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Rh supported on ZryCe;_40,-Al, 03 (x=1,0.5,0.25, 0) catalysts are studied for catalytic partial oxidation of
methane to synthesis gas. Alumina based nanocomposites are prepared through a citrate mediated route
by modifying the alumina support with cerium and zirconyl nitrates via a simple evaporation-drying or
a spray drying method. The effect of the commercial alumina types and the preparation method on the
structure and thermostability of the nanocomposites has been studied based on the characterization by
XRD, Raman spectroscopy, DTA, TEM and nitrogen adsorption-desorption measurements. Evonik Aerox-

Il\jg tﬁzgdesiaartial oxidation ide AluC based nanocomposites prepared by spray drying give the highest thermostability concerning
Rhodium the sintering and phase transformation of the composites. Rh with a 0.1 or 0.5 wt.% loading is deposited
Ceria on these nanocomposites by incipient wetness impregnation method. After calcination at 1173 K for 5h,
Zirconia these nanocomposites supported Rh catalysts are tested in the fixed-bed reactor for methane partial
Alumina oxidation. It is found that the smaller c-CeO, crystal size in the nanocomposites, i.e. the higher oxygen

vacancy concentration, would be responsible of the lower ignition temperature due to the enhanced
reducibility, whereas the higher Rh dispersion would be responsible of the higher methane conversion
and selectivity to synthesis gas. Additionally the Rh dispersion is found to be linked to the BET surface

area. The stability of the nanocomposites is also studied under reaction conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic partial oxidation of methane (CPO) is an attractive
route for the production of synthesis gas compared to the conven-
tional steam methane reforming process (SMR). It gives a favorable
H,/CO (about 2) ratio of the produced synthesis gas, which is appro-
priate for processes such as methanol or Fischer-Tropsch synthesis
[1]. In addition, CPO can be operated in a millisecond contact-time
reactor, being able to provide a compact hydrogen processor for its
use in fuel cell electric vehicles [2]. Various transition metals such
as Ni [3,4], Co [5], Ru [6], Pt [7], Ir [8] and Rh [9] are found active
for this reaction. Among them, Rh based catalysts are presented
as the most promising materials due to a better catalytic perfor-
mance with higher activity, selectivity towards H, and CO, and a
good stability [10].

The catalytic partial oxidation of methane to synthesis
gas is thermodynamically favored at elevated temperatures to
obtain a higher conversion and selectivity to Hy and CO [1].
The mechanism has been frequently studied in the literature
[1,4,11-14]. The discussion has mainly focused in the occur-
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rence of the direct or the indirect routes. In the direct route
H, and CO are the primary reaction products [12,13] whereas
in the indirect one CO, and H,O are initially produced by com-
plete oxidation. Afterwards the reforming reaction and water
gas shift (WGS) take place to produce syngas [11,14]. How-
ever, even though the direct route is theoretically possible, the
contribution of the reforming and WGS is typically observed
[15-17].

According to the indirect mechanism, the oxygen in the reac-
tant can be rapidly consumed in this period by the deep oxidation
of methane, followed by the highly endothermic steam reforming
reaction [18]. Although a mild exothermicity appears if the direct
conversion of methane to synthesis gas is performed, the deep oxi-
dation of methane is found to be unavoidable in the inlet region
of the reactor, even in the short-contact-time reactor [14,18,19].
The high reaction temperature together with the deep oxidation of
methane will lead to a very high temperature in the catalyst bod-
ies, especially in the inlet of the reactor, i.e. hot spots. It is well
known that the presence of hot spots may also influence the sta-
bility of the catalyst and the safety of the process. Controlling the
temperature profiles in the reactor is a key issue for the CPO process,
which can be reached by effectively removing the produced heat.
For this reaction system, metallic foams or monolith supported cat-
alysts are employed to enhance the heat transfer by increasing
the heat conductivity of catalyst support. On the other hand, the
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produced heat by combustion of methane can be consumed by the
followed steam reforming reaction. Enhancing the steam reform-
ing reaction rate can substantially reduce the temperature increase,
thus making the temperature profile controllable. Wei and Iglesia
[20] have pointed out that the rate of steam reforming reaction is
linearly correlated with the dispersion of metallic phase. Increas-
ing the Rh dispersion is expected to enhance the steam reforming
reaction. However, the preparation of high-temperature stable Rh
nanoparticles is challenging due to extreme operating conditions
in the CPO. Therefore, developing a catalyst support suitable for
stabilizing the Rh nanoparticles is highly interesting. Additionally,
lower loading of Rh can significantly reduce the cost of the cata-
lyst.

Although alumina is a very stable material for most oxidation
reactions [21], the formation of its thermodynamically stable a-
phase is observed when the temperature is increased to 1173 K
or higher [21]. Such phase transformations are often accompa-
nied with a gradual decrease in the surface area, simultaneously
presenting poor mechanical properties. If the transition alumina
is used as a catalyst support for high temperature reactions such
as the CPO process, this gradual phase transformation will lead to
the possible encapsulation of the metallic phase [22,23]. The poor
mechanical properties of a-Al,03 gives a higher cracking possi-
bility as a coating layer in the monolith reactors, especially in the
temperature changes such as the ignition and extinction periods
[24]. Directly using a-Al,03 may avoid the loss of the active phase
and reduce the risk for cracking. However, the stabilization of metal
nanoparticles on a-Al, 03 is difficult owing to its low surface area
and inert surface. Therefore, developing a catalyst support aim-
ing at obtaining high dispersed Rh nanoparticles on it in a high
temperature system such as the CPO process is highly interest-
ing.

Attempts to increase the stability of the transition alumina have
been reported during the last decade [25-28]. It has been proved
that the introduction of an extra phase into the parent material
enhances the stability of the support [29-31]. ZrxCe;_x0,-Al;03
nanocomposites have been studied mainly focusing in its applica-
tion towards the so-called Three Way Catalysts (TWC) [25,32-34].
Afterwards, the research has been also expanded to reactions
such as methane partial oxidation [27,35,36], CO, reforming [37],
ethanol steam reforming [38,39] or other systems [40-44]. The
influence of several variables on the properties of the final prod-
uct has been investigated for this system. Researchers have focused
on the nature of the cerium, zirconium precursor [45], the prepa-
ration method [27,28,46,47], the Ce/Zr ratio [36], the mixed
oxide-alumina ratio [23,48] or the thermal treatment effect [49].
However, to our knowledge, the nature of the alumina itself has
not been yet considered. y-Al,03 can be prepared from different
precursors such as AI(NO3 )3 9H,0 [48,50] and Al(OC4Hg)3 [29], or
provided by different producers [42,44,51]. The physico-chemical
properties of these Al,03 powders are strongly dependent on the
preparation method and the subsequent treatments. Therefore, a
suitable method to combining the alumina type and doped oxide
precursors are also highly crucial.

