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Dehydrogenation of ethylbenzene on alumina–chromia-pillared
saponites
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A natural saponite was intercalated and pillared with hydroxy-aluminium–chromium oligomers. The intercalation solutions were char-
acterized by visible spectroscopy and the pillared saponites mainly by chemical analyses, X-ray diffraction (XRD), diffuse reflectance
spectroscopy (DRS) and nitrogen adsorption. The catalytic behaviour of these materials in the dehydrogenation of ethylbenzene was inves-
tigated. The selectivity to styrene was found to increase as the chromium content of the pillared clays decreased.
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1. Introduction

Pillared interlayered clays constitute a group of micro-
porous materials widely studied in recent years. These solids
are obtained by calcination of the intercalated compounds
prepared by exchange of the interlayer cations of layered
clays with bulk inorganic oligomers. The oligomers, mainly
synthesized by partial hydrolysis of multivalent cations, such
as Al3+, Cr3+, Ti4+, Zr4+, Ga3+, Si4+ or Fe3+, among oth-
ers, are inserted between the clay layers and, after calcina-
tion, yield stablepillars that permanently prop apart the lay-
ers preventing its collapse. The pillars may be described, in
a first approximation, as oxide-like phases, although due to
the interaction with the clay layers, they are somewhat dif-
ferent from bulk oxides. Thus, the pillared clays can also
be regarded as nanocomposites, in which oxide particles of
nano- and subnanometer scales are incorporated into the in-
terlayer space of the clay. An alternative way of describing
these materials is by indicating that the clay layers stabilize
the pillar particles thus avoiding their aggregation. Pillaring
creates a new porous structure and new active sites are also
incorporated, making these solids promising adsorptive and
catalytic materials [1–7].

The aim of this work is to report our preliminary results
on the styrene selectivity yielded by some pillared saponites
in the gas-phase ethylbenzene dehydrogenation reaction.
The main route to the commercial production of styrene, an
important chemical used for the production of styrene poly-
mers and copolymers, is the catalytic dehydrogenation of
ethylbenzene at high temperature (873–973 K) [8]. Many
catalysts which mainly consist of Fe and K oxides contain-
ing one or more promoters (Mg, Ce, Cr, Mo, V, Ca), and
acid solids such as zeolites and metal phosphates have been
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employed for this reaction as a result of a constant search
to improve catalysts and reaction conditions [9,10]. In this
paper, we investigate the potential of a saponite intercalated
with hydroxy-aluminium–chromium polycations as a cata-
lyst for this reaction.

2. Experimental

The starting material used in this work was a nat-
ural saponite from the Yunclillos deposit (Toledo province,
Spain), supplied by TOLSA S.A., Madrid, Spain. The parti-
cle size fraction below 2µm was obtained by careful aque-
ous decantation of the raw material. Some small amounts
of quartz and feldspars were detected by X-ray diffraction.
Taking into account these impurities, the following structural
formula of the saponite on the basis of 22 oxygen atoms,
was found: [Si7.42Al0.58][Mg5.16Fe0.14Al0.26Mn0.004Ti0.02]
O20(OH)4[Mg0.24Ca0.124Na0.020K0.084]. Its cation-exchange
capacity (CEC) was 1.15 meq/g, and its specific surface area
was very large, 161 m2/g, because of the very small particle
size owing to the sedimentary origin of the deposit.

Four hydroxy-aluminium–chromium solutions were pre-
pared by slow addition of a 1 M NaOH solution to solutions
of aluminium and chromium (AlCl3·6H2O (Panreac, P.A.)
and Cr(NO3)3·9H2O (Panreac, P.A.)), with Al3+/Cr3+ ra-
tios of 0.8/0.2, 0.5/0.5, 0.2/0.8 and 0.1/0.9 and aged at room
temperature. In all cases, a OH−/(Al3+ + Cr3+) mole ratio
equal to 2.2 and a pH of 4.1 were established.

