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Palladium catalysts supported on alumina and zirconia were prepared by the impregnation method and calcined at 600 and 1000 °C.
Catalysts were characterized by BET measurements, XRD, XPS, O,-TPD and tested in methane combustion through temperature

programmed surface reaction. Alumina supported catalysts were slightly more active than zirconia supported catalysts, but after

initial heat treatment at 1000 °C, zirconia supported palladium catalyst showed better performance above 500 °C A pattern between

temperature interval stability of PdOy species and activity was observed, where better PdOj stability was associated with more active

catalysts.
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INTRODUCTION

In the pertinent literature on catalytic combustion of methane,
either for low temperature applications such as the removal of traces
of methane in the exhaust gases of lean burn natural gas vehicles, or
for high temperature applications such as turbine actuation, palladium
catalysts have been confirmed as one of the most efficient materials.'”
Some reasons for this include: palladium-based catalysts are extre-
mely active in methane oxidation which guarantees ignition at low
temperatures (below 400 °C); palladium species formed under reaction
conditions (up to 800 °C) present low volatility; these systems have
the unique capability of temperature self-control associated with the
reversible PdO (active)/Pd (inactive) transformation.

The nature of the support, chemical state, and palladium par-
ticle size play an important role in the catalytic behavior of these
systems.!*!! The role of the support has been widely studied in the
literature”'*!” and it has been concluded that the catalytic properties
of palladium depend on the nature of the support, which influences
palladium-support interaction. Among the various supports used,
alumina and zirconia have been the most studied.'5911.13.17-2¢

The support most commonly used for Pd catalysts is alumina and
many studies focusing on Pd/alumina catalysts are available.!*!13
However, alumina is not fully stable at the high temperatures
reached in methane combustion as it undergoes a phase change at
800 °C from y-alumina to d-alumina, resulting in a loss of surface
area.”® Hoflund er al.** studied CeO,, ZrO, and MnO, as supports
in nanocrystalline and polycrystalline form. These authors found
that nanocrystalline ZrO, and CeO, supports showed appreciable
activities below 300 °C. ZrO, has also been used as a support by
other researchers.?%*

With respect to the active phase, a number of studies?**-° have
attempted to define the chemical state of the active phase of the
palladium species during catalytic combustion, and it is generally
agreed that PdO, species are essential, at least below 700-800 °C,
where PdO, species should be thermodynamically stable. Whether
metallic palladium is also permanently present for the dissociative
adsorption of methane or participates in the catalytic cycle, formed
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by the reduction of PdO, by methane and destroyed by reoxidation
with oxygen, remains a matter of debate.

More recently, studies using in situ observation techniques such
as XANES, high temperature XRD and Raman spectroscopy under
catalytic conditions, have clearly shown that palladium activity in-
creases when PdO, species are formed and decreases when metallic
palladium appears.*** However, these techniques are unable to detect
traces of either chemical states of palladium. Due to the fact that
PdO, is necessary for good catalytic activity, various studies have
examined the possibility of controlling and changing PdO; stability,
firstly by altering the support material and mean particle diameter
of the palladium species, secondly by introducing promoters either
on the metal or in the support, and lastly by using a large number of
preparation techniques. No clear conclusions have yet been drawn
from these studies: quantitative amounts of oxidized palladium cannot
be linked directly to catalytic activity.

The aim of the present study was to perform new experimental
work on this issue by comparing palladium supported on both alumina
and zirconia, submitted to either moderate (600 °C) or high (1000 °C)
temperature treatments after preparation.

EXPERIMENTAL
Catalyst preparation

Alumina Pural SB from Condea and a zirconia sample supplied
by the Politecnico di Milano were used as supports and calcined at
600 °C before use. The impregnation of the supports was performed
with a solution of palladium acetylacetonate (supplied by Merck) in
toluene (Baker). The supports in powder form were suspended in a
toluene solution and submitted to 24 h agitation in a rotating evapo-
rator at room temperature. The solvent was then evacuated at 100 °C
and final drying at 110 °C was performed under constant agitation.
The dried material was then heat treated either at 600 or at 1000 °C
under flowing air for 10 h. The samples were labelled P for palladium,
and A and Z for alumina and zirconia carriers, respectively, and with
a 6 or 10 when the final temperature of the heat treatment was 600 or
1000 °C, respectively. AP6 therefore denotes Pd/Al,O, heat treated
at 600 °C at the end of the preparation.
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Characterization of catalysts

The surface area of the supports was measured using the BET
method and adsorption equipment (ASAP 2000). Before analysis, the
samples were out-gassed under a vacuum at 350 °C for 3 h.

