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a  b  s  t  r  a  c  t

The  catalytic  properties  of  Pt  based  cordierite  foam  catalysts  have  been  evaluated  in  catalytic  combustion
of toluene  (800  ppm  in air). The  catalysts  contain  identical  Pt  content  (0.1%)  which  was  introduced  by
three  different  ways:  Pt  ion  exchange  on  MFI  zeolite  and  then  coating  on  the foam;  Pt ion exchange  after
zeolite  coating  and  finally  Pt directly  wet  impregnated  on  the cordierite  foam.  The  catalytic  behaviour  of
Pt  foam  based  catalysts  was  compared  with  that of  PtMFI  zeolite  under  powder  form.  Pt  exchanged  MFI
supported  on  the  cordierite  foams  present  an  improvement  of  activity  for toluene  combustion  of about
50 ◦C  on  the  light  off  temperature  (T50%).

The enhanced  performance  of  the  structured  catalysts  is  due  not  only  to  the  open  structure  of  foams
oluene combustion
t
FI

and homogeneous  thin  layers  catalyst  deposited  on  their cell  walls,  but  also  to  the  fact  that  the  size
and location  of  Pt particles  present  in MFI  zeolite  are  changed  during  the  dipping  step.  Indeed,  as  pre-
pared Pt  samples  and  those  used  in  the  preparation  of the  slurry  were  observed  by  transmission  electron
microscopy  revealing  that  the  chemical  interaction  of  PtMFI  zeolite  with  the  binder  and  detergent,  both
present  in  the  slurry,  leads  to an  increase  of  Pt particles  size  which  were  found  to  migrate  from  internal
pores  to  the external  surface  of  zeolite  crystallites  thereby  increasing  catalytic  activity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Volatile organic compounds (VOCs) are emitted from a large
ariety of sources, such as transports and industry (outdoor
ources) as well as from household products (indoor sources). The
mplementation of more stringent environmental regulation to
ontrol VOCs emissions has led to the development of new effec-
ive methods for their abatement. Among those techniques, are
hermal and catalytic combustion, the latter becoming most suit-
ble and economical especially for low concentrations of organic
missions [1].  The selection of catalysts for VOCs combustion has
een the subject of many studies, being noble metals based cat-
lysts (Pt, Pd, Rh) the preferred ones due to their high specific
ctivity, resistance to deactivation and ability to be regenerated
2]. Usually, the metals are supported on high surface area mate-

ials such as alumina, silica or zeolite. For industrial abatement of
OCs, which involve exothermic reactions and high flow rates, the
atalyst substrate is commonly a monolithic or a honeycomb mate-
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920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.007
rial (ceramic or metallic) where the active phase is deposited. Such
substrate structure offers great advantage of low pressure drop and
is widely preferred to more traditional pellet shaped or powder cat-
alysts. However, these monoliths or honeycombs that are made of
longitudinal parallel channels have some limitations concerning
the laminar flow occurring inside the channels, the mass transfer
from the gas phase to the catalytic layer on the walls and difficul-
ties to control temperature for many exothermic or endothermic
reactions [3,4]. Some of these disadvantages can be overcome by
using special designs in metallic monoliths [5] or foams of open
porosity (85–90%) which allow increasing the turbulence and the
radial mixing [6].  Foams can be either ceramic or metallic. The
ceramic foams were first used as filters for molten metals, but
recently have received a great deal of interest and are being applied
to different catalytic processes [6].  As in the case of monoliths,
the ceramic foams are also usually coated with a catalyst sup-
port layer to increase BET surface area and to provide a support
material that has a better interaction with the active catalyst mate-
rial [7,8]. Zeolites can be applied for coating ceramic honeycomb
monoliths or foams. The zeolite crystals can be hydrothermally

synthesized in situ on the cell walls of the ceramic carrier [7,9]
or they can be applied by washcoating using a slurry of zeolite
particles followed by a stabilising thermal treatment [10]. The char-
acteristics of the final coating are a complex function of support

dx.doi.org/10.1016/j.cattod.2011.02.007
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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haracteristics, slurry properties and preparation conditions [8].
ecently, we have developed a washcoating method to sup-
ort homogeneous and well-adherent layers of MFI  zeolite onto
ordierite foams [11]. The catalytic performances of those MFI
tructured catalysts were evaluated in the combustion of represen-
ative VOCs, such as isopropanol and toluene, and it was  observed
hat they showed higher catalytic activity than the powder zeolite,

ainly in the case of foams containing Pt on MFI  [12]. Pt supported
n zeolites have already demonstrated efficiency for the catalytic
ombustion of a variety of VOCs at relatively low temperatures in
onventional reactors [13,14] or using microstructured catalysts or
icroreactors [15]. It is well known that the preparation method,

he support porosity and metal content as well as particle size can
ffect the catalyst properties [2].

