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Titanium-doped ruthenium catalysts were prepared, characterized, and studied in the vapor-phase
selective hydrogenation of crotonaldehyde. The catalysts were prepared by co-impregnation and by the
chemical vapor deposition (CVD) method. XPS results indicate that titanium was well dispersed on the
support for the catalyst prepared by CVD. Ruthenium dispersion was diminished by titanium addition,
and a strong interaction of ruthenium with titanium was deduced from CO adsorption microcalorimetry.
Results obtained in the vapor-phase hydrogenation of crotonaldehyde showed that the monometallic Ru
catalyst had no selectivity toward crotyl alcohol, whereas the RuTi catalyst prepared by the CVD method
gave the highest selectivity.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Interest is growing in the use of heterogeneous catalysts for the
synthesis of fine chemicals. One challenging task in this field is
the selective hydrogenation of molecules with several functional
groups. The production of allylic alcohols by the preferential hy-
drogenation of the C=O group in α,β-unsaturated aldehydes is
very important, because these alcohols are valuable intermedi-
ates in the production of perfumes, flavorings, and pharmaceuticals
[1–3].

Conventional hydrogenation catalysts based on noble metals,
such as Ru, Pt, and Rh, are very active for these reactions, but
they are not able to control the intramolecular selectivity by fa-
voring the hydrogenation of the C=O instead of the C=C bond,
because the hydrogenation of the C=C bond is thermodynamically
favored [4]. Therefore, research efforts in this field have focused
mainly on improving the selectivity to the unsaturated alcohol.
There are three main ways of improving the selectivity toward un-
saturated alcohols of noble metal-based catalysts. One is the use
of large metal particles [5,6], which is assigned to electronic and
steric effects. Another is the use of such supports as CeO2 [7–9],
TiO2 [10,11], ZnO [12], MgO [13], or SnO2 [14], which can modify
the catalytic properties of the dispersed metal or bimetallic sys-
tem.

The addition of a second metal that is more electropositive
than the active one also can be useful in increasing the selectiv-
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ity toward unsaturated alcohols, because the difference in elec-
tronegativity between both metals can enable polarization of the
carbonyl group [15], thus facilitating its hydrogenation. In addition,
geometrical effects, like a change in the metal dispersion [16,17]
and decoration of the active metal by the second metal via sur-
face enrichment [18], have been observed in bimetallic systems.
The second metal can be in ionic state, as well as partially oxi-
dized or in alloy or an intermetallic compound form.

An intermetallic compound (IMC) is a compound formed by
two or more elements with simple composition and definite crys-
tal structure that in many cases differs from that of its component
metals, whereas the solid solution or alloy has the same crystal
structure as one of the component metals. This specific crystal
structure of IMC can give it unique catalytic properties, as it has
been reported for some IMCs like CoGe [19], Pt3Ge [20], Ni3Sn [21],
and TiPt3 [22].

The present work was undertaken to study the promoting ef-
fect of titanium on a silica-supported ruthenium catalyst in the
vapor-phase hydrogenation of crotonaldehyde. The catalysts were
prepared by two different methods, with titanium incorporated by
impregnation and by chemical vapor deposition (CVD). In a pre-
vious study [23], RuTi intermetallic compounds were found in the
catalyst prepared by CVD, whereas this phase was not obtained
in the catalyst prepared by conventional impregnation. The pres-
ence of Ti in the RuTi intermetallic compound also can modify the
catalytic behavior of ruthenium. It was tested for Fisher–Tropsch
synthesis, giving a higher selectivity to C2+ hydrocarbons com-
pared with the monometallic Ru and to the RuTi catalyst, where
the intermetallic compound was not found.
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2. Experimental

2.1. Catalyst preparation

The monometallic Ru/SiO2 catalyst was prepared by a pore-
filling impregnation method. An aqueous solution containing
ruthenium nitrosyl nitrate, Ru(NO)(NO3) (N.E. Chemcat Corp.), was
added to silica gel (Cariact G-6, Fuji Silysia). The amount of the
ruthenium solution was calculated to fill the pore of silica gel and
to achieve a ruthenium loading of 5.0 wt%. The mixture was sealed
by a piece of plastic film overnight at room temperature and then
dried in an oven at 348 K for 12 h. The catalyst was put into
a quartz flow reactor, and hydrogen was fed with a flow rate of
60 ml min−1. The material was heated at 873 K for 2 h to re-
duce the ruthenium. Then it was cooled to room temperature with
flowing hydrogen and kept in a drying desiccator.

