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Monte Carlo simulations have been used to predict the interlayer basal separations of
sodium-saturated Wyoming clays at constant stré6B,¢(T ensemblg and at constant chemical
potential @VT ensemblg These simulations use the Ewald summation technique to incorporate
long-range Coulombic interactions in the calculation of the total potential energy and the pressure
tensor. A comparison is made between the use of one, two, and three sheets of clay. It is shown that,
for small separations, at least two separate clay sheets must be used to avoid system-size effects.
The stable interlamellar separations are determined by combining results from isostress—isothermal
and grand canonical simulations. It is shown that, consistent with experiments, at the temperature
and pressure studied here, the cations in the interlayer are hydrated, except at the smallest basal
separations. €2001 American Institute of Physic§DOI: 10.1063/1.1322639

I. INTRODUCTION octahedral sheet. These substitutions yield an excess of nega-
. _ tive charge in the clay sheet, which is compensated by the

Clay minerals are the major components of sbiiey  adsorption of cations such as sodium onto the surface of the
consist of alumina silicate Crysta”ites of colloidal dimen- C|ay_ Montmorillonites can adsorb water between the |ayers;
sions usually stacked in layetsA single particle typically many of the properties of montmorillonites are related to
has lateral dimensions of 160 1A and a thickness of  their ability to exchange water and cations with the surround-
about 10 A. Their colloidal character and their large surfacqng| media. This behavior should be contrasted with that of

area-to-mass ratio give clay minerals a unique set of propetyera| minerals, such as pyrophyllite and talc, which do not
ties, which include highly reactive surfaces, high cation ex-,

- . o - swell when exposed to water. It is therefore of interest to
change capacities, catalytic activity, and the ability to swell

h gt RrCl . | industrially i examine the swelling of clays, how it arises, and to deter-
when exposed to waterl.lay minerais aré Inaustnally Im- - ,ine the state of hydration of cations as a function of water
portant in cosmetics, oil drilling, toxic and radioactive waste

disposal, catalysis, drug and agrochemical delivery, and a%ontent.. : . I .
A R . ’ In this work we investigate the equilibrium properties of
additives for polymeric materials. . : .
: " _— smectites or expanding clays. These clays have the capacity
Clay minerals are phyllosilicates. The building blocks : . .
capture water molecules and hydrated ions in the inter-

are two-dimensional arrays of silicon—oxygen tetrahedra an#xo thereb i fl st that f
two-dimensional arrays of aluminum or magnesium oxygen—ayer space, thereby generating poweriul stresses that force

hydroxyl octahedra. These sheets can be superimposed € Clay layers apart and increase the overall volume of the
different manners. Clay minerals formed by one tetrahedralinéral- In particular, in this study we are interested in the
sheet and one octahedral sheet are termed 1:1 clay mineraf¥velling of hydrated clay minerals both as a function of the
If two tetrahedral sheets and one octahedral sheet are presef@€r content under constant external pressure and at con-
the clay minerals are termed 2:1. The 2:1 clay minerals ar§t@nt chemical potential. We take as our clay model system
called dioctahedral if two of the octahedral positions are the sodium-saturated Wyoming-type montmorilloriitélyo-
filled by trivalent Al atoms, andrioctahedral if the three ~ Ming montmorillonite is characterized by a layer charge of
octahedral positions are filled by three divalent Mg atomsQ=0.85, or less, per £(OH), formula unit cell. Tetrahedral
The electroneutral 2:1 dioctahedral clay mineral is termecpubstitutions are responsible for 15% to 50% of the total
pyrophyllite whereas the minerlc is an electroneutral 2:1 charge. In particular, we will consider the unit cell formula
trioctahedral mineral. Ny 781H,0(Si7 75Al 9.29) (Al 3 sM00 5/ O20(OH)4, which repre-
The structure of the minerals of the montmorillonite sents a mineral with charge=0.75, with 33% of the charge
group, also callegnontmorillonoidsor smectiteg is derived  in the tetrahedral sheets. As explained later, this formula in-
from that of the pyrophyllite and talc by replacing tetravalentdicates that our clay layer contains eight unit cells with four
Si atoms by trivalent Al atoms in the tetrahedral sheet, andsomorphous substitutions of trivalent Al atoms by divalent
replacing trivalent Al atoms by divalent Mg atoms in the Mg atoms in the octahedral sheet, two isomorphous substi-
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tutions of tetravalent Si atoms by trivalent Al atoms in the culated using Ewald sum$® (although other methods such
tetrahedral sheet, and six compensating monovalent sodiuas a reaction field could be us&gyrovided the dielectric
ions in the interlayer region. constant is sufficiently high which efficiently take into ac-
Several Monte Carlo and molecular dynamics simulationcount the long-range character of the Coulombic interac-
studies of the swelling behavior of clays have appeared itions. Under the Ewald summation formalism, the contribu-
the literature =8 The results of these studies have sometimesion to the total Coulombic energy ., can be written as
been contradictory. The purpose of this work is to present & c,,= U pir + Urect User, Where
more extensive simulation study of the swelling of sodium

montmorillonite and to attempt to clarify some of the dis- UD":EE > Merfqariajb), (4)
crepancies in previous work. For this, we use simulations in 27 ab Tiajp
the NP,,T and VT ensembled.In NP,,T simulations, the M2
number of molecules in the system, the stress, .and the tem- y_ . => AK)S(k)S(—k)+ o 7) (5)
perature are constant, whereas VT simulations the k#0 €
chemical potential, the volume, and the temperature are cony, 4
stant. The structure and partial charges of the model clay are
taken from Skippeet al® The interaction parameters for the o ) QiaQip erf(ariap)
clay—water system are based on the TIP4P and MCY models Usei= — Ea \/_—(qia) +b§a — , (6)
of water!®**and are given in Refs. 5 and 12. The remainder ' m al
of this manuscript is organized as follows: Sec. Il presentsvhere
the methodology employed in our simulations. The interac- 2 5
. X . 2\ exd —k/(4a)]
tion potentials and pressure tensor are presented in that sec- AK)=| = 5 , 7
tion. The ensembles employed in this work are also dis- \4 k
cussed in Sec. Il, along with simulation details. In Sec. Ill we4,q
discuss our results and compare them to previous work. In
Sec. IV we summarize the main results of this work. .

S(k)= 2 dia eXpik- ia). ®
Il. METHODOLOGY The vectorM is the total dipolar moment of the system, and

e is the dielectric constant of the surrounding medium. If the
system is assumed to be immersed in a conductor, ¢ghen
Previous studies of clay—water interactions in hydrated=> and the contribution fronM vanishestin foil or con-
clay mineralé® have been based on the MCY and the TIP4pPducting boundary conditionwhich is the convention we use

A. Potentials

models of watet?!! Based on these models, Skippsral.  in this work.
i ite—site i i It has been showft*®that, for rigid molecules, the con-
expressed the potential energy of site—site interactions ) g ;
through the generic formula tribution of the real part of the Ewald sums to the pressure
Coul . 1113 tensor,P, can be evaluated from the virial and can be written
Ui =Uii "+ Ui, @D as
where electrostatic interactions are given by
mOm g V(PDir)aﬁzé _;b (rij) o(fiajp) g » 9
ufr=3 3 R 2 A
a=1b=1 liajb where
and(LJ) Lennard-Jones-type or dispersion contributions are
given by fi.: =0Q;adi (riajb)(erfc(ariajb) + z_aexq_(ar. . )2])
mom iajb ia'jb rizajb riajb \/; iajb .
UhJZ 2 2 [ —Aiajb€” Biajbfiajb+Ciajbe*Diajbfiajb (10)
a=1b=1 On the other hand, the contribution of the reciprocal part is
Eiajb Fiajb 3) given by
ap)” i)™ V(Predus= > AKIS(K)S( k)( u p kakﬁ)
In the above equatiortg, is the charge on site of molecule Redah™ oK 2a?
I, I'iajp IS the distance between sitasandb located on mol-
eculesi andj, respectlygly, anan; is the number of sites in + 2A(k)(k)a2 GalFia—T) g
moleculei. The quantitiesA, B, C, D, E and F are site k#0 ia

specific parameters which depend on the particular molecular :
rr?odel oﬁ‘) water, i.e., MCY o? TIP4P. Thg values of these xAmES(kexp(=ik-ria) ], (1)
parameters are given in the Appendix. Note that Efjs(2),  wherer; is the position of the center-of-mass of molecile
and (3) are used for clay—water, water—water interactions,The second term in Eq11) represents the contribution to
water—sodium, and clay—sodium interactions. Under perithe pressure tensor that arises from the rigidity of the mol-
odic boundary conditions, the electrostatic energy can be cakcules. Note that these expressions are only for electrostatic
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TABLE I. Positions and charges assigned to the elements in the unit cell of
the mineral pyrophyllite(dioctahedral 2:1 neutral clayas reported by
Skipperet al?

No Site x (A) y (A) z(A) gile
1 8 2.64 0.00 3.28 -0.8
2 8 1.32 2.28 3.28 -0.8
3 8 3.96 2.28 3.28 -0.8
4 8 0.0 0.0 1.06 —-1.7175
5 1 0.8815 0.0 1.434 0.7175
6 14 2.64 1.52 2.73 1.2
7 14 0.0 3.05 2.73 1.2
8 8 2.64 1.52 1.06 -1.0
9 8 0.0 3.05 1.06 -1.0
10 13 4.4 1.52 0.0 3.0
11 13 4.4 —1.52 0.0 3.0
12 8 0.0 4.57 3.28 -0.8
13 8 3.96 6.85 3.28 -0.8
14 8 1.32 6.85 3.28 -0.8
15 8 2.64 4.57 1.06 —-1.7175
16 1 3.5215 4.57 1.434 0.7175
17 14 0.0 6.09 2.73 1.2
18 14 2.64 7.62 2.73 1.2
19 8 0.0 6.09 1.06 -1.0
20 8 2.64 7.62 1.06 -1.0
21 13 7.04 6.09 0.0 3.0
22 13 7.04 3.05 0.0 3.0
23 8 0.88 9.14 —-3.28 -0.8
24 8 2.20 6.86 —-3.28 -0.8
25 8 —-0.44 6.86 —-3.28 -0.8
26 8 3.52 9.14 —-1.06 —-1.7175
27 1 2.6385 9.14 —1.434 0.7175
28 14 0.88 7.62 —2.73 1.2
29 14 3.52 6.09 —-2.73 1.2
30 8 0.88 7.62 —1.06 -1.0
31 8 3.52 6.09 —-1.06 -1.0
32 8 3.52 4.57 —3.28 —0.8 FIG. 1. (a) Equilibrium configuration of a system with one clay sheet, six
33 8 —0.44 2.29 —-3.28 -08 sodium ions, and interlayer watdh) Equilibrium configuration of a system
34 8 2.2 229 -3.28 —038 with two clay sheets, twelve sodium ions, and interlayer water. Sodium ions
35 8 088 457 7106 *17175 are not shown.
36 1 —0.0015 4.57 —1.434 0.7175
37 14 3.52 3.05 —-2.73 1.2
38 14 0.88 1.52 —2.73 1.2
39 8 3.52 805 —1.06 —10 conventior?, the short-range interactions are truncated using
40 8 0.88 1.52 1.06 1.0 a spherical cut offR., which must be no larger than half the
aReference 4. smallest dimension of the simulation box.

In previous simulations of clay—water systefris? a
single clay sheet was employed and replicated in the three
interactions. Ideal and dispersion contributions must bespatial directions through the use of periodic boundary con-
added to evaluate the complete pressure tensor. ditions (in an attempt to mimic the stacked structure com-
monly present in clay systemsAs indicated above, mont-
morillonite clays may consist of layers stacked upon each
other, with the interlayer water and cations between each
The positions and charges of the sites in the unit cell okheet. Thus, the use of two or more independent clay layers
the clay, as given by Skippet al.* are reproduced in Table provides a more faithful representation of the physical sys-
| of the Appendix. As described in the Appendix, this unit tem than a single layer. Furthermore, using more than one
cell is replicated to form the clay sheet we use in the simusheet reduces finite size effects and improves statistics. As
lations. The lateral dimensions of the clay sheet Bge shown below, the results obtained using one and two clay
=21.12,L,=18.28, andL,= 6.56 A. Figures (a) and 1b) sheets differ at small basal spacings, whereas the results from
provide a representative view of typical configurations oftwo and three clay sheets are virtually identical.
hydrated clays using one and two clay sheets, respectively. In this work we use two different clay sheets, termed
These configurations are repeated in all three spatial direclay | and Clay Il. Given the positions and charges of the
tions through periodic boundary conditions. We havemineral pyrophyllite (Appendix, the sodium-based Wyo-
adopted the standard minimum image convention for dispeming montmorillonite Clay | is obtained by isomorphous
sion interactions, as well as adding homogeneous long-rangaubstitution of trivalent Al atoms in the positioris-3.52,
corrections’ To be consistent with the minimum image —3.05, 0.00, (7.04, —3.05, 0.00, (—3.52, 6.09, 0.09 and

B. Simulation cell
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TABLE Il. Interaction parameters corresponding to the MCY model. P min{l,ex;i _ ,BAH)}, (13)
Sites Akeallmo) B (1A)  Cikealimo) D (WA) \yhare AU s the change in potential energgV is the
H-H 0.0 0.0 666.330 2.7608  change in volume, an¥,, and V, are the volumes of the
H-O 273.59 2.2333 14455.4 2.9619  simulation box before and after the trial move, respectively.
0-0 0.0 0.0 1088 213.0 51527 The inverse temperature 8 1=kgT, wherekg is Boltz-
H-Na 884.23 1.9349 2051.9 2.3609 ) . .
O-Na 25 048 077461 61888.0 40849 Mann’s constant and is the abs_,olutg temperatur_e. The trial
H-Si 2137 1.22 577.23 21564 Monte Carlo moves employed in this work are displacement
H-Al 2.137 1.22 577.23 2.1564  and/or rotation of water molecules and sodium ions, or a
O-Si 1345.8 2.2671 13061.0 3.2037 vyolume change in which only the-components of the
O-Al 1345.8 2.2671 13061.0 82037 center-of-mass of each molecule are scaled. Note that the
Si—Na 1505.4 1.8652 2164.54 2.1209 . .
Al-Na 1505.4 18652 2164.54 21209 Number of water molecules in the system is kept constant.

. D. Constant chemical potential simulations
(7.04, 6.09, 0.0pof the octahedral sheet by divalent Mg

atoms. Tetravalent Si atoms in the tetrahedral sheets with In situations where expanding clay minerals are in con-
positions(2.64, 1.52, 2.7Band (0.88, 1.52,—2.73 are sub- tact with water, molecules are exchanged between the super-
stituted by trivalent Al atoms. Clay Il is obtained from Clay hatant solution and the interlayer space until chemical equi-
| by keeping the Si atom in the positidf.88, 1.52,—2.73 librium is established. To simulate this exchange of water,
and substituting instead the Si atom in the positierd.68, ~We also conduct simulations in the grand canonical en-
1.52, —2.73. All positions are given in angstroms. As for semble. In these calculations, water molecules are allowed to
the interaction parameters, the set of values proposed bjiove in and out of the simulation box, while the number of
Skipperet al? for both the MCY and the TIP4P models are sodium ions is kept constant. The Monte Carlo trial moves
reproduced in Tables Il and Ill. Note, however, that in thisnow consist of displacements and/or rotation of water mol-
work we use the set of parameters proposed by Baet!>  ecules and sodium ions, and deletion or insertion of water
for the TIP4P model, where the exponential contributions argnolecules. The latter moves, however, can be difficult be-
eliminated and the interactions are based on a 12—6 Lennar@ause water in the interlayer can reach relatively high densi-
Jones potential. ties. In order to improve the insertion/deletion rate, a
rotational-bias insertion method is employ@d’ In this
method, a water molecule is first inserted at a random posi-
tion in the volumeV=L,L,L,. Once insertedk random

In constant stress simulations, the stress normal to therientations are generated, and the change in en@tgy i
surface of the clays,,, is kept constant while the volume =1....K, resulting from the insertion of the molecule in the
of the system is allowed to fluctuate only in teelirection.  ith orientation is calculated and stored. Tjtie orientation is
At equilibrium, basal spacings oscillate around their averagéhen selected with probabilit; given by
value. In_ this ensemble,_the probability of acceptl_ng a trial exq — U, IksT] W
change in the configuration of the systéthrough either a Pi=<x ! = 0. (14)
volume fluctuation or a molecular displacemeranly de- i exd —oUi/kegT]  Zi_qw
pe_ndsfon the ch:;lntge of en]?rgy atmd \{Ol%metcr)\f th? system ll?he trial insertion of the molecule in thigh orientation is
going from one state or configuration to the other. In general,, accepted with probability
the energy change in going from an initial stateo a final

C. Constant stress simulations

staten can be written as ) 1 z
N P acc= min 1,k—an =Bl U tIn NT1 , (15
AH=AU+P,AV——=In(V,/V,), (12
B wheredU ,, is the change in the energy of the system due to
and the acceptance probability is given by the insertion of the molecule in that particular orientation,

andz is the activity, which is related to the chemical poten-
tial u throughz=exp(Bu)/A%, whereA is the thermal length
TABLE IIl. Interaction parameters corresponding to the TIP4P model. Theof the moleculé. As for the destruction of a water molecule,

parameters for O—O and O—Na interactions are taken from the set propose(qk_ 1) random orientations are generated and the factor
by Boeket al. in Ref. 12.

Wj:j_

c D E F Pioi=c— (16)
Sites (kcal/mo) (1A) (A®kcal/mo) (A%%cal/mo) ) 2w,
0-0 0.0 0.0 602.71152 592840.4 is calculated. The trial destruction of a molecule is accepted
H-Na 2064.0 3.394 0.0 0.0 ; o

with probabilit

O-Na 0.0 0.0 422.7847 90557.854 P y
Si-Na 951.71 2.1286 0.0 0.0 N
Al-Na 951.71 2.1286 0.0 0.0 PaCC= min| 1,k P]. _1 ex;{ — IB[ 5Unm+ In Z—V) } ) } . (17)
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E. Simulation details T T T T T T '
) ) N =40 o—0 1 clay sheet
All of our NP,,T simulations were performed at @N, 0—02 clay sheets

=300K andP,,=1x 10° Pa=1 bar. At the beginning of the o 0.10 |- A 3 clay sheets 7
simulations, an ordered configuration was prepared, with a &
. . =)
basal spacing chosen such that the volume of the simulation &
box decreased in the initial steps of the simulation. To gen-
erate an initial configuration of a system with one clay sheet, ‘@ 0.05
. 7 ) . =
the cations are placed randomly in the middle of the inter- 5

layer. The water molecules are then placed in a squared array
on both sides of the plane defined by the cations. These
arrays are located at half the distance between the plane con-
taining the cations and the surface of the clay. This configu-
ration is replicated for systems with two or three clay sheets.
At least 2x 10° Monte Carlo steps were used for the equili- 0.10

0.00 P

bration period. After equilibration, the simulations proceeded é
for at least < 10° Monte Carlo steps. Data for the averages £
were collected everil. X N,, steps, wher@, is the number ;
of clays andN,, is the number of water molecules per clay in -z ¢,05
the simulation. g

For simulations in thewVT ensemble, the chemical po-
tential u of bulk water was calculated by performing NPT
(i.e., constant pressure and temperatgimulations of bulk
water a_tT=3_OOK and atP=1 bar. In this ensemble, the 0'00_ A 20 0.0 20
Widom insertion method was used on a sys_tem of 2_16 TIP4P Distance (angs)
water molecules, to yiel@u = —17.408. During the simula-
tions, the Monte Carlo trial move@lisplacement, insertion, FIG. 2. (a) Density profiles of water oxygens fot,,= 40, using one, two,
and deletion of molecul¢svere taken with a 2:1:1 propor- and three clay sheet¢b) Density profiles of water oxygens fdy,, =64,
tionality. To bias insertion and deletion movés= 20 trial using one and two clay sheets. Clay | is used. Simulations were conducted at

. ; T=300K andP,,=1 bar.
orientations were used.

As indicated previously, we used Ewald summations to
evaluate the electrostatic interactions. In all the simulations,
the parametew was taken to bex=5.6/2R., and the recip- layers used in the simulations, particularly at small distances.
rocal contributions to the electrostatic energy were truncatedhe distribution of water molecules and sodium ions in the
at the maximum reciprocal vectdk,,,, defined ak,,,,=5 interlayer also depends on the number of clay sheets. This is
Xkg, wherekg=27/L i, andL i, is the minimum length of illustrated by Figs. @) and 2Zb), where we show density
the simulation box. Furthermore, short-range interactiongrofiles (in units of A~3) of water oxygens foN,,=40 and
were truncated at a distance smaller than, or equi} 2. N,,=64.

Dispersion interactions were corrected using the standard For 40 water molecules per clay and for one clay sheet,
long-range corrections for homogeneous fltidis proce- we see that the density profile of water oxygens consists of
dure differs from that taken by other authors where no Ewaldwo peaks, indicating formation of two layers of water in the
sums were employed, or where a cutoff larger than that alinterlayer space. On the other hand, when two or three clay
lowed by the dimensions of the simulation box wassheets are used, the density profile indicates that most of the

implemented 512 water molecules are confined to a single layer. For 64 water
molecules per clay, however, the density profiles simulated
IIl. RESULTS AND DISCUSSION with one and two clay sheets are in closer agreement. In this

case, the results indicate the formation of two layers of wa-
ter. Based on these results, we choose to simulate montmo-
In previous simulations of clay systems, only one clayrillonite systems with at least two clay sheets.
sheet has been used to study the stable basal spacing and the Figure (3) shows the density profiles of water oxygens,
swelling behavior of clays. In order to investigate whether aalong with the density profiles of water hydrogens and so-
single clay sheet is sufficient, we performed simulations atlium ions for a system with two Clay | sheets. For 40 water
constant stress using one, two, and three clay sheets. Tieolecules per clay, we see that the distribution of water hy-
water model for these calculations was TIP4P, and the clagrogens has a three-peak symmetric structure, with a maxi-
was Clay |. The predicted basal spacings for 40 water molmum at the center of the clay. The sodium ions are distrib-
ecules per clay ard;=14.80A, D,=12.57A, andD, uted around the oxygens, but preferentially concentrated in
=12.56 A for one, two, and three clay sheets, respectivelythe regions where the concentration of water hydrogens is
For 64 water molecules, we gdd,=14.87A, D,=Dj, lower. Furthermore, we find that the sodium ions are not
=14.86 A. These results show that the basal spacing of sdully solvated since they are not completely surrounded by
dium smectites does indeed depend on the number of clagxygen atoms. These findings should be contrasted with

A. NP,,T simulations
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0.15 T T T T T T T 20.0 v T v T v 1 ' ' !
(a) N,_=40 Oxygen (a) .
° r\ — - Hydrogen ~ 17.5 A
o] | — = Sodium =)
g5 0.10 \ § 150 -
= o0
2 [ T g
g 3 125, o—a | clay sheet
o 0.05 . & £ 0—02 clay sheets
A 1004 &—-ABoeketal. “1
75 A [ " 1 L 1 N Il n
0.00 L .
(b) N =64 i 17.5 | 1
@
g 2
g 0.10 | . 8 150
& &
.é“ ) T g 12.5 I~ o o MCY =
z i~ O0—O TIP4P
g 0.05 | - 2 00 .
i ) 7.5 1 1 A 1 N i i 1 A
0.00
-4.0 -2.0 0.0 20 4.0 17s b © .
Distance (angs) ’g?o
FIG. 3. Distribution of the oxygens, hydrogens, and sodiums from an \.E} 15.0 7
NP,,T simulation atP,,= 1 bar,T=300 K, and using two Clay | sheeig) "2__"3
N,,=40. (b) N,,=64. 'g 12.5
UQ)" O0—0Clayll
those forN,,= 64 andN,,=200[Fig. (4)], where most of the 100% Bocketal. 7
sodium ions are clearly surrounded by water oxygens. Some T
of them, however, are as close as 1.7 A from the surface of 75 0 20 40 60 20 100

the clay sheetgapproximately, as indicated by the small
peaks of their density profild&igs. 3a) and 3b)]. The den-

Water molecules per clay

sity profiles represent an average over the positions of aff!G. 5. (a) Swelling curve for one and two clay sheets. They are compared

atoms; our results suggest that, on the averfage for the
molecular model and the conditions employed heieis

to the results reported by Boek al. (b) Swelling curve for the TIP4P and
the MCY water models. Ifa) and(b) Clay | is employed(c) Swelling for
Clays | and Il using the TIP4P water model and two clay sheets. The simu-

more likely for a hydrogen atom than for a cation to beiations are conducted &,,=1 bar andT =300 K.
closer to the surface of the clay. The large degree of overlap
between the oxygen and sodium density profiles, indicates

" T T T T T v T v ]
=200 Oxygen
-— — Hydrogen
o 010 yerog
5
= i J
2
Z 005 -
3}
a
0.00 / ] L s boy PR d FIGPUSN | A
-100 -6.0 -2.0 2.0 6.0 10.0

Spacing (angs)

FIG. 4. Distribution of the oxygens, hydrogens, and sodiums ilN&g,T
simulation withN,,= 200, P,,=1 bar, andT =300 K. The average spacing
is 24.72 A.

that most of the cations are hydrated, which should facilitate
ionic exchange with surrounding fluids. These results are
consistent with those of Skippet al® for clay—water sys-
tems having compositions similar to ours. Our results also
support the experimental data presented by Speditd;*®
these authors report results of infrared spectroscopic experi-
ments on Na-saturated Wyoming montmorillonite which in-
dicate that, as the water content in the interlayer increases,
the exchangeable cations move out of the cavities in the clay
surface to position themselves in the interlayer space, where
they are solvated by water molecules.

We now present our simulation results for the swelling
of our model clay, i.e., the behavior of the basal spacing as a
function of the number of water molecules in the interlayer.
(See Table IV). We do this for one and two clay sheets using
Clay | and the TIP4P water model; the results are shown in
Fig. 5(a), where the results reported by Boekal. in Ref. 12
are also included. We see here that, at small basal spacings,
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the results predicted when using one clay sheet differ from 3.042 —r T T 71
those predicted with two clay sheets. The results of Boek (@)

et al. differ from ours at small values df,,, but are other-
wise consistent with our findings.

Figure 8b) shows a comparison of the swelling for the
TIP4P and the MCY water models. From the figure, we see
that for small amounts of water in the system, the MCY
model predicts smaller basal spacings than the TIP4P. At
higher values of water content, the predictions of the basal
spacings for the MCY model are larger than those predicted
by the TIP4P model. In order to estimate the effects on the
swelling due to the specific substitutions of atoms in the clay
sheet, we also calculated the swelling of Clay Il and com-
pared it with the corresponding prediction for Clay I. The
distribution of the substitutions in Clay Il is similar to those
in Clay I; they differ only in the location of one of the sub-
stitutions in the tetrahedral sheet. This comparison is pre-
sented in Fig. &). As illustrated in the figure, the results for
the swelling of Clay Il are very similar to those for Clay I.
This indicates that, at least for substitutions in the tetrahedral
sheets, the effect of such substitutions has a minor effect in
the swelling of the system.

—
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B. Grand canonical (uVT) simulations

. . . FIG. 6. Simulation results using the grand canonical ensemble with tem-
When clay minerals are in contact with pure water, theperatureT =300 K and chemical potentia = — 17.408.(a) Normal com-

equilibrium properties of the clay—water system, such as theonent of the pressure tens@b) Average number of water molecules per
interlayer water content, the density profiles, and the stabl€:
basal spacings are determined/ythe chemical potential of
water. We therefore begin by estimating the chemical poten-
tial of the molecules whose content in the simulation cell isThese spacings are in reasonable agreement with
allowed to fluctuate. For consistency, the chemical potentiaéxperiments?~?? which indicate thatD$**=9.6-10.1A,
used in our simulations was not the experimental valug,of D5P=12.0-12.6A, D$®=15.0-15.55A, and DJ®
but the value obtained from NVTi.e., constant volume and =18.0-18.1A. In similar worK, the stable distances re-
temperatureand NPT simulations of the water models em- ported for an ideal montmorillonite and for the MCY model
ployed here al =300K andP=1 bar. We performed NPT were D,=9.7A, D,=12.0A, D;=155A, and D,
simulations of bulk water using the TIP4P model, with  =18.3A. Our results for the swelling of the clay system are
=216 water molecules in the simulation cell B&=300K  presented in Fig. ®). Here, the average number of water
and P=1 bar. The chemical potential was determined bymolecules per clay is plotted as a function of the basal spac-
inserting approximately % 10° water molecules. We ob- ing. Note that the swelling is not uniform, and that there are
tained Bu=—17.408. This is the value used in our grandregions, albeit small, where increasibghas little effect on
canonical calculations. the water content. These regions are located around the
We used the chemical potential of bulk TIP4P water andstable clay separations. Similar trends were found in Ref. 6,
conducted grand canonical simulations using two type-I clayalthough in that work the planar regions were wider. How-
sheets. In each of these simulations, the basal spacing waser, our findings contradict those of Ref. 6 where, based on
kept fixed and the system was allowed to equilibrate undecalculations of the stable basal spacings, it was proposed that
the specified chemical potential of bulk water. Once at equithe swelling proceeds from the dry state through the forma-
librium, the total pressure normal to the clays, or the disjointion of odd numbergone, three, and then fiyeof well-
ing pressureP,,, was calculated, as opposed to the disjoin-defined layers of water. Our results do not show any evi-
ing pressure of water molecules alone. dence of formation of only odd numbers of layers. Reference
Our results forP,, are shown in Fig. @). The behavior 6 does not make any mention of using special methods to
of P,,is oscillating in nature. The mechanically stable basahandle long-range interactions; it is conceivable that some of
spacings are determined from the intersections of this curvihe discrepancies between that work and ours could be due to
(with negative slopewith a line corresponding to the exter- the truncation of long-range Coulomb interactions in Ref. 6.
nal pressurdl bar in this work.® The stable distances for In Fig. 7(a) we present the density profiles for the water
TIP4P molecules are therefoi®;=10.2A, D,=12.2A, oxygens at our predicted stable basal spacings. At
D;=15.7 A. A fourth stable spacing could also exist at 18.7D=10.2 A the small amount of water is confined to the clay
A although the statistical noise of our results is too large tocavities. From the figure we notice that we obtain a one-layer
make more definite conclusions about that particular valueand a two-layer structure of water molecules @k 12.2
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0.15 T . T . . ming sodium montmorillonite. Under simulations at constant
normal stress, we examined the swelling behavior and the
evolution of the interlayer density profiles of water and so-
dium ions. In particular, we found that the interlayer water
evolves from a single layer to two and then three water lay-
ers, as the water content in the interlayer increases. Further
increments in the water content eventually yield formation of
additional water layergfour and five for 160 and 200 water
molecules per clay, respectivelyit was also shown in this
work that, at the conditions studied here, the sodium ions
have a strong tendency to be hydrated and to drift away from
the surface of the clay. This is consistent with the simula-
tions of Skipperet al® and with the experimental work of
Spositoet al'® We found this trend in all the basal spacings
considered in this work. This contrasts previous work,
where the sodium ions were in general reported to be directly
next to the clay surface.

Simulations in the grand canonical ensemble allowed us
to determine the stable basal spacings and the swelling be-
havior of a sodium montmorillonite clay—water model. We
found that, within the dispersion in the experimental data and
the statistical uncertainty of our simulations, the stable basal
spacings determined from the pressure tensor are in good
agreement with experiments. We also found that the swelling
of the clay—water system is not uniform, with regions where
FIG. 7. Distribution of water oxygens for the different stable basal spacingé-ncrementS in the basal spacing lead to minor increments in
determined in the previous figuréa) Density profiles for the stable basal the water content. These regions correspond to the vicinity of

spacings shown in Fig.(8). (b) Density profiles for large values of the basal the stable basal spacings.
spacing.
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IV. SUMMARY APPENDIX

We have presented results of Monte Carlo simulations of

. - s The positions and charges of the sites in the unit
hydrated clays using an atomistic representation of the Wyog

ell of clay mineral pyrophyllite are given by Skippetal.*
which are reproduced in Table I. As indicated in the

TABLE IV. Calculated basal spacings as function of water content. In col-introduction, we used the(clay termed Wyoming

umn 1 are the number of water molecules per clay used in the simulationgnontmorillonite whose unit cell formula is

In column 2 are the calculated basal spacings using Clay | and the TIP4Rla, ;,51H,0(Si; 757l 5 25) (Al 3 Mg 5)O¢(OH) 4.

water model. In column 3 are the calculated basal spacings using Clay lland T gbtain Wyoming montmorillonite from pyrophyllite,

the TIP4P water model. In column 4 are the calculated basal spacings usmcgne out of eight aluminum atoms in the octahedral sheet are
Clay | and the MCY water model. The last column presents the basal spac-

ings calculated by Boekt al. substituted by magnesium atoms, and one out_of 32 silica
atoms are replaced by aluminum atoms. To obtain the actual
Ny, D™ (R) D™ (R) DM (A) Doek piece of clay we used in this work and named Clay |, we take
0 0.993 10.394 9.729 1017 the sequence of j[he atoms as indicgted in Table I, and d'upli-
8 10.944 11.119 10.501 1052  cated it in thex-direction by displacing the atoms by a dis-
16 11.947 11.867 11.067 1164  tanceD,=5.28 A; the resulting structure is then duplicated
24 12.129 12.073 11.864 1220 py displacing it a distance BY,) in the x-direction. After
32 12.499 12.472 12.166 12.32 ; - ; ; :
this, we duplicate again the resulting structure but now in the
40 12571 12.562 12.421 12.64 o . : A
48 13.173 13.092 12.589 13.13 y-d!rect!on by displacing t_he structure by><;{4.57) in the
56 14.450 14.557 14.380 1470  Yy-direction. The resulting structure is displaced by
64 14.869 14.888 14.649 1496 (L,/2L,/2) and then periodic boundary conditions are ap-
72 15.061 15.135 15.797 1530 plied to center the structure in our simulation cell. At the
gg 12"1122 ig'isg ig'g? i‘ggi end, a patch of clay of lateral dimensiohg=21.12 A, Ly

aluminum atoms in the position§—-3.52, —3.05, 0.00,
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(7.04, —3.05, 0.00, (—3.52, 6.09, 0.00 and (7.04, 6.09,

Monte Carlo simulations of Wyoming clays 1413

endon, Oxford, 1986 (b) D. Frenkel and B. SmitUnderstanding Mo-

0.00 in the octahedral sheet by Mg atoms, whereas the Sj lecular SimulationdAcademic, New York, 1996

atoms in the tetrahedral sheets with positiqg@s4, 1.52,

2.73, and (0.88, 1.52,—2.73 were substituted with Al at-
oms. To obtain Clay Il, we take Clay | with the substitution
in (0.88, 1.52,—2.73 now replaced by a substitution in

(—9.68, 1.52,—2.73.
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