In this work, we studied the catalytic properties of Pt based foam
atalysts in which Pt was introduced in three different ways and we
rovide an explanation for the improvement in activities observed

n the case of toluene combustion with Pt exchanged MFI  supported
n cordierite foams.

. Experimental

.1. Catalysts preparation

The cordierite (2MgO·2Al2O3·5SiO2) foams, were produced by
 polymeric replication method [16]. A flexible polyurethane
oam was impregnated with a ceramic cordierite precursor slurry,
ptimized through the addition of a surfactant (Targon 1128,
K Ladenburg, F.R. Germany) and a thickening agent (sodium
entonite, MO34, Chemicer, Spain), in order to obtain adequate
heological behaviour.

Three types of Pt catalysts containing identical Pt loading 0.1
wt.%) were prepared: (1) PtMFI CF prepared by coating PtMFI
eolite onto the foam structure; (2) Pt MFICF in which Pt was  intro-
uced after zeolite coating and finally (3) PtCF with Pt directly wet

mpregnated on the cordierite foam.
PtMFI catalyst was prepared by ionic exchange in MFI zeolite

Si/Al = 15, Zeolyst Corp.), in order to introduce 0.1 wt.% of platinum.
 given volume of Pt(NH3)4Cl2 (Sigma Aldrich) precursor solution

5 × 10−3 M),  was added drop wise in a MFI  suspension (1 g/100 mL
f water) at room temperature, remaining under stirring for 12 h.
he resulting sample was then collected by centrifugation and dried
vernight at 100 ◦C. Finally, the Pt based-catalyst was  calcined at

00 ◦C for 8 h (1 ◦C min−1) under an air flow of 4 L h−1 g−1 catalyst.

The PtMFI zeolite was then supported on cordierite foams by a
ashcoating method. This method consists of the immersion of the

eramic foams, pre-treated with a cationic polymer, within a cat-

Fig. 1. SEM micrograph of a cordierite foam produced by replication (a) and an
ay 176 (2011) 93– 96

alyst suspension containing 13 wt.% of catalyst, 0.14 wt.% of binder
(colloidal silica), and 0.4 wt.% of surfactant (Teepol). Afterwards the
excess of suspension is removed by centrifugation. In a final step,
the sample was calcined at 450 ◦C for 3 h at static air (heating rate of
5 ◦C min−1). This coated foam sample was named as PtMFI CF. The
remaining PtMFI zeolite (PtMFIs sample) was  removed by centrifu-
gation from the slurry used for dipping foams and then it was dried
and calcined under conditions described above. A sample PtMFIs/CF
was obtained by mechanical mixing of PtMFIs with crushed foam.

Sample Pt MFICF was  prepared from a MFI  zeolite coated foam
in which Pt was  introduced by ion exchange following the proce-
dure described above. Finally the sample PtCF, without zeolite, was
obtained by impregnation of the cordierite foam with Pt(NH3)4Cl2
solution.

2.2. Structural and catalyst characterization

The morphology of the cordierite foams was  evaluated by scan-
ning electron microscopy (SEM), using a Hitachi S-2400 equipment,
with a 15 kV beam. Based on SEM images and using an image
analysis software (SigmaScan Pro5), the cell mean diameter of
the ceramic foam structure was  determined. The porosity of the
foams is estimated by the formula: ε = 1 − (�/�s), where � is the
density of the foam (weight-to-volume ratio), and �s is the den-
sity of the solid (2.6 g cm−3). The coatings loadings in the samples
were determined gravimetrically. The dispersion and thickness of
these coatings were evaluated by optical microscopy (Olympus CK
40 M microscope) using the SigmaScan Pro5 software. The adher-
ence of the catalysts coatings onto the foam’s surface was also
evaluated by determining the weight loss, after exposing them to
ultrasounds for 1 h at room temperature. The platinum (Pt) content
of samples was determined by inductively coupled plasma (ICP)
spectrometry. The evaluation of Pt dispersion and metal size par-
ticles was  determined by H2 chemisorption (H2/Ar, 5 vol.%) using
a Micromeritics Autochem II–2920 analyser at 308 K. The samples
were first reduced under H2 flow (25 mL  min−1) at 773 K and sub-
sequently evacuated under Ar at 623 K overnight. Transmission
electron microscopy (TEM) using a Hitachi – 8100 microscope was
used to evaluate the metal size particles on the surface of zeolite
crystals.

2.3. Catalytic tests
The catalytic behaviour of samples was evaluated for the toluene
combustion. The catalytic tests were performed at atmospheric
pressure in a fixed-bed flow reactor under temperature pro-
grammed surface reaction conditions (TPSR) with an heating rate

 optical image (b) of a typical polished cross-section of MFI-coated foam.
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Table 1
Metal dispersion and Pt particle sizes determined by H2 chemisorption on powder
PtMFIi sample and on PtMFI CF foam (after grinding).

