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Abstract

Hierarchical bimodal macro-mesoporous zirconia oxide has been synthesized by a simple method in the presence of CTMABT surfactant. The
synthesized zirconia having uniform macropores of 300—600 nm in diameter with wormhole-like mesoporous walls and high surface area was
calcined at 400 and 600 °C and impregnated with 0.5 wt.% of palladium and compared with classical 0.5 wt.% Pd/ZrO, catalyst for toluene
oxidation. The highest activity of 0.5 wt.%/macro-mesoporous zirconia calcined at 600 °C was mainly explained by a rather high Pd dispersion and
by H,-TPR measurements showing a higher quantity of PdO species easily reducible at 0 °C.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) emitted from industrial
processes and automobile exhaust emissions represent a serious
environmental problem, because of their toxic properties and
their involvement in the formation of photochemical smog.
Assessing the available technology for the removal of VOCs
from polluted air stream, catalytic oxidation is one of the most
promising [1]. Several catalysts are widely investigated for the
total oxidation of VOCs [2-9], though deactivation of catalysts
in the oxidation of VOCs is a challenge [10,11]. Among them,
noble-metal-based (e.g. Pt and Pd) catalysts show the highest
activity and selectivity for the oxidation of VOCs [2-4].
However, it is found that the support nature plays an important
role in improvement of the efficiency of the -catalyst,
particularly in oxidation reaction. ZrO, is a very interesting
material since lability and easiness to exchange oxygen atoms
of the tetragonal phase make zirconia suitable for redox
catalysis [7,12] as oxidations [13,14]. Indeed, Pd/ZrO, was
found to be a high potential catalyst for toluene oxidation [15].
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Moreover recently many nanostructured mesoporous oxides
with high surface area and uniform pore size distribution are
used as support for multiple catalyst applications [16—18]. For
example, nanostructured porous zirconia, titania, and binary
zirconium and titanium oxides for palladium catalysts have
provided excellent catalytic properties for complete toluene and
chlorobenzene oxidation [18]. This previous studies have
shown that catalytic activities of supported palladium are
greatly affected by the nature of the support. The observed high
catalytic activity of Pd/mesoporous titania in complete
oxidation of these VOCs could be connected with the
reducibility of PdO particles and adsorption enthalpy of
toluene.

The main goal of the current work is to improve the high
activity of Pd/ZrO, catalyst for VOCs oxidation. Therefore, we
examine the influence of the pre-treatment of a new porous
zirconia on the total oxidation of toluene over the palladium
supported catalysts. We have thus synthesized hierarchical
bimodal macro-mesoporous zirconium oxide by a simple
method in the presence of a single surfactant [18-21]. The
synthesized zirconia particles are amorphous, having uniform
macropores of 300-600 nm in diameter with wormhole-like
mesoporous walls and high surface area.
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2. Experimental
2.1. Zirconia support preparation

The macro-mesoporous zirconia is prepared by the
method described in Ref. [21]. 15 wt.% micellar solution
of cetyltrimethylammonium bromide (CTMABT) is prepared
by dissolving CTMABT in an aqueous acidic solution (pH 2)
at 40 °C under stirring for at least 3 h. An appropriated
content of zirconium propoxide (Zr(OC;H;),) is added
dropwise into the above solution with a surfactant/Zr molar
ratio of 0.33. After further stirring for 1 h, the mixture is
transferred into a Teflon-lined autoclave, and heated at 60 °C
for 2 days. The product is filtered by Soxhlet extraction with
ethanol for at least 30 h in order to remove the surfactant
species. The final sample is dried at 60 °C at called
mesoZrO,. Then a part of sample as prepared are calcined
in air at 400 °C (mesoZr0,-400) and at 600 °C (mesoZrO,-
600) for 4 h.

2.2. Catalysts preparation

Pd supported by zirconia catalysts are prepared by aqueous
impregnating method using palladium nitrate (Pd(NOj3),-XH,O,
Johnson Matthey). The impregnated powders are dried at 100 °C
overnight and calcined in air at 400 °C for 4 h.

Pd/mesoZrO,, Pd/mesoZr0,-400 and Pd/mesoZrO,-600 are
prepared by impregnating with 0.5 wt.% Pd content on porous
supports.

