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Three Ru catalysts supported on SiO,, ZrO,-SiO; and ZrO,-La; 03 have been prepared, characterized and
tested in the methane steam reforming (SR) reaction, and for comparative purposes a Ni/SiO, catalyst
has also been studied. Conditions of catalytic studies have been selected for the subsequent application
in a hydrogen extraction Pd membrane reactor. That is, reaction temperatures in the range of 400-550°C

and with different amounts of catalyst in order to work under and/or close to the equilibrium conversion
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conditions. All the supported Ru samples exhibit high catalytic activity and similar CO and H, yields.
Finally these catalysts are fully stable under reaction conditions at 550°C for 15h, while the Ni/SiO,
sample suffers a significant deactivation. The main deactivation process affecting this latter catalyst is
the carbon deposition of partially dehydrogenated intermediates as detected by Raman spectroscopy.
Hence, these Ru catalysts appear to be suitable for application combined with metallic (Pd) membrane.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Steam reforming (SR) of methane (principal component of
natural gas) represents the main commercial route for syngas
production. This mixture of H, and CO serves as the important
intermediate in the gas to liquid technologies. The SR reaction (Eq.
(1))is strongly endothermic and equilibrium limited therefore high
reaction temperatures (600-900 °C) are required prior to achieve
a sufficient methane conversion. In general, the SR is followed by
the water gas shift reaction (WGSR), which is slightly exothermic,
as shown by Eq. (2) [1]:.

CH4(g) + HzO(g) <~ CO(g) + 3H2(g) AH° = 206.0 k]/mol (l)

CO(g) + HzO(g) <~ COZ(g) + Hz(g) AH®° = —41.2 kj/mol (2)

The high temperature operation causes strong limitations for
the material employed in the reactor, irreversible carbon forma-
tion and large energy consumption. One possible way to work at
low reaction temperature obtaining higher conversion of methane
is to shift the thermodynamic equilibrium by removing hydrogen
from the products mixture. This has been done by using reactors
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that combine steam reforming and hydrogen-permeable mem-
branes [1,2]. These membranes used for the hydrogen separation
are mainly based on metallic palladium [3,4]. Furthermore this cou-
pled method can also be interesting to improve the hydrogen yield
of the general process, considering the parallel shift of the reaction
equilibrium originated by the hydrogen removal from the effluent
products.

From the point of view of the SR catalysts, these have to be (i)
very active, (ii) capable to work at relatively low reaction tempera-
tures, where the palladium membranes can operate, and (iii) fully
stable under reaction conditions.

The most widely used catalysts in the methane SR for the
industrial production of H, or synthesis gas are nickel based ones.
Although catalytically efficient, it is well known that supported Ni
catalysts suffer from deactivation by particle sintering and/or by
reaction with supports and carbon deposition [5-7]. Noble met-
als (Ru, Rh, Pd Ir and Pt) are also active for steam reforming.
Among them, ruthenium and rhodium have been shown to be the
most active catalysts in addition to stable [8-12], but Ru is signif-
icantly cheaper. Furthermore, Ru catalyst allows working at low
steam to methane ratios without carbon deposition and changing
of mechanical properties of the catalyst [13].

There have been a number of studies that have addressed the
support effects and it has been shown that the support has limited
effect on the activity of the metal for steam methane reforming,
provided that the support is alkali-free [5,14]. In the absence of
alkali traces the only significant support effect found has been the
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variance of metal dispersion on different supports [12]. We have
selected support materials, with low metal-support interactions,
SiO, instead of Al,03, and comparatively a refractory ZrO, which
is well structurally stabilized either with SiO, or with a more basic
component as Lay0s.

Our aim is not only to operate these catalysts under condi-
tions near the thermodynamic equilibrium, where they will be
applied in combination with the membrane, in the title catalyzed
reaction but also to verify their stability under long term reaction
operation.