XRD measurements were performed with a Shimadzu XRD-6000
apparatus. The following experimental conditions were used:
20 range = 10-80°, step size = 0.02°, time per step = 4.80 s and
CuKo:. radiation (A = 1.5418 A). The powder samples were analyzed
without previous treatment. Palladium oxide crystallite sizes were
estimated from the Debye Scherrer Equation using the measured
width at half peak height of the PdO main diftraction peak (20 =
33.88) for the 101 plan.

Ty = (1)
b.cosO

Tpio = PAO crystallite size ; A = X-ray wavelength, 1.5418 A for
CuKa; 6 = observed peak angle in degrees ; K = crystallite-shape
factor = 1 ; b = measured peak width in radians at half peak height.

XPS spectra were recorded with an Escalab VG MK spectro-
meter (Vacuum Generator) operating at a constant pass energy
(50 eV), with an unmonochromated Mg Ko source (200 W) at a
pressure of 10 mbar. The binding energies of palladium species
(BE) were referenced to that of the C 1s (285.0 eV).

The palladium content in the samples was measured by X-ray
Fluorescence using a Shimadzu XRF 1800 apparatus.

The stability of the PdO, species was studied using the TPD
technique. A total of 0.1 g catalyst diluted with 0.1 g of quartz
powder was loaded in a quartz micro-reactor and heated in a He flow
(30 mL/min) at a rate of 10 °C/min. Before TPD, the samples were
heat treated under a flow of 5% O, in He, up to the initial calcining
temperature and cooled down to room temperature under the same
mixture. The O, Helium mixture was then changed to pure He and
TDP initiated. O, release was monitored using a quadrupole mass
spectrometer (Balzers QMS 200, m/e = 32).

The temperature-programmed catalytic tests (TPSR) were perfor-
med on a quartz micro-reactor loaded with 0.1 g catalyst diluted in
0.1 g quartz powder. The temperature of the reaction was measured
by a K-type thermocouple located in a quartz compartment beside
the catalyst bed. The samples were heated to either 600 or 1000 °C,
under a flowing mixture of 0.5% CH,, 2% O, and 97.5% N, (100 mL/
min) at a heating rate of 10 °C/min. Under the conditions applied,
GHSYV was close to 60000 h''. Effluent gases were analyzed by mass
spectrometry (Balzers QMS 200) and the following mass-to-charge
ratios (m/e) were used to monitor the concentrations of products and
reactants: CH, (m/e = 15 and 16), H,0O (m/e = 18), CO (m/e = 28),
0O, (m/e = 32) and CO, (m/e = 44).

The conversion of methane was calculated using Equation 2,
where C, represents the m/e = 15 signal recorded in the mass spec-
trometer (proportional to the methane concentration), C,, represents
the m/e = 15 initial signal and X the methane conversion.
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RESULTS AND DISCUSSION

Table 1 shows the results for surface area, porosity and crystalli-
nity of the supports.

From the data given in Table 1, the supports appeared to undergo
significant transformation during the heat treatment between 600 and
1000 °C, as the surface area of both carriers shows a decrease by a
factor of 3. Whereas the monoclinic structure of zirconia is main-
tained following the increase in temperature from 600 to 1000 °C,
alumina exhibits structural transformation from y phase to a mixture
of 0, y and J phases. These results are in agreement with data from
the literature.’>3*In parallel, porous volume is reduced after calcining
at 1000 °C, an observation also fully coherent with the reduction in
surface area.

Table 1. Textural and crystallographic data for the alumina and zirconia
supports, after heat treatment at 600 and 1000 °C

Sample  Surface area Porous volume Crystalline phases
m?%/g cm’/g
A6 179 0.5 ¥-ALO,
A10 63.2 0.31 v-ALO,, 8-AL,0, 6-AL,0,
76 28.9 0.15 monoclinic
710 9.6 0.06 monoclinic*

* Better crystallization

Table 2 shows the surface area of the catalysts, together with their
porosity, and Pd content. Table 2 also shows Pd 3d;,, binding energy
and values of Pd/Al and Pd/Zr, i.e. an estimation of the surface co-
verage of palladium for the different catalysts, as measured by XPS.

The data in Table 2 indicates that the surface area of the supported
catalysts is close to that of the pure supports. This is un surprising
since the impregnation method using an acetylacetonate precursor,
in organic medium, cannot substantially alter the surface structure
of the support as sometimes occurs when impregnation is performed
under basic or acidic medium. Under such conditions, the support
material can be partially leached thus, inducing a deposition on the
carrier not only of the active phase, but also of the dissolved carrier
species during the drying process. Further, the amount of palladium
used, close to 1 wt %, is relatively small and similar for all four ca-
talysts. Therefore, the present impregnation method cannot produce
significant changes in the textural properties of the supports.

