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a  b  s  t  r  a  c  t

Pt/y%Ti–Al2O3 (y corresponding  to the  atomic  percent  of  Ti in  alumina,  in  the  range  10–33%),  and
derived  bimetallic  Pt-Ge/10%Ti–Al2O3 nanocomposite  catalysts  were  synthesized,  characterized,  and
reduced  either  at 300 ◦C  and  500 ◦C  (this  latter  temperature  being  performed  in order  to  generate  strong
metal–support  interactions,  i.e.  a  SMSI  effect).  The  materials  were  characterized  in detail  with  techniques
including  elemental  analysis,  X-ray  diffraction  (XRD),  high-resolution  transmission  electron  microscopy
(HRTEM)  and  nitrogen  physisorption  to evaluate  their  structural  and  textural  properties.  Due  to  the  tem-
plating  approach  used,  well-defined  mesopore  structures  with  high  surface  areas  and  mesopore  volumes
are obtained  for all  materials.  The  SMSI  effect,  evaluated  using  a  structure  insensitive  model  reaction,  i.e.
latinum
itania
ermanium
itral hydrogenation
MSI effect

the  cyclohexane  dehydrogenation,  is observed  to be  more  pronounced  on  the  Pt/y%Ti–Al2O3 catalysts
with  y  =  20  and  33%  than  on a Pt/TiO2 P25  (Degussa  P25  titania)  sample,  showing  the  beneficial  effect  of
Ti fine  dispersion  through  incorporation  in alumina  matrix  on  the  generated  metal–support  interaction.
During  citral hydrogenation  reaction,  the  selectivity  toward  unsaturated  alcohols  (UA:  nerol  and  geran-
iol)  is  related  to  Ti  and/or  Ge  loadings  on  the  nanocomposite,  as well  as reduction  temperature.  Both  SMSI
effect  and  Ge  addition  promote  the  UA  selectivity  leading  to similar  values  than  on  Pt/TiO2 P25  sample.
. Introduction

According to the IUPAC (International Union of Pure and Applied
hemistry) definition, porous materials can be classified into
hree groups: (i) microporous materials, presenting pore diame-
ers lower than 2 nm,  (ii) mesoporous materials possessing pore
iameters ranged from 2 to 50 nm,  and (iii) macroporous materi-
ls having pore diameters larger than 50 nm [1].  The preparation
f ordered mesoporous materials has recently attracted much
ore people’s attention and many efforts were performed to

evelop surfactant-templated synthesis of mesostructured inor-
anic/surfactant composites, and especially for non siliceous oxides
hat can find easy use as support for heterogeneous catalysis [2–6].
he great interest for mesoporous materials is explained by their
pecial textural features: uniform channel, large surface area, nar-
ow pore size distribution, tunable pore size in a wide range of
esopore size, and so on. These systems lead to wide applications

n the fields of catalysis, separation, electromagnetics, photoelec-

ronics and as host for nanosynthesis [7–9]. Among the family of

esoporous materials, the synthesis of hexagonal silica as well
esoporous alumina has attracted considerable attention over the
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past few years [10,11]. In order to modify the catalytic activity of the
mesoporous materials, several other metal ions were incorporated
into the framework or grafted on the surface, such as Ti, V, Mn or Sn
[12–14]. The catalytic behavior is strongly influenced by the nature,
the local environment and the stability of the metal introduced.

Recently, we  evaluated the catalytic properties of Pt supported
on Ti-doped mesoporous silica nanocomposites, using the struc-
ture insensitive reaction of cyclohexane dehydrogenation [15]. This
study was performed in order to determine the effect of the support
morphological properties on the strong metal–support interaction
(SMSI effect occurring over a reducible oxide support as TiO2). We
evidenced that the titania crystal size is a determining parameter
allowing a control of the SMSI effect: the metal–support interaction
being stronger for the lower crystal size.

The present study focuses on the preparation of Pt/Ti–Al2O3
mesoporous catalysts by direct addition of titanium precursor
before alumina condensation, in order to incorporate the modify-
ing element into the Al2O3 structure. These systems were evaluated
for the liquid phase hydrogenation of an �,�-unsaturated alde-
hyde, in order to form selectively �,�-unsaturated alcohols which
constitute important intermediates for various industrial appli-

cations [16]. The selective hydrogenation of carbonyl groups of
�,�-unsaturated aldehydes is a challenging step since the hydro-
genation of C C bonds is thermodynamically favored over the C O
bond’s one [17]. In this research field, 3,7-dimethyl-2,6-octadienal

dx.doi.org/10.1016/j.molcata.2011.11.018
http://www.sciencedirect.com/science/journal/13811169
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Scheme 1. Reaction sch

i.e.  citral) is frequently used as a probe �,�-unsaturated alde-
yde, presenting conjugated C O and C C bonds and an isolated