2. Experimental
2.1. Synthesis of catalysts

Catalysts were prepared using commercial supports: SiO, (Sil-
ica gel from Fluka), ZrO, stabilized with SiO; (3.5%) or with La;03
(7.0%) both provided by MEL. Supports were calcined in air at 500 °C
for 4 h prior to metal loading. The surface areas of these materials
after calcination were 400, 80 and 105 m?/g for SiO,, ZrO,-SiO, and
Zr0,-La; 03, respectively. The surface of the supports was impreg-
nated with Ru by means of the wetness impregnation method
using aqueous solution of RuCl;-H,0 (Sigma-Aldrich) precursor
[15]. After Ru impregnation the catalysts precursors were dried in
air at 110°C overnight. In all cases the added metal loading was
close to 4 wt.% For comparative purposes, a Ni supported on SiO,
(Silica gel from Fluka; Ni(NOs3),;-6H,0 from Sigma-Aldrich) was
also prepared employing the same synthesis conditions as for the
supported Ru samples.

Samples were labelled as Ru/SiO,, Ru/Zr0O,-SiO, and
Ru/ZrO,-La;03 for Ru supported on SiO,, ZrO,-SiO, and
Zr0,-Lay 03, respectively. The supported Ni sample was denoted
as Ni/SiO,.

2.2. Characterization

Temperature-programmed reduction (TPR) measurements
were carried out in a continuous flow fixed bed reactor oper-
ating at atmospheric pressure over 100 mg of sample under a
continuous flow at 100 mL/min of a Hy/Ar gas mixture (5vol.%
H,). The temperature was increased from room temperature to
600 °C with a heating ramp of 8 °C/min. The outlet gas composition
was measured by on-line gas chromatography (Varian 3400) with
a thermal conductivity detector (TCD) equipped with a Porapaq
Q column.

The heats of CO adsorption at 57°C were measured in a dif-
ferential heat-flow microcalorimeter (Tian-Calvet type C80 from
Setaram). The adsorption vessels were connected to a Pyrex
volumetric apparatus equipped with greaseless stopcocks that per-
mitted the introduction of small pulses of CO [16]. The samples
were activated in flowing H, at 500 °C for 2 h and, after outgassing
at this temperature for 16 h, were cooled to the adsorption temper-
ature. Successive doses of CO were then transferred to the sample.
The equilibrium pressure was measured by means of a Baratron
pressure transducer MKS instrument.

The metal dispersions (D) were calculated from the total CO
uptake at the monolayer (N,q4s), considered to be attained when
the evolved heat falls to the physisorption field (~40Kk]/mol),
and assuming a M:CO=1:1 stoichiometry [17,18]. The initial CO
adsorption heats (qg 45) were determined by extrapolation to zero
coverage the chemisorption heat curves obtained from the adsorp-
tion microcalorimetric experiments. The average particle sizes
of Ru were calculated from dispersion values, assuming spheri-
cal metal particles, using the equation d (nm)=1.32/D [19]. The
microcalorimetric profiles that will be shown in the present work

represent the variations in the differential CO adsorption heats
with the carbon monoxide coverage (0). The latter is determined
as the ratio between the adsorbed amount at a given point and the
monolayer uptake (N,q4s) of the sample. This procedure facilitates
comparison of catalysts with different dispersions.

The XPS measurements were performed using an Omicron
spectrometer equipped with an EA-125 hemispherical electron
multichannel analyzer and a Mg Ka X-ray source having a radiation
energy of 1253.6 eV. The samples were slightly pressed into a small
pellet of 15 mm diameter, mounted on the sample holder and then
introduced into the chamber, where they were outgassed for 6-8 h,
in order to achieve a dynamic vacuum below 10-8 Pa. The spectra of
the samples were registered at 75 W and a pass energy of 20 eV. The
electronic state of Ruwas characterized by the binding energy of the
3ds), peak. The binding energies were referenced to the C 1s peak
(C-C, C-H) of the adventitious carbon set a 284.6 eV. The data were
processed 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 mix of Gaussian
and Lorentzian functions in a 70/30 ratio. For the quantification
of the elements, sensitivity factors provided by the manufacturer
were used.

