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a  b  s  t  r  a  c  t

In  this  paper  a  Ru/Ce0.8Tb0.2O2−x/Al2O3 catalyst  has been  prepared  by  incipient  wetness  impregnation
method  and  it  has  been  exhaustively  characterized  through  N2 physisorption,  H2 and  CO  chemisorption,
temperature  programmed  desorption,  infrared  spectroscopy,  X-ray  diffraction  and  electron  microscopy
techniques.  The  catalyst  has  been  tested  in  the  water  gas  shift  reaction  and  it has  been  compared  with
Ru/Al2O3 and  Ru/Ce0.8Tb0.2O2−x samples  employed  as  references.  This  study  has  revealed  that  WGS occurs
eywords:
uthenium catalysts
eria–terbia mixed oxide
ater gas shift
ethanation

with  simultaneous  methanation  in  the  ceria–terbia  containing  systems.  Catalytic  tests  performed  in
consecutive  cycles  reveal  that  the  ternary  system  exhibit  higher  stability  under  ageing  reaction  con-
ditions.  These  results  appear  as  promising  for deep  abatement  of  CO  in highly-pure  H2 production  from
hydrocarbon  reforming  processes.

© 2011 Elsevier B.V. All rights reserved.

ydrogen

. Introduction

Since many years water gas shift (WGS) reaction has become an
mportant industrial process for hydrogen production, being the
sual subsequent key step of methane reforming [1].  In general,

nclusion of WGS  in end-of-pipe technologies obeys to the fact that
t also permits simultaneous abatement of a serious atmospheric
ollutant such as carbon monoxide while increasing the amount
f hydrogen obtained (CO + H2O → CO2 + H2). This is particularly
ritical for fuel cells which require highly pure hydrogen [2].  The
emand for this application is so high that an extra preferential oxi-
ation (PROX) and/or methanation unit is normally installed after
he WGS  reactors to reduce CO to traces, although the latter implies
ome consumption of the H2 produced [1,3].

Precisely due to the growing interest for fuel cell development,
 lot of literature has been devoted to WGS, in order to establish
he basic principles of the reaction, both thermodynamic aspects
nd kinetics. Nowadays there is no discussion on the exothermic

haracter of the process. On the contrary regarding the mechanism,
lthough many authors support its redox nature, there is still no
onvergence of idea on the nature of the intermediate, either for-
ate or carboxyl [4]. In any case, it is known that the process is

∗ Corresponding author. Tel.: +34 956 016344; fax: +34 956 016288.
E-mail address: josemanuel.gatica@uca.es (J.M. Gatica).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.05.020
catalyzed, being mixtures of Fe/Cr oxides, and Cu/Zn oxides the
catalysts usually employed at high and low temperature respec-
tively [4–6]. In spite of all this, research at lab scale is still open
and continuous efforts looking for new formulations with improved
performance can be found in literature. In this sense, catalysts con-
taining ceria or ceria–zirconia and one or two  transition metals such
as Cu, Pd, Pt and Au has recently received great attention [7–12].
In these systems, it has been proposed that ceria can participate
both directly mediating in the redox mechanism and facilitating a
surface formate intermediate [13].

According to our own experience [14], Ce/Tb mixed oxides
exhibit better redox properties than pure ceria, so they might
be good candidates for WGS. On the other hand, ruthenium
is considered a metal with high activity for methanation
(CO + 3H2 → CH4 + H2O) [15], and additionally it has not been yet
commonly used in WGS  if compared with other noble metals [16].
Therefore, the purpose of this work has been to investigate a sys-
tem constituted by a ceria–terbia mixed oxide as promoter and
ruthenium as metal phase to evaluate if this formulation is active
in WGS  and, at the same time, if it is able to abate the unconverted
CO via methanation. In this way, these catalysts would operate in
a single step what is usually achieved in two. The use of alumina
as support has been also considered to enhance the dispersion of
both ruthenium and the ceria–terbia mixed oxide. Considering the

novelty of the system here investigated particular effort has been
accordingly made to characterize the supported phases. A con-
ventional Ru/Al2O3 catalyst has been additionally investigated as
a reference.

dx.doi.org/10.1016/j.cattod.2011.05.020
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:josemanuel.gatica@uca.es
dx.doi.org/10.1016/j.cattod.2011.05.020
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. Experimental

.1. Catalysts preparation

The Ce0.8Tb0.2O2−x/Al2O3 here used as support (hereafter
amed CT/Al2O3) was prepared by co-impregnation of the alu-
ina with a mixture (4:1 Ce/Tb molar ratio) of aqueous solution

f Ce(NO3)3·7H2O and Tb(NO3)3·6H2O by the incipient wetness
mpregnation technique. The alumina doped with silica (5.72 wt.%)

as kindly provided by the GRACE Davison Company. Deposition of
he 20 wt.% Ce/Tb mixed oxide was done in one impregnation cycle.
he sample was dried overnight at 110 ◦C and finally calcined in air
t 500 ◦C for 4 h in order to decompose the nitrate precursors.