Pillared clays were obtained by slow addition of the so-
lutions over suspensions of 8 g of saponite with an (Al3+ +
Cr3+) concentration in the final suspensions of 0.03 mol/dm3

and a metal/clay ratio of 5.0 mmol/g. The solids were kept
in contact with the solution at room temperature for 24 h,
washed by centrifugation and dialysis until the absence of
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chloride and nitrate, dried at 323 K for 16 h and calcined in a
furnace. The samples were referred to as YUsap-Al0.8Cr0.2,
YUsap-Al0.5Cr0.5, YUsap-Al0.2Cr0.8 and YUsap-Al0.1Cr0.9,
respectively.

Intercalating aluminium–chromium solutions were stud-
ied by visible spectroscopy using a Hewlett–Packard HP
8452A spectrophotometer. Diffuse reflectance spectra of the
intercalated and pillared solids in this series were recorded
on a Shimadzu UV-240 spectrophotometer, using 5 nm slits
and MgO as reference.

X-ray diffraction (XRD) patterns of the solids in the pow-
der form were obtained by using a Siemens D-500 diffrac-
tometer, at 40 kV and 30 mA (1200 W) and employing Cu
Kα filtered radiation. The equipment was connected to a
DACO-MP microprocessor and used Diffract-AT software.

Elemental analyses of the solids were carried out by Ac-
tivation Laboratories Ltd., Ancaster, Ontario, Canada, using
inductively coupled plasma spectroscopy (ICPS) and atomic
absorption spectroscopy (AAS).

The specific surface areas were measured by N2 (SCO,
99.9992%) adsorption at 77 K using a static automatic volu-
metric apparatus (Micromeritics ASAP 2010 adsorption an-
alyzer). Samples were previously degassed at 383 K for 8 h.

Ethylbenzene dehydrogenation was carried out in a tubu-
lar fixed-bed glass reactor at atmospheric pressure. The
reactor feed consisted of a nitrogen stream saturated with
ethylbenzene (1 vol%). Ethylbenzene dehydrogenation re-
action 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 chro-
matograph equipped with a Carbowax 20M column con-
nected 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

Aluminium and chromium polyoxocation species are
known to exist in base-hydrolyzed solutions of Al3+ and
Cr3+ cations. When the hydroxide to aluminium mole ra-
tio (OH−/Al3+) is 2.0–2.2, Al3+ mainly polymerizes as
[Al 13O4(OH)24(H2O)12]7+, abbreviated Al13, a modified-
Keggin aluminium ion [11]. In the case of chromium,
Cr3+ forms the dimer [Cr2(OH)2(H2O)8]4+ or the trimer

[Cr3(OH)4(H2O)9]5+, or does not polymerize, remaining as
[Cr(H2O)6]3+. The visible spectrum and the extinction co-
efficients can qualitatively characterize the polymerization
degree of the chromium species [12]. When the intercalat-
ing solutions were made up of a mixture of Al3+ and Cr3+
cations, the formation of the polycations was conditioned
by the competitive bonding of Al3+ and Cr3+ cations to the
OH− added to the solutions [12]. Al3+ polymerized first,
and the Cr species formed depended on the amount of OH−
remaining when all the Al3+ was polymerized. Thus, when
the Al/Cr ratio was high, there were many Al3+ cations that
consumed all the OH− during their polymerization, avoid-
ing the polymerization of Cr3+ cations; when the Al/Cr ra-
tio was low, the low amount of Al3+ consumed only a few
OH−, and the Cr-trimer was formed. When intermediate ra-
tios were used, the Cr-dimer was formed.

The basal spacings corresponding to the maxima of the
XRD patterns of the intercalated clays are summarized in
table 1; these values ranged between 18.0 and 19.9 Å. Con-
sidering the minimum layer width of saponite (9.8 Å after
calcination at 773 K), the length of the polycations in the
interlayer space varied from 8.2 to 10.1 Å, which agreed
both with the intercalation of Al13 and the different Cr-
oligomers [11,13,14] and also with a mixed pillar as Dubbin
and Goh [15] have recently proposed from27Al MAS NMR
analysis. The evolution with temperature of the basal spac-
ings depended on the Al/Cr ratio used. When Cr3+ was the
main intercalating cation (YUsap-Al0.1Cr0.9), the resulting
values were 16.9 Å at 473 K and 12.0 Å at 573 K. The basal
spacings increased as the amount of Al3+ in the intercalat-
ing solutions also increased. The XRD patterns of YUsap-
Al0.5Cr0.5 as a representative pillared solid of these series
are shown in figure 1.

