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Pt/x%Ti-SBA15  catalysts  (x corresponding  to  the  wt.%  TiO2 loading  in the  Ti–SiO2 composite,  in  the  range
25–60%)  were  synthesized  by  titanium  precursor  grafting  in  preformed  mesoporous  silica.  Materials  were
characterized  by several  techniques,  including  elemental  analysis,  XRD,  TEM  and  N2-sorption  isotherms
to  achieve  structural  and  textural  properties  description.  Different  pore  sizes  were  obtained  for  the  SBA-
15 materials,  by  using  or not  hexane  as  swelling  agent.  The  catalytic  performances  of  these  original
materials  were  evaluated  for the  selective  hydrogenation  of  citral  (�,�-unsaturated  aldehyde),  and  com-
pared  with  those  of  Pt/SBA  and  Pt/TiO2 P25  reference  catalysts.  Pt/x%Ti-SBA15  catalysts  present  high

0

itania
ilica
esoporous materials
anoparticles
itral hydrogenation
MSI effect

specific  surface,  with  TiO2 nanoparticles  and  Pt clusters  located  inside  the hexagonal  mesopore  structure
of silica.  During  citral hydrogenation,  the  selectivity  towards  unsaturated  alcohols  (nerol  and  geraniol)
varies  as a function  of the  support  nature  as  follows:  Pt/x%Ti-SBA15  >  Pt/TiO2 P25  � Pt/SBA.  The  results
are  discussed  in  term  of  variable  metal-support  interaction  (SMSI)  generated  by  the  partial  reduction  of
TiO2 species,  this  SMSI  effect  being  reported  more  important  over  anatase  TiO2 nanoparticles  dispersed
inside  the  mesostructure  than  over  large  crystals  encountered  in the  classical  P25  support.
. Introduction

Silica materials with hexagonal structured mesopore network,
s developed in SBA-15 materials, have been extensively studied
ince the first reports dealing with their synthesis using various
emplating agent [1,2]. Their high specific surface area, large pore
olume and adjustable pore size (in the range from a few nanometer
o more than 20 nm)  make them ideal supports for the preparation
f highly dispersed heterogeneous catalysts, while the controlled
ore structure is a great advantage for the identification of the tex-
ural parameter effect on the catalytic properties [3–6]. The SBA
ilica family has been intensively modified to generate active mate-
ials for heterogeneous catalysis. Thus, the introduction of different
toms such as Al, Ti and Zr into organized mesoporous siliceous
tructures was already studied [7,8]. Various synthesis routes such
s titania precursor impregnation/grafting [9–12], titanium atom
ncorporation by direct synthesis in the silica framework [13], or
ncorporation of preformed titania nanoparticles before silica con-
ensation [14] are reported as efficient routes to generate dispersed

itanium species. We  can also note that mesostructuration of bulk
itania was also studied, but leads to materials having very limited

∗ Corresponding author. Tel.: +33 0 5 49 45 39 94; fax: +33 0 5 49 45 37 41.
E-mail address: catherine.especel@univ-poitiers.fr (C. Especel).
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thermal stability, avoiding their use as catalytic support for high
temperature reactions.

Moreover, titania has attracted much attention during the past
30 years due to the strong metal-support interaction (SMSI) occur-
ring on the surface of TiO2 supported materials, and allowing tuning
of both catalytic activities and selectivities for various reactions
including selective hydrogenation and dehydrogenation [15–19].
Thanks to its reducible surface properties, titania was  often used
as model support [20–22],  and consequently SMSI effect over the
titania-noble metal systems was studied extensively [15,16,23–27].

