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a  b  s  t  r  a  c  t

Supported  ruthenium  catalysts  have  been  shown  to  be effective  for the  dry  reforming  of  methane.
Besides,  ETS-10  titanosilicate  has  properties  able  to disperse  Ru species.  In this  work,  microporous  ETS-10
titanosilicate  was  synthesized  by  hydrothermal  synthesis  employing  anatase  as  Ti source.  Ru was  incor-
porated using  three  different  methods:  by  incipient  wetness  impregnation  (RuH),  by ion  exchange  (RuI)
and by  adding  Ru  to  the  gel  synthesis  (RuG).  The  species  present  in  the  solids  were  characterized  by XRD,
N2 adsorption,  ICP, SEM,  TEM,  EDX,  TGA,  TPR,  UV–vis  and  XPS.

RuH and  RuI  catalysts  were  found  to  be  active  and  stable  for the  dry reforming  of methane.  These  results
show  the  potential  application  of  ETS-10  as support  of  Ru  catalysts  for the  production  of  hydrogen.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The simultaneous incorporation of octahedral Ti [TiO6]2− and
tetrahedral Si [SiO4] microporous materials has led to the appear-
ance of a new family of microporous crystalline titanosilicates,
materials mainly inspired in similar compounds found in nature,
which has generated great interest from the viewpoint of cat-
alytic processes and ion exchange. ETS-10 (Engelhard titanosilicate
Structure 10), one of the main members in the family of titanosili-
cates, presents a structure similar to that of inorganic microporous
zeolites [1].  In fact, the topological similarities between ETS-10
and � zeolite (aluminosilicate three-dimensional channels with
micropores of 0.71 nm × 0.73 nm)  are remarkable. Titanosilicate
Ti atoms are octahedrally connected to four Si and two  Ti atoms
through oxygen bonds, giving rise to a three-dimensional structure
with a significant degree of disorder [2].  The disordered mate-
rial can be described by two ordered polymorphs, arranged in
layers. The porous structure consisting of rings of 12, 7, 5 and 3
members has a three-dimensional pore system whose minimum
diameter is defined by the 12-member rings, with a micropore
size of 0.49 nm × 0.76 nm.  A network of tetrahedral SiO4 and octa-
hedral TiO6 is associated with a charge of −2 compensated by
cations mainly located in areas adjacent to the Ti chains and
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(L.M. Cornaglia).

12- and 7-member rings. The stoichiometry of ETS-10 is given by
M2TiSi5O13·4H2O where M:  Na+ and K+ are compensation cations.
Cation density is high, roughly equivalent to that of a zeolite with
a Si/Al = 2.5, for example Y zeolite.

This titanosilicate has some advantages over other similar mate-
rials, such as the possibility of synthesis based on different sources
of Ti and the presence of a pure phase which can be obtained in
the absence of a structuring agent. Additionally, by functionaliz-
ing its structure, it is possible to modify its catalytic properties
and adsorption isomorphic substitution, or its high ion exchange
capacity, hydrophilicity and basicity.

Few studies have employed ETS-10 as catalyst support. How-
ever, some encouraging results are related to the activity and
selectivity of the titanosilicate. Anderson and coworkers [3] have
synthesized Pt/ETS-10 for n-hexane reforming reporting that these
solids exhibit very high selectivity. In addition, Santamaría and
coworkers [4] have used Pt/ETS-10 catalysts for the selective oxi-
dation of CO in the presence of H2, CO2 and H2O.

Bueno and co-workers [5] used similar materials (NaY and mor-
denite) as supports for ruthenium catalysts for the dry reforming
reaction. These authors reported a H2/CO ratio close to 1, indi-
cating that the RWGS reaction was minimized. The dry reforming
of methane is important from the environmental viewpoint since
these two  gases contribute to the green-house effect. In addition,
the use of synthesis gas as feedstock for fuel cells and for the
Fischer–Tropsch reaction has brought about an increasing inter-
est in methane reforming reactions. One of the main problems for
the preparation of effective reforming catalysts is the deactivation
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due to coke formation. In the presence of noble metals and an ade-
quate support, coke formation can be attenuated [6,7]. Dispersing
the active metal on a high surface area solid and using the right
promoters could improve the catalyst activity and stability.

The purpose of this study is to develop active Ru catalysts sup-
ported on ETS-10 with high resistance to carbon deposition for
the dry reforming of methane at moderate temperatures (550 ◦C).
The hydrothermal synthesis of titanosilicate ETS-10 was  carried
out and Ru catalysts were obtained by different preparation meth-
ods. The catalysts and supports were characterized using XRD, N2
adsorption, ICP, SEM, TEM, EDX, TGA, TPR, UV–vis and XPS.

