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Abstract

Pd/(C&Zr1x02)/MCM-41 catalysts containing variable loadings of Ce andvizh
fixed molar ratio Ce/Zr=1/2 are prepared by impeggm. Synthesized MCM-41, Pd(acgc)
Ce(NG)3.6H,O and Zr(acag)are used as chemicals. The effect of Ce and Zentson the
textural, structural and catalytic properties ofe tiprepared catalyst is studied.,-N
physisorption, Hchimisorption, XRD, TEM-EDX and TPR are the magchniques used to
characterize these catalysts. The obtained reshlbsv that Ce and Zr addition impacts
differently the surface area, porosity and partisiees of the Pd/(GEr.002)/MCM-41
catalysts, depending on the variable amount of @& Z. A huge enhancement in the
methane combustion activity is obtained.
Keywords: Pd/(C&ru.,02)/MCM-41 catalysts; Methane combustion; Catalytic activity
1. Introduction

Natural gas provides an attractive source of gneigce it is an abundant supply. It
has found an application in the turbine combustbambers and more recently has been
reported as an alternative fuel for automotive igptibns [1-2]. In these fields, the catalytic
combustion has proven to be a suitable alterndtivéhe conventional flame combustion.
Actually, the catalytic process reduces considgrti# noxious emissions of nitrogen oxides

NOx, and unburned hydrocarbons [Falladium-based catalysts are often seen as the cle



choice for the catalytic combustion process duéstdigh activity [4, 5]. Nevertheless, the
catalyst deactivation due to palladium sinteringirdy heat treatments is the most serious
problem for this kind of catalysts [6]. Therefoiig,is necessary to modify the Pd-based
catalysts in order to improve their thermal stéiliThe support and the additives are some of
the parameters that may affect the catalyst thestadility and consequently its activity.
According to the literature [1, 7-9], the introdiact of some rare-earth oxides such as Ce, La,
Th, Pr, Nd and Y can improve the sintering resistarAimong these dopants, cerium oxide is
widely reported to be an excellent promoter folgzhlim-based catalysts due to its capacity
to stabilize the metal dispersion, to improve tladlgaium reducibility and to enhance the
oxygen storage [8, 9]. However, with temperaturighdr than 50, CeQ readily sinters
resulting in catalyst deactivation. The additiorzw€onium into the cubic CeQramework is
seen to be an effective method to increase thestahility and to improve oxygen mobility
resulting in better performance in catalytic methanmbustion [9, 10].

Furthermore, it is well known that the nature bé tmetal-support interaction may
strongly influence the catalyst thermal stabilitctually, traditional supports such as,@4,
ZrO, and SiQ show insufficient properties in terms of thermalbslity and activity [11-14].
Recently developed mesoporous silicates, such @&SMhd SBA-x families, have become
popular materials for application as new catalygip®rts due to their high specific surface
area, to their well defined and ordered pore stingcand to their reasonable thermal stability
[6, 15]. Also, it has been reported that silicates adequate supports for methane combustion
catalysts [3, 9, 16, 17]. Nevertheless, there ardraquent investigations about ceria and
zirconia addition to palladium based MCM-41 for ttagalytic methane combustion.

This contribution aims to evaluate the performairtenethane combustion of the
Pd/MCM-41 catalysts doped with Ce and Zr. In pattic, attention is given to the effect of

Ce and Zr contents on the textural, structural @atdlytic properties of the doped Pd/MCM-



41 catalysts. For these reasons, Pd4€e0.)/MCM-41 samples are prepared with Zr

loadings of 0, 5, 10 and 20 wt.% and Ce contentlaiee Ce/Zr molar ratio equal to 1/2.

Then, the catalysts are characterized by mean#fefeht techniques and tested in methane
combustion.

2. Experimental

2.1. Chemicals

Hexadecyltrimethylammonium bromide, (CTAB) (Sigm&Ach, > 99%), ammonium
hydroxide solution (Sigma-Aldrich 99.99%), tetraethyl orthosilicatéTEOS) (ACROS,
98%), ethanol, (EtOH) (Sigma-Aldricky; 99.8%), cerium nitrate Ce(NR.6H,O (Sigma-
Aldrich, 99.99%), zirconium acetylacetonate, Zr a@g (Sigma-Aldrich, 99.99%) and
palladium acetylacetonate, (Pd(agadBigma-Aldrich, 99%) are used as chemicals is thi

work.