The results of the chemical analysis are also included in
table 1. The amounts of aluminium and chromium fixed
by the intercalated solids also depended on the Al/Cr ratios
used; up to 8.60% Al2O3 and 11.72% of Cr2O3 were fixed,
taking into account the chemical composition of the starting
saponite (YUsap). These amounts were equivalent to 0.11
Al13 pillars and 0.478 Cr3 units per [O20(OH)4] saponite unit
cell. Whereas the Al fixation was equivalent to a high pillar
density of about one Al13 unit per 9 unit cells, the maximum
density permitted by steric constraints has been calculated
to be one Al13 unit per 5.9 unit cells [16,17]. Obviously, for

Table 1
Physicochemical properties and chemical analyses (wt%) of the alumina–chromia-pillared

saponites

Sample d(001)a SBET
b SiO2 Al2O3 K2O Fe2O3 MgO Cr2O3

(Å) (m2/g)

YUsap 14.9 161 61.33 5.64 0.62 1.44 29.29 –
YUsap-Al0.8Cr0.2 19.0 224 54.52 14.24 0.53 1.36 24.25 4.79
YUsap-Al0.5Cr0.5 19.5 369 54.46 9.33 0.55 1.35 24.14 9.84
YUsap-Al0.2Cr0.8 19.9 310 54.52 6.86 0.51 1.37 24.76 11.68
YUsap-Al0.1Cr0.9 18.0 242 55.52 6.29 0.55 1.36 24.23 11.72

aSamples dried at 323 K.
b Samples degassed at 383 K.
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Figure 1. XRD patterns of the YUsap-Al0.5Cr0.5 series treated at various
temperatures. Positions of quartz (Q) and Cr2O3 (•) reflection peaks are

indicated.

the various series, as the amount of Cr fixed increased, the
amount of Al decreased, andvice versa. Accordingly the
same trend was followed by the number of pillars of each
element. The comparison of the results for the SiO2, K2O,
Fe2O3 and MgO contents between YUsap and the pillared
saponites indicated that the intercalation process did not pro-
duce any significant deleterious effect on the clay structure.

The BET specific surface areas of the intercalated clays,
treated at 383 K, reached a maximum for YUsap-Al0.5Cr0.5
as the Cr fixed increased (see table 1). The evolution of the
specific surface area when calcining the intercalated solids
to obtain the pillared ones was rather different for each se-
ries. When Al3+ was the majority cation in the intercalating
solutions, the solids calcined at 773 K maintained about 80%
of the specific surface area of the corresponding intercalated
materials. When Cr3+ was the majority cation in the inter-
calating solutions, the solids calcined at 473 K maintained
almost the same surface area as the intercalated ones (237–

314 m2/g), and at 573 K the specific surface area strongly
decreased (165–180 m2/g) to values similar to that of the nat-
ural saponite. The YUsap-Al0.5Cr0.5 series showed an inter-
mediate behaviour: 332 m2/g for the solid treated at 473 K,
301 m2/g at 573 K, and 181 m2/g for the solid calcined at
773 K. Thus, it can be concluded that the incorporation of
chromium produced a decrease in the thermal stability of
the pillared solids in comparison with their alumina-pillared
counterparts. Finally, it must be mentioned that upon calci-
nation at high temperature, Cr3+ polycations led to a Cr2O3
eskolaite phase [12,18], detectable by XRD (see figure 1),
DRS and by DTA-TGA analyses under air atmosphere. The
presence of chromium species with a higher oxidation state
could not be detected from these techniques.

