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ABSTRACT

Binary La,03-SiO, supports were employed to obtain active, stable Ru catalysts with high dispersions for
the dry reforming of methane. Supports with 15, 27, 40 and 50 wt.% of La,05 were prepared by incipient
wetness impregnation on SiO,. The Ru loading was 0.6 wt.% for all catalysts. The solids were evaluated in
a fixed-bed reactor under differential conditions. Previously, they were reduced at either 673 or 823 K.
The most active catalyst was Ru/La;03(50)-SiO,. All the uncalcined formulations were stable after 100 h
on stream.

XRD, CO chemisorption, TPR, XPS, ISS and CO adsorption monitored by FTIR were employed to
characterize the catalysts and the Ru species. XRD showed the presence of La,Si,0- with low crystallinity
in all the supports. By means of XPS and ISS, the formation of a surface La,Si,0; phase was suggested for
samples containing La,;03 up to 40 wt.%. Higher contents could lead to surface La,03 particle growth.

The TOFcy, values showed a minimum for the Ru/La;03(40)-SiO solid in agreement with a lower
metal-support interaction. The Ru/La;03(50)-SiO, catalyst exhibited the highest TOFcy, for both
reduction treatments. The differences in thermal stability of the CO adsorbed species on Ru supported on
silica or on binary La,03-SiO, supports sustain that the presence of lanthanum influences the metal-

support interaction and metal dispersion.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen production through the dry reforming of methane
could contribute to the use of H, as an alternative fuel, thus
avoiding the constraints imposed by the storage and distribution of
this gas. Both methane and carbon dioxide contribute to the green-
house effect; consequently the CO, reforming of methane could
have an important environmental implication. One of the main
problems for the preparation of effective reforming catalysts is the
deactivation due to coke formation. In the presence of noble metals
and an adequate support, coke formation can be attenuated.
Dispersing the active metal on a high surface area solid and using
the right promoters could improve catalyst activity and stability.

The noble metal-based catalysts like rhodium and ruthenium
are less sensitive to coke deposits than the nickel-based ones. The
rate of carbon formation was found to be much lower in noble
metals, which was ascribed to a lower dissolution of carbon in
these metals [1].
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As a bonus, ruthenium is much cheaper than rhodium. Several
studies [2-11] have shown the high activity of Ru-containing
formulations. The activity and selectivity of Ru catalysts greatly
depend on the oxidation state [9] of the metal, which can change
depending on both the reaction conditions and the support used.

Support effects on the catalytic behavior of Ru catalysts were
investigated by various authors [2-7]. Nagaoka et al. [6] reported
that the activity on the supported catalysts decreases in the order
Ru/MgO > Ru/Al;,03 > Ru/TiO, > Ru/SiO,. It seems to be in agree-
ment with the basicity of the support, indicating that the CO,
adsorption ability on the supports determine the catalytic activity.
Besides, Ferreira-Aparicio et al. [3] found an active role of the
support in Ru/SiO, and Ru/Al,0s, and proposed different reaction
mechanisms for each catalyst. Bradford and Vannice [4] compared
high dispersion catalysts (>50%) and found that the turnover
frequencies decreased in the order TiO, > Al,O3 > C. However,
other authors [5,7] reported no detectable effect of the nature of
the support on the reaction rate. In this sense, Wei and Iglesia [5]
reported that forward turnover rates were strongly influenced by
Ru dispersion but were essentially insensitive to the identity of the
support, although they did not use La,0O5 as a carrier.

In La-based noble metal catalysts, we reported [10,12,13] a high
stability attributed to the metal-support interaction. For Ru and
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Rh/La, 05 solids, this interaction was very strong. However, when a
composite La;03-SiO, material was used as support, a weaker Rh-
support interaction was observed [13].

The effect of lanthanum on the activity of metal supported
catalysts has been recently reported [14,15]. The addition of La;03
on the Al,O3 supported Pd catalyst resulted in an increase of the
turnover rate for the steam reforming of methane assigned to
changes in the Pd structure with Pd-site blockage [14]. In the case
of Ni catalysts, the La,03 content tuned the Ni particle sizes and Ni-
H species amounts on the catalysts which led to a higher reforming
activity [15].

The purpose of this work was to develop Ru-based catalysts
supported on lanthanum binary supports to be applied in
hydrogen production. We explored different thermal treatments
to obtain active, stable catalysts for the dry reforming at moderate
temperatures (823 K). The properties of the binary La;03-SiO,
supports and their influence in the nature of the Ru active sites
have been studied by X-ray diffraction, H, and CO chemisorptions,
temperature-programmed reduction, X-ray photoelectron spec-
troscopy, ion scattering spectroscopy and CO adsorption followed
by Fourier transform infrared spectroscopy.

2. Experimental
2.1. Catalyst preparation

The La,03(x)-Si0, supports were prepared by incipient wetness
impregnation of SiO, (Aerosil 200, calcined at 1173 K) with
lanthanum nitrate. Supports with 15, 27, 40 and 50 wt.% of La,03
were prepared (nominal values). These values are indicated
between parentheses. The samples were kept at room temperature
for 2h and then dried at 353 K overnight. The supports were
calcined for 6 h at 823K in flowing air. Metal deposition was
performed by incipient wetness impregnation with RuCls-3H,0 as
precursor compound followed by a drying step at 353 K. The
amount of hydration water in the RuCl; was determined by
thermogravimetric analysis. The nominal Ru loading was 0.6 wt.%
for all catalysts.

2.2. Catalyst characterization

2.2.1. Surface area

The BET (Brunauer, Emmett, and Teller) surface area was
calculated from N, adsorption isotherms at liquid nitrogen
temperature using a Quantachrome Autosorb automatic gas
adsorption instrument. Prior to measurements, all samples were
degassed at 423 K under a 0.13 Pa overnight.

2.2.2. Metal dispersion

The metal dispersion of the fresh catalyst, following the
hydrogen reduction at 673 or 823 K for 1 h was determined by
static equilibrium adsorption of either H, at 373 Kor CO at 298 Kin
a conventional vacuum system.

2.2.3. X-ray diffraction (XRD)

The XRD patterns of the calcined solids and supports were
obtained with an XD-D1 Shimadzu instrument, using Cu Ko
radiation at 30 kV and 40 mA. The scan rate was 1.0°/min for values
between 20 =10° and 70°.

