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CHEMISTRY

An acid-activated saponite has been used in the preparation of Al and Zr pillared acid-activated clays. The properties of this new
family of pillared clays (pillared acid-activated saponites, PAASs) have been compared to those of conventional pillared (non-
activated) saponites (PILSs). It is found that the acid treated materials incorporate less Al or Zr than the parent saponite, with the
most likely cause being the reduced cation exchange capacity of the matrix following acid-activation. Powder X-ray diffraction
suggests that Al PAASs are thermally more stable than the corresponding Zr PAASs. The acidity of the pillared materials (as
monitored by cyclohexylamine adsorption—desorption thermogravimetry studies) is related to the nature and to the amount of the
metal oxides incorporated between the sheets of the host clays. Catalytic data for the Bronsted catalysed dehydration of

pentan-1-ol is reported.

Introduction

The intercalation of smectite clays by hydroxy-metal
polycations results, after calcination at approximately 500 °C,
in the formation of so-called pillared clays (PILCs). When
compared to parent non-pillared clays such PILCs have been
demonstrated to possess improved thermal stability as well as
increased surface area and surface acidity.! As a result interest
has focused on PILCs as potential materials for a wide range
of applications: for example, as catalysts and adsorbents.?™®

In the context of potential uses of pillared clays, it has been
demonstrated that variation of the pillaring procedure’® can
affect the properties of the resulting pillared materials.
Furthermore, it is known that the nature of the clay also plays
a significant role in controlling, for example, the acidity of the
PILC.1*1% One approach to varying the nature of the matrix
is by acid-activation—this treatment is known to result in
materials with properties different to those of the parent clay,
e.g. increased surface area and higher acidity values.!''™!3
Furthermore, such acid-modified materials can be subsequently
pillared and the resulting pillared acid-activated clays (PAACs)
have improved chemical and physical properties compared to
those of conventional PILCs, including higher pore volume
and enhanced acidity.!#1¢

Several studies have focussed on the properties of pillared
saponites—particularly with alumina pillars.!”?! Recently,
however, we have reported on the pillaring of saponite with
zirconia®? or titania.?®> The thermal stability and acidity of the
pillared saponites which were obtained were shown to depend
strongly on the nature of the metal oxide located between the
layers.?? To date, however, no data related to the preparation
of pillared acid-activated saponites (PAASs) have been reported
in the literature. In previous work,?* we have fully characterized
an acid-activated natural saponite (based on a saponite avail-
able from the Source Clay Repository, Columbia, USA). In
this paper we examine the physico-chemical properties (e.g.
structure, acidity and catalytic performance) of the products
obtained after pillaring the acid-activated saponite with Al and
Zr. We compare these properties with those of conventional
pillared (non-activated) saponites.

Experimental section
Acid-activation of the saponite clay

The saponite clay was obtained from the Source Clay
Repository, Columbia, USA, and was used in its as-received

form. The clay contains tremolite as impurity. One purpose of
the study was to develop methods for the large-scale synthesis
of pillared materials and as a result no attempt was made to
remove this impurity. The method of acid activation has been
described in detail elsewhere.?* In summary, the clay was
slurried in a solution of distilled water and sulfuric acid at
90 °C for 16 h. Acid/clay (w/w) ratios between 0.1 and 0.4 were
used (dry clay/98% H,SO,).* The resulting acid-activated
clays were repeatedly washed with hot distilled water until
SO,% free and dried at 60 °C.

Exchange and pillaring of the acid-activated saponite

Al pillars. A constant solution/clay ratio  of
50 ml g~ (corresponding to an Al/clay ratio of 6 mmol g™ ?!)
was used for the Al exchange. Precursor pillared clays were
prepared by adding the acid-activated saponite to a stirred
solution of the pillaring reagent, previously aged for 1h at
80°C. The pillaring agent was prepared using aluminium
chlorhydrate solution (ACH) supplied by Albright and Wilson.
The resulting mixture was maintained at 80°C for a further
1 h and then cooled to room temperature by the addition of
cold distilled water. The mixture was filtered and repeatedly
washed with distilled water until free of C1~ ions (as tested by
AgNO;). These precursor pillared materials were air-dried at
room temperature. Samples were then calcined at 500 °C for
4 h in air to yield the final pillared material.

