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Abstract

Pd-Mo and Mo-Pd bimetallic catalysts supported on Al,O3-thin-layer-modified SiO, and Si-MCM-41 were investigated for the direct
decomposition of nitric oxide. The catalysts were prepared from [Pd(acac),] and [Mo(CO)g]. The Al,03/SiO, and Al,03/Si-MCM-41 supported
catalyst surface areas did not change significantly upon metal impregnation. Temperature programmed reduction profiles suggest the presence of
large particles that are easily reduced. Consequently, low palladium dispersions were found. All the catalysts studied were active in the NO

decomposition reaction, Mo-Pd catalysts being the most selective.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The emission of pollutant gases from combustion in engines
and industrial ovens has become an important issue when
pollution is the subject [1]. Several types of catalysts have been
developed to convert NO, [2-10] to less aggressive compounds.
Several studies show the role of the support on the catalyst
activities [11]. Mesoporous silicas as MCM-41 have been
shown to be interesting materials due mainly to properties such
as uniform pore size distributions, high superficial areas and
thermal stabilities [12,13]. Additionally, with the incorporation
of alumina, it is possible to combine desired properties and to
obtain a special support with even higher thermal stabilities and
better acidic properties [14,15].

Among the metals, palladium is an attractive catalyst since
has the capability of being active either for CO and
hydrocarbon oxidations and/or NO reduction [16-19]. How-
ever, the high retention of oxygen leads to partial NO
decomposition to N, and N,O [20-22]. To enhance the
selectivity of the decomposition reaction of NO to N, and O,, a
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second metal is incorporated onto the support promoting a
bimetallic interaction [23,24]. Our research group has recently
compared several catalysts prepared with Pd in Al,Os-thin-
layer-modified SiO, and Si-MCM-41 supports [19]. Addition-
ally, we have developed a technique to incorporate molybde-
num and tungsten that uses photochemical activation of
metalcarbonyls to produce metallic species in low oxidation
state [25,26].

In the present work, bimetallic Pd-Mo catalysts were
prepared from [Pd(acac),] and [Mo(CO)g] precursors activated
photochemically and deposited on Al,Oj3-thin-layer-modified
SiO, and Si-MCM-41. The catalysts were characterized by
BET surface areas, hydrogen chemisorption, TPR, X-ray
diffraction, ICP-OES and tested in the direct NO decomposition
reaction.

2. Experimental
2.1. Synthesis of Si-MCM-41 [27]

Reaction mixtures were prepared by dissolving the required
amount of sodium silicate (Nuclear, Na,SiO5-5H,0), in distilled
water to give a 1.5 mol L™" solution. To this clear solution, an
aqueous suspension of cetyltrimethylammonium bromide
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(CTABr) (10.11 g of CTABrin 20.5 mL of water) was added and
aged for 24 h at room temperature. The mixture was stirred and
the pH was slowly lowered from 13.40-13.60 to 10.80 by the
addition of concentrated acetic acid. The suspension was then
stirred for 4 h at 347-349 K. The final gel composition was:
Si0,:Na,0:0.25(CTA),0:0.5HBr:100H,0O. The reaction mix-
ture was transferred to a Teflon-lined stainless steel autoclave and
placed in a pre-heated oven at 423 K, for a period of 66 h. After
the hydrothermal treatment, the samples were filtered and
thoroughly washed with distilled water. The solids were air dried
and sieved to 0.106 mm. To eliminate the organic part of these
materials, a solvent extraction was performed in a Soxhlet system
with 0.30 mol L™" HCI solution in 50/50 ethanol/heptane, at
363 K, over a period of 40 h. Thereafter, the samples were
activated by heating from room temperature to 773 K at a rate of
5K min', under dry argon and then maintaining at that
temperature for 20 h under dry oxygen.

