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An iron-rich saponite, variety griffithite, from Griffith Park, California, USA, has been pillared with hydroxy-aluminium

oligomers, giving rise to very crystalline layered solids with basal spacings of 17.4–17.7 å and specific surface areas of 233–293 m2/g.

The catalytic performance of these pillared solids, and also of the natural griffithite, all after calcination at 773 K, in the

dehydrogenation of ethylbenzene was evaluated. The catalytic behaviour strongly depends on the acid properties developed in the

solids by the pillaring treatment.
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1. Introduction

Pillared interlayered clays (PILCs) are one of the
most studied families of the new microporous mate-
rials developed by molecular engineering. They are
synthesized by means of a multi-step process involving
the exchange of the cations that compensate the
charge in natural or synthetic smectitic clays by bulky
inorganic polyoxocations, and the later stabilization of
the intercalated solids thus generated by calcination.
The first step produces a remarkable increase in the
basal spacing of the clays because of the higher size of
the inorganic polyoxocations compared with that of
the compensating alkaline or alkaline-earth cations,
while calcination transforms the intercalated polyca-
tions into metal oxide clusters by dehydration and
dehydroxylation processes. These metal oxide clusters
are usually referred to as the pillars; they are inserted
between the clay layers and maintain them apart for a
relatively large distance, avoiding their collapse and
creating a porous network of molecular range
dimensions. This process can be viewed in a different
way, the aggregation of the metal oxide clusters being
avoided by the presence of the clay layers, generating
an ultradisperse hydroxy-metallic phase of the inter-
calating species [1–8].

The properties of the pillared clays can be tailored by
controlling the parameters involved in the synthesis,
such as the starting clay, the intercalating species, the
intercalation solution and procedure, as well as the
drying and calcination conditions. Solids with basal
spacing of 18 å, thermal stability up to 973 K and high
specific surface area of about 400 m2/g can be prepared.

Aluminium-pillared clays have been largely docu-
mented, the polycation [Al13O4(OH)24(H2O)12]

7+, usu-
ally known as Al13, is easily obtained and well known,
its intercalation on clays is standarized and easily
reproducible. Montmorillonite and saponite are the
clays usually pillared, other smectitic clays, such as
hectorite and beidellite, are scarcely used. Pillaring with
polycations of Si(IV), Ti(IV), Zr(IV), Cr(III), Fe(III) or
Ga(III), has also been reported [1–8].

Styrene is an important chemical, used for the pro-
duction of styrene polymers and copolymers. The feed-
stock for all commercial styrene manufacture is
ethylbenzene. This is converted to a crude styrene that
requires finishing to separate out the pure product.
Direct dehydrogenation of ethylbenzene accounts for
85% of commercial styrene production. The reaction is
carried out in the gas-phase with steam over a catalyst
consisting primarily of iron oxide. The reaction is
endothermic, and can be accomplished with the reactor
operating either adiabatically or isothermally, and both
methods are used in practice [9]. The use of many cat-
alysts, which mainly consist of Fe and K oxides con-
taining one or more promoters (Mg, Ce, Cr, Mo, V, Ca),
and acid solids such as zeolites and metal phosphates,
has been reported. There is a continuous search for
more efficient catalysts and reaction conditions; some of
the new catalysts formulations proposed also involving
iron oxides [10–24].

We have recently reported the use of a saponite inter-
calated with hydroxy-aluminium–chromium polycations
as catalyst for this reaction. It was found that unpillared
saponite and alumina-pillared saponite exhibited almost
exclusively dehydrogenation activity, whereas the pres-
ence of chromia induced cracking activity and reduced the
selectivity to styrene [25]. In the present paper, we report
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on the evaluation of a saponite with a high Fe2+/3+

content in its octahedral sheets, both unpillared and
pillared with aluminium-polycations, in the gas-phase
ethylbenzene dehydrogenation.