The target ruthenium catalysts was prepared by impregnation
f the cerium–terbium mixed oxide supported on the alumina with
n aqueous solution of Ru(NO)(NO3)3 from 99 wt.% pure ruthe-
ium provided by Alfa Aesar (Johnson-Matthey Company). The
oble metal loading obtained after four impregnation/drying cycles
as around 3 wt.%. Two  reference ruthenium catalysts were pre-
ared using the same incipient wetness impregnation technique
nd noble metal precursor. For this purpose and in addition to
he silica-doped alumina, a Ce0.8Tb0.2O2−x 99 wt.% pure and high
urface area mixed oxide (hereafter named CT) from GRACE Davi-
on were used as supports. In all the cases the catalysts precursors
ere finally reduced in H2-5% flow at 350 ◦C (1 h) followed by flush-

ng in He at 400 ◦C. Before its exposure to the air, ceria containing
amples were pulsed with O2(5%)/He at room temperature (r.t.)
o minimize the effects of exothermic reoxidation of the CT oxide.
he use of a more conventional oxidative atmosphere for the metal
recursor decomposition was avoided in order to prevent the for-
ation of volatile ruthenium tetraoxide that causes losing of the

nitial metal dispersion [17]. The ruthenium loading (wt.%) of the
repared catalysts was determined by means of inductively cou-
led plasma (ICP-AES) analysis using an Iris Intrepid instrument
Thermo Elemental) resulting: Ru(2.74%)/Ce0.8Tb0.2O2−x/Al2O3,
u(0.67%)/Ce0.8Tb0.2O2−x, and Ru(2.84%)/Al2O3. The lower noble
etal loading in the case of the CT mixed oxide support was inten-

ionally chosen in order to maintain similar ruthenium surface
ensity according to the lower surface area of this oxide compared
ith the alumina-based supports (see Section 3).

.2. Catalysts characterization

Textural characterization of the catalysts was carried out by N2
hysisorption at −196 ◦C, using a Micromeritics ASAP 2020. Before
he analysis, the samples (aprox. 200 mg)  were subjected to heating
nder high vacuum at 200 ◦C for 3 h. The isotherms were used to
alculate the specific surface area (SBET) and to obtain data related
o the micro and meso-porosity of the tested samples.

The H2 and CO chemisorption studies were conducted in a
icromeritics ASAP 2020C automatic analyzer on samples (aprox.

00 mg)  previously reduced in situ using H2-5%/Ar flow at 350 ◦C
1 h) and subsequently evacuated under high vacuum at 400 ◦C. The
xperiments were performed at −20 ◦C and 35 ◦C for H2 analysis,
nd 30 ◦C in the case of CO as probe molecule. In the case of sub-
mbient temperature the “U” chemisorption quartz reactor was
mmersed in a Dewar connected to a Haake cooler model EK90. For
he CO volumetric adsorption studies, two consecutive isotherms
ere registered with an intermediate evacuation step (1 h) at the

ame temperature of the registered isotherms. A range of H2 or
O pressure of 5–300 Torr was studied and typically 8–11 equilib-
ium pressure data were acquired. Chemisorption stoichiometries

f H/RuS = 1 and CO/RuS = 1 were assumed for the metal dispersion
stimate.

Temperature programmed desorption of H2 (TPD-H2) studies
ere performed in an experimental device coupled to a Pfeiffer,
day 180 (2012) 42– 50 43

Thermostar QMS200, quadrupole mass spectrometer using aprox.
150 mg  of sample, 60 cm3/min of He as carrier inert gas and a
heating rate of 10 ◦C/min. The samples were initially reduced at
500 ◦C with H2(5%)/Ar flow during 1 h and cooled to r.t. in flowing
H2(5%)/Ar. Quantitative results of these experiences were obtained
by means of the mass spectrometer Quadstar 32-Bit software for
data acquisition and processing.