The present study focuses on the preparation of Pt-based cata-
lysts supported on TiO2-modified mesostructured silica for liquid
phase hydrogenation of citral. Citral is a �,�-unsaturated aldehyde
(3,7-dimethyl-2,6-octadien-1-al) produced essentially from the oil
extracted from lemon. The valorization of this compound can occur
by the selective hydrogenation of the carbonyl function, leading to
unsaturated alcohol (geraniol/nerol) largely used by the perfume
industry (soaps, detergents. . .).  Monometallic catalysts containing
noble metal like Pt supported on conventional oxides, such as SiO2,
are active for the hydrogenation of the ethylenic C C double bond
but very few active for the hydrogenation of the C O carbonyl
function, given rise to poor selectivity in valuable molecules. In

order to improve the unsaturated alcohol selectivity, we recently
studied monometallic catalysts modified either by support effects
(SMSI effect induced by reducible support such as TiO2) or by
addition of a second metal (Sn, Ge) [28,29].  In this work, nanocom-

dx.doi.org/10.1016/j.cattod.2011.05.016
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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osites Pt/x%Ti-SBA samples (x ranging from 25 to 60 wt.%) were
ynthesized by post-grafting of titanium organic precursor over
reformed SBA-15 type silica support to achieve, after thermal
tabilization, titania nanodomains dispersed and accessible in the
ilica porosity. All composites were fully characterized using con-
entional techniques. Afterwards, the liquid phase hydrogenation
f citral was performed at 70 ◦C under hydrogen pressure (7 MPa)
n order to compare the catalytic performances of the Pt/x%Ti-SBA
amples with those of the Pt supported on bulk TiO2 P25 catalyst.

. Experimental

.1. Preparation of Pt-based mesoporous catalysts

All chemicals were used as received. Poly(ethylene glycol)-
-poly(propylene glycol)-b-poly(ethylene glycol) EO20PO70EO20
Pluronic P123), titanium (IV) isopropoxide (Ti(OiPr)4, 97%) and
ydrochloric acid (HCl, 37 wt.%) were purchased from Aldrich.
etraethyl orthosilicate (TEOS, ≥99%) was purchased from Fluka.
nhydrous ethanol (>99.9%) was purchased from Merck.

The SBA-15 mesoporous material, presenting a 8 nm pore diam-
ter, was prepared using classical synthesis conditions [30] and was
etailed in previous articles [11,12]. Hydrothermal treatment was
erformed at 140 ◦C in order to achieve large pore size and limited
icroporosity. In order to obtain larger pore size (∼20 nm), hex-

ne was used as swelling agent. The synthesis of the 20 nm pore
ize SBA-15 type silica is prepared under the following synthesis
omposition 1 TEOS: 0.0168 P123: 4.02 C6H14: 0.0295 NH4F: 4.42
Cl: 186 H2O (mole fraction). The solution was maintained at room

emperature for 24 h under stirring for aging. The milky solution is
hereafter transferred into a Teflon-lined autoclave, and heated at
40 ◦C for 48 h. Silica was recovered by filtration. Before use and
haracterization, the two supports (8 nm and 20 nm)  were calcined
nder air at 550 ◦C for 4 h (temperature increase rate = 1 ◦C min−1).

In all cases, the freshly calcined SBA-15 support (8 nm or 20 nm
ore size) and titanium isopropoxide (Ti(OiPr)4) as titanium source
ere used. Sample preparation consisted in the slow impregna-

ion of a dilute solution of Ti(OiPr)4 in dry ethanol (volume ratio

Ti(OiPr)4
/VEtOH = 0.05, impregnation at 20 ◦C). Titania loading was

djusted at 25 wt.%, 40 wt.% or 60 wt.% of TiO2 in the final material
fter calcination at 400 ◦C (temperature increase rate = 1 ◦C min−1).

1.5 wt.% of platinum was finally impregnated using a hex-
chloroplatinic acid solution (H2PtCl6). After impregnation,
he solids were calcined at 400 ◦C (temperature increase
ate = 10 ◦C min−1), then reduced under hydrogen flowing at 300 ◦C
or 4 h. A 1.5 wt.% Pt/TiO2 P25 reference catalyst (P25 titania from
egussa) was prepared for comparison and activated under the

ame conditions.