Sample Metal dispersion (%) Particle size (nm)
ig. 2. Conversion of toluene into CO2 as a function of the temperature for PtMFI
a), PtMFIs (b), PtMFIs/CF (c) and PtMFI CF (d) catalysts.

f 1 ◦C min−1 and an air flow of 15 L h−1 containing 800 ppm of
oluene. In order to be comparable, all tested catalysts contained
he same amount of zeolithe (about 92 mg).

The feed and the reaction products were analyzed by on-line
as chromatography (HP 5890 gas chromatograph equipped with

 Poraplot Q column) for hydrocarbons and IR Siemens Ultramat
3 analyzer for CO2 and CO. Before the reaction, the catalysts were
retreated under a 15 L h−1 air flow at 450 ◦C for 1 h. The catalytic
ctivity was evaluated in terms of conversion to CO2 by measuring
ts concentration each 2 min.

. Results and discussion

The morphology of cordierite foams consists of a three-
imensional array of struts forming open cells with more or less
ircular or ellipsoidal shape (Fig. 1a) leading to large channels of
bout 575 ± 55 �m in diameter, although some cells had closed
indows. The strut thickness is between 60 and 70 �m and the
orosity is about 85%.

Cylindrical cordierite foams (length ∼1.2 cm;  diameter ∼1.8 cm)
ere dip coated using the conditions previously described in Sec-

ion 2.1.  At a glance zeolite coatings are homogenously distributed
hroughout the cordierite foam structure with thicknesses as low
s 27 �m (Fig. 1b). Apparently, neither dimensional changes nor
lockage of the large channels of the ceramic foams is observed.
Fig. 2 shows the catalytic behaviour of Pt based catalysts for
oluene total oxidation (800 ppm in air) observed for samples with
bout the same zeolite content (92 mg). The catalyst PtMFI under
owder form presents the lowest activity with a light-off temper-

Fig. 3. TEM micrographs for samp
PtMFIi 66 1.5 ± 0.2
PtMFI CF 49 2.3 ± 0.2

ature (temperature at which 50% of toluene conversion into CO2
is attained) of about 260 ◦C, while the structured catalyst PtMFI CF
(curve d) is the most active evidencing a decrease of about 50 ◦C in
the light-off temperature. This increase of activity could be due to
the effect of foam 3D tortuous structure providing at same time an
enhanced of mixing and turbulence, leading to better mass and heat
transfers. However as this effect was  not verified so intensely for
CuMFI based catalysts (results not shown) it was  decided to inves-
tigate the origin of activity increase for Pt studied catalysts. In order
to evaluate whether there was  an effect of the foam structure on
toluene conversion or not it was  decided to compare the light off
curve of PtMFI CF catalyst with the ones observed for three pow-
der samples: the initial PtMFI sample; PtMFIs removed from the
slurry used for dipping foams and PtMFIs/CF prepared by mechan-
ical mixing of PtMFIs with crushed foam (Fig. 2 curves b and c,
respectively). In fact, the catalysts containing PtMFIs which had
previously contacted the other slurry components (detergent and
binder) are more active than the initial PtMFI powder zeolite.

To explain these observations the Pt particles present in the
different catalysts samples were characterized by TEM and by H2
chemisorption. Fig. 3 clearly shows great differences between as
prepared Pt samples and those used in the preparation of the slurry.
In PtMFI micrographs (Fig. 3a) the Pt particles are not detected at
the surface, meaning that the metal is inside the zeolite pores. On
the contrary, the presence of large metal particles on the surface
of zeolite crystals were observed on samples PtMFIs removed from
the slurry which were probably formed by sintering of Pt particles
initially present inside the zeolite pores (Fig. 3b). The values shown
in Table 1 for Pt dispersion and particle size determined by H2
chemisorption also confirm that the Pt dispersion decreased after
contact of PtMFI zeolite with the components (binder and deter-
gent) of the slurry used to perform the washcoating of the foams.
This increase of metal particle sizes explains the higher activity for
toluene combustion observed with all catalysts containing PtMFIs
zeolite deposed on the ceramic foam structure or even when the
foam is crushed (PtMFIs/CF). Actually, it is known that Pt dispersion
is a major factor affecting the intrinsic activity of VOCs catalytic
oxidation [2] and there are a few works dealing with the structure
sensitivity of aromatics hydrocarbons combustion on Pt based cat-

alysts showing that oxidation rates increase with increasing metal
particle size [17,18]. For example the toluene oxidation rate over
Pt/Al2O3 catalysts was found to be about 10 times higher for Pt
crystallites size of 15.5 nm compared to one of 1.0 nm [17].

les PtMFI (a) and PtMFIs (b).
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ig. 4. Conversion of toluene into CO2 as a function of the temperature for PtMFI CF
d),  Pt MFICF (e) and PtCF (f) catalysts.