 C bond. The reaction pathways of citral hydrogenation are com-
lex, leading to a variety of products such as citronellal, citronellol,
eraniol, nerol, menthol, and others through hydrogenation reac-
ions involving C C and C O bonds (Scheme 1). Nevertheless, the
ydrogenation of the carbonyl group is of great interest to form the
nsaturated alcohols (UA), i.e.  nerol and geraniol, the most valu-
ble products for the food, pharmaceutical, and cosmetic industries
18–20]. Apart from these main reactions, secondary processes of
yclization or of reaction with the solvent (alcohol) can lead to
ther by-products like isopulegols or acetals, respectively. We  pre-
iously studied the catalytic performances of Pt/TiO2 catalysts for
itral hydrogenation, and concluded that the UA selectivity, i.e.
he C O bond activation, can be promoted by (i) a reduction at
igh temperature to generate SMSI effect, and (ii) the modifica-
ion of Pt by Ge addition generating bimetallic interactions [21,22].
n the literature, only few studies reported the hydrogenation of
,�-unsaturated aldehydes over nanocomposite catalysts [23,24].
onsequently, in this paper, high surface area Ti–Al2O3 materials
ere used as potential mesoporous support to further impreg-
ate Pt metallic precursor, to replace classical alumina support.
he oxides were synthesized via a sol–gel based mesostructuration
rocedure to generate titania nanodomains in the Al2O3 porosity.
fter Pt impregnation and thermal activation, the as-synthesized
esoporous systems were evaluated in citral hydrogenation reac-

ion performed at 70 ◦C under hydrogen pressure (7 MPa), as well
or the gas phase cyclohexane dehydrogenation. Several techniques
ere used in combination to characterize mesoporous materials, in

rder to provide unambiguous structural information.
Our objectives consist in studying: (i) the feasibility of the
i–Al2O3 mesoporous synthesis, (ii) the potential of these modified
upports to generate improved SMSI effect, and (iii) the influence
f the Ge addition on the catalytic performances of Pt/Ti–Al2O3
ystems in order to maximize UA selectivity.
or citral hydrogenation.

2. Experimental

2.1. Catalyst preparation

All chemicals were used as received without further treatment.
The preparation of the y%Ti–Al2O3 mesoporous supports was per-
formed in order to substitute a given atomic percentage of Al3+

cations by Ti4+ cations. In this study, this percentage is noted
y% and corresponds to the ratio %atomTi/(%atomTi + %atomAl). The
y%Ti–Al2O3 oxides (y = 0, 10, 20 and 33%) were synthesized as fol-
lows: the alumina precursor (aluminum sec-butoxide, 97%, Alfa
Aesar) was  dissolved in 1-butanol (ButOH) at 65 ◦C and stirred
until complete dissolution. The same procedure was  carried out in
parallel with the cationic surfactant ((1-hexadecyl) trimethylam-
monium bromide, CTABr, 98%, Alfa Aesar). The two solutions were
then mixed and kept at 65 ◦C under stirring. Thereafter, the tita-
nia precursor (titanium isopropoxide) previously dissolved in a hot
solution of 1-butanol under vigorous stirring is added slowly. After
10 min  of vigorous stirring, a limited amount of water was added
in order to start the hydrolysis of the alumina precursor. The molar
composition of the mixture was 0.5CTABr:1Al3+:10ButOH:2H2O.
Stirring was maintained for 4 h at 65 ◦C until homogeneous gel was
obtained. Thereafter, the gel was autoclaved at 100 ◦C for 24 h under
autogenous pressure and static condition. The product was washed
several times with 1-butanol, before to be dried at room temper-
ature during 24 h, and then at 80 ◦C during 24 h. Finally, the solid
was  calcined at 600 ◦C with a heating rate of 3 ◦C min−1, and kept
at this temperature for 4 h before use as support.

Monometallic 1.0 wt.% Pt/y%Ti–Al2O3 catalysts were synthe-
sized by an ion exchange method using H2PtCl6 as platinum
source [25–27].  After impregnation, the catalysts were dried

at 110 ◦C overnight, and then calcined for 4 h in flowing air
at 400 ◦C. Finally, solids were reduced at 300 ◦C or 500 ◦C
under pure hydrogen for 4 h. Pt-Ge/10%Ti–Al2O3 nanocompos-
ite catalysts were prepared by addition of Ge modifier on the
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Table  1
Physical properties of the 1.0 wt.% Pt/y%Ti–Al2O3 catalysts after reduction at 300 ◦C (r300) or 500 ◦C (r500).