The CO interaction with the catalysts was followed by means of
FTIR spectroscopy. Spectra were recorded in the transmission mode
on a Bruker, Vertex 70, instrument equipped with a DTGS detector.
Typically, 100 scans at a resolution of 4 cm−1 were averaged. In our
study, single self-supported wafers of 13 mm diameter were used.
They were prepared by pressing 40 mg  of the sample at 5 ton/cm−2.
The disk was placed in a transmission infrared quartz cell, with CaF2
windows, attached to a metallic high-vacuum manifold equipped
with a turbo molecular pump (residual pressure <10−6 Torr). Pre-
viously to the CO adsorption (10 Torr) at r.t., the sample disk was
submitted to in situ reduction with H2(5%)/Ar flow at 350 ◦C during
1 h and evacuation under high vacuum at 400 ◦C.

X-ray diffraction (XRD) analyses were performed on a
Philips PW1820 diffractometer operating with Cu K� radiation
(� = 1.54 nm)  at 40 kV and 40 mA.  The 2� angle ranged from 20◦

to 120◦ and the counting step varied from 0.03◦ to 0.07◦ depending
of the 2� range. An acquisition time of 6.5 s per point was  employed.
The ICDD set PDF-2 database JCPDS pattern was used for the phase
identification.

High resolution transmission electron microscopy (HRTEM)
measurements were performed on a JEOL2010F instrument, with
0.19 nm spatial resolution at Scherzer defocus. High Angel Annular
Dark Field-Scanning Transmission Electron Microscopy (HAADF-
STEM) images were obtained with the same microscope. An
electron probe of 0.5 nm of diameter at a diffraction camera length
of 10 cm was  used for HAADF mode.

2.3. Activity testing

The catalytic activity tests were performed in a stainless steel
reactor using aprox. 100 mg  of sample. Before running the reac-
tion the Ru catalysts were reduced at 350 ◦C (1 h) with H2(5%)/Ar
(60 cm3/min) and then purged with a He flow at 500 ◦C for 1 h. The
reaction mixture for water gas shift reaction was CO(1%), H2O(2%)
and balance with He. The water content was  introduced in the
dry gas with a saturator associated with a condenser immersed
in a thermostatically controlled bath at to keep the temperature
at 17.0 ± 0.1 ◦C. After the sample pre-treatment, the He flow was
shifted to the reaction feed stream (100 cm3/min) at r.t. and the
temperature was  raised up to 450 ◦C at 5 ◦C/min. The catalytic activ-
ity of the sample was  also registered in a second temperature ramp
(second cycle) after ageing at 450 ◦C (5 h) and cooling to r.t. under
reaction conditions. The profiles of the species of interest were
registered using a Pfeiffer, Thermostar QMS200, quadrupole mass
spectrometer. The m/e  signals obtained were transformed into gas
% v/v data by using calibrated CO/He, CO2/He and CH4/He mixtures
gas cylinders.

3. Results and discussion

3.1. Catalytic activity of Ru catalysts for WGS  conditions

Fig. 1 shows the CO conversion as a function of temperature for
the ruthenium catalysts. In the case of the Ru/CT catalysts, an ini-

tial CO consumption step in the 80–160 ◦C range should be related
to ceria–terbia mixed oxide reduction process as far as only CO2
production (not H2 production from WGS  activity) is detected. The
WGS activity starts from 160 ◦C reaching 100% CO conversion at
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Fig. 1. CO conversion on ruthenium catalysts as a function of temperature. The pre-
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u/Al2O3 and Ru/CT/Al2O3 catalysts only the second cycle is showed as far as the
esults for both cycles are similar. The CO conversion percentage for the thermody-
amic equilibrium in the experimental conditions employed is also displayed.

74 ◦C. A relevant effect is that total CO elimination from gas inlet
s achieved in the 274–450 ◦C range exceeding the thermodynamic
quilibrium of CO conversion for WGS  reaction. From the analysis
f the mass spectrometer profiles in which CH4 is detected besides
2 and CO2 we can conclude that both WGS  and methanation reac-

ions are occurring in this catalyst. This finding is significant as it
ndicates that the methanation reaction does not only occur from

2 as inlet gas [18,19] but it can also take place in an ideal WGS
eed stream with an active catalyst for this reaction. Results for the
atalyst previously submitted to ageing at 450 ◦C (5 h) under the
eeding 1%-CO/2%-H2O/He composition make clear a deactivation
ffect as far as higher temperatures are necessary for 50% and 100%
O conversion (Table 1).