2. Experimental

2.1. Catalyst preparation

2.1.1. Synthesis of K/Na ETS-10 from anatase
The support was prepared according to the procedure used by

Anderson et al. [8].  To prepare a gel with composition 4.4 Na2O/1.4
K2O/TiO2/5.5 SiO2/125 H2O, the following reactants were used:
sodium silicate solution (25.5–28.5% SiO2, 7.5–8.5% Na2O) (Merck),
anatase 99.9% (Aldrich) as a source of Ti, NaCl (Carlo Erba), KCl
(Riedel de Haen) and KF (Aldrich). The gel was introduced into an
autoclave and was subjected to different synthesis times: 6, 12, 24
and 48 h. Then the solid was filtered and washed until the washing
water reached a pH between 9 and 10. Subsequently, the solid was
dried at 100 ◦C in an oven for 12 h.

Three strategies were followed to incorporate the ruthenium
into the solid with 24 h synthesis time. In all the synthesis,
RuCl3·3H2O was used as precursor compound.

(a) Synthesis of cation impregnated ETS-10 (RuH). RuCl3 was impreg-
nated by incipient wetness on the ETS-10 support and then
dried at 90 ◦C overnight.

(b) Synthesis of cation exchanged ETS-10 (RuI). Ruthenium cations
were exchanged into the sodium/potassium form of ETS-10
by the conventional cation exchange method from aqueous
solution. Typically, ETS-10 was treated with 0.0015 M (diluted
solution – RuI-DS) or 0.005 M (concentrated solution – RuI-CS)
aqueous solution of ruthenium chloride with a solid/liquid ratio
of 1:80 at 80 ◦C for 21 h and with a pH equal to 5.2. The residue
was filtered, washed with hot distilled water, until the wash-
ings were free from chloride ions and dried at 90 ◦C in an oven
overnight. The extent of ruthenium exchange on ETS-10 was
determined by Inductively Coupled Plasma (ICP) and Energy
dispersive X-ray (EDX) analyses.

(c) Synthesis of cation in situ load. ETS-10 (RuG). Ruthenium ETS-10
samples were prepared by adding RuCl3 salt in situ during the
gel preparation for the ETS-10 synthesis. The gel was obtained
in the same way as described above and as the last step RuCl3
was added, followed by stirring the slurry for 60 min  at room
temperature. The slurry was then transferred into a Teflon-lined
autoclave, which in turn was heated statically at 230 ◦C for 24 h
in an oven. The in situ load ETS-10 obtained was then washed
with distilled water and dried at room temperature and then at
90 ◦C in an oven.

2.2. Supports and catalysts characterization

2.2.1. Surface area
N2 adsorption–desorption isotherms, pore size distribution and

BET area were measured at −196 ◦C using a Micromeritics ASAP
2020 instrument V1. Prior to the measurements, all samples were
outgassed at 0.13 Pa and 200 ◦C during 8 h. The microporous volu-
men  was calculated using the t-plot method.

2.2.2. X-ray diffraction (XRD)
The XRD measurements were performed at room tempera-

ture using a “D-Max Rigaku” equipped with a rotating anode. The
diffractometer was  operated at 40 kV and 80 mA  with a Cu anode
and a graphite monochromator was  used to select the CuK�1,2
radiation. Measurement conditions were: 2�: 5–60◦, step = 0.03◦,
t = 1 s/step.

2.2.3. Metal dispersion
The metal dispersion of the fresh catalyst, following the in situ

hydrogen reduction at 550 ◦C for 1 h, was  determined by static
equilibrium adsorption of CO at 25 ◦C in a conventional vacuum
system.

2.2.4. Temperature-programmed reduction (TPR)
An Ohkura TP-20022S instrument equipped with a TCD was

used for the TPR experiments. The samples were pretreated in situ
in N2 flow at 300 ◦C for 1 h to dehydrate the samples. Afterwards,
they were reduced in a 5% H2–Ar stream, with a heating rate of
10 ◦C/min up to the maximum treatment temperature.

2.2.5. 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
a pass energy of 30 eV; an Mg-K�  X-ray source was operated at
200 W and 12 kV. The working pressure in the analyzing chamber
was less than 5.9 × 10−7 Pa. The XPS analyses were performed on
the supports and on the solids after treatment with hydrogen at
400 ◦C in the reaction chamber of the spectrometer. The spectral
regions corresponding to O 1s, Si 2p, Ti 2p, Na 1s, K 2p, C1s, Ru 3d
and Ru 3p core levels were recorded for each sample.

The data treatment was performed with the Casa XPS pro-
gram (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.

2.2.6. Diffuse reflectance UV–vis
The spectra of UV–vis were recorded on a Jasco V 670

equipped with a diffuse reflectance attachment with a scan rate of
200 nm/min in the range of 200–600 nm. Barium sulfate was  used
as white standard.

2.2.7. Thermogravimetric analyses (TGA)
The TGA experiments were performed in a TGA/SDTA851 (Met-

tler Toledo) instrument with a heating rate of 10 ◦C/min.

2.2.8. Scanning electron microscopy (SEM)
The morphology and particle sizes were studied with a SEM

instrument (Hitachi S2300). In addition, samples were examined
by SEM in a JEOL JSM-6400 instrument operating at 3–20 kV, which
was used to perform the energy dispersive X-ray spectroscopy
(EDX) analysis.