The Laser Raman (LR) spectra were recorded using a Horiba iHR
320 Jobin Yvon spectrometer equipped with a Synapse CCD detec-
tor. Laser radiation (A =632.81 nm) was used as excitation source
at 5 mW. All measurements were recorded under the same condi-
tions (1s of integration time and 30 accumulations) using a 100 x
magnification objective and a 125 pm pinhole.

2.3. Activity measurements

Steam reforming reaction was carried out at atmospheric pres-
sure in a fixed-bed tubular reactor. The reactor with an inner
diameter of 11.8 mm was heated in an electric furnace equipped
with a programmable temperature controller. A fresh 30 mg cata-
lyst (particle size between 150 and 250 pum) was diluted with SiC to
obtain 50 mm bed height and packed in the middle of the reactor.
The temperature was monitored by a K-type thermocouple placed
in the center of the catalyst bed.Before reaction the catalyst was
reduced in situ at 550 °C (maximum operation temperature) dur-
ing 2 h with a mixture of 25 vol.% H, in He at a flow of 100 ml/min.
After reduction, He was used during 30 min to sweep the H, from
the reactor. The feed steam gas mixture consisted of CH4, H,O
and He with a vol.% ratio CH4:H,0:He = 8:8:84. The total flow rate
was 100 ml/min (GHSV =2 x 10~ mlh~! g~ catalyst). The reactant
gases were measured-controlled by mass flowmeters (Brook).

The steam was fed by using a saturator with distillate water into
the thermostatic bath. The partial pressure of water was adjusted
by controlling the temperature of the bath. The lines before and
after reactor were heated (110°C) to avoid water condensation.
Before steam was fed to the chromatograph, water was condensed
employing a cool trap. The catalytic activity was measured at 400,
450, 500 and 550°C.

Gas analyses of both reactants and products were carried out
by on line GC (Varian 3400) equipped with a TCD detector (He
was used as carrier gas with the TCD). Porapaq Q and Chromosorb
102 columns were used to separate the sample gas (CHg, Hy, CO
y CO,). Preliminary experiments were performed to verify the
absence of diffusion limitation and the inert properties of the sup-
ports in given conditions. The carbon balance was close to 100%
in all the cases.To analyse the stability, of the catalysts we worked
below the thermodynamic equilibrium conversion of methane. The
stability study was conducted at 550 °C for 15 h. For the given oper-
ating conditions, the thermodynamic equilibrium conversion and
products compositions were calculated using the software Aspen
HYSYS.
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Fig. 1. Temperature programmed reduction profiles of Ru/SiO,, Ru/ZrO,-SiO; and
RLl/ZI'Oz—L3203.

The conversion of CH4 (XCHy), the yields of CO (YCO) and H
(Yn,) were calculated by means of the following equations:

1 Hin _ 1s CHout
XCHg (%) = MoIsCHy —molsCHS™ 4,
mols CH'
out
veo ()= S0 100
mols CH}'
mols H"

YHy (%)= ———2
2 x mols CHY!

Catalysts recovered after methane steam reforming measure-
ments performed at various temperatures (activity measurements)
will be denoted as “spent catalysts” hereafter.

3. Results and discussion
3.1. Characterization of catalysts

Fig. 1 shows the H,-temperature programmed reduction pro-
files for the uncalcined Ru catalysts. At this point, it is important
to mention that the catalysts of the present study were not cal-
cined but thermally stabilized by H, reduction prior to activity
tests, as previously indicated. We have decided to use non calcined
catalysts because previous tests performed (under the same oper-
ation conditions as those used in the present study) over calcined
Ru/SiO; samples (under air, 4 h, 550°C) shown that the catalysts
were not active for the SR reaction (results not shown here for the
sake of brevity). This is likely owing to the strong interaction Ru-
support, which would be favoured during calcination, hindering
the reduction of Ru particles and rendering the catalyst inactive for
the studied reaction

Table 1

Adsorbed amounts (N,qgs; umol/ge,t), dispersions (D; %), mean Ru particle sizes (d;
nm) and initial adsorption heats parameters assessed from the CO chemisorption
experiments for the supported Ru catalysts.