Ru–Ti/SiO2 was prepared by a co-impregnation method. An
aqueous solution containing ruthenium nitrosyl nitrate and ammo-
nium hexafluorotitanate, (NH4)2TiF6 (Wako Pure Chemicals, 95%),
was added to the silica gel. The amount of ruthenium was the
same as that in Ru/SiO2 and that of titanium was adjusted to an
atomic ratio of Ti/Ru = 2. The drying and reduction procedures
after its impregnation were the same as those for Ru/SiO2. The
catalyst prepared in this way is labeled Ru–Ti/SiO2(IMP).

Ru–Ti/SiO2 also was prepared by a CVD method in a similar
manner to the preparation of Ni–Sn [24] and Pd–Fe [25] IMCs on
silica gel. In a two-stage reactor, Ru/SiO2 (0.70 g) prepared with the
reduction at 873 K was put into the lower stage, and titanocene
dichloride, Ti(C5H5)2Cl2 (Aldrich Chem., 0.86 g), was put into the
upper stage. After Ru/SiO2 was reduced with flowing hydrogen
at 673 K for 30 min, the lower-stage temperature was set at a
specific temperature (CVD temperature, 573 K). The temperature
of titanocene dichloride was raised to 543 K (VAP temperature)
for 1.5 h in flowing hydrogen to supply the vapor of titanocene
dichloride onto Ru/SiO2. Ti would be deposited through the hy-
drogenolysis of titanocene dichloride catalyzed by Ru/SiO2. After
the upper stage was cooled to room temperature, the lower stage
was heated at 873 K for 1 h in flowing hydrogen. It was cooled to
room temperature in flowing helium, and the resultant Ru–Ti/SiO2
was kept in the drying desiccator. At this VAP temperature, the
Ti/Ru atomic ratio obtained was 2.2. The catalyst prepared in this
way is labeled RuTi/SiO2(CVD).

2.2. Catalyst characterization

The chemical composition of the catalysts was determined by
ICP (Rigaku, JY38S). The catalysts were dissolved as follows. Two
pieces of sodium hydroxide were added to an aqueous solution
of sodium hypochlorite. The catalysts were added to the solution
slowly under stirring. After 2 h of stirring at room temperature,
ethanol was added, and the stirring was continued for 30 min.
Then hydrochloric acid was added to the slurry and it was stirred
at 343 K until the black precipitate was dissolved and the solution
color turned red. Finally, a small amount of hydrofluoric acid was
added to the solution once it was at room temperature.

XPS spectra were acquired with a VG-Microtech Multilab 3000
spectrometer equipped with a hemispherical electron analyzer and
a MgKα 300 W (hν = 1253.6 eV, 1 eV = 1.6302 × 10−19 J) 300 W
X-ray source. The powder samples were pressed into small Inox
cylinders and then mounted on a sample rod placed in a pretreat-
ment chamber and reduced in H2 for 1 h at 773 K before being
transferred to the analysis chamber. Before recording of spectra,
the sample was maintained in the analysis chamber until a resid-
ual pressure of 5 × 10−9 mbar was reached. The spectra were
collected at a pass energy of 50 eV. The intensities were estimated
by calculating the integral of each peak, after subtraction of the
S-shaped background, and by fitting the experimental curve to a
combination of Lorentzian (30%) and Gaussian (70%) lines. All bind-
ing energies (BEs) were referenced to the Si 2p line at 103.5 eV,
which provided BE values with an accuracy of ±0.2 eV. The surface
Ru/Si and Ru/Ti ratios were estimated from the integrated intensi-
ties, after correction for atomic sensitivity factors [26].

TEM images were obtained with a JEOL JEM-2010 microscope
using an acceleration voltage of 200 kV. The catalyst was previ-
ously reduced ex situ under hydrogen flow (50 ml min−1) at 773 K
for 1 h. After reduction, the catalyst was placed on a copper grid
using suspensions of the catalysts in ethanol.

Differential heats of CO adsorption were measured at 298 K
in a Setaram BT2.15D heat-flux calorimeter, as described in de-
tail elsewhere [27]. This calorimeter was connected to a high-
vacuum (base pressure <10−6 Torr) volumetric system using Bara-
tron capacitance manometers for precision pressure measurement
(±10−3 Torr). The maximum apparent leak rate of the volumetric
system (including the calorimetric cells) was 10−5 Torr min−1 in a
system volume of approximately 70 cm3 (i.e., 10−5 μmol min−1).
The procedure for microcalorimetric measurements used in this
study was as follows. Each sample (around 0.1–0.4 g) was treated
ex situ in ultra-pure hydrogen (99.999% with further purification,
AGA) for 1 h (5 K min−1 ramp, 100 ml min−1) at the desired tem-
perature (773 K), after which the sample was purged for 1 h at
the same temperature in ultra-high-purity helium (99.999% with
further purification, AGA) to remove adsorbed hydrogen. Then it
was sealed in a Pyrex NMR tube capsule and broken in a special
calorimetric cell [27] once the sample had attained thermal equi-
librium with the calorimeter. After the capsule was broken, the
microcalorimetric data were collected by sequentially introducing
small doses (1–10 μmol) of CO (99.5% with further purification,
AGA) onto the sample until it became saturated. The resulting heat
response for each dose was recorded as a function of time and
integrated to determine the energy released (mJ). The amount of
gas adsorbed (μmol) was determined volumetrically from the dose,
equilibrium pressures, and system volumes and temperatures. The
time required for the pressure to equilibrate in the calorimeter
after each dose was approximately 1–15 min, and the heat re-
sponse was monitored for 20–30 min after each dose to ensure
that all heat was detected and to allow the heat response to re-
turn to the baseline value. The differential heat (kJ mol−1), defined
as the negative of the enthalpy change of adsorption per mole of
gas adsorbed, was then calculated for each dose by dividing the
heat released by the amount adsorbed.

