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Silica–metal oxide sol pillared clays have been synthesized
from montmorillonite by exchanging interlamellar (Na1) ions
with silica sol particles modified with polyhydroxy metal cations.
Though the silica sol particle itself is negatively charged in the
pH range used in present experiment, 1.5–2.7, the ion-exchange-
type intercalation of the silica sol into montmorillonite was
realized by modifying the surface charge of the sol particles from
negative to positive. The positively charged silica sol particles
were prepared by titrating metal aqueous solutions (Mz1 5 Fe31,
Al31, Cr31, and Zr41) with NaOH in the presence of silica sol
particles, which were easily intercalated inbetween the silicate
layers of clay. On pillaring of oxide sols and subsequent calcining
at 400°C, new porous materials were obtained with high BET
surface areas of 320–720 m2/g, pore volumes of 0.24–0.50 ml/g,
and basal spacings in the range 40–60 A_ . Furthermore, their
thermal stability could be remarkably improved up to 700°C.
According to the adsorption measurements of nitrogen and sol-
vent vapors, the micropores in the samples of size 9–13 A_ domin-
ate due to the multilayer stacking of interlayer sol particles
inbetween silicate layers. Temperature-programmed desorption
(TPD) spectra of ammonia revealed that the microporous sam-
ples are weakly acidic, but with different strengths, depending on
the doped metal species. ( 1999 Academic Press

INTRODUCTION

In an attempt to improve the limited pore size range in
which zeolites are available, there has been renewed interest
in the preparation of novel, two-dimensional, molecular
sieve-type materials based on clays, called pillared interlayer
clays (PILCs) (1—3). PILCs have received much attention as
a new type of microporous solid that can serve as shape-
selective catalysts, catalytic supports, separating agents, ad-
sorbents, etc. In particular, clays pillared by metal oxides
are of great interest because of their high surface area and
intrinsic catalytic activity.
1To whom correspondence should be addressed. Fax: 82-2-872-9864.
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Conventionally, these microporous materials are ob-
tained by exchanging the interlayer cations of clays with
bulky inorganic cations followed by calcination. On heat-
ing, the intercalated cations are converted to metal oxide
clusters, propping open the layers as pillars, generating
interlayer space of molecular dimensions, i.e., a two-dimen-
sional porous network. Because the micropore structure,
thermal stability, and intrinsic catalytic activity of such
prepared PILCs are greatly influenced by the nature of the
pillar, various kinds of pillar, including metal polycations
such as Al, Zr, Cr, Ti, Si, Fe, and Ga (4—15), mixed metal
cluster cations such as Al—Si, Al—Zr, Al—La,Ce, and
Al—Fe,Cr (16—19), and positively charged colloidal sol par-
ticles like TiO

2
, Al

2
O

3
, SiO

2
—Al

2
O

3
, SiO

2
—TiO

2
, and

SiO
2
—Fe

2
O

3
(20—25) have been introduced into two-dimen-

sional silicate layers to obtain tailormade PILCs for specific
applications.

Among many potential applications of PILCs, the use of
PILCs as catalysts has attracted considerable attention due
to their intrinsic catalytic activity and molecular sieving
function. It has been reported that pillared clays have
a cracking activity comparable to that of zeolites (2, 3).
Moreover, PILCs with larger pores can admit larger hydro-
carbons. However, high thermal or hydrothermal stability
of the materials is required, especially during regeneration
of deactivated catalyst. Unfortunately, the pillared clays
developed to date do not have sufficient thermal stability.
To overcome such a problem, several attempts have been
made to introduce mixed metal oxide pillars (16—19), by
pretreating the pillar species hydrothermally (26) and by
applying thermally stable aluminosilicates like rectorite
(27, 28).

In previous work (24), the negative surface charge of silica
sol could be modified by depositing positively charged TiO

2
sol particles, which could be intercalated successfully be-
tween the silicate layers to form pillared clays with high
surface area and relatively good thermal stability. Recently,
we have also found that silica sols can be modified with
metal polyhydroxy cations (Mz`) such as Fe, Cr, Al, and Zr,
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which are incorporated into the silicate layers as pillars to
form highly porous sol pillared clays of high thermal stabil-
ity (25). The primary objectives of this study are to prepare
the silica-based mixed sol particle pillared clays, to charac-
terize their adsorption properties, and also to investigate the
effects of positive metal species (Mz`) on the internal pore
structure, thermal stability, and acidic property of sol pil-
lared clays.