Sample Tia/wt.% Pta/wt.% Cla/wt.% SBET/m2 g−1 Dp/nm Vp/cm3 g−1 DPt
b/nm

Al2O3 – – – 302 7.1 0.72 –
Pt/Al2O3 r300 0 1.0 1.2 289 6.8 0.67 0.85 ± 0.15
Pt/10%Ti–Al2O3 r300 7 1.0 1.0 321 6.0 0.40 0.85 ± 0.15
Pt/20%Ti–Al2O3 r300 13 1.0 0.8 265 4.2 0.32 0.85 ± 0.15
Pt/33%Ti–Al2O3 r300 21 0.9 0.9 258 4.1 0.30 0.85 ± 0.15
Pt/Al2O3 r500 0 0.9 0.8 282 6.8 0.65 0.90 ± 0.20
Pt/10%Ti–Al2O3 r500 7 1.0 0.5 284 6.1 0.40 0.90 ± 0.20
Pt/20%Ti–Al2O3 r500 13 1.0 0.5 215 4.2 0.25 0.90 ± 0.20
Pt/33%Ti–Al2O3 r500 21 0.9 0.4 215 4.2 0.26 0.90 ± 0.20
Pt/TiO2 P25 r300 60 1.0 0.5 49 8.0 – 1.90 ± 0.20
Pt/TiO P25 r500 60 1.0 <0.2 49 8.0 – 2.00 ± 0.20
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a Evaluated using ICP.
b Evaluated using TEM.

onometallic 1.0 wt.% Pt/10%Ti–Al2O3 parent catalyst reduced
t 300 ◦C. The addition was performed by surface redox reac-
ion between dissociatively adsorbed hydrogen on accessible
latinum and the germanium salt (GeCl4) dissolved in water (“cat-
lytic reduction” method described precisely in previous studies
25,28]). Finally, the bimetallic nanocomposites were reduced for

 h (2 ◦C min−1 heating rate) at 300 ◦C.

.2. Catalysts characterization

Specific surface area, pore size distribution and pore volume
ere obtained from N2-adsoption desorption isotherms collected

n a TRISTAR instrument from Micromeritics. Samples were
egassed for 1 night at 300 ◦C under 0.15 mbar before experiments
o ensure a clean and dry material. The specific surface area, SBET,
as determined from the linear part of the BET plot. The mesopore

ize distribution was determined by the non local density func-
ional theory (NLDFT) method and calculated using the Autosorb-1
.52 software. The kernel selected was N2 on silica assuming
ylindrical pore geometry and the equilibrium based on the des-
rption branch. Pore volume is determined on the isotherms at
/P0 = 0.97.

Powder X-ray diffraction (XRD) patterns were collected on a
ruker AXS D5005 X-ray diffractometer, using a CuK� radiation
� = 1.54184 Å) as X-ray source. The signal was recorded for 2�
omprised between 10◦ and 80◦ with a step of 0.05◦ (step time
f 2 s). Phase identification was made by comparison with JCPDS
atabase.

Transmission electron microscopy (TEM) studies were per-
ormed on a JEOL 2100 UHR instrument (operated at 200 kV with

 LaB6 source and equipped with a Gatan Ultra scan camera). All
he samples were embedded in a polymeric resin (spurr) and cut
nto a section as small as 50 nm using an ultramicrotome equipped

ith a diamond knife. Cuts were then deposited on a Cu grid holey
arbon film. Average metal particle sizes (given in Table 1) were
etermined by measuring at least 100 particles for each analyzed
ample, from at least 5 different micrographs.

.3. Cyclohexane dehydrogenation

The probe reaction of cyclohexane dehydrogenation was car-
ied out under atmospheric pressure in a continuous flow reactor
t 270 ◦C according to experimental protocol described elsewhere
21]. The catalyst (20 mg)  was first activated under H2 flow
60 mL  min−1) at the desired temperature for 1 h (300 ◦C or 500 ◦C)
nd then cooled to the reaction temperature (270 ◦C). Analysis

f the reaction products was performed by gas chromatography
quipped with a flame ionization detector (Varian 3400×) and a
P-PLOT Al2O3 “KCl” column for separation. Benzene was the only
etected product.
2.4. 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,
following the same experimental conditions applied in previous
studies [22,25,28].  Before each catalytic experiment, the catalyst
(400 mg)  was  reduced at the desired temperature for 1 h (300 ◦C
or 500 ◦C), then immersed into 90 mL  of solvent (isopropanol 99%)
without exposure to air before the transfer toward the autoclave.
Liquid samples were analyzed by gas chromatography on a Ther-
mofinnigan gas 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

1.0 wt.% Pt/y%Ti–Al2O3 nanocomposite samples were prepared
with various Ti atomic concentrations (y = 10, 20, and 33%). After
synthesis of the support and platinum deposition, the materials
were reduced either at low (300 ◦C) or high (500 ◦C) reduction tem-
perature. All the as-synthesized monometallic catalysts are listed
in Table 1 with their main physical properties. A 1.0 wt.% Pt/TiO2
P25 (Degussa P25 titania) catalyst, prepared and activated in the
same way, i.e.  by impregnation of the same precursor salt (H2PtCl6)
and finally reduced at 300 ◦C or 500 ◦C, is also given in Table 1 in
order to compare the properties of the Pt/y%Ti–Al2O3 systems with
a reference sample supported on bulk titania.