In this article, we report the influence of two commercial alu-
mina samples and two preparation methods on the structure
and thermal stability of 5wt.% ZrxCe;_x0,-Al,03 nanocompos-
ites. The evolution of the physico-chemical properties of these
nanocomposites during high temperature treatments in static
air is systematically studied based on the various characteriza-
tion techniques. The produced composites are used as catalyst
support to deposit the Rh metallic phase by impregnation. The
catalytic performance of these Rh supported on ZryCe;_x0,-Al,03
nanocomposites for the CPO process is evaluated in a quartz fixed-
bed. The ignition and extinction behavior and the stability of these
catalysts for CPO are as well studied.

2. Experimental
2.1. Catalyst preparation

Two different alumina samples are used in this contribution:
Evonik Aeroxide AluC and Sasol Puralox SCCa are denoted as AluC
and Puralox, respectively. AluC is an alumina powder produced by
flame hydrolysis [52]. It has a crystalline structure consisting of
the metastable y- and 3-forms instead of the stable a-form. The
primary particle size is in the range of 13 nm and a specific sur-
face area around 100 m?/g. At temperatures above 1473 K, it can be
transformed to a-form [52]. Puralox is a widely employed mate-
rial in the catalyst industry. The specific surface area for uncalcined
Puralox powders is around 170 m2/g with a crystalline structure of
v-phase.

ZrxCeq_x05 (5 wt.%)-Al,03 nanocomposites are prepared as fol-
lows. It should be noticed that ZryCe;_xO; is used to express the
chemical composition, not for a solid solution. A certain amount of
zirconyl nitrate (ZrO(NOs); xH,0, 37.5wt.% ZrO,) cerium nitrate
(Ce(NO3)3 6H50) and citric acid (CgHgO7) are dissolved into deion-
ized water followed by adding polyethylene glycol (0.1 g/mLy,0)
to form a complex solution. Then, the weighed alumina powder
is gradually added into the above complex solution under vig-
orous stirring to produce a suspension. A detailed study on the
preparation method has been reported elsewhere [53]. Two drying
procedures have been followed for obtaining the nanocomposites:

2.1.1. Evaporation-drying method

The water in the former suspension is evaporated at 358 K for 2
days to form a dried solid. Both AluC and Puralox have been used for
the preparation of such nanocomposites. AluC powders prepared
employing this procedure are identified as AluCev.

2.1.2. Spray drying

Using a Lab-Plant SD-06 Laboratory Scale Spray Dryer, the sus-
pension is entrained into a chamber by the heated gases through a
nozzle. The obtained powders are collected in a bottle. The pump
rate is 120mL/h, the inlet temperature 438K and the air flow
4.3 m/s. Only AluC-based materials are prepared by this method
due to the large size of the Puralox powder. The materials prepared
in this way will be identified like AluCsp.

The final powdered composites are produced after these dried
solids are treated in air at different temperatures (from 1173 to
1473 K) for 5 h. For the sake of comparison, ZryCe_,0> is also pre-
pared by a similar procedure without including the Al,03 powder.
For the preparation of the Rh catalysts, rhodium nitrate is deposited
on the calcined ZryCe;_x0,-Al,03 support by the incipient wetness
impregnation at room temperature. The prepared catalyst is kept
at room temperature overnight. Subsequently, the formed solid is
calcined at 1173 K for 5 h.

2.2. Catalyst characterization

2.2.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of these composites are
recorded at room temperature on a Bruker AXS D8 Focus diffrac-
tometer using CuKo radiation (A =1.54A). The X-ray tube voltage
is set to 40 kV and the current to 50 mA. XRD patterns are collected
in the range of 26 from 20° to 85° for nanocomposites, (0.01°/step,
integration time of 1 s/step) and 26 from 27° to 32° for ZrxCe;_x0,
phase (0.02°/step, integration time of 10 s/step). Diffractograms are
analyzed by employing the Topas program applying the Rietveld fit-
ting [54] to estimate the alumina phase composition and applying
the Pawley method [55] to calculate the crystal size of ZrxCe;_xO,
and Al,03 in these composites.
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2.2.2. Differential thermal analysis (DTA)

DTA is carried out using a Netzsch Jupiter STA 449C in oxidiz-
ing atmosphere to investigate the phase transition of the different
supports. The samples are heated to 1803 K at a heating rate of
10K/min in air. The total flow, 80 mL/min air and 20 mL/min argon
(protective gas for weighing house), is fed through the sample com-
partment.

2.2.3. Textual properties

Nitrogen adsorption-desorption isotherms of the samples are
measured with a Micromeritics TriStar 3000 instrument, and the
data are collected at liquid nitrogen temperature, 77 K. Prior to
the measurements, the samples are outgassed at 473 K overnight.
The surface area is calculated from the Brunauer-Emmett-Teller
(BET) equation. The Barrett-Joyner-Halenda model is chosen for
calculation of pore sizes.

2.2.4. Raman spectroscopy

Raman spectra are collected on a Horiba Jobin Yvon LabRAM
HR800 spectrometer. The emission lines at 633 nm from a He-Ne
laser are focused on the sample with a 100x objective.

2.2.5. Electron microscopy

The morphology of the solid is examined by the HRTEM (JOEL
JEM 2010). The powdered samples are suspended in absolute
ethanol for 2 min with ultrasonication, and a droplet of this sus-
pension is dipped onto the holey carbon-coated copper grid.

2.2.6. H, chemisorption

The Rh dispersion measurements of the calcined catalysts
are performed by volumetric hydrogen chemisorption on a
Micromeritics ASAP 2010C instrument. The calcined catalyst
(100 mg) is loaded in a U-shaped quartz reactor, where it is ini-
tially evacuated at 303 K for 1 h. Afterwards it is reduced in flowing
H, at 923 K for 60 min (heating rate 10 K/min). After reduction, the
samples are evacuated at 673 K for 240 min, then cooled down to
303K, and evacuated for another 30 min. The adsorption isotherm
measurements are carried out at 303K and 191K based on the
adsorbed amount of hydrogen at different pressures in the range
2-200 mmHg. Adsorbed volumes are determined by extrapolation
to zero pressure of the linear part of the adsorption isotherm on the
interval 2-100 mmHg. A chemisorption stoichiometry of H:Rh=1:1
is assumed. With the objective of avoiding the possible H, spillover
on the Ce containing catalysts, volumetric hydrogen chemisorption
is performed at 191K [56,57].

2.3. Catalytic activity

Catalytic partial oxidation of methane is carried out in a quartz
reactor (10 mm i.d.) at atmospheric pressure. A movable thermo-
couple is placed in a quartz tube inserted into the quartz reactor,
enabling the measurement of the apparent gas temperature profile.
Methane and air with desired flow rates are mixed and fed into the
reaction system. A condenser is set to remove the produced water.
Another thermocouple is set on the outer wall of the reactor outlet
to control the furnace temperature. Typically, 10 mg of pelletized
catalyst (sieve fraction 100-200 pm) diluted with a-alumina are
used in each measurement. The employed gas hourly space veloci-
ties (GHSV) are 1500 Lcya/gcat h. The reaction temperature interval
isinthe range of 673-1173 K. Areactant mixture of methane and air
is used with a ratio CH4:0,:N; of 2:1:3.72. The product analysis is
carried out by a gas chromatographer (GC) (Agilent 6980) coupled
with a thermal conductivity detector (TCD) and a flame ioniza-
tion detector (FID). The H, and H,O concentrations are determined
through the hydrogen and oxygen balance respectively.

