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Abstract

A hectorite, a montmorillonite and a saponite, all of them in their Al-pillared forms, as well as unpillared saponite were
considered as supports of platinum catalysts (2.3 wt.% Pt) for the catalytic combustion of acetone and methyl-ethyl-ketone
(MEK). The preparation of the catalysts modified the textural properties of the Al-pillared clay supports, giving rise to a
significant loss of specific surface area and micropore volume. After hydrogen reduction at 773 K, the presence of poorly
dispersed metallic platinum with mean crystallite sizes in the 70–100 Å range was detected by X-ray diffraction (XRD).
Good activity and stability performances were found under the reaction conditions used. Whatever be the catalyst considered,
MEK resulted easier to oxidize than acetone, a fact which has been related to the strength of the weakest C–H bond in
these ketones. Remarkable differences in catalytic activity arose depending on the pillared or unpillared character of the
support and the nature of the starting smectite clay used. Regardless of the ketone molecule, the following order of decreasing
catalytic performance was established with respect to the support nature: unpillared saponite > Al-pillared montmorillonite >

Al-pillared saponite > Al-pillared hectorite. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pillared interlayered clays (PILCs), or pillared
clays, constitute an important family of high surface
area microporous materials. They are prepared by ex-
changing the charge-compensating cations present in
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the interlamellar space of the parent clays with bulky
inorganic polyoxocations formed by hydrolysis of
some metal salts. Upon calcination these polyoxoca-
tions undergo limited structural transformations and
are converted to metal oxyhydroxide clusters, named
pillars, that keep the clay layers apart thus preventing
their collapse and cannot be back-exchanged any more
due to the formation of covalent bonds with the layers.
The result is a stable material with acidic properties
and a two-dimensional porous structure of molecular
dimensions defined by the interlayer and interpillar
spacings [1–8]. Layered silicates of the smectite class
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are naturally occurring clays which have been widely
utilized in the preparation of PILCs. These materials
belong to the category of the 2:1-phyllosilicates whose
basal layer is constituted by a sheet of M(O, OH)6
octahedra (where M = Al3+, Mg2+, Fe3+ or Fe2+)
sandwiched between two sheets of Si(O, OH)4 tetra-
hedra. Montmorillonite, saponite, and less frequently
hectorite and beidellite are the main smectites em-
ployed in pillaring studies [7,9,10].

Although the pillaring of smectites with poly-
oxocations formed upon the hydrolysis of salts of
several elements, such as Al3+, Cr3+, Fe3+, Ga3+,
Si4+, Ti4+ and Zr4+, has been described, only in
the case of Al- and Ga-based polyoxocations there is
unequivocal knowledge of the main pillaring species
involved [2,5,8]. Thus, it is well known that in the
typical pillaring solutions (with an OH−/Al3+ ra-
tio of about 2.2) often used to prepare Al-PILCs,
most of the Al3+ is in the form of the tridecamer
[Al13O4(OH)24(H2O)12]7+, usually denoted as Al13,
which is the main pillaring species in this case. It
should be noted that, nowadays, smectites pillared
with Al13 are the only PILCs for which reliable re-
lationships between acidity and structural character-
istics can be established [5], and for which the effect
of the preparation conditions on the resulting textural
properties is well understood [11–14].

Due to their acid properties and open microporo-
sity, Al- and Zr-PILCs were first considered as
promising cracking catalysts for relatively large or-
ganic molecules; however, they presented several
major drawbacks that seriously limited this applica-
tion [2]. Nevertheless, these solids still demonstrated
considerable potential to take part in the preparation
of catalysts for some types of acid-catalysed reactions
[5,7,8,10]. The scope of the potential catalytic appli-
cations of PILCs has expanded considerably in recent
years as the fact that pillars prop the clay layers apart
has been recognized as only one point of view. In
fact, it may also be said that the clay layers keep the
pillars apart, and accordingly the microstructure is
interpreted in terms of the presence in the interlayer
space of an ultradisperse oxide phase [5]. Hence,
the pillaring of clays with polyoxocations of several
transition metals (Cr, Fe, Ti) or with mixed Al–M
systems (M = Cr, Cu, Fe, Mo, Ru) has allowed new
catalytic functions to be incorporated into PILCs.
The potentialities of these solids as catalysts for

hydrogenation–dehydrogenation, Fischer–Tropsch,
isomerization, hydrodesulphurization, NO selective
catalytic reduction, selective and complete hydrocar-
bon oxidation processes, among others, have been ex-
plored [8]. Regarding Al-PILCs, the pillars can be also
considered as a hydroxy-aluminic phase with particles
of nano- or subnanometric scale that is incorporated
in the interlayer space of the clays [15]. Interest-
ingly, Al-PILCs sometimes exhibit physico-chemical
properties such as acid characteristics, reminiscent
of a conventional alumina-support surface [5]. This
view may also be applied to Zr-PILCs; e.g., it has
been found that manganese oxide catalysts supported
on Al- and Zr-pillared montmorillonite and saponite
behave similarly to manganese oxides dispersed on
conventional alumina and zirconia supports [16]. In
recent years, the number of studies dealing with the
use of PILCs as supports to achieve homogeneous
dispersion of catalytically active phases has rapidly
grown. The main aspects of the preparation, char-
acterization and applications of these catalysts have
been recently reviewed [8].

In this paper, we present and discuss the prelimi-
nary results of a study on the use of several Al-pillared
smectites (a hectorite, a montmorillonite and a
saponite) as supports of platinum catalysts for the
catalytic combustion of volatile organic compounds
(VOCs); in this case, of two carbonyl VOCs, acetone
and MEK. Catalytic combustion is a well-established
technology for controlling VOC and odour emissions
which has been successfully applied in a wide range
of commercial installations [17,18]. Noble metals,
typically Pt or Pd in monometallic form, bimetallic
Pt–Pd mixtures or noble metals in combination with
some metal oxides, are usually the preferred active
phases as VOC combustion catalysts [17,19–21]. This
is mainly due to their high specific activity that gen-
erally allows lower operating temperatures and higher
space velocities for a given VOC destruction efficiency
compared to the transition metal oxide-based cata-
lysts. In contrast to the case of alkanes and aromatic
hydrocarbons, the catalytic combustion of carbonyl
compounds has not been extensively studied. How-
ever, some of these compounds, such as MEK, are
common solvents used in many industrial processes
that contribute significantly to VOC emissions [17].

The reason for considering several smectites in
this work was to explore the effect of the nature
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of the parent clay in the catalytic performance of
the supported catalysts. In this respect, it should be
noted that, based on the number of octahedral sites
per unit cell occupied, montmorillonite is a diocta-
hedral smectite (two-thirds of the octahedral holes
are occupied in the idealized structure), whereas both
hectorite and saponite show trioctahedral occupancy
(all the octahedral holes are occupied in the idealized
structure) [7]. Moreover, regarding isomorphous sub-
stitution, it takes place majoritarily in the tetrahedral
sheets of saponite; but in contrast, in hectorite and
montmorillonite the octahedral sheets are involved.
Therefore, the negative charge of the layer is mainly
localized on the tetrahedral sheets of saponite but in
the octahedral sheets in the case of montmorillonite
and hectorite. To our knowledge, this is the first study
dealing with VOC combustion over platinum catalysts
supported on PILCs. In two previous works, PILCs
were used directly as VOC combustion catalysts.
This was the case of methylene chloride combustion
over Al-, Al–Fe-, Al–Ru- and Al–Cr-pillared ben-
tonite [22], and acetone combustion over Al-, Cr- and
Al–Cr-pillared saponites [23].

2. Experimental

2.1. Al-PILCs synthesis and catalysts preparation

The first stage of the catalyst preparation process
was the synthesis of the Al-pillared clays that were
subsequently used as catalytic supports. Three natu-
ral smectite clays were selected as starting materials,
namely, a hectorite from San Bernadino (California,
USA), a montmorillonite from Cheto (Arizona, USA)
and a saponite from Ballarat (California, USA). The
clays were supplied by the Clay Minerals Reposi-
tory (University of Missouri–Columbia, USA). The
as-received materials were purified by careful aque-
ous dispersion and decantation and the fractions with
particle size lesser than 2 �m separated and subjected
to intercalation with aluminium oligomers. In order to
perform this, an aluminium polycation solution was
prepared by slow titration of a solution of AlCl3·6H2O
(Prolabo, 99%) with a 1 M NaOH (Prolabo Titrinorm)
solution under vigorous stirring, using a OH−/Al3+
mole ratio of 2.2 (pH 4.1). The hydrolysed solution
was allowed to age for 24 h at room temperature under

constant agitation. The resulting hydroxy-aluminium
solution was added to previously prepared suspen-
sions (1% in weight) of the purified clays in deionized
water at an Al3+/clay ratio of 5 mmol Al g−1

clay. The
slurries were stirred for 24 h at room temperature and
then centrifuged and washed by dialysis with distilled
water until no chloride was present in the filter wash
water. The resulting intercalated clays were dried in
air at 323 K for 16 h and then calcined under a dry air
flow for 4 h at 673 K (hectorite) or 773 K (montmoril-
lonite and saponite) in order to obtain the Al-PILCs.
These solids are designated as SBhec-Al, CHmont-Al
and BAsap-Al with reference to the Al-pillared San
Bernadino hectorite, Al-pillared Cheto montmoril-
lonite and Al-pillared Ballarat saponite, respectively.