Finally, the influence of the preparation method used to intro-
uce Pt on the cordierite foams was analysed by comparison of light
ff curves shown in Fig. 4. As it can be observed, the structured
tMFI CF catalyst prepared by washcoating PtMFI on the foam is
lightly more active than Pt MFICF catalyst in which Pt was intro-
uced after zeolite coating. Indeed, a decrease of about 10 ◦C in the

ight-off temperature (T50%) was attained. The Pt catalyst directly
mpregnated on the cordierite foams (PtCF) has a light-off temper-
ture T50% higher (∼50 ◦C) than PtMFI coated ones which attests the
mproving effect of zeolite on the catalytic active phase. The small
ifference of activity between PtMFI CF and Pt MFICF catalysts is
lso probably related to differences in Pt dispersion, but it was not
ossible to confirm it because the analysis of the metal dispersion
ould involve the foam grinding.

. Conclusions
The enhanced performances of the structured catalysts for
oluene catalytic combustion is due not only to open structure of
oams and homogeneous thin zeolite layers deposited on their wall

[
[

ay 176 (2011) 93– 96

cells, but also to the fact that the size and location of Pt particles
present in MFI  zeolite are changed during the dipping step.

The initial Pt dispersion of the PtMFI zeolite is not representa-
tive of the state after coating on the cordierite foam. The chemical
interaction of PtMFI zeolite with the binder and detergent, both
present in the slurry, leads to an increase of Pt particles size which
were found to migrate from internal pores to the external surface of
zeolite crystallites thereby increasing catalytic activity for toluene
combustion.

Acknowledgements

The authors thank Rauschert Portuguesa Ltd. and Eka Chemicals
(Spain) for providing the ceramic precursor and cationic poly-
mer, respectively. The financial support provided by FCT-Portugal
(Project POCI/EQU/57168/2004) is also acknowledged.

References

[1] R.M. Heck, R.J. Farrauto, Catalytic Pollution Control, Second ed., Wiley-
Interscience, New York, 2002.

[2] L.F. Liotta, Appl. Catal. B: Environ. (2010), doi:10.1016/j.apcatb.2010.08.023.
[3] R.M Heck, S. Gulati, R.J. Farrauto, Chem. Eng. J. 82 (2001) 149.
[4]  O. Sanz, F.J. Echave, M.  Sánchez, A. Monzón, M.  Momtes, Appl. Catal. A: Gen.

340  (2008) 125.
[5] M.W.  Twigg, D.E. Webster, in: A. Cybulski, J.A. Moulijn (Eds.), Structured Cata-

lysts and Reactors, Marcel Dekker Inc., New York, 1998, p. 59.
[6] M.V. Twigg, J.T. Richardson, Ind. Eng. Chem. Res. 46 (2007) 4166.
[7] T.A. Nijhuis, A.E.W. Beers, T. Vergunst, I. Hoek, F. Kapteijn, J. Moulijn, Catal. Rev.

43  (2001) 345.
[8] P. Avila, M. Montes, E.E. Miró, Chem. Eng. J. 109 (2005) 11.
[9] E.I. Basaldella, A. Kikot, J.F. Bengoa, J.C. Tara, Mater. Lett. 52 (2002) 350.
10] J.M. Zamaro, M.A. Ulla, E.E. Miró, Chem. Eng. J. 106 (2005) 25.
11] E.R. Silva, J.M. Silva, M.F. Vaz, F.A.C. Oliveira, M.F. Ribeiro, Mater. Lett. 63 (2009)

572.
12] E. Silva, R. Catalão, J. Silva, M.F. Vaz, F.A.C. Oliveira, F.R. Ribeiro, P. Magnoux, T.

Belin, M.F. Ribeiro, Stud. Surf. Sci. Catal. 174 (2008) 1195.
13] J. Tsou, L. Pinard, P. Magnoux, J.L. Figueiredo, M.  Guisnet, Appl. Catal. B 46 (2003)

371.
14] R. Beauchet, P. Magnoux, J. Mijoin, Catal. Today 124 (2007) 118.
15] N. Navascués, M.  Escuin, Y. Rodas, S. Irusta, R. Mallada, J. Santamaría, Ind. Eng.

Chem. Res. 49 (2010) 6941.
17] N. Radic, B. Grbic, A. Terlecki-Baricevic, Appl. Catal. B 50 (2004) 153.
18] S. Morales-Torresa, F.J. Maldonado-Hódar, A.F. Pérez-Cadenas, F. Carrasco-

Marína, J. Hazard. Mater. 183 (2010) 814.


	Catalytic combustion of toluene on Pt zeolite coated cordierite foams
	1 Introduction
	2 Experimental
	2.1 Catalysts preparation
	2.2 Structural and catalyst characterization
	2.3 Catalytic tests

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