.2. Catalysts characterization

Elemental analysis (platinum, titanium and silicon) was per-
ormed using a sequential scanning inductively coupled plasma
ptical emission spectrometer (ICP-OES), Perkin. Samples were dis-
olved in HF solution under microwave heating before analysis.

Specific surface area, pore size distribution and pore volume
ere obtained from N2-sorption isotherms collected on a TRIS-

AR instrument from Micromeritics. Samples were degassed for
 night at 300 ◦C until residual pressure in the analysis cell was
elow 0.15 mbar. The specific surface area, SBET, was determined

rom the linear part of the BET plot. The mesopore size distribution
as determined by the non local density functional theory (NLDFT)
ethod and calculated using the Autosorb-1 1.52 software. The ker-

el selected was N2 on silica assuming cylindrical pore geometry
ay 173 (2011) 44– 52 45

and the equilibrium based on the desorption branch. Pore volume
is determined on the isotherms at P/P0 = 0.97.

Powder X-ray diffraction (XRD) patterns were collected on a
Bruker AXS D5005 X-ray diffractometer, using a CuK� radiation
(� = 1.54184 Å) as X-ray source. The signal was recorded for 2� com-
prised between 0.75◦ and 3◦ with a step of 0.01◦ (step time of 10 s)
and for 2� comprised between 10◦ and 75◦ with a step of 0.05◦

(step time of 2 s). Phase identification was made by comparison
with JCPDS database.

Transmission electron microscopy (TEM) was performed on a
JEOL 2100 UHR instrument (operated at 200 kV with a LaB6 source
and equipped with a Gatan Ultra scan camera). All the samples were
embedded in a polymeric resin (spurr) and cut into sections as small
as 50 nm with an ultramicrotome equipped with a diamond knife.
Cuts were then deposited on a Cu grid holey carbon film. Average
particle sizes were determined by measuring at least 100 particles
for each sample analyzed, from at least 5 different micrographs.

2.3. Citral hydrogenation

The liquid phase hydrogenation of citral was carried out in a
300 mL  stirred autoclave (Autoclave Engineers, fitted with a sys-
tem for liquid sampling) at 70 ◦C and at constant pressure of 7 MPa.
Pre-reduced catalysts (400 mg)  were immersed into 90 mL  of sol-
vent (isopropanol 99%) without exposure to air before introduction
into the autoclave. After a first flush with nitrogen and a second
with hydrogen, the temperature was raised to 70 ◦C under 3 MPa
of hydrogen. Then a mixture of substrate (3 mL  of citral) and of
solvent (10 mL)  was loaded into the autoclave through a cylinder
under a 7 MPa  hydrogen pressure. The introduction of the citral
solution corresponds to the beginning of the reaction, and stirring
was  switched on. Liquid samples were analyzed by gas chromatog-
raphy on a Thermofinnigan chromatograph equipped with a FID
detector and a capillary column DB-WAX (J&W, 30 m,  0.53 mm i.d.)
using nitrogen as carrier gas.

3. Results and discussion

3.1. Characterization of the catalysts

1.5 wt.% Pt/x%Ti-SBA samples were prepared using different
amounts of Ti-isopropoxide in order to obtain x wt.% TiO2 in the
final material (x = 25, 40 or 60). These samples will be denoted as
Pt/x%Ti-SBAynm, where y represents the initial pore size of sil-
ica SBA-15 prepared. All the catalysts are listed in Table 1 with
their name, elemental composition and main physical and struc-
tural characteristics. The 1.5 wt.% Pt/TiO2 P25 reference catalyst is
also prepared for comparison.