2. Experimental

2.1. Preparation of the catalysts

The particle size fraction below 2 lm of griffithite
(Griffith Park deposit, California, USA, supplied by
Minerals Unlimited), was used as starting material. This
fraction was obtained by aqueous decantation of the
original basaltic rock. Its chemical composition,
expressed as metal oxides percentage, is: SiO2: 44.02;
Al2O3: 7.35; MgO: 12.45; Fe2O3: 13.38; MnO: 0.48;
TiO2: 0.28; CaO: 3.68; Na2O: 0.70 and K2O: 0.09, and
loss by ignition 17.09%, while its cation-exchange
capacity (CEC) was 86 mEq/100g.

Griffithite was intercalated with aluminium oligo-
meric solutions obtained by careful hydrolysis of an
AlCl3�6H2O (Panreac, PA) solution with 1 M NaOH.
The OH)/Al3+ ratio and final pH were 2.2 and 4.1,
respectively. Under these experimental conditions, most
aluminium does polymerise to [Al13 O4 (OH)24
(H2O)12]

7+, but other aluminium species also exist in
solution [26]. The intercalating solutions were main-
tained at room temperature for 24 h and added to
recently prepared (24 h before) suspensions of 6.0 g of
the clay in 550 cm3 of water, and stirred for 24 h. Three
Al/clay ratios were considered, namely, 2.5, 5.0 and
7.5 mmol Al per gram of clay. Then, the solids were
centrifuged, washed by dialysis until being free of
chloride (Ag+ test), and dried at 333 K to give the
intercalated clays. Finally, calcination at 773 K for 4 h
of the intercalated solids (heating rate of 1 K/min from
room temperature up to 773 K), gave the pillared clays,
which are designated as PGR-number, the number
indicating the intercalation Al/clay ratio used. The
unpillared clay, also calcined at 773 K, is designated
as GR.

2.2. Characterization techniques

Elemental analyses of the solids were carried out by
plasma emission spectroscopy, using a Perkin–Elmer
emission spectrometer, model Plasma II. Previously, the
solids were digested under pressure, in a nitric-hydro-
fluoric acid mixture, in a PTFE autoclave.

X-ray powder diffraction patterns were obtained on a
Siemens D-500 diffractometer at 40 kV and 30 mA with
filtered Cu Ka radiation. The equipment was connected
to a DACO-MP microprocessor and used Diffract-AT
software.

Specific surface areas were determined from the cor-
responding nitrogen isotherms at 77 K, obtained from a
Micromeritics ASAP 2010 analyser, after outgassing the

samples at 383 K for 8 h to a residual pressure of
10)5 mm Hg.

The total acidity of the samples was determined by
temperature programmed desorption (TPD) of ammo-
nia. Before the adsorption of ammonia at 373 K, the
samples were heated at 673 K in He flow. The TPD of
ammonia was determined between 373 and 673 K at
10 K/min, by on-line gas chromatography (Shimadzu
GC-14A) using a thermal conductivity detector.

Ethylbenzene dehydrogenation was carried out in a
tubular (6 mm i.d.) fixed-bed Pyrex glass reactor at
atmospheric pressure. The reactor feed consisted of a
nitrogen stream saturated with ethylbenzene (1 vol %,
Riedel-de-Haën 99%). Prior to the reaction, the catalysts
were treated under nitrogen flow for 30 min at 673 K.
Ethylbenzene dehydrogenation reaction was performed
at 673 K and W/Q ratio of 6.67 · 10)3 gcat. min/cm3.
On-line analysis of the product stream was performed
on a Perkin Elmer Autosystem XL gas chromatograph
equipped with a Carbowax 20M column connected to a
FID for hydrocarbon analyses. Selectivities were defined
as the mole fraction of the reacted ethylbenzene that was
converted into a given product.

