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Supercritical drying of SiO,-TiO,

sol-pillared clays
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The interlayers of montmorillonite clay were pillared with silica—titania sol particles by ion
exchange in aqueous solutions. The water in the pillared clay was substituted with ethanol
which was in turn extracted with CO, under supercritical conditions. This drying procedure
avoids the formation of liquid—vapour interfaces which give rise to shrinkage of the swelled
pillared structure. Highly porous structures with well developed card-house structures resuited.
The pore structure was investigated and compared with that of samples prepared by

conventional air-drying procedures.

1. Introduction

Montmorillonite is the commonest clay mineral of the
smectite group, the structure of which is composed of
stacked two-dimensional aluminosilicate layers. The
aluminium cations of the silicate layers are partially
substituted by lower valent cations such as Mg?* and
Fe?™, and the resulting net negative charges are balan-
ced with hydrated exchangeable cations located be-
tween the silicate layers. It is well known that various
kinds of polar organic molecules are intercalated into
the interlayer spaces of montmorillonite [1]. Most of
the intercalated layers, however, readily collapse if
these are lieated or evacuated, and non-polar mole-
cules which cannot have strong interactions with the
interlayer cations are not allowed to intercalate into
the interlayer space. In order to make the interlayer
spaces more open and more easily accessible to non-
polar as well as polar molecules, the silicate layers
have been pillared with ceramic oxides.

Pillared clays are prepared by exchanging the inter-
layer cations of montmorillonite with voluminous
hydroxy-metal cations such as [Al;30,(OH),,]""
[2,3] and [Zr,(OH),,]** [4] in aqueous media
[5, 6], which are then converted into the correspond-
ing oxide pillars between the silicate layers by calcin-
ation. Yamanaka et al. [7-9] have reported that oxide
sol particles such as TiO, and SiO,-TiO, can also be
directly intercalated by ion exchange, as long as the
particles are positively charged. The pore structures
formed between the silicate layers are controllable
over a wide range from micro- to mesopore regions by
pillaring with oxides with controlled particle sizes. The
chemical activity or affinity of the pores may also be
varied by using a variety of oxide pillars.

The ion exchange of the interlayer cations of mont-
morillonite with precursor cations for pillars is usually
carried out in aqueous media, and the samples separ-
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ated after the ion exchange are extremely swelled with
water. The swelled sample experiences remarkable
shrinkage during drying, as in the case of the drying of
aqueous gels formed by a solution—sol-gel route
[10, 117. The shrinkage of the gel is caused by the large
liquid—vapour interfacial (capillary) forces, which act
to disrupt the delicate microporous gel structure dur-
ing an evaporative drying procedure [2, 117. The por-
ous structures of the swelled pillared clays must also
be very different before and after the shrinkage on
drying.

Recently a new drying technique, supercritical
drying, has been developed in which the solvent in the
gel pores is substituted by a fluid with a relatively low
critical temperature, and the fluid is extracted super-
critically avoiding the formation of liquid-vapour
interfaces [12]. This technique has been successfully
applied to the preparation of highly porous and trans-
lucent silica aerogels from alcogel by using a supercri-
tical CO, fluid [13].

In this study, a similar supercritical drying tech-
nique is applied to the drying of SiO,-TiO, sol-
pillared clays, and the resulting pore structure has
been investigated in comparison with that of the
sample prepared by conventional air-drying
procedures.

2. Experimental procedure

2.1. Preparation of pillared clays

The clay used in this study was Na-montmorillonite
(Kunipia F) supplied from Kunimine Industrial Com-
pany, Japan, which is the same clay as used in pre-
vious studies [7, 9, 14]. Its structural formula was
determined to be (Nag 35K(.0:Cag.02) (SizgoAlyq)
(Aly goMgy 32Feg 05)010(OH), nH, 0, and its cation
exchange capacity was measured to be 100 meq per
100 g.
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The montmorillonite  was  pillared  with
silica—titania sol particles by the following ion-
exchange procedures. The titania sol solution was
prepared by the hydrolysis of titanium tetraisopro-
poxide, Ti(OC;H,), with INnHCI solution in a molar
ratio of HCI/Ti(OC;H,), = 4; the resulting precipit-
ate was peptized by further stirring at room temper-
ature. The silica sol solution was prepared by the
hydrolysis of silicon tetraethoxide, Si(OC,Hj;), by
adding 1NHC! solution and ethanol in a ratio of
Si{OC,H;),/INHCI/C,H;OH = 41.6 g/10 mi/12 ml.
The two sol solutions were mixed in a ratio of
TiO,/Si0, = 1/10. The silica sol particles with nega-
tive charges were changed into positively charged sol
by the addition of the titania sol solution, and became
exchangeable with the interlayer sodium cations of
montmorillonite [8,9, 14]. The exchange was per-
formed by mixing 1% montmorillonite suspension in
water with the silica—titania mixed-sol solution in
such a way that the molar ratio SiO,/TiO,/CEC
= 4/0.4/1, where CEC denotes the molar equivalent
of the cation exchange capacity of montmorillonite.
After the mixture was allowed to stand for 1.5 h under
stirring at 60°C, the pillared product was separated
and washed with water several times by centrifuga-
tion.

2.2. Supercritical drying

The washed and centrifuged products were rinsed with
ethanol three times by centrifugation in order to
replace the water in the product with the ethanol,
which was then extracted with supercritical fluid of
CO, under a pressure of 120 atm at 40°C. The CO,
was vented for S h. For comparison, a separate sample
of SiO,-TiO, pillared clay was similarly prepared and
air-dried at 60 °C. The samples thus prepared by the
two different drying procedures were calcined at
500°C for 3 h in air, and supplied for the following
analyses.

2.3. Analyses.

X-ray powder diffraction (XRD) patterns were meas-
ured by using graphite monochromatized NiKo radi-
ation. Chemical analyses of the pillared clay were
carried out by the atomic absorption method de-
scribed elsewhere [9]. An AUTOSORB 6 from Quan-
tachrome Corporation was used to measure N,
adsorption—desorption isotherms at liquid-nitrogen
temperature. An AUTOPORE 9200 from Micro-
metrics Instrument Corporation was used for mercury
penetration porosimetry. Scanning electron micro-
graphs (SEM) were taken on the samples sputter-
coated with 20-nm-thick Pt-Pd (90-10%). High-res-
olution electron microscope (HREM) images were
taken with a Jeol JEM-200C microscope on the pow-
der sample deposited onto a Cu microgrid.

3. Results

3.1. Chemical analysis

The chemical analysis data of the air-dried sample are
shown in Table I, together with those of the initial
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TABLE I Chemical analysis data of the pillared clay in com-
parison with those of the initial Na-montmorillonite calcined at
800°C

Na-montmorillonite Pillared clay

Si0, 66.3 74.1
AlLO, 24.5 143
MgO 2,01 1.17
Na,O 3.03 -
TiO, - 5.99
Total 95.84% 95.56%

Composition in atomic ratios on O;,(OH), anion basis:

Silicate layer

St 389 3.89
Al 0.11 0.11
ALY 1.60 1.60
Mg 032 032
Interlayer composition

Na 035 -
Si - 3.63
Ti - 0.46

Na-montmorillonite used. Both samples were ana-
lysed after calcination at 800 °C. The composition of
interlayer pillars was estimated by assuming that the
composition of the silicate layers of montmorillonite
was unchanged by the pillaring. The total silica con-
tent found in the pillared clay was divided and as-
signed to the silicate layer and interlayer pillar origins
as shown in Table I. The composition of the pillar is
very similar to that of the sol solution used for the ion
exchange, and about 90% of the sol used is taken up
by montmorilionite.

3.2. X-ray diffraction study

The XRD patterns of the samples prepared by the two
different drying procedures are compared in Fig. 1. In
the preparation of the air-dried sample for XRD
measurement, the wet pillared sample was spread on a
glass slide before drying so as to attain a preferred
orientation, and then calcined at 500 °C on the slide.
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Figure 1 XRD patterns of the two pillared clays calcined at 500 °C.
(a) Air-dried, (b) supereritically dried.



Figure 2 HREM micrographs of the two pillared clays. (a) Air-dried, (b) supercritically dried.

The XRD pattern clearly showed three integral refiec-
tion peaks for a basal spacing of 3.4 nm. For the XRD
measurement of the supercritically dried (SCD)
sample, the dried and calcined sample was filled in a
cavity of a glass slide. The latter sample was therefore,
more randomly oriented, and showed only a weak
shoulder reflection, corresponding to a basal spacing
of about 10 nm and a broad reflection peak for a
smaller basal spacing of 1.2 nm. Since the thickness of
the silicate layer itself is 0.96 nm, the appearance of the
small spacing can be explained in terms of the occur-
rence of a partial collapse in the pillared structure
during the drying. The two samples compared in
Fig. 1 do not have similar orientation and thus cannot
be compared in a simple manner. However, it appears
that the SCD sample has a much larger basal spacing
than the air-dried sample.

HREM photographs were taken of the powder
samples deposited on the microgrid of an electron
microscope. Fig. 2 shows typical HREM images meas-
ured on the edges of the powder samples. Silicate
layers running in parallel along the edge were ob-
served in the images, where the silicate layers of the
pillared clays might be curved in such a way that the
electron beam of incidence was parallel to the silicate
sheets. As marked in the micrographs, the separations
of the silicate layers observed almost corresponds to
the basal spacings obtained by the above XRD study.
The SCD sample has a tendency to have larger basal
spacings than the air-dried sample.

3.3. Nitrogen adsorption

The nitrogen adsorption—desorption isotherms for the
two samples calcined at 500 °C are compared in Fig. 3.
The adsorption isotherm of the air-dried sample is
characterized as type 1 or type 1, with a restricted
number of nitrogen adsorption layers. This indicates
that most of the pores formed in the air-dried sample
are in a micro- to small mesopore region. The SCD
sample also has a similar adsorption isotherm in the
lower pressure region, but the isotherm rises steeply in
the higher pressure region due to a capillary con-
densation. This suggests that the SCD sample contains
a wide range of meso- as well as micropores. Another
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Figure 3 Nitrogen adsorption—desorption isotherms for the two
pillared clays calcined at 500°C. (a) Air-dried, (b) supercritically
dried; O, adsorption; @, desorption.

characteristic feature of the SCD sample is to show
little hysteresis for desorption. The pores in the SCD
sample must be very open and have a small number of
ink-bottle type necks. The BET surface areas for
nitrogen were determined to be 325 and 459 m?g !
for the air-dried and the SCD samples, respectively.
The pore-size distributions of the two samples were
calculated on the basis of the respective adsorption
branches and the procedures developed by Barrett et
al. [157, which are shown in Fig. 4. The curves indicate
that the SCD sample has a broader pore-size distribu-
tion over a wide pore-size range, although the two
samples compared have similar distributions in a
pore-size range smaller than 2 nm in radius.

3.4. Mercury porosimetry
Pore-size distributions in the region larger than about
10 nm in diameter were analysed by mercury intrusion
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Figure 4 Pore-size distribution of the pillared clays calculated on
the basis of the adsorption isotherms shown in Fig. 3. (a) Air-dried,
(b) supercritically dried.
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Figure 5 Pore-volume distributions of the two pillared clays meas-
ured by a mercury porosimeter. (a) Air-dried (dotted line), (b)
supercritically dried (solid line).

TABLE II Pore volumes (porositics) measured by nitrogen
adsorption and the mercury porosimetry

Drying procedure Nitrogen adsorption Mercury
(mlg™1) porosimetry
(mlg™1)
Supercritical 1.06 9.82
drying
Air drying 0.19 0.098

measurements. The pore volumes measured for the
two samples are shown in Fig. 5 as a function of pore
diameter. It is clearly shown that the air-dried sample
has few macropores, while the SCD sample has an
extremely large pore volume of 9.8 mlg™!, the most
part of which comes from the pores ranging from
5-0.5 pm in diameter. The total pore volumes meas-
ured by the nitrogen adsorption study and the mer-
cury porosimetry are summarized in Table II. It is
interesting to note that the total mercury intrusion
volume for the air-dried sample is only 1% of that for
the SCD sample.

3.5. Scanning electron microscopy
Fig. 6 shows SEM photographs of the two dried
samples. It is clearly shown that the SCD sample has a
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Figure 6 SEM photographs of the two pillared clays. (a) Air-dried,
(b) supercritically dried.

well developed card-house structure, and macropores
are constructed by thin silicate sheet walls. From the
photograph, it is also seen that most of the pores are
approximately of 3-0.3 um in diameter, in accordance
with the data given by the above mercury porosime-
try. In contrast to the SCD sample, in the air-dried
sample the silicate layers are stacked on each other in
a more regular manner, and only a small number of
large pores are observed.

4. Discussion

As discussed elsewhere [8, 9], in the SiO,-TiO, sol-
pillared clays, the sol particles are intercalated and
packed in multilayers between the silicate layers, so as
to give a greater increase in the basal spacing. As a
result, pores much smaller than the increment of the
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Figure 7 Schematic structural model of the pillared clay, supercritically dried sample.

basal spacing are formed in the spaces surrounded by
the small, packed sol particles and the silicate layers of
the clay. The pores measured by the nitrogen adsorp-
tion study are mainly attributed to such pores between
the silicate layers. The formation of those pores, espe-
cially micropores, would not be much influenced by
the drying method, as seen from the pore-size distribu-
tion curves in Fig. 4.

The macropores which were measured by mercury
intrusion had been filled with water before drying. The
macropores would disappear in a conventional eva-
porative drying procedure, because the strong inter-
facial forces between the swelled silicate layers lead to
collapse of the pores on evaporation of the water. In
the supercritical drying procedure, however, the water
occupying the macropores is replaced with alcohol
and then with a supercritical CO, fluid. In this case,
the formation of liquid—vapour interfaces is avoidable
and the delicate card-house structure constructed by
the pillared silicate layer can be preserved during
drying. The pore-volume data given in Table II show
that the macropores shrink even to 1% of the original
volume on air drying. From a different point of view, it
is interesting to note that the sol-pillared clay is in an
extraordinarily swelled phase before drying.

A schematic structural model showing the dual-
pore structure of the SCD sample is shown in Fig. 7.
The micro- and mesopores are located in between the
loosely packed sol particles in the interlayer space of
the pillared layers. The macropores are included in the
highly porous card-house structure developed by the
connection of the pillared layers.
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