3.1.1. X-ray diffraction
Powder X-ray diffraction (XRD) was used to assess the structural

ordering of the parent silica SBA, and of the Ti-SBA and Pt/Ti-SBA
materials for both 8 and 20 nm pore sizes. For each catalyst pre-
pared on the SBA8 nm support, the small angle X-ray diffractograms
are well resolved and present the three characteristic peaks corre-
sponding to reflections on the (1 0 0), (1 1 0) and (2 0 0) planes of a
2D hexagonal structure for silica SBA-15 (Fig. 1A). The more intense
peak near 2� values of ca. 0.95◦ is assigned to the (1 0 0) reflection
due to the long-range ordering of the SBA hexagonal pore structure
[31]. Incorporation of Ti and Pt does not affect the structure of the
materials, since no noticeable modification of the small angle X-ray
diffraction patterns is observed, and all the reflection intensities

are still in agreement with those of the structure of pure SBA-
15. The presence of the peak 2� = 0.95◦ is obvious for each sample
and so implies that the ordered hexagonal pore structure is main-
tained throughout the grafting/impregnation–drying–calcination



46 T. Ekou et al. / Catalysis Today 173 (2011) 44– 52

Table  1
Physical properties of 1.5 wt.% Pt/x%Ti-SBA15 catalysts.

Pt/Support TiO2 (wt.%) Pt (wt.%) SBET (m2 g−1) Dp (nm) Vp (cm3 g−1) DTi
a

crystal (nm) DPt (nm) Phase

Pt/SBA8 nm 0 1.6 390 8.0 0.80 – 1.3 –
Pt/25%Ti-SBA8 nm 25 1.5 383 6.0 0.62 4.1 0.9–1.4 Anatase
Pt/40%Ti-SBA8 nm 40 1.5 346 5.1 0.48 4.6 0.9–1.4 Anatase
Pt/SBA20 nm 0 1.6 342 19.1 1.97 – 0.9–1.4 –
Pt/25%Ti-SBA20 nm 25 1.5 340 16.8 1.02 4.9 0.9–1.4 Anatase
Pt/40%Ti-SBA20 nm 40 1.7 339 12.6 1.06 5.3 0.9–1.4 Anatase
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Pt/60%Ti-SBA20 nm 60 1.6 279 8.0
Pt/TiO2 P25 100 1.4 49 8.0

a Evaluated using TEM or Scherrer equation from the X-ray line broadening (*).

nd reduction process. For the 20 nm pore size support (SBA20 nm),
he large increase in cell parameter and consequently the important
ecrease in 2� values of the pore structure reflection unfortunately
void the use of this technique to characterize the structure of this
upport.

Wide angle powder XRD measurements were performed to
nvestigate the presence of any crystalline species in the materials.
he diffraction patterns for all catalysts x%Ti-SBA8 nm and x%Ti-
BA20 nm composites (Figs. 1B and Fig. 2) were similar to this of the
nitial support, with a single broad peak centered at 23◦ characteris-
ic of amorphous silica. Notably, no peak characteristic of an anatase
tructure, associated with the formation of a crystallized TiO2 phase
an be detected at low titanium loading (25 wt.%), indicating that
he grafting of titanium does not lead to the formation of a tita-

ia phase organized on a large scale, and results in the formation
f small TiO2 particles as already observed in our previous works
11,12]. On the other hand, the presence of TiO2 anatase structure is
bserved on the XRD pattern since 40 wt.%. The growth of anatase
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ig. 1. Small angle (A) and wide angle (B) X-ray diffraction patterns obtained on
he  Ti-SBA8 nm supports and respective Pt/Ti-SBA8 nm catalysts. (*) Platinum phase
etected.
0.65 6.6 0.9–1.4 Anatase
– – 2.1 Anatase/rutile (75/25)