3. Results and discussion

We have previously reported on the characterisa-
tion of natural griffithite, studying its acid activation
[27,28], and its aluminium-pillaring [29,30]. The frac-
tion below 2 lm was very pure, and from its chemical
composition given above the following structural for-
mula of the clay, on the basis of 22 oxygen atoms,
was calculated: [Si6.92 Al1.08] [Mg2.92 Fe1.58 Al0.28
Mn0.06 Ti0.04] O20 (OH)4 [Ca0.62 Na0.20 K0.04]. It may
be noticed that all iron is expressed in the chemical
composition as Fe(III), but for a specific study on the
reducibility of iron and pillaring ability of the reduced
solids, we submitted a new fraction of this clay to
chemical analysis, including Fe(II) and Fe(III) analy-
sis, and it was found that ca. 11% of iron was as
Fe(II) [31] (more complete results on Fe(II)/Fe(III)
ratios for this sample have been reported by Komadel
et al. [32], studying several fractions with different
particle size).

As deduced from the structural formula of the
starting clay, Fe cations occupy about a third of the
octahedral positions, and the Mg/Fe ratio is 1.85;
therefore, griffithite is a high iron content saponite.
Fe(III) is reducible, although not as easily as in
nontronite, when treating it with inorganic reducing
agents as hydrazonium sulphate and sodium dithionite
[31,32]. The presence of both Fe2+ and Fe3+ in the
octahedral clay sheets, together with other physico-
chemical properties developed by the pillaring process,
make these solids very interesting as potential catalysts
for the ethylbenzene dehydrogenation reaction.
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The intercalation and pillaring processes were suc-
cessfully accomplished in all cases. The X-ray diffraction
patterns of the solids are shown in figure 1. The basal
spacing of natural griffithite, 14.93 å, increased to about
18.8 å for the intercalated solids, which accords with the
intercalation of Al13 polycations with their major axis
perpendicular to the clay layers, the basal spacing slowly
decreasing upon calcination (see table 1). The full widths
at half maximum, fwhm index, adopted values of
0.53–0.65 (2h�) for the intercalated and pillared solids,
indicating that they are highly ordered; the natural
sample was also very crystalline (fwhm index of 0.469).
Very similar results were obtained for the three Al/clay
ratios considered, the fwhm indexes being always higher
for the intercalated solids than for the pillared ones. It is
well known that the crystallinity of the intercalated and
pillared solids depends on that of the starting clay; the
very high crystallinity of griffithite contributes then to
the ordering of the synthesised solids.

The intercalation process gave rise to the fixation of
about 9–11% Al2O3. The fixed amounts referred to
water-free solids, and using the Si content of the natural
clay as internal reference, are given in table 1 (it may be
considered that no removal of SiO2 from the clay takes
place during intercalation). The amount of Al2O3 fixed,
although similar for the several samples, slightly
decreases as the Al/clay ratio increases, especially in
PGR-7.5 solid. Under the assumption that all Al is fixed

in the form of Al13 units, the numbers in table 1 are
equivalent to 0.121–0.148 Al13 oligomers per unit cell,
that is, one Al13 is shared by 6.8–8.3 cells. These values
are relatively close to the maximum amount of Al13
polycations (one Al13 per 5.9 cells) that can be hosted in
the interlayer region of smectites owing to steric
constraints [33].

Other characterisation techniques, such as FT-IR
spectroscopy or thermal analysis, showed for these sol-
ids the usual behaviour of intercalated and pillared
solids. On the other hand, the specific surface areas of
the intercalated solids (table 1) reached values very
similar for the three solids and close to 300 m2/g (35 m2/
g for natural griffithite). For PGR-2.5 and PGR-5.0
samples, a decrease in the surface area by about 20%
was observed on calcining, as usually reported for this
step of the preparation procedure, although in sample
PGR-7.5 it remains almost constant during calcination.
This suggests that, in this sample, pillars are distributed
in a very homogeneous way, probably by differences in
the composition of the oligomeric solutions, which may
be provoked by small differences in the polymerisation
conditions, induced by the higher concentration of Al in
this solution. The specific surface area of the pillared
solids here reported is lower than the values reported for
some synthetic saponites [34], but is in accordance with
the ones reported for highly pure and highly crystalline
natural clays when properly pillared.