In the case of the Ru/Al2O3 catalysts no other products than H2
nd CO2 are detected obtaining thermodynamic equilibrium of CO
onversion for WGS  reaction in the 331–370 ◦C range. The catalytic
ehaviour of the Ru/CT/Al2O3 sample remains the same as the one
ound in the Ru/Al2O3 catalysts in relation to their T50 temperatures
nd stability against ageing at 450 ◦C. Nevertheless simultaneous
GS  and methanation reactions also occur in the ternary cata-
yst. For the Ru/CT/Al2O3 catalyst, the formation of methane in the
12–387 ◦C range (Fig. 2) allows the total elimination of CO in the

nlet gas. According to the concentration of H2 and CO2 in the outlet
as the methanation process shows high selectivity toward CO even

able 1
esults of the water gas shift reaction tests on the ruthenium catalysts.

Catalyst T50 (◦C) TMax. CO conv (◦C) 

Ru/CT, first cycle 219 274 ◦C (100%) 

Ru/CT, second cyclea 247 289 ◦C (100%) 

Ru/Al2O3, first cycle 298 331 ◦C (96%) 

Ru/Al2O3, second cyclea 297 330 ◦C (96%) 

Ru/CT/Al2O3, first cycle 294 312 ◦C (100%) 

Ru/CT/Al2O3, second cyclea 290 311 ◦C (100%) 

a Sample submitted to a first catalytic test run from r.t. up to 450 ◦C (5 h) and cooled to
b Minimum temperature for the maximum conversion showed into brackets.
Fig. 2. CO, CO2, H2 and CH4 evolution as a function of temperature during the cat-
alytic test on the Ru/CT/Al2O3 catalyst previously submitted to ageing at 450 ◦C (5 h)
under the feeding CO(1%)/H2O(2%)/He composition (second cycle).

at the temperature (328 ◦C) at which the maximum CH4 production
is measured. This result is significant since the H2 consumption is
maintained low as far as it is mainly limited to the CO unconverted
by WGS. Unlike the Ru/CT catalyst, the alumina-containing samples
show stability against ageing at 450 ◦C (5 h) taking into account the
similarity between conversion data for the first and second cycles
(Table 1). Fig. 3 shows the time on stream for the Ru/CT/Al2O3 cata-
lyst including the data for the two  consecutive cycles (5 h at 450 ◦C
in each) separated in time by a cooling at r.t. in the reaction mixture.
The overall results point out the attractive catalytic performance of
the ternary system here investigated.

3.2. Textural characterization

Fig. 4 and Table 2 report the results of the textural characteriza-
tion by means of N2 physisorption. The registered isotherms (not
shown) for all the samples containing alumina are type II with a
type H3 hysteresis according to IUPAC definition [20] characteris-
tic of macroporous solids including mesoporosity in some extent.
The ceria–terbia mixed oxide and the Ru/CT catalysts feature an
isotherm of type IV typically associated with mesoporous solids.
Although the surface area for the CT sample is around half the one

corresponding to the alumina, its BET value can be considered rel-
atively high for this type of ceria-based oxides. In the case of the
Ru/CT/Al2O3 system, the successive incorporation of ceria–terbia
and ruthenium phases induces a noticeable textural modification

(% Max. CO conversion)b T interval (◦C) for 100% CO conversion

274–450 ◦C
289–450 ◦C
Not reached
Not reached
312–387 ◦C
311–388 ◦C

 r.t. under the reaction gas (1%-CO/2%-H2O/He).
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Table 2
Textural properties of the samples as determined by N2 physisorption.

Sample SBET (m2/g) Micropore volume
(cm3/g)a

Total pore volume
(cm3/g)b

CT 83.3 0.000 0.169
Ru/CT 79.5 0.000 0.162
Al2O3 216.2 0.006 0.890
Ru/Al2O3 198.5 0.010 0.758
CT/Al2O3 175.7 0.005 0.670
Ru/CT/Al O 155.6 0.004 0.570

o
p
t
b
c
t

F
s

2 3

a As estimated by means of t-plot analysis.
b BJH adsorption cumulative volume of pores.

f the starting alumina. Basically a decrease in BET surface area in
arallel to the pore volume data (Table 2) corresponding to pores in

he mesoporosity range (Fig. 4) is observed, presumably due to the
lockage or partial filling with the supported phases. This effect
an be also noticed when the ruthenium is incorporated directly
o the alumina in the case of the Ru/Al2O3 catalyst. According
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to t-plot diagrams and micropore volume estimate (Table 2) nei-
ther Al2O3 nor CT mixed oxide alone show significant evidence of
microporosity.