nanoparticles with the increase of the amount of Ti(OiPr)4 precur-
sor can be explained by the number of Ti species dispersed in the
support surface. Indeed, small amounts of Ti species will easily graft
on the silica surface, and the probability to aggregate remains low.
In contrast, higher Ti concentration in the deposition sol causes the
formation of larger TiO2 clusters, due to the limited silica sites for
grafting. Luan and Kevan [32] have also studied the impregnation
of titanium into mesoporous SBA-15 via incipient-wetness impreg-
nation. They observed that titanium is monoatomically dispersed
on SBA-15 silica wall surface at low content, while a TiO2 anatase
film forms if TiO2 loading is high. The calcination of a film at high
temperature (as in our case, 400 ◦C) can result in its cracking when
anatase crystallizes. The platinum deposition and reduction steps
also result in important modifications of the material structural
properties. Indeed, the anatase crystalline phase is easily detected
by XRD whatever the support (8 nm or 20 nm)  or the titania load-
ing (Figs. 1B and Fig. 2). The average crystal size of TiO2 particles
calculated using the Scherrer equation (or by statistical analysis on
TEM micrographs when anatase reflections are not enough defined)
are given in Table 1. The titania crystal size remains limited for all
Pt-based catalysts (between 4.1 and 6.6 nm), and remains below
the pore size of the silica support, which suggests a satisfying
dispersion of the nanoparticles in the porosity. Metallic platinum
reflections are however not detected, excepted when Pt is dispersed
on pure silica (Pt/SBA8 nm and Pt/SBA20 nm,  indicated by a “*” in
Figs. 1B and Fig. 2). Such a result is consistent with a high disper-
sion of the metallic phase in the Ti-containing materials, while Pt
is probably slightly less dispersed when supported on silica.

3.1.2. N2 sorption

The nitrogen sorption isotherms of x%Ti/SBA-15 materials and

the derived reduced Pt-based catalysts are presented in Fig. 3. The
average pore diameters Dp, determined applying the NLDFT the-
ory to the desorption branch of the isotherm, are summarized in
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ig. 3. N2 adsorption–desorption curves (A and C) and corresponding NLDFT pore si
nd  respective Pt-based catalysts.

able 1, and the corresponding pore size distributions plotted in
ig. 3. Pore volume and surface area values of the Pt catalysts are
lso given in Table 1. First, the impregnation of ∼1.5 wt.% platinum
oes not significantly influence the textural properties of the mate-
ials, probably due to its low content and the small Pt particle sizes
enerated. As observed in Table 1, all the Pt/Ti-SBA catalysts display
igh specific surface areas (279 ≤ SBET ≤ 390 m2 g−1) and mesopore
olumes (0.48 ≤ Vp ≤ 1.06 cm3 g−1) compared to the Pt/TiO2 P25
eference sample (SBET = 49 m2 g−1). During the synthesis of SBA
upport, the addition of hexane allows increasing the pore diameter
Dp) and mesopore volume, leading to large pore SBA-15 materi-
ls as expected [33]. This increase can be explained by an increase
n hydrophobic micelle volume by incorporation of the swelling
gent, resulting in larger pore size in the final material. Neverthe-
ess, the isotherms shape obtained for the two SBA-15 supports
8 nm and 20 nm), as obtained for the derived Pt-catalysts, is of
ype IV according to the IUPAC classification, which is consistent

ith the formation of organized mesoporous materials [34,35].

For each catalyst series (from SBA8 nm and SBA20 nm support),
he increase in TiO2 loading leads to progressive decrease of the
verage pore size, pore volume and surface area (Table 1). The shift
ribution (B and D) obtained over the Ti-SBA8 nm and Ti-SBA20 nm nanocomposites