2.2.9. Transmission electron microscopy (TEM)
TEM specimens were prepared after dispersion in deionized

water before pouring onto the carbon grid. TEM measurements
were performed in a TEM 200: Tecnai T20, FEI and a HR Tecnai
F30, FEI.
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2.2.10. Inductively coupled plasma (ICP)
Volumetric chemical analyses were performed using the induc-

tively coupled plasma technique with a Perkin Elmer P-40
instrument.

2.3. Catalytic test

The activity and stability for the dry reforming of methane of
the Ru catalysts (20 mg)  were evaluated in a tubular quartz reactor
(inner diameter, 5 mm)  which was placed into an electric oven. A
thermocouple in a quartz sleeve was placed on top of the catalyst
bed. The un-calcined catalysts were heated up to 550 ◦C in Ar flow
and then reduced in H2 flow at the same temperature for 2 h. After
reduction, the reactant gas mixture (PCO2 : PCH4 : PAr = 1 : 1 : 1.2,
P = 1 atm, W/F = 4.5 × 10−6 g h ml−1) was fed to the reactor. The reac-
tion experiments were carried out at 550 ◦C.

The reaction rate measurements under differential conditions
were conducted in a conventional flow system. The gas mixture
composition was analyzed by gas chromatography with a thermal
conductivity detector.

In order to check the differential conditions, the forward reac-
tion rates (rf) were calculated from the net rate of reaction (rn). The
rf can be estimated as follows:

rf = rn(1 − �)

rn = FAOXA

W

� = (PCO)2(PH2 )2

PCH4 PCO2

1
Ke

where FAO is the feed molar flux of A species, XA is the conversion
of A species, W is the catalyst mass, Pis are the prevalent pressures
of reactants and products and Ke is the equilibrium constant cal-
culated at the corresponding reaction temperature. The calculated
� values were lower than 1 × 10−20 confirming the quality of the
differential data obtained.

3. Results and discussion

3.1. Characterization of supports

The ETS-10 molecular sieve is made up of a combination of
tetrahedral silica and octahedral titanium units, with intersecting
tubular pores with a maximum aperture of 8 Å. ETS-10 titanosil-
icates using TiO2 as a source of Ti were prepared at 230 ◦C with
different synthesis times. The presence of highly crystalline ETS-
10 titanosilicate was observed in the XRD patterns of all samples
(Fig. 1). The reflexion at 25.2◦ showed the presence of remaining
TiO2, this peak decreased with increasing synthesis time. Besides,
ETS-4 as an impurity was detected for the samples with 24 and 48 h
synthesis time. The appearance of this impurity with increasing
synthesis time has been reported by other authors [9].

The specific surface area and specific pore volume of the synthe-
sized materials were calculated from adsorption–desorption of N2
data. As shown in Table 1, with increasing synthesis time the spe-
cific surface area and the pore volume of the solids also increased.
The specific surface area values of ETS-10 samples which can be
found in the literature vary between 230 and 460 m2 g−1 [10–14].
Our solids reached the maximum of surface area (266 m2 g−1) and
pore volume for a synthesis time of 24 h, when the time was
increased to 48 h the surface area decreased to 229 m2 g−1.

Fig. 2 shows a SEM micrograph of one of the synthesized solids,
with the typical crystal morphology of truncated bipyramid, similar
to that of previous studies using different titanium sources [1,8,15].
The particle sizes for the 6, 12 and 24 h synthesis time were in
the 400–500 nm range. However, for 48 h the particles sizes were
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Fig. 1. XRD patterns of ETS-10 obtained at different synthesis times (6–48 h).

Table 1
ETS-10 and Ru/ETS-10 BET surface area, micropores volume and Si/Ti atomic ratio
measured by ICP and EDX.

Solids BET surface
area (m2 g−1)

Micropores
volumen (cm3/g)

Si/Ti ICP Si/Ti EDX

ETS-10 6 h 174 0.07 1.9 1.7
ETS-10 12 h 187 0.08 2.7 3.7
ETS-10 24 h 266 0.12 4.1 4.6
ETS-10 48 h 229 0.10 4.5 4.8
RuHa 225 0.10 4.0 –
RuGb 305 0.13 4.4 –
RuI-DSc 247 0.10 3.9 –
RuI-CSd 267 0.11 4.2 –

a Ru impregnated ETS-10 24 h.
b RuCl3 added during gel preparation.
c Ru exchanged (dilute solution, 0.0015 M).
d Ru exchanged (concentrate solution, 0.005 M).