2.2.MCM-41 preparation

The MCM-41 synthesis is performed according to téported procedure [18]. In
brief: 1g of CTAB is dissolved in 200 mL of deioad water. Aqueous ammonia (28 wt. %)
is then added until the pH of the solution is amjdsto 10.5. Then, TEOS (5 mL) is added
drop wise at 70°C for 1 h. After, the mixture i$ fer cooling to room temperature under
stirring for 12 h. The obtained solid is then seped by centrifugation and washed with
distilled water and ethanol. Finally, the soliddsed in an oven at 60°C for 1 h and then
calcined at 550°C for 4h.

2.3. Catalysts preparation

The Pd/(CgZr1.0,)/MCM-41 catalysts are prepared by impregnationprépriate

amounts of Pd(acac)%Pd = 0.5 wt.%.), Zr(acag)Ce(NQ)s;.6H,O and calcined MCM-41

are ground in an agate mortar for 10 min. Thenharadl is added to obtain a paste which is



dried in an oven at 60°C for 30 minutes. Finalhg bbtained solid is calcined at 550 °C. The
resulting catalysts are referred as Pd-CeZrx, wkesehe zirconium loading that varied from
0 to 20 wt.%. The molar ratio Ce/Zr is fixed todmpual to 1/2.

2.4. Characterization techniques

The specific surface area is determined fropadisorption isotherms at 77 K with the
BET method using a Belsorp Max analyzer. Priordeaaption measurement, the sample is
degassed at 150°C under vacuum. The pore sizeébdisn is determined by the BJH
method, using the desorption branches of isotheiiihs. total pore volume is estimated by
means of the total amount of adsorbed gas atvelptessure P§R= 0.98.

The crystalline phases of the various samples determined by X-ray powder
diffraction using a D8 ADVANCE Bruker apparatus ogged at monochromatic CuoK
radiation, 30 mA and 40 kV. XRD patterns are reedrth the B range of 10-80°.

The metallic particle sizes are analyzed by trassion electron microscopy (TEM)
using a TECNAI Spirit 120 apparatus operated é2@K\V accelerating voltage and equipped
with a GATAN numeric camera. Each sample is digxtresn a 3mm carbon-coated copper
grid by deposition of a drop of a diluted suspemsiontaining the particles in ethanol, after
sonication.

Temperature-programmed reduction (TPR) of thelysttais carried out in a stream of
5 vol.% H, balanced with Ar at a flow rate of 30 mL/min. Témmple is heated in a U-shaped
conventional quartz micro reactor in oxygen witfioav rate of 30 mL/min up to 500°C and
kept at this temperature for 1h. After staying unde stream for 1h, the sample is finally
cooled to room temperature. After, the stream igctwd from Ar to the reducing gas the
sample is heated to 350°C by increasing the termyperdinearly at a constant rate of

10°C/min. The hydrogen consumption is monitorea@si thermal conductivity detector.



The catalytic activity test for methane combust®rcarried out in a quartz fixed-bed
micro-reactor at atmospheric pressure over theizeddsample (100 mg). The reaction
mixture contains 1vol.% CH 4 vol.% Q and balance He with a total flow rate of 6 . h
Reaction products are analyzed on-line by a gasnthtograph equipped with a thermal
conductivity detector (TCD) and a Porapak columime Theasurement of methane conversion

is carried out from 300°C to 500°C and is determiias follows:

. _ P(CO2)
Conversion (%) P (CHY)+P(COZ)

x 100
where Rys and Roy are respectively, the partial pressures of methadecarbon dioxide.
3. Results and discussion
3.1. Textural characterization

The N adsorption-desorption isotherms of all the Pd-QeZatalysts show profiles
identical to the type IV (according to the IUPAGssification), characteristic of mesoporous
solids Fig. 1A). However, only the hysteresis loops of the Pd1Oete Pd-CeZr5 and the
Pd-CezZrl0 isotherms are identified as H1 type, attaristic of uniform cylindrical
mesopores (according to the IUPAC classificatidie hysteresis loop turns to the H3 type
for the Pd-CeZr20 catalyst. In addition, as it ®wn in Fig. 1B, the Pd-CeZr0 sample
exhibits narrow and unimodal pore size distributigith an average pore diameter of 31 A.
However, the introduction of Ce and Zr turns thsetrithution to a tri-modal pore size
distribution on the Pd-CeZr5 sample, with pore diters at 27, 43 and 203 A. Likewise, the
further increase of Ce and Zr loadings on the PArO® and the Pd-CeZr20 catalysts shifts
the tri-modal distribution to pore diameters at 28,and 230 A. In addition to this porosity
modification, the BET surface area and the poreiwe decreased greatly by the increase of
the cerium and zirconium contents. These resutisbeaexplained by the appearance of new

