clay layers. Our TIP4P simulations predict that cations
the latter resulting from tetrahedral substitutions. In our simula- are only present in the diffuse-layer. Apparently, the clay surface
tions and those of Chang et &t.the counterions only have is more attractive for Nacounterions in our simulations with
small affinity for the diffuse-layer. Sposito et&mention that ~ MCY than with our TIP4P simulations. Note that we showed
potassium ions have less interaction with water, making the inner-sphere complex formation for Wyoming-type clay simu-
desolvation process facile, in agreement with our simulations. lated with the TIP4P model.
The computed spacinifsof the one-, two-, and three-layer From our results we conclude that the MCY model is less
hydrates are 12.46, 16.30, and 20.06 A respectively. The lattersuitable for predicting swelling clay minerals. The computed
two are averaged over five and four different simulations, basal spacings, supported by density profiles, show that the
respectively. Chang et &.do not show density profiles of the ~ MCY model underestimates the layer spacings.
water layers, but their calculated spacings of the two- and three- ||| D. Regular Patterns of One-Layer Hydrates. In the
layer hydrate are significantly different from our calculated course of our simulations, we observed regular patterns of
spacings, probably for the same reason as mentioned above fofnterlayer species in the one-layer hydrates of Arizona Li-, Na-
Na* and Li* as a counterion. and K-montmorillonites at 12.0 A, calculated with the MCY
III.C. Comparison of the TIP4P and MCY Water Models. water model. The pattern requires tha§ate/Ncation IS 2.0,
We already pointed out the ongoing discussion about the usecorresponding to 16 water molecules per interlayer and a water
of different water models. In the following we compare our content of approximately 0.050 g{g. Each water molecule is
results of the TIP4P model with those obtained using the MCY shared by two cations, and four water molecules surround each
model. We recall that we compare these two models by the cation. Figure 11 shows a snapshot of the intermolecular
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Figure 11. Ordered one-layer hydrates of Arizona K-montmorillonite at a relative humiglity%, calculated with the MCY water model. (a)
Projection on thexzplane, (b) projection on thgzplane, and (c) projection oxy-plane of the upper interlayer in a and b. The tubes represent the
clay structure and the spheres the water molecules and cations. In the clayed) H= silver, Si= yellow, Al = purple, and Mg= green. For
water, O= red and H= silver, and K= orange.

structure of K-montmorillonite at RH< 1%. The upper reason probably being the use of Wyoming montmorillonite.
interlayer shows an ordered pattern, and apparently the randomlyThis type of clay bears tetrahedral charges, which might have
chosen substitution sites do not dominate their positions. Thea greater influence on the positions of the *Csations.
water molecules point one hydrogen atom toward the upper andFurthermore, Wyoming montmorillonite has less overall charge
one toward the lower clay sheet. This means that their dipole than Arizona montmorillonite. As a consequence, fewer cations
moments are parallel to the clay sheets. Oxygen atoms of theare present in the interlayer.

water molecules are pointed toward the cations. Four water By doing an additional simulation with a super cell that was
molecules share one cation. Sutton éfakported comparable  doubled in thex- and y-dimensions, we tested whether the
results regarding water content and orientation of water mol- ordered structures were an artifact of the relatively small
ecules in 12.4 A Wyoming Cs-montmorillonite. They found an  simulation cell. Figure 12 shows a shapshot of this simulation
interlayer water content of 1.8 per Cg, in agreement with (xy-plane projection). Compared with Figure 11, similar patterns
experimental data (1-61.8 H,O per Cs). These data were can be identified in Figure 12. Cations aggregate, and four water
corrected for possible adsorption on the exteriors of the clay. molecules share one cation. Dipole moments of the water
The water molecules in their simulation also have their dipole molecules are again parallel to the clay sheets.

moments parallel to the clay sheets. Despite these similarities, Our super cell simulations show that the ordering does not
Sutton et aP> did not discuss these ordered structures, the main extend throughout the whole interlayer space. We should
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O = red and H= silver, and K= orange.
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mention that we studied Arizona montmorillonite bearing interlayer space of the clay mineral. We showed that for different
random substitutions in the octahedral layer. Ordering of these types of clays, the swelling occurs at different relative humidity.
substitution sites might induce an ordering of the counterions This is related to different numbers and/or positions of the
as well. The ordered one-layer hydrates we discuss here requireations. The basal spacings of one-layer hydrates, calculated
a very low relative humidity, and usually we observe dehydrated with the TIP4P and MCY water models, show reasonable
states at this condition. Perhaps there are ways to obtain suchagreement with experimentally measured spacings. The MCY
an ordered structure experimentally, but at this point we cannot model underestimates the spacings of the two- and three-layer

think of any. hydrates. Based on these results, we recommend the TIP4P
model instead of the MCY model for simulating ctayater
IV. Conclusions systems.

We simulated ordering of cations and water molecules in the
one-layer hydrate of Arizona K-montmorillonite. We noted that
possible experimental observation of such structures requires a
low relative humidity and probably a modified clay structure
regarding the substitution sites.

We have carried out grand-canonical molecular dynamics and
Monte Carlo calculations on water and cations in rigid mont-
morillonite clay minerals. We studied several types of clay,
water models, and cations. As a function of the basal spacing
and with increasing relative humidity, we calculated water
adsorption isotherms and the pressure normal to the clay sheets.
We obtained the free energy by integrating the normal pressure
term. With respect to all studied clay minerals, counterions, and
water models, the general qualitative behavior is similar. A few
characteristic details are summarized below.

At fixed low relative humidity and increasing basal spacing,
the sorption of water molecules initially increases. At relative
large basal spacing, the water density decreases and the wat
molecules are essentially only sorbed to etagtion complexes. (1) Bleam, W. F.Rev. Geophys1993 31, 51.

At fixed high relative humidity, the sorption process remains (2) Grim, R. E.Applied Clay MineralogyMcGraw-Hill: New York,
progressive with increasing basal spacing. The pressure normaf-960: ) §
to the clay sheet oscillates as a function of the basal spacing. 199?)27}1“131002“ S Smit, B.; Heidug, W.; Urai, J.; Van Oort Stience
Minima in the corresponding free energy curves indicate stable  (4) purand, C.; Forsans, T.; Ruffet, C.; Onaisi, A.; Audibert,Rev.
dehydrated states and stable layered hydrates. Inst. Fr. Pet.1995 50, 187.

Our simulations with several types of monovalent counterions | 95(25)74'\";’82?% R. W, Keenan, A. G.; Wood, L. A. Am. Chem. Soc.
show a difference in stability of the two-layer hydrate. Based (6) Mooney, R. W.: Keenan, A. G.: Wood, L. A. Am. Chem. Soc.
on corresponding density profiles, we interpret that the evolution 1952 74, 1371.
of stable states is related to positions of the cations in the  (7) Farmer, V. C.; Russel, J. Orans. Faraday Socl971, 67, 2737.
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