2.2.4. Temperature-programmed reduction (TPR)

An Ohkura TP-20022S instrument equipped with a TCD was
used for the TPR experiments. To carry out a similar thermal
treatment performed in the reaction system, the samples were
heated up to 823 K in nitrogen flow, kept constant for 1 h and then
cooled down in N, flow. Afterwards, they were reduced in a 5% H,—

Ar stream, with a heating rate of 10 K/min up to the maximum
treatment temperature.

2.2.5. Fourier transform infrared spectroscopy (FTIR)

The IR spectra were obtained using a Shimadzu FTIR 8101 M
spectrometer with a spectral resolution of 4 cm~'. The samples for
the CO adsorption experiments were prepared by compressing the
pure solids at 2 toncm™2 in order to obtain a self-supporting
wafer (30 mg, 10 mm diameter). They were mounted in a
transportable infrared cell with CaF, windows and external oven.
The pre-treatment was performed in a high vacuum system. The
samples were first reduced at 673 K during 1 h in flowing H, and
then outgassed for 1h at 673K in a dynamic vacuum of
7 x 10~* Pa. After cooling to room temperature, a spectrum of
the catalyst wafer was taken. After that, different CO pressures
were admitted at 298 K into the cell, left in contact with the solid
for 10 min, and then a spectrum was recorded. Spectra were also
recorded after evacuation of the cell for 10 min at 298, 373, 473,
573 and 673 K.

2.2.6. X-ray photoelectron spectroscopy (XPS)

The XPS measurements were carried out using a multi-
technique system (SPECS) equipped with a dual Mg/Al X-ray
source and a hemispherical PHOIBOS 150 analyzer operating in the
fixed analyzer transmission (FAT) mode. The spectra were
obtained with pass energy of 30 eV; an Mg Ko X-ray source was
operated at 200W and 12kV. The working pressure in the
analyzing chamber was less than 5.9 x 10~ Pa. The XPS analyses
were performed on the supports and on the solids after treatment
with hydrogen at 673 K carried out in the reaction chamber of the
spectrometer. The spectral regions corresponding to La 3d, C 1s, O
1s, Si 2s, Ru 3d and Ru 3p core levels were recorded for each
sample.

The data treatment was performed with the Casa XPS program
(Casa Software Ltd., UK). The peak areas were determined by
integration employing a Shirley-type background. Peaks were
considered to be a mixture of Gaussian and Lorentzian functions in
a 70/30 ratio. For the quantification of the elements, sensitivity
factors provided by the manufacturer were used.

2.2.7. lon scattering spectroscopy (ISS)

The experiments were conducted in the same multi-technique
system (SPECS). The He pressure in the analysis chamber was
about 2 x 107> Pa. The energy of the ion gun was 1.5 keV and the
spectra were recorded at intervals of 5 min.

2.3. Catalytic test

2.3.1. Fixed-bed reactor

The catalyst was loaded into a tubular quartz reactor (inner
diameter, 5 mm) which was placed in an electric oven. The catalyst
(10-30 mg) was diluted with 50 mg of inert powder quartz in order
to avoid temperature gradients. A thermocouple in a quartz sleeve
was placed on top of the catalyst bed. In this system, different
treatments were carried out as follows:

(a) The catalysts were calcined at 823 K in air flow and then
reduced in H, flowing at the same temperature.

(b) The uncalcined catalysts were heated up to 673 K in Ar flow,
then reduced in flowing Ho, and after that heated from 673 to
823 K on stream.

(c) The uncalcined catalysts were heated up to 823 Kin Ar flow and
then reduced in H, flow at the same temperature.

After reduction, the reactant gas mixture (Pco, : Pch, : Par =
1:1:1.1, P=1atm, W/F=4.5x10%ghml™') was fed to the
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reactor. The reaction rate measurements under differential
conditions were conducted in a conventional flow system. The
reaction experiments were carried out at 823 K. The feed gases and
the reaction products were analyzed in a thermal conductivity
detector gas chromatograph (Shimadzu GC-8A) equipped with a
Porapak column, and a molecular sieve column.

3. Results and discussion
3.1. Catalytic behavior

The activity and stability of Ru catalysts were measured in a
conventional fixed-bed reactor. The results obtained after the
different thermal treatments are summarized in Table 1. The CO,
reaction rate was higher than the CH4 reaction rate due to the
simultaneous occurrence of the reverse water gas shift (RWGS)
reaction in which CO, reacted with the H, produced in the
reforming reaction; this is consistent with a H,/CO ratio lower than
unity. The stoichiometry of these reactions leads to the following
relationship: H,/CO = (3 — (rco, /Tcn,))/(1 + (rco,/Tcn,)); Where
ren, and reo, are the experimental CH4 and CO, reaction rates,
respectively [4]. This equation was satisfied for all the measured
points.

The calcined catalysts showed low reaction rate values and they
deactivated after a few hours on stream (Table 1). Several possible
causes for Ru-catalyst deactivation could be proposed, such as
carbon deposition on the catalyst surface or increase of Ru particles
size as well [16].

In the case of the uncalcined catalysts, two different treatments
and reduction temperatures were employed. The stability tests for
these catalysts are presented in Fig. 1a and b. All solids remained
stable for more than 100 h in reaction. In addition, the reaction
rates exhibited high values and were independent of the reduction
temperature except for the case of Ru/La;03(40)-Si0O,. This catalyst
reduced at 823 K showed the lowest reaction rate while after
reduction at 673 K it showed the highest value. It seems that the
more severe treatment decreases the active sites dispersion on the
solid, and this affects the catalytic activity for the Ru/La,03(40)-
SiO, solid.