EXPERIMENTAL

1. Preparation of Sol Pillared Clay

A natural Na-montmorillonite (Kunipia G) with structural
formula Na

0.35
K

0.01
Ca

0.02
(Si

3.89
Al

0.11
)(Al

1.60
Mg

0.32
Fe

0.08
)

O
10

(OH)
2
) nH

2
O and cation-exchange capacity (CEC) 100

meq/100 g was used as starting material. Five grams mont-
morillonite was dispersed in 500 ml deionized water and
swelled for 1 day prior to the reaction with sol solutions.

A silica sol solution was prepared as previously reported
(24,25) by mixing silicon tetraethoxide (TEOS, Si(OC

2
H

5
)
4
),

2 N HCl, and ethanol in the ratio 41.6 g/10 ml/12 ml and
further by peptizing at room temperature for 2 h. Each metal
aqueous solution of 1.0 M was prepared by dissolving
Fe(NO

3
)
3
) 9H

2
O, Al(NO

3
)
3
) 9H

2
O, Cr(NO

3
)
3
) 6H

2
O, and

ZrOCl
2
) 8H

2
O in deionized water, respectively. Then the

aqueous solutions were added to the silica sol solution, fol-
lowed by the base titration with 0.2 N NaOH solution.
During the titration, the pH of mixed solutions was adjusted
to the desired values—2.7 for Fe3`, 2.5 for Al3`, 2.1 for
Cr3`, and 1.5 for Zr4`—to facilitate the oligomerization of
metal species on the silica sol surfaces and to avoid undesir-
able precipitation. In the cases of Al- and Cr-containing
mixed sol solutions, further oligomerization was carried out
at 80°C for 1 h prior to the ion-exchange reaction. The mixed
sol solutions thus prepared were mixed with the clay suspen-
sion in the molar ratio of Si/Mz`/CEC"50/5/1. Then the
mixture was reacted for 3 h under stirring at 60°C except for
the SiO

2
—ZrO

2
system, which was made at room temper-

ature for 12 h. The reaction products were separated by
centrifuging, washed with a mixed solution of ethanol and
water (1 :1 v/v) several times to remove the excess sol solu-
tions, and then dried in air. Finally, the samples were calcined
for 2 h in the temperature range 200&800°C under an
ambient atmosphere. The SiO

2
—Fe

2
O

3
, SiO

2
—Al

2
O

3
, SiO
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—

Cr
2
O

3
, and SiO

2
—ZrO

2
pillared montmorillonites produced

are abbreviated hereafter as SFM, SAM, SCM, and SZM,
respectively.

2. Characterization

Powder X-ray diffraction patterns were obtained for the
oriented samples using a diffractometer (SRA-M18XHF,
MAC Science Co.) with graphite monochromatized CuKa
radiation (j"1.5418 A_ ). The oriented samples were pre-
pared by spreading a small portion of wet samples on
a quartz glass slide before calcination. Thermogravimetry
(TG) analyses were performed with a Seiko 8071E1 ther-
mobalance by heating 50 mg at 5°C min~1 from 25 to 800°C
under an oxygen and nitrogen mixture gas stream with a 1:1
volume ratio (flow rate: 100 ml/min). Elemental analyses of
the pillared products were carried out by inductively coupled
plasma (ICP; Perkin Elmer Optima 3000), for which the
samples were fused with lithium metaborate at 900°C and
dissolved in 3% HNO

3
solution.