For comparison, a reference zirconia sample is prepared by
precipitation of a precursor salt solution by ammonium
according to the procedure described in Ref. [7]. After its
calcination in air at 600 °C, palladium supported on a classical
zirconia, called Pd/ZrO,-ref, is also prepared by the same
procedure as described above.

2.3. Characterization techniques

The structures of solids are analysed by powder X-ray
diffraction (XRD) technique at room temperature with a Bruker
diffractometer using Cu Ka radiation scanning 26 angles
ranging from 10° to 80°.

The nitrogen adsorption analysis is performed on Sorpto-
matic 1990 apparatus at —196 °C and the specific surface areas
of the solids are determined by BET method.

The temperature programmed reduction (TPR) experiments
are carried out in an Altamira AMI-200 apparatus. The TPR
profiles are obtained by passing a 5% H,/Ar flow
(30 mL min_l) through the calcined sample (about 100 mg).
The temperature is increased from —40 to 300 °C at a rate of
5°Cmin~'. The hydrogen concentration in the effluent is
continuously monitored by a thermoconductivity detector
(TCD).

Pulse chemisorption measurements are performed using the
same apparatus. The samples are pre-treated for 2 h in a flow of
hydrogen at 200 °C, in order to reduce the Pd in the catalyst.
The samples are then cooled to 100 °C in a stream of argon.

Pulse chemisorption measurements are performed at this
temperature with 5% Hy/Ar.

Toluene oxidation is carried out in a conventional fixed bed
microreactor and studied between 25 and 300 °C (1 °C min ).
The reactive flow (100 N mL min~!) is composed of air and
1000 ppm of gaseous toluene. The analysis of combustion
products is performed evaluating the toluene conversion and the
CO/(CO + CO,) molar ratio from a Perkin Elmer autosystem
chromatograph equipped with TCD and FID. Before the
catalytic test, the solid (100 mg) is calcined under a flow of air
(2L h ") at 400 °C (1 °C min~ ') and reduced under hydrogen
flow 2 Lh™") at 200 °C.

3. Results and discussion
3.1. Physico-chemical characterization

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) of synthesized macro-mesoporous
zirconia material presenting in Ref. [18] shown that the zirconia
macro-mesoporous particles used as catalyst support in this
work have a size of around 10 pwm (SEM image) [20,21]. The
synthesized zirconia particles contain regular arrays of
macropores having a diameter range from 300 to 500 nm.
The hollow macrochannels are always orthogonal to the face of
the monolithic particle (TEM image). Moreover, macroporous
walls are mesostructured with a disordered wormhole-like
assembly of meso-micropores into macroporous framework.

X-ray diffraction patterns of porous zirconia are shown in
Fig. 1A. Untreated mesoZrO, zirconia framework possesses a
global amorphous structure (Fig. 1A.a). After calcination at
400 °C, the crystallization of amorphous zirconia to a
tetragonal phase is observed, intense line appeared at
26 =30.2° (Fig. 1A.b). When the solid is calcined at 600 °C
the intensity of preceding line increase and other line appears at
28.2°, this latter indicates that a monoclinic phase of zirconia is
formed (Fig. 1A.c). The XRD pattern of the classical zirconia
shown in Fig. 1A.d presents only the tetragonal phase of
zirconia.

Fig. 1B shows XRD patterns of palladium-based catalyst.
The addition of palladium on mesoZrO,-400 and mesoZrO,-
600 does not structurally perturb the nature of the already pre-
treated support (Fig. 1B.b and ¢). But for Pd/mesoZrO, catalyst
(Fig. 1B.a), tetragonal character of zirconia is obtained due to
the calcination of the solid after palladium impregnation.
Nevertheless, in comparison with Fig. 1A.b, i.e. the 400 °C-
calcined sample of mesoZrO,, the intensity of the latter is lower
than the former; the presence of Pd could delay the crystal-
lization of ZrO,. As Pd loading is rather low with 0.5% Pd/
zirconia samples, the absence of diffraction lines of PdO is due
to the high dispersion degree of the supported phase and/or the
low palladium content. The XRD pattern of the Pd/ZrO,-ref
(not shown) is like the spectra of classical zirconia shown in
Fig. 1A.d.