of the pore size to lower pore diameters as TiO2 loading increases is
clearly observed in Fig. 3B and D. All materials however present the
same type IV isotherms, similar to that of SBA-15 silica (Fig. 3). How-
ever, hysteresis loops are slowly shifting from H1 (associated with
a narrow pore size and regular cylindrical mesopores) to hystere-
sis characteristic of pores having constriction [36]. These results
are consistent with previous observation, where it was observed
that TiO2 deposition occurs homogeneously and that a TiO2 film
is probably initially formed on part of the internal walls of the
mesoporous solid, held at the surface by Si–O–Ti bonds [12]. Nev-
ertheless, thermal treatment at 400 ◦C leads to the formation of
small titania clusters homogeneously dispersed in the SBA-15 tubu-
lar pores. Recently, Landau et al. [37,38] studied the insertion of
TiO2 and other oxides in SBA-15 for loadings in the 20–80 wt.%
range. Titania is also found as small nanocrystals of 4.5–5 nm,
slightly lower than the SBA-15 pore diameter, or as larger crys-
tals with around the same diameter of the used SBA-15 (8.5 nm).

The XRD results obtained in this work showed that the crystal size
obtained for the anatase phase is in all cases lower than the sup-
port pore size, which will lead a limited pore plugging in these
materials.
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Ti mean particle size = 4.1 nm

B 
Ti mean particle size = 4.6 nm
ig. 4. TEM images of Pt/SBA8 nm (A), Pt/25%Ti-SBA8 nm (B) and Pt/40%Ti-SBA8 nm
C) catalysts.

.1.3. Transmission electron microscopy
Homogeneity in the distribution of titanium and platinum, and

ts influence on the well-ordered hexagonal array of mesopores
ypical of SBA-15, was studied by high resolution transmission
lectron microscopy (HRTEM), to confirm the results obtained
y small and wide angle XRD and N2-sorption analysis. TEM
epresentative images of the Pt/SBA8 nm,  Pt/25%Ti-SBA8 nm and
t/40%Ti-SBA8 nm catalysts, after reduction at 300 ◦C, are pre-
ented in Fig. 4. As illustrated, pure Pt/SBA8 nm catalyst exhibits
 well-defined hexagonal pore structure (Fig. 4A), and the forma-
ion of small platinum clusters is clearly observed (dark spots in
ig. 4A). After TiO2 formation in the pores (Fig. 4B and C), the
eriodic structure of the SBA-15 framework was  always easily
Fig. 5. TiO2 particle size distributions for Pt/25%Ti-SBA8 nm (A) and Pt/40%Ti-
SBA8 nm (B) catalysts.

observed whatever the TiO2 content. Crystallized TiO2 nanopar-
ticles are clearly observed in the SBA pore channels. The Ti and
Pt average particle sizes obtained after analysis of characteristic
TEM images for all considered samples are summarized in Table 1.
The TiO2 nanoparticle size slightly increases with Ti loading. For
example, TiO2 size histograms presented Fig. 5 show that Ti par-
ticle size of the Pt/25%Ti-SBA8 nm catalyst is centered at 4.1 nm,
against 4.6 nm for the Pt/40%Ti-SBA8 nm one. The analysis of the
TEM micrographs also reveals well-dispersed Pt particles on the
support. For all the Pt/Ti-SBA catalysts, the Pt particle sizes are low,
with values always comprised between 0.9 and 1.4 nm (Table 1),
preventing Pt crystal detection by XRD. Then, the Pt particles seem
slightly more dispersed on the Ti-SBA nanocomposites than on TiO2
P25 and SBA-15 reference supports.

Finally, TEM images obtained for the Pt/25%Ti-SBA20 nm mate-
rial are presented in Fig. 6. Similar evolutions are observed in
materials prepared in this large pore support than in the SBA8 nm
support. We  can however note that the titania crystal sizes are
slightly larger in the SBA20 nm materials than in the SBA8 nm
materials (Table 1). Nevertheless, the particle size is largely lower
than the pore size of the support, suggesting limited pore plug-
ging. While the XRD did not allowed to conclude on the pore
structure (reflection located at too low 2� to be detected with

our instrument), the TEM images suggest a lower structuration
quality in these materials, even if the cylindrical pores are always
observed in the solids (Fig. 6), even after TiO2 and Pt0 particles
formation.
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Fig. 6. TEM images obtained for the Pt/25%Ti-SBA20 nm material.