Table 2 shows the turnover frequency values (TOF) of the
uncalcined catalysts reduced at 673 and 823 K, as well as the Ru

Table 1
Ru/La,03-Si0, formulations. Catalytic activity after different treatments.
Solids® Treatments TcH, Tco, H,/CO ratio
(molh~'g™!) (molh~'g™1)
Ru/La,05(15)-Si0, H,, 673K, 2hP 0.39 0.82 0.30
Hy, 823K, 2h¢ 0.34 0.73 0.27
Ru/La;03(27)-SiO, Calcined, 0.09¢ 0.24 -
823K, 6h¢
H,, 673K, 2h" 0.22 0.40 0.45
H,, 823K, 2h°¢ 0.21 0.41 0.26
Ru/Lay05(40)-Si0, Ha, 673K, 2h® 0.73 1.46 0.34
Hy, 823K, 2h¢ 0.18 0.34 0.37
Ru/Lay03(50)-Si0O, Calcined, 0.05° 0.08 -
823K, 6h4
H,, 673K, 2h" 0.49 0.87 0.48
H,, 823K, 2h° 0.40 0.68 0.36

2 The wt.% of La,0s is indicated between parentheses. All these solids contain
0.6 wt.% of Ru.

> The solids were heated up to 673 Kin Ar flow, then were reduced in flowing H,,
and after that heated from 673 to 823K on stream (gas mixture: CH4/CO;/Ar).

¢ The solids were heated up to 823 K in Ar flow, then were reduced in flowing H,
at the same temperature.

4 The calcined solids were reduced at 823 K.

€ rcn, = 0.06 after 24 h on stream.

f reu, = 0.03 after 24h on stream.
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Fig. 1. (a) Stability test of the catalysts after reduction at 673 K in the fixed-bed
reactor. (Reaction temperature=673K, W/F=43x10%ghml™') Feed
composition: Pcy, : Pco, : Par = 1:1:1.1. (b) Stability test of the catalysts after
reduction at 823 K in the fixed-bed reactor. (Reaction temperature = 823 K, W/
F=43 x 10"®ghml™.) Feed composition: Pcy, : Pco, : Par =1:1:1.1.

Table 2
La,05 content and reduction temperatures affect metal dispersion, TOF and surface
area in Ru/La,03-SiO5 solids.

Solids® Treatments Dco (%) TOFcy, (s") dp(nm)
Ru/La,05(15)-Si0,¢  H,, 673K, 2h® 40 456 2.25

H,, 823K, 2h¢ 36 4.42 2.50
Ru/La,05(27)-Si0,  H,, 673K, 2h® 25 4.12 3.60

H,, 823K, 2h¢ 24 4.09 3.75
Ru/La,05(40)-Si0,  Hy, 673K, 2h® 72 4.74 1.25

H,, 823K, 2h¢ 29 2.90 3.11
Ru/La,05(50)-Si0, H,, 673K, 2h®> 38 6.03 2.37

H,, 823K, 2h¢ 36 5.20 2.50

2 The wt.% of La,0s5 is indicated between parentheses.
b Dispersion measured from CO chemisorption.
¢ See footnotes b and c in Table 1.

d Dy, = 32%. Dispersion measured from H, chemisorption.

dispersion determined by CO chemisorption at room temperature,
whereas the CO/Ru ratio was equal to 1. The Ru dispersions
measured after reduction at 673 and 823 K were similar for each
solid, except for Ru/La;05(40)-SiO,. This solid showed the greatest
change in the reaction rate using different reduction temperatures.
The lowest TOF was observed for the Ru/La,03(40)-SiO, catalyst
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reduced at 823 K. This behavior could be related to the metal-
support interaction. The low lanthanum content solids exhibit
similar TOFcy, values (TOF=4.4+0.3) independently of the
reduction temperature. Note that the Ru/La,05(50)-SiO, solid
exhibits the highest TOFcy, for both reduction treatments. Table 2
shows that there is no relationship between dispersion and TOF with
the increase of the La;03 load. Note that for all catalysts, the same Ru
content was employed.

To calculate the Ru particle size, the following equation was
applied

_6-vp
" D-ap

dp (1)
where D is the metal dispersion (the ratio of the number of metal
atoms on the support surface to the total number of metal atoms in
the bulk), vp, is the volume occupied by a metal atom (m) in the
bulk, and a,, is the surface area occupied by an exposed surface
metal atom (m). Three parameters are then needed in order to
calculate the average particle size. v, is 13.65 x 10> nm? for Ru.
The area occupied by a surface metal atom (m) on an exposed
polycrystalline surface (a,;) is dependent on the nature of the
crystal planes exposed on the metal surface. Ruthenium has a
hexagonal close packed (hcp) unit cell structure. In previous
studies, it has been shown that for Ru supported catalysts good
results are achieved using an average surface area occupied by one
Ru atom (a,;) (average from areas of (100), (001), and (110)
planes). This value is 9.09 x 10-? nm? instead of 6.35 x 102 nm?
when assuming that only the (00 1) plane is exposed [17]. The
metal dispersion, D, was calculated from CO chemisorption data
(Table 2). Therefore, employing these vn, a, values and the
pertinent dispersion data, the volume-area mean diameter of Ru
can be calculated from Eq. (1). These metal particle sizes are
included in Table 2. Note that the average Ru particle sizes were
independent of the reduction temperature except in the case of Ru/
L3203(40)—5102.

Metal dispersion is a critically important parameter in catalytic
behavior. The high dispersion of the metal on the composite
support would be responsible for the high-reaction rates of these
solids. Employing a similar La;03(27)-SiO, binary support, we
previously observed that the Rh TOF values decrease with
increasing rhodium dispersion. The low TOF values suggest that
the activity of the rhodium sites is lower than in the case of the Rh/
La,03 solids. Yokota et al. [18] studied the rhodium activity for
different supports and concluded that Rh was structure sensitive in
the CO,-CH4 reaction. The structure sensitivity was caused by the
electronic interaction between Rh and the support surface [18].
The supports employed to disperse Ru crystallites [2-5] often
influence the dry reforming rates, but concurrent effects of
supports on Ru dispersion or a participation in the catalytic cycle
are seldom independently considered. In this work, we studied the
properties of the La,03-SiO, binary supports and their influence in
the nature of the Ru active sites.

3.2. Support characterization

The support surface area was measured after calcination at
823 K. The values were 188, 143, 88 and 53 m? g~! for the supports
with 15,27, 40 and 50 wt.% of La,03, respectively. It was found that
surface area decreases with increasing La,03 loading.