Fig. 1 shows the wide-angle XRD (10◦ < 2� < 80◦) patterns. The
alumina sample calcined at 600 ◦C presents the reflections char-
acteristic of the �-Al2O3 phase as often reported in the literature
for alumina materials calcined at similar temperatures. The further
impregnation of platinum, followed by calcination and reduction
(at 300 ◦C or 500 ◦C), does not result in any structural modifica-
tion of the alumina support. Indeed, the �-Al2O3 phase is always
observed, while no supplementary reflection attributable to either
Pt0 or PtO can be observed. This suggests a satisfying dispersion of
the metallic phase.

The insertion of the Ti atoms in the alumina structure leads to
a progressive decrease in �-Al2O3 reflection intensity. Neverthe-
less, no crystallized titania phase (anatase, brookite or rutile) can
be detected by X-ray diffraction, even at 33 at.% of Ti. This result
suggests a satisfying incorporation of the titanium atoms in the
alumina structure, accompanied with a progressive loss of the crys-

talline character of the alumina which will remain amorphous even
after calcination at 600 ◦C.

Nitrogen adsorption–desorption isotherms of the mesostruc-
tured Ti–Al2O3 and derived noble metal catalysts are presented in
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Fig. 1. X-ray diffraction patterns obtained on the y%Ti–Al2O3 supports and respec-
tive 1.0 wt.% Pt/y%Ti–Al O (y = 0 and 33) catalysts reduced at 300 ◦C and 500 ◦C.
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persion. In addition to the noble metal particles, some crystallized
2 3

ertical bars: TiO2 anatase phase (JCPDS file no.: 089-4920).

ig. 2A. All the samples exhibit type IV isotherm [29]. Sharp adsorp-
ion and desorption steps followed by a plateau at high P/P0, which
s characteristic of capillary condensation and evaporation in the

esopores, are clearly observed [30]. While a hysteresis loop close
o H1-type according to the IUPAC classification [29] is observed
or the alumina materials, the hysteresis loop is changing with the
itanium incorporation. Then, evolution from H1-type to H2-type is
bserved (Fig. 2A). Nevertheless, materials always present porosity
n the mesopore range. The absence of any sharp rise in the nitrogen
ptake as P/P0 close to 1 also tends to conclude on a homogeneous
ore size repartition, without large mesopore or macropore in the
upport [31,32].

The textural properties of the Pt-based catalysts are gathered
n Table 1, since the impregnation–calcination–reduction cycle of
.0 wt.% of Pt does not induce any important modification of the
hysical properties (either pore size, pore volume or surface area).
he limited modifications (in all case <4%) are easily attributed to
he low noble metal content and the small generated Pt particle
izes. While the insertion of 10% of Ti in the alumina support leads to
light increase in surface area (∼10%), compared to this obtained for
he alumina (Table 1), a further increase of the Ti content in the solid
eads to a progressive decrease of the BET surface area (SBET). Never-
heless, the surface areas remain in all cases higher than 250 m2 g−1.
n addition, pore size (Dp) and pore volume (Vp) (Table 1) are
bserved to decrease with the increase in Ti content. While the
t/Al2O3 material presents a surface area of 289 m2 g−1 after reduc-
ion at 300 ◦C, Pt/33%Ti–Al2O3 material presents a surface area
f 258 m2 g−1. The decrease of the pore volume is more marked,
ith a decrease of 55% of the value between these two materials.
evertheless, this evolution (limited surface area decrease, more

mportant decrease in pore volume) is consistent since pore diam-
ter is decreasing from 6.8 nm to 4.1 nm (Table 1, Fig. 2B). The
urface areas of the titania-containing materials are decreasing of
bout 16% by increasing the reduction temperature from 300 ◦C to
00 ◦C, whereas the decrease is rather limited for the Pt/Al2O3 cata-

ysts (Table 1). Nevertheless, compared to the classical Pt/TiO2 P25

eference system, all the Pt/Ti–Al2O3 catalysts still display high spe-
ific surface area (215 ≤ SBET ≤ 321 m2 g−1) and mesopore volume
0.25 ≤ Vp ≤ 0.67 cm3 g−1).
Fig. 2. N2 adsorption–desorption curves (A) and corresponding NLDFT pore size dis-
tribution (B) obtained over the y%Ti–Al2O3 nanocomposites and respective 1.0 wt.%
Pt/y%Ti–Al2O3 (y = 0 and 33) based catalysts reduced at 300 ◦C and 500 ◦C.