2.2. Modification of the support surfaces by grafting
reaction of a Al,Oj3 thin layer [19]

Aluminum oxide was immobilized either on the support
by immersing 10 g of silica gel (Merck) or Si-MCM-41
(synthesized as explained above), previously heated under
vacuum at 423 K for 8 h, in 50 mL of a 0.14 mol L™! solution
of aluminum isopropoxide in dry toluene. The mixture was
heated at reflux temperature under an argon atmosphere for
24 h with mechanical stirring. The resulting solid was filtered
under an inert atmosphere in a Schlenk apparatus and washed
with warm toluene, ethanol and diethyl ether. The remaining
solvent was removed under vacuum at 383 K. In order to
promote the Al-O-R bond hydrolysis, the modified supports
were immersed in deionized water for 4 h, at room temperature.
The mixture was filtered, washed with water and finally dried
under vacuum at 393 K. The grafting reaction was repeated
twice to obtain an Al,O3 layer (5% of Al) on the silica gel and
on the Si-MCM-41 surfaces [15]. These samples were referred
to as Al,03/SiO, and Al,03/Si-MCM-41 respectively.

2.3. Pd incorporation [19]

The palladium catalysts were prepared by impregnation of the
support (Si0,, Al,03/Si0; or Al,O3/Si-MCM-41) with a toluene
solution of palladium acetylacetonate (8 x 107> g Pd mL™").
The support was previously dried and activated at 723 K in air
for 3 h followed by another hour at the same temperature
under vacuum. The solid (2 g) and the solution (7.5 mL) were
left in contact for 24 h at room temperature. The liquid was
removed; the solid was dried under vacuum, activated in air
at 473 K for 2 h and finally reduced with hydrogen under the
same conditions. The palladium metal loading was adjusted to
1 wt.%.

For the preparation of Si-MCM-41 supported catalysts,
palladium(II) acetate (98%) dissolved in acetone was trans-
ferred to an acetone suspension of the molecular sieves and the
mixture was stirred for 6 h and evacuated until the excess of
acetone was eliminated. After drying at 383 K, the sample was

heated at 773 K at a rate of 5 K min~! for 4 h, under a flow of
oxygen.

2.4. Molybdenum incorporation

The Mo incorporation was carried out through a photo-
chemical activation of the organometallic compound
[Mo(CO)g] (Aldrich) dissolved in hexane in the presence of
the palladium catalysts (Pd/Al,05/SiO, or Pd/Al,O5/Si-MCM-
41) or the supports (Al,03/SiO, or Al,03/Si-MCM-41). The
quantities used were calculated to give 2 wt.% of Mo on the
support (1.5 g of support; 0.083 g of [Mo(CO)s]; 50 mL of
hexane).

The photochemical reactions were performed at room
temperature under an Ar atmosphere using a Philips HPL-N
(125 W) UV lamp fitted into a Pyrex cold finger. In order to
observe the reaction progress, small liquid samples were
withdrawn for analysis by FTIR where the decrease in the
v(CO) band was monitored. After the irradiation, the solid was
filtered and washed with hexane. Finally, the generated
subcarbonyl species were decomposed by thermal treatment
under vacuum at 723 K.

2.5. Catalysts characterization

The specific surface area of the solid previously degassed at
473 K, under vacuum, was determined by Brunauer, Emmett
and Teller (BET) multipoint technique on an ASAP 2010,
Micromeritics apparatus, using nitrogen as probe. The
mesopore size distribution was obtained using the Barret,
Joyner and Halenda (BJH) method.

The palladium dispersion was determined by a hydrogen
chemisorption method. The samples were pre-heated at 423 K
(10 K min~") in flowing Ar (30 mL min~") for 0.5 h. They
were then reduced at 573 K (10Kmin71) under a flow of
1.74% H,/Ar (30 mL minfl). Following reduction, the samples
were purged with Ar for 1 h at 573 K and cooled to 343 K
(adsorption temperature) for hydrogen chemisorption using the
dynamic method.

