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a  b  s  t  r  a  c  t

Pure  silica  SBA-15  and  HMS  and  corresponding  Ti(IV)  modified  mesoporous  silica,  with  5 and  10  wt%
of  TiO2,  were  prepared  and  used  as  support  for  palladium  (1 wt%)  catalysts.  The  materials,  analysed  by
XPS, XRD,  BET,  NH3-TPD  and  FT-IR techniques,  were  tested  in the  total  oxidation  of  methane.  The  cat-
alytic  activity  was  measured  in lean  conditions  at WHSV  = 60,000  ml  g−1 h−1 in  the  absence  and  presence
of  10  vol.  ppm  SO2. Moreover,  the  effect  of a prolonged  reaction  aging  and  severe  SO2 poisoning  on  the
catalytic  performance  of the  best performing  catalyst  was  investigated.  The  addition  of  TiO2 improved
the  catalytic  performance  of  the  SBA-15  supported  catalysts  by increasing  the  sulfur  tolerance  and  most
importantly  by favoring  the  regeneration  of  the  catalyst  in  subsequent  SO2-free  runs.  An  opposite  behav-
ior  was  observed  with  the  palladium  supported  on  Ti(IV)-modified  HMS  support  which  exhibited  lower
activity and  a  substantial  worsening  of  the  SO2 tolerance  as  compared  to palladium  supported  on pure
O2 effect HMS.  On the  bases  of the  structural  and  chemical  investigation,  the  differences  between  the  two  series
of  catalysts  were  ascribed  to the  distinct  structural  and  acidic  properties  of  the supports.  In particular,
the  good  performance  of the Ti(IV)  doped  SBA-15  supported  catalysts  was  due  to  the  combination  of
Ti(IV)  structurally  incorporated  into  the silica  lattice  and  present  as  surface  dispersed  TiO2 particles.  The
negative  effect  of  the  Ti(IV)  over  the  HMS  supported  catalysts  was  related  to  the  high  acidity  induced  by

ncorp
the more  homogeneous  i

. Introduction

Natural gas, mainly consisting of methane, is increasingly
eplacing gasoline or diesel as fuel for transportation vehicles [1,2].
he reason for this change is the decline of the petroleum reserves
nd the lower emission of pollutants associated with the com-
ustion of methane. Since the natural gas fuelled vehicles (NGV)
ypically run at low temperature (320–420 ◦C) the emission of NOx

s lower and due to the high H:C ratio also the produced CO2 is
ess as compared to the other fuel driven vehicles [2].  Nevertheless

 major concern related to the use of natural gas is the emission
f the unburned methane which has an even stronger greenhouse
ffect as compared to the CO2 [3].  Since methane is an almost inert
olecule, it requires high temperature for its complete oxidation.

 crucial step in the achievement of the total combustion process
s the activation of the first C–H bond [4,5]. Either homolytic bond

leavage with the formation of radicals, or heterolytic C–H bond
leavage at the acid–base pair of sites is generally considered. In
ny case, in order to increase the efficiency of the methane com-
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oration  of  Ti(IV)  into  the  silica  structure.
© 2011 Elsevier B.V. All rights reserved.

bustion at low temperature (below 600 ◦C) it is necessary to use a
suitable catalyst. For this specific reaction, two  classes of catalysts
are currently investigated, those based on transition metal oxides
as solid solution oxides [6,7], perovskites [8,9], hexaaluminate [10],
and those based on noble metals [11–14].  Among this latter class,
Pd-based catalysts are the most active for the methane total oxi-
dation at low temperatures. As pointed out in several studies, their
catalytic activity depends strongly on the nature of the support [12],
on the palladium precursors [15,16] and on the size of the PdO
particles [17]. Their major drawback is represented by their easy
poisoning by sulfur derived from the gas and engine lubricating
oil [11]. According to the literature, when a sulfating support like
Al2O3 is used, palladium deactivates slowly, due to the preferen-
tial interaction of SOx with the support, at variance with palladium
over the inert SiO2 deactivating quickly because of the direct inter-
action between palladium and SOx. Nevertheless, the use of silica,
in the absence of particle sintering, allows an easier regeneration of
the sulfur-poisoned catalyst through the thermal decomposition of
the palladium sulfate occurring at temperature above 600 ◦C [1,11].

Recent studies in our group have shown that both methane conver-
sion activity and sulfur tolerance could be improved substantially
by using high surface area silica with specific characteristic of
acidity and morphology. In particular, supporting palladium on

dx.doi.org/10.1016/j.apcatb.2011.06.013
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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esoporous silica HMS  yielded more efficient and more sulfur
esistant catalysts as compared to a lower surface area silica sup-
orted catalyst [18]. Incorporation of a precise amount (10 wt%)
f TiO2 during the sol–gel preparation of amorphous silica pro-
uced an additional improvement of the sulfur tolerance during
he methane oxidation in the presence of SO2, still allowing the
omplete catalyst regeneration typical of a silica support [19,20].
he positive behavior was attributed to the combination of the
igh surface area support and the scavenger action of the sulfating
xide like TiO2. Within this frame, the present study intends to fur-
her improve the catalytic behavior of palladium for the oxidation
f methane by using titania-doped silica mesoporous materials as
atalyst supports. To this aim two series of palladium catalysts sup-
orted on Ti(IV)-modified HMS  and Ti(IV)-modified SBA-15 were
repared. In order to compare with the previous sol–gel prepared
itania modified silica [19], Ti(IV) was incorporated using the one
tep synthesis in which titanium precursor was added during the
reparation of the mesoporous materials. To evaluate the effect of
he support structure on the Pd activity and stability, analyses by
PS, XRD, BET, NH3-TPD and FT-IR techniques were performed.