TEM analysis was  performed in order to study the homogeneity
in the distribution of titanium and platinum in the Pt/y%Ti–Al2O3
mesoporous materials. Representative TEM images of the Pt/Al2O3
and Pt/33%Ti–Al2O3 catalysts after reduction at 300 ◦C and 500 ◦C
are presented in Fig. 3, while TEM images for the reference Pt/TiO2
P25 catalyst can be found elsewhere [33]. TEM images show that the
materials present an aggregate-like morphology. Thus the porosity
is generated by the arrangement of the elementary particles inside
these aggregates. This porosity intra-aggregate is observed what-
ever the titanium content and activation conditions (Fig. 3A and
C). Indeed, the pore structure is still present on the Pt/33%Ti–Al2O3
whatever the reduction temperature (Fig. 3E and F). The platinum
particles are clearly observed (Fig. 3B–F), and particle sizes obtained
after analysis of characteristic TEM images for all considered sam-
ples are summarized in Table 1. It seems from TEM analysis that
the titanium content does not affect the platinum dispersion, since
measured sizes are always ranged between 0.7 nm and 1.1 nm
(Table 1). These sizes are two  times lower than those measured
over the Pt/TiO2 P25 reference material, showing the beneficial
effect of the support physical properties on the noble metal dis-
particles are detected in the titania-containing materials. These
particles are rarely observed, and only in materials having high Ti
content (33%, and in a lower extent 20%). EDXS analysis focused
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ig. 3. TEM images of 1.0 wt.% Pt/Al2O3 catalysts reduced at 300 ◦C (A and B) and 50

n these crystallized particles shows that these particles mainly
ontain titanium atoms, leading us to suppose the formation of
ome external anatase particles in these materials. Nevertheless,
hese particles are rarely observed, suggesting a limited formation
f external phase, as confirmed by the lack in TiO2 reflections on the
RD patterns whatever the titanium content and activation condi-

ions. This result suggests that the solubility of titanium inside the
lumina network is limited, and that the formation of external tita-
ia phase could not be completely excluded at high Ti content in
%Ti–Al2O3.
To conclude, highly dispersed Pt particles form on the
%Ti–Al2O3 materials, which can be attributed to the high reac-
ivity of alumina surface toward metallic precursor species, i.e.  to a
ood interaction between alumina and metal [34–36].
C and D), 1.0 wt.% Pt/33%Ti–Al2O3 catalysts reduced at 300 ◦C (E) and 500 ◦C (F).

3.2. Cyclohexane dehydrogenation

The activity of the Pt/y%Ti–Al2O3 materials was evaluated for
the cyclohexane dehydrogenation, a structure insensitive probe
reaction involving only the metallic phase [37–39].  The interaction
between a catalytically inert atom (as titanium) and an active metal
(as platinum) is suggested to greatly affect the apparent activity of
the corresponding catalysts. The measured activity directly linked
to the number of Pt surface active sites will allow consequently
estimating the evolutions of the Pt accessibility, i.e.  the interaction

between titania and the active phase according the reduction tem-
perature. The measured catalytic properties are given as function of
titanium loading and reduction temperature in Table 2, in terms of
specific activities (mol h−1 gPt

−1). First, the data reported in Table 2
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Table  2
Specific activity of the monometallic 1.0 wt.% Pt/y%Ti–Al2O3 catalysts for cyclohex-
ane  dehydrogenation at 270 ◦C.

Sample Pt/ Treduction/◦C As
a/mol h−1 gPt

−1 Rb

Al2O3 300 10.4 0.9
500 11.9

10%Ti–Al2O3 300 13.3 1.2
500 11.3

20%Ti–Al2O3 300 16.4 4.0
500 4.1

33%Ti–Al2O3 300 12.6 3.9
500 3.2

TiO2 P25 300 17.2 1.5
500 11.3
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a As value estimated with an error of 10%.
b R = As300 (after reduction at 300 ◦C)/As500 (after reduction at 500 ◦C).

ndicate that the specific activities of the Pt/Al2O3 catalyst reduced
ither at 300 ◦C or 500 ◦C are quite comparable (an experimental
rror of 10% having to be considered for the cyclohexane conver-
ion rate and then for the specific activity values given in Table 2).
his observation is in accordance with the similar Pt particle size
bserved previously from TEM analysis for the two monometallic
t/Al2O3 catalysts whatever the reduction temperature.