Catalyst Nads (wmol/gear) D (%) d (nm) 2, (kj/mol)
Ru/SiO; 62 16 8.43 133
Ru/Zr0,-Si0, 112 28 4.7 130
Ru/Zr0,-La,03 85 24 5.3 127

3 Mean crystallite size of metallic Ru (Ru/SiO; ) assessed from XRD was 8.9 nm.

Fig. 1 displays the results of the TPR experiments conducted
on the uncalcined Ru catalysts. All catalysts exhibit a single and
well-defined reduction peak whose maximum lies in the range
150-161 °C. This temperature is well within the range reported for
the complete reduction of bulk RuClz, 160°C [16,20], which may
suggest that these are the main species present on our catalysts.

Based on the TPR data, all catalysts were reduced at tempera-
tures of 500 °C (prior to the activity tests), which has proven to be
enough to complete the reduction of the metal precursor (RuCls)
to metallic Ru particles (Ru®).

The CO adsorption amount (N,4,), dispersion (D), mean particle
size (d) and initial CO adsorption heats (qus) determined from CO
chemisorption measurements for the various supported Ru cata-
lysts are given in Table 1. From the data in Table 1 it can be seen that
both Ru/Zr0O,-Si0, and RuZr0O,-La, 03 present nearly the same dis-
persion (24-28%) and mean particle size (4.7-5.3 nm), but Ru/SiO,
exhibit a lower dispersion (16%) and consequently higher particle
size (8.4nm).

The CO differential heats for the supported Ru samples are
plotted against coverage in Fig. 2. From this figure it is observed
that the calorimetric profile of Ru/SiO, is different from those
of Ru/ZrO,-La;03 and Ru/Zr0,-SiO,. The calorimetric profile of
Ru/SiO, starts at ca. 133 kJ/mol to gently decrease until reaching
a large plateau (~110kJ/mol) for coverages from 0.2 to 0.65; then,
adsorption heats drop to the physisorption region. The constant
value over a wide range of surface coverage indicates that an appre-

140

120 1

-

o

o
1

q,,. (KJ/mol)

80+

60

404 e

Ru/ZrO,-Si0, ‘e
* Ru/SiO,

20 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

CO coverage

Fig. 2. Differential heats of CO adsorption at 57 °C as a function of surface coverage
for supported Ru catalysts reduced at 500°C: Ru/ZrO;-Lay03 (4 ), Ru/ZrO,-SiO;
(@) and Ru/SiO, (H).
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Table 2

Ru3ds), BE and XPS atomic ratios of the reduced and used supported Ru samples.
Sample Binding energy (eV) Surface

composition (At. %)
Ru3ds), Ru/Si Ru/Zr

Ru/SiO, 280.4 0.009 -
Ru/SiO, used 282.9 0.010 -
Ru/Zr0,-SiO, 280.9 - 0.05
Ru/Zr0,-Si0O, used 282.5 - 0.03
Ru/ZrO,-La, 05 280.6 - 0.08
Ru/Zr0O,-La; 03 used 280.8 - 0.11

ciable part of the ruthenium surface centers act homogeneously for
the chemisorption of CO, that is, have very similar geometry and
energetic of interaction with the CO. In contrast, the calorimetric
curves of Ru/ZrO,-La;03 and Ru/ZrO,-SiO, samples are very sim-
ilar and show a continuous decline of the adsorption heats (Fig. 2)
in the entire coverage range. These s-shaped curves are represen-
tative of more heterogeneous surfaces (the CO adsorption heats
continuously fall from initial coverages until monolayer formation,
~40kJ/mol). It is also inferred from Fig. 2, that the three Ru sam-
ples behave similarly (very close adsorption heat values) at low
CO coverages (6 ~0.0-0.2) but the adsorption heats are apprecia-
bly different for medium and high coverages (above 0.2). Ru/SiO,
displays higher differential adsorption heat values for these latter
(6>0.2, Fig. 2).