Supported platinum catalysts were prepared by wet
impregnation of the Al-PILCs with an aqueous solu-
tion of [Pt(NH3)4]Cl2 (Alfa). The slurries were evapo-
rated slowly under reduced pressure in a rotavapor and
the solids thus obtained were finally calcined in air at
773 K for 4 h to yield the Pt/SBhec-Al, Pt/CHmont-Al
and Pt/BAsap-Al catalysts. A platinum catalyst
(Pt/BAsap) was also prepared as described above by
wet impregnation of the unpillared Ballarat saponite.
The final amount of Pt in the impregnated solids is
equivalent to 2.3 wt.%, and it was chosen considering
the amount of Al fixed by the intercalated solids by the
following way. First, the amount of Al fixed during the
intercalation was analysed: 4.6 wt.% for SBhec-Al,
5.3 wt.% for CHmont-Al and 4.8 wt.% for BAsap-Al,
all of them normalised taken the amount of Si in each
clay as reference. The lower amount was chosen and
the number of Al-pillars corresponding to this amount
was calculated, assuming for them the formula of the
Al13 units. Then, the solids were impregnated with
the same number of moles of [Pt(NH3)4]Cl2. Thus,
for Pt/SBhec-Al, a ratio Pt/Al13 = 1.0 was used. In
the other catalysts, as the number of Al13 units is
slightly higher, the Pt/Al13 ratio is slightly lower, but
the maintenance of the final Pt content was preferred.

2.2. Characterization techniques and catalytic
activity measurements

Nitrogen adsorption experiments were performed at
77 K using a static volumetric apparatus (Micromerit-
ics ASAP 2010 adsorption analyser). The samples
(200 mg) were previously degassed (less than 0.1 Pa)



44 A. Gil et al. / Catalysis Today 68 (2001) 41–51

at 473 K for 24 h. Nitrogen adsorption data were col-
lected in the relative pressure (p/p0) range 10−5–0.99
by adding successive doses of nitrogen of 4 cm3 STP
g−1 until p/p0 = 0.01 was reached. Subsequently,
further nitrogen was added and the volumes required
to achieve a pre-established set of (p/p0) values were
measured. Specific total surface areas (ALang) were
calculated based on the adsorption data in the (p/p0)
interval of 0.01–0.05 and using the Langmuir equa-
tion. Specific total pore volumes (Vp) were estimated
from nitrogen uptake at (p/p0) of about 0.99. On the
other hand, the specific micropore volumes (V�p) were
estimated according to the approach of Gil and Grange
[24] to the Horvath–Kawazoe method [25] for calcu-
lating the micropore size distributions.

X-ray diffraction (XRD) patterns were obtained
by using a Siemens D-5000 diffractometer employ-
ing nickel-filtered Cu K� radiation and operating at
20 kV and 30 mA. The equipment was connected to
a DACO-MP microprocessor and used Diffract-AT
software. The mean metallic platinum (Pt0) crystallite
diameters (dPt) were estimated from the application
of the Scherrer equation [26] to the XRD patterns
of the platinum catalysts previously reduced in hy-
drogen at 773 K. XRD line broadening (XRDLB)
measurements were carried out using the Pt0 (1 1 1)
peak (39.8◦ in 2θ ). The width at half-maximum of
this peak was corrected for instrumental broadening.

Acetone and MEK combustion reactions were car-
ried out in a tubular (8 mm i.d.) fixed-bed Pyrex glass
reactor at atmospheric pressure. The catalyst (50 mg,
100–200 �m particle size fraction) was diluted with
inert solids (100–200 �m Pyrex glass beads) in a
volume ratio of 1:5 approximately. A thermocouple
placed inside the reactor, in the centre of the catalyst
bed, monitored the reaction temperature. Mass flow
controllers (Bronkhorst) monitored and controlled the
flow of gases used to obtain the feed mixture and to
pretreat the catalyst. An air stream saturated with the
corresponding ketone (Panreac, PA) was created using
a saturator equipped with temperature and pressure
control, and then diluted with pure air (SEO 99.999%),
resulting in a 600 ppmv ketone concentration in the
reactor feed. Prior to each experiment, the catalyst
was treated under 100 cm3 min−1 of hydrogen (SEO
99.999%) for 1 h at 773 K. The flow was then switched
to helium (SEO 99.999%) and the temperature was
maintained at 773 K for 15 min. Subsequently, the