The ignition-extinction behavior over different catalysts is stud-
ied by increasing gradually the furnace temperature from 573K to
1173K at a heating rate of 10 K/min. Subsequently, the reactor is
cooled down until the reaction becomes autothermal.

The stability of the catalyst is studied by increasing the furnace
temperature to 1173 K with a heating rate of 10 K/min. The cata-
lyst is maintained on reaction conditions during 48 h while product
analysis is performed each 23 min.

Results are presented as function of the outlet temperature,
which is defined as the temperature at the outlet of the catalytic
bed measured with the internal movable thermocouple.

3. Results and discussion
3.1. Structural properties of the nanocomposites

The nanocomposite samples, ZrxCe;_xO,-Al,053, are studied
employing XRD, N, adsoption-desorption measurements, TEM,
Raman spectroscopy and DTA measurements. The results regarding
the Puralox sample have been reported elsewhere [58,59]. Here, a
comparison of the results obtained for both aluminas, Puralox and
AluC, and preparation methods is presented.

3.1.1. Alumina phase characterization in the nanocomposites

The two alumina powders, AluC and Puralox, calcined at tem-
peratures between 1173 and 1473 K are investigated here. XRD
patterns are measured for these powders at room temperature.
Both AluC and Puralox treated at 1173 Kand 1273 K for 5 h present
almost identical diffractograms, dominating the 8-Al,03 together
with some 0-phase. The phase composition for the alumina pow-
ders treated at 1373, 1423 and 1473 K has been estimated based
on the XRD profiles. Those materials are additionally investigated
employing Raman spectroscopy. In previous studies [58] we have
demonstrated that visible Raman spectroscopy excited by 633 nm
is a useful tool for investigating the alumina phase transforma-
tions in the Raman shift interval between 1000 and 2000 cm~!. The
comparison of these results with the ones from XRD gives further
details in the occurrence of the alumina phase transitions. In such
study we have identified the peaks at Raman shift ca. 1176 and
1260cm™! as related with the 0-phase, whereas the peaks at 1370
and 1397 cm~! were attributed to the a-Al,03. Based on the inte-
gration of the peaks related to each of the alumina phases («- and
0-), the calculation of the alumina phase composition is performed
for each of the powders. The obtained results are in agreement
with those estimated by XRD employing the Topas program. The
alumina phase composition for AluC and Puralox is presented in
Fig. 1a. It is observed that, for the AluC sample (3) almost no a-
Al; 03 is observed and 0-Al,03 is dominant in the solid even after
aging at 1473 K during 5 h. In contrast, only the thermodynamically
stable a-Al,03 can be observed after heating treatments at 1373 K
for the Puralox sample (1) in Fig. 1a.

3.1.1.1. Effect of the water treatment on the raw materials. It is
known that water vapour accelerates the crystallization and
structural change in oxide supports [21]. The evaporation-
drying procedure for preparing the ZryCe;_,0,-Al,03 composites
involves the 48 h treatment in water solution. Therefore, the effect
of the water treatment on the physico-chemical properties of AluC
and Puralox is studied here. The resulting powders are also calcined
at temperatures between 1173 and 1473K for 5h. The alumina
phase composition for such water treated materials is estimated
based in XRD diffractograms and summarized in Fig. 1a, sample
(2) corresponds to the water treated Puralox powders, and sample
(4) to the water treated AluC powders. Correspondingly, untreated
aluminas (1 and 3) are also shown in Fig. 1a. It is observed that
for the AluC samples (3 and 4), the water treatment will accelerate
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Fig. 1. (a) Summary of the alumina phases composition for 1-Puralox, 2-
Puralox water treated, 3-AluC, 4-AluC water treated, (b) summary of the
alumina phases composition for the nanocomposites: 5-ZrgsCeqs0,-Puralox,
6-Zro5Cep50,-AluCev, 7-ZrgsCens0,-AluCsp, 8-CeO,-Puralox, 9-CeO,-AluCev,
10-CeO,-AluCsp samples treated at 1373, 1423 and 1473 K during 5 h. The phase
composition is calculated in bases of XRD for the aluminas and Raman for the
nanocomposites, (c¢) X-ray diffraction patterns of ZrgsCeos0,-Puralox compared
with Zrg5Cep502-AluCeV (mm mm mm == ) and Zrg5Cep502-AluCSp (s » « = » =« ). Samples
aged for 5 h at temperatures between 1373 and 1473 K. Data collected at 0.02°/step
between 260=20° and 85° (®, a-Al,03; , 6-Al;05; o , 8-Al,03), and (d) visible
Raman spectra of Zrg5Ceps02-AluCsp (1) compared with ZrgsCep50,-AluCev (2)
and Zr5Ceo502-Puralox (3). Samples are calcined at temperatures between 1273
and 1473 K for 5 h. Spectrum recorded at 633 nm in the Raman shift interval between
1000 and 2000 cm~!.

the phase transformation to a-Al, 03, For the selected calcination
temperatures, the a-phase contribution is almost the same for the
two Puralox samples (1 and 2). Nanosized AluC (average 13 nm)
prepared from flame hydrolysis is not stable in the water proba-
bly due to its high surface energy, which can strongly bonded with
water, thus promoting the sintering during the calcination process.

3.1.1.2. Effect of calcination temperature on alumina phase in
the nanocomposites. Nanocomposites with a 5wt.% loading of
ZrxCeq1_x05-AluC have been prepared through spray drying or
evaporation-drying method. The samples are subjected to heat
treatments in the interval 1173-1473K for 5h. The recorded
XRD-patterns are similar regardless of the alumina and method
employed for heating treatments below 1373 K. Therefore, only
XRD patterns for samples calcined at temperatures between 1373
and 1473K are shown in Fig. 1c. The figure is presenting the
results for AluC nanocomposites prepared by evaporation-drying
and spray drying method, denoted as AluCev and AluCsp, respec-
tively. For comparison, ZrysCe50,-Puralox (solid black line) is
also shown in this figure. For the samples calcined at 1373 K, a-
Al;03 phase only appear in the AluCev based composite. When
the nanocomposites are treated at temperatures over 1423 K, a-
Al;03 can be found on the AluCev and Puralox based composites,
whereas no obvious a-Al, 03 is identified in the AluCsp sample. At
1473 K, a-Al,03 is found in these three samples. However, a rela-
tively lower peak intensity of a-Al,03 phase can be observed in the
AluCsp nanocomposite compared with AluCev and Puralox ones.
From these observations, it seems that the AluCsp sample owes the
highest thermal stability in these three composites.