Fig. 2 shows the diffractograms obtained for the silica and the
binary supports calcined at 1173 K and 823 K, respectively. The
diffraction patterns obtained for the La,05-SiO, supports exhibit a
shoulder at about 26 = 29° and small broad reflections at 26 = 41°;
these are symptomatic of the presence of lanthanum disilicate
(LaySi»07) since these reflections coincide with the main peaks
given for this compound (JCPDS No. 21-1014) [13,19]. As the La,03

La,04(50)-Si0,

La,04(40)-Si0,

La,0,(27)-Si0,
2,0.(15)-Si0,

Intensity (a.u.)
e

10 20 30 40 50 60 70
26 (%)

Fig. 2. XRD patterns for the silica and binary supports calcined at 1173 and 823 K,
respectively.

loading increases, it can be observed that the two broad peaks
begin to grow in intensity. The lanthanum disilicate may impair
the formation of oxycarbonate and hydroxide phases. The broad-
ness of these peaks is characteristic of a phase with low
crystallinity. In catalysts prepared by impregnating calcined silica
with lanthanum nitrate, Vidal et al. [19] reported the formation of
the same disilicate even for lower lanthanum loadings.

The ISS technique is used to characterize supported systems
providing information about the elemental composition of the
outer layer, while XPS analyzes a depth of 30-40 A. In our case, we
studied the surface composition of the binary lanthanum silica
supports employing both techniques. Fig. 3 shows ISS spectra for
the supports with different percentages of lanthanum [20]. Three
different peaks are observed, assigned to O, Si and La at 669.6,
954.6, and 1369.9 eV, respectively, when the “He ion beam energy
was 1500 eV. The intensity of the O peak at E=669.9 eV was
normalized to show more clearly the change in the La and Si peak
intensities for the different supports. Fig. 4 shows the La/Si surface
ratio calculated from the ISS data. These were plotted as a function
of the number of La atoms per nm? of support. It can be seen that
the La/Si surface ratio increases with the lanthanum load;
however, a significantly lower La/Si ratio was observed for the
La,05(50)-Si0O, support. The maximum value was obtained for the
L3203(40)—Si02 solid.

The XPS surface atomic ratios were calculated with the
integrated intensity of the La 3ds, and Si 2 s peaks. The Si 2p
peak was not considered due to its overlapping with the La 4p peak.
Note that the XPS La/Si ratio mimics the ISS La/Si ratio. These
results could indicate that the coverage of lanthanum, probably
forming a surface disilicate, increases up to 40 wt.% of La,03 load
and from there, the lanthanum oxide particle growth on the
surface could occur.

The complex line shapes of the photoelectron spectra of rare-
earth compounds have been shown to contain structural
information. It is well known that these line shapes are due
to hybridization effects between the valence band of the solid
and localized f-states of the lanthanum ion in the final state of
photoionization giving rise to the typical two-peaked shape of
the La(3d) doublet components [21]. Hence, this shape will be
observed in the presence of only one type of lanthanum species
as it is due to the electronic structure in the final state of
ionization. The intensity distribution between the maxima at
high and low binding energies is related to the energy difference
of the (uncoupled) f° and f! final states and the strength of
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La,0,(50)-Si0,

La,0,(40)-Si0,

La,04(27)-5i0,
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T T T T T T T T T
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Fig. 3. ISS spectra for the calcined La,05-SiO, binary supports.

hybridization. The former depends on the energy differences of
the % and f! initial states and may therefore reflect differences in
the electronegativity and polarizability of the ligands contribut-
ing to the valence band.

35
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Fig. 4. La/Si surface ratios calculated by XPS and ISS data as a function of the La
loading [atom nm2].
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a.u.

La,04(50)-Si0,
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860 850 840 830
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Fig. 5. La 3ds/, XPS spectra from calcined La,03, La;03(50)-SiO, support, reduced
Ru/La,05(27)-Si0; and used Ru/La,;03(27)-Si0,.

Fig. 5 shows the typical La 3ds;, spectrum observed from the
La,03; sample calcined at 823 K. The XRD pattern shows the
characteristic features of the La,0,COs3 crystalline phase. The La 3d
doublet is well defined showing the satellite structure appearing on
the high side of 3ds,, and 3ds,, peaks. The La 3dsj, core level is
observed at 834.9 eV and the corresponding satellite split is 3.6 eV.
These values agree well with those previously reported for the La;03
blank by Gallaher et al. [22]. In our case, the satellite/main peak ratio
is close to 0.81, while the peak shows a full width at half maximum
(FWHM) close to 3.1 eV. Besides, Fig. 5 compares the La 3d spectra
for different La,03-SiO, samples. The main features of the La 3d
peaks are summarized in Table 3. The binding energy values are
close to 834.8 + 0.2 eV. All samples exhibit a broad La 3ds, satellite
(FWHM larger than 3.2 eV). Besides, the satellite/main peak intensity
ratio is generally higher than the value observed in the lanthanum
oxide sample calcined at 823 K, with the exception of the La,03(50)-
SiO, support which presents a value close to 0.76.

Karge and coworkers [21] studied the effect of the zeolite
matrix on the La(3d) binding energy and line shape for La-
exchanged zeolite samples. The authors compared the La signal

Table 3

XPS binding energies (eV) for La 3d regions.
Samples La 3ds5* La satellite® Isat/IMPP AMP-Sat®
La,053 834.9(3.1)  838.6(2.9) 0.81 37
La,05(50)-Si0, 834.9(3.0)  838.4(3.3) 0.76 35
Ru/Lay05(15)-Si0,  834.6(2.8)  838.1(3.8) 1.10 35
Ru/La,05(27)-Si0,  834.9(2.9)  838.4(3.9) 1.05 35
Ru/Lay03(40)-SiO, 834.6(2.9) 838.1(3.5) 091 3.5
Ru/La,05(50)-Si0,  834.6(2.8)  838.1(3.3) 0.94 35

For all samples, the binding energies of C and Si were the following: C 1s=284.8 eV,
Si 2s=153.5+0.1eV.

2 FWHM (eV) are shown between parenthesis.

b Satellite/main peak intensity ratio for La 3ds)2.

¢ Main peak - satellite splits for La 3ds,.
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shapes between La;Os; and the La zeolites, and attributed the
decreased contribution of the high-BE La component in the zeolites
to the fact that the La ions are coordinated by H,O molecules and
by oxygen engaged in the partially covalent bonding of the zeolite
framework. In this environment, where less charge is supplied by
the less polarizable ligands for the screening of the photoelectron
hole, the f! final state shifts to higher energies, which impairs the
hybridization with the f° final state. The consequence is a
decreased contribution of the high-binding energy (BE) satellite
and a smaller separation between the maxima.