. Experimental

.1. Support and catalyst preparation

The mesostructured HMS  material was synthesized according
o a published procedure [21]. Basically, HMS  was assembled from
:1 molar mixtures of tetraethyl orthosilicate (TEOS) (Aldrich) as
he inorganic precursor and dodecylamine (DDA) (Aldrich) as the
tructure-directing surfactant in 90:10 (v/v) water/ethanol. About
9 mmol  of DDA were dissolved in 50 ml  of ethanol and 450 ml  of
2O. To the surfactant solution, heated to 60 ◦C, 196 mmol  of TEOS
ere added. The gel mixture was kept in a closed Teflon vessel

t 60 ◦C for 20 h. The reaction product was filtered, washed with
istilled water and dried at room temperature for 24 h. The surfac-
ant was removed by calcination in air at 500 ◦C for 4 h. Titanium
ontaining HMS  materials were synthesized according to the pro-
edure reported by Tanev et al. [22] using Ti(iso-OC3H7)4 (Aldrich)
s titanium precursor, and following the same steps as above. The
itanium precursor was added in appropriate amount to yield a

 wt% and 10 wt% of TiO2 in the final mixed oxide.
SBA-15 was synthesized following a procedure described

y Zhao et al. [23]. Accordingly, 8.1 g of Pluronic P123
EO20PO70EO20, Aldrich) was dissolved in 146.8 g distilled water
nd 4.4 g of conc. HCl (37%) and stirred over night at 35 ◦C. To
his solution 16 g of TEOS (Si(OC2H5)4, Aldrich 98%) was quickly
dded and stirred for 24 h at 35 ◦C. The suspension was annealed
t 100 ◦C for 24 h in closed polypropylene bottle. The solid product
as filtered, washed with water and calcined at 500 ◦C for 5 h in

ir. Similar procedure was used for the synthesis of the titanium
ontaining SBA-15 materials. The main difference consisted in the
re-hydrolysis of TEOS for 5 h at 35 ◦C before adding appropriate
mount of Ti(iso-OC3H7)4 drop by drop under vigorous stirring.
he titanium precursor was added in appropriate amount to yield
amples with 5 wt% and 10 wt% of TiO2 in the final oxide.

Attainment of the ordered mesoporous structures was con-
rmed by the SAXS patterns and by the typical type IV N2
dsorption–desorption isotherms [21,24].

Palladium was deposited by wet impregnation using an aque-
us solution of palladium nitrate in the appropriate amount to yield

 wt% Pd loaded catalysts. The samples were calcined at 500 ◦C

or 4 h. The chemical composition of the samples was  checked by
-ray fluorescence analyses. The samples were labelled Pd/HMS,
d/TixHMS, Pd/SBA-15 and Pd/TixSBA-15 where x represented the
iO2 weight percentage (wt%).
nvironmental 106 (2011) 529– 539

2.2. Catalyst characterization

X-ray diffraction patterns were measured with a Philips verti-
cal goniometer using Ni-filtered Cu K� radiation. A proportional
counter and 0.05◦ step sizes in 2� were used. The assignment of the
various crystalline phases was based on the JPDS powder diffrac-
tion file cards [25]. From the line broadening of the main reflection
peaks, using the Scherrer equation, particle sizes above the detec-
tion limits of 3 nm were determined [26].

SAXS measurements were performed with BRUKER AXS
NANOSTAR with step sizes of 0.02◦ in 2�.

X-ray fluorescence was  performed using the Bruker S2 Ranger
spectrophotometer.

The microstructural properties of the materials were deter-
mined from N2 adsorption–desorption isotherms at −196 ◦C using
a Sorptomatic 1900 (Carlo Erba) instrument. Before the measure-
ments, samples were heated in vacuum at 250 ◦C for 2 h. Specific
surface areas and pore distributions of the materials were obtained
respectively using the Brunauer–Emmett–Teller (BET) and the
Barret–Joyner–Hatenda (BJH) calculation methods [24].

The X-ray photoelectron spectroscopy analyses were performed
with a VG Microtech ESCA 3000 Multilab, using the unmonochro-
matised Al K� source (1486.6 eV) run at 14 kV and 15 mA.  For the
individual peak energy regions, a pass energy of 20 eV was used.
Samples were mounted with double-sided adhesive tape. Binding
energies were referenced to the C 1s binding energy of adventitious
carbon set at 285.1 eV. The software provided by VG was used for
peak analyses and for the calculation of the atomic concentrations.
The precision on the binding energy and on the atomic percentage
values was  respectively ±0.15 eV and ±10%.

The acidity of the oxide catalysts was determined by mea-
surements of temperature-programmed desorption of ammonia
(NH3-TPD). The sample amount of 0.1 g was out-gassed in a 5 vol.%
O2/He flow at 500 ◦C for 1 h. This was followed by ammonia-
saturation by flowing 5% NH3/He stream (30 ml/min) at room
temperature for 1 h. After purging with 100 ml/min He flow for 1 h
at 100 ◦C and then cooling down to room temperature, the catalyst
was heated under He (30 ml/min) in a linear rate of 10 ◦C/min to
950 ◦C and the ammonia desorption was continuously monitored
by the TCD. In order to determine the total acidity of the cata-
lyst from its NH3 desorption profile, the area under the curve was
integrated.

The type of acidity (Lewis and Brønsted) was investigated
by FT-IR spectroscopy of adsorbed pyridine. The FT-IR spectra
were recorded using a Bomem Hartman & Braun MB-102 model
FT-IR spectrometer with a liquid-nitrogen cooled MCT  detector
at a resolution of 4 cm−1 (100 scans). The self-supporting discs
(∼0.013 g/cm2) were activated in the IR cell by heating for 1 h in a
vacuum at 450 ◦C and in oxygen (100 mbar, passed through a trap,
cooled in liquid nitrogen) at the same temperature, followed by
evacuation for 1 h at 450 ◦C. The pyridine (Sigma–Aldrich) adsorp-
tion test was carried out by the admission of 1.6 mbar of the base
into the IR cell, left in contact with the sample for 15 min. The excess
pyridine was then evacuated at room temperature for 15 min, fol-
lowed by a desorption of the strongly bonded base fraction in the
temperature range 25–250 ◦C. The spectra of the adsorbed com-
pounds were obtained by subtracting the spectra of the activated
samples from the spectra recorded. The sample spectra were also
gas-phase corrected.

2.3. Catalytic activity
Methane oxidation catalytic tests were performed using a U
shaped quartz reactor with an inner diameter of 12 mm,  electrically
heated in a furnace. The catalyst powder (sieved fraction between
180 and 250 �m)  was  diluted 1:2 with inert SiC, in order to avoid
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Table 1
Textural and structural data of pure and Ti(IV)-modified SBA-15 and HMS supports.