The textural properties in terms of BET surface area, pore
volume and average pore size of solids are summarized in
Table 1.
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Fig. 1. (A) XRD patterns of porous materials: (a) mesoZrO, (untreated
sample), (b) mesoZrO,-400 (sample calcined at 400 °C), (c) mesoZrO,-600
(sample calcined at 600 °C) and (d) XRD pattern of the classical ZrO,-ref
sample. (B) XRD patterns of calcined palladium-based catalysts: (a) Pd/
mesoZrO,, (b) Pd/mesoZr0,-400 and (¢) Pd/mesoZr0O,-600.

The surface area and porous volume of the pure mesoporous
zirconia is sharply decreased after the calcination at 400 and
600 °C. The crystallization of the walls separating mesopores
leading to partial destruction of the porous structure should
explain this decrease (XRD data). It is interesting to observe

Table 1
Main physico-chemical properties of zirconia supports and catalysts

that the pore diameter for mesoZr0O,-600 is larger than that of
mesoZr0,-400. Pd incorporation leads to a decrease of the
surface areas for Pd/mesoZr0O,-400 and Pd/mesoZrO,-600, but
the average pore diameters are unchanged.

In the case of the Pd/ZrO,-ref, its characterization leads to
the following properties, tetragonal and monoclinic phase like
Pd/mesoZr0,-600 and surface area 88 m? g~ ' lower than the
100 m* g~ of Pd/mesoZrO,-600.

Pd dispersion and Pd particle size of the catalysts are
presented in Table 1. Pd dispersion can be correlated to the
specific surface for Pd/mesoZr0,-400, Pd/mesoZr0O,-600 and
Pd/ZrO,-ref. The Pd particles size should be on the outer
surface or into the macropores for the porous zirconia samples.

The reducibility of supported palladium oxide is an
important factor influencing its catalytic property [22]. We
actually observed on palladium-based catalysts [23,24] that the
reduction step before the catalytic test allowed protecting the
catalyst from coke deposit and obtaining a stable active catalyst
with metallic Pd particles. The H,-TPR profiles of calcined
catalysts are displayed in Fig. 2A. Apparently, observed
changes of the TPR profiles indicate variations in the
distribution of palladium oxide with support type and its
calcinations. Moreover, in all cases the signals of H,
consumption correspond to complete reduction of PdO to
Pd° [25,26].

For the Pd/mesoZr0,-600 and 0.5% Pd/ZrO,-ref (Fig. 2A.c
and d), PdO is easily reducible, and the H,-consumption peaks
are observed at lower temperature at about 0 °C followed by a
negative Hp-consumption peak observed at 80 °C which can be
attributed to the desorption of hydrogen adsorbed on the
metallic palladium [27,28] forming palladium hydrides. These
results indicate that both supports could have quite similar
structure and Pd particles have a similar distribution. However,
the sample 0.5% Pd/mesoZrO,-600 seems to have a higher H,-
consumption peak. This could be due to the existence of some
metallic Pd species on 0.5% Pd/ZrO,-ref before TPR
experiment.

For Pd/mesoZrO, and Pd/mesoZr0O,-400 catalyst (Fig. 2A.a
and b), PdO reduction occurred in two times for Pd/mesoZrO,
and three times for Pd/mesoZr0O,-400. It can be assumed to a
non-uniform distribution of Pd particles with a first one at near
—22 °C attributed to the reduction of smaller PdO particles on the
surface (easily reducible), a second peak appearing at 11 °C
assigned to the reduction of bulky particles for Pd/mesoZrO,-400

Sample SBET Pore Pore volume Palladium Palladium particle
m>g™h size (nm) (em®*g™h dispersion® (%) size® (nm)

MesoZrO, 463 1.2 0.364 - -

MesoZrO,-400 184 1.2 0.223 - -

MesoZrO,-600 102 1.8 0.142 - -

Pd/mesoZrO, 222 1.2 0.357 54 2.1
Pd/mesoZr0,-400 150 1.2 0.211 64 1.7
Pd/mesoZr0O,-600 100 1.8 0.141 40 2.8