3.3. XRD studies

In the case of the Ru/CT/Al2O3 system, the X-ray diffraction
study was focused in obtaining data concerning the structural
nature of the supported cerium–terbium mixed oxide. Addition-
ally we  looked for evidences of the ruthenium dispersion degree in
the Ru-containing samples. Fig. 5 presents the XRD diagrams of the
ruthenium catalysts and the CT/Al2O3 support. The diffractogram
corresponding to the Ru/Al2O3 sample mostly displays three dis-
tinct reflections at 2�: 37.6◦ (3 1 1 reflection indexed according to
the Fd3m space group), 45.9◦ (4 0 0) and 67.1◦ (4 4 0), which is in
agreement with the database standard an also the powder XRD
studies of commercial �-alumina [21]. The XRD profile of the Ru/CT
catalyst clearly indicates the ceria–terbia solid solution presence
and corresponds to the cubic fluorite-type lattice. In particular no
lines pertaining to terbium oxide are observed which implies that
terbia is part of the ceria structure [22]. The XRD diagrams for
both Ru/CT/Al2O3 and CT/Al2O3 are very similar indicating that the
ruthenium incorporation does not modify the structural nature of
the ceria–terbia supported on alumina. In spite of their complex-
ity, these diagrams can be well indexed only considering both the
�-alumina and ceria (CT solid solution) phases. It is important to
point out that we can exclude the presence of LnAlO3 (Ln:Ce or
Tb) aluminate phase. This finding is expected taking into account
the temperatures used for the samples preparation (500 ◦C at air
in the case of the CT/Al2O3 support and 350 ◦C in H2-5% for the
Ru/CT/Al2O3 catalysts) as far as temperatures higher than 800 ◦C
for the calcination at air and 600 ◦C in H2 atmosphere are neces-
sary for CeAlO3 formation in CeO2/Al2O3 samples [23]. From these
results we can conclude that the cerium–terbium mixed oxide is

dispersed onto the surface of the alumina excluding massive loss
of lanthanide effects by means of its incorporation to the alu-
mina or significant migration of aluminium ions to the ceria–terbia
solid solution. Estimate of the average crystal size of CT mixed
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ore volume graphs from the BJH analysis of the N2 isotherms adsorption data are
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Fig. 6. H2-TPD trace for the Ce0.8Tb0.2O2−x(20 wt.%)/Al2O3 support treated with
ubic  �-Al2O3 (00-010-0425). Unequivocal signals corresponding to hexagonal
u (00-006-0663) and cubic CeAlO3 (00-028-0260) at 2�: 44.004◦ and 41.481◦

espectively, have been not detected in the experimental diffractograms.

xide phase was done using the Scherrer equation corrected by
ueno-Ferrer et al. for pure and doped cerium oxides [24] resulting
4.4 nm.  Concerning the noble metal phase there is no indication
f presence of massive Ru particles in the XRD diffraction diagrams
n good agreement with its low loading and the technique used for
he preparation of the catalysts. It is most likely that ruthenium is
ell dispersed on Al2O3, CT, and CT/Al2O3 supports.

.4. H2-TPD results

The methodology developed by Bernal et al. in [25] for
e0.8Tb0.2O2−x/La2O3–Al2O3 samples have been used to deter-
ine the dispersion, i.e., the amount of exposed surface area, of

he supported CT in the Ru/CT/Al2O3 catalyst. Basically hydrogen
hemisorption data obtained from H2-TPD experiments conducted
n samples treated under H2(5%)/Ar at 500 ◦C allow to estimate
he active surface area of the cerium–terbium mixed oxide. For
his purpose we apply the value corresponding to the limit of the
apacity to adsorb hydrogen (4.5 atoms of H/nm2) determined for

 pure Ce0.8Tb0.2O2−x treated in the same way and consider that
he process is limited to the surface. Fig. 6 shows the H2-TPD
rofile obtained for the CT/Al2O3 saturated with hydrogen after
he above mentioned treatment and subsequent cooling under the
ame reducing stream from 500 ◦C up to r.t. The diagram is analo-
ous to those reported in [25] featuring two overlapped peaks with

◦ ◦
axima at approx. 550 C and 700 C. The possible existence of a
hird peak between the maxima above indicated can be reasonably
xcluded from the results of the deconvolution of the H2 trace (see
etails in Fig. 6). The quantitative analysis of the experimental TPD
H2(5%)/Ar at 500 ◦C (A). In (B) we show the results of the mathematical deconvolu-
tion of the experimental H2 trace including the two  gaussian peaks centred at 563 ◦C
(area, 1.51) and 695 ◦C (area, 1.57) and its combination.