The Pd3d,, binding energy values obtained by XPS are also sho-
wn in Table 2, indicating that Pd is predominantly in an oxidized form
for all samples, corroborating previous reports.*>* Whether the PdO,
are similar or differ among the present samples is hard to ascertain
as the sensitivity of the equipment was limited. However, it is clear
that the decrease in the surface palladium species disclosed by XPS

Table 2. Textural, chemical and XPS properties of supported Pd catalysts, heat treated at 600 and 1000 °C

Sample Surface area (m%g) Porous volume (cm?/g) Pd content (wt %) BE Pd 3d,, (eV) Pd/Al or Pd/Zr
AP6 178 0.44 0.94 336.7 0.006
API0 58 0.23 0.98 337.4 0.004
7P6 332 0.14 0.95 336.6 0.064
ZP10 6 0.03 0.96 336.0 0.024

Pd content was measured by X-Ray Fluorescence, Pd 3d;,, binding energy (BE) and Pd/Al (Pd/Zr) were calculated from XPS data.
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is much more pronounced than the decrease of the supports surface
areas, as the values of the ratios Pd/Al or Pd/Zr decreased more than
the surface area of the supports after the heat treatment at 1000 °C.

However, it is not known at this stage whether the decrease in Pd/
Al (Pd/Zr) is simply due to the sintering of the palladium species, to
a kind of SMSI* implying a migration of some support moieties on
top of the palladium particles, or both these effects. Although gene-
rally crystallite sizes and particle sizes are not simply correlated, the
crystallite sizes of PdO, were calculated using the Debye-Scherrer
equation applied to the PAO main diffraction peak (20 = 34°) in all
catalysts.

Figure 1 shows the deconvolution of the XRD profile close to
the [101] line of PdO at 20 = 34°. In this case, the mean crystallite
size for PdO, was estimated to be 28 and 36 nm for ZP6 and ZP10,
respectively, a less pronounced variation than that estimated throu-
gh the variations of Pd/Zr. In other words, the thermal treatment at
1000 °C seems to induce both a sintering of PdOy and partial covering
of the PdO, by zirconia moieties. Similar patterns were also observed
in alumina samples, although in this case the deconvolution was of
limited quality, due to interferences between alumina and PdOj lines.

ZP-6

Intensity (a.u.)

33.0 33.5 34.0 34.5 35.0 35.5 36.0

ZP-10

Intensity (a.u.)

Figure 1. Window of XRD spectrum where the [101] line of PdO appears for
ZP-6 ad ZP-10 catalysts. Deconvolution of the experimental spectrum (dash
lines); experimental spectrum (solid lines)

Figure 2 shows the TPD spectra of AP6, AP10, ZP6 and ZP10.
In all cases, PdO, species appear stable up to 570-580 °C, and
fully decomposed above 900-950 °C, values in strong agreement
with literature data.’*? The maximum decomposition temperature
was 791, 733, 847 and 722 °C, for AP6, AP10, ZP6 and ZP10 res-
pectively. Two main points warrant closer analysis. The first is the
fact that PdO, is less stable after heat treatment of the catalysts at
1000 °C than after a calcining temperature of 600 °C. After calcining
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at 1000 °C, the temperature at the beginning of PdO, decomposition
is lower or similar to the value after heat treatment at 600 °C, while
the temperature at the end of the decomposition is also significantly
decreased. This implies that the particles of PdO, are less stable when
their size increases, or that their interaction with the support is more
limited. Regardless of the exact reason, the instability domain for
the PdO, species must influence the results of the catalytic methane
combustion.
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Figure 2. Oxygen TPD profile, under He flow, for the catalysts AP-6, AP-10,
ZP-6 and ZP-10

The second point relates to the comparison between alumina- and
zirconia-supported palladium. PdO; species supported on zirconia
have been observed to be much less stable than on alumina by Farrauto
et al.*' The present results showed that this is not always the case
and that the history of the catalysts, nature of the support, as well as
the preparation method, all influence the behavior of PdO; entities,
implying that the definition of an optimized catalyst for methane
combustion is rather more complex.

Figures 3 and 4 depict the TPSR curves for the 4 catalysts. For
experimental reasons, the TPSR was stopped at 600 °C for the AP6
and ZP6 catalysts, but was continued up to 1000 °C for the samples
AP10 and ZP10.
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Figure 3. TPSR curves of the catalysts ZP-6 and ZP-10 during methane
combustion

The relation between conversion of methane and temperature
increase is very different in both cases. Reiterating, the lower the
temperature required to reach a given conversion, the more active
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Figure 4. TPSR curves of the catalysts AP-6 and AP-10 during methane
combustion

the catalyst. For AP6 and ZP6, the two curves are fairly similar a
though the AP6 sample is more active than the ZP6 over the whole
temperature range. This is evidenced by the values given in Table 3,
showing the temperatures at which conversions are 10, 50 and 80%
respectively.