The vapor-phase hydrogenation of crotonaldehyde (2-butenal)
was tested in a microreactor at atmospheric pressure and operat-
ing under differential conditions. The catalyst (≈0.01 g) was re-
duced in situ at 773 K under flowing H2 (50 ml min−1) for 1 h
and then cooled under H2 to the reaction temperature (333 and
353 K). The hydrogenation reaction was carried out using a re-
action mixture (total flow: 50 ml min−1; H2/aldehyde ratio of 26)
of H2 and crotonaldehyde (Fluka, >99.5%), which was prepared by
passing H2 through a thermostabilized saturator (293 K) contain-
ing crotonaldehyde. The concentration of reactants and products
was determined by online gas chromatography with a Carbowax
20 M 58/90 semicapillary column.

3. Results and discussion

3.1. XPS results

Fig. 1 shows the XPS Ru 3d spectra of the monometallic Ru/SiO2
catalyst, both unreduced and reduced, at 773 K. The spectra con-
sist of the Ru 3d5/2 and Ru 3d3/2 bands appearing as a result of a
spin-orbital splitting. The Ru 3d3/2 band is overlapped with the C
1s band at ∼284 eV derived from carbonaceous impurities (CHx)
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Fig. 1. XPS Ru 3d spectra for Ru/SiO2 both unreduced and reduced at 773 K.

Table 1
XPS characterization.

Catalyst Ru 3d5/2, eV Ru/Si Ti/Si Ru/Ti

Ru/SiO2

Unreduced 281.2 0.012 – –
Red. 773 K 279.5 0.020 – –

RuTi/SiO2(IMP)
Red. 773 K 279.1 0.007 0.012 0.61

RuTi/SiO2(CVD)
Red. 773 K 280.3 0.011 0.029 0.38

originally present on the catalyst surface or slowly accumulated in
the spectrometer. Consequently, only the values of Ru 3d5/2 band
are used in the discussion that follows. In the case of the unre-
duced Ru/SiO2 catalyst, a single band was detected at 281.2 eV
that is assigned to oxidized Ru species (Ru(IV) or a lower oxida-
tion state species). After reduction at 773 K for 1 h, the band was
shifted to lower BEs (279.5 eV), with this contribution assigned to
metallic ruthenium.

The ruthenium oxidation state for the titanium-doped catalysts
also was studied after reduction at 773 K (Table 1). In both cases,
the BEs correspond to ruthenium in metallic state. However, in
the Ru–Ti/SiO2(IMP) catalyst, the Ru 3d5/2 band is shifted to lower
BEs than in the corresponding titanium-free counterpart. This shift
could be a consequence of a larger ruthenium particle size com-
pared with the titanium-free catalyst.

An opposite effect was found in the RuTi/SiO2(CVD), in which
the band was shifted to higher BEs. Although ruthenium is in the
metallic state, this shift can be due to the formation of RuTi IMC.

The surface composition of the catalysts also was studied by
XPS (Table 1). The surface Ru/Si atomic ratio can be considered
a measure of the ruthenium dispersion on the silica gel support.
This parameter decreases in the titanium-doped catalysts, thus in-
dicating a loss of surface ruthenium with titanium addition. This
effect can be explained by a partial coverage of the ruthenium
particles by titanium species. On RuTi/SiO2(CVD), this effect also
can be explained by a diluting effect of the Ru due to the forma-
tion of a RuTi intermetallic compound. Komatsu et al. [23] found
the formation of RuTi intermetallic compound when the catalyst
was prepared by the CVD method. The decreased Ru/Si atomic ra-
tio for the Ru–Ti/SiO2(IMP) catalyst also can be ascribed to a larger
ruthenium particle size. We discuss this effect in more detail in
the presentation of TEM results.