.2. Citral hydrogenation

Scheme 1 presents the main reaction pathways that can
ccur during citral hydrogenation. The reduction of citral can
ead to a variety of products. A first step is the reduction of
ither the C O or the conjugated C C bond to produce geraniol
nd nerol (unsaturated alcohols UA), or citronellal, respectively.
onsecutive hydrogenation leads to citronellol and finally to 3,7-

imethyloctanol. Apart from these reactions, secondary processes
f cyclization or of reaction with the solvent (alcohol) can lead to
ther by-products like isopulegols or acetals, respectively. Prelim-
nary runs carried out at different stirring conditions, loadings and
ay 173 (2011) 44– 52 49

catalyst grain sizes have demonstrated the absence of external and
internal diffusional limitations.

3.2.1. Comparison of the hydrogenating properties of the Pt/TiO2
P25 and Pt/SBA catalysts

The temporal concentration profiles of the reactant and the
main products during citral hydrogenation on the 1.5 wt.% Pt/TiO2
P25 and 1.5 wt.% Pt/SBA8 nm catalysts are reported in Fig. 7. On
the two  samples, an important hydrogenation of citral occurs dur-
ing the first few minutes, with second a rapid deactivation after
this earlier period. This behavior is attributed to a decarbonyla-
tion reaction of the �,�-unsaturated aldehyde yielding irreversible
adsorbed CO that blocked Pt active sites. This phenomenon was
already reported by Lercher and co-workers [39,40] during the
hydrogenation of crotonaldehyde to crotylalcohol on Pt/SiO2. On
the Pt/TiO2 P25 sample (Fig. 7A), the main product of citral hydro-
genation obtained after 5 min  in reaction is citronellal, the formed
quantity being progressively transformed further to citronellol,
3,7-dimethyloctanol (listed in “other products”) and isopulegol.
Beyond 5 min  reaction time, citral converts mainly into unsaturated
alcohols. This result suggests that the decarbonylation process
poisons mainly the C C hydrogenation sites and modifies the
C C/C O adsorption competition. In the case of the Pt/SBA8 nm
catalyst (Fig. 7B), the temporal profiles are different with citronel-
lal mainly produced even when citral concentration decreases in
the reaction medium. Besides citronellal, the products observed
in lower quantities are: citronellol ≈ other products (mainly 3,7-
dimethyloctanol) � UA > isopulegol. The results clearly show that
on SBA-15, the C C/C O adsorption competition of the citral
molecules is mainly in favor of the C C bond, leading to a very
low UA formation.

3.2.2. Effect of Ti grafting on the hydrogenating properties of the
Pt/SBA catalysts

Both 1.5 wt.% Pt/x%Ti-SBA (8 and 20 nm)  catalyst series were
tested for citral hydrogenation under the same experimental con-
ditions (70 ◦C, 76 bar of hydrogen). Figs. 8 and 9 display the citral
conversions as a function of reaction times, and the UA selectiv-
ities as a function of citral conversions for each catalyst series.
The curves corresponding to the Pt/TiO2 P25 and Pt/SBA samples
are also given for comparison. Figs. 8A and 9A show a decrease
of the citral conversion as the Ti loading increases in the Pt/x%Ti-
SBA catalysts whatever the pore size of the support. Then, the Ti
grafting on SBA leads to Pt/Ti-SBA catalysts less active for citral
conversion than the Pt/TiO2 P25 and Pt/SBA samples in spite of
the presence of smaller Pt particles on the Ti-SBA nacomposites,
and consequently a higher active surface (Table 1). In addition,
the same deactivation phenomenon occurs in the first few min-
utes whatever the pore size of the support and its nature. All
these results point out that the pore diameter of the mesostruc-
tured SiO2 is not an influential parameter on the reactivity of the
impregnated Pt particles towards citral molecules at these sizes
(between 8 nm and 20 nm). Figs. 8B and 9B indicate that the UA
selectivity for Pt/SBA (8 and 20 nm)  catalysts remains very low
whatever the citral conversion (SUA < 6%). As discussed in the pre-
vious section, the use of TiO2 P25 support for Pt impregnation
allows improving the selectivity to unsaturated alcohols since SUA
can reach 17% at 80% of citral conversion. The TiO2 dispersion in
the SBA8 nm and SBA20 nm supports leads to an improvement of
the UA selectivity. The UA selectivity progressively increases with
the TiO2 content for each set reaching values close to 26–28% for
the Pt/40%Ti-SBA8 nm and Pt/60%Ti-SBA20 nm at 80% citral con-