After reduction at 300 ◦C, the specific activities obtained
or the various catalysts can be classified as follows: Pt/TiO2
25 > Pt/y%Ti–Al2O3 > Pt/Al2O3. This evolution between these sys-
ems is not consistent with this of the Pt particle size since the
t/TiO2 P25 catalyst presents larger noble metal particles than
ther samples (1.9 nm compared to 0.85 nm,  Table 1). The ori-
in of these differences can be linked to the various acidities of
he oxide supports, which can result partly from variations in
he chlorine contents. Indeed, according to Table 1, for the cata-
ysts reduced at 300 ◦C, the chlorine content evolves as following:
t/TiO2 P25 < Pt/y%Ti–Al2O3 < Pt/Al2O3, i.e.  samples prepared on
ure and modified alumina are more acidic than that synthesized
n pure titania. In previous studies [40,41], a poisoning effect of
hlorine has been observed during cyclohexane dehydrogenation,
ue to an alteration of the benzene desorption (benzene being the
nly product of the reaction). This behavior was explained by the
nductive effect of the chlorine species involving modifications of
he electronic properties of the metallic particles, and then result-
ng in a lower catalytic activity.

On the other hand, it can be seen from Table 2 that lower spe-
ific activities are obtained for all the Pt/y%Ti–Al2O3 catalysts after
eduction at 500 ◦C compared to their counterparts reduced at
00 ◦C, despite similar Pt particle sizes for all these samples. Even
y considering experimental error of 10% on the specific activities,
his phenomenon is particularly observed for the two  highest Ti
ontents (y = 20 and 33%), since the specific activities of these sam-
les after reduction at 500 ◦C are around 4 times lower than those
fter reduction at 300 ◦C (see the R ratio in Table 2, defined as the
atio of the specific activities of a sample after reduction at 300 ◦C
nd 500 ◦C respectively). Such a decrease in activity is consistent
ith a strong metal–support interaction (SMSI effect) developed

n the Pt/y%Ti–Al2O3 catalysts after reduction at high temperature.
ndeed, the formation of TiO(2 − x) species (x < 2) with the increase of
he reduction temperature induces a coverage of a part of the metal-
ic active surface, leading in-fine to a decrease in specific activity.
he SMSI effect seems to be more important on the Pt/y%Ti–Al2O3
atalysts (with y = 20 and 33%) than on the 1.0 wt.% Pt sample sup-

orted on bulk TiO2 P25, for which the specific activity decreases
nly by a 1.5 factor when the reduction temperature increases from
00 ◦C to 500 ◦C (R = 1.5, Table 2). This behavior is the same as one
bserved for previously studied Pt/TiO2–SiO2 materials, where the
Fig. 4. Hydrogenation of citral on 1.0 wt.% Pt/Al2O3 catalyst reduced at 300 ◦C as
function of time: citral (*); citronellal (�); citronellol (�); unsaturated alcohol (�);
3,7-dimethyl octanol (�); isopulegol (×); others products (©).

obtained results allowed concluding on a beneficial effect of the
titania dispersion on the generated metal–support interaction [15].

3.3. Citral hydrogenation

The catalytic behavior of the Pt/Al2O3 sample for the liquid-
phase hydrogenation of citral (70 ◦C, PH2 = 7 MPa) was  evaluated
after in situ reduction of the catalyst (at 300 ◦C or 500 ◦C) before
test. The results obtained for the two reduction temperatures are
quite similar, leading to temporal concentration profiles of the cit-
ral and main products as presented in Fig. 4 in the case of 300 ◦C as
reduction temperature.

The reaction products are: citronellal, citronellol, geraniol and
nerol (�,�-unsaturated alcohols, noted UA), 3,7-dimethyl octanol,
isopulegol (obtained by citronellal cyclization) and a group of
“others products” issue from side reactions, gathering acetals
and menthol together. The high proportion of “others prod-
ucts” + isopulegol is explained by the fact that the Pt/Al2O3 catalyst
possesses surface acid sites necessary for the formation of these
by-products via acid catalyzed processes. Notably, previous stud-
ies reported in the literature have mentioned that the presence of
remaining chlorine species on the catalyst can contribute to induce
surface acidity [42]. In the present work, it must be recall that the
preparation of the Pt/Al2O3 catalyst is performed from a chloride
precursor (H2PtCl6), leading to a non negligible chlorine content
(Table 1).

On the Pt/TiO2 P25 catalyst prepared from the same precur-
sor salt, the formation of isopulegol and “others products” is also
observed (the temporal concentration profiles for this sample being
published previously [33]).

The hydrogenation of citral on the Pt/Al2O3 catalyst takes place
rapidly during the first 5 min, a conversion of 74% being reached at
that point (Fig. 4). However an apparent decrease in the rate of cit-
ral consumption is observed at longer reaction times, which must
be partly due to a catalyst deactivation. However, under the exper-
imental conditions (i.e. reaction performed in a batch reactor), it is
quite logical that the rate drops with reaction progress since the
citral concentration decreases continuously in the autoclave. On
the other hand, the formation of various reaction products leads

to an adsorption competition between reactant and products that
may  limit the citral conversion with time. Nevertheless, a similar
evolution of the temporal reactant curve was observed previously
for citral hydrogenation over various SiO2-supported noble metals
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43–45],  as well as by Rodriguez and Bueno during crotonalde-
yde hydrogenation in gas phase over Co/SiO2 catalysts [46]. The
enerally proposed explanation of this behavior, based on several
inetic and spectroscopic studies, is a decomposition of the citral or
nsaturated alcohols yielding to irreversible chemisorbed CO and
arbonaceous species that accumulate on the catalyst surface and
lock a fraction of the active sites [43,47,48].