trace provides 39.4 �mol  H2/g of sample or 196.5 �mol  H2/g of CT
considering its 20 wt.% loading. Taking into account the above indi-
cated limit for hydrogen adsorption on a pure Ce0.8Tb0.2O2−x mixed
oxide expressed as 3.74 �mol  H2/m2 CT, the resulting dispersion
is 52.5 m2/g of mixed oxide. From these results we can estimate
the surface area exposed of the ceria–terbia oxide in 10.5 m2/g of
the Ce0.8Tb0.2O2−x/La2O3–Al2O3, thus it is the 6% of the BET sur-
face area of this sample (175.7 m2/g). Also of interest, assuming a
spherical geometry for Ce0.8Tb0.2O2−x crystallites and the density
of 7.132 g/cm3 of pure ceria, the CT crystallite size related to its
dispersion can be estimated resulting a 16 nm diameter in good
agreement with the data obtained from the XRD study.

3.5. Characterization by means of electron microscopy techniques

Fig. 7 Because the atomic numbers of Ce and Tb are higher than
that of aluminium, the brighter part in Fig. 7a is attributed to the
Ce0.8Tb0.2O2−x mixed oxide. It can be seen that the ceria–terbia
crystals aggregate on alumina support with a diameter between
60 and 100 nm.  However, using EDX technique Ce and Tb are also
detected in the dark part of the image which is supposed to be
alumina (Figure S1 in the Supporting Information). This means
that some small crystals of ceria-based phase are dispersed on the
alumina support but this cannot be observed easily due to the lim-
itation of detection of Ce and Tb using the HAADF technique. The
HRTEM image, representative of the sample, suggests that the crys-
tal size of Ce0.8Tb0.2O2−x is around 15 nm and its structure matches
that of ceria, which agrees with the XRD and H2-TPD results.

A representative HAADF image and the particle size distribution
of Ru/CT/Al2O3 resulting from measuring the size of over a hundred
of ruthenium particles are shown in Fig. 8. HAADF results suggest
that Ru is well dispersed on all the surface of the CT/Al2O3 support,
i.e., Ru is not only dispersed on the islands of Ce0.8Tb0.2O2−x but

also on the alumina support. Moreover, taking into account the H2-
TPD and textural results this means that Ru is mainly on the Al2O3.
The Ru particles are in the range of 1–4 nm.  Processing of the par-
ticle size distribution and assumption of hexagonal bi-pyramidal
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ig. 7. Representative HAADF image of CT/Al2O3 support (a) and HRTEM image of
T/Al2O3 support including the digital diffraction pattern of the selected area, which
orresponds to Ce–Tb mixed oxide in the [1 1 0] zone axis (b).

orphology for the metal particles lead to a Ru dispersion around
7%. In the case of Ru/CT catalyst, metal particles cannot be
etected which suggests a higher ruthenium dispersion on the
T support.

.6. H2 and CO adsorption volumetric studies

Fig. 9 shows the H2 isotherms registered for the Ru cata-
ysts and Table 3 summarizes the quantitative results of these
xperiments. According to the amount of H2 adsorbed at 35 ◦C

H/Ru = 4.64) intense hydrogen spill-over phenomena in the Ru/CT
ample take place. This result points out that ruthenium have an
nteraction with H2 similar to other noble metals (Rh, Pt and Pd)

hen supported onto ceria [26] or ceria-zirconia [27]. The use of

able 3
olumetric studies of H2 chemisorption on the Ru catalysts.

Catalyst Amount of H2 adsorbed in cm3/g STP (H/Ru)a

−20 ◦C 35 ◦C

Ru/CT 0.30 (0.41) 3.44 (4.64)
Ru/Al2O3 0.99 (0.31) 1.84 (0.59)
Ru/CT/Al2O3 0.80 (0.27) 1.33 (0.44)

a Obtained by means of back-extrapolation at zero pressure of the isotherm data
n  the 5–20 Torr range.
Fig. 8. Representative HAADF image of Ru/CT/Al2O3 catalyst (a) and ruthenium
particle size distribution of Ru/CT/Al2O3 catalyst (b).