Nitrogen adsorption—desorption isotherms were measured
volumetrically at the liquid nitrogen temperature with a com-
puter-controlled measurement system. The samples were de-
gassed at 200°C for 3 h under a reduced atmosphere prior to
the sorption measurement. Specific surface areas of the pil-
lared samples were estimated from both BET and Langmuir
equations. Micropore volumes (»

.*#30-
) and surface areas

(S
.*#30-

) were calculated based on the t-plot method of nitro-
gen (29). A t curve for nonporous silica was used as a stan-
dard. Pore size distribution was calculated from the
adsorption branches by applying the micropore analysis
(MP) method (30). Adsorption—desorption isotherms for
some selected solvent vapors of different molecular sizes were
measured gravimetrically at 25°C with a Cahn balance. The
pillared samples were also degassed at 200°C for 3 h prior to
the sorption measurement.

To characterize the acidic property of the sol pillared clays,
temperature-programmed desorption (TPD) spectra of am-
monia were recorded for the samples calcined at 600°C by gas
chromatography with a thermal conductivity detector. About
200 mg of the sample was reheated at 400°C for 1 h in
a stream of helium and cooled to room temperature and
exposed to ammonia vapor (P

NH3
"1 atm) for 30 min, and

the excess ammonia was purged with a flow of helium at
room temperature for 5 h. The measurement was carried out
up to 550°C with a heating rate of 5°C/min and a helium flow
rate of 100 ml/min. TPD spectra of ammonia for H-ZSM-5
were also recorded to compare the acidic nature.

RESULTS

1. Pillaring of Mixed Metal Oxide Sols

Since the surface of the SiO
2

sol particle is negatively
charged in an acidic aqueous solution, it is necessary to
modify the surface charge positively for incorporation into
the negatively charged clay lattices. It was reported that
addition of a small amount of titania sol to silica sol solution
is sufficient to modify the surface charge of silica, leading to
intercalation of SiO

2
sol into clay (24). The metal cations used

in this study also form various types of polyhydroxy cations
in an acidic aqueous solution. The resulting polyhydroxy
cations would be easily deposited on the negatively charged
silica surface, giving rise to the positive silica sol particles.



FIG. 2. Basal spacings of sol pillared clays as a function of calcination
temperature.
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2. X-ray Diffraction Patterns

The mixed sol particles with a positive surface charge can
easily be intercalated into clay lattices as represented in
Fig. 1. The basal spacings of the samples calcined at 400°C
are in the range 40—58 As , suggesting the formation of ‘‘super-
gallery’’ pillared clays in which the gallery height is substan-
tially larger than the thickness of clay layers (&10 As ). In the
cases of SFM (a) and SZM (d), higher order reflection profiles
(at least second order) are clearly observed and are indicative
of the regular stacking of sol pillared layers. The diffraction
peaks of SAM (b) and SCM (c) exhibit relatively broad
(001) reflections centered at 57 and 47 A_ , respectively, indicat-
ing that the interlayer sol particles are stacked rather irregu-
larly.

The evolution of basal spacings of sol pillared clays is
plotted with respect to calcination temperature (Fig. 2). The
basal spacings are almost constant up to 500°C, even though
a slight decrease is observed depending on the pillar. All the
samples exhibit somewhat drastic changes in basal spacings
in the temperature range 500—600°C, which is due not only to
the dehydroxylation of silicate lattices, but also to the con-
traction of interlayer sol pillars. Even after calcination at
800°C, the fairly large basal spacings of 35—50 A_ are main-
tained, implying that the regularity of the two-dimensional
structures generated on pillaring of sol particles is fairly well
retained up to this temperature.
FIG. 1. X-ray diffraction patterns of mixed oxide sol pillared clays
calcined at 400°C for 2 h: (a) SFM, (b) SAM, (c) SCM, (d) SZM.
3. Thermal Analysis

The TG curves of the air-dried sol pillared samples are
shown in Fig. 3. The first step below 200°C can be attributed
to the loss of physisorbed water and loosely coordinated
water. The second step with continuous weight losses up to
FIG. 3. Thermogravimetry curves of air-dried sol pillared samples under
an ambient atmosphere: (a) SFM, (b) SAM, (c) SCM, (d) SZM.



FIG. 4. Nitrogen adsorption—desorption isotherms of mixed oxide sol
pillared clays calcined at 400°C for 2 h: (a) SFM, (b) SAM, (c) SCM, (d)
SZM.
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about 500°C is due to the dehydroxylation of OH groups
associated with interlayer pillars. And an additional weight
loss at around 600°C can be assigned to the dehydroxyla-
tion of silicate layers in the clays (31, 32).

4. Chemical Analysis

To evaluate the chemical composition of mixed oxide sol
particles intercalated, the pillared products were analyzed
by the ICP method as summarized in Table 1. Under the
assumption that the composition of starting Na-montmoril-
lonite is constant throughout the pillaring process, the
structural formula of the pillared products could be deter-
mined. In the calculation, the amounts of SiO

2
, Fe

2
O

3
, and

Al
2
O

3
coming from silicate layer itself were systematically

excluded. The resulting sol formula, (SiO
2
)
x
(MO)

y
, is shown

on the O
10

(OH)
2

anion basis of the clay. The pillar com-
positions are strongly dependent on the kinds of positive
metal species due to their different degrees of hydrolysis in
an aqueous solution and on the strength of interaction
between metal ion species and silica surface.

5. Nitrogen Adsorption—Desorption Isotherms

Figure 4 presents the nitrogen adsorption—desorption
isotherms of sol pillared samples calcined at 400°C for 2 h.
All the adsorption isotherms can be classified as Type I ac-
cording to the BDDT classification (29) at low relative
pressure, indicating that the pores formed in the sol pillared
clays are much smaller than the interlayer separations. On
the other hand, they exhibit hysteresis during desorption at
higher P/P

0
, due to the adsorption in the mesopores which

are derived mainly from the ‘‘house of cards’’ structure of
clay particles (29). The adsorption isotherms give a good fit
to the Langmuir equation (Type I) as well as the BET
equation (infinite number of adsorption layers), even though
a better fit is obtained with the BET equation for the limited
number of nitrogen adsorption layers. Only the adsorption
isotherm for SZM gives a better fit with the Langmuir
TABLE 1
Chemical Analysis Data for Mixed Metal Oxide Sol

Pillared Clays

Analytical results (mol%) Pillar compositionsa
Pillared
sample SiO

2
Fe

2
O

3
Al

2
O

3
Cr

2
O

3
ZrO

2
MgO (SiO

2
)
x

(MO)
y

x#y

SFM 76.0 11.2 10.8 — — — 8.19 0.90 9.09
SAM 75.3 — 21.1 — — 1.96 8.41 0.87 9.28
SCM 84.1 — 9.3 4.1 — — 11.6 0.38 12.0
SZM 77.4 — 13.1 — 6.5 — 6.24 0.84 7.08

aThe pillar compositions (x and y) are given in moles of [(SiO
2
)
x
(MO)

y
]

[(Si
3.89

Al
0.11

)(Al
1.60

Mg
0.32

Fe
0.08

)]O
10

(OH)
2

formula, where MO"Fe
2
O

3
,

Al
2
O

3
, Cr

2
O

3
, and ZrO

2
.

equation, suggesting that monolayer nitrogen adsorption
takes place due to restricted pore dimensions.

The pore parameters calculated from nitrogen adsorp-
tion—desorption isotherms are summarized in Table 2. It is
found that high BET surface areas of 320—720 m2/g and
pore volumes in the range 0.24—0.50 ml/g originate mainly
from micropores. In addition, it is worthy to note here that
the sol pillared clays show excellent thermal stability. To
compare quantitatively, we introduced arbitrarily a critical
stability temperature (CST) defined as the maximum heat-
ing temperature at which the surface area is maintained
more than 60% compared with the maximum one. In the
cases of SFM, SAM and SCM, more than 60% of the
TABLE 2
Specific Surface Areas and Pore Volumes of Sol Pillared Clays
Calcined at 400°C for 2 h and Critical Stability Temperatures

Surface Area (m2/g) Pore volume (ml/g)
Pillared Critical stability
sample BET S

.*#30-
a Total »

.*#30-
a temperatureb (°C)

SFM 722 468 0.50 0.27 700
SAM 654 472 0.44 0.27 700
SCM 412 267 0.32 0.15 700
SZM 317 203 0.24 0.11 500

aEstimated by t-plot method (29).
bTemperature at which the surface area is maintained more than 60%

compared with the maximum one of the sample.



FIG. 5. Pore volume distribution curves of sol pillared clays calcined at
400°C for 2 h; (a) SFM, (b) SAM, (c) SCM, (d) SZM.

FIG. 6. Solvent adsorption—desorption isotherms for SFM [(a) water,
(b) toluene, (c) mesitylene] and SZM [(d) toluene and mesitylene].
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maximum surface area is maintained even after calcining at
700°C, indicating the micropores generated between sol
particles are quite stable. The microporous structures of
these samples seem to collapse between 700 and 800°C. On
the other hand, SZM reveals comparatively low thermal
stability with a CST of 600°C.

Using the adsorption branches in Fig. 4, the pore size
distribution could be estimated by applying the MP method
(30) as plotted in Fig. 5. Despite the large basal spacings, the
pore volume increases mainly in the part of micropore
((20 A_ ) range of 9—13 A_ .

6. Solvent Adsorption Isotherms

Adsorption—desorption isotherms for some kinds of sol-
vents vapors of different molecular size are measured at
25°C. The isotherms for water, toluene, and mesitylene of
SFM are presented in Figs. 6a—6c, and those of SZM in Fig.
6d, respectively. The adsorption isotherms for large molecu-
les such as toluene and mesitylene fit well the Langmuir
linear plot, whereas those for smaller molecules (water) fit
the BET equation. This finding suggests that the pore size is
on the order of the largest molecular size examined in the
present study (&7.6 A_ for mesitylene). This is also in good
agreement with the fact that the nitrogen adsorption
isotherm fits the BET plot for a limited number of adsorp-
tion layers.
Typically it has been well known that water adsorption
on pillar surface is suppressed due to the hydrophobic
nature of the oxide pillar surface (33), as also found in the
present water adsorption study on SiO

2
—Fe

2
O

3
sol pillared

clay. Similar adsorption behavior is observed for other sol
pillared samples. The hysteresis of desorption branch ex-
tending to very low P/P

0
in toluene and mesitylene iso-

therms is associated with the ‘‘activated entry’’ of large
adsorbate molecules through fine pores (34).

According to the adsorption—desorption isotherms of tol-
uene and mesitylene for the SZM sample (Fig. 6d), the
amount of toluene adsorbed is twice larger than that of
mesitylene, suggesting that the pore size is on the order of
the molecular size of toluene (&6 A_ ). This is also well
consistent with the finding that the nitrogen adsorption
isotherm fits well the Langmuir equation for a monolayer
adsorption rather than the BET equation.

7. TPD Spectra of Ammonia

The TPD spectra of ammonia for mixed oxide sol pillared
clays calcined at 600°C are presented in Fig. 7. The ammo-
nia desorption spectrum of H-ZSM-5 is also overlain for
comparison. According to the previous literature (1—3), the
pillared clays contain both Br+nsted and Lewis acidic
sites. However, the former disappears rapidly when the
pretreatment temperature is higher than 400°C, which is



FIG. 7. Temperature-programmed-desorption spectra of ammonia for
sol pillared clays calcined at 600°C: (a) SFM, (b) SAM, (c) SCM, (d) SZM,
(e) H-ZSM-5.
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often attributed to a migration of protons on heating from
the interlayer space into the octahedral layer, where they
neutralize the negative layer charge. Thus, the desorption
peaks observed in Fig. 7 are associated mainly with Lewis
rather than Br+nsted acid centers. In Fig. 7, the strong
desorption peaks near 100°C can be assigned to the desorp-
tion of ammonia loosely bound to weak acidic sites or, in
part, to the surface-adsorbed water. The following weak
desorption peaks in the temperature range 200—350°C are
somewhat different in position and intensity according to
the samples, implying that the acidic nature of MO—SiO

2
sol pillared clays is dependent on the MO species on silica
sol surfaces, which provides a new way of controlling the
surface acidity of pillared clays. Compared with H-ZSM-5,
the present mixed oxide sol pillared clays can be character-
ized as weak acidic solids. In the case of SCM (c), an
additional desorption peak centered at 360°C is observed
due to the dissociation of ammonia from strong acidic
centers. Though the exact origin for this has not been fully
understood yet, it is likely that the strong acidic sites come
from the additional Cr

2
O

3
pillared phase (Fig. 1c, a weak

reflection at 10.3 A_ ), exhibiting a higher ammonia desorp-
tion peak than that of Al (320°C) (35).

DISCUSSION

1. Formation of Mixed Metal Oxide Sol Particles

The results discussed above strongly suggest that the
most important step to mixed oxide sol pillared clay is the
formation of well-developed mixed oxide sols before ion-
exchange reaction. Thus, the control of suitable preparation
conditions for mixed oxide sol solution is highly critical. The
metal cations used in this study form various types of
polyhydroxy cations depending on solution parameters
such as pH, concentration, temperature, kinds of counter-
anions, and aging condition. With an increase in pH, tem-
perature, and aging time, the hydrolysis reaction becomes
favorable, leading to an increase in the degree of polymeriz-
ation, the basal spacing, and eventually the surface area of
the pillared clay.

As reported previously (36, 37), the dissolution of iron
salts in water results initially in simple hydrolysis products
[FeOH2`, Fe(OH)`

2
, Fe

3
(OH)5`

4
, etc.], and further hy-

drolysis in the pH range 2—3 leads to the formation of
moderately polymerized iron species [Fe

x
(OH)z`

y
]. Since

the surface of silica particles has a negative charge in this pH
range, the Fe3` ions are deposited onto the silica surface
and then grow to polycation species by base titration. Such
modified silica sol particles have enough of a positive sur-
face charge to be intercalated between silicate layers and
seem quite uniform in size as reflected in a higher-order X-
ray diffraction pattern (Fig. 1a), which is due to the regular
stacking of interlayer sol particles of uniform size between
the layers.

From the aqueous chemistry of Al3`, highly polymerized
species of Al

13
O

4
(OH)

24
(H

2
O)7`

12
, which is usually used to

prepare the Al
2
O

3
pillared clays, can be prepared by adjust-

ing the solution pH to 4 with extended aging (38). In the
presence of silica sols, however, an increase in pH above 3 or
further hydrolysis leads to undesirable aluminosilicate gel
precipitation. Thus, the solution pH should be controlled
carefully to prevent undesirable precipitation and to facilit-
ate the oligomeriztion of Al species as well. Even though the
preparation conditions (pH&2.5 and 80°C for 1 h) used
in this work are not sufficient to obtain highly polymer-
ized species, some dimeric [Al

2
(OH)4`

2
] or trimeric

[Al
3
(OH)5`

4
] complexes might be formed on silica surfaces

to modify the surface charge from negative to positive. The
sol particles prepared, however, seem to have broader size
distribution as demonstrated in a broader X-ray diffraction
profile with an absence of long range ordering (Fig. 1b).

Small chromium oligomers, including dimers, trimers,
and tetramers, have been identified and isolated from solu-
tions at various pH values (10). The hydrolysis rates even for
small chromium oligomers are known to be exceptionally
low (35), and therefore, the hydrolysis rate was accelerated
by adding bases or aging at higher solution temperature,
but this often gives rise to unavoidable gel precipitation in
the presence of silica sol solution. In the present study, the
proper conditions for the formation of Cr-coated silica
particles without gel precipitation were found to be a solu-
tion pH of 3 and an aging temperature of 80°C (for 1 h).
Even under these conditions, however, the formation of
uniform Cr-coated silica particles is not always successful as
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shown in Fig. 1c, where only a broad (001) reflection can be
seen, indicating lower regularity of interlayer mixed sol
particles.

The dissolution of Zr(IV) salts in water is known to result
initially in tetrameric Zr

4
(OH)8`

8
. Further hydrolysis leads

to formation of a tetramer with the formula Zr
4
(OH)2`

14
and

eventually results in the precipitation of hydrous Zr(OH)
4
in

the pH range 2—2.5 (38). In the presence of silica sol solution,
however, the conditions for enhancing polymerization can-
not be applicable directly due to the unavoidable gel pre-
cipitation. Since the pH (1.5) used in the present study is not
sufficient to obtain highly polymerized Zr species, the size of
mixed sol particles and the amount of intercalated sols are
probably small, which results in shorter basal spacings with
lower specific surface areas. The tetrameric species,
Zr

4
(OH)8`

8
, exists solely in this pH domain without any

disturbance from other polymeric species, and therefore, the
Zr-coated silica particles must be uniform in size. It is
apparent from XRD result (Fig. 1d), suggesting well ordered
stacking of interlayer sol particles.

2. Structure of Oxide Sol Pillared Clays

As shown in Fig. 1, the resulting pillared clays have basal
spacings remarkably larger than those reported so far for
pillars with metal oxides. It is therefore assumed that the
large sol particles, corresponding to the pillar heights or the
multilayer stacking of small sol particles, are incorporated
into the interlayers of clay as previously reported (24,25).
However, the adsorption data exclude the possibility of the
former since most of the pores obtained are much smaller
than the interlayer distance. Therefore it is reasonable to
assume multilayer stacking of small sol particles where
micropores are formed among sol particles and silicate
layers as represented schematically in Fig. 8.

3. Thermal Stability of Oxide Sol Pillared Clays

Mixed oxide sol pillared clays of high porosity exhibit
excellent thermal stability, which is determined by the struc-
FIG. 8. Schematic structural model for mixed metal oxide sol particle
pillared clays.
tural stability of silicate lattices and pillar species (3). Al-
though decomposition of the structural OH groups in the
dioctahedral smectites occurs at around 600°C (Fig. 3), the
framework of the silicate layer can be made stable at higher
temperatures (&800°C) if the structural OH groups are
converted to O2~ ion by condensation with oxides or hy-
droxides between the silicate layers (31, 32). Then, collapse
of the pillared structure is attributed mainly to the sintering
of pillars and a total reaction between pillars and silicate
layers. In the present pillared clays, the formation of strong
covalent bonds between sol particles and the tetrahedral
layer of montmorillonite is primarily responsible for high
temperature stability, as is often observed in conventional
pillared clays (2, 3, 31, 32). In addition, a regular multistack-
ing of interlayer sol particles with high sintering resistance
increases the density of pillars within the interlayer space,
providing a high contact area with clay sheets, which gives
stability to the pillared structure.

It is well known that Cr-containing pillared clays are
poor in thermal stability mainly due to the air oxidation of
Cr3` to a more mobile Cr species like Cr6` (35). Although
we cannot provide straightforward evidence of the en-
hanced thermal stability of SiO

2
—Cr

2
O

3
sol pillared clay, it

is likely that the silica sol particles act mainly as strong
pillars to keep silicate layers apart. Moreover, Cr species
supported by silica particles seem to have an enhanced
oxidation resistance.

In the case of SZM, a substantially large interlayer separ-
ation (&25 A_ ) was observed even after calcining at 800°C
(Fig. 2), while the microporous structure characterized by
N

2
adsorption almost collapsed after heating above 600°C

(Table 2). As illustrated in Figs. 4—6, SZM has a compara-
tively smaller pore size than the others. Thus, partial sinter-
ing of pillars on heating may have a great influence on the
pore narrowing or blocking, which makes the adsorbate
molecules inaccessible to the pores due to the limited pore
size. However, the sintered sol particles still remain quite
ordered to some extent up to higher temperature, giving rise
to a distinct X-ray diffraction peak (Fig. 1d).

CONCLUSIONS

New mixed metal oxide sol pillared clays were prepared
successfully by ion exchange of Na` ions in montmorillon-
ite with SiO

2
—MO (MO"Fe

2
O

3
, Al

2
O

3
, Cr

2
O

3
, ZrO

2
) sol

particles. The oxide sol pillared clays exhibited remarkably
high BET surface areas (320—720 m2/g), pore volumes
(0.24—0.50 ml/g), basal spacing (40—60 A_ ), and excellent
thermal stability up to 700°C. According to the adsorption
data on nitrogen and solvent vapors, the pores formed are
hydrophobic and mostly micropores of 9—13 A_ . Based on
these findings, a model for multilayer stacked interlayer sol
particles is proposed where the interstices among sol par-
ticles and silicate layers act as micropores. Finally, TPD
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revealed that the microporous solids are weakly Lewis
acidic with different strengths depending on the pillar.
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