Finally, the formation of the intended products (unsaturated
lcohols, i.e.  nerol and geraniol) is very low whatever the reduction
emperature, indicating that the C C/C O adsorption competition
f the citral molecules is mainly in favor of the C C bond over
lumina supported platinum catalysts.

Fig. 5 displays the citral conversion after 60 min  reaction time
nd the UA selectivity at citral isoconversion (40%) for each Ti-
ontaining catalyst, compared with the Pt samples supported on
ure alumina (y = 0%) and pure titania (y = 100%) respectively. Fig. 5
hows a decrease in citral conversion over the Pt/y%Ti–Al2O3
atalysts, whatever the titanium content and reduction tempera-
ure. For the catalyst series reduced at 300 ◦C, this behavior was
ot observed previously during the probe reaction of cyclohex-
ne dehydrogenation, showing the difficulty to compare catalytic
ehaviors in different reaction media (gas phase and liquid phase).
ig. 5 indicates that the conversion decrease is twice higher for the
i-containing catalysts after reduction at 500 ◦C. This phenomenon
annot result from a variation of the Pt particle sizes, since the TEM
tudy suggests comparable particle sizes for the Pt/y%Ti–Al2O3 cat-
lysts reduced at 300 ◦C and 500 ◦C (Table 1). This evolution can
hen be related to the SMSI effect, with the reduction of titania
pecies (TiO(2 − x) (x < 2) species) which can cover a part of the Pt
urface after reduction at 500 ◦C. A conversion decrease is also
bserved for the Pt/TiO2 P25 sample after reduction at 500 ◦C. Nev-
rtheless, this decrease in activity is largely lower, suggesting a
ower SMSI effect over Pt/TiO2 P25 compared to the Pt/y%Ti–Al2O3
ystems. Then, the Pt/TiO2 P25 catalyst reduced at 500 ◦C remains
uite active with 70% citral conversion after 60 min  reaction time.

All the Pt/y%Ti–Al2O3 catalysts (y = 0 to 100%) reduced at 300 ◦C
resent very low unsaturated alcohols selectivities, comprised
etween 5 and 12% at 40% citral conversion (Fig. 5). An increase

n UA selectivity is observed after reduction at 500 ◦C, with a more
r less extend according to the titanium content. Indeed, for y equal
o 10%, the UA selectivity growths only from 6 to 10%, but for 20
nd 33% Ti contents, selectivity values of 35 and 50% are obtained,

espectively. Then, an appropriated Ti content introduced in alu-
ina oxide allows promoting the selective hydrogenation of the
O bond of citral compared to Pt sample deposited on pure alu-

ina. The UA selectivities obtained on these Pt/y%Ti–Al2O3 systems
unsaturated alcohols at 40% citral conversion (grey) on the 1.0 wt.% Pt–x wt.%
Ge/10%Ti–Al2O3 bimetallic catalysts reduced at 300 ◦C. Conversion and selectivity
values are estimated with an error of 10%.

can be comparable or even superior to that of the Pt/TiO2 P25 ref-
erence sample (SUA = 45% after reduction at 500 ◦C). The beneficial
effect of the reduction at high temperature observed on the UA
selectivity is then related to the existence of a SMSI effect, knowing
that the formed TiO(2 − x) (x < 2) species can participate to the acti-
vation of the C O bond [22]. Such metal–support interaction can
then be maximized through the titanium content in the support.

The Pt/10%Ti–Al2O3 mesoporous catalyst reduced at 300 ◦C was
modified by addition of various amounts of germanium using a
surface redox reaction (catalytic reduction method), this way of
preparation being known to favor the metal–metal interaction in
the bimetallic systems [21,25,28].  After preparation, the bimetallic
Pt–x wt.% Ge/10%Ti–Al2O3 (x = 1, 2, and 2.5 wt.% deposited Ge) cata-
lysts were reduced in situ at 300 ◦C before their transfer to the citral
hydrogenation autoclave. Fig. 6 displays the citral conversion after
60 min  reaction time and the selectivity to unsaturated alcohols at
isoconversion (40%) obtained on the Pt-Ge/10%Ti–Al2O3 systems
compared to the Pt/10%Ti–Al2O3 parent one. After Ge addition,
the citral conversion decreases. The citral conversion is progres-
sively decreasing with the Ge content increase, and a conversion
value equal to only 10% is obtained after 60 min reaction time for
2.5 wt.% Ge deposited. This conversion drop after introduction of
the Ge modifier was also observed on classical Pt-Ge/TiO2 cata-
lysts prepared by catalytic reduction and tested previously for citral
hydrogenation [22]. This phenomenon is consistent with a poison-
ing of a part of the Pt active surface by Ge species inactive for
hydrogen activation.