catalyst was cooled under helium to the desired
starting reaction temperature. Prior to obtaining the
light-off curves for ketone combustion, the catalytic
bed was stabilised for 3 h at 363 K under the feed
stream. No oxidation of the ketones was observed
during this period. The temperature was then raised
at a controlled heating rate of 2.5 K min−1 until com-
plete combustion was obtained. A series of long
catalytic runs was performed with acetone and the
reactor operating at constant combustion temperature
of 573 K in order to investigate the catalysts stability.
The light-off and stability tests were performed at
identical WPt/Fin ratios of 0.153 (gPt min mmol−1

ketone)

and gas hourly space velocity (GHSV) of about
34 000 h−1 (STP) based on the total catalytic bed
volume. Some individual experiments that were car-
ried out at the same WPt/Fin ratio but at varying gas
linear velocities confirmed the absence of external
mass transfer effects. On-line analysis of the product
stream was performed on a Hewlett Packard 6890
gas chromatograph, equipped with a 6 ft HayeSep Q
column connected to a TCD for CO2 determination,
and an HP-INNOWax 30 m × 0.32 mm i.d. column
connected to an FID for ketone analyses.

3. Results and discussion

3.1. Textural properties and mean platinum
crystallite diameters

The nitrogen adsorption isotherms at 77 K of the
Al-PILCs supports and the corresponding supported
platinum catalysts are shown in Fig. 1. At low relative
pressures, these isotherms correspond to Type I in the
Brunauer, Deming, Deming and Teller classification
[27]. Some of the textural properties of the samples
derived from the nitrogen adsorption data are given
in Table 1, where the specific total surface areas cal-
culated using the Langmuir equation (ALang), specific
total pore volumes (Vp) and micropore volumes (V�p)
are summarized. The values of the basal spacings
(d(0 0 1)) of the Al-PILCs determined from the (0 0 1)
reflection in the XRD patterns have also been included
in Table 1. As can be seen, the samples exhibit basal
spacings between 16.9 and 18.4 Å, which correspond
to interlayer distances of about 7–9 Å. The Al-PILCs
present total specific surface areas close to 200 m2 g−1
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Fig. 1. Nitrogen adsorption isotherms at 77 K: SBhec-Al (�),
CHmont-Al (�), BAsap-Al (�), Pt/SBhec-Al (�), Pt/CHmont-Al
(�), and Pt/BAsap-Al (�).

and relatively high specific micropore volumes rang-
ing from 0.072 to 0.084 cm3 g−1. All these characteris-
tics are similar to those generally found for Al-pillared
clays [1–4] and indicate that the catalytic supports
used in this work are properly pillared materials.

On comparing the results obtained with the
Al-PILCs and the platinum catalysts, it can be
observed in Fig. 1 that, whereas the general aspect of
the respective adsorption isotherms does not change
significantly, a noticeable decrease of the adsorbed ni-
trogen volume takes place for the supported catalysts
in the whole relative pressure range. This fact shows
that the presence of dispersed platinum particles has
modified the textural properties of the Al-PILC sup-
ports, as is also evidenced by the specific surface area
and pore volume losses that can be seen in Table 1 for
the platinum catalysts. Moreover there is little, if any,

Table 1
Textural properties and mean platinum crystallite diameters of the samples indicated

Sample d(0 0 1) (Å)a ALang (m2 g−1)b Vp (cm3 g−1) V�p (cm3 g−1) dPt (Å)

SBhec-Al 18.4 181 (C = 255)c 0.132 0.084 –
Pt/SBhec-Al – 112 (C = 277) 0.110 0.061 77
CHmont-Al 16.9 193 (C = 523) 0.140 0.072 –
Pt/CHmont-Al – 132 (C = 305) 0.118 0.052 85
BAsap-Al 17.6 222 (C = 336) 0.150 0.073 –
Pt/BAsap-Al – 157 (C = 300) 0.145 0.051 71
Pt/BAsap – – – – 98

a Basal spacings of the pillared clays.
b 0.01 ≤ p/p0 ≤ 0.05, interval of relative pressure.
c Langmuir C-value, characteristic of the intensity of the adsorbate–adsorbent interactions.