Fig. 2. SEM micrograph of crystalline materials of ETS-10-24 h.
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Fig. 3. TEM micrograph of ETS-10-24 h.

around 600 nm.  A better detail of the crystals can be obtained from
transmission electron microscopy analysis (Fig. 3). This technique
allows appreciating the single crystal nature of individual ETS-10,
even of nanometer size crystals [9,16].  Since the particles fell ran-
domly on the carbon net during the TEM sample preparation, two
faces of the crystals were chosen for observation. At the top right,
a crystal particle with its c axis parallel to the plane of the image
can be observed (Fig. 3) while at the bottom, a particle with its c
axis oriented perpendicular to the plane of the picture (c plane)
can also be seen. In this particle, the well-defined pattern of ETS-10
is clearly seen (Fig. 3), even the double-pore defects that seem to
be created by the linking together of two channels during growth
are observed [17,18]. On the other hand, 12-ring pores (0.49 nm x
0.76 nm)  run parallel to the [1 0 0] and [0 1 0] directions in the ETS-
10 structure, so that the straight lines clearly observed in Fig. 3,
taken perpendicularly to the [0 0 1] direction, may  correspond to
these channels. From this figure, the distance between channels
can be approximately calculated as 1.50 nm,  in good agreement
with that inferred from the TEM analysis carried out by Jeong et al.
(1.45 nm)  [19,20].

The Si/Ti ratio was measured by ICP and EDX. As shown in
Table 1, the values obtained with both techniques were similar. By
increasing the synthesis time, the Si/Ti ratio increased. In the case
of the samples with a synthesis time of 24 h and 48 h, this ratio
reached a value close to 5.5 which corresponds to the theoretical
value of ETS-10.

3.2. Catalyst characterization

ETS-10 synthesized during 24 h at 230 ◦C was selected as sup-
port for Ru catalysts, despite the presence of residual TiO2, because
it presented a low content of ETS-4 impurities, the largest surface
area and pore volume, and the Si/Ti ratio was close to the theoretical
one for ETS-10.

Three strategies were followed to incorporate the ruthe-
nium: in situ Ru load, incipient wetness impregnation and cation
exchange. Table 2 summarizes the catalyst compositions measured
by ICP. The Ru loading around to 0.6 wt.% was selected taking into
account our previous work on Ru supported on lanthanum based

Table 2
Intensity ratios for ETS-10 and Ru/ETS-10 measured by ICP.

Solids Si/Ti Na/Ti K/Ti Ru/Ti Ru contents ICP (%)

ETS-10 24 h 4.10 1.55 0.57 – –
RuH 4.03 1.74 0.57 0.014 0.6
RuG 4.32 1.86 0.81 – 0.5
RuI-DS 3.96 1.48 0.48 0.026 1.0
RuI-CS 4.20 1.25 0.67 0.115 4.2

oxides [6,7]. In the case of the exchanged samples, two different
solution concentrations were employed producing catalysts with 1
and 4.2 wt.% of Ru from dilute and concentrated solutions, respec-
tively.XRD patterns of the fresh (uncalcined) Ru catalysts are shown
in Fig. 4. The signals coincide with the pattern of the titanosili-
cate structure. Note that the signal at 25.2◦ attributed to TiO2, is
lower in the RuG catalyst than in the other solids and the ETS-4
peak at 31◦ is better defined. In order to analyze whether the Ru
incorporated in the synthesis gel has been substituted for Si4+ thus
expanding the unit cell of ETS-10, the XRD pattern was  zoomed and
the peak shifts were investigated (Fig. 5). Howe and co-workers [21]
observed in CoETS-10 catalysts a marked shift to lower angle in all
diffraction peaks (e.g. by 0.25 for the 24.63◦ 2� peak). The unit cell
parameters calculated from the diffraction patterns (tetragonal unit
cell) were: ETS-10, a = 14.85 Å, c = 27.07 Å; CoETS-10, a = 15.11 Å,
c = 27.79 Å. Expansion of the unit cell is commonly seen when alu-
minum substitutes for silicon in alumino-silicate zeolites. Anderson
et al. described similar (though smaller) expansions to those seen
with CoETS-10 when Al3+ or Ga3+ are substituted by silicon in ETS-
10 [22]. The respective ionic radii of Si4+ (40 pm), Al3+ (53 pm), Ga3+

(61 pm)  and Co2+ (72 pm)  are consistent with the observed mag-
nitudes of the unit cell expansions at different loading levels of
the substituting ions. In our case, according to the ionic radii of
Ru (69 pm)  the expected shift should be in the order of CoETS-10.
However, ruthenium loading is considerably lower compared to the
CoO in CoETS-10; therefore, it could be possible that the shift is not
detectable by XRD and that part of the ruthenium was  substituted
in the structure of ETS-10.

Diffuse reflectance UV–vis spectra of ETS-10 and Ru/ETS-10
samples are shown in Fig. 6. The pure ETS-10 sample exhibits
absorption only in the UV region, showing three major bands cen-
tered at 222, 263 and 294 nm.  The band centered at 222 nm is due to

105 15 20 25 30 35 40 45 50 55 60

RuI-CS

2

ETS-10

RuH

RuG

RuI-DS

Fig. 4. XRD patterns of ETS-10 and Ru/ETS-10.
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Fig. 5. Enlarged XRD patterns of ETS-10 and RuG (23–30◦ region).

the charge transfer from the Si and Ti-linking oxygen atoms to the
Ti (IV) center atoms in directions perpendicular to the Ti O Ti O
chains [23]. The 263 and 294 nm bands are attributed to the charge
transfer within the Ti O Ti O chains of the ETS-10 structure [23].
The broad band around 330 nm in the prepared ETS-10 sample is
due to TiO2 phases [24], also detected by XRD.

A significant absorption can be observed in the visible range
for the transition metal modified samples. According to the liter-
ature, the broad absorption bands in the range 400–800 nm could
be ascribed to the presence of transition metals (Ni, Rh, and Pd)
in the ETS-10 framework [25]. In this case the absorption in the
visible range could be attributed to the presence of ruthenium. A
significant absorption in the visible light region up to ∼650 nm was

200 300 40 0 500 600

RuH

RuI-CS

RuI-DS

RuG

ETS-10

A
bs

or
ba

nc
e

Wavenumber (nm)

Fig. 6. UV–vis spectra of ETS-10 and Ru/ETS-10.

Fig. 7. SEM micrograph of reduced RuI-CS.

observed in the ETFeS-10 sample, although no distinct absorption
band(s) could be distinguished in this energy range [26].

In ETCoS-10, the broad absorption bands observed at 390 nm
and 500–700 nm have been assigned to tetrahedrally coordinated
Co2+ that replaces Si4+ in the ETS-10 framework [27]. The authors
claim that these UV–vis spectroscopic results, together with XRD
analyses, suggest the incorporation of transition metal ions in the
ETS-10 framework.

Liu and co-workers studied the electronic spectra of Ru com-
plexes in the 800–200 nm range [28]. All the complexes show four
to five intense absorptions in the 633–242 nm region. The intense
absorptions in the 633–620 nm region are attributed to d–d transi-
tions and the absorptions observed in the 430–413 nm region are
probably due to charge transfer transitions (ligand to metal charge
transfer) taking place from the filled ligand orbital (highest occu-
pied molecular orbital) to the singly occupied ruthenium t2 orbital.
They concluded that the pattern of the electronic spectra of all the
complexes indicated the presence of an octahedral environment
around ruthenium(III) ion similar to that of other ruthenium(III)
octahedral complexes [29].

In our solids, the UV–vis spectrum of RuG shows a different
shape compared with the others catalysts. This sample exhibited
an intense signal at 440 cm−1, which would indicate that a ruthe-
nium fraction might be substituted in the framework of ETS-10.
This solid had the lower metal load (0.5% w/w) and this could be
the reason why the changes were not observed in the positions of
the XRD peaks (Table 2).

In the case of solids exchanged with dilute solutions (RuI-DS),
the 440 cm−1 signal is not present suggesting that ruthenium would
be located at exchange sites. In the case of RuI-CS solid with high
Ru loading (4.2 wt.%), a low intensity band was  observed suggesting
that part of the ruthenium would be at exchange positions while
another portion would form Ru oxides outside the titanosilicate
structure.The SEM images for the RuI-CS catalyst show the presence
of particles which are located on the surface of the ETS-10 crystals
(Fig. 7). These particles were not observed in the SEM micrographs
for RuG and RuH catalysts, probably due to the low concentration of
ruthenium in these solids.However, the TEM micrographs showed
the presence of nanoparticles on the truncated bipyramid of ETS-
10 for RuH, RuG, RuI-DS and RuI-CS reduced catalysts (Fig. 8a–e).
X-ray energy dispersive spectroscopy analysis confirmed that the
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Fig. 8. TEM micrographs of reduced and oxidized solids (a) reduced RuH; (b) oxidized RuG; (c) reduced RuG; (d) reduced RuI-DS and (e) reduced RuI-CS.

observed particles contained ruthenium. It is also evident that the
Ru nanoparticles are well dispersed in the RuH and RuI-DS catalysts.
For the high Ru loading solid (RuI-CS), small Ru particles with sizes
of 2–3 nm are uniformly distributed over the support. However, a
low number of particles with sizes up to 40 nm were observed, lead-
ing to an average particle size of 6 nm.  The histograms are included
in Fig. 8d and e. The average size of Ru particles was calculated
on the basis of size measurements of 250 particles for each sam-
ple. On the other hand, for the in situ Ru load sample (RuG) the
TEM images before and after reduction show that the Ru particles
are not uniformly distributed over the support, forming clusters
(Fig. 8b and c).

Thermogravimetric analyses in N2 flow were performed to study
the thermal stability of the solids. All solids showed a mass loss of
approximately 10% at temperatures below 300 ◦C due to the elim-
ination of hydration H2O present on the surface and inside the
pores (Fig. 9). No other mass loss was observed up to 800 ◦C, in
disagreement with Das et al. [30] that found a melting or phase
transformation around 675 ◦C. This difference could be attributed
to the use of templating agents [31]. Moreover, after reduction at
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Fig. 9. Thermogravimetric analysis of ETS-10 and Ru/ETS-10.
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Fig. 10. TPR profiles of Ru solids after pretreatment in flowing N2 at 300 ◦C.

550 ◦C in H2 flow, the catalyst specific surface area showed a small
variation of 10% in comparison with the calcined ETS-10.

A decrease in Langmuir surface area was previously reported
[25] in the case of in situ transition metal loaded samples. The
authors suggested that this could be due to the presence of impreg-
nated transition metal cations in the pores of ETS-10 and to the
loss of crystallinity during the metal loading. Note, that we do not
observe this crystallinity decrease in our samples.

To study the reducibility of the Ru species present in the cata-
lyst, temperature-programmed reduction studies were carried out
for the uncalcined solids treated in situ under N2 flow (Fig. 10).  No
reduction peaks were observed at temperatures between 225 ◦C
and 550 ◦C for all samples. RuH and RuI-CS catalysts presented
two main reduction peaks at 130 and 140 ◦C, while RuG showed
only one signal at 150 ◦C even though no reduction peaks were
detected for RuI-DS. In Ru/SiO2 catalysts two reduction peaks at 150
and 200 ◦C were reported. The low temperature peak was assigned
to well-dispersed RuOx species and the high temperature to the
reduction of RuO2 particles [32]. The same assignments could be
valid for the ETS-10 supported ruthenium species.

The higher reduction temperature for the RuG solid would be
related to the larger size of the oxide particles. In this solid, a
Ru fraction could be substituted in the ETS-10 framework (Fig. 6),
while another portion could segregate on the titanosilicate particles
(Fig. 8b).

From the hydrogen consumption results (not shown), the �mol
H2/�mol  Ru ratios were calculated. For RuH catalyst, this ratio
was close to 1.50, close to the Ru(III) oxide hydrogen consump-
tion. Similar ratios were observed for our Ru catalysts supported
on lanthanum based solids [6,7]. However, for the exchanged cat-
alysts, this ratio was close to 2.5, suggesting the presence of more
oxidized Ru species. Note, that the hydrogen consumption for the
ETS-10 support was insignificant. On the other hand, the lack of
reduction at temperatures lower than 550 ◦C could suggest that Ru
is at exchange positions for the RuI-DS sample.

An XPS analysis was  performed for qualitative and quantitative
information on surface structure and composition of the ETS-10
and Ru/ETS-10 solids.

Before the XPS measurements, the solids were reduced in situ
in the reaction chamber of the equipment at 400 ◦C in H2 flux.

Binding energies were referenced to C 1s = 284.6 eV, which resulted
in a B.E. for Si 2s = 153.6 ± 0.2 eV for all the solids. There was  an over-
lap between Ru 3d and C 1s peaks at 284.6 eV, the latter being due
to carbonaceous contamination. The C 1s spectra also exhibited a
peak at 287.8 eV that was attributed to carbonaceous species asso-
ciated with oxygen and/or hydrogen. Ru 3d 5/2 core level exhibited
two signals at about 279 and 281 eV, the low binding energy peak
corresponding to Ru0 and the other to Ru+n (Table 3).

The binding energy of Ti 2p3/2 at 458.9 eV is characteristic of
octahedrally coordinated Ti atoms in the O Ti O Ti O chains
of ETS-10 [26]. This signal moved slightly towards higher energy
in the exchanged samples. While several authors [32] observed
no significant changes with different exchanged cations, such as
Li+, Na+, K+, Rb+, Cs+ and Ba+, other authors reported increases in
binding energies with the addition of Al, Bi and Fe in mesoporous
titanosilicates [32].

The peak corresponding to O 1s (Table 3) can be decomposed
into two  contributions, the high intensity peak 531.9 eV attributed
to O in the Si O Si and Si O Ti, and the lower intensity peak at
530.2 eV due to Ti O Ti [32].

Table 4 shows the XPS intensity ratio for the support and Ru
solids. The surface Si/Ti ratio was higher in the case of the ETS-
10 and RuG solid. However, for RuH and the exchanged samples
(RuI-DS and RuI-CS) the values were close to 5 which is the theo-
retical value for the ETS-10 structure. The Na/Ti ratio was similar
for the support and for RuH, whereas this value decreased in the
case of exchanged samples and RuG. The surface Ru concentration
was higher in the case of in situ load RuG solid. Note that this solid
had the lowest Ru load. However, it presents the lowest dispersion
and highest particle size as could be determined by CO chemisorp-
tion and confirmed by TEM results (Table 5). For the other solids,
similar Ru/Ti XPS ratios were observed, despite their different Ru
content, but similar average Ru particle sizes.

Bianchi and Ragaini [33] considered the Ru/Ti atomic ratio as a
measure of the penetration of ruthenium inside the pores of the
ETS-10 support modified by ion exchange with alkali metal ions.
They observed that this ratio increases with increasing radius of
the exchanged alkali metal. The Ru/Ti ratio becomes very high,
because the active metal cannot penetrate the pores, due to the
steric hindrance of the exchanged cesium cation.