From Fig. 2, it could be suggested that the strength of sur-
face sites seems to depend on the support and increases in the
order: Ru/SiO; >Ru/ZrO,-La;03 > Ru/ZrO,-Si0,. Considering that
the main difference among the three Ru samples is the support (all
they were prepared by the same synthesis method and using the
same conditions: precursor, solvent, etc.), this variation could be
reasonably attributed to differences in the surface properties of the
support.

In general, there is a relationship among CO adsorption heat
values and the structure and/or morphology of the metal particles.
The values for CO adsorption heats over the different Ru crystal-
lographic planes are given in [21,22], and [references herein]. It
is found that CO adsorbed on: Ru(1000) or (1100), Ru(0001)
and Ru(1010) gives adsorption heat values of 105-120kJ/mol,
160 kJ/mol and 140-150 k]/mol, respectively. Based on these data,
it can be argued that Ru particles in our catalysts expose mainly
(1000) and (1100) crystallographic planes.

On the other hand, differences in the CO adsorption heats can be
due to changes in the CO adsorption stoichiometry, as reported in
[21] for Ru and Ru-bimetallic samples. In fact, various CO adsorbed
species have been detected by FTIR on supported Ru catalysts [23]
and [references therein]. Comparison of the present microcalori-
metric results with FT-IR of adsorbed CO studies on SiO,-supported
Ru catalysts [24], allows us to suggest the presence of some bridged
(RuyCO) and linear (Ru-CO) CO species (most of the sites are linear
and they are represented by the plateau in the calorimetric profiles
of Fig. 2) adsorbed on our supported Ru particles, corresponding to
adsorption heat values of ca. 140 and 100-130 kJ/mol, respectively.

The Ru3ds), binding energies (BE) and the XPS atomic ratios for
the various Ru catalysts after reduction and after use in the methane
steam reforming reaction are compiled in Table 2.

According to the literature, a BE of Ru3ds;, value in the
279.7-280.2 eV range is assigned to Ru® [25,26]. The ruthenium in
an oxidation state of Ru** and Ru®* presents a binding energy close
to 280.7 eV and between 282.3 and 282.8 eV for RuO; and RuOs,
respectively. The BE of Ru3ds;, exhibits a BE around to 281.8 in
RuCls [25].

The BE of Ru3ds,, in our reduced catalysts ranges from 280.4
to 280.9eV (Table 2), which suggests the presence of Ru® [25].

55
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Fig. 3. Methane conversion (%) in the steam reforming reaction as a function of
the temperature for Ru/ZrO;-La;0s (A ), Ru/ZrO,-SiO, (@ ) and Ru/Si0, (M );
comparison with thermodynamics.

The presence of these species in the Ru catalysts has been already
revealed by TPR experiments. The used Ru/SiO, and Ru/ZrO,-SiO,
catalysts show a Ru3ds, BE (282.5-282.9 eV) considerably higher
than the reduced ones (Table 2). This value could be reasonably
ascribed to Ru!V (Ru0O,), in accordance with the values reported for
these species [25,27]. The presence of RuOs is put aside in this work
since this species has not been reported as a solid phase being stable
only as a vapour phase from 1200°C to 1500°C [27]. The presence
of RuV species may be derived from either oxidation upon steam
reforming reaction or after exposure of used samples to air at room
temperature. In the case of the used Ru/ZrO,-La;03 sample, the
binding energy of Ru3ds;, shows almost the same value in relation
to the reduced sample (280.6 and 280.8 eV for the used and reduced
Ru/ZrO,-La;03 sample, respectively; Table 2). This fact suggests
that Ru particles do not undergo further oxidization during reaction
and supports the above second attribution.

The C1s spectra for the various Ru catalysts showed one peak
centered at 284.6eV (belonging to adventitious carbon), no other
peaks were observed. On the other hand, the C amount detected
over the samples before and after SR reaction remains unchanged.
This indicates that no coke deposits measurable by XPS were
formed on our Ru catalysts during SR reaction. The XPS atomic
ratios for the reduced and spent Ru samples are given in Table 2. As
it can be seen, for the spent catalysts the surface atomic ratios were
not appreciably modified in comparison with the catalysts before
reaction (reduced samples), suggesting that no significant change
in the dispersion occurred.