In the same way, Makshina et al. [23] studied bulk lanthanum
cobaltate (LaCoOs3) with perovskite-like structure and LaCoOy
supported onto the mesoporous molecular sieve through XPS. The
appearance of a satellite peak on the La 3ds,, peak was observed in
both types of samples. The difference in the satellite and main La
3d peak intensity ratio between LaCoO3; and MCM-41-supported
LaCoO, confirmed that the lanthanum was present in an
environment different from LaCoOs.

A similar effect could be present in the binary La,03-SiO,
supports where we can observe (Table 3) a higher intensity of the
high-BE satellite compared to the one in the pure lanthanum solid.
Note that Si has a lower electronegativity and is a more polarizable
ligand. This behavior is in agreement with the possible formation
of a well-dispersed lanthanum disilicate phase on the support
surface.

For binary La;03-SiO, supports, Vidal et al. [19] proposed a full
coverage of the silica surface with a disilicate phase based upon the
data obtained from both the hydration and carbonation of samples
with different La,05 loads.

3.3. Catalyst characterization

3.3.1. Calcined catalysts

Fig. 6 shows the diffractograms of the calcined catalysts with
different La,03 loading and for the Ru/Al,O3 solid prepared for
comparison. The latter solid has peaks at 26 = 28.5, 34.8 and 55°
assigned to RuO, species [24]. In the calcined solids, these peaks
are present with lower intensity, indicating the formation of
ruthenium oxide crystals. For these samples, after H, reduction at
823 K and the dry reforming reaction, the diffractograms show
very low-intensity metallic Ru signals indicating the presence of a
crystalline phase (not shown). These reflections were used to

* RuO,

Intensity (a.u.)

RulLa,05(50)-Si0,

Ru/La,04(40)-Si0,

Ru/La,04(27)-Si0,

10 20 30 40 50 60 70
26 (%)

Fig. 6. XRD patterns for the Ru/La;03-SiO, and Ru/Al,03 catalysts (prepared for
comparison).

calculate the average crystallite size (d) using the Scherrer
equation,

k-
p:ﬁcosé (2)

where A is the wavelength of X-ray sources (for Cu Ka,
A =1.5406 A), B is the angular width of the peak, @ is half of the
diffraction angle and k is the shape factor of the average crystallite.

Crystallite size is the major source leading to line broadening
effects of diffraction peaks, but crystal strain and the XRD
instrument itself can also introduce peak broadening. So, the
angular width of the peak can be expressed by,

B =/ (FWHM)? — b’ 3)

where b is the instrumental broadening. For this calculation, the
instrumental line broadening (b) was negligible. Then, we
considered that 8~ FWHM. This approach is supported by data
from the literature [17].

The calculated particle sizes were around 20-30 nm for all the
used catalysts. As discussed above, these catalysts deactivated
after a few hours on stream. Furthermore, we also said before that
several possible causes for Ru-catalyst deactivation could be
proposed, such as carbon deposition on the catalyst surface or
increase of Ru particles size as well [16]. Note that no carbon
formation was observed by Laser Raman spectroscopy. This result
and the values of calculated particle sizes suggest that the
deactivation of the calcined solids could be due to the sintering
of the active phase.

3.4. Uncalcined catalysts

No XRD reflections associated with Ru species were detected in
the uncalcined catalysts after the reduction treatments.

These solids were characterized employing several techniques
trying to unravel the nature of the differences in the active sites
that confer a high stability.

3.4.1. Reducibility of Ru species

The reducibility of the supported ruthenium catalysts was
studied by temperature-programmed reduction. To carry out a
thermal treatment similar to that performed in the reaction
system, the samples were heated up to 823 Kin nitrogen flow, kept
constant for 1 h and then cooled down in N, flow. The Ru/SiO, and
Ru/La,03 were included for comparison. The TPR profiles of the Ru/
La;05-Si0, catalysts showed two main reduction peaks (Fig. 7).
The reduction temperature increased with the La loading except
for RU/L3203(40)—Si02.

Yan et al. [24] reported two reduction peaks at 423 and 473 Kin
Ru/SiO, catalysts. The low temperature peak has been assigned to
well-dispersed RuO, species and the high temperature peak has
been attributed to RuO, particles [7]. Vidal et al. [25] studied the
reducibility of the uncalcined Rh/La;05-SiO, catalyst and assigned
the reduction peak at 450 K to the reduction of species generated in
the lanthana redissolution process. This peak was lower for the
support calcined at high temperature. Bernal et al. [26] suggested
that the impregnation of the La;05-SiO, system, previously
calcined at 873 K with an aqueous solution of Rh nitrate, induces
the leaching of the lanthanum containing phase. They sustained
that calcination at 1173 K would prevent the leaching of the phase
maybe due to the formation of La,Si,0;.

In previous studies of Ru/La;O3 solids, laser Raman spectro-
scopy and TPR indicated the presence of Ru(IIl) strongly interacting
with lanthanum [10]. The hydrogen consumption was calculated
for our solids supported on Lap;03-SiO,. For all catalysts, the
pmol Hy/mol Ru ratio was about 1.4-1.5, lower than the ratio
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Fig. 7. TPR profiles of Ru catalysts treated in N, flow at 823 K in the TPR system.

expected for RuO,. These results suggest the presence of Ru(Ill)
species. In Ru/La;03(50)-SiO,, the reduction peaks appear at
higher temperature. This is symptomatic of a stronger metal-
support interaction, in agreement with the possible particle
growth of Lay,O3 oxide observed through XPS and ISS. In fact,
the small high temperature peak above 750 K may be related to the
decomposition of lanthanum oxycarbonate. The released CO,
detected in the TPR profile of the Ru catalyst corresponds to 1% of
the total La,03 present, suggesting that the availability of La,05 to
form the oxycarbonates is limited.

3.4.2. CO adsorption

The characteristics of the Ru surface species were investigated
by CO adsorption FTIR. CO is one of the most used probe molecules,
revealing the oxidation and the coordination state of the sites to
which it is bound. There are many works dealing with CO
adsorption on supported ruthenium catalysts. The results obtained
are more complicated than those observed with other noble metals
and the formation of different kinds of carbonyls has been
proposed. In general, the CO bands arising from CO adsorption on
supported ruthenium catalysts are divided into three groups: HF;
(high-frequency 1) at 2156-2133 cm™!, HF, at 2100-2060 cm !
and LF (low frequency) bands at about 2060-1970 cm™! (Table 4)
[27-31]. The literature data allowed us to distinguish at least three
different kinds of species associated with the above bands.