Sample Sa (m2/g) dp
b (nm) Vp

c (cm3/g) a0
d dw

e(nm)

HMS  824 3.2 0.99 4.6 1.4
Ti5HMS 845 2.5 1.33 4.5 2.0
Ti10HMS 728 2.6 1.00 4.3 1.7

SBA-15 838 7.7 0.99 11.3 3.6
Ti5SBA-15 912 7.1 1.35 11.3 4.2
Ti10SBA 841 7.1 0.96 11.0 3.9

a The BET surface area values were calculated in the range 0.05–0.2p/p0.
b The mean pore diameter determined using the BJH model from N2 adsorp-

tion/desorption isotherms.
c The pore volume determined considering the range p/p0 from 0.1 until to 0.98.
d Unit cell parameter calculated as a0 = 2d100

√
3 with d100 being the plane distance
A.M. Venezia et al. / Applied Catalys

hermal gradients, and it was placed on a porous quartz disk. The
eaction temperature was measured by a K-type thermocouple in
ontact with the catalytic bed long 12 mm.  Prior to the catalytic
esting, the samples were treated “in situ” under flowing O2 (5 vol.%
n He, 50 ml/min) at 350 ◦C for 0.5 h and under He during cooling
t 200 ◦C. The standard reagent gas mixture, consisting of 0.3 vol.%
f CH4 + 2.4 vol.% O2 in He, was led over the catalyst (50 mg)  at a
ow rate of 50 ml/min (STP), equivalent to a weight hourly space
elocity (WHSV) of 60,000 ml  g−1 h−1. Activities were measured by
ncreasing the temperature from 200 ◦C to 600 ◦C (by steps of 50 ◦C,
old time 45 min). The inlet and outlet gas compositions were anal-
sed by on line mass quadrupole (ThermostarTM, Balzers), in order
o follow the evolution of all the species, CH4, CO, CO2, H2, H2O,
2. Moreover, the concentrations of CO, CO2 and CH4 species were
hecked by IR analysers (ABB Uras 14, Uras 26), calibrated in the
ange 0–3000 ppm for CO, 0–10,000 ppm for CO2 and 0–30,000 ppm
or CH4. The reaction products of methane oxidation were CO2 and

2O. No CO was detected in the overall range of temperature. Car-
on balance was close to ±5% in all the catalytic tests. Experiments
f methane oxidation in the presence of SO2 were performed by co-
eeding 10 vol. ppm of SO2. Between consecutive runs the sample
as cooled down in He atmosphere.

. Results and discussion

.1. Characterization
.1.1. N2 adsorption–desorption analyses
The N2 adsorption and desorption isotherms of the pure silica

upports and of the titania doped ones are shown in Fig. 1. The

ig. 1. Nitrogen adsorption–desorption isotherms of pure and Ti(IV) doped HMS
nd SBA-15 supports.
computed according to the Bragg’s law (� = 2d sin �). a0 corresponds to the distance
between the pores.

e The wall thickness calculated as dw = a0 − dp.

isotherms are of type IV, with hysteresis loops characteristic of
mesoporous compounds. According to the IUPAC classification, the
hysteresis loops of the SBA-15 and HMS  can be classified as H1 and
H3 types, respectively [24]. As already reported in literature, the
hysteresis loops of the SBA-15 and TixSBA-15 supports are larger
and typically of the presence of mesopores [27]. In contrast, the
hysteresis loops of HMS  and TixHMS  are rather flat and extended
over a large range of relative pressures, indicating the presence
of both framework mesoporosity and interparticle macroporosity
[27]. The textural properties are summarised in Table 1. The BET
surface areas of the HMS  and SBA-15 supports are similar and quite
large. Both supports are slightly affected by the presence of titania.
As a function of the titania loading the surface areas do not fol-
low any clear trend, on the contrary, the pore diameters decrease.
As expected, the average pore diameters of the SBA-15 series are
more than double those of the HMS  series.

3.1.2. SAXS
The SAXS patterns of the two  series of supports are shown

in Fig. 2. The corresponding unit cell parameters (a0), and the
wall thickness (dw) are provided in Table 1. The unit cell param-
eters were calculated as a0 = 2d100

√
3, assuming a hexagonal unit

cell for both series of supports. The wall thickness was estimated
by subtracting from a0 the pore diameters obtained from the N2
physisorption measurements. The SAXS curves of the HMS  sam-
ples are characterized by one main broad peak, at around 2� ≈ 2◦

corresponding to a unit cell parameters of ≈4.4 nm attributed to
a bi-dimensional hexagonal structure [21]. The insertion of tita-
nium in HMS  resulted in a progressive loss of this long-range order
and in a slight decrease of the unit cell parameter. On the con-
trary SBA-15 exhibits three main reflection peaks indexed as (1 0 0),
(1 1 0) and (2 0 0) typical of a more ordered material, with a unit cell
parameter of ≈11.3 nm.  The insertion of titania does not change sig-
nificantly the original hexagonal structure but, in accord with the
decreased peak intensity, slightly causes a deterioration of the long
range order. As shown in Table 1, a slight decrease of the unit cell

parameters is observed for the titania containing supports and cor-
respondingly an increase of the framework wall thickness, to a large
extent in the HMS  series. This effect would confirm a certain degree
of titania incorporation in the structure of the silica [28,29]. The

Table 2
Acid properties of the supports as determined by TPD-NH3 in the range 50–500 ◦C.

Sample T (◦C) VNH3 (ml g−1)

HMS 114 1.4
Ti10HMS 157 7.8
SBA-15 118 2.0
Ti10SBA-15 126 2.9
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Fig. 2. SAXS Curves of pure and Ti(IV) doped HMS  and SBA-15 supports.

ubsequent impregnation of palladium leaves unchanged the SAXS
atterns (not shown in here for brevity) of both series of supports.

.1.3. TPD-NH3
The change of acidity upon insertion of titania was  investi-

ated by temperature programmed desorption of ammonia. The
echnique provided information on the total acidity of the solids,
ncluding both Brønsted and Lewis acidity and accounting for the
ifferent strength and number of acid sites. The TPD patterns of the
ure and of the 10 wt% TiO2 doped mesoporous silicas are shown

n Fig. 3. The results are summarised in Table 2, in terms of tem-
erature of NH3 desorption and volumes of desorbed NH3. For both
ypes of mesoporous materials only the first peak was considered.
ndeed the other feature, consisting of a broad peak observed only
n the SBA-15 samples, was due to the evolution of water and
rganic materials, as detected by the quadrupole measurements,
nd therefore not included in the acidity evaluation. According to
he patterns and to the values listed in Table 2, it is evident that the
nsertion of Ti(IV) in HMS  caused a substantial increase of acidity
n terms of both, strength and number of acid sites. On the contrary
he addition of titanium in SBA-15 produced only a limited acidity
hanges.