types of pores due to the destruction of the irtlenralls of some mesopores when Ce and Zr

loadings are increased. In effect, the texturalificadions occur first by the coverage of the



pore walls with layers of metallic particles in timernal channels, then a blockage of some
pores happens by the further deposition of cerid zrconia nanoparticles and finally a
destruction of the internal pore walls occurs duexcessive insertion of Ce and Zr. Similar

phenomenon has been observed in the literature [19]

3.2. Palladium dispersion

Measurement of palladium dispersion is accomplisbgdH, chemisorption. The
obtained results gatheredTiable 1, showthat palladium dispersion of the prepared catalysts
increases in the following order: Pd-CeZr0 < Pd-BeZ Pd-CeZrl0~ Pd-CeZr20. These
results suggest that Ce and Zr addition enhanagsfisantly the palladium dispersion
probably due to the sintering inhibition of the Pdgarticles. This thermal stability
improvement could be favored by the strengthenihthe PdO-support interactionZ. Z.
Liang et al. [20] have also studied the Pd/&e,0,)/SiO, catalysts and they have shown
that the increase in Zr loading enhances the nethfipersion.
3.3. XRD measurements

The XRD patterns of the all catalysts are showrimm 2. Those of the Pd-CeZr0
sample reveals the presence of the characteristik pf tetragonal PdO phase aroufid=2
32.5. Compared to the diffraction patterns of the P@ZRCM-41 sample Fig. 2B),

positioned at @ = 28.5, 47.5 and 56.3°, and attributed to theaceubic phase [21]The Pd-

CeZrl0 and the Pd-CeZr20 catalysts show the sarmtermps as Pd/CefMCM-41 catalyst
but peaks are broader and shifted to higltep@sitions (B = 29.5°, 48.4° and 57.3°). This
shift indicates the substitution of €éons by Zf* ions in the ceria lattice to form &0,
solid solution. These results are in agreement witse described in the literature which
indicates that greater is the Zr loading, largahés shift of the solid solution peaks [21, 22].

Based on these observations and on the fact thdtfinaction peaks of zirconia phases are



detected, it can be concluded that a part of thenZount is incorporated into the Ceghase
and the rest remains well dispersed.

Moreover, we can see that peaks of Pd-CeZrlObevader than those of the Pd-
CeZr20 which indicates that Ce and Zr particle sizacrease with their loadings.
Furthermore, in addition to the peak arourtd=32.5°, no XRD diffractions are related to
CeQ, ZrG, or CeZrQ are observed on the patterns of the Pd-CeZr5ysatdlhis indicates
that no crystalline phase of the mixed oxides gl@gerated on the surface of the MCM-41
support. Such result may be comprehensible sinedotidings of zirconium and cerium are
relatively low.

3.2.TEM characterization

The size of the metallic particles on the Pd-CeZatalysts is examined by TEM
characterization. Micrographs of the Pd-CeZr0 gataFig. 38 show a good dispersion state
and homogeneous distribution of the Pd particle.9d is well detected in the EDXA signals
collected from different local areas of the catalwaface Fig. 3b). According to the particle
size distribution Fig. 3¢), the average Pd particle size is about 6:2nm.
For the Pd-CeZr5 micrograph&ig. 3d), the metallic particles are well dispersed on the
surface of the support. The average particle sizbout 4+1nmHKig. 3€. However, we can
also observe some aggregates like nanowires oft @fonm of length which are attributed to
some PdO particles. For the Pd-CeZrl10 and the Pd20esamples, we note the presence of
relatively small particles on the support surfa€gy 3f, h). The crystallite sizes are smaller
than 3 nm. The EDXA analysi&ig. 4j), shows different signals, corresponding to Pda@e
Zr. This result suggests that metallic oxides aedl dispersedMoreover, from the HRTEM
(Fig. 3g, ), it appears that the lattice spacing of nanogladgiare 0.263 nm and 0.291 nm
which are respectively indexed as the (101) and)(planes of tetragonal PdO andDeg.