Fig. 1d presents a comparison of the visible Raman spectra
for the ZrgsCegs50,-Al;,03 nanocomposites using Puralox (thin
solid line) and AluC by evaporation drying (dotted line) and spray
drying method (thick solid line). Samples are calcined at temper-
atures between 1173 and 1473K for 5h. It is noticed that the
three materials after treated at 1273 K for 5h present a similar
spectrum. However when the calcination temperature is raised to
1373 K the peaks identified with a-Al,03 (peaks at ca. 1370 and
1397 cm1) are already found in the AluCev sample. These spe-
cific peaks ascribed to the a-Al,03 phase start to appear for the
Puralox based composites when the samples are calcined at 1423 K
for 5 h, whereas no such peaks appear on the AluCsp based sample.
When the calcination temperature is raised to 1473 K, the spe-
cific a-Al,03 peaks appear in all these three samples. However,
in the AluCev sample, no peaks for 8-phase (bands at ca. 1176 and
1260cm™1) are identified, implying that the Al,O3 phase in this
sample is completely transformed into a-phase. In the AluCsp and
Puralox sample, the peaks for 8-phase and a-phase co-exist. How-
ever, much higher peak intensity for 8-Al,03 can be observed on
the AluCsp sample. Raman results in Fig. 1d are in well agreement
with those reported from XRD in Fig. 1c.

The alumina phase composition has been calculated on bases
of visible Raman spectra and XRD diffractograms. The results have
been compared and they are displayed in Fig. 1b. As previously
reported for the Puralox nanocomposites in an earlier study, visi-
ble Raman is more sensitive to the a-phase at the lower calcination
temperature (1373 K) [59]. The results derived from the Raman
study are selected in this case due to the lack of interference by
the Ce-Zr phase. The alumina phase composition for these sam-
ples is summarized in Fig. 1b. 100%, 88% and 19% of a-Al,03
are observed for Zrg 5Cey 50,-AluCev (6), Zrg 5Ceg 50,-Puralox (5)
and Zrg5Ceq50,-AluCsp (7), respectively, when the materials are
treated in air at 1473 K for 5 h. These results reveal that the prepa-
ration method has a significant effect on the catalyst properties
suggesting that the spray drying method provides a more uniform
oxide layer on the alumina than the evaporation method.
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The results for the Ce0,-Al,03 (8,9 and 10) are also displayed in
Fig. 1b.Itis confirmed the important contribution of the a-phase for
the AluCev (9) samples even after treatment at 1373 K. Additionally,
the a-phase is not presented in any of the materials prepared with
the spray dryer until calcination at 1473 K for 5 h. Besides, for the
case of the Zrg 5Ceq 50, -AluCsp sample 6-Al;05 is dominant in the
solid for such heating treatment.

Based on the above observations, it is possible to conclude
that when the materials are prepared with the evaporation-drying
method for both Puralox and AluCev supports, higher temperatures
are needed for the Puralox-based samples to form the «-Al,03
phase compared with the AluCev ones. Besides, the detrimental
effect of water in the slow evaporation method is confirmed by
Raman and XRD when the results of AluCev and AluCsp are com-
pared.

3.1.1.3. Effect of calcination time on the alumina phase in
the nanocomposites. The effect of the calcination time on
the a-alumina formation has been studied by calcining the
ZrxCe1_x0,-Al;,03 (x=0.5, 0) at 1373K for 24h. Those materi-
als are investigated employing XRD. After calcination for 24 h the
water treated parent materials (AluC and Puralox) show a com-
plete transformation to the a-alumina phase corresponding to a
typical a-alumina pattern of sharp and strong peaks (for simplicity
and similarity to the data shown in Fig. 1c, the diffractograms after
calcination during 24 h are not shown here).

The comparison of the alumina phase composition for the com-
posite materials calcined at 1373K for 5 and 24h can give an
insight into the thermal stability of the material since the thermal
stability of the composites can be reflected by the delay in the a-
alumina formation. A clear difference in the a-phase contribution
is observed for the sample CeO,-Al,03. Significantly higher peak
intensity for a-Al,03 in XRD patterns are found on the AluC com-
posites synthesized by evaporation-drying compared to the one
prepared by spray drying The contribution of the alumina phases
is estimated by using Topas software for these three CeO,-Al,03
materials. For AluCev-based composite, 85% of the alumina present
is a-phase under such calcination conditions. In contrast, a fraction
of a-alumina of approximately the 8% is found for the Puralox-ev
based sample and no a-phase is detected when the spray dry-
ing method is employed (AluCsp sample). Regarding the sample
Zro5Ceg50,-Al,03, the a-phase is not observed in the case of the
Puralox sample or the AluCsp, whereas 20% of the alumina con-
tented in the Zrg 5Ceg 50,-AluCev is under the a-phase.

These results show a better thermostability of the Puralox-based
samples as indicated by delaying the a-alumina formation than
the AluC-based samples when the evaporation-drying method is
used. This is probably related to the better stability of parent Al,O3
during the water treatment. For the AluC sample, a fast spray drying
procedure can suppress the alumina sintering to a large extent, thus
showing the best thermal stability.

3.1.2. Effect of the calcination temperature on the ZrxCe;_x0»
phase in the nanocomposites

Diffractograms with lower scanning speed are recorded in the
range 27-32° for studying the ZryCe;_xO, phase in the nanocom-
posites. The addition of ceria, zirconia or mixed oxides of both, lead
to the appearance of new diffraction peaks. The peak related with
cubic ceria (c-CeO,) which presents the higher intensity is placed
at 20 =28.54° whereas the one attributed to the tetragonal zirconia
(t-ZrO;) is located at 26 =30.2°. For those materials that contain
ceria-zirconia mixtures the peak is shifted from 28.54° to higher
20 values as a function of the zirconium oxide content. According
to the literature [46,49] such shift is an indication that the Zr is
introduced into the cerium lattice. Fig. 2a displays a comparison of
the results for the Zrg 5Ceg50,-Al,03 nanocomposite synthesized
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Fig. 2. (a) X-ray diffraction patterns of ZrgsCeps0,-Puralox (—) compared with
Z10.5Ce0.502—AlUC (mm mm e mm ) and Zrg 5Ce0502-AlUCSD (» # = » « » ). The samples are
aged for 5h at temperatures between 1173 and 1473 K. The vertical dotted line
marks the characteristic position of cubic ceria (20 =28.54°) whereas the solid line
shows the position of tetragonal zirconia (26 =30.2°). Data collected at 0.02°/step
with integration times of 10s/step between 260=27° and 32° and (b) c-CeO; crys-
tal size evolution for CeO,-Al,03 nanocomposites aged for 5h with calcination
temperatures between 1173 and 1473K (@, CeO,-Puralox; v CeO,-AluCev; ,
CeO,-AluCsp; , CeO,-Pechini). Data based on XRD results collected at 0.02°/step
between 260 =20° and 85°.

with the two alumina samples prepared by the two methods in the
interval of 20 between 27° and 32°. Puralox is shown as a solid line,
AluCev as a dashed line, and AluCsp as a dotted line.