sub-ambient temperature in H2 chemisorption volumetric experi-
ments allows obtaining reliable platinum and rhodium dispersion
data in ceria based catalysts [27]. However it is important to notice
that references about the activated nature of the H2–Ru interaction
appear from early papers [28] until recently [29]. In this sense,
the use of low temperatures could limit kinetically the covering
of the exposed ruthenium surfaces rendering under estimations
of the metal dispersion. The amount of hydrogen determined for
the Ru/CT catalyst at −20 ◦C can be reasonable related to the metal
phase (H/Ru = 0.41) excluding the support. Nevertheless, the profile
of the isotherm (Fig. 9) shows the existence of an activated with
H2 pressure effect that suggests a hydrogen adsorption kinetically
slow on the metal or the support via spill-over. From these data
we cannot obtain reliable data for the ruthenium dispersion in the
Ru/CT catalyst.

Although the existence of hydrogen spill-over cannot be dis-
carded only from H2 isotherm volumetric studies, its intensity
would be much less important in the case of the alumina con-
taining catalysts. In this sense, the volumetric data can be used to
estimate the metal dispersion in these samples resulting 27–44%
(Ru/CT/Al2O3) and 31–59% (Ru/Al2O3), respectively from data
obtained at -20 ◦C and 35 ◦C in each case. Taking into account

the HAADF-STEM results, the use of sub-ambient temperatures
in the H2 adsorption studies could be not adequate in ruthenium
catalysts as far as it could lead to low hydrogen surface coverage.
Certainly further investigation is necessary in order to optimize
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appear on Ru/CT catalyst. In addition, the main band of CO adsorp-
tion over Ru/CT is around 2040 cm−1 with two small shoulders at
2110 and 1960 cm−1. In spite of the well known complexity of the
band assignment in ruthenium supported catalysts, in the case of

.u
.)

0.4

0.5 Ru/CT/Al2O3 
Ru/Al2O3 
Ru/CT 
Pressure (Torr) Pre

Fig. 9. H2 adsorption isotherms obtained at −20 ◦C and 35 ◦C on the ruthenium

he methodology of H2 volumetric experiences for obtaining metal
ispersion data in ruthenium catalyst especially when there are
ignificant hydrogen spill-over phenomena.

Table 4 summarizes the results of the CO volumetric chemisorp-
ion studies performed on the Ru catalysts. The interpretation of CO
dsorption data over Ru supported onto alumina catalysts is quite
omplicated because there are several different CO species (linear,
ridged and multicarbonyl) with diverse CO/Rusurface stoichiom-
try above and below one including both reduced and partially
xidized Ru sites [30]. Nevertheless we decided to measure the
O adsorption in order to obtain complementary data related to
he metal dispersion of the catalysts. In this sense according to [31]
he reversible (weak) CO chemisorption could involve both metal
nd support. Taking into account exclusively the amounts of CO
rreversible adsorbed on the Ru/Al2O3 and Ru/CT/Al2O3 catalysts,
he ruthenium dispersion must be higher in the former in good
greement with the H2 chemisorption results.

In the case of the Ru/CT, the presence of a ceria-based mixed
xide makes even more complex the interpretation of the CO
dsorption results as far as ceria reacts with CO forming car-
onate species, their amount being related with its reduction
egree [32]. In any case, the CO/Ru data obtained from irreversible

hemisorption is significantly higher for this catalyst suggesting
igher ruthenium dispersion with regard to the alumina containing
amples.

able 4
olumetric studies of CO chemisorption on the Ru catalysts.

Catalyst Amount of CO adsorbed in cm3/g STP (CO/Ru)

Totala Reversibleb Irreversible

Ru/CT 2.29 (1.54) 0.13 (0.09) 2.16 (1.45)
Ru/Al2O3 6.20 (0.99) 0.71 (0.11) 5.49 (0.88)
Ru/CT/Al2O3 3.64 (0.60) 0.35 (0.06) 3.29 (0.54)

a Obtained by means of the extrapolation at P = 0 of the first isotherm data in the
–40  Torr pressure range.
b Obtained by means of the extrapolation at P = 0 of the second isotherm data in

–40 Torr pressure range.
e (Torr) Pressure (Torr)

sts. Volumetric adsorption data are shown in the form of apparent H/Ru ratio.