Type I carbonyls were identified through CO adsorption on
ruthenium single crystals [32,33] which showed that the linear
Ru®-CO carbonyls are characterized by an LF band at about
2040 cm~!. The position of this band strongly depends on the
coverage and on the metal-support interaction and is usually more
intense than the bands of the other two groups, HF; and HF,.
However, the absorption frequency is not a sufficiently reliable
criterion for the identification of Ru®-CO carbonyls because
vibrations of ionic carbonyls may also be observed in the same
region (type III carbonyls) [28].

Table 4
Vibration frequencies of a linear, bridge and of monocarbonyls and Ru™(CO),
carbonyls adsorption (gem) (v, v, Vi and vg, respectively).

This work Wavenumber References
v (cm™1) 2049 2060-1970 [27]
vp (cm™ ") 1942 1920-1955 [29]
Vi (cm™1) 1980 1900-2000 [29]
vg (cm™") HF;/HF,: HF;/HF,: 2156-2133/ [31]
2144/2074 2100-2060
HF,/LF: HF,/LF: 2100-2060/
2084/2014 2060-1970

Type Il carbonyls are characterized by the HF,-HF, set of bands.
The interpretations of the HF; and HF, bands are quite contra-
dictory. It has been established that (i) these two bands
characterize ionic carbonyls, (ii) the HF/HF, intensity ratio is
equal to 0.54, and (iii) the HF; bands and at least a fraction of the
HF, bands represent vibrations of Ru™"(CO), multicarbonyls. The
frequencies of the HF; and HF, bands are independent of the
coverage [28].

Type Il carbonyls are characterized by the HF,-LF set of bands.
Irrespective of the parallel intensity changes of the HF bands
during adsorption, the HF;/HF, intensity ratio decreases after
desorption at elevated temperatures (intensity ratio of ca 0.54).
This indicates that the HF, band is complex and part of it is due not
only to type Il carbonyls but also to another type of compounds
(type III). Main data from the literature point out that the species
under consideration are Ru™*(CO), dicarbonyls, where the oxida-
tion state of ruthenium differs from its oxidation state in type II
carbonyls. These compounds are characterized by a pair of bands at
2092-2045 (HF,) and 2038-1970 cm™~! (LF) [28].

Fig. 8 shows the spectra of the reduced Ru/La;03-SiO, solids
exposed at 1.3 x 103 Pa of CO. They present bands at about
2049 cm~ ' as the result of linearly adsorbed CO on metallic Ru
(Ru®-CO0), bands typical of Ru™(CO), carbonyls (2144, 2084, 2074
and 2014 cm™!) and the bridged-bonded CO at about 1942 cm™!
(Table 4). The broadening at 1950-2000 cm ! may be attributed to
monocarbonyl species adsorbed on oxidized Ru sites. The signal is
clearly resolved during thermal desorption at 473 K, where its
maximum turns out to be located at 1980 cm~'. Gupta et al. [30]
assigned this band to monocarbonyl species on oxidized sites. They
have been reported to arise from the desorption of CO from the
multicarbonyl species responsible for the IR band above
2074 cm~', which seems to be the case also in the present
experiments. Although the band at 1980 cm ™' may already exist at
room temperature, it grows in intensity with increasing tempera-
ture, probably at the expense of the 2144 cm~! band. This linearly
bonded CO on Ru* ions may result from the oxidative disruption of
small Ru® metal clusters [31]. Curve fittings were made for the
spectra of the catalysts with different contents of lanthanum. Only
slight differences were observed in the proportion of the CO
adsorbed species.

All the bands described above are also present in Ru/SiO,.
However, the Ru®-CO band appears at 2025 cm™ . The band shift
observed in the Ru-La based catalysts could be partially caused by
a less significant dipole-dipole coupling between neighbouring CO
molecules, in view of a larger separation between adsorbates on
these catalysts, related to the high Ru dispersion observed.

Hadjiivanov et al. [27] reported that the HF; and HF, bands also
appear after CO adsorption on completely reduced samples. In this
case, the more significant peculiarities are the following: (i) a
higher dispersion of the supported metal results in more intense
bands; (ii) heating under CO at even higher temperatures leads to a
decrease in intensity or disappearance of the bands.

The higher type II to type I carbonyls intensity ratio (Fig. 8)
observed for all Ru/La,05-SiO, solids supports the above finding
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Fig. 8. FTIR spectra obtained from Ru catalysts reduced in hydrogen at 673 K after
exposure to CO at 298 K (Pco = 1.3 x 103 Pa).

concerning the high Ru dispersion of La;03-SiO, supported
catalysts as compared to that of Ru/SiO; (Dco = 4%).

Fig. 9 shows the spectra after evacuating the cell at 298 K. The
2049 cm™ ' signal decreases while the other bands remain constant
for all the catalysts. The decrease in the Ru®-CO signal is more
significant for Ru/La;03(40)-SiO, compared to the other binary
supports.

To show the differences in the CO adsorbed species, the curve
fitting of the CO spectra after evacuation at 298 K was performed.
The results obtained for Ru/La;05(40)-SiO, and Ru/La;05(50)-SiO,
are shown in Fig. 10. The contribution of all the CO adsorption
states was considered and their integrated intensities were
measured. The linear Ru®-CO signal to type II carbonyls intensity
ratio is lower for Ru/La;03(40)-SiO,. This fact suggests that the
carbonyl groups have a moderate stability in agreement with the
TOFcy, values (Table 2) and the lower metal-support interaction
observed by TPR.

The thermal stability of the CO species adsorbed on the
reduced Ru/La,03-SiO, and Ru/SiO, catalysts was studied
(Fig. 11a-c). The spectra obtained for Ru/La;03(40)-SiO, after
CO adsorption at 298 K at two different pressures and the
subsequent stepwise heating under a dynamic vacuum to 673 K
are shown in Fig. 11a. The signals assigned to Ru™(CO) and
bridged-bonded CO species were more discernible at higher
coverage (trace b). When the CO pressure increased, no band
shifts were detected (traces a and b).