The overall ethylbenzene conversions reached a constant
value lower than 10% after 30 min on-stream. The reac-
tion products detected by gas chromatography were styrene
and benzene, which resulted from the dehydrogenation and
the cracking of ethylbenzene, respectively. The evolution
with time-on-stream of the selectivities to the reaction prod-
ucts yielded by the various catalysts is shown in figures 2
and 3. The results suggest that a relation exists between the
amount of chromium present in the solids and the selectiv-
ity of the reaction. Initially, the solids with high chromium
content (YUsap-Al0.1Cr0.9 and YUsap-Al0.2Cr0.8) showed a
high cracking activity that rapidly decreased, indicating a
fast deactivation of the active sites for this reaction. Simul-
taneously, the dehydrogenation activity increased with time-
on-stream of reaction. It seems that the nature of the pillars
is important in determining the specific catalytic behavior of
the pillared clays used in this work.

It has been reported that cracking and dehydrogena-
tion activities may be related to the presence of Brønsted
and Lewis acid sites [19–21]. The intercalation and pil-
laring processes of layered clays generate new acid sites
(whose nature is still not well known) on the resulting
solids [22]. The acidity and acid site type (Brønsted and

Figure 2. Evolution of the selectivity to styrene with time-on-stream for the conversion of ethylbenzene at 673 K over the catalysts indicated.
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Figure 3. Evolution of the selectivity to benzene with time-on-stream for the conversion of ethylbenzene at 673 K over the catalysts indicated.

Lewis) depend on the exchanged cations [1,19,23], the
preparation method [1,19,23,24], and the nature of the start-
ing clay [25–27]. It is well known that Lewis acidity in
alumina pillared clays is related to two types of aluminium
sites [28]: aluminium sites in the layers of the clay and
aluminium sites on the pillars. The second ones are cur-
rently regarded as of the Lewis type. On the other hand,
the origin and the location of Brønsted acid sites in pillared
clays are still not clear. Several sources for Brønsted acid-
ity have been discussed in the literature: (i) the structural
hydroxyl groups in the clay layers from the initial sites of
ion exchange [23,25,29,30]; (ii) the protons derived from
the cationic oligomers which, upon heating, decompose into
metal oxide pillars and liberate protons [19,24]; (iii) a syn-
ergy phenomenon between the siliceous clay sheet and the
pillar [28,31,32]. These general considerations about the
acid properties of pillared clays may be consistent with the
results found for the ethylbenzene conversion.

To further investigate the Brønsted and Lewis acidity of
pillared clays, the cumene and decane conversion were cho-
sen by various authors as model reactions [19,21,33]. These
authors studied the influence of the chromium present on
pillared clays for these reactions. Although the effect of
the chromium on the ratio of the cracking to the dehydro-
genation activities was not explained, it was suggested that
it might be related to the acidity. Cañizareset al. [34] and
Zhao et al. [35] obtained an increase of the total acidity
measured by TPD of ammonia when a bentonite was in-
tercalated and pillared with hydroxy-aluminium–chromium
oligomers. These results were related to the intrinsic acid-
ity of chromium. Our results can be explained if the pres-
ence of chromium contributes to a higher Brønsted acidity
in a similar way, as Jamiset al. proposed previously [36]. If
so, the increase in cracking activity accords with the pres-
ence of more Brønsted acid sites as the chromium content
of the catalyst increases. As a result, the styrene selec-
tivity for the ethylbenzene conversion over the alumina–

chromia-pillared saponites increases in the order YUsap-
Al0.1Cr0.9 < YUsap-Al0.2Cr0.8 < YUsap-Al0.5Cr0.5 <

YUsap-Al0.8Cr0.2.

4. Conclusions

Intercalation and pillaring of a saponite with hydroxy-
aluminium–chromium oligomers resulted in an increase of
the interlayer spacing, thus increasing the specific surface ar-
eas and further exposing Brønsted and Lewis acid sites. The
pillars contribute to the acidic character and the catalytic be-
haviour in a different way for the different Al/Cr ratios used.
The results of the ethylbenzene conversion revealed that the
unpillared saponite as well as saponites with alumina-rich
pillars exhibited almost exclusively dehydrogenation activ-
ity, whereas the presence of chromia induced cracking activ-
ity and reduced the selectivity to styrene.
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