Table 3. Temperatures observed at CH, iso-conversion (10, 50 and 80%
respectively) obtained by TPSR technique in Figures 3 and 4, for the AP6,
ZP6, AP10 and ZP10 catalysts

Catalyst T,y (°C) Ty, (°C) Toq (°C)
AP6 248 340 412
ZP6 270 350 420
AP10 250 395 600; 720; 830*
ZP10 300 405 585; 670; 800*

T, = Temperature observed for x% methane conversion. *The three different
temperatures noted at 80% conversion for AP-10 and ZP-10 are due to the
decrease followed by an increase of conversion in the high temperature range.

Comparing the conversion to the stability of PdO, as measured
by oxygen TPD revealed that the whole conversion occurs over a
temperature range in which PdO; is completely stable for both AP6
and ZP6. Due to the high activity observed, no clear difference can
be seen between the two catalysts under the experimental conditions
applied.

The situation is more complex concerning the catalysts heat
treated at 1000 °C before catalytic measurements. The first point
worthy of comment is the fact that both catalysts were less active
than preceding ones, as an increase of at least 30 to 40 °C is required
to achieve 50% conversion. Furthermore, above around 400 °C, the
increase in conversion when increasing temperature is slowed down,
and above approximately 650 °C, as seen in the literature,’'*? causes
a drop in activity. Between 630 and around 830 °C, activity is lower
than that obtained at 625 °C. Whereas AP10 is more active than ZP10
up to 500 °C, the opposite is true at temperatures between 625 and
900 °C (see T = 80% conversion in Table 3).

The decrease in conversion at increasing temperatures has been
observed in numerous studies and was attributed to the decomposition
of PdO; species to metallic palladium, a much less active substance
than PdO, over this temperature range. The same interpretation
holds for the present results. However, it is notable here that despite
slightly better activity of ZP10 in comparison with AP10 between
500 and 625 °C, the drop in activity is more rapid with this catalyst
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than with AP10, between 625 and 700 °C. Examining the oxygen
TPD curves of Figure 2 reveals that PdO,/ZP10 decomposes more
easily than PdO,/AP10, an observation in complete agreement with
catalytic behavior. Although much less sophisticated that the in situ
experiments of Grunwaldt e al.’! the findings of the present experi-
ments using simple oxygen TPD are in complete agreement with the
observations of these authors.

A further point for analysis upon observing the conversion curves
versus temperature for catalysts AP10 and ZP10 is that at temperatu-
res above about 400 °C, the increase in conversion with temperature
increase is less efficient than expected from an exponential conversion
increase versus temperature. This suggests that above 400 °C physical
transformations of the catalysts tested occur. We may speculate that
over this temperature range PdO, particles begin to transform into
metallic Pd, leading to a decrease in the active area of PdO,.!!018
The whole transformation is accomplished when the TPSR curves
were at their minimum above temperatures of 700 °C. The further
activity increase above this temperature is due to the fact that metallic
Pd particles are now the main active species, whose activity increases
with temperature as expected. The differences in the PdO, stability
temperature range when comparing the oxygen TPD curves and the
anomalous behavior of the catalysts on TPSR curves is probably due
to differences in oxidizing potential of the atmosphere surrounding
the Pd/PdO, species in both experiments.

Finally, it was observed that at temperatures higher than 500 °C,
the ZP10 catalyst is more active than the AP10 sample. Taken toge-
ther with the difference in PdO, stability discussed previously, it is
possible to deduce that some oxygen species of the zirconia support
is involved in the catalytic process, through a kind of bulk oxygen
migration® mediated by the palladium species. Such a phenomenon
cannot exist with the alumina support because oxygen is very strongly
bound to aluminum.

CONCLUSIONS

The present study has shown that the palladium catalysts prepa-
red through impregnation with palladium acetylacetonate are quite
active in the conversion of methane, especially at low temperatures,
and particularly when the catalysts have been heat treated before use
at a temperature of around 600 °C. An increase in the preparation
temperature to 1000 °C generates catalysts with a lower PdO, active
area that are less active than the catalysts prepared at 600 °C under
the reaction conditions applied in this work. A clear pattern appears
between PdO, stability and activity, mainly over the temperature
range in which PdO, showed instability. The present results suggest
that it is possible to modify PdO; stability by for example, changing
the size of PdO, particles and their support, at least at temperatures
lower than 600 °C, and also that TPD of oxygen during the decom-
position of PdO, is a powerful tool for optimizing this family of
combustion catalysts.
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