With increasing temperature, the band located at 2144 cm™
decreases without exhibiting any frequency shift and disappears
above 473 K (trace e). At the same time, the linear Ru®~CO signal
progressively shifts to higher frequency with increasing tempera-
ture (from 2049 cm™! at 298 K to 2065 cm ™! at 573 K). Besides, this
band has a considerable decrease during thermal desorption
(traces d-f) and type III carbonyls become clearly resolved. The
1980 cm~! band is very stable and could be more clearly visible in
traces e and f. All bands disappear above 673 K (trace g).

1

RU/SIO,

RulLa,0,(50)-Si0,

Ru/La,0,(40)-Si0,

Absorbance

Ru/La,0,(27)-Si0,

Ru/La,0,(15)-Si0,
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Fig. 9. FTIR spectra obtained from Ru catalysts reduced in hydrogen at 673 K,
following CO adsorption and after desorption in dynamic vacuum at 298 K.

Ru/La,0,(40)-Si0,
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Fig. 10. FTIR spectra fit obtained from Ru catalysts reduced in hydrogen at 673 K,
following CO adsorption and after desorption in dynamic vacuum at 298 K.

The spectra obtained with Ru/La;03(50)-SiO, after the same
adsorption and desorption steps showed similar changes
(Fig. 11b). The main difference is between traces ¢ which were
previously assigned to the different Ru-La interaction observed in
these solids (Fig. 10). However, the spectra measured for the Ru/
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Fig. 11. (A) FTIR spectra obtained from Ru/La,03(40)-SiO, reduced in hydrogen at 673 K following CO adsorption at 298 K, Pco = 6.6 Pa (a) and Pco = 6.6 x 10° Pa (b) and after
stepwise heating under a dynamic vacuum to 298 K(c), 373 K(d), 473 K (e), 573 K(f) and 673 K(g). (B) FTIR spectra obtained from Ru/La;03(50)-SiO; reduced in hydrogen at
673 K following CO adsorption at 298 K, Pco = 6.6 Pa (a) and Pco = 6.6 x 10° Pa (b) and after stepwise heating under a dynamic vacuum to 298 K (c), 373 K (d), 473 K (e), 573 K
(f) and 673 K (g). (C) FTIR spectra obtained from Ru/SiO, reduced in hydrogen at 673 K following CO adsorption at 298 K, Pco = 6.6 x 10> Pa (a) and after stepwise heating

under a dynamic vacuum to 298 K (b), 373 K (c¢) and 473 K (d).

SiO, catalyst exhibit a different behavior when the temperature is
increased (Fig. 11c).

After evacuating the cell at 298 K, the linear Ru®-CO signal
decreases considerably and shifts to a higher wavenumber. This
trend is enhanced when the temperature is increased and
disappears at about 473 K. With increasing temperature, the
intensity of the band located at 2144 cm™! decreases without
exhibiting any frequency shift and disappears above 473 K (trace
d). However, the band at 2084 cm ™! is present at this temperature
and can be assigned to the HF, band from the carbonyl type III
species. The 1980 cm~! band is stable at temperatures above 473 K
and the bridged-bonded CO species disappear at about 373 K.

The differences in the adsorbed CO species stability between Ru
supported on silica or on binary La;03-SiO, supports could be

assigned to the presence of lanthanum, forming an incipient
La,Si, 0 phase that influences the metal-support interaction and
metal dispersion.

3.4.3. Surface characterization

Fig. 12 shows the Ru 3d XPS spectra obtained on the reduced
catalysts. Binding energies were referenced to C 1s=284.8 eV,
which resulted in a B.E. for La 3ds, =834.4+0.2 eV for all the
ruthenium solids. There is an overlap between Ru 3d and C 1s peaks at
284.8 eV, the latter being due to carbonaceous contamination.

The C 1s spectra also exhibit a peak at 287.8 eV that was
attributed to carbonaceous species associated with oxygen and/or
hydrogen. The Ru peak appears at 280.1 eV. The O 1s spectra show
two peaks: one at 531.2 eV assigned to the C-O and/or Si-O
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Fig. 12. Ru 3d XPS spectra from Ru/La,03-SiO, reduced at 673 K in situ.

species and another at 528.8 eV corresponding to lattice oxygen
0%~ [34].

The Ru state with a BE of 282 eV is known from the literature
and has been assigned [31] to Ru(IV)/Ru(lll) oxyhydrates, Ru** on
Al,03, and Ru* in Y zeolite. Elmasides et al. [31] assigned this BE to
an intermediate Ru oxidation state, most likely Ru(Il). This state
appeared to be stable on Al;0Os. They [31] found that on alumina,
ruthenium is incompletely reduced by treatment with H; at 823 K
while on TiO,, Ru is more easily reduced to the metallic state. They
found that the chemical behavior strongly depends on the material
on which it is supported.

For the mixed LaRu;_,Ni,O3 perovskite-type oxides, two well-
defined peaks of Ru 3ds),, one at ~280 eV attributed to Ru®and a
second one at ~282.6 eV corresponding to unreduced Ru (Ru(III))
were reported by Goldwaser et al. [35]. In calcined Ru/La,03
solids, we previously assigned the 282 eV peak to Ru(Ill) species
[10]. After reduction, there appeared a peak at 280.2 eV that
corresponds to Ru®. The peak at 281.8 eV was still present but in
low proportions. The complete surface reduction to Ru® was
observed by XPS for all Ru/La,03-SiO, catalysts. This fact
suggested that Ru™"(CO) monocarbonyls species were formed
over re-oxidized Ru during the exposure to CO at low pressure. The
XPS intensity ratios are given in Table 5. Comparing the Ru/La
ratios, the Ru metallic surface content decreases with the increase
in the lanthanum loading, while the Ru/La + Si ratio does not
present a clear trend.

Table 5
Surface atomic ratio of Ru/La;03-SiO, reduced at 673 K.