.1.4. XRD analyses
In order to identify the crystalline phases present in the samples

he X-ray diffraction analyses of the supported palladium cata-
ysts were performed. In Fig. 4 the corresponding diffractograms

re shown along with the diffraction lines of the reference phases,
natase TiO2 and PdO. The XRD patterns show a broad diffraction
and between 20◦ and 30◦ 2� attributed to the amorphous part of
he substrate. Characteristic PdO peaks are present in the patterns
Fig. 3. TPD-NH3 patterns in the range 50–500 ◦C of the mesoporous supports.

of both series of samples. The anatase phase is visible in the Ti(IV)-
doped SBA-15 samples, but not in the Ti(IV)–doped HMS  series.
The anatase phase was also observed in a similarly prepared Ti-
SBA-15 material containing 2.5 at% Ti. DRS UV–vis spectra of this
sample presented an absorption band around 334 nm due to Ti4+

in octahedral coordination typical of the anatase [30]. Generally
speaking, preparation of ion-doped SBA-15 by direct incorpora-
tion during the synthesis of the mesoporous oxide is rather difficult
due to the strong acidic media [31]. Indeed, under strongly acidic
conditions (pH < 1) free titanium species such as Ti4+ exist only
in cationic form and thus are not able to enter the framework of
SBA-15 [32]. The grafting procedure using several types of titanium
precursors allows inserting only about 6 at% of titanium relative to
silicon into SBA-15 matrix. Higher titania loadings, 8–10 at% as in
the present case (used Si/Ti ratios of 25 and 12), would produce
anatase crystallites of TiO2 [33]. In the present work, the direct
synthesis procedure adopted for the pure SBA-15 was intention-
ally used, aiming to investigate the effect of TiO2 either formed as
aggregates and also as structural modifier. By applying the Scherrer
equation to the line width of the main reflection peaks, the diam-
eters of the PdO and TiO2 particles in the different samples were
estimated. The corresponding calculated values are listed in Table 3.
TiO2 particle size of 8 nm were obtained for the SBA-15 supported
catalysts, whereas PdO particle sizes of 6–7 nm were obtained for
all the samples, included also the HMS  supported ones.
3.1.5. XPS analyses
Information on the chemical state and the surface chemical

composition of the palladium samples, before the catalytic tests,
were obtained by XPS analyses. In Table 4 the Pd 3d5/2, the Ti
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Fig. 4. XRD patterns of SBA-15 and HMS  supported palladium catalysts with and
without Ti(IV). The patterns of pure anatase TiO2 and PdO oxides are shown as
references.

Table 3
XRD derived PdO and TiO2 particle diameters in the fresh samples.

Sample dPdO (nm) dTiO2
(nm)

Pd/SBA-15 6 –
Pd/Ti5SBA-15 6 8
Pd/Ti10SBA-15 7 8
Pd/HMS 7 –
Pd/Ti5HMS 6 n.d.a

2
X
p
e

T
X

Pd/Ti10HMS 6 n.d.a

a n.d. = not detectable.
p3/2 and the O 1s binding energies are compiled along with the
PS-derived atomic ratios Ti/Si and Pd/(Ti + Si). The palladium 3d
hotoelectron spectra are characterized by the Pd 3d5/2 binding
nergy of 337.2 eV ± 0.2 eV. The value is typical of Pd4+ as in PdO2.

able 4
PS binding energies and XPS-derived atomic ratios of the fresh catalysts.

Sample Pd 3d5/2 (eV) Ti 2p3/2 (eV) 

Pd/HMS 337.4 

Pd/Ti5HMS 337.3  460.5

Pd/Ti10HMS 337.4 460.3

Pd/SBA 337.2 

Pd/Ti5SBA-
15

337.0  459.3

Pd/Ti10SBA-
15

337.0 459.4

a The values in parentheses represent the atomic percentages of the oxygen chemical c
b The values in parentheses represent the nominal atomic ratios.
Fig. 5. Ti 2p photoelectron spectra of Pd catalysts supported on 10 wt%  TiO2 doped
mesoporous silicas.

This oxide has been already reported for similar samples [19,34].
Its formation may  be attained by oxygen incorporation into the
PdO crystal lattice during calcination [34]. The Ti 2p spectra of the
10 wt%  Ti(IV) doped catalysts are shown in Fig. 5. They are char-
acterized by the two spin-orbit components, Ti 2p3/2 and Ti 2p1/2,
5.7 eV apart. The third component at ≈462.5 eV ± 0.5 eV included
in the fitted spectra is attributable to a contribution from the O 1s
line excited by the Al K� line of the non-monochromatized radi-
ation (�h� = 69.7 eV) [31]. The binding energy of the Ti 2p3/2 in
the pure TiO2 oxides is 458.9 eV typical of a Ti4+ species [30,35]. In
accord with a previous study [19], larger values of Ti 2p3/2 binding
energy are observed for the titania incorporated silicas. The chem-
ical shifts, with respect to the pure TiO2 value, range from 1.6 eV in
the HMS  series to 0.5 eV for the SBA-15 series. Two contributions
may  be responsible for such significant shift, a “final state” and an
“initial state effect”. As to the former effect, it generally accounts for
the Ti 2p3/2 chemical shift when moving from Pd/TixSi to Pd/TiO2
[36]. It originates from the extra atomic relaxation energy [37]
which is related to the polarizability of the oxide carrier. The less
mobile the electrons are, as in SiO2, the smaller is the relaxation
energy and therefore the larger is the measured binding energy of
the photoelectrons. This effect, related to the electrical property of
the material, would produce analogous shift in the two  types of

mesoporous silica supported samples, therefore it could account
for part of the total shift. The second effect, so called “initial state”
effect, discussed already for a series of TiO2-grafted SiO2 [35,38] and
responsible for a large shift between the two series of samples, may

O 1sa (eV) Ti/Sib Pd/(Ti + Si)

533.6 0.02

533.4 (97%) 0.02
(0.04)

0.02
530.6 (3%)

533.4 (94%) 0.04
(0.08)

0.02
530.9 (6%)

533.4 0.02

533.5 (90%) 0.06(0.04) 0.02
530.6 (10%)

533.5 (85%) 0.08
(0.08)

0.02
530.8 (15%)

omponents.
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Pd-free and Pd-loaded Ti10SBA-15 sample spectra display very
strong absorption in the OH stretching region and the intensities
of the corresponding bands are off-scale. This indicates that the
OH groups induced by the modification of SBA-15 with titania are