influence of the nature of the starting smectite clay
on the subsequent evolution of the textural properties
during catalyst preparation. A more detailed analysis
of the results may be made by comparing for a given
Al-PILC the changes in specific total and micropore
volume between the support and the respective plat-
inum catalyst. It should also be noted that the specific
mesopore volume can be estimated by subtracting the
micropore volume from the total pore volume. Hence,
it is revealed that the mesopore volume remained al-
most unchanged and that the pore volume loss suffered
by the catalysts almost exclusively affected the micro-
pores of the Al-PILCs. This suggests that in spite of the
relatively large mean platinum crystallite diameters
found by XRDLB measurements (see Table 1), some
platinum species may occupy the inner porous network
of the supports after the catalyst preparation process.
A very similar evolution of the textural properties with
catalyst preparation has been previously reported by
Doblin et al. [28] for a Pt/Al-pillared montmorillonite
catalyst. Interestingly, in contrast to our case, Doblin
et al. loaded the support with a very low Pt content
(0.16 wt.%) and reported that the platinum particles
were very well dispersed on the catalyst surface.

The mean platinum crystallite diameters exhibited
by the catalysts reduced in hydrogen at 773 K range
between 71 Å for Pt/BAsap-Al and 98 Å for Pt/BAsap,
as indicated in Table 1. These data reveal that platinum
is poorly dispersed on the clays surface. As regards the
Al-PILCs, it can be said that the nature of the starting
smectite has a minor influence on the metallic crystal-
lite diameter resulting after catalyst activation by hy-
drogen. It seems, on the other hand, that Al-pillaring
gives rise to some positive effect as regards platinum
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distribution, since on using an unpillared clay as
support (Pt/BAsap) the mean platinum crystallite
diameter increased significantly. As a first approach,
this fact may be related to the improved textural
properties of the Al-PILCs when compared to the
unpillared solids.

As might have been expected, the considerable
platinum loading (2.3 wt.%) and catalyst preparation
procedure (wet impregnation) used in this work re-
sulted in relatively large platinum crystallites. Similar
results were obtained by Parulekar and Hightower
[29] by impregnating (0.5 wt.% Pt) an Al-pillared
bentonite upon calcination at 773 K. In this case, it
was reported that almost all the platinum was in the
form of large crystallites in the 100–200 Å range on
the external surface of the Al-PILC. On the other
hand, Doblin et al. [28] observed by transmission
electron microscopy (TEM) platinum particles with
diameters of 20–50 Å on a low-loading (0.16 wt.%)
Pt/Al-pillared montmorillonite catalyst prepared by
ion exchange and calcined in flowing oxygen at 623 K.

3.2. Catalytic activity: influence of the
ketone nature on the light-off curves

The light-off curves for acetone and MEK combus-
tion over the Pt/SBhec-Al and Pt/CHmont-Al cata-
lysts are shown in Fig. 2. In the same way, the results
obtained in the combustion of the two ketones over
the Pt/BAsap-Al and Pt/BAsap catalysts are plotted in
Fig. 3. It can be seen that the temperatures required

Fig. 2. Light-off curves for acetone combustion over Pt/SBhec-Al
(�) and Pt/CHmont-Al (�) and MEK combustion over
Pt/SBhec-Al (�) and Pt/CHmont-Al (�).

Fig. 3. Light-off curves for acetone combustion over Pt/BAsap-Al
(�) and Pt/BAsap (�) and MEK combustion over Pt/BAsap-Al
(�) and Pt/BAsap (�).

for total combustion of acetone range between 625 K
over Pt/BAsap and 725 K over Pt/SBhec-Al. In the
case of MEK, these temperatures vary from 590 K
over Pt/BAsap to 720 K over Pt/SBhec-Al. Little
work has been done on the catalytic combustion of
carbonyl VOCs, and ketones in particular. As far as
platinum-based catalysts are concerned, Pina et al.
[30] found complete combustion of 1850–2900 ppmv
MEK in air at 473 K over a 0.19 wt.% Pt/�-Al2O3
catalytic membrane. This temperature is clearly lower
than the above-mentioned ones for the Pt/Al-PILCs;
we must emphasize, however, the relatively low
GHSV of 3500 h−1 used by Pina et al. [30] com-
pared to about 34 000 h−1 in our case. As regards
acetone combustion, Sharma et al. [31] reported a
conversion value that did not exceed 80% at 673 K
when processing 550–2350 ppmv acetone in air over
a 0.1 wt.% Pt/fluorinated carbon catalyst at GHSV
of 3000–15 000 h−1. On the other hand, O’Malley
and Hodnett [32] found complete combustion of
1000 ppmv acetone in helium with 12 vol.% oxygen at
493 K over 0.5 wt.% Pt/�-zeolite and at about 515 K
over silica and alumina-supported platinum (2 wt.%)
catalysts. Unfortunately, the authors did not report the
value of the GHSV used. On the whole, the compar-
ison of these results indicates that platinum catalysts
on clay-based supports are promising catalysts able
to yield ketone combustion efficiencies compara-
ble to those described in previous applications for a
considerable variety of platinum catalysts.

It is clear from the results in Figs. 2 and 3 that MEK
is easier to oxidize than acetone over the Pt/Al-PILCs



A. Gil et al. / Catalysis Today 68 (2001) 41–51 47

catalysts. Indeed, taking the temperature at which a
ketone conversion of 50% (T50) is achieved as the
light-off temperature [30], it can be seen that the
temperatures required for light-off range from 485
to 565 K and from 518 to 575 K for MEK and ace-
tone combustion, respectively. The largest difference
(33 K) between the T50 values for acetone and MEK
combustion is obtained over the Pt/BAsap catalyst,
which is also the most active, whereas this difference
is only 10 K in the case of Pt/SBhec-Al, the least
active of the four catalysts in this work.

It is generally considered that C–H bond activation
is a crucial first step in the catalytic combustion of
hydrocarbons [32–35]. The C–H bond broke first in
every hydrocarbon is the weakest one, which is usu-
ally associated with the C–H bond having the lowest
dissociation enthalpy [32,34]. Once the first bond is
broken, sequential reactions leading to the formation
of the combustion products are relatively easy [35].
Reasonable correlations have been found showing
that, for a great variety of hydrocarbons, the lower
the C–H bond dissociation enthalpy, the easier the
combustion of the corresponding organic compound.
These results have been considered to provide evi-
dence that the strength of the weakest C–H bond in the
hydrocarbon is an important factor determining reac-
tivity [32–34]. The results obtained by O’Malley and
Hodnett [32] are of special importance to this work.
These authors found that the temperatures required
for total acetone combustion over supported platinum
catalysts are about 100 K lower than those required
for total combustion of deuterated acetone. Accord-
ing to O’Malley and Hodnett [32], this behaviour is
consistent with a slow step in the combustion mech-
anism in which a C–H bond is almost fully cleaved.
Nevertheless, it should be noted that, as Burch et al.
[35] recently pointed out, kinetic isotope experiments
may not be able to distinguish between the breaking
of C–H and O–H bonds, either of which will exhibit
kinetic isotope effects. As concerns the two ketones
considered in this work, the dissociation enthalpies of
the weakest C–H bonds are 411.3 kJ mol−1 for ace-
tone (H–CH2COCH3) and 386.2 kJ mol−1 for MEK
(H–CH(CH3)COCH3) [36]. Consequently, a relation-
ship may be established between the higher reactivity
of MEK compared to acetone found in this work
and the strength of the weakest C–H bond in these
ketones.

3.3. Effect of pillaring and of the parent
clay nature on the catalytic activity

On the basis of the T50 values corresponding to the
light-off curves shown in Figs. 2 and 3, the following
order of decreasing catalytic performance may be es-
tablished regardless of the ketone nature: Pt/BAsap >

Pt/CHmont-Al > Pt/BAsap-Al > Pt/SBhec-Al. The
differences in the T50 values among catalysts may
be as high as 80 K for MEK combustion and 60 K in
the case of acetone combustion. These results reveal
a marked effect of pillaring and of the parent clay
nature on the catalytic activity. Indeed the platinum
catalyst supported on the unpillared Ballarat saponite
is clearly the most active one. When the support is
an Al-PILC, the activity increases in the following
order with the parent clay nature: hectorite, saponite,
montmorillonite.

The evolution with time-on-stream of the acetone
conversion at 573 K for the four platinum catalysts is
presented in Fig. 4. On the whole, the catalysts ex-
hibit a good maintenance of the catalytic activity. More
specifically, the behaviour of the Pt/BAsap catalyst is
worth mentioning since this sample combines high ac-
tivity and an excellent stability, showing no decrease
in the acetone conversion during the 24 h period of
time-on-stream of the catalytic run. On the other hand,
a small loss of activity with time-on-stream is apparent
in the case of the Pt/SBhec-Al catalyst. As can be seen
the conversion values in Fig. 4 are in good accordance
with the ones that can be estimated from the respective
light-off curves at 573 K in Figs. 2 and 3. This indicates

Fig. 4. Evolution of acetone conversion at 573 K with time-on-
stream for Pt/SBhec-Al (�), Pt/CHmont-Al (�), Pt/BAsap-Al (�)
and Pt/BAsap (�).
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that the above-mentioned order of catalysts activity is
not influenced by stability differences among samples.