The Ti/Si atomic ratio indicates the titanium dispersion on the
silica gel support. It can be seen that the preparation method has
a strong influence in the dispersion of titanium. The Ti/Si atomic
ratio is 2.5 times higher in the catalyst prepared by CVD. The XPS
results are in good agreement with XRD results reported in a previ-
ous work [23], where a half of titanium species in RuTi/SiO2(CVD)
were present as fine particles of RuTi IMC and the other half were
present as oxidized titanium species too small to be detected by
XRD, whereas Ru–Ti/SiO2(IMP) gave XRD peaks of TiO2 indicating
the presence of large TiO2 particles.

3.2. Transmission electron microscopy

Fig. 2 shows representative TEM micrographs of the catalyst re-
duced at 773 K in hydrogen for 1 h. The Ru/SiO2 catalyst shows
a highly uniform and wide dispersion of the metal particles. The
particle size distribution of the metal in the supported catalyst
was obtained by directly measuring the size of over 100 randomly
chosen particles in the magnified TEM micrographs. The average
diameter is 1.7 nm, and the particle size distribution is relatively
narrow, as shown in Fig. 2. According to the histogram, 57% of Ru
particles range in diameter from 1.4 to 2.0 nm. It can be concluded
that this preparation method is suitable for dispersing ruthenium
particles on silica gel.

For the Ru–Ti/SiO2(CVD) catalyst, the average diameter of the
metal particles is 2.1 nm. These particles also are homogeneously
distributed on the surface of the support, but the particle size dis-
tribution is not as narrower as in the case of the monometallic
catalyst. The increased particle size would be due to the possible
creation of the intermetallic compound RuTi, as reported previ-
ously [23].

The catalyst prepared by the traditional co-impregnation
method, Ru–Ti/SiO2(IMP), shows a nonregular particle size and
shape, and most of the nanoparticles observed are aggregated. The
average diameter of the particles is 5.6 nm, much larger than in
the other catalysts, which correlates with XPS results. The particle
size distribution shows a wide size range (2–18 nm) of the ruthe-
nium particles Thus, we conclude that this preparation method is
not effective in obtaining well-dispersed ruthenium particles on
this silica gel support.

TEM gives images of the metallic particles that allow calcu-
lation of their size. However, the number of metal surface sites
cannot be evaluated from the metal particle sizes when titanium
is present, because it can cover and/or dilute the ruthenium parti-
cles. A precise measurement of such a parameter can be obtained
by CO chemisorption at room temperature.

3.3. CO chemisorption

Fig. 3 shows the CO chemisorption isotherms at 298 K for
the catalysts reduced at 773 K for 1 h. It can be seen that the
addition of titanium produces a decrease in the amount of CO
chemisorbed, and this drop is more relevant in the catalyst pre-
pared by co-impregnation. Ru dispersion (ratio between surface
and total ruthenium atoms in the catalyst) can be assessed as-
suming a CO:Ru adsorption stoichiometry of 1:1 even though part
of the CO was adsorbed as dicarbonyl species on Ru atoms in
RuTi/SiO2(CVD) [23].

It is interesting to observe that the relative amount of surface
ruthenium decreased more than three times in the catalyst pre-
pared by CVD compared with the monometallic one. Although a
larger particle size was found in the bimetallic catalyst, it would
be not consistent to consider the increase in particle size as the
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Fig. 2. TEM images and distribution of Ru particle sizes in the catalysts reduced at 773 K.
only effect involved in the lower ruthenium dispersion. A partial
coverage of the ruthenium particle by titanium oxide species and
the possible dilution of the ruthenium by the creation of a RuTi
intermetallic compound also are suggested as the reasons for the
decreased dispersion.

The existence of oxidized species of titanium close to the ruthe-
nium particles, and even partially covering them, opens the possi-
bility of a strong metal–support interaction effect that also would
contribute to the decrease of the ruthenium dispersion. This effect
would consist in the partial reduction of titanium dioxide in TiO2−x

species after reduction at high temperature (773 K). The interaction
with the metal particles was explained on the basic of two differ-
ent phenomena, (i) a charge transfer between the partially reduced
support and the metal [28–30] and (ii) the coverage of the metal
surface by patches of partially reduced support [31–33]. The liter-
ature reports this effect on titania-supported ruthenium catalysts
[34–37], as well as in Ti-containing catalysts [38].

For the Ti-containing catalyst prepared by the co-impregnation
method, the CO adsorption capacity is practically negligible com-
pared with its counterparts, which reveals a very poor dispersion
of the ruthenium in this catalyst. Because PtTi intermetallic com-
pounds were not observed on previous studies [23], this result can
be attributed to the presence of large ruthenium particles and also
to the partial coverage of the ruