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STRUCTURAL MODEL OF Al13-PILLARED MONTMORILLONITE 
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Abstract-Alumina-piIIared montmoriIIonite is prepared by intercalation of polyoxyhydroxy aluminum 
cations (AI137+) of a natural montmoriIIonite from Dimitrovgrad, Bulgaria. Transmission electron micros­
copy, powder X-ray diffraction, energy dispersive X-ray spectroscopy, and surface area (BET) methods 
are used to study the untreated and piIIared forms of the montmorillonite. A structural model involving 
deformed Al l3 piIIars is proposed. Four pillar types are derived and these piIIars are uniformly distributed 
over the interlayer-cation positions of montmoriIIonite. Calculated electron diffraction patterns were sim­
ulated using the multi-slice method. The structural model explains the increased ordering along the c axis 
of the piIIared form compared with the untreated montmorillonite. The model explains the structure of a 
piIIared montmorillonite with different distributions of the pillars in the interlayer. The proposed model 
is consistent with the observed data. 

Key Words-Alumina Pillaring, Computer Simulation, Keggin PilIaring, MontmoriIIonite, Structural 
Model, Transmission Electron Microscopy. 

INTRODUCTION 

The intercalation of large complexes with high pos­
itive charge in the interlayer of smectite, whose struc­
tural 2: 1 layers have a relatively low negative charge, 
produces structures with a two-dimensional system of 
micropores between 0.6-2.0 nm in size. The stability 
of these modified layer structures depends on many 
factors, such as the chemical and structural nature of 
the host matrix (partide size, layer-charge distribution, 
type of interlayer-cation complex, etc.), the homoge­
neity of the pillaring agent solutions, and the bonds 
between the host matrix and the pillars. These factors 
were studied previously (e.g., Pinnavaia, 1983; Plee et 
al., 1987; Vaughan and Lussier, 1980), but the struc­
tural changes arising in the "pillaring" process were 
not entirely c1arified (Vaughan, 1988). 

Al-pillared smectites are the most studied clay min­
erals in this respect (Schoonheydt, 1994). An increase 
in the degree of ordering of the smectite 2: 1 layers 
along the c axis owing to the pillaring process was 
observed by Schoonheydt (1994) and Figueras et al. 
(1990). The layers "aggregate", forming so-called 
"tactoids", with every two adjaeent layers predomi­
nantly oriented face-to-face and with an observed 
d(OOl) of the newly formed structure at ~18 A. High­
eharged Ca-rieh montmorillonites of relatively higher 
degree of crystallinity were found to form such tae­
toids (Schoonheydt, 1994). The important role of the 
erystal-chemical properties of the clay matrix was dis­
eussed by Occelli et al. (1987) and Fijal and Klapyta 
(1993). 

The purpose of this paper is to propose a structural 
model of AI13-pillared montmorillonite. The model is 
based on literature data and on a comparative inves­
tigation using transmission electron microscopy 
(TEM) of a natural Ca-rieh montmorillonite of low-
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iron content and relatively high layer charge and its 
AI 13-pillared analogue. The validity of the model is 
tested by eomparing observed TEM patterns with mi­
crodiffraetion patterns of modeled pillared structures 
simulated using the multi-slice method. 

MATERIALS AND METHODS 

Montmorillonite «2-f.lm fraction), separated from 
a white Ca-rich bentonite c1ay, Dimitrovgrad region, 
southern Bulgaria, was used as starting material. The 
fraction studied was separated by sedimentation and 
contains montmorillonite ( ~60% ), cristobalite ( ~ 30%), 
and calcite (~1O%) as determined by powder X -ray 
diffraetion (XRD). 

A portion of the samp1e was used to prepare pil­
lared-montmorillonite sampies using the proeedure of 
Schönherr et al. (1981). The pillaring solution con­
taining [Al130iOHhiH20)12F+ cations was obtained 
by adding 0.25 M NaOH solution to a 0.25 M 
AICI3·6H20 solution and aging for 3 h at room tem­
perature. The resultant solution of pH = 4.5 and OHi 
Al ratio of 2.0 was added to the c1ay suspension (1 g 
clay/200 mL HzO) and stirred for 3 h at 80°C. The 
pillared form was then centrifuged, filtered, and dried 
at 60°C in air. Calcination was performed at 500°C. 
The degree of intercalation of the pillaring cations was 
determined by XRD, by analyzing variations of d(OOl) 
in oriented c1ay-aggregate specimens. A DRON UM1 
powder diffractometer with CuKa radiation and a Ni 
filter was used. 

Another portion of the sampIe was treated (Foster, 
1953) to remove cristobalite. The chemical eomposi­
tion of this sampie, the untreated sampie, and the pil­
lared product was studied by energy dispersive X-ray 
analysis (EDX) in a raster mode on pressed tab1ets at 
an acce1eration voltage of 18 kV using a Philips 515 
scanning e1ectron microscope (SEM), equipped with 

https://doi.org/10.1346/CCMN.2000.0480101 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2000.0480101


2 Dimov, Ilieva, Khaltakova, and Filizova Clays and Clay Minerals 

2.56 2.50 

c 

b 

a 

2.00 6.00 10.00 14.00 18.00 22.00 26.00 30.00 34.00 38.00 

20° (CuKa) 

Figure 1. Powder XRD patterns of a) natural, b) intercalat­
ed, and c) calcined montmorillonite. 

an EDAX 9100/70 system. Biotite, albite, anhydrite, 
and rutile were used as reference standards. 

The chemical-composition data were used to obtain 
the structural formula of the pure, non-pillared mont­
morillonite and to calculate the ratio: SiMon,lSiTotaJ' 
where SiMon( is the Si content in the montmorillonite 
and SiTotaJ is the Si content in the starting material. 
Using this ratio, the quantity of Alwpillaring cations 
intercalated in montmorillonite was calculated. 

Specific surface areas of the natural and pillared 
sampIes were calculated by the BET method using Nz­
adsorption data obtained by a Micromeritics ASAP 
2010 surface area analyzer. Electron microscopy was 
performed on aTEM Philips EM 420 at an acceler­
ating voltage of 80 kV. The sampIes were prepared by 
using ultrasonically pretreated suspensions of the ma­
terial on a holey carbon film on a Cu grid. Calculated 
single-crystal diffraction patterns from model struc­
tures of montmorillonite, with and without pillars, 
were obtained using a custom computer program 
based on the multi-slice method of Cow1ey and Mood­
ie (1957). 

Structural models of montmorillonite pillared by 
polymerie Aln cations were prepared using the follow­
ing steps: (a) development of a hypothetical structural 
model of natural montmorillonite, ordered along the c 
axis; (b) modification of this ordered hypothetical 
structure by enlargement of the interlayer distance 
(hereafter referred to as an "enlarged-interlayer mont-

Table 1. Chemical composition of the natural and pillared 
sampies. 1) fraction <2 /LID of Dimitrovgrad bentonite - un­
treated; 2) fraction <2 /Lm treated with NaOH to dissolve 
cristobalite; 3) Al13-pillared sampie. 

Oxides, 
wt.% 

Si02 

Al20 3 

Fe20 3 

MgO 
CaO 
Na20 
K20 

70.75 
13.08 
0.93 
1.77 
3.47 

0.22 

54.91 58.80 
19.02 20.05 

1.50 0.88 
3.14 2.18 
7.40 0.10 
0.72 0.64 
0.39 0.30 

morillonite"); (c) modeling of the AI l3 pillar; and (d) 
arrangement of the pillars between the layers of the 
enlarged-interlayer montmorillonite structure. Simulat­
ed electron diffraction patterns (EDP) of the models 
of the pillared montmorillonite were compared to pat­
terns from the enlarged-interlayer montmorillonite and 
each was compared to the experimental EDP of the 
pillared montmorillonite. 

RESULTS 

The observed values of d(001) for untreated, inter­
calated, and calcined sampIes from XRD (Figure 1) 
are 14.73, 19.20, and 17.33 A, respectively. The value 
of d(001) = csinß = 17.33 A corresponds to a value 
for c of 17.68 A for ß = 101.40 (see below) for the 
pillared montmorillonite considered in the model con­
struction. 

The chemical compositions of the natural, NaOH­
treated, and pillared sampies are given in Table 1. The 
structural formula of the montmorillonite Nllo.loKo.04Cllo.l2 
(Si3.96Alo.04)iAl1.5sMgo.34Fe3+ O.OShOlO(OHh was calcu­
lated after dissolving cristobalite and analyzing the 
cristobalite-free fraction (Table 1, column 2). The total 
charge of the interlayer cations is 0.38, which corre­
sponds to the mean value of the negative layer charge 
of 0.36 eq/OlO(OHh obtained from a previous inves­
tigation of the same sampie by the n-alkylammonium 
method (Ilieva, 1996). The specific surface area of 65 
m2g-1 was measured for the natural sampie and 165 
m2g- 1 for the pillared sampie. The results obtained by 
XRD, EDX, and BET suggest that the pillaring pro­
cess was complete. From Table 1, a value of 0.516 
was determined for the SiMontlSiTotal ratio. From this 
ratio and the chemical data of the pillared material 
(Table 1) one Aln cation is present in 4.2 montmoril­
Ionite unit cells. 

Figure 2 shows the selected area electron diffi'action 
(SAED) patterns along the (001]* zone axis of the 
natural and pillared montmorillonite. The SAED pat­
terns of the natural sampie (Figure 2a) are polycrys­
talline owing to turbostratic disorder of 2: 1 layers 
along the c axis (Brindley, 1980). The layers are thus 
randomly superposed, rotated, andlor displaced from 
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Figure 2. SAED patterns along [001]* zone axis of mont-
morillonite particles for a) natural and b) pillared sampies. 

adjacent layers parallel to the a and b axes. This is a 
characteristic feature of fine-grained smectite minerals 
and especially of montmorillonite. 

After intercalation of AI l3 cations, this turbostratic 
disorder significantly decreased. The SAED patterns 
have a greater single-crystal character with diffuse 
maxima (Figure 2b). The additional ordering along the 
c axis is probably caused by the alignment of both the 
pillars and the 2: 1 layers. 

ATOMIC MODEL OF AI l3-PILLARED 
MONTMORILLONITE 

Model 0/2:1 layer and stacking along the c axis 

The model of the 2: 1 layer of montmorillonite is 
based on C2/rn space group symmetry and unit-cell 
parameters: a = 5.18 A, b = 8.98 A, c = 10 A, cx = 

90°, ß = 101.4°, "y = 90° (model 3 of Tsipursky and 
Drits, 1984). In this model, trans- and cis- octahedral 
sites are occupied with equal probabilities: 75% of 
both sites are occupied by Mg, Fe, or Al, which cor­
responds to the elements in the Dimitrovgrad mont­
morillonite. 

Stacking of component parts along the c axis was 
modeled by arranging the 2: 1 layers to preserve the 
C2/rn symmetry, thus, each 2: 1 layer has coinciding 
[001] directions and a and b axes. For simplicity, y 
and z coordinates (Tsipursky and Drits, 1984) were 
shifted by 0.5, so that the interlayer cation positions 
have X)'z coordinates of 0, 0, 0.5 and 0.5, 0.5, 0.5 (Ta­
ble 2a). 

Model 0/ enlarged-interlayer rnontrnorillonite 

The value of c = 17.68 A of the pillared montmo­
rillonite involved an increase of d(OOI) owing to ad­
jaeent 2: 1 layers separating to produce an enlargement 
of the interlayer. The stacking order and C2/rn sym­
metry were retained, assuming the shift is strictly in 
the [001] direction. Therefore, only the z. coordinates 
of the atoms in the 2: 1 layer were adjusted in the mod­
el (Table 2a). The interlayer cation sites are vaeant. 

Model 0/ the AI13 pillar 

The polymerie Al oxy-hydroxy ion (Johansson, 
1960; BoUero et al., 1980) is eomprised of 12 octa-

Table 2a. Derived atomic coordinates for AI I3-pillared mont­
morillonite. Symmetrically independent atoms of the 2:1 lay­
er (Model 3 of Tsipursky and Drits, 1984). Space group: C21 
m; lattice parameters: a = 5.18 Ä, b = 8.98 Ä, c = 10 Ä, a 
= 90°, ß = 101.4°, 'I = 90°. The origin of the coordinate axes 
is shifted by y = y + 0.5 and the z coordinates are shifted 
by z = z + 0.5 and are recalculated for c = 17.6798 Ä. 

Sites 

MI 2b 0.0000 

M2 4g 0.0000 

T2 8j 0.4270 

01 4i 0.4870 
03 8j 0.1720 
04 4i 0.3690 
06 8j 0.3690 

Coordinates 

y 

0.5000 0.0000 

0.8330 0.0000 

0.1670 0.1529 

0.0000 0.1865 
0.7720 0.1865 
0.5000 0.0615 
0.8330 0.0615 

Occupancy 

Al 0.5000 
Mg 0.1900 
Fe 0.0700 
AI 0.5000 

Mg 0.1900 
Fe 0.0700 
Si 0.9400 
AI 0.0600 
o 1.0000 
o 1.0000 
o 1.0000 
o 1.0000 

hedra and one tetrahedron, all contammg Al. The 
structure of the AI l3 polycation after intercalation in 
the clay matrix and after alteration by heating is prob­
lematic. Transformations of the pillar oecur upon de­
hydration and dehydroxylation (between 300-400°C), 
but nuclear magnetic resonance (NMR) studies show 
that the IV Al coordination is resistant to change by 
thermal treatment (Fripiat, 1988; Tilak et al., 1986). 
Based on thermal gravimetrie analysis (TGA) and 
XRD studies, Kodama and Singh (1989) suggested 
that AI 13 pillars dehydrate and dehydroxylate without 
substantial change in the structure. 

A slightly deformed Keggin-ion structure is used 
here as a model. This ion has three parallellayers eon­
sisting of six octahedra in the lower layer, three in the 
middle layer around a central tetrahedron, and three 
octahedra in the upper layer. Only Al atoms forming 
three parallel planes (Figure 3) are eonsidered in the 
model. This simplification is justified because oxygen 
atoms scatter electrons weakly and excluding them 

Table 2b. Derived atomic coordinates for AI13-pillared mont­
morillonite. Calculated coordinates of symmetrically indepen­
dent positions of the pillar AI atoms according to the pro­
posed structural model. 

Coordinates Occupancy 

Sites x ovo ovvo ovvvo 

All 8j 0.0966 0.3510 0.3481 0.1250 0.05(5) 0.0312 
AI28j 0.9926 0.3510 0.3481 0.1250 0.05(5) 0.0312 
Al3 8j 0.5446 0.7890 0.3481 0.1250 0.05(5) 0.0312 
AI4 8j 0.2856 0.4140 0.3481 0.0625 0.02(7) 0.0156 
AI5 8j 0.8036 0.4140 0.3481 0.0625 0.02(7) 0.0156 
AI6 8j 0.5446 0.6730 0.3481 0.0625 0.02(7) 0.0156 
Al7 2c 0.5000 0.5000 0.5000 0.2500 0.11(1) 0.0625 
AI8 8j 0.0520 0.6490 0.5000 0.1250 0.05(5) 0.0312 
AI9 4h 0.5000 0.2020 0.5000 0.1250 0.05(5) 0.0312 
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Figure 3. Schematic representation of the AI 13-pillaring cat­
ion. 

from the model does not substantially infiuence the 
simulated EDP. The six Al atoms in the lower plane 
form a hexagon. A triangle is formed by three Al at­
oms in the middle plane, with each Al positioned di­
rectly above three Al atoms of the hexagon as shown 

pillar axis 
, , 

- -.- - -+,'- • - - - .. - -

-----4:J-<:H:>--I-- upper plane 

--0--<:>--0-1--- middle plane 
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.--;+-- --+- ---

(010) 

pillar axis . 
c 

- -.- - -+.'- -, - .. --
----c..-o-o+-- upper plane 

---{)~o--Cf-- middle plane 

--fr--<:>--Qf-- lower plane 

- -+- - --

---a~~---I 

d (010) 

b 

e 

in Figure 3. The central Al atom in the middle plane 
is central also to the pillar. Three Al atoms in the upper 
plane form an equilateral triangle, but smaller in size, 
than the tri angle of the middle plane. This triangle is 
centered above the middle plane but rotated by 180°. 
We refer to the triang1es in the middle and upper 
planes as "big" and "small" triangles, respeetively. 
The model is "orthogonal", beeause the three-fold 
axis (Figure 3) is perpendicular to the layer planes, 
and this model is labeled "primary" or "P". 

Pillar configuration in the interlayer 

The pillar is positioned in the interlayer between 
adjacent 2: 1 layers (Figure 4) using the following as­
sumptions: (a) the three-fo1d axis of the pillar is par­
allel to the normal of the (001) plane of the 2: 1 layer 
(Figure 4a); (b) the Al hexagon of the lower plane of 
the pillar is placed above a ditrigonal silicate ring of 
the 2:1layer (Figure 4b); (e) the lower and upper-pillar 

(001) c (001) 

(001) f (001) 
Figure 4. a) (010) projection of the orthogonal pillar and the adjacent Si planes; b) (001) projection of the lower plane of 
the orthogonal pillar and the Si plane; c) (001) projection of the upper plane of the orthogonal pillar and the Si plane; d) 
(010) projection of the deformed pillar and the adjacent Si plane; e) (001) projection of the lower plane of the deformed pillar 
and the Si plane; f) (001) projection of the upper plane of the deformed pillar and the Si plane; • - Si, 0 - Al. 
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pillar axis 

mirror plane · m 

rn symmetry. Each pillar type is configured differently 
in the interlayer. 

The angle of the deformed (P, R, M, or C) pillar is 
not identical with the ß parameter of the overall struc­
ture and depends on the c parameter. Simple geometric 

pillar monocl inic 
angle 97.09° 

- center. C considerations show that the angle of the pillar in­
creases from 90° to 97.4°, if c increases from 10.05 to 

~~t;-> two·fold axis 18.532 A. For c = 18.532 A, the upper 2: 1 layer is 
... ,.......... . placed above the lower 2: 1 layer in the same position 

Figure 5. Schematic representation of the deformed AI13-

pillaring cation and the symmetry elements of C2/rn space 
group. 

planes are at an equal distance from adjacent 2: 1 layers 
(Figure 4a). 

Figure 4a and 4c shows that the orthogonal Al pillar, 
when placed in the interlayer in this way, does not 
conform to C2/rn symmetry, and an additional as­
sumption is required: the Al tri angle of the upper-pillar 
plane must be placed below the ditrigonal silicate ring 
of the adjacent 2: 1 layer. Thus, the pillar axis inc1ines 
and the orthogonal pillar (orthogonal P) is deformed 
(deformed P) to conform to the c parameter (see be­
low). Figure 4d-4f shows projections of the deformed 
P pillar on the (010) and (001) planes when the pillar 
is placed above and below a ditrigonal silicate ring of 
the adjacent 2: 1 layers, respectively. This configura­
tion requires the central Al atom of the pillar to occupy 
the interlayer "cation" position at either (0.5, 0.5, 0.5), 
or (0, 0, 0.5). 

Additional site-symmetry requirements to conform 
to C2/rn symmetry (i.e., 2, rn, I) must be applied to 
the deformed P pillar with the central Al atom at the 
interlayer-cation position (Figure 5). Thus, three pos­
sible pillars are generated, referred respectively as 
"rotated" (R), "mirror" (M), and "centrally inverted" 
(C) (Figure 6). All four pillars must be present with 
equal probability in the structure to retain overall C2/ 

p M 

as the case where c = 10.05 A and the angle is 90°. 
For our model we used c = 17.68 A, with the corre­
sponding angle of the pillar of 97.09°. 

Model of pillared rnontrnorillonite 

The chemical data indicate that one Al oxy-hydroxy 
ion is intercalated on the average every 4.2 montmo­
rillonite unit cells. The pillars are uniformly distrib­
uted in the interlayer (Figueras, 1988). Therefore, of 
8.4 interlayer pillar sites, one site is occupied (0 po­
sition) and 7.4 are vacant (V position), i.e., the ob­
served pillar-site occupancy is 11.9%. 

The translational C-centering symmetry of the 2: 1 
layer requires the identical repetition of 0 and V po­
sitions along the [100], [I 10], and [110] directions. 
This is possible only if one 0 position alternates with 
the same number of V positions along each direction 
within a single interlayer. Figure 7 shows projections 
along the [001] direction of Si atoms of an adjacent 
2: 1 layer to the Al pillars. Three cases are shown: an 
alternation of one 0 and one V position (OVO) (Fig­
ure 7a); one 0 and two V positions (OVVO) (Figure 
7b); and one 0 and three V positions (OVVVO) (Fig­
ure 7c). The three O-V alternations are described by 
supercells consisting of four, nine, and 16 subcells and 
cell parameters 2a, 2b, c; 3a, 3b, c; and 4a, 4b, c, 
respectively (Figure 7). For OVO, one pillar occupies 
one of four possible interlayer sites in two unit cells 
with a probability of 0.25. For OVVO, the pillar oc­
cupies one of nine possible positions in 4.5 unit cells 
with a prob ability of 0.111 and, for OVVVO, the pillar 
occupies one of 16 positions in eight unit cells with a 
probability of 0.0625. 

R c 

upper plane 

middle plane 

Figure 6. Different types of deformed pillars obtained by C2/rn symmetry alteration. 
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Figure 7. Mutual configuration of AI 13 pillar and Si plane. a) OVO - 25 % pillar-site occupancy; b) OVVO - 11.1% pillar­
site occupancy; c) OVVVO - 6.25% pillar-site occupancy; <> - Si, x -V position, • - 0 position, 

DISCUSSION OF THE STRUCTURAL MODEL 

The structure of the pillared montmorillonite may 
be represented by the unit cell of an enlarged interlayer 
montmorillonite with OVO, OVVO, or OVVVO al­
temating pillar layers in the interlayer. The calculated 
pillar-site occupancy of 11.1 % of the OVVO alterna­
tion is closest to the observed pillar occupancy of 
11.9% as determined from the cbemical data. How­
ever, an appropriate model can represent the structure 
of a pillared montmorillonite with different pillar-site 
occupancies by choosing the correct 0-V alternation. 

a (001) b 

Tbe modeled pillar layer consists of lower, middle, 
and upper atomic planes (Figure 6) containing Al at­
oms with equal z coordinates, respectively. Figure 8 
shows projections in the (001) plane of the lower, mid­
dIe, and upper pillar planes. The Al positions of the P, 
M, C, and R pillars when they randomly occupy the 
o interlayer positions, are illustrated. Thirty one atom­
ic positions may be statistically occupied by the 52 Al 
atoms of the four pillar types. In projection, the atom­
ic-position arrangements in the lower and upper pillar 
planes are identical (Figures 6 and 8). Eacb of the 

(001) 

p O ~, () C:: -Al - "small triangle" '--../ .. , . . ..... .. __ ... . M 
... .................... C 

R 

o 0 <) r} -Al - IIbig triangle ll & IIhexagonll 

o -Al - IIcentral" 
Figure 8. a) Lower, b) rniddle, and c) upper planes of P, R, M, and C types of pillars in (001) plane, placed alternatively in 
a single pillar site; the small numbers inside the Al atoms mark the symmetrically independent positions, as in Table 2b . 
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Figure 9. Simu1ated electron diffraction patterns along [100]*, [010]*, and [001]* directions of enlarged-interlayer (a, b, and 
c, respectively) and of pillared (d, e, and f, respectively) montmorillonite structures. 

pOSItlons at the hexagon apices can be alternatively 
occupied by Al atoms from either P and R in the lower 
plane (Figure Sa) or M and C in the upper plane (Fig­
ure Sc), with a probable Al-site occupancy of % = 0.5 
(two of the four possible pillars). The resultant Al-site 
occupancy must be the product of the pillar-site oc­
cupancy and the Al-site occupancy within the pillar. 
For the three O-V alternations (OVO, OVVO, 
OVVVO) the resultant Al-site occupancies of each of 
the hexagon apices are 0.125, 0.05, and 0.03125, re­
spectively. The positions in the apices of the small 
triangles can be occupied by an atom from only one 
of the four pillar types with a probable AI-site occu­
pancy of 14 = 0.25. The resultant AI-site occupancies 
of the three O-V alternations are 0.0625, 0.0277, and 
0.015625, respectively. 

In the rniddle plane (Figures 6 and Sb) the positions 
in the apices of the two rotated triangles can be alter­
natively occupied by the atoms of the C and R pillar 
types for one of the triangles or the P and M pillar 
types for the other. Each of the six positions in the 
apices of the two rotated triangles in the middle plane 
has a 0.5 AI-site occupancy to produce the same re­
sultant AI-site occupancy as the hexagons. The posi-

tion of the central Al atom of the pillar can be alter­
natively occupied by an Al atom from each of the four 
pillar types with a probable AI-site occupancy of % = 

1.0. The resultant Al-site occupancies of this position 
for the three 0-V alternations are respectively 0.25, 
0.11, and 0.0625. 

Because one montmorillonite unit cell has two sym­
metrically related pillar positions, there are nine sym­
metrically independent Al positions (Table 2b, Figure 
8). The C2/rn space-group symmetry then gives 31 X 
2 = 62 possible positions alternatively occupied by the 
Al atoms of the four pillar types. 

Single-crystal EDPs of two structural models of 
montmorillonite along the three coordinate axes were 
calculated: a) enlarged-interlayer (Figure 9a-9c) and 
b) pillared with resultant AI-site occupancies for the 
OVVO alternation (Figure 9d-9f). The patterns show 
the same geometry for each given direction. This con­
firms that the atomic structure of the modeled pillar 
montmorillonite retains the C2/rn symmetry of the 
modeled enlarged-interlayer montmorillonite and re­
spectively the C2/rn symmetry of the 2: 1 montmoril­
Ionite layer. However, further work is needed to obtain 
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(hOl) and (Okl) EDPs of the pillared material for com­
parison. 

An explanation of the increase in layer-stacking or­
der as observed in Figure 2a VS. 2b may be proposed. 
The lower and upper atornic planes of the pillars 
shown in Figures 6, 8a, and 8c and their relation to 
the silicate rings in adjacent 2: 1 layers produce a driv­
ing force for additional ordering. Two adjacent 2: 1lay­
ers may reorient as a result of rotation of the 2: 1 layers 
and/or shift along the a and/or b axes of these layers. 
Assuming that the silicate rings are ideally hexagonal 
or trigonal, [100], [IIO], and [i 10] directions in two 
adjacent 2: 1 layers may align and the EDPs of the 
pillared structure results in single-crystal character. 
The observed EDPs for the (hkO) plane of the pillared 
structure (Figure 2b) shows the same geometry as the 
simulated pattern (Figure 9f) but the diffraction max­
ima are diffuse in ares of _1°, probably as a result of 
incomplete ordering along the c axis. 

A structural model of AI 13-intercalated montmoril­
lonite developed through molecular simulation was re­
cently reported by Capkova et al. (1998). They con­
c1uded that there is no two-dimensional ordering of 
Alu cations in the interlayers and, therefore, no regular 
stacking of layers can be expected in the intercalated 
montmorillonite. This conc1usion contradicts our re­
sults. This contradiction is probably related to the dif­
ferent approach es to the problem under study. Our 
model is an attempt to explain the observed increase 
in the ordering along the c axis of the pillared mont­
morillonite. It is based also on literature data reporting 
a similar high-Iayer stacking order after Alu pillaring 
of Ca-rich montmorillonites of relatively high crystal­
linity (e.g., Storaro et al., 1996). Obviously, the prob­
lem can not be unambiguously resolved since the pro­
cess of pillaring is strongly c1ay dependent and de­
pends also on many other factors (Schoonheydt et al., 
1993, 1994). In any case, we consider that modeling 
may be useful in resolving the structural state of the 
pillared c1ays, but each model must be based on all 
accessible methods of investigation and on available 
literature data. 
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