The total amount of ammonia desorbed is high for
the pillared clays, with values ranging between 474 and
685 lmol/g (see table 1). In contrast, natural saponite
exhibits a comparatively low total acidity, 110 lmol/g.
Pyridine adsorption indicates that almost all acid sites
are of Lewis type [29]. These results indicate that the
formation of alumina pillars between the clay layers
enhances considerably the total acidity.

To sum up, as revealed by the physicochemical
characterisation, pillared griffithite catalysts are layered
solids with high basal spacing of ca. 17.5 å, high surface
area between 230–290 m2/g, thermally stable and with
high total acidity between 474 and 685 lmolNH_3/g, with
the presence of Fe2+/Fe3+ in the octahedral clay sheets.

The overall ethylbenzene conversion was low when
using natural griffithite, about 2%, whereas values close

Figure 1. XRD patterns of the samples indicated.

Table 1

Chemical analyses (main elements, water-free composition, wt%) and physicochemical properties of the samples indicated

Sample SiO2 Al2O3 Al2O3
a MgO MgO Fe2O3 d(001)b(Å) ScBET (m2/g) TPDNH3

(lmolNH3
/g)

GR* 53.21 8.88 8.88 15.05 16.17 14.93 35 110

PGR-2.5 48.36 17.96 19.76 13.69 16.13 17.42 (18.70) 255(306) 605

PGR-5.0 47.89 17.35 19.28 14.31 16.61 17.58 (18.87) 233(299) 685

PGR-7.5 49.74 16.65 17.81 13.65 16.31 17.73 (18.89) 293(294) 474

*Basal spacing and BET specific surface area correspond to the natural sample, although it was calcined at 773 K before using it as catalyst.
aNormalised to the SiO2 content in natural griffithite.
bIn parentheses, the basal spacing of the intercalated solids.
cIn parentheses, the surface area of the intercalated solids.
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to 10% after 20 min on-stream were reached over the
pillared solids. The reaction products detected by gas
chromatography were styrene and benzene, which
resulted from ethylbenzene dehydrogenation and
cracking, respectively.

The evolution with time-on-stream of the selectivities
to the reaction products yielded by the various catalysts
is shown in figures 2 and 3, respectively. Unpillared
griffithite exhibits the highest selectivity to styrene out of
all the samples considered in this study, achieving 100%
selectivity to this product after 20 min on-stream at the
chosen operating conditions, although this result may be
significantly affected by the very low ethylbenzene con-
version. In the case of the pillared solids, the selectivity to
styrene continuously increases with time-on-stream; this
effect being more noticeable for the griffithite sample
intercalated with the highest Al/clay ratio (PGR-7.5).

The catalytic behaviour of pillared clay solids can
be due to a combination of some factors. Several
authors have reported that cracking and dehydroge-
nation activities may be related to the presence of
Brönsted and Lewis acid sites [35–37]. It is well known

that the intercalation and pillaring of smectitic clays
give rise to new acid sites, which provide the pillared
solids with an additional acidity with respect to that of
the starting clay [3]. Saponites have a relatively large
Brönsted acidity because of their significant Al for Si
isomorphous substitutions in the tetrahedral sheets.
Therefore, pillaring with Al-polycations gives rise to
the formation of both Brönsted and Lewis acid sites,
in our solids, Lewis sites are predominant. On the
other hand, the redox properties of the iron cations in
the octahedral sheets may also influence strongly the
catalytic behaviour of the pillared griffithite solids. All
the solids presented in this work have the same Fe
content, only affected by the amounts of Al fixed
during pillaring. Taking into account that Fe is
exclusively located in the octahedral positions of the
clay layers, its accessibility is similar for the three
pillared solids, and lower for the unpillared solid.
Thus, the fact that the conversion achieved by the
unpillared clay was noticeably lower than that
achieved by the pillared solids seems in according with
the characterization results.