Kozlov et al. [46] proposed a simple method for the determina-
tion of the composition of the Zr-Ce phases based on the JCPDS
(Joint Committee on Powder Diffraction Standards). The results
for Zrg5Ceg502,-Al,03 nanocomposites in Fig. 2a show that the
supports treated at temperatures lower than 1373 K present a sin-
gle diffraction peak at around 26=29.5° for the Puralox sample
and 29.4° for the AluCev one. The 26 value is slightly higher than
theoretical value for the Zrg5Ceg 50, composition suggesting the
formation of a mixed oxide richer in zirconia. The reason for this
behavior could be due to an additional cerium oxide rich phase
not observable under XRD due to its lower cerium oxide loading.
At calcination temperatures higher than 1423 K, for the Puralox
and AluCev samples, the single peak is splitting in two as pre-
dicted by the phase diagram for the system CeO,-ZrO, [60]. The
thermodynamically stable t-ZrO, rich and c-CeO,, rich phases are
formed. On the other hand, for the AluCsp sample, it is not possible
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to detect any peak related with the Zr-Ce phases until calcina-
tion at 1373 K where a single peak at ca. 28.9° appears. This peak
corresponds to an oxide richer in ceria than expected, implying
that a highly dispersed zirconia phase might be present on the
surface of the alumina. The crystal size evolution with the temper-
ature for the Zr-Ce phases has been estimated employing Topas
software. The larger crystal size value has been selected when
two phases are observed in the diffractogram. The low intensity
of the peak related to the Zr-Ce phase at calcination tempera-
tures lower than 1373K indicates a highly dispersed phase on
the alumina surface with a small crystal size. The increased cal-
cination temperatures lead to the formation of better defined
peaks proving the higher crystallinity of the sample. The calcu-
lation of the crystal sizes performed at a calcination temperature
of 1473 K for the Zrg5Ceq50,-Al,03 samples have shown the fol-
lowing trend: Zrg 5Ceg50,-AluCev (24 nm) > Zry 5Ceg 50, —Puralox
(14nm)>Zrg5Ceq50,-AluCsp (11 nm) proving the higher disper-
sion of the Zr-Ce oxide on the alumina phase for the sample
prepared with the spray drying. A high surface area resulted in the
delayed formation of the ac-alumina phase in the spray-drying pre-
pared sample would be a plausible explanation for this behavior.
Therefore, the smaller crystal size of the alumina in the AluCsp sam-
ple would provide a higher barrier for sintering in this material than
in the other two.

Fig. 2b reports the evolution of the c-CeO, crystal size with
the calcination temperature for the CeO,-Al,03 nanocomposites.
The crystal size has been calculated employing the Topas software
based on the XRD results. It is observed that those samples pre-
pared with AluC retain a smaller crystal size than the Puralox ones
for each of the selected calcination temperatures. It is believed that
the AluC powders are helpful for dispersing better the c-CeO, due
to its smaller primary size, when compared with the Puralox ones.
From the comparison of both samples prepared with AluC by the
two different methods, evaporation and spray drying, it is found
that the c-CeO,, crystal size remains always smaller for the material
prepared by spray drying. We reckon that the slow water treat-
ment leads to the agglomeration of the AluC nanopowders, and
in addition, the a-phase formation at lower temperature for the
CeO,-AluCev contributes to the c-CeO, sintering. c-CeO, powders
have been prepared without using alumina by the so-called Pechini
method. In this case much bigger crystals are found as shown in
Fig. 2b. The c-CeO, crystal size evolution with the aging time has
also been followed for the sample treated at 1373 K for 5 and 24 h.
As expected, the c-CeO, crystal size increased with the calcina-
tion time but the samples CeO,-AluCsp and CeO,-Puralox show
a better stability against sintering. The calculated crystal size for
the ceria in CeO,-AluCsp after aging calcination for 5h at 1373 Kiis

a
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Fig. 3. DTA profiles for ZryCe;_xO,-Puralox (——) compared with for
ZryCe1_x02-AluCevV (mwmmmmm ) and ZryCe;_yO,-AlUCSp (—*—+*— ) measured
in the temperature interval 1250 K and 1700 K compared with AluC ( ),
Puralox (-----), AluC water treated (= = « « ) and Puralox water treated (—-) (heating

rate: 10 K/min; air flow =80 mL/min).

12 nm whereas it is 15 nm for the 24 h case. For the Puralox sample
treated for 5 h the crystal size is 22 nm and 30 nm when the calci-
nation time is increased to 24 h. Finally the sample AluCev presents
a c-CeO; crystal size of 15 nm after heating treatment for 5 h, and
this value is increased to 26 nm when the aging calcination time is
raised to 24 h. It is believed that the nature of the alumina and the
preparation method play an important role in the sintering of the
c-Ce0, nanoparticles.

3.1.3. DTA results of the nanocomposites

Fig. 3 shows the DTA curves for the nanocomposites synthe-
sized employing AluC and Puralox in the temperature interval
from 1273 K to 1700K. At temperatures lower than 1273K, sim-
ilar profiles are observed for all the materials. The exothermic peak
observed in the interval 1500-1660K corresponds to the trans-
formation to a-Al;O03. The DTA profiles for AluC, Puralox and the
samples after the water treatment are also presented in Fig. 3. It
is observed that in the case of AluC the water treatment has a
pronounced effect on the a-Al;03 formation. For the AluC itself,
the exothermic peak is observed at 1659 K, whereas for the water
treated material, this peak appears at 1509 K. In the Puralox case,
a small difference of temperature is found for the transformation
peakasindicated in Fig. 3. These results are in agreement with those
reported in Fig. 1a where the alumina phase composition estimated

=
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Fig. 4. TEM micrograph of (a) CeO,-Puralox and (b) CeO,-AluCev.
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in the pore size distribution for (c) Puralox after calcination at 1173 K during 5 h, (d) AluC samples after calcination at 1173 K during 5h and (e) Puralox and AluC samples

after calcination at 1423 K during 5 h.

based on XRD and Raman profiles at calcination temperatures over
1373 K are listed. It has been shown that the water treatment of
the alumina will promote the formation of a-phase, especially for
AluC.

Furthermore, a clear delay of the exothermic peak is found
in the ZryCe;_x0,-Al,03 if we compare the water treated Al,03
as the base. The difference in temperature is in the range of
60-110K. It is found that the AluC based nanocomposites pre-
pared by spray drying show a higher transformation temperature
for a-Al;03 formation compared with the samples prepared by
evaporation-drying method. This observation agrees well with the
XRD and Raman results as shown in the previous section. Changes
of the ZryCe;_xO, composition will not influence the transforma-
tion temperature to a-Al,03 concerning the ZrgsCegs50,-Al,03
and Ce0O,-Al;03 samples. It is noticed that the fresh AluC presents
the highest thermal stability in the DTA trace, which isin agreement
with the XRD patterns.

3.1.4. Morphology of the samples

The morphology of the for Zrg5Ceq50,-Al,03 nanocompos-
ites after heat treatment at 1173 K for 5h is examined with TEM
and presented in Fig. 4a and b, where Fig. 4a is showing the
global morphology for the Puralox sample, and Fig. 4b for the
AluC nanocomposites. The different morphology of both kind of
materials is clearly observed, where the Puralox-based ones are
presenting a nanorod-like shape whereas spherical nanosized par-
ticles are observed in the case of the of the AluC sample in Fig. 4b.