Table 2 shows the ICP intensity ratio for the support and Ru
solids. The Si/Ti was lower in the bulk than on the surface measured
by XPS. For exchanged catalysts, the Na/Ti ratio decreases. However,
in these solids the K/Ti ratio as well as the total cation to Ti ratio
(i.e., Mt/Ti = (Na + K + Ru)/Ti) remained constant. Thus, in these Ru-
ETS-10 samples Ru3+ ions gradually replaced Na+ ions. A similar
preference of Ag+ ions to replace Na+ ions was  observed by Tiscornia
and Ji [34,35].  The preferential exchange of Na+ ions over K+ ions
can be explained by the locations of these cation types. The Na+

ions are usually located at the 12-membered ring pores whereas
K+ ions prefer the less accessible 7-membered rings [36].

3.3. Catalytic activity for the dry reforming of methane

The catalytic activity was evaluated in a conventional fixed-bed
reactor at 550 ◦C and the results are summarized in Table 5. The
reaction rate values obtained for RuH and RuI catalysts are com-
parable to the Ru/zeolites reported in the literature and (Table 5),
while for RuG no methane conversion was observed for the reac-
tion under study. This behavior could be related to the presence of
aggregates of ruthenium particles on the surface as was  observed
in the TEM images. Bueno and coworkers [5] used Y zeolites as sup-
port and found that these catalysts exhibited higher stability than
those based on amorphous materials such as SiO2 and Al2O3. In our
catalyst, the highest reaction rate (mol g Ru h−1) corresponded to
the impregnated solid with well-dispersed Ru nanoparticles.
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Table  3
Binding energies (eV) and signal percentages (%) of O 1s and Ru 3d5/2.

Solids Ru incorporation O 1s Ru 3d5/2

Binding energy,
eV (FWHM)

Signal percentage (%) Binding energy,
eV (FWHM)

Signal percentage (%)

ETS-10 24 h – 531.9 (2.3) 76 – –
530.1  (2.1) 24

RuH  Incipient 532.2 (2.2) 70 279.0 (1.8) 72
Wetness impregnation 530.5 (2.2) 30 281.1 (2.2) 28

RuG  Synthesis gel 531.9 (2.3) 78 279.4 (2.2) 77
530.2  (1.8) 22 281.4 (2.2) 23

RuI-DS Ion exchanged 532.2 (2.2) 75 279.1 (1.9) 64
[Ru] = 0.0015 M 530.5 (1.9) 25 281.1 (2.2) 36

RuI-CS Ion exchanged 532.1 (2.3) 76 279.0 (1.9) 64
[Ru] = 0.005 M 530.4 (1.9) 24 280.8 (2.2) 36

Table 4
Ruthenium contents of the catalysts measured by ICP and intensity ratios for ETS-10
and Ru/ETS-10 measured by XPS.

Solids Ru contents ICP (%) Ru/Ti ICP Si/Ti Na/Ti K/Ti Ru/Ti

ETS-10 24 h – – 6.1 1.9 0.66 –
RuH  0.6 0.014 4.7 1.9 0.58 0.28
RuG 0.5 – 6.2 1.4 1.47 0.81
RuI-DS 1.0 0.026 5.0 1.3 0.67 0.20
RuI-CS 4.2 0.115 5.2 1.5 0.85 0.26

A good agreement of the particle size calculation from CO
chemisorption data and TEM results can be observed in Table 5. This
table also shows that forward CH4 turnover frequencies increased
with increasing Ru dispersion, considering RuH and RuI-DS. This
behavior is in agreement with what was reported by Wei  and
Iglesia [37,38] for Ru and other noble metals supported on non-
carbonate forming oxides such as Al2O3 or ZrO2 for CH4 CO2 and
CH4 H2O reactions. For these catalysts, they showed that the reac-
tion kinetics is first-order in methane and zero order in CO2 partial
pressures. For each metal, at least two supports were used to dis-
perse metal clusters and no effects of support on turnover rates
were detected. However, we have reported that there is no relation-
ship between dispersion and TOF for carbonate forming oxides such
us lanthanum based Rh and Ru catalysts [6,7,39]. The TOF values for
our Ru lanhanum based catalysts are included for comparison.

Jones et al. [40] reported that the activity trend from their
experimental work was as follows: Ru ∼ Rh > Ni ∼ Ir ∼ Pt ∼ Pd for
CH4 H2O reactions with Ru TOF ranging between 2 and 20. They
sustain that neither the detailed ranking nor the absolute activities
agree with the work of Wei  and Iglesia [37] where it was  found that
Pt is the most active steam reforming metal.

The stability tests for our Ru/ETS-10 catalysts are presented in
Fig. 11.  All solids (RuH, RuI-DS and RuI-CS) remained stable for more
than 70 h in reaction. The CO2 reaction rate (not shown) was higher
than the CH4 reaction rate due to the simultaneous occurrence of
the reverse water gas shift (RWGS) reaction in which CO2 reacted
with the H2 produced in the reforming reaction.