3.7. CO adsorption followed by means of FTIR spectroscopy

Fig. 10 shows the FTIR spectra of the catalysts treated with
CO at r.t. in a wavenumber range where the CO species adsorbed
on the Ru phase can be observed. The spectra for both alumina
containing catalysts, Ru/Al2O3 and Ru/CT/Al2O3, are quite similar
and consist of two  bands (2125 and 2071 cm−1) and a shoul-
der at 2002 cm−1. Remarkably, the band at 2125 cm−1 does not
Wavenumber (cm-1 )
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Fig. 10. FTIR spectra of CO adsorbed at r.t. on the ruthenium catalysts.
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he Ru/Al2O3 the band at 2125 cm−1 can be attributed to the tri-
arbonyl CO species on Run+, meanwhile the band at 2071 cm−1 and
he shoulder at 2002 cm−1 are assigned to the di-carbonyl species
dsorbed on Ru2+ [30]. Shifting band effects related to surface cov-
rage and Ru crystallite size are not expected from this kind of
uthenium species [30,33]. These CO species adsorbed on positively
harged Ru are not observed in the Ru/CT catalyst. According to
he literature, the band at 2040 cm−1 in this catalyst must reason-
bly correspond to CO linearly adsorbed over Ru0 as far as bands in
he 1990–2060 cm−1 range have been attributed to these species
eing its exact position a function of the covering degree of the
xposed ruthenium surface [33]. The shoulder at 1960 cm−1 and
he low intense shoulder at 2110 cm−1 observed in the Ru/CT cata-
ysts could be assigned to bridged CO on Ru0 [30] and CO adsorbed
n Run+ species [30,34],  respectively. This clearly indicates that,
epending on the support, Ru species with different electronic
tructure may  coexist, those partially oxidized being stabilized by
lumina in good accordance with [33]. Though the presence of Ru0

n the ternary system cannot be discarded, most of the metal phase
n Ru/CT/Al2O3 catalyst must be consequently more similar to that
f Ru/Al2O3 than to the one existing in Ru/CT according to the
TIR results. This relationship between the samples resembles that
bserved in the catalytic study in relation with the temperature at
hich 50% of CO conversion is attained. On the contrary, the small

raction of Ru supported on the CT mixed oxide in the ternary sys-
em might explain its similarity with Ru/CT in relation with the
apacity to full abatement of the unconverted CO via methanation,
hich is certainly the major catalytic feature. Obviously deeper

esearch is needed to establish the role of the metal-support inter-
ction in the activity of this kind of ruthenium catalysts for WGS
nd methanation reactions.

. Concluding remarks

The work here presented is the preliminary study of a novel
ernary catalyst consisting of Ru and a ceria–terbia mixed oxide
80/20 mol.%) prepared through sequential impregnation of an
lumina support with the respective nitrate precursors of the pro-
oter and metal phase. The aim of the study has been to obtain

 system that may  exhibit high activity in the water gas shift
eaction with full CO abatement in a wide range of tempera-
ures via simultaneous methanation of the unconverted carbon

onoxide.
Taking into account the complexity of the

u/Ce0.8Tb0.2O2−x/Al2O3 catalyst here proposed special effort has
een made in its characterization. In addition, Ru/Ce0.8Tb0.2O2−x
nd Ru/Al2O3 reference samples have been also investigated to
etter understand the ternary system properties and catalytic
eatures.

The main conclusions of the characterization of the
u/Ce0.8Tb0.2O2−x/Al2O3 catalyst are the following:

. The ceria–terbia mixed oxide is mainly present as solid solution
in the form of aggregates consisting of particles of around 15 nm
in size dispersed onto the alumina surface.

. The ruthenium phase is also relatively well dispersed as parti-
cles with size in the range 1–4 nm corresponding to a dispersion
around 40%. These particles are mainly located on the alumina
as far as the promoter ceria–terbia mixed oxide is covering a
relatively small fraction of the support surface.

. We  have found evidences of metal-support interaction phenom-

ena affecting the electronic state of ruthenium. In particular,
alumina favours Ru in ionic forms while Ru0 species are mainly
detected when this metal is supported on the ceria–terbia mixed
oxide.

[

[
[
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The main conclusion of the catalytic study carried out is that in
both catalysts containing Ru/Ce0.8Tb0.2O2−x methanation reaction
takes place along with WGS. Furthermore, the methanation occurs
with high selective hydrogenation of CO in a CO2 rich environment.
As a consequence, in a region of temperatures where CO conversion
should decrease according to thermodynamics full abatement of CO
is reached with minimum consumption of hydrogen. In addition,
the fact of including alumina as support of Ru and Ce0.8Tb0.2O2−x
confers higher stability to the catalyst upon ageing under reaction
conditions.

The overall results of this investigation suggest that the systems
here proposed might be of interest for processes requiring high-
pure hydrogen such as those related to fuel cell technology.
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