Creation of acidity in our solids is undoubtedly
related to pillaring, acidity of pillared solids is 4–6 times
higher than that of natural clay. It can be established
that total acidity directly depends on the number of
pillars, that is, on the amount of Al fixed, and it may be
proposed that the activity is governed not by the con-
centration of the acid sites, but for their strength and
accessibility. The accessibility being very affected by the
homogeneity/heterogeneity in the distribution of the
pillars. Although this is rather difficult to be compared
in these solids, PGR-7.5 sample seems to be, as dis-
cussed previously, the more homogeneously pillared
solid in the series.

The catalytic results suggest that a relation exists
between the acidity of the solids and the reaction
selectivity (see table 1). Textural properties, surface
area and porosity, may have a small influence in the
catalytic activity of these samples. The three pillared
solids have very similar basal spacing and surface area
values. Besides, the chemical composition is also simi-
lar, including the Fe2O3 content and the amount of
Al2O3 fixed during intercalation. For the solids with
low acidity (GR and PGR-7.5), the initial significant
cracking activity rapidly decreased, indicating a fast
deactivation of the active sites, while simultaneously,
dehydrogenation activity rapidly increased with time-
on-stream. For the samples with higher acidity (PGR-
2.5 and PGR-5.0), the initial cracking activity decreases
slowly, with a parallel increase of the dehydrogenation
activity. This trend may be only explained on the basis
of the acidity of the solids. At this respect, total acidity
of the solids, determined by ammonia-TPD is given in
table 1, and the acidity for three temperature intervals
(373–473, 473–573 and 573–673 K) is presented in
figure 4. Looking at the distribution of this acidity with

Figure 2. Evolution of the selectivity to styrene with time-on-stream

for the conversion of ethylbenzene at 673 K over the catalysts

indicated.

Figure 3. Evolution of the selectivity to benzene with time-on-stream

for the conversion of ethylbenzene at 673 K over the catalysts

indicated.
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the temperature, ’volcano’-like curves are obtained,
acidity in the intermediate interval of temperature,
473–573 K, is the highest one, being even twice higher
than in the 373–473 and 573–673 K intervals. Com-
paring with the selectivity trends observed, balancing
between redox and acid sites may be considered.
Unpillared griffithite has a total selectivity to styrene
almost from the beginning of the reaction, the low
acidity of this sample allows that the dehydrogenation
reaction predominates. PGR-2.5 and PGR-5.0 samples
show benzene as predominant product, selectivity to
styrene increasing very slowly. PGR-7.5 show initially a
high selectivity to benzene, but acid active sites are
rapidly deactivated thus increasing the formation of
styrene. The only unresolved question is the acidity
difference between PGR-7.5 and the other two pillared
catalysts, about 20–30%, difficult to be explained con-
sidering the similarity of their synthesis. Looking at the
chemical composition of the solids, Al2O3 content
seems similar for the three pillared solids. However, if
the Al2O3 fixed during pillaring is calculated, after the
subtraction of the Al2O3 content in the natural grif-
fithite and normalising the amount fixed to the SiO2

content in the griffithite, considered as an internal ref-
erence because it is expected to remain constant during
pillaring, it is calculated that PGR-7.5 sample fixed
8.93% Al2O3, about 20% less than PGR-2.5 and PGR-
5.0 samples (see table 1). This is parallel to the total
concentration of acid sites in the solids, and is also in
agreement with the better ordering in this solid, prob-
ably because of a better polymerisation of Al3+, even if
differences in the synthesis are very low.

4. Conclusions

Pillaring of a high-iron content saponite (griffithite)
with hydroxy-aluminium oligomers gave rise to stable
layered solids with basal spacing of 17.4–17.7 Å, and
specific surface area of 233–293 m2/g. The results of
the ethylbenzene conversion at 673 K revealed that the

unpillared griffithite exhibited almost exclusively dehy-
drogenation activity, whereas the pillaring process with
hydroxy-aluminium oligomers induced cracking activity
and reduced the selectivity to styrene. The overall cat-
alytic performance was conditioned by the acidic prop-
erties of the solids, strength and nature.
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