Given that all the catalytic runs were carried out
using the same WPt/Fin ratio, it is obvious that the
first issue which has to be considered in order to ra-
tionalize the behaviour of the several catalysts is plat-
inum dispersion. It should be noted that estimation of
the metallic dispersion from crystallite size measure-
ments is unreliable due to the well-known limitations
of the XRDLB technique [37]. Bearing this in mind,
the results included in Table 1 indicate that there
are no great differences between the mean platinum
crystallite diameters exhibited by the Pt/Al-PILC cat-
alysts. However, it is noteworthy that both Pt/BAsap
and Pt/CHmont-Al catalysts show high activity and
large platinum crystallite size. Papaefthimiou et al.
[38], when studying the combustion of ethyl acetate
over Pt/Al2O3 catalysts, found that the optimal plat-
inum dispersion should be of the order 0.10–0.15,
which corresponds to a platinum particle size of about
100 Å. It was also found that the turnover frequency
(TOF) for ethyl acetate combustion increased signif-
icantly as the platinum particle size also increased in
the 80–130 Å range.

In addition to the platinum dispersion, the state of
the metallic surface is another important factor con-
ditioning catalytic activity. This is a very complex
subject which has been reported to depend on further
factors such as the pre-treatment and reaction condi-
tions [35,39–41], particle size effects [40,42,43] and
effects of the preparation procedure and the presence
of chloride on the initial dispersion, sintering and
poisoning of platinum [44–49]. The main features of
the hydrocarbon combustion reactions over platinum
catalysts are accounted for by a dual-site model,
where catalytic activity depends on the distribution
of the metal between a dispersed and a crystalline
phase [39,40,43,45]. The dispersed phase contains
less active oxidized platinum in the form of PtO,
PtO2, [PtIV]-support surface complexes or chloride
containing complexes such as [PtIV(OH)xCly] and
[PtIVOxCly], depending on the case. On the other
hand, the crystalline phase interacts only weakly with
the support and consists of highly active metallic plat-
inum. The relative amount of the two phases depends
on the support composition, the nature of the platinum
precursor, the metal loading and the conditions of cal-
cination and reduction of the catalyst [39,43]. From

this point of view, the differences in catalytic activity
found in this work among the several platinum cata-
lysts might be primarily related to the differences in
support composition, namely the nature of the parent
smectite and the character, pillared or not, of the clay
support. In this respect, the results recently reported
by Hwang and Yeh [41] on Pt/silica–alumina cata-
lysts are specially interesting in view of the fact that
the pillars of the Al-PILCs may be considered as a
hydroxy-aluminic phase keeping apart the clay silicate
layers. Hwang and Yeh found platinum-oxide species
on silica–alumina of up to six different chemical en-
vironments. They were assigned to PtO and PtO2 dis-
persed on silica-rich grains, on alumina-rich grains and
in cages at grain boundaries. It was found that as the
Al2O3/SiO2 ratios of the silica–alumina supports in-
creased the species on alumina-rich grains and in cages
were favoured. These species were significantly more
difficult to reduce that the ones dispersed on silica-rich
grains, as evidenced by temperature-programmed re-
duction (TPR) experiments [41]. On the basis of these
findings, the pillars of the Al-PILC supports may be
considered as alumina-rich areas as well, which would
favour the formation of a dispersed and less active ox-
idized platinum phase. It should be noted that, as men-
tioned earlier, the micropore volume loss that takes
place on preparing the Pt/Al-PILCs catalysts suggests
that some metallic precursor species may have reached
the inner porous network of the support. In contrast,
it is likely that on using an unpillared clay support
the contribution of the crystalline metallic platinum
phase be higher than in the case of the Al-PILCs.
Accordingly, the higher catalytic activity exhibited
by the Pt/BAsap catalyst compared to the Pt/Al-PILC
ones might be due at least in part to a larger con-
tribution of the crystalline platinum phase in favour
of Pt/BAsap.