In summary, the data provided by the characterization pointed
out the great resemblance of the three supported Ru samples in
terms of reducibility, Ru dispersion and particle size.

3.2. Activity in the methane steam reforming (SR) at low
temperature

3.2.1. Activity measurements

Fig. 3 shows the reforming activities of the catalysts in terms of
methane conversion (%) in the steam reforming reaction as a func-
tion of the temperature (from 400 to 550 °C; this temperature range
has been explored because it is the temperature interval applicable
in the membrane reactor). Methane conversions predicted by ther-
modynamics are also included in this figure, for comparison. The
three catalysts show a similar trend, that is, the increase of the reac-
tion temperature results in enhancing the activity, in accordance
with thermodynamics predictions. On the other hand, all the sup-
ported Ru samples present comparable conversion values at given
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Table 3

Comparative of the methane steam reforming catalytic results over the supported

Ru catalysts.
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Catalysts T(°C)  CHq4 Yu, YCO  YCO,  H,/CO

converted ratio
(P«mOI/Sgcal)

400 32.2 26 1 12 52.0
) 450 52.1 37 4 17 19.0
Ru/Si0; 500 76.8 51 13 18 9.0
550 942 59 24 14 6.0
400 24.8 21 1 9 53.0
. 450 49.6 35 5 16 20.0
Ru/zr0,-5i0, 500 66.9 47 1 17 9.0
550 843 52 19 15 6.0
400 37.2 27 1 15 47.0
450 595 41 4 20 19.0
Rujzr0-La:0s - 54 793 52 12 20 10.0
550 101.6 63 24 17 6.0

temperature (Fig. 3). As a minor observation, Ru/Zr0O,-Si0O, exhibits
the lowest activity among the analyzed catalysts.

In Table 3 are shown, for various reaction temperatures,
methane catalytic conversions (expressed as pmol of CH4 con-
verted per gram of catalyst and per second) and the yield to H,
(Yn,) and CO (Yco) obtained over the three prepared catalysts. The
H, to CO molar ratio are also reported in this table. As already men-
tioned in Section 2.3, different masses of catalysts were evaluated
in order to approach the thermodynamic equilibrium. Table 3 data
correspond to the tests performed with a minimal amount cata-
lyst (30 mg), in such conditions we can be sure to operate under
non-equilibrium conditions.

Itis observed that the increase of the reaction temperature origi-
nates an improvement in the CH4 conversion, and yields both for H;
and for CO (Table 3). However, in agreement with thermodynamic
predictions, in the range of explored temperatures the selectivity
to CO increases in a higher extension, as can be seen in the latter
column of this table (H,/CO ratio). On the other hand, the variation
of CO, yield with reaction temperature (Table 3) shows the same
trend over the three studied catalysts. It increases steadily with
the reaction temperature and reaches a maximum at about 500 °C,
then decreases gradually with further increase in temperature.
The modifications in selectivity/yield with the reaction tempera-
tures can be explained assuming that the water gas shift reaction
(H,0+CO — Hy +C0,) is favoured at lower temperatures, which is
also in agreement with the reaction thermodynamic predictions.
Finally, all supported Ru catalysts give place to similar selectivity
values and the obtained catalytic activities are quite close.

To sum up, the three supported Ru catalysts evaluated in this
work exhibit a similar catalytic behaviour in terms of methane
SR reaction, consistent with the similarities in dispersion and Ru
particle size shown by these catalysts, as revealed the characteri-
zation. These results agree with earlier studies which pointed that
non-reducible supports have limited effect on the activity of metal
catalysts for methane steam reforming [11].