3.2. Textural properties of the nanocomposites

BET surface area measurements are performed for the alu-
mina powders treated at 1173, 1273, 1373 and 1423K for 5h.
The Sggr evolution is shown in Fig. 5a and b for the Puralox and
AluC-based materials, respectively. It is found that Puralox is more
sensitive to the calcination temperature than AluC. It is observed
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Table 1
Rh dispersion (%) and particle size (nm) values calculated in bases of H, chemisorption results. Irreversible H, adsorption at 303 K and 195 K calculated assuming Langmurian
adsorption.
Rh loading 0.1 wt.% Rh loading 0.5 wt.%
Dispersion (%) Particle size (nm) Dispersion (%) Particle size (nm)
Puralox? 29 3.8 26 4.2
AluC? 29 3.8 20 5.4
Zro.5Ceq50,-Puralox? 41 2.7 30 3.7
Zro5Cep50,-AluCev® 29 3.8 17 6.4
Zro5Cep50,-AluCsp® 35 3.1 24 4.6
CeO,-Puralox? 41 2.7 28 3.9
Ce0,-AluCev® 26 4.2 10 10.6
CeOy-AluCsp® 37 3.0 21 5.0
20Zro.5Ceos0,-Puralox? 29 3.8
20Zrg.25Ceg.750,-Puralox? 32 34
Zr0_25Ceg,7502—Puraloxb 38 29 31 3.6

3 Measurements performed at 303 K.
b Measurements performed at 195 K.

that Puralox calcined at 1173 K presents a Sger higher than AluC
(82 m?/g Sger Aluc, 162 M2 /g SpET puralox)- However, when the calci-
nation temperature is over 1373 K a significant drop on the Puralox
sample (less than 20 m?/g) is found, whereas Sggt ayc remains with
a stable value around 80 m?/g. Additionally AluC presents high sur-
face areas (60 m2/g) even for calcinations at 1423 K for 5h. The
results for the aged alumina powders after the water treatment
are presented in the same figures. It is observed that the water
treatment has a detrimental effect on the surface area in both mate-
rials, being more pronounced in the AluC case. For example, when
the samples are calcined at 1273 K, all the samples have a similar
surface are (85 m?/g Sger). However, when the calcination temper-
ature is raised to 1373 K, lower BET surface area is found on the
Puralox and the water treated powders than untreated AluC. By
combination of these results with the ones reported previously in
the XRD and DTA part, it is noticed that the remarkable decrease of
the surface area of the Al,03 is clearly related to the formation of
0(-A1203.

In addition the evolution of the BET surface area for CeO,-Al,053
nanocomposites as a function of the calcination temperature is pre-
sented in Fig. 5a and b, for Puralox and AluC-based nanocomposites,
respectively. For AluC based samples, both the spray drying and the
evaporation-drying method are shown. It is observed that for cal-
cination temperatures below 1300K the CeO,-Puralox presents a
higher Sggt than the CeO,-AluCev or CeO,-AluCsp. For example, at
1173 K Sper, ce0,-atucev Of 80m?/g and Sger, ceo,-alucsp Of 87 m?/g
whereas Sger, ceo,-puralox Of 105 m2/g. However, when the calcina-
tion temperature is raised to values over 1300 K the CeO,-AluCev
or CeO,-AluCsp maintain a higher surface area than CeO,-Puralox,
ie. for an calcination temperature of 1423 K Sger, ceo,-Alucev Of
32m?/g and Sger, ceo,-alucsp Of 68 M? /g Whereas Sger, ceo,-puralox
of 5m?/g. From this comparison, it is observed a detrimental
behavior for the CeO,-AluCev sample when compared with the
AluC powder. In addition, a faster decrease of the surface area is
found for the Puralox sample than for the CeO,-Puralox. Puralox
is more sensitive to the calcination temperature than AluC or the
Ce0,-Al,03 nanocomposites. BET surface area measurements have
been also done for the Zrgs5Cep50,-Al,03 nanocomposites. The
observed behavior for these group of samples is similar than for the
Ce0,-Al,05. For the sake of simplicity, those experimental results
are not presented.

The pore structure strongly depends on the synthesis conditions
of the material. The aluminas employed in this study present dif-
ferent pore structures as displayed in Fig. 5c and d for materials
calcined at 1173 K during 5h. Whereas Puralox presents a uni-
modal pore size distribution with a maximum at around 10 nm,
AluC presents no porosity. The pore size distribution is strongly

affected by the water treatment as shown in Fig. 5¢ and d. After
the water treatment a completely changed distribution is observed
for the AluC powder. Thus a Gaussianan-like unimodal distribution
is found with a maximum peak around 23 nm. The pore volume
is decreasing for the Puralox water treated material and a small
shoulder appears around 6 nm. These results agree with those from
XRD or DTA where a completely modified behavior is observed for
the AluC water treated material. Even though the water treatment
did not significantly influence the surface area of alumina powders
in the Puralox case, some differences have been found such as a
slightly larger contribution of the a-phase at the lower calcination
temperature, or an earlier alumina phase transition according to
DTA results suggesting a different behavior for the water treated
material. In addition, the BET surface area for the samples cal-
cined at 1173 K showed a large drop for the Puralox water treated
(130m?/g) when compared with the Puralox sample (162 m?2/g)
which may explain the larger pore volume of the Puralox material.

The pore size distribution for the CeO,-alumina nanocompos-
ites is also plotted in the same Fig. 5c and d. It is observed that
the introduction of CeO, provokes a strong modification on the
pore size distribution for all the materials. However, the changes
are more obvious for the AluC samples (Fig. 5d). A Gaussian-like
unimodal distribution is observed for all the nanocomposites but
CeO,-Puralox shows a narrower distribution and smaller medium
pore size where the pore volume diminished due to the introduc-
tion of the CeO,. The observed behavior is similar to the water
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Fig. 6. Variation of the dispersion with the BET surface area for Ce-containing cat-

alysts. Catalysts have been calcined at 1173 K for 5h. Rh dispersions have been
calculated employing H,-chemisorption at 195K.
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Fig. 7. Comparison of the methane conversions for (a) ignition-extinction behavior Rh/Ce0,-Al,03 catalysts and (b) methane conversion for Rh/Zr,Ce;_,0,-Al,03 catalysts
after ignition. A Rh loading of 0.1% has been employed. Results are compared with Rh/Al,03 ( , Rh/CeO,-AluCev; ®, Rh/CeO,-Puralox; O, Rh/CeO,-AluCsp; % , Rh/AluC; A

, Rh/Puralox;
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gas temperature interval=573-1300 K. Furnace temperature interval=573-1173K). (c) Relation between the ignition temperature and the c-CeO, crystal size for 0.1 wt.%
Rh/Ce0,-Al, 03 catalysts. Crystal size calculated in bases of XRD patterns for supports calcined at 1173-1273 K during 5 h. As an inserted in the right corner is presented the
variation of the oxygen vacancy concentration with the c-CeO; crystal size reported from Zhou and Huebner [64].

treated material but with a slightly lower maximum pore volume
value probably due to the slightly lower BET surface area of the
nanocomposite calcined at 1173 K. The completely different shape
of the curves for the AluC materials indicates a complete rearrange-
ment in the nanocomposites and a strong interaction between ceria
and alumina.