Zr pillars. A solution containing 9.66 g of zirconyl chloride
octahydrate in 250 ml of distilled water was aged with stirring
at 80°C for 1 h. A suspension of clay (2% by weight) was then
added (corresponding to 6 mmol of Zr per g of clay) and the
mixture stirred for 1 h at 80°C. The product was filtered and
repeatedly washed with distilled water. Samples where then
calcined at 500 °C for 4 h in air to yield the pillared material.

For both the Al and Zr samples a similar sample designation
is used. For example, 01Sa90Zr indicates that the saponite was
acid-activated at an acid/clay ratio of 0.1 at 90°C and
exchanged at 80 °C with Zr polycations followed by calcination
at 500 °C.

To confirm the effect of acid activation on the properties of
the pillared products, Al and Zr pillared saponite samples (i.e.
without prior acid-activation of the clay) were also prepared
using procedures similar to those for the acid-activated clays.
These materials are designated SaCaAl and SaCaZr.
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Characterization techniques

Elemental analysis was performed on a Camscan S4 scanning
electron microscope operating at 20 kV. The data were pro-
cessed through a ZAF4 program running on a Link 860 series
2 processor. Powder X-ray diffraction (PXRD) patterns were
recorded on a Philips PW 1710 diffractometer, with Ni-filtered
Cu-Ka radiation. Surface areas, pore volumes and pore size
distributions were obtained using a Micromeritics ASAP 2000
porosimeter. The samples were out-gassed under vacuum (ca.
1073 Torr) for 3 h at 200 °C prior to analysis.

Bronsted acidity (proton concentration) was determined
using  thermogravimetry (TG) and cyclohexylamine
adsorption—desorption measurements.”> TG was carried out
under dry nitrogen (25cm®min~!) at a heating rate of
10°C min~'. The weight loss which was observed between 290
and 420 °C was used to compute the acidity in terms of mmol
of cyclohexylamine desorbed. It was assumed that each
molecule of the base interacts with one protonic acid site.

Pyridine was used as a probe molecule to distinguish between
Bronsted and Lewis acid sites.?® Fourier transform IR (FTIR)
spectra of adsorbed pyridine were measured using a Nicolet
205 FTIR spectrometer. Approximately 40—-50 mg of material
that had been previously calcined in air for 4 h at 500°C was
pressed (for 2 min at 10 tonnes cm 2 pressure under approxi-
mately 1072 Torr vacuum) into a self-supporting wafer of
13 mm diameter. The wafer was further calcined under vacuum
(1073 Torr) at 500°C for 2h and then exposed to pyridine
vapour at ambient temperature. Whilst exposed to the pyridine
atmosphere the sample was further heated at 100 °C for 1 h to
allow the pyridine to permeate the sample. The wafer was
cooled to ambient temperature and evacuated for 1 h at various
temperatures between 100 and 500°C. Spectra were then
recorded at ambient temperature.

Catalytic activity was investigated using the dehydration of
pentan-1-ol. Similar reaction conditions to those previously
reported were chosen.!>2° As an example, 0.3 g of pillared clay
and 3 ml of pentan-1-ol were mixed in a stainless steel batch
reactor which was sealed and heated (without stirring) at 200
°C for 4 h. The reaction was subsequently stopped by immer-
sion of the reactors in ice. A Carlo Erba HRGC 5300 Mega
series gas chromatograph was used to analyse the products.

Results and discussion
Chemical analysis

Fig. 1 indicates the amount of Al and Zr [expressed as mmol
Al/Zr (g clay) '] exchanged into the raw and acid-activated
clays. The parent saponite (i.e. without acid activation) contains
the largest amount of intercalated Al or Zr. With increasing
extent of acid activation the amount of Al or Zr incorporated
decreases. It is likely that this decrease with increasing severity
of treatment is connected to the decrease in cation exchange
capacity of the clay during acid activation.!® Fig. 1 indicates
that the amount of Al incorporated into the acid-activated
saponites is higher than that of Zr. One contributing factor to
this difference may be the pH of the exchange solution—it is
significantly lower for the Zr solution and may lead to a
further acid activation and subsequently further decrease in
exchange capacity. It will also depend on the exact nuclearity
and charge of the exchanging polyoxocation.