2.6. Catalytic activity

Catalytic experiments with NO were carried out in a fixed-
bed quartz reactor. Prior to reaction, the catalysts were reduced
in situ at 573 K for 4 h. The NO decomposition reaction was
studied as a function of time at 723 K, using a feed mixture
containing 500 ppm of NO in an argon background. The flow
rate was adjusted to 120 cm® min~" and the space velocity was
30,000 h~'. The effluent gases were analyzed by a FTIR
MB100-BOMEM Spectrometer equipped with a multiple
reflection gas cell (7.0 m path length and 2.1 L volume). The
NO, NO; and N,O stretching bands at 1955-1790, 1658-1565
and 2266-2159 cm ™' respectively, were monitored. In order to
calculate the NO conversions from the IR data, a method
using the measured absorbance values [28] was used to
determine the NO concentration at the entrance of the gas IR
cell (reactor exit).
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Table 1
BET surface areas, pore volume and pore diameter results
Catalysts BET specific Pore Pore
surface area volume diameter
(m*g™") (em*g™)  (nm)
Al,04/Si0, 233 0.38 -
Pd/AL05/Si0," 245 0.48 -
Mo/Al,05/Si0, 236 0.50 -
Pd-Mo/A1,05/Si0, 238 0.18 -
Mo-Pd/A1,054/Si0, 254 0.85 -
Al,04/Si-MCM-41 562 0.52 2.81
Pd/Al,05/Si-MCM-41* 531 0.55 3.23
Mo/Al,05/Si-MCM-41 567 - -
Pd-Mo/Al,05/Si-MCM-41 548 0.55 3.16
Mo-Pd/Al,05/Si-MCM-41 540 0.51 3.27

* From reference [13].

3. Results and discussion

The catalysts prepared on Al,03/Si0, as support presented
surface area around 245 m?g ' even after Pd and/or Mo
impregnation (Table 1). The surface areas of the catalysts
prepared from Al,O3/Si-MCM-41 were approximately
550 m? g~' with a slight tendency to decrease with metal
incorporation.

In Table 2 it can be seen that palladium loadings on Al,O3/
Si0, were higher than on Al,O3/Si-MCM-41 probably due to
the fact that SiO, has larger pore diameters (8 nm) than Si-
MCM-41 (3 nm), which makes it easier for the [Pd(acac),]
molecule to reach the anchoring sites. On the other hand, for
Mo the loadings on Al,05/Si-MCM-41 were in general much
higher than on Al,O3/SiO, reflecting the interaction that is
known to occur between this type of compound and the support:
the compound interacts with Lewis acid sites through the
oxygen of the carbonyl [25]. As in Si-MCM-41, the aluminum
Lewis acid sites should be more accessible because of the
higher surface area, consequently this support retains more
molybdenum than SiO,.

Temperature programmed reduction profiles (Fig. 1) are
analogous for all Pd catalysts. In general, we can observe a
hydrogen peak at room temperature due to PdO reduction
(Table 2), a negative peak due to palladium hydride
decomposition (328-338 K) and a large band that appears
either as a shoulder or two peaks in the 363-393 K temperature
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Fig. 1. TPR profiles of palladium catalysts: (a) Pd/A1,03/SiO,, (b) Pd/SiO, and
(c) Pd/A1,05/Si-MCM-41.

range, possibly due to PdO particles strongly bound to the
support.

Furthermore, high degrees of reduction were obtained
(Table 2) suggesting the presence of easily reduced large
particles. The presence of the hydride peak is also evidence for
large particles [20].

The TPR profiles for the bimetallic catalysts (Fig. 2) present
the same peaks due to palladium in the ranges from 328 to
338 K and from 363 to 393 K. Additionally, there are peaks at
513 and 593 K, that are not present in Fig. 1 and that are not
usual for Pd catalysts that might be attributed to Pd-Mo
interaction. These species would interact more strongly with
the support [20]. Konopny et al. [29] reported the occurrence of
bimetallic interaction between Pd and Mo in PdMo/Al,O3
catalysts. Noronha et al. [30] found that the palladium addition
promoted mainly the reduction of Mo®" to Mo**, which
suggests the existence of a strong interaction between Pd° and a
Mo oxide.