Fig. 8. (a) FT-IR spectra in the 1700–1400 cm−1 region of the Ti10HMS sample
◦

ig. 6. O 1s photoelectron spectra of Pd catalysts supported on 10 wt%  TiO2 doped
esoporous silicas.

eflect the occurrence in the Ti(IV)-doped samples of an intimate
ssociation of TiO2 and SiO2, producing Ti–O–Si bonds where Ti4+

ccupies tetrahedral coordination sites similar to Si in SiO2 [39].
ince titanium is more electropositive than silicon, the increase of
he positive charge on the titanium center of a Ti–O–Si bond as com-
ared to Ti–O–Ti, would determine an increase of the Ti 2p binding
nergy. The larger shift observed in the HMS  derived samples is in
ccord with the XRD results, suggesting a better titania dispersion
n these samples as compared to the SBA-15 samples. The O 1s core
evel spectra of the mixed oxide supported catalysts are shown in
ig. 6 and the corresponding binding energies are listed in Table 4.
he O 1s spectra were fitted with two components, a high binding
nergy one at ≈533.5 eV ± 0.1 eV assigned to SiO2 and a low bind-
ng energy feature at 530.7 eV ± 0.2 eV closer to the value reported
or TiO2 [39]. It is worth noticing that the relative intensity of the
ow energy peak with respect to the high energy peak is signifi-
antly higher in the PdTi10SBA-15 as compared to the PdTi10HMS.
his difference reflects larger surface amount of oxygen interact-
ng with titanium and therefore larger amount of segregated TiO2
t the surface of the PdTi10SBA-15 sample. As shown in Table 4, the
xperimental Ti/Si atomic ratio increases with increasing loadings
f TiO2, as expected from the nominal ratios given in parentheses.
t is worth noticing the larger values of this ratio obtained for the
itania doped SBA-15 samples as compared to the corresponding
itania doped HMS  samples. In accord with the oxygen results, this
gain indicates a preferential surface segregation of titanium in the
BA-15 supported catalysts. The Pd/(Ti + Si) atomic ratios listed in
able 4 are the same for all samples and, as predictable because
f the adopted impregnation procedure, they are larger than the
heoretical value of ∼0.006.

.1.6. FT-IR
In Fig. 7 the FT-IR spectra in the OH stretching region of the

ctivated HMS  and SBA-15 samples are compared with the spectra
f Pd-free and Pd-loaded 10% titania-doped mesoporous com-
osites. The spectra of HMS  and SBA-15 exhibit a sharp band at
744 cm−1, assigned to isolated Si–OH species [40]. The doping
f HMS  with 10 wt% TiO2 results in a shift of the OH stretching
ibration toward lower wavenumbers and appearance of a distinct
houlder at approximately 3690 cm−1. The deposition of palladium

−1
auses disappearance of the absorptions at 3734 and 3690 cm
nd regeneration of the signal at 3744 cm−1. This leads to the
onclusion that the former two bands can be ascribed to titanol
roups that serve as anchoring sites of the palladium species. The
Fig. 7. FT-IR spectra of the samples in the OH stretching region.
recorded after adsorption of py at 25 C and subsequent desorption at various tem-
peratures. (L, Lewis acidity; B, Brønsted acidity; and H, hydrogen bonded py) (b)
FT-IR spectra in the 1700–1400 cm−1 region of Ti10SBA-15 sample recorded after
adsorption of py at 25 ◦C and subsequent desorption at various temperatures. (L,
Lewis acidity; B, Brønsted acidity; and H, hydrogen bonded py.)
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Fig. 9. (a) FT-IR spectra in the 1700–1400 cm−1 region of the Pd/Ti10HMS sample
recorded after adsorption of py at 25 ◦C and subsequent desorption at various tem-
peratures. (L, Lewis acidity; B, Brønsted acidity; and H, hydrogen bonded py) (b)
FT-IR spectra in the 1700–1400 cm−1 region of the Pd/Ti10SBA-15 sample recorded
a
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fter adsorption of py at 25 ◦C and subsequent desorption at various temperatures.
L, Lewis acidity; B, Brønsted acidity; and H, hydrogen bonded py.)

ssociated with the TiO2 phase which is in agreement with the
RD and XPS results showing anatase crystallites at the surface of
BA-15. The shoulder at ∼3715 cm−1, visible in the spectra of both
i-containing supports is assigned to terminal Ti–OH groups [41].
he broad band at ∼3560 cm−1 in the spectra of Ti10SBA-15 and
d/Ti10SBA-15 samples is attributed to H-bonded silanol/titanol
roups [40]. This absorption is absent in the spectra of Ti10HMS
nd Pd/Ti10HMS samples. The discrepancy is probably related to
ome structural differences between the two mesoporous silicas.

In order to discriminate the Brønsted and the Lewis acidity,
he adsorption of pyridine (py) has been studied over the Ti-free
nd Ti-containing supports, and for the Pd catalysts. The spectra
btained upon room-temperature adsorption of the base followed
y evacuation at various temperatures are shown in Figs. 8 and 9 for
he Ti-doped supports and for the Pd catalysts respectively. All the
pectra including those of the Ti-free supports (not shown in here)
xhibited bands at 1598 and 1446 cm−1 due to non-acidic silanols
nd corresponding to py molecules weakly perturbed by H-bonding
ith the surface OH-groups [29,42–44].  In addition, a weak absorp-

ion at 1626 cm−1 from pyridinium ion on acidic Brønsted sites was
bserved also in both Ti-free supports [28,42–44].  However, the
rotonated base was weakly bound and disappeared during the

◦
vacuation at 100 C. The doping of the HMS  and SBA-15 supports
y titania caused significant changes in the spectra of adsorbed
y. As shown in Fig. 8, the bands at 1603 and 1462 cm−1 present
nly in the Ti-doped samples are attributed to the �8a and �19b
nvironmental 106 (2011) 529– 539 535

ring vibrations, respectively, of py molecules coordinated to strong
Lewis acid sites, while the band at 1584 cm−1 reveals the presence
of weak Lewis acid sites [28,42–44].  By evacuation at different tem-
peratures, the intensities of the bands of py coordinated to Lewis
acid sites decreases considerably. Small amount of coordinated
py remains after degassing at 250 ◦C and pressure of ∼10−3 mbar.
This indicates that the samples are characterized by a moderate
Lewis acidity. The spectra of the Ti10HMS taken between 50 and
250 ◦C (Fig. 8a) contain a split broad band with maxima at 1648
and 1628 cm−1 which is attributed to the �8a and �8b vibrations
of protonated py indicating the presence of Brønsted acid sites
[28,42–44]. It should be noted that the band at around 1540 cm−1

that corresponds to the �19b vibration of py adsorbed on Brønsted
acid sites is not observed. The reason for this could be the low con-
centration of surface hydroxyls with acidic protons. However, the
absorptions at 1648 and 1628 cm−1 are clearly visible in all of the
spectra taken in the 50–200 ◦C temperature range which confirm
the presence of certain amount of weak Brønsted acidity in the
Ti10HMS sample. Pyridinium ion vibrations at 1646 and 1628 cm−1

are not observed in the Ti10SBA-15 sample (Fig. 8b) indicating the
absence of Brønsted acidity. Therefore for this material, the band
at 1476 cm−1 (which can be assigned to py coordinated to both
Brønsted and Lewis acid sites) is related only to Lewis acid sites.
Several models have been proposed to explain the appearance of
acid sites in a mixed oxide. The most accepted one is the model
by Tanabe assuming that the extra charge generated by intimately
mixing two oxides produces acidic sites of Brønsted or Lewis char-
acter depending on the sign of this charge [45,46].  Negative charge,
balanced by association with protons, generates Brønsted sites
whereas positive charge generates Lewis sites. Applying this model
to the case of the mixed titania and silica oxide in the excess of silica,
following the rules of the model, the charge excess at the titanium
cation would be negative, therefore producing Brønsted acid sites.
The effectiveness of the model implies a relationship between the
molecular homogeneity and the acid site density. Then, the pres-
ence of Brønsted acid sites on the HMS  samples may reflect a better
Si/Ti structural homogeneity. The result would be in accord with
the absence of anatase phase in the XRD patterns and also with the
larger Ti 2p chemical shift and the lower intensity of the low energy
O 1s component observed in the XP spectra of the HMS samples.

The spectra of pyridine adsorbed on the Pd promoted samples
are given in Fig. 9. The comparison with the spectra of Fig. 8 indi-
cates that the incorporation of palladium into the supports lowers
the amount of Lewis acid sites, especially in the Pd/Ti10SBA-15
sample. Moreover, the absorption band in the 1675–1620 cm−1

range of the spectrum of the Pd/Ti10HMS catalyst (Fig. 9a), assigned
to pyridine coordinated to Brønsted acid sites, becomes broader and
stronger than that of the support. This suggests that the promotion
of Ti10HMS with Pd generates additional Brønsted acidity and as
a result, the total surface acidity of the Pd-containing Ti10HMS is
higher than that of the Pd-free sample.

In order to get preliminary mechanistic information on the
oxidation of methane and look for the formation of interme-
diate species, in situ FT-IR experiments were performed. The
spectra of the palladium catalysts, during 15 min of exposure
to a gas mixture containing 15 mbar CH4 and 85 mbar O2 at
the various temperatures, were collected. The spectra for the
Pd/Ti10HMS and Pd/Ti10SBA-15 are shown in Fig. 10.  The pos-
itive absorption in the 3690–2700 cm−1 range indicates that the
amount of H-bonded hydroxyls has increased as a result of water
formation. The bands at 1635–1627 and 1534–1545 cm−1 are
attributed to adsorbed carbonate species most likely coordinated

to Ti sites [15,43] which are the intermediates for producing CO2.
In spite of the close similarity between the spectra of the two sam-
ples, it is worth noticing the larger intensity of the peaks related
to the adsorbed water and adsorbed carbonates at 350 ◦C in the
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integral equation of a first order reaction with respect to methane
and pseudo-zero order with respect to oxygen was used for the
calculation of the reaction rate constants k [18,48]. Then, from
ig. 10. FT-IR spectra recorded during the exposure of the Pd/10Ti-HMS and Pd/10

pectrum of Pd/Ti10HMS sample as compared to the same peaks
n the spectrum of Pd/Ti10SBA-15 sample. No other adsorption
pecies related to the activated methane were detected. The pres-
nce of adsorbed formate species (HCOO−), with typical bands at
000–2700 cm−1(� C–H and combinations of fundamental frequen-
ies) and at 1600–1550 cm−1 (�as C–O), as intermediates of the
eaction, could not be excluded [15,47].  The gas phase spectra (not
hown here) indicated formation of CO2 with peak observed at
350 cm−1.

.2. Catalytic activity with SO2-free and SO2-containing reactant
ixtures

In order to compare the catalytic performance of the catalysts,
50 values (corresponding to temperatures of 50% CH4 conversion)
f first and second runs performed sequentially using different con-
itions are listed in Table 5 along with the Arrhenius parameters.
irst cycles on the fresh samples were performed with pure reac-
ant mixture and with SO2 containing mixture. Then, in order to
heck for thermal instability and for possible residual contami-
ant effects, second runs were performed on samples aged upon
xposure to the pure reactant mixture for 16 h at 600 ◦C. Likewise,
iming to recover the catalyst activity after the first run in the pres-
nce of the poisoning SO2, a second cycle was performed using SO2

 free reagents.
By inspection of Table 5, judging from the values of the T50,

he fresh Pd/HMS appears slightly more active as compared to the
d/SBA-15. Quite interesting the long exposure to the reactants at
00 ◦C, with some exceptions, determines an overall decrease of
he T50 values which could be attributed to the removal of some
esidual organic precursors. As expected and in accord with pre-
ious results obtained with palladium supported on amorphous
itania modified silica [19], the presence of 10 ppm of SO2 in the
eactant mixture deactivates the catalysts by causing a substantial
ncrease of the T50 with respect to the cycles without SO2. Within
hese data it is worth noting the different behavior of the catalysts

upported on silica HMS  and silica SBA-15. The effect of the support
odification by titania appears to be strongly related to the type

f the support. In the case of SBA-15, an increase of titanium con-
entration improves the activity (lower T50). On the contrary, in the
-15 catalysts to a mixture of 15 mbar CH4 + 85 mbar O2 at various temperatures.

case of the HMS  catalysts the addition of titanium in the support is
detrimental since it produces an increase of the T50. One possible
explanation for the surprising behavior of the HMS  catalyst could
be the strong support acidity which hinders the preferential reac-
tion of the SOx with the support, beneficial for the palladium active
sites. Considering the second cycle after the SO2 exposure, the activ-
ity improves in all the samples, as already reported for palladium
catalysts supported on high surface area silica [18,19]. The effect
of titania on the catalytic performance is shown in Figs. 11 and 12,
where selected plots of methane conversion as a function of tem-
perature are given respectively for the HMS  and the SBA-15 series
of supported Pd catalysts. The curves refer to a first cycle with the
SO2 in the reactant mixture and to the subsequent cycle with the
SO2 free reactant mixture.

In order to get information on the active site variation, due to
the oxide TiO2 and/or to the SO2 poisoning, the apparent activation
energies were determined for the different catalytic runs. Neglect-
ing the effect of small amounts of water formed in the process, the
Fig. 11. Methane conversion as a function of temperature over HMS  and Ti(IV)
promoted HMS Pd catalysts for different cycles in different conditions.
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Table 5
Values of T50 (◦C) and Arrhenius parametersa, activation energy (Eact) and preexponential factor A (s−1) of the catalysts, for the different reaction cycles.

Sample 1st cycle 2nd cycle after 16 h at 600 ◦C 1st cycle with SO2 2nd cycle

T50 (◦C) Eact (kJ/mol) ln A T50 (◦C) Eact (kJ/mol) ln A T50 (◦C) Eact (kJ/mol) ln A T50 (◦C) Eact (kJ/mol) ln A

Pd/SBA-15 341 77 17 346 71 16 405 125 25 395 85 18
Pd/Ti5SBA-15 302 78 19 308 73 17 383 90 19 325 77 18
Pd/Ti10SBA-15 304 76 20 282 67 21 334 79 18 292 75 18
PdHMS 322 79 18 289 76 18 382 120 24 359 81 18
Pd/Ti5HMS 344 97 21 334 69 16 407 85 18 375 72 16
PdTi10HMSb n.a. n.a. 422 81 16 383 73 14
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a Eact and A are calculated from the Arrhenius plot in the temperature range 250–
b n.a. indicates that the tests for this sample were not performed.

he Arrhenius plot of ln(k) versus 1/T, in the temperature range of
50–350 ◦C corresponding to conversions ranging between 10% and
0%, the activation energies Eact and the pre-exponential factors A
f the Arrhenius equation, k = A exp(−Eact/RT), were calculated and
isted also in Table 5. With some exceptions, the values of the activa-
ion energies are between 70 and 85 kJ/mol, which are close to those
eported previously for similar catalysts for the same temperature
ange [19]. A careful inspection of the table gives interesting hints
bout the structural changes upon the chemical reactions. Although
ost of the variations are within the experimental error (±10%),

ome systematic changes are envisaged which can be related to
tructural modification due to the reaction. After a thermal treat-
ent at 600 ◦C for 16 h, a lower value of the activation energy is

bserved, corresponding in some cases to an enhancement of the
ctivity (lower T50). As reported before, the presence of SO2 in the
eactant mixture causes an increase of the activation energy, quite
emarkable in the samples without TiO2 in the support [18]. Then,
or all the samples, the subsequent cycle after the SO2 exposure is
haracterized by lower activation energy and by a partial recovery
f the activity. The activity is completely regained in the case of the
i promoted SBA supported catalysts, but only partially recovered
n the pure SBA-15, HMS  and Ti-doped HMS  supported catalysts.
he increase of the activation energy during the run in the pres-
nce of SO2 confirmed the earlier idea that sulfur deactivation was
elated to the formation of a composite species of lower activity,
ike PdO–SO3, quite labile and easily decomposing at temperature
450 ◦C [18,19].

.3. Stability, deactivation and structural changes of

d/Ti10SBA-15

The most interesting sample, the PdTi10SBA-15 exhibiting the
owest T50 during the cycle with SO2 and during the second cycles,

ig. 12. Methane conversion as a function of temperature over SBA-15 and Ti(IV)
romoted SBA-15 Pd catalysts for different cycles in different conditions.
Fig. 13. CH4 conversion as a function of temperature over Pd/Ti10SBA-15 for differ-
ent cycles in different conditions.

was selected for a series of consecutive cycles in order to test its
stability, deactivation and activity recovery. Particularly, after a
first cycle with the SO2 containing reagents and a second cycle
with SO2-free reagents, the sample underwent an overnight treat-
ment in flowing 10 vol. ppm of SO2 in He at 350 ◦C at a flow rate of
50 ml/min. After this treatment three more cycles with the pure
reagents were performed. All the related conversion curves are
given in Fig. 13 including also the two curves (I cycle SO2 and
II cycle) given already in Fig. 2. The corresponding values of T50
and Arrhenius parameters are listed in Table 6. For the sake of
clarity some of the values are duplicated from Table 5. A remark-
able increase of the T50 is observed after the night treatment with
SO2. At the same time, an increase of the activation energy up to
114 kJ/mol is obtained. In the following 4th and 5th cycles, the activ-
ity is completely recovered. It is remarkable that the final values
of the activation energies (95–94 kJ/mol), although decreased with
respect to the value obtained after the severe deactivation, do not

reach the lowest value of 67 kJ/mol obtained for the second cycle.
The significant difference, well above the experimental error, could
reflect some structural changes of the active site and, as long as the

Table 6
Values of T50 (◦C) and Arrhenius parametersa, activation energy (Eact) and pre-
exponential factor A (s−1) of the Pd/Ti10SBA-15 catalyst for the different reaction
cycles.

Reaction cycle T50 (◦C)Eact (kJ/mol)ln A

1st cycle 304 76 20
2nd  cycle after 16 h exposure to the reaction mixture at 600 ◦C282 67 21
1st  Cycle SO2 334 79 18
2nd  cycle SO2-free 292 75 18
3rd  cycle after overnight SO2 treat. 375114 23
4th  cycle 287 95 22
5th  cycle 286 94 22

a Eact and A are calculated from the Arrhenius plot in the temperature range
250–350 ◦C.
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Table  7
XRD derived PdO and TiO2 particle diameters and XP Pd 3d5/2 binding energy and Ti/Si and Pd/(Ti + Si) atomic ratios in spent catalysts.