Powder X-ray diffraction (PXRD)

Following exchange of the parent saponite with the Al poly-
oxocation an intense 001 reflection is observed at 19.30 A.
Similar spacings were also obtained for the acid-treated clays
although the intensity of the reflection decreases with the
degree of acid activation. Additional reflections due to the
tremolite impurity are still present in the PXRD. Fig. 2 shows
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Fig. 1 Evolution of the amount of Al and Zr incorporated as a
function of acid activation level
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Fig. 2 PXRD patterns of the Al pillared acid-activated saponites after
calcination at 500 °C

the PXRD patterns following calcination of the samples at 500
°C. The pillared materials still exhibit a sharp and intense 001
reflection, with a reduced d,,, spacing of 18.20 A. The slight
decrease in spacing compared to the precursor materials (from
19.30 to 18.20 A) results from the accompanying dehydroxyl-
ation of the hydroxy-Al polycations. Additional experiments
confirmed that for the Al pillared materials the layered struc-
ture was preserved for calcination temperatures up to 700 °C.?’
Only for the most acid-activated matrix (04Sa90Al) is there
no evidence for a reflection at 18.20 A.

For the Zr exchanged samples, the intensity and the spacing
of the 001 reflection were also related to the degree of acid
activation of the saponite. As for Al the intensity of the 001
reflection decreased as the level of acid-activation increased.
For clays acid activated at ratios 0.3 and 0.4 there is little
evidence for a d,y; reflection. For the other samples the d,
spacing decreases from 19.30 A (for the non-activated clay) to
17.50 A (for the sample activated at a ratio of 0.2). After
calcination of the precursors at 500 °C (Fig. 3) X-ray diffraction
confirmed that the layered structure for SaCaZr and 0.1Sa90Zr
was still preserved. Again there was a small decrease in spacing
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Fig. 3 PXRD patterns of the Zr pillared acid-activated saponites after
calcination at 500 °C

after calcination. For 0.2SaZr90 the 001 reflection became very
weak with most long-range structure lost and for 03Sa90Zr
and 04Sa90Zr little structure close to 17 A is seen in the pattern.

Previous studies have observed that the nature of the pillar
influences the thermal stability of the product.>*?® For Zr
PAASs the structure appears stable up to 500 °C, whereas for
Al PAASSs the structure is maintained following calcination at
700 °C. In the case of Zr PAASs the d,,, spacing decreases as
less Zr is incorporated. This, apparently, is not the case for Al,
where similar values are obtained irrespective of the amount
of Al intercalated.

Microporosity and surface area

The shape of the isotherm for SaCaAl (Fig. 4) most closely
follows that of type IV. The hysteresis loop is of type H3 in
the IUPAC classification and corresponds to materials that
possess slit-shaped pores between parallel layers.?® For the Al
pillared acid-activated saponites (the trace for 02Sa90Al is
representative and is shown in Fig. 5) the isotherms also
appears to be of type IV with a hysteresis loop similar to that
of SaCaAl. The volume of nitrogen adsorbed at high pressures
also increases for the pillared acid-activated matrix compared
to the pillared non-activated material.
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Fig. 4 Nitrogen adsorption (O)-desorption ([J) isotherms of Al-
pillared saponite (SaCaAl) calcined at 500 °C
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Fig. 5 Nitrogen adsorption (O)-desorption ([J) isotherms of Al-
pillared acid-activated saponite (02Sa90Al) calcined at 500 °C

Table 1 shows the total BET and micropore specific surface
areas and pore volumes as well as the average pore diameters
for the various Al containing samples—see ref. 30 for a full
discussion of the procedure. The surface areas are (except for
the 03Sa90Al and 04Sa90Al samples) higher than those of the
starting non-pillared clays. The surface area arising from the
presence of micropores decreases as the degree of acid acti-
vation increases such that the highest total and micropore
surface areas are obtained for SaCaAl (a trend which is
noticeably opposite to that for the clays prior to pillaring).
The average pore diameters for the samples vary between
approximately 20 and 30 A. Similar behaviour has been
reported for Al pillared acid-activated montmorillonites.*>-3°

Similar trends are seen in the case of Zr pillared materials.
The adsorption isotherm is comparable to the alumina case
(compare Fig. 5 and 6) although the desorption branch does
not close at low relative pressures. Similar observations have
been noted for a titanium pillared saponite.”> The specific
surface areas of the Zr pillared materials, like their Al counter-
parts, generally increase, compared to the non-pillared matrix,
as a result of pillaring (Table 1). The non-activated sample
SaCaZr material has the lowest specific surface area, with the
specific surface area and the specific micropore and pore
volume increasing with increasing acid treatment. The trends
differ, therefore, from the case with Al pillars and again may
reflect the effect of the lower pH of the exchange solution for
Zr, resulting in increased amounts of silica being present for
the Zr case. Comparable average pore diameter values to those
for Al are obtained.