The catalyst Mo/Al,O3/SiO, presented a reduction peak at
863 K due to MoOj; reduction. Hydrogen chemisorption
showed low dispersion values (Table 2) for the bimetallic
catalysts in comparison with the monometallic ones. This result
suggests that molybdenum atom inhibits the reaction of the
exposed palladium atoms even when it is firstly deposited on
the support. In this case, Mo probably migrates to the palladium

Table 2

TPR, H, chemisorption and chemical analysis results

Catalysts Hydrogen consume (mol/g cat.) Pd reducibility (%) Pd dispersion (%) Pd (wt.%) Mo (wt. %)
Room temperature During temperature heating

Pd/A1,05/Si0,* 69 20 96 40 0.98 -

Mo/Al,05/Si0, 4 15 80 - - 0.23

Pd-Mo/Al,05/Si0, 85 4 98 6 0.98 0.17

Mo-Pd/Al,05/Si0, 84 4 100 7 091 0.21

Pd/A1,05/Si-MCM-41% 45 5 55 70 0.75 -

Mo/Al,03/Si-MCM-41 - - - - - 0.67

Pd-Mo/Al,03/Si-MCM-41 45 12 81 12 0.75 0.36

Mo-Pd/Al,05/Si-MCM-41 52 20 95 19 0.80 1.56

? From reference [13].
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Fig. 2. TPR profiles of bimetallic catalysts: (a) Pd-Mo/Al,03/Si-MCM-41, (b)
Mo-Pd/Al,05/Si-MCM-41, (c) Pd-Mo/Al,05/Si0, and (d) Mo-Pd/Al,05/SiO,.

exposed sites with the temperature treatment. Tonetto et al. [20]
and Konopny et al. [29] reported similar results for PdMo-
alumina catalysts. These authors observed a decrease in the
hydrogen chemisorption capacity of palladium due to
molybdenum addition.

The catalytic tests for NO decomposition showed that all the
catalysts prepared in this work show activity for the NO
reaction (Figs. 3 and 4). As usual for Pd catalysts, the activity
was maintained at 100% conversion over a period of time and
after it decomposes concomitantly to N,O formation, that
occurs because of oxygen retention by Pd [20]. The catalyst Pd-
Mo/Al1,03/SiO, remains for a longer time at 100% conversion,
but the catalysts Mo-Pd/Al,O5/SiO; had the highest activity
above 200 min, remaining active after all catalysts had
deactivated. Furthermore, the catalysts Mo-Pd (Mo was
deposited initially) were the most selective, signifying that
there was a lower degree of N,O formation compared with
catalysts where Pd was deposited initially (Pd-Mo). Even
having low dispersion values, meaning inhibition of the
palladium exposed sites, these bimetallic catalysts presented
high activity, which is not due to the loss of dispersion as
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Fig. 3. NO conversion as a function of reaction time at 723 K. () Pd-Mo/
Al,05/Si0,, (l) Mo-Pd/Al,05/Si0,, (A) Pd-Mo/Al,O5/Si-MCM-41, (@)
Mo-Pd/Al,05/Si-MCM-41 (500 ppm NO/Ar, 100,000 hh.
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Fig. 4. N,O formation as a function of reaction time at 723 K. (<) Pd-Mo/
Al,03/Si0,, () Mo-Pd/Al,05/Si0,, (A) Pd-Mo/Al,05/Si-MCM-41, (@)
Mo-Pd/Al,05/Si-MCM-41 (500 ppm NO/Ar, 100,000 hh.

compared to what is observed with the monometallic catalysts.
The interaction of the Pd and Mo atoms is probably successful
in maintaining these bimetallic catalysts active for a longer
period of time, even if the fractions of exposed atoms
decreases, in comparison with the monometallic ones. This
resultisin accord with the work of Damiani and coworkers [24]
who found that the addition of molybdenum results in an
increase of residual activity in the bimetallic catalysts with
regard to Pd/Al,03 one. The interaction between Pd and Mo
appears to be responsible for the observed modification in NO
activity.

4. Conclusions

The surface areas of SiO, and Si-MCM-41 supported
catalysts did not change upon metal incorporation and thermal
treatments.

TPR profiles suggested the presence of large easily reduced
Pd particles. Hydrogen chemisorption showed low Pd disper-
sion when Mo was present. The bimetallic catalysts showed
additional peaks probably due to interaction between the two
metals.

All the catalysts were active for NO decomposition. The
Mo-Pd catalysts were the most selective in comparison with the
catalysts where Pd was first deposited (Pd-Mo).
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