The XRD patterns show that the titanosilicate structure was
stable after being exposed to the reaction mixture during 70 h at
550 ◦C (Fig. 12). Besides, the high Ru loading RuI-SC solid showed
Ru sintering as could be observed in the XRD pattern measured
after reaction. The particle size was calculated from this data. The
particle size grows from 8 nm to 36 nm during reaction. However,
no changes were observed in the catalyst activity during 70 h prob-
ably due to the high Ru loading providing enough active sites for the
reaction. For this catalyst, the particle grown during reaction could
lead to an erroneous TOF value calculated from the dispersion mea-
sured after reduction at 550 ◦C during 2 h (Table 5). Furthermore, for
all the used catalysts, no carbon deposition was  detected through
Laser Raman spectroscopy, technique highly sensitive to graphitic
carbon.

Table 5
Catalytic activity of Ru catalysts for the dry reforming of CH4.

Catalyst Ru load (%w/w) rCH4 (mol g Ru h−1) D (%)f dp [nm]g dp [nm]h TOF [s−1] H2/CO

RuHa 0.6 40.0 9 10.0 8–10 12.5 0.29
RuG  0.5 – 3 30.0 20–30 – –
RuI-DSa 1.0 6.0 5 18.0 7.7 3.4 0.35
RuI-CSa 4.2 6.2 11 8.2 5.8 1.6 0.30
Ru/HYb 1.0 1.87 – – – – 0.63
Ru/NaYb 1.0 2.44 – – – – 0.60
Ru/�-Al2O3

c 1.6 94.9 55.5 1.6 – 4.8 –
Ru/�-Al2O3

c 0.64 92.6 51.0 1.8 – 5.1 –
Ru/La2O3

d 0.6 35.0 7 12.9 – 14.0 0.24
Ru/La2O3(50)-SiO2

e 0.6 81.7 38 2.4 – 6.0 0.36

a Reactant gas mixture composition: 32% CH4 v/v, 32% CO2, 36% Ar; W/F  = 4.3 × 10−6 g h ml−1; P = 1 atm. T = 550 ◦C.
b Ref. [5]. Reaction conditions: 100 ml/min, CH4/CO2/N2 (20/20/60), PCH4 = 200 Torr. T = 500 ◦C.
c Ref. [38]. Reaction conditions: PCH4 = 20 KPa. T = 600 ◦C.
d Ref. [6]. Reaction conditions: see (a).
e Ref. [7]. Reaction conditions: see (a).
f Dispersion measured from CO chemisorption.
g To calculate the Ru particle size, the following equation was applied dp = 6·�m

D·am
; 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), �m is the volume occupied by a metal atom m in the bulk (�m is 13.65 × 10−3 nm3 for Ru), and am is the surface area
occupied by an exposed surface metal atom m (9.09 × 10−2 nm2) [7].

h Average diameters of Ru particles determined by counting around 250 particles on the TEM images using the equation: dp =
∑

nidi
3∑

nidi
2

; where ni is the number of particle

of  diameter di .
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Fig. 11. Stability test of the catalysts after reduction at 550 ◦C in the fixed-bed
reactor. (Reaction temperature = 550 ◦C, P = 1 atm, W/F = 4.3 × 10−6 g h ml−1.) Feed
composition: PCH4 : PCO2 : PAr = 1 : 1 : 1.1.
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Fig. 12. XRD patterns of used RuG, RuH, RuI-CS and RuI-DS catalysts.

These results open an interesting line of research related to
the optimization of operating conditions and application of these
solids in other reactions producing hydrogen, such as the combined
methane reforming.

4. Conclusions

High surface area microporous titanosilicates were synthesized
to be applied as supports for ruthenium catalysts. When ruthenium
was incorporated during the gel synthesis, a Ru fraction could be
substituted in the ETS-10 framework, while another portion could
segregate on the titanosilicate particles, and no catalytic activity
was observed for the dry reforming of methane.

In addition, when the ETS-10 was exchanged with Ru con-
centrated solutions, part of the ruthenium would be at exchange
positions while another portion would form Ru oxides outside

the titanosilicate structure. The metallic Ru detected for this high
loading RuI-CS catalyst indicates the sintering of Ru particles after
being used during 50 h. This result is in agreement with its lowest
turnover frequency value.

In the case of the solid exchanged with dilute solutions (RuI-
DS), the lack of reduction at temperatures lower than 550 ◦C could
suggest that Ru is at exchange positions, while for the incipient
wetness impregnated catalyst (RuH) the Ru nano-particles were
better dispersed. Therefore, RuH and RuI-DS catalysts were active
and stable for the dry reforming of methane with the forward CH4
turnover rates increasing with the increase in Ru dispersion. These
results show the potential application of ETS-10 as support of Ru
catalysts for H2 production.
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