Acidity characterisation

Bronsted acidity. Table 2 gives the numbers of Bronsted acid
sites for the Al and Zr pillared materials as measured using
cyclohexylamine as the probe molecule. The values are
expressed per weight of clay at 290 °C so as to exclude any
differences in the amount of physisorbed base or interlamellar
water. The acid sites measured by this method are those
accessible and strong enough to interact with the base, and it
is assumed that each molecule of the base interacts with one
protonic (Brensted) acid site.?>-3! The number of acid sites in
Al pillared clays is higher than that of the corresponding non-
pillared clays confirming that pillaring increases acidity.
SaCaAl has the highest number of Brensted sites (0.60 mmol
H™ per g of clay at 290°C): the numbers of Bronsted acid
sites then decreases for the pillared acid-activated materials.
The acidity of 04Sa90Al is relatively high compared to the
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Table 1 Specific surface areas and pore volumes of pillared materials after calcination at 500 °C

micropore average

surface micropore pore volume/ volume/ pore

sample area/m? g~ ! area/m> g~ ! mlg! mlg! diameter/A
SaCaAl 329(8) 262(1) 0.163(0.027) 0.103(—) 20
01Sa90A1 254(112) 142(23) 0.162(0.125) 0.060(0.01) 25
02Sa90A1 243(216) 106(81) 0.180(0.196) 0.042(0.034) 29
03Sa90Al 171(321) 85(137) 0.121(0.261) 0.035(0.048) 30
04Sa90A1 241(332) 60(137) 0.185(0.231) 0.026(0.057) 31
SaCaZr 190(8) 56(1) 0.120(0.027) 0.067(—) 25
01Sa90Zr 225(112) 73(23) 0.148(0.125) 0.087(0.01) 26
02Sa90Zr 236(216) 100(81) 0.173(0.196) 0.112(0.034) 28
03Sa90Zr 277(321) 139(137) 0.216(0.206) 0.163(0.048) 32
04Sa90Zr 338(332) 161(137) 0.234(0.231) 0.170(0.057) 29

Values in parentheses are the values of the starting acid-activated saponites calcined at 500 °C for 4 h. (—) Negligible.
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Fig. 6 Nitrogen adsorption (O)-desorption ([J) isotherms of Zr
pillared saponite (02Sa90Zr) calcined at 500 °C

Table 2 Acidity values and catalytic activity for pentan-1-ol dehy-
dration

mmol H* pentanol pentanol
per g of conversion, conversion,

samples pillared clays® non-pillared” pillared®
SaCaAl 0.60(0.20) 0 85(0.57)
01Sa90Al 0.51(0.45) 23 48(0.45)
02Sa90Al 0.57(0.46) 26 71(0.67)
03Sa90Al 0.43(0.35) 1 56(1.54)
04Sa90Al 0.32(0.09) — 12(9)
SaCaZr 0.58(0.20) 0 39(0.78)
01Sa90Zr 0.49(0.45) 23 25(0.68)
02Sa%90Zr 0.42(0.46) 26 23(1.01)
03Sa90Zr 0.36(0.36) 1 10(1.59)
04Sa90Zr 0.16(0.09) — 3.5(5.2)

“Values in parentheses correspond to acidity values of the starting
acid-activated saponites. ?After calcination at 500 °C for 4 h. “Values
in parentheses correspond to selectivity expressed as the molar ratio
of pentene: ethers. (—) Negligible.

clay matrix and may be related to Al adsorbed on the surface
of the amorphous silica phase. In the case of Zr pillared
materials, the presence of Zr increases the concentration of
protons for SaCaZr and 01Sa90Zr materials. The acidity then
decreases compared to the starting matrix. SaCaZr has the
highest concentration of protons (0.58 mmol H* per g) in the
series. This decline in apparent acidity for acid-activated
saponites may be related to the inaccessibility of the probe
molecule to the acidic sites—Fig. 2 confirms that the layered
structure is collapsed for an acid/clay ratio higher than 0.2.
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The Al pillared acid-activated saponites show higher acidity
compared to the Zr analogues, possibly as a result of the better
crystallinity of the Al materials. It has been previously reported
that in the case of montmorillonite clays acid activation can
result in an increase in the acidity of the resulting pillared
materials.!>32 In the case of saponite clays, however, acid
activation prior to pillaring decreases the acidity of the
resulting pillared clays.

Bronsted and Lewis acidity. The adsorption—desorption of
pyridine at different temperatures has been used to further
investigate the nature and strength of the acid sites present on
the pillared acid-activated saponites.

The FTIR of pyridine adsorbed on SaCaAl has been
previously reported.?? For SaCaAl a single Bronsted (B) acid
site (bands at 1547 and 1640 cm ') and two Lewis acid sites
(L1 at 1449 and 1612cm ™! and L2 at 1456 and 1621 cm™1!)
were identified. We have suggested elsewhere?? that the two
Lewis sites may be due to adsorption on the clay sheets and
the interlayer pillars. These two sites responded differently to
thermal treatment. At 300 °C or higher temperature, pyridine
bound to Bronsted sites has desorbed, and only the L2 sites
remained.

For the acid-activated clays prior to pillaring two types of
Lewis acid sites exist as the acid/clay ratio increases.?* (Fig. 7
illustrates the case for an acid:clay ratio of 0.2.) Above 300°C
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Fig.7 FTIR spectra of pyridine adsorbed on an acid-activated
saponite (0.2Sa90 sample) followed by outgassing at different tempera-
tures (°C). (B) and (L1, L2) correspond to pyridine bound to Bronsted
and two different types of Lewis site. (B+ L) corresponds to pyridine
bound to both types of acid sites (*). Peaks marked (O) result from
poor subtraction of the background spectra.



pyridine bound on Brensted sites is lost and pyridine remains
only on the L1 sites. After pillaring with Al polycations the
Bronsted acidity is not greatly modified, although there is an
apparent increase in the Lewis acid content, and especially
that associated with L2 sites. This is clearly the case above
300°C. (Fig. 8 illustrates the behaviour for the 02Sa90Al
sample.) FTIR of pyridine adsorbed on Zr pillared saponite
suggests similar Brensted acidity to the non-pillared acid-
treated clay as well as the Al pillared variant. For the Zr
pillared acid-activated clays, however, only one type of Lewis
site is evident (Fig. 9).2

The concentration of Brensted and Lewis acid sites
referenced to unit weight of sample (gy/umol g~!) has been
obtained according to the equation:?

‘IH:(AITERZ)/WEI (1)

where R (cm) is the radius of the wafer and w (g) is the weight
of the sample. Integrated absorbance values, A4;, were obtained
from the spectra after baseline optimisation at 1547 and
1456-1443 cm ™ 1; gy values were then determined using eqn. (1)
from A; data obtained at different temperatures, and ¢ values
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Fig. 8 FTIR spectra of pyridine adsorbed on Al-pillared acid-activated
saponite (0.2Sa90Al material) following by outgassing at different
temperatures (°C). Two different types of Lewis sites are present. (*)
see legend to Fig. 7.
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Fig.9 FTIR spectra of pyridine on Zr pillared acid-activated saponite

(0.2Sa90Zr) followed by outgassing at different temperatures (°C).
Only one type of Lewis acid site is detected.

relative to Bronsted and Lewis sites are 1.67 and
2.22 cm mmol ~!.3* The data for the different pillared clays are
presented in Table 3 and are based on measurements for
samples after outgassing at 200 °C (the temperature at which
catalytic testing was performed).

After pillaring with Al or Zr (Table 3), the Bronsted
concentration increases for the pillared material prepared from
the non-activated saponite. However, for the clays pillared
using the acid-activated saponites, the Bronsted concentration
does not differ significantly from the starting materials. The
number of Lewis acid sites is improved, however, after pillaring.
The highest Lewis concentration is obtained with SaCaAl. The
general trend would appear to follow the amount of either Al
or Zr introduced during pillaring. The relative proportion of
Bronsted to Lewis acidity is also presented in Table 3. The
ratio [B]/[L] is lower for the pillared clays compared to the
starting clays further indicating that the presence of alumina
or zirconia improves Lewis acidity compared with Breonsted
acidity.

Dehydration of pentan-1-ol

In the presence of acid sites pentan-1-ol is dehydrated to form
a mixture of products, with the major constituents being
pentene, 1,1-diethyl ether and 1,2-diethyl ether.?® Table 2 indi-
cates the percentage of pentan-1-ol conversion for the various
pillared clays. Values for the parent clay and acid-activated
clays without pillaring are also shown. The product selectivity
values are expressed as the molar ratio of pentene: ethers. The
presence of alumina in the pillared saponites improves the
pentan-1-ol conversion compared to the non-pillared variants
(Table 2), with SaCaAl being the most active. For the pillared
acid-activated saponites, dehydration reaches a maximum at
an acid/clay ratio of about 0.2, then decreases at an acid/clay
ratio of 0.4. These data are in good agreement with the
concentration of protons evaluated from the cyclohexylamine
desorption measurements except for the 04Sa90Al sample
which gave a relatively low conversion. The dehydration of
pentan-1-ol to ethers has been reported to be related to the
strength of the Bronsted acid sites on the surface of the catalyst.
The selectivity data in Table 2 indicate that SaCaAl has the
highest Bronsted acidity with low selectivity to pentene
formation.

In the case of Zr pillared clays Table 2 indicates that the
conversion of pentan-1-ol decreases as the acid activation level
of the clay increases. For the pillared acid-activated saponites,
however, the conversion is quite similar to the starting non-
pillared materials, and might suggest that some acid sites are
not accessible to pentan-1-ol, in agreement with the PXRD
data indicating collapse for 02Sa90Zr and 03Sa90Zr (Fig. 3).
The SaCaZr sample shows high selectivity to ethers, indicating
that the Bronsted acid sites are strong compared to those of
pillared acid-activated saponites. These data are in good
agreement with the acidity values calculated from the
adsorption—desorption of cyclohexylamine.

Overall the conversion by Al pillared acid-activated

Table 3 Concentration of Brensted (gz) and Lewis (qy) acid sites
(umol g 1) of pillared clays after outgassing under vacuum at 200 °C

sample qs qL [B]/[L]
SaCaAl 15(00) 122(—) 0.12(—)
0.1Sa90Al 15(16) 80(32) 0.19(0.50)
0.2Sa90Al 14(18) 83(50) 0.17(0.36)
0.35a90Al 12(12) 70(41) 0.17(0.29)
SaCaZr 19(00) 100(—) 0.19(—)
0.18a90Zr 17(16) 70(32) 0.24(0.50)
0.28a90Zr 20(18) 55(50) 0.36(0.36)
0.38a90Zr 15(12) 40(41) 0.38(0.29)

Values in parentheses correspond to the starting clays. (—) Neglible.
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saponites is higher than for the Zr materials suggesting that
the Al pillared materials are more acidic than the Zr samples.??
The higher crystallinity of the Al pillared materials is also
likely to improve the accessibility of the pentan-1-ol molecules
to the acid sites. No apparent trends in selectivity are observed.

Concluding remarks

It is known that the removal of some charge sites along with
the dissolution of the clay during acid activation decreases the
cation exchange capacity of a clay. This is reflected in the fact
that the amount of Al or Zr incorporated is lower in the acid-
activated saponites than for the parent saponite clay (Fig. 1).
The layered structure of Al pillared acid-activated saponites is
stable to about 700 °C whereas for Zr samples loss of structure
(as monitored by PXRD) occurs at 500 °C. Reasonably ordered
structures are obtained from mildly acid-activated saponites
with calcination temperatures below 500 °C.

The microtextural properties of the Al pillared acid-activated
saponites are different to those of the non-activated derivatives.
The specific area decreases with increasing levels of acid
activation, although pore volumes increase, reflecting the meso-
porous character of the pillared material obtained from the
acid-activated clays. The specific surface areas and pore vol-
umes of the Zr pillared materials, however, generally increase
with the level of acid activation of the clays.

The acidity calculated from the adsorption—desorption of
cyclohexylamine and pyridine indicates that pillared saponite
(SaCaAl or SaCaZr) is more acidic compared to the Al or Zr
pillared acid-activated saponites, with Al samples more acidic
compared to Zr analogues. In general, the pillared clays
obtained from acid-activated saponites show different proper-
ties than those obtained from pillared non-acid-activated
saponites. Overall, there is, however, little improvement in
terms of microtexture and acidity for pillared acid-activated
saponites. This is to be compared with pillared acid-activated
montmorillonites, where the pillared acid-activated clays have
higher surface areas and are more acidic than the non-
activated variants.
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