»O2 solid solution [23]. Thus, it can be concluded frimse results that the metallic particle



size is significantly influenced by the Ce and @adings. In fact, the Zr and Ce addition can
improve the dispersion of the supported Pd pasdicle

3.3.Palladium reducibility

The recorded HTPR profiles of the Pd-CeZrx catalyst are showRig4. A negative
peak at 33°C which is ascribed to the decomposiiotne PdH species is observed on the
Pd-CeZr0 profile ig. 48. Normally, this peak should follow a positive ocaused by the
reduction of PdO. This reduction step seems to roatmegative temperature since it is not
registered on the TPR profile. This result is imeggnent with the literature [24, 25] which
suggested that large Pgd€pecies supported on Si€ould be reduced at low temperatures. In
addition, it was established [25] that Pd crysiedliadsorb hydrogen to form Pdbpecies,
which decompose by the temperature increase.

The introduction of Zr and Ce on the Pd/MCM-41 eféethe Pd-CeZr0 reducibility. In fact,
the TPR profile of the Pd-CeZr5 catalygig. 4b) shows the PdHdecomposition signal at
around 61°C. This shift shows that PdO specieh©@fRRd-CeZr0 sample are more reducible
than those of the Pd-CeZr5 catalyst [26].

The further increase of Ce and Zr loadings, lehdsTtPR profile of the Pd-CeZrl0 sample to
exhibit two positive peaks at 25°C and 105°C, witolld be attributed to the reduction of
more stable PdO species in strong interactions thighsupport [19, 21, 27]. A similar peak
appear at higher temperature (around 160°C) onTB# profile of the Pd-CeZr20 sample
(fig. 5d), probably due to additional interactiomesgth between Pd and the support. This
hypothesis could be strengthened by the absented?dH decomposition peak on the Pd-
CeZrl0 and the Pd-CeZzr20 profiles. In effect, adowy to the literature [20, 28-30], the
strong interaction of Pd to the Ce-Zr oxides intsitihe formation of the PdHspecies.
Consequently, these results indicate that the asereof Ce and Zr content on the Pd-CeZrx

catalysts enhances the PdO interaction with CeZarukides which increases their reduction



temperatures and consequently lowers their reditgibSimilar results were reported by
J.A.C. Ruiz et al[9]. These authors suggested that the increasesraine content on the
Pd/CeQ catalyst increases the reduction temperature d@,Pdhich reveals that less
reducible species are present in this sample. Eumtbre, these results are in agreement with
TEM observations, since the catalysts with the lometal particle sizes (higher Ce and Zr
loadings) have the higher reduction temperatureoAding to the literature, the decrease in
particles diameter leads to an increase in mefgbat interaction and then a drop of the PdO

reducibility [17, 30].

4. Catalytic activity

The methane conversion curves of the Pd-CeZrxlysasaare shown irFig. 5.
According to the conversion temperatureg,; Too and Tgo (respectively temperatures of 10,
20 and 50% of methane conversion), the catalysttddoe ordered as follows: Pd-CeZr5>
Pd-CeZrl0 >Pd-CeZr20> Pd-CeZrlaple 2). Consequently, these results show that, the
addition of an appropriate loading of Ce and Zrthe Pd/MCM-41 catalyst can improve
significantly its catalytic activity for methane rabustion. Nevertheless, the further increase
of the Ce and Zr contents on the Pd-Ceitalysts decreases dramatically the activity.ds w
established that interaction between PdO and Gexidies leads to better activity and better
stability in methane combustion for Pd/@®k catalysts [20]. In fact, the addition of Ce-Zr
oxides stabilizes PdQn a high oxidation state and enhances the reatixid propertie®f
PdO under reaction conditions. The later hypothasisthe Pd dispersion improvement could
be the reasons for the better activity of the PdfGecatalyst compared to that of the Pd-
CeZr0 sample.