Fig. 5e presents the pore size distribution for the powders after
calcination at 1423 K for 5 h. The annihilation of the porosity in the
alumina samples (Puralox, Puralox water treated and AluC water
treated) is ascribed to the formation of the a-alumina. The emer-
gence of peaks at higher pore width and a small shift towards
higher mean pore diameter is observed for the CeO,-Puralox
and CeO,-AluCev nanocomposites, whereas CeO,-AluCsp remains
almost constant. Additionally the mean pore volume is diminished
when compared with the samples calcined at 1173 K, probably due

to the formation of the a-phase which causes the decrease of the
BET surface area and porosity for those nanocomposites.

3.3. Hydrogen chemisorption

Different Rh loadings, namely, 0.1 and 0.5wt.% are used here.
Prior to the chemisorption, the Rh supported on the composite sam-
ples are calcined at 1173 K for 5 h. The dispersions of the Rh over
these different supports, measured at 303 and 191 K after reduction
at 923K for 1 h, are showed in Table 1.

The presence of H spillover is a significant concern when mea-
suring the Hy-chemisorption in cerium containing catalyst due to
an extensive adsorption of H; on the CeO, itself [33,61]. It has been
reported [57,62] that an independent criterion for discriminating
the presence of spillover is the time to reach the equilibrium. For all



S. Boullosa-Eiras et al. / Catalysis Today 171 (2011) 104-115 113

the catalysts measured here, the H, adsorption on the metal was
equilibrated within approx. 28 min at an equilibrium pressure of
2 mmHg which are observed independently of the cerium content
of the support, suggesting the absence of spillover.

Catalysts prepared with the Puralox powders present a higher
dispersion than those prepared with the AluC ones regardless the
method employed in the former case. Additionally, slightly higher
values are measured in the case of the AluCsp when compared with
AluCev. This aspect is supported for both groups of samples but
remarkably observed for the CeO,-Al,03 nanocomposites. Thus,
for the 0.5wt.% Rh loading double Rh particle size is calculated
from the H,-chemisorption results for the catalyst prepared by
evaporation when compared with the one by spray drying.

Fig. 6 correlates the BET surface area of the Ce-containing cata-
lyst supports with the dispersions of Rh calcined at 1173 K for 5h.
The corresponding dispersion and particle size of Rh over these
supports are also shown in Table 1. According to our results, the Rh
dispersion is strongly dependent on the surface area for the AluC
catalysts. Thus, when the supports are prepared by evaporation-
drying a lower surface area is achieved compared to the spray
drying procedure. This lower surface area leads to a poorer Rh
dispersion. However, when the surface area is large enough, the
dispersion becomes independent of the Sggt. Then, just a small vari-
ation on the dispersion values is found for the Puralox catalysts
containing CeO, in the Sggr interval from 110 to 150 m?/g.

3.4. Catalytic performance of Rh-supported catalysts over partial
oxidation of methane

3.4.1. Ignition—extinction behavior and methane conversion for
catalysts with a loading of 0.1 wt.%

A study on Puralox based catalysts with a loading of Rh 0.5 wt.%
and 0.1wt.% has been previously reported [59]. The activity of
0.5 wt.% Rh catalysts is very high and the conversions were close to
the equilibrium at the conditions studied, regardless of the support.

Fig. 7a and b displays a comparison of the methane conver-
sion for catalysts supported in AluC and Puralox nanocomposites
with a Rh loading of 0.1 wt.%. Fig. 7a presents the catalytic per-
formance regarding the Rh/CeO,-Al,03 catalysts compared with
Rh/Al,03, whereas Fig. 7b gives a comparison of the catalytic per-
formance after ignition for Rh/ZryCe{_,0,-Al,03 catalysts. Better
catalytic performance is achieved for nanocomposites supported
on ZrxCe;_40,-Al,03 than for the Rh/Al,O3 catalysts, showing
lower light off temperatures and higher conversions. This behavior
is in agreement with our previous results where we have shown
that the presence of Ce enhances the catalytic performance and
provides lower ignition temperatures for CPO [59].

The relationship between the c-CeO, crystal size in the
Ce0,-Al,03 nanocomposites and the ignition temperature is pre-
sented in Fig. 7c. The c-CeO,, crystal size values have been calculated
with Topas software. The values for nanocomposites calcined at
1273 Kfor 5harereported in the figure. Those samples are selected
due to the difficulties for the calculation of the crystal size for
the materials after calcination at 1173 K because of the small c-
CeO, crystal size. Thus, lower crystal sizes are expected for the
nanocomposites calcined at 1173 K for 5 h. It is observed that the
lower c-CeO, crystal size implies the lower ignition temperature for
methane partial oxidation. It has been previously reported [63-65]
that by decreasing the particle size the lattice parameter increases
due to the loss of O, from the surface region of CeO, particles. Addi-
tionally, it has been confirmed the existence of Ce3* ions in small
particles and the increased ratio of Ce3*/Ce** at the surface with
decreasing size [63,65]. Thus, the lattice expansion was due to the
presence of a larger concentration of oxygen vacancies, as showed
as an inserted in Fig. 7c [64]. The formation of oxygen vacancies
will result in an enhanced reducibility, thus lower ignition temper-
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Fig. 8. Typical axial temperature profile as function of the oven tempera-
ture between 916 and 1163K (catalyst: 0.5 Rh/ZrgsCeos502-AluCev, GHSV =
1500 Lcy, /h g, ). Vertical solid lines are showing the beginning and end of the
catalytic bed. Vertical dotted lines show the end and beginning of the a-alumina
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ature, as presented in Fig. 7c for Rh/Ce0,-Al, 03 catalysts. Besides,
as observed in the inserted figure, the increase of oxygen vacan-
cies with the smaller c-CeO, crystal size is strongly enhanced for
sizes in the range between 1 and 10 nm. Thus, ceria crystal size
larger than 20 nm would not provide any difference regarding the
oxygen vacancy concentration. Moreover, it is known that on ceria
the oxygen storage capacity is restricted to the surface, because the
bulk oxygen atoms do not participate in the storage process [66,67].
Consequently, it is confirmed the great importance of providing a
highly dispersed layer of CeO, on the alumina surface.

After  ignition, catalysts containing Puralox show
higher methane conversions compared with the AluC
catalysts as presented in Fig. 7b. At an outlet gas tem-
perature of 1150K, the activity follows an order of
Rh/Zrg 5Cey.50,-Puralox = Rh/CeO,-Puralox (81% conver-
sion)>Rh/Zry5Cep50,-AluCsp = Rh/Zry 5Cey 50, -AluCev =Rh/
CeO,-AluCsp  (75%  conversion)>Rh/CeO,-AluCev =Rh/AluC
(67% conversion)>Rh/Puralox. Rh/CeO,-AluC catalyst prepared
with the spray dryer presents higher methane conversion than
the one prepared by evaporation. However, in the case of
Rh/Zry5Cep50,-AluC catalysts, a similar catalytic performance
is achieved after ignition regardless of the use of the support
prepared with the spray dryer or the evaporation method. The
catalytic performance is clearly following the same trend as the Rh
dispersions shown in Table 1. This is particularly obvious for the
case of the Rh/Ce0,-Al,03 catalysts where the catalyst supported
on CeO,-Puralox is having a Rh dispersion of 41%, followed by
CeO,-AluCsp with 37% and CeO,-AluCev with 26%.