Solids Ru/La 3ds), Ru/(La+Si 2s)
Ru/La;05(15)-Si0, 0.175 0.0088
Ru/La;05(27)-Si0, 0.075 0.0065
Ru/La;05(40)-Si0, 0.049 0.0097
Ru/La;05(50)-Si0, 0.040 0.0038

3.5. Proposed model for Ru supported on binary La,03-SiO, solids

Based on the results and the above discussion, we propose a
model for the Ru/La;03-SiO, catalysts. It takes into account two
key factors: (i) the formation of a surface layer of lanthanum
disilicate and (ii) the influence of lanthanum upon the Ru particle
size and the metal-support interaction (Fig. 13).

The XPS and ISS results indicated that the full coverage by a
lanthanum disilicate layer occurred at 40 wt.% of La;0O3. At low
La loadings, the Ru particle size was between 2 and 3 nm.
However, when the full coverage by the disilicate was observed,
the particle size was 1 nm, in agreement with the low reduction
temperature (TPR) and the mild stability of the Ru®-CO
adsorbed species (FTIR). Then, metallic Ru was present in a
highly dispersed state as fine particles (Fig. 13b). For this solid,
when the reduction temperature increased to 823 K, the Ru

Ru\ }.a,Si,O,

(a) |/ < 40 wt.%La,0,
(b) " = 40 wt.%La,0,
() > 40 wt.%La,0,

Fig. 13. Proposed scheme for Ru/La,03-SiO, catalysts; (a) Ru/La,05(x)-SiO», with
x <40 wt.% (b) Ru/La,03(40)-SiO; and (c) Ru/La;03(50)-SiO5.
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dispersion decreased suggesting metal particle sintering in
agreement with the lower Ru-La interaction.

When the support contained 50 wt.% of La,0s, LaO, particles
appeared and a strong Ru-La interaction was observed by both XPS
and TPR. On the basis of these results, we can speculate that the
LaOx formed after the catalyst reduction partially covered the Ru
particle leading to a decrease in the CO chemisorption (Fig. 13c).
This catalyst showed the highest TOF suggesting that more reactive
particles are present when a strong Ru-La interaction is observed.

Wei and Iglesia [5,36] also showed that the turnover frequency
increases with increasing dispersion, indicating that the detailed
metal nanoparticle structure plays a role in it. Furthermore,
Harrison and coworkers [37] reported that CH,4 thermal dissocia-
tive sticking coefficients on Ru(0 0 0 1) surfaces were as much as
3-4 orders of magnitude higher than the apparent sticking
coefficients derived from CH, decomposition or reforming rates
on supported nanoscale metal catalysts. They also emphasized that
several surface science studies on single crystals strongly
suggested that relatively few surface sites were turning over on
the CH,-reforming nanocatalysts.

When Ru and other noble metals are supported on non-
carbonate forming oxides such as Al,O3 or SiO,, Iglesia and
coworkers [5,36] showed that the reaction kinetics are first-order
in methane and zero order in CO, partial pressures. However, for
Ni/La,03 and Rh/La;03 catalysts, the CO, reaction order varies
between 0.37 and 0.50. This is symptomatic of the strong
interaction between CO, and La,O3 which is reflected in the
formation of oxycarbonates at the surface and the bulk level, at
least after being exposed to the reacting mixture. In the case of Rh/
La,03(27)-Si0,, the proportion of oxycarbonate formed was much
lower mainly due to the presence of lanthanum disilicate which
restricts the amount of La,0s available to react with CO,.

For these lanthanum based catalysts, the mechanistic picture
previously proposed is that methane reversibly adsorbs on the
metallic clusters while the cracking of the adsorbed species
proceeds slowly liberating H, and generating carbon that remains
on the metallic surface. The CO, rapidly reacts with La,03 to
generate oxycarbonate which in turn reacts slowly with carbon to
generate the other main product, CO. This slow reaction most likely
occurs at the metal/support interface.

When rich CO, streams were employed, we found that partial
re-oxidation of metallic Ru could be one of the factors that
produces the Ru/La;O3 deactivation. This effect could be more
pronounced at T > 873 K[38]. Matsui et al. [9] studied the effect of
support on the activities and mechanisms in the CO, reforming of
methane over Ru/La,O3 catalysts. They proposed the following
reaction step based on CO, pulse experiments

Ru/La,03; + CO,(ad) = CO(gas) + Ru—0x/La,05

In the literature, different studies invoke various parameters to
be included in the kinetic expression in order to readily explain
other phenomena, such as pressure dependency [39]. Therefore, it
might be the case that the activity is not governed by a single rate
determining step, but different rate determining steps depending
on the reaction conditions [40,41]. Jones et al. [40] built up a
complete picture of the reactivity of pure metal catalysts for steam
reforming using recently identified scaling relationships in
combination with thermodynamic and kinetic models. Theoreti-
cally, they observed that at low temperatures and for the noble
metals the CO formation step is kinetically the most important
reaction step. However, as the temperature and reactivity of the
metal increase, i.e. the metal becomes less noble, the most
kinetically relevant step switches from being CO formation to
dissociative methane adsorption. They sustained that this is a
possible explanation for the fact that several studies, carried out
under different conditions, find different rate determining steps.

4. Conclusions

The activity and stability of Ru catalysts after different
treatments were measured in a conventional fixed-bed reactor
for the dry reforming of methane.

The calcined solids showed low reaction rate values and they
deactivated after few hours on stream. The deactivation could be
due to the sintering of the active phase observed by XRD.

The uncalcined solids remained stable for more than 100 h on
stream. They exhibit high-reaction rate values and were indepen-
dent of the reduction temperature except for the case of Ru/
L3203(40)—Si02.

The TOFcy, values present a minimum for the Ru/La,03(40)-
SiO, solid, in agreement with a lower metal-support interaction.
The Ru/La;03(50)-SiO, catalyst exhibits the highest TOFcy, for
both reduction treatments.

By means of XPS and ISS, we obtained information about the
distribution of lanthanum in the support. The formation of a
surface La,Si;O; phase was suggested for samples containing
La,03 up to 40 wt.%. Higher contents could lead to a La,03 particle
growth. This could be the cause of the higher Ru-La interaction in
the supported La;05(50)-SiO, solid.

The differences in thermal stability of the CO adsorbed species
on Ru supported on silica or on binary La;03-SiO, supports sustain
that the presence of lanthanum influences the metal-support
interaction and metal dispersion. On the other hand, the mild
stability of the Ru®-~CO carbonyl groups on the Ru/La,05(40)-SiO,
is in agreement with the lowest metal-support interaction.
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