3.3. Stability measurements

It is very important to test the stability of the supported Ru cat-
alysts on the one hand, considering the endothermic character of
this reaction and the relatively high temperatures of operation and,
on the other hand, that one of our objectives is to test catalytic
performance of these Ru samples for its posterior utilisation in a
Pd membrane reactor. On this sense, the stability of the catalysts
becomes of paramount importance in order to avoid the membrane
damage. With this aim, some tests were conducted at 550 °C for
15 h. In these cases the catalyst amounts in the reactor were min-
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Fig. 4. Methane conversion (%) versus time on stream during SR reaction at 550°C
over supported Ru catalysts; Ru/ZrO;-La;03 (4 ), Ru/ZrO,-SiO, (@ ) and Ru/SiO,
().

ima (30 mg of sample). These results are reported in Fig. 4. It should
be noticed that the three studied catalysts do not modify signifi-
cantly the methane conversion (neither the product yields), i.e. all
they are quite stable. This fact becomes even more evident from
Fig. 5, where the effect of time on stream on the activity of Ni and
Ru supported samples is compared. As shown in Fig. 5, initially both
catalysts show comparable activities (although the Ru based cata-
lyst is somewhat more active, 37 vs. 30% for Ru and Ni supported
samples, respectively), but the most important aspect to be noticed
is that the Ni catalyst suffered strong deactivation during the first
2 h of reaction. In fact, the activity of Ni/SiO, dramatically decays,
after only 90 min on stream, demonstrating its instability, whereas
the Ru/SiO, sample did not show significant deactivation (57% vs.
4% of activity loss for Ni and Ru supported samples, respectively).
Laser Raman (LR) spectroscopy was employed to detect carbon
deposits in the catalysts after steam reforming reaction. The LR
spectra of Ru/SiO,, Ru/Zr0,-SiO, and Ni/SiO, samples are shown
in Fig. 6. The LR spectrum of Ni/SiO, sample have bands at 1340
(D mode) and 1580 cm~! (G mode). The band at 1580, named the
G peak, is the E2g mode of bulk graphite; its intensity increases
with the crystal size. The band at 1340, designated as D peak, was
assigned to the analogue of the E2g mode for the edges of the
graphite layers and is closely related to the disorder-induced scat-
tering resulting from imperfections [28]. Clearly, LR results show
that significant carbon deposition occurred in the case of Ni/SiO,
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Fig. 5. Effect of time on stream on the catalytic activity of Ni/Si0, (7 wt.% Ni; @)
and Ru/SiO; (4wt.% Ru; M) at 550°C.
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Fig. 6. Raman spectra for catalysts recovered after steam methane reactionat 550 °C
for 15h.

catalyst. It could be concluded that the activity loss of Ni/SiO,
catalyst during the SR reaction was caused by carbon deposition.
However, the LR spectra of ruthenium samples after reaction show
very poor features due to carbon deposited on the catalysts. The
small amount of carbon deposits detected by LR seems to be prob-
ably located on the support surfaces as no effect was observed on
the catalyst activity. In addition, no carbon was detected through
XPS measurements carried out on the used ruthenium catalysts. In
agreement with the presence of only traces of carbon (if any) is the
fact that no deactivation of the catalysts was observed after stabil-
ity tests (Fig. 4). Interestingly, this is contrary to that reported by
Jones et al. [11]. They observed in SR tests with Ru on Al,03 and
Zr0, catalysts, a significant loss in activity at 550 °C and above for
catalyst grain sizes smaller than 300 p.m. Based on this finding they
justify their chosen catalyst particle size (300-500 pm). However,
our results are in the line of the previously reported for Ru/Al,03
catalysts [10]. Finally the findings of the present contribution con-
stitute an important result for our further purpose of identifying
enough active and stable SR catalysts for Pd membrane reactors.

4. Conclusions

The three Ru-containing catalysts studied here are active for
the steam reforming of methane, and very stable for at least 15h
on stream, and only form traces of graphitic carbon detected by
LR spectroscopy. All these catalysts appear to be very stable in SR
under membrane operation conditions. Contrarily Ni/SiO, catalyst
suffers deactivation and carbon deposits have been evidenced by
LR.

As conclusion we have some very promising catalysts to be
applied inside membrane operation systems. In following steps,
we have to evaluate the Ru catalysts in a multifunctional mem-
brane reactor but also the combination of SR with dry reforming
and water gas shift reactions.
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