Another important issue is the possible influence
of the acid properties of the support on the cat-
alytic activity. Pt/Al-PILCs catalysts have previously
received considerable attention in view of their po-
tential use in n-alkane hydroconversion processes
[28,29,50–53]. As in our case, remarkable differences
in catalytic performance among samples have been
found in these applications depending on the nature
of the starting clay. Indeed, it has been reported that
clays with tetrahedral Al for Si isomorphous substitu-
tions (beidellites, saponites) give rise to more active
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and selective n-alkane hydroisomerization catalysts
than clays with octahedral isomorphous substitutions
(hectorites, montmorillonites) [50,51]. It should be
noted that in this type of reactions the PILC-support
promotes the proton-catalysed steps of the overall
process. Hence, the catalytic activity order of the
various smectites has been accounted for by the pres-
ence of strong Si–OH · · · Al acid sites in Al-pillared
beidellites and saponites as a result of the proton
attack of tetrahedral Si–O–Al bonds. These strong
Brönsted acid sites are almost non-existent in clays
without significant tetrahedral Al for Si substitutions
(hectorite and montmorillonite) [5,51–53]. From this
point of view, it seems that in our case there is a
trend opposite to the existing one in hydroconversion
reactions because except for Pt/SBhec-Al, the cat-
alytic activity for the ketone combustion increases in
the following order with support nature: Al-pillared
saponite < Al-pillared montmorillonite < unpillared
saponite. It is well known that unpillared smectite
clays usually show only very weak Brönsted acidity
[5]; accordingly, it can be suggested that the Brönsted
acid properties of the support might have a negative
effect on the performance of Pt/Al-PILCs catalysts
for ketone combustion reactions.

As far as hydrocarbon combustion reactions over
platinum-based catalysts are concerned, it has been
proposed that the complete elimination of the Lewis
acid sites of Pt/Al2O3 catalysts could diminish their
susceptibility to coking during the combustion of
alkenes [54]. On the other hand, positive effects of the
acidic properties of the supports have been claimed
for the combustion of alkanes as propane [55] and
n-pentane [56] over supported platinum catalysts. In
our case, the carbonyl character of the VOCs involved
may be a very important factor since both acetone and
MEK can undergo base- or acid-catalysed aldol con-
densation reactions with the production of strongly
bound surface species [34]. Indeed, Flego and Perego
[57] have proposed a mechanism for acetone aldol
condensation over acidic solids by which, initially, a
molecule of acetone reacts with another protonated
acetone molecule interacting with a Brönsted acid
site. In the presence of very acidic catalysts and high
temperatures, consecutive dehydratation, acetone ad-
dition and cyclization reactions can lead to the forma-
tion of relatively complex aromatic compounds which
are coke precursors [57]. Under these circumstances,

it may be expected that over the more acid catalysts
(Pt/BAsap-Al) the aldol condensation reactions of the
ketones compete to some extent with their complete
oxidation, thus contributing to a comparatively lower
combustion activity.

4. Conclusions

In this work, Al-pillared smectite clays were
considered as supports of platinum catalysts for the
catalytic combustion of two carbonyl VOCs, ace-
tone and MEK. A hectorite, a montmorillonite and
a saponite were subjected to intercalation with alu-
minium oligomers to synthesize the Al-PILC supports
upon calcination. These solids as well as the unpil-
lared saponite were wet-impregnated with an aqueous
solution of [Pt(NH3)4]Cl2, dried and calcined in air
at 773 K in order to prepare the platinum catalysts
(2.3 wt.% Pt). Characterization by means of nitrogen
adsorption at 77 K revealed that the presence of plat-
inum modified the textural properties of the supports.
Whereas the mesopore volumes remained almost
unchanged, the pore volume loss that the catalysts
suffered affected almost exclusively the micropores of
the Al-PILCs, indicating that some platinum species
have reached the inner porous network of the supports.
After reduction in hydrogen at 773 K the presence of
poorly dispersed metallic platinum with mean crys-
tallite diameters in the 70–100 Å range was detected
by XRD.

On the basis of the light-off curves for the ketones
combustion over the platinum catalysts previously re-
duced in hydrogen at 773 K, the temperatures required
for total combustion ranged from 625 to 725 K for
acetone and from 590 to 720 K for MEK. Taking
into account the relatively high GHSV used in this
work, these results imply ketone combustion efficien-
cies comparable to those previously reported for a
considerable variety of platinum catalysts on conven-
tional supports. Moreover, the Pt/Al-PILCs catalysts
exhibited a good stability as evidenced by a series of
long catalytic runs performed at constant combustion
temperature. Whatever the catalyst considered, it has
been found that MEK is more easy to oxidize than
acetone. This behaviour has been related to the lower
strength of the weakest C–H bond in MEK compared
to acetone.
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Remarkable differences in catalytic performance
among the platinum catalysts were found depending
on the pillared or unpillared character of the sup-
port and the starting smectite clay used. As a result,
regardless of the ketone nature, the following order
of decreasing catalytic activity was established with
respect to the support nature: unpillared saponite >

Al-pillared montmorillonite > Al-pillared saponite >

Al-pillared hectorite. This result has been discussed
in terms of the possible effect of the support com-
position on the distribution of platinum between a
dispersed and a crystalline phase. Moreover, the pos-
sibility of the Brönsted acid properties of the support
having a negative effect on the activity of the catalysts
for ketone combustion reactions can be suggested.
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