Pd/ZrO,-ref 88 - - 30 3.7

? Determined from H, chemisorption at 100 °C.
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Fig. 2. (A) TPR profiles of 0.5% Pd/zirconia catalysts: (a) Pd/mesoZrO,, (b)
Pd/mesoZr0,-400, (c¢) Pd/mesoZrO,-600 and (d) Pd/ZrO,-ref. (B) Toluene
conversion versus temperature for 0.5% Pd/zirconia catalysts.

and the last centred at 102 °C for Pd/mesoZr0O,-400 and at
165 °C for Pd/mesoZrO; related to the reduction of PdO species
probably in the pores and partially protected from the reduction
by a ZrO, coverage. Thus a partial degradation of the porous
structure after palladium impregnation should occur (loss of
specific area and crystallization) and could lead to this ZrO,
coverage of palladium. Moreover, the reducibility of the Pd
oxides depends on their dimensions as the decomposition of the
corresponding Pd hydrides. In fact the lower the Pd dispersion the
higher is the reducibility of the corresponding PdO particles
(Fig. 2A) and the intensity of the negative peak corresponding to
Pd hydrides.

3.2. Catalytic performance in the total oxidation of toluene

In Fig. 2B, catalytic activity data of catalysts are
compared. The observed products are only carbon dioxide
and water, indicating complete oxidation occurring during
reaction. The general order of catalysts activity for toluene

oxidation is Pd/mesoZr0,-600 > Pd/ZrO,-ref > Pd/meso
7Zr0,-400 > Pd/mesoZrO,.

The Pd/mesoZrO,-600 exhibits the highest catalytic activity
in comparison with the other samples. This result is surprising
since the specific area of Pd/mesoZrO, and Pd/mesoZrO,-400
and their Pd dispersion are higher than that of Pd/mesoZrO,-
600 (Table 1). The reason of this catalytic behaviour can be
related to the much easier reducibility of palladium species for
Pd/mesoZr0,-600. Pd/ZrO,-ref and Pd/mesoZr0,-600 exhibit
similar structure of zirconia support and close TPR profiles.
Therefore the higher Pd dispersion for Pd/mesoZrO,-600 than
Pd/ZrO,-ref can explain the difference of activity.

If we compare the activity order for toluene oxidation and
the TPR profiles, it seems that the quantity of PdO species
reducible at around O °C can also be correlated to the activity.
In fact, the quantity of PdO species reducible at around 0 °C
for palladium-based catalysts increases from Pd/mesoZrO, to
Pd/mesoZrO,-400 via Pd/ZrO,-ref to Pd/mesoZrO,-600.
Those kinds of species easily reducible must be the more
active Pd particles for toluene oxidation. Okumura et al. [29]
have observed the influence of the pre-treatment of support
on the electronic interaction between palladium particles and
support. The acidic—basic properties of the support influence
the Pd oxidation and that the co-existence of Pd and PdO
species on the Pd surface is important for VOC oxidation
[30]. Thus the mechanism of toluene oxidation should
undergo by a first oxidation of PdO by O, to form very active
[Pd**O?7] species which oxidize the hydrocarbon and Pd**
cation is reduced to Pd’. The activity of Pd should be
controlled be reducibility of PdO by the hydrocarbon and
then through the electronic interaction between the support
and palladium. The reduction step should then be an
important factor for the catalytic activity. Consequently
pre-treatment of support could decrease the electronic
interaction between palladium particles and zirconia and
then leads to easier reducible palladium particles and a more
active catalyst.

4. Conclusion

High performing classical Pd/ZrO, catalyst for VOCs
oxidation can be improved by the use of macro-mesoporous
zirconia support calcined at 600 °C instead of classical high
surface area commercial zirconia. The highest activity of
0.5 wt.%/macro-mesoporous zirconia calcined at 600 °C was
meanly explained by a better Pd dispersion and by TPR
measurements showing a higher quantity of PdO species easily
reducible. Indeed the mechanism of toluene oxidation should
undergo a first oxidation of PdO by O, to form very active
[Pd**O*7] species which oxidize the hydrocarbon and Pd**
cation is reduced to Pd’.
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