Sample dPdO (nm) dTiO2
(nm) Pd 3d5/2 (eV) Ti/Si Pd/(Ti + Si)
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PdTi10SBA-15 after 5th cycle including SO2 night treat. 18 

PdTi10SBA-15 after 4 days reaction at 600 ◦C 16 

nal activity is concerned, is well compensated by an increase of
he pre-exponential factor. On the same sample but on a differ-
nt batch a stability test was performed by running a catalytic test
fter exposing the sample to the pure reagent mixture for 4 days
t 600 ◦C. As revealed by the conversion curve (not given in here),
atching exactly the curve of the second cycle, (Table 6 second row

ata) no change in the catalytic performance occurred.
In order to check for structural modification, the two aged sam-

les were analysed by SAXS, XRD and XPS techniques. According
o the SAXS patterns (not shown here) the SBA-15 mesoporous
tructure of the aged catalysts was maintained. The XRD patterns
f the fresh sample and the corresponding patterns of the sam-
le after 5 cycles including the SO2 overnight treatment (refer to
able 6) and the sample after the long run of 4 days at 600 ◦C are
ompared in Fig. 14.  The patterns contain the TiO2 anatase peaks
nd the PdO related peaks. The calculated TiO2 and PdO particles
ize are given in Table 7. It is worth noticing that whereas the TiO2
articles maintain the same size, the PdO particle size drastically

ncreases after the long run with the pure reagent mixtures and
lso after five cycles including the overnight exposure to the SO2 at
50 ◦C. The increase of the PdO particle size upon similar sequence
f reaction cycles was also observed recently with a palladium cat-
lyst supported on amorphous Ti10SiO2 [20]. It should be pointed
ut that the XRD technique identifies the larger particles, whereas
mall particle sizes, below the limit of 3 nm,  are not detected. Then,
n order to ultimately confirm the decrease of palladium disper-
ion, XPS analyses of the samples, after several cycles including
he overnight SO2 exposure and after the stability tests, were per-
ormed. The XPS results of the spent samples are listed in Table 7.
s compared to the corresponding values of the fresh sample, as
iven in Table 4, no significant changes in the palladium binding
nergy and in the Ti/Si atomic ratio are observed. However the
maller values of the Pd/(Ti + Si) atomic ratios as compared to the
resh sample are in accord with the enlargement of the PdO par-
icle size revealed by the XRD. It is worth noticing that in spite of
his serious palladium sintering the catalytic activity of the cata-

yst was maintained. A recent study on palladium supported on
ilica SBA-15, modified by ceria and by zirconia, reported a loss
f activity, upon a severe deactivation test, for catalysts show-

ig. 14. XRD patterns of PdTi10SBA-15 catalyst as fresh, after 5th cycle including
vernight SO2 treatment at 350 ◦C and after four days of catalytic reaction at 600 ◦C
long run).
7 337.0 0.08 0.005
8 337.3 0.07 0.005

ing good PdO particle stability [13]. The conclusion of the work
was that the loss of catalyst activity during reaction was not nec-
essarily related to the sintering of the active sites but rather to
the variation of the oxygen storage capacity and oxygen mobility
strictly related to the support properties. It is accepted that Pd-
catalysed combustion of methane occurs through a redox or Mars
van Krevelen mechanism [17,49]. Accordingly, during this reaction
PdO is locally reduced to Pd by methane, producing H2O and CO2,
and then Pd is reoxidised by oxygen. Although the active species
is considered PdO, it is widely recognized that metallic Pd plays
the important role in decomposing and activating the methane
molecule [3,15,50]. Therefore, the efficiency of the all process is
related to the redox properties of the catalyst and to the oxygen
mobility [17]. In the present case, the maintenance of the activ-
ity, in spite of the significant palladium oxide sintering, could be
attributed to the good interaction between surface titania and sil-
ica. Such interaction, as reported in previous papers, favors the
formation of Ti–O–Si linkages with an increase of the oxidizing
potential of the Ti(IV) cations [38,51]. The increase of this potential
would enhance the oxygen mobility at the interface between the
Ti–O–Si units and the palladium particles [38,49].  On this account,
the stability of the Pd/Ti10SBA-15 catalyst, observed after a long
lasting reaction at 600 ◦C and after several cycles including the
overnight SO2 exposure, is likely related to the oxygen mobility
which allows the reoxidation of the Pd to PdO. In the presence of
a support metal—interaction, the increase of the PdO particle size
after the long reaction is not detrimental. Indeed, an inverse particle
size structure sensitivity of the palladium catalysed methane com-
bustion was claimed, related to the high stability of the small PdO
particles interacting with the support and not being easily reduced
[13,50].

4. Conclusion

The effect of the addition of titania to different mesoporous silica
oxides on the methane oxidation activity of supported palladium
was found to depend on the type of mesostructured material. The
addition of 10 wt% of TiO2 to the silica SBA-15, improved the cat-
alytic performance of the supported palladium catalysts, in terms of
better activity and better sulfur tolerance as compared to palladium
over pure SBA-15 support. This result confirmed the positive effect
played by titania, acting as SO2 scavenger, on Pd catalysts supported
on amorphous silica [19]. Opposite behavior was observed with the
HMS samples. In this case addition of TiO2 produced poorer cata-
lysts in terms of lower activity and lower SO2 tolerance. According
to the structural and morphological analyses, the two series of cat-
alysts had similar palladium dispersion and similar surface area but
different TiO2 distribution. In the case of the HMS, Ti(IV) ions were
homogeneously distributed into the silica framework, whereas a
mixture of framework Ti(IV) and surface segregated TiO2 anatase
particles was present in the SBA-15. Due to the more uniform dis-
tribution of Ti(IV) into the silica matrix, a substantial increase of
the total acidity, in particular of the Brønsted type, developed in
the TixHMS  support as compared to the SBA-15. Moreover, through
the in situ FT-IR, more adsorbed water and carbonate species were

observed on the Pd/Ti10HMS as compared to the Pd/Ti10SBA-15.
On the bases of these evidences, the formation of a stronger acidity
and the presence of Brønsted sites were responsible for the nega-
tive effect of the titania on the methane oxidation activity of the
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MS  supported Pd catalysts. Indeed, the stronger water adsorption
ver the acidic support would inhibit the catalytic methane oxida-
ion favoring formation of the less active Pd(OH)2 and also blocking
he active sites through surface diffusion. The large amount of
dsorbed carbonate species, detected in the Pd/Ti10HMS catalyst
y the in situ FTIR analyses at 350 ◦C, could have also contributed
o the deactivation of the catalysts. Furthermore, the creation
f the stronger acidity, by hindering the preferential reaction of
he SOx with the support, nullified the scavenger action of the
itania.
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