3.4.2. Stability

Fig. 8 shows temperature profiles in the catalytic bed for
increased oven temperatures for a 0.5 wt.% Rh/Zrg 5Ceg 50,-AluCev
catalyst. The temperature profiles indicate that the reaction pro-
ceeds through the indirect mechanism, consisting of a total
oxidation of some methane followed by the endothermic steam
reforming and probably water-gas shift reaction. The increase
in the oven temperature provokes a decrease in the exothermic
peak intensity. At higher temperatures the steam reforming rate is
higher, thus it enables to offset the heat released by the combustion.

Stability is a key factor in methane partial oxidation due to the
very high temperature reached during the reaction. Itis under those
conditions where the catalytic performance of the materials is here
studied. An oven temperature of 1173 K is selected with the objec-
tive of comparing the thermal stability of the studied catalysts.
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Fig. 9. Comparison ratio between the CH4 conversion and the initial CH4 conversion during 42 h reaction for (a) Puralox catalysts (% Rh/Zro5Ceo50,-Puralox (1); @,
Rh/Ce0;-Puralox (2); , Rh/Puralox (3)) and (b) AluC catalysts (¥ , Rh/AluC (4); 9, Rh/Zro5Cep502-AluCev (5); v Rh/CeO,-AluCev (6); , Rh/CeO,-AluCsp (7); @,
Rh/Zro.5Ceo.5s02-AluCsp (8)) (Rh loading = 0.5 wt.%, P=1atm, GHSV = 1500 Lcyi, /h 8cars Trmax = 1230 K, Trymace = 1173 K, CHa/O2 =2).

Fig. 9a and b presents a comparison of the deactivation rate for
the Puralox and AluC based catalysts respectively. The deactivation
rate is calculated as the ratio between the conversion at time “t”
and the initial conversion. Catalysts with a Rh loading of 0.5 wt.%
are tested during 48 h. It is noticed that almost complete oxygen
conversion is achieved at the outlet of the reactor.

It is realized that all the catalysts supported on the nanocom-
posites (ZryCe;_x0,-Al;03) present a higher conversion than the
unmodified alumina catalysts (Rh/Puralox and Rh/AluC). In the
initial period of the experiments those catalyst based on Puralox
powders present the highest conversion due to the higher Rh dis-
persion, as reported in Table 1. Interestingly, it is observed that the
AluC catalyst prepared by spray drying method presents a much
better stability than those prepared by evaporation. Puralox-based
catalysts present a continuous deactivation during the 48 h. Among
them, the most stable performance is achieved for the catalyst sup-
ported on Zrg 5Ceq 50,-Puralox. Previously we have reported that
the formation of the cerium aluminate might give an explanation
of this behavior [59]. Additionally, the same trend is observed in
the three groups of samples, with a lower deactivation rate for
catalysts supported on Zry5Cey50,—-alumina than CeO,-alumina
confirming these results. Moreover, the more pronounced deacti-
vation rate is found for Rh/CeO,-AluCev in Fig. 9b. The formation
of a-Al,03, as shown in Fig. 1b, might be given as a possible rea-
son for this behavior. CeO,-AluCev supports showed the formation
of a-Al, 05 after calcination at 1373 K during 24 h. 85% of the alu-
mina presented in such material was under the a-phase, whereas
none was observed for the AluCsp sample, and a small fraction for
the Puralox one. Nevertheless, the formation of a-Al,03 is dras-
tically delayed when the spray drying is employed as shown in
Fig. 1a. Such a feature could give a reason for the better stability
observed for the Rh/CeO,-AluCsp catalyst. Additionally, the evo-
lution of the BET surface area with the calcination temperature
presented in Fig. 5a and b is also helpful for understanding better
the observed deactivation behavior. Thus, the higher deactivation
rate of the catalysts supported on Puralox nanocomposites (Fig. 9a)
would be quite likely related with a strong decrease of the BET sur-
face area of the support which would lead to the sintering of the Rh
particles. However, the AluC supports present a smaller variation

on the BET surface area values for the increased calcination tem-
peratures (Fig. 5b), leading to a more stable catalytic behavior. This
is clearly confirmed by the catalyst supported in CeO,-AluCsp (7)
when compared with the ones supported on CeO,-AluCev (6) or
CeO,-Puralox (2) in Fig. 9a and b.

4. Conclusions

Alumina based nanocomposites have been synthesized through
acitrate mediated route by modifying the alumina with cerium and
zirconium nitrates. The effect of the alumina type has been studied
by employing two different raw materials. The slow evaporation-
drying route has a remarkable negative effect in the properties
of the alumina called AluC. It is notice that the nanocomposites
prepared through the evaporation-drying procedure show worse
properties for AluC than for Puralox, as indicated by the fact that
a-alumina is detected at lower temperatures in AluCev nanocom-
posites than in Puralox nanocomposites.

Two methods have been employed for the synthesis of AluC
based catalysts. The spray drying method has shown to be promis-
ing for the preparation of a stable support where the formation
of a-alumina is delayed until calcination at 1473 K, providing a
suitable media for stabilizing the Rh nanoparticles.

A higher resistance towards sintering and a delayed alumina
phase transition is observed for the Zry5Ce50,-Al,03 supports
when compared with the CeO,-Al,03 ones. The introduction of
zirconia into the ceria lattice leads to a better thermal stability by
limiting the growth of the ceria crystals. Therefore higher surface
areas and Rh dispersions are achieved leading to a better catalytic
performance when Rh is supported on Zr 5Ceg 50,-Al,03.

The supports are impregnated with Rh and tested in CPO after
calcination at 1173 K for 5 h. Slightly higher dispersions are found
with those catalysts synthesized employing Puralox, probably due
to their high BET surface area. Additionally AluCsp supports present
slightly higher surface area than AluCev leading to lower Rh parti-
cle sizes after impregnation and calcination. Thus, Puralox catalysts
would lead to the higher conversion under testing conditions. The
light off temperature for methane partial oxidation is found to be
related with the c-CeO, crystal size in the nanocomposites. Lower
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c-Ce0, crystal sizes would lead to lower ignition temperatures,
probably due to the higher oxygen vacancy concentration.

Regarding the stability, it is found that Rh/CeO,-AluCev
and Rh/CeO,-Puralox present a gradual deactivation. Highly
active and stable catalytic performance has been achieved on
Rh/Zry5Cep50,-AluC prepared by spray drying. The observed
behavior might be related with the better thermal stability of the
support. Concluding, a better catalytic performance to CPO can be
achieved by designing properly a support material where Rh par-
ticles would be highly dispersed and stabilized.
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