In addition to the catalytic activity decrease, the Ge addition
to Pt/10%Ti-Al2O3 catalyst reduced at 300 ◦C allows improving the
selectivity of the reaction toward unsaturated alcohols (nerol and
geraniol) (Fig. 6). Indeed, the UA selectivity increases to a maxi-
mum  value of approximately 50% for 2 wt.% Ge, before to decrease
to 35% for the highest Ge content due to the formation of secondary
products (isopulegol and acetals) in higher quantities. Then, the
addition of Ge onto Pt allows shifting the reaction selectivity toward
the formation of indented �,�-unsaturated alcohols, as previously
the reduction at 500 ◦C after the Pt/y%Ti–Al2O3 preparation. Pre-
viously, the existence of the SMSI effect was proposed to explain
the increase of the UA selectivity on the Pt/y%Ti–Al2O3 catalysts
reduced at 500 ◦C, with the formation of TiO(2 − x) (x < 2) species that
activate the C O bond of citral. In the same way, on the bimetallic

Pt-Ge/TiO2 catalysts, the presence of oxidized Ge species onto the
platinum or in its close vicinity promotes the activation of the car-
bonyl function by fixing selectively the oxygen atoms of the C O
group. Indeed, in previous studies describing the characterization
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f alumina or titania supported Rh-Ge and Pt-Ge bimetallic sam-
les prepared also by the catalytic reduction method [21,22,28],
emperature programmed reduction experiments clearly showed
he presence of H2 consumption peaks attributed to the reduction
f Ge species (in contact with Rh or Pt, or isolated on the support)
ut that consumption never corresponded to the entire reduction
f Ge entities until a metallic state.

Finally, the addition of 2 wt.% Ge on the Pt/10%Ti–Al2O3 catalyst
educed at 300 ◦C allows obtaining a system as selective toward UA
ormation as the previous Pt/33%Ti–Al2O3 sample after reduction
t 500 ◦C, with besides comparable citral conversions after 60 min
eaction time (22–25%). Consequently, in order to achieve higher
A selectivities, Pt/Al2O3 catalysts can be modified either by Ti

ncorporation or by Ge addition provided that to use an appropriate
odifier’s content and reduction temperature.

. Conclusion

1.0 wt.% Pt/y%Ti–Al2O3 (with y = 10, 20 and 33%atom) materials
ere studied with the following objectives: (i) to investigate the

MSI effect generated by reduction at high temperature (500 ◦C) on
hese original materials, and (ii) to determine the influence of the Ge
ddition on the catalytic performances of these Pt-based systems.
he characterization techniques showed that the as-synthesized
aterials present a mesopore structure with high BET surface area

nd mesopore volume. The SMSI effect evaluated using a structure
nsensitive model reaction, i.e.  the cyclohexane dehydrogenation,

as observed to be more important on the Pt/y%Ti–Al2O3 catalysts
with y = 20 and 33%) than on a classical Pt sample supported on
ulk TiO2 P25.

For citral hydrogenation, performed at 70 ◦C under hydrogen
ressure (7 MPa), the SMSI effect generated by the increase of
eduction temperature leads to an increase of the selectivity toward
nsaturated alcohols (UA: nerol and geraniol) compared to a Pt cat-
lyst supported on pure alumina, reaching similar values than over
t/TiO2 P25 sample. Nevertheless, the citral conversions obtained
n the Pt/y%Ti–Al2O3 materials remain lower than the one obtained
n Pt/TiO2 P25 catalyst, for a same reduction temperature. Ge addi-
ion, introduced by catalytic reduction onto the Pt/10%Ti–Al2O3
atalyst, also leads to an increase of the UA selectivity during the
itral hydrogenation.

Then, the as-prepared Pt/y%Ti–Al2O3 catalysts are able to gen-
rate reactive TiO(2 − x) (x < 2) species after reduction at high tem-
erature (500 ◦C), leading to a SMSI effect comparable or superior
o that on Pt supported on bulk titania. Moreover, these materials
an be modified by Ge addition, the generated partially oxidized Ge
pecies participating also to the activation of the C O bond. To con-
lude, this work allows confirming results obtained previously in
he literature on various catalytic systems [12–14,22,49,50], i.e.  that
wo main routes are efficient to modify properties of noble metal
ctive sites to maximize selectivities toward unsaturated alcohols:
i) support doping and adjustments of the activation conditions and
ii) preparation of bimetallic catalysts.
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