Furthermore, it has been pointed out, that actiintynethane combustion of the Pd based

catalysts depends strongly on the PdO particle aime the Pd reducibility [31-33]. In our



case, these two reasons could mainly explain theitgadrop with the increase of Ce and Zr

amounts from 5 to 20%. In effect, according to litexature [34], an optimal particle size is

needed in order to maximize a supported palladiatalgst. Small Pd particles (diameter less
than 2 nm) provide early ignition, medium size tajlges between 4 and 10 nm lead to an
increase of the reaction rate while large parti¢@sout 100 nm) do not further improve the
activity. Thus, the Pd-CeZr5 seems to have the@ate Pd particle size able to maximize the
catalytic activity, since it shows a medium Pd jgéetsizes compared to those of the Pd-
CeZrx catalysts. In addition, better reducibilisy obtained on the Pd-CeZr5 due to the
moderate interaction with the Ce-Zr oxides. Consetly, the variation of the Ce and Zr

loadings seems to be a good tool to enhance basedtRBlysts. First, by the Pd dispersion
improvement through the enhancement of the catétgstmal stability. Then, by the particle

size and the reducibility variation of PdO. Optimwalues should be reached to maximize
activity in methane combustion.

5. Conclusion

The following conclusions can be drawn from thisrkv

- The BET surface area and the pore volume oPth€eZrx catalysts decreases significantly
when Ce and Zr loadings increase. These resultd bauexplained by the appearancy of new
pores due to the destruction of the MCM-41 intemvalls following the deposition of ceria

and zirconia in the internal channels.

- Optimum addition of Ce and Zr contents to theMRdM-41 catalyst enhances significantly
the palladium dispersion, probably due the intéoactimprovement between Pd, Ce and Zr

oxides.

- CaZr1x0O; solid solutions could be formed on the Pd-CeZnalyats following substitution

of Cé""ions by Zf* ions in the ceria lattice.



- The excessive increase of Ce and Zr contentherPt-CeZrx solids lowers the catalyst

reducibility due to the strengthening of the P@iiattions with Ce and Zr oxides.

- Optimum Ce and Zr loadings enhance the Pd-Ce&ixity in methane combustion, owing
to the Pd dispersion increase, the Pd particle sp@énization and the PdO reducibility

improvement.
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Table 1

Textural properties of the Pd(Z(;,.40,)/MCM-41 catalysts.

Catalysts Ser (M/g) Dp (A) Vp (cm’/g) D (%)
1'type 2Ytype  3type

Pd-Cezr0 860 31 0.95 14
Pd-CeZr5 888 27 43 203 0.51 28
Pd-Cezr10 521 24 38 233 0.60 35
Pd-CeZr20 33C 24 36 22¢ 0.41 37

Sget: BET surface are®p: average pore diameter, Vp: total pore volume Bnpalladium dispersion

Table 2

Temperature of iso-conversion of all catalysts.

T(°C) Pd-Cezr0 Pd-Cezr5 Pd-CezZr10 Pd-CeZr20

T10 500 325 400 408

T20 333 428 440

T50 360 482




Fig. 1. (A) Adsorption-desorption isotherms of Pd-CeZpP@l-CeZr5, Pd-CeZr10 and Pd-CeZr20 catalysts and
(B) Average pore distributions of Pd-CeZr0, Pd-GeRd-CeZrl0 and Pd-CeZr20 catalysts.

Fig. 2. (A)XRD patterns of the Pd-CeZrx catalysts and (B) Xgiterns of the Pd/CeICM-41 catalyst.

Fig. 3. TEM characterization of the Pd-CeZrx catalysa3:Rd-CeZr0 micrograph (b) EDXA of Pd-CeZr0 (c) Pd
size distribution of the Pd-Cezr0 (d) Pd-Cezr5 moggaph (e) Pd size distribution of the Pd-CezZnsRil-
CeZrl0 micrograph (g) HRTEM of the Pd-Cezrl0 (lly®Zr20 micrograph (i) HRTEM of the Pd-CeZr20
and (j) EDXA of the Pd-CeZr20.

Fig. 4. TPR profiles of the Pd-CeZrx catalysts.

Fig. 5. Effect of cerium and zirconium loading on theidtt of Pd-CeZrx catalysts.
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Highlights

*  Pd/ICeZr1.0.@MCM-41 catalysts were prepared by impregnation.

* The addition of Ce and Zr significantly enhances the catalytic activity for methane
combustion

» Theeffect of Ceand Zr loading is studied.

» Catalytic activity is affected by the PdO reducibility and metallic particles size.

o Catalyst withlow Ce and Zr content (5%.wt) exhibits the best activity.