version. These selectivities are largely higher than those obtained
for the Pt/TiO2 P25 sample. All these results can be explained by
the specific role of the reducible TiO2 species, which can generate a
strong metal-support interaction (SMSI effect) with platinum after
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[28,29,43]. First, this phenomenon allows explaining the higher UA

selectivity obtained on the TiO2 P25 supported catalyst compared
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dehydrogenation, a structure insensitive reaction, the crystal size
and crystalline form of titania are two  important parameters con-
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rolling the SMSI effect [41]: (i) for a given crystalline form (for
xample anatase), the lower the crystal size, the stronger the metal-
upport interaction; (ii) a lower reduction temperature (<300 ◦C)
s required for anatase titania derived materials to exhibit a SMSI
ffect compared to that necessary for rutile titania ones. The results
btained in the present study are in agreement with our previous
onclusions. Indeed, the grafting of Ti species in the silica poros-
ty is a preparation route allowing the formation of well dispersed
natase TiO2 nanoparticles [41], which also exhibits improved oxy-
en mobility [12]. In these conditions, the Pt particles anchored in

 well dispersed way on the surface of the Ti-SBA materials should
enerate Pt atoms–TiO(2−x) species interactions which cover a more
mportant fraction of the metallic active surface than in the case of
he TiO2 P25 support. Logically, lower citral conversions (related
o the higher Pt atoms covering) are obtained on the Pt/Ti-SBA
atalysts compared to Pt/TiO2 P25. The increase in TiO2 con-
ent in the composite contributes to emphasize this phenomenon
eading to a progressive decrease of the citral conversion, while

he UA selectivity progressively increases. Similar conclusions
ere proposed recently by Rojas et al. during citral hydro-

enation over Ir supported on mixed oxides TiO2/SiO2 catalysts
44].
A) as function of citral conversion (B) over the nanocomposites catalysts: Pt/TiO2

20 nm (–).

4. Conclusion

In this study, Pt catalysts prepared on TiO2 doped SBA-15 were
prepared and characterized. Two  mesoporous Pt/Ti-SBA catalyst
series were synthesized with 8 nm and 20 nm initial pore diame-
ter, at various titanium loadings. The pore size was increased from
8 to 20 nm by adding hexane as swelling agent before formation
of the silica pore structure. The XRD patterns and TEM analysis
of the obtained Pt/Ti-SBA materials revealed that the hexagonal
mesoporous structure was preserved even after the introduction
of Pt or/and TiO2 in the SBA porosity. Titania and platinum are all
in the form of nanoparticles homogeneously dispersed in the sil-
ica pore structure. Interesting performances for the selective citral
hydrogenation towards unsaturated aldehydes are obtained over
these original materials. Compared to a Pt catalyst supported on
bulk TiO2 P25 support, the Pt/Ti-SBA catalysts present lower cit-
ral conversions, but higher unsaturated alcohol selectivities which
increase with the titanium loading. The results can be explained

by an increased interaction between Pt and TiO(2−x) species (SMSI
effect) inside the Pt/Ti-SBA nanocomposites, due to the limited size
of the anatase titania clusters generated in the porosity. The higher
reactivity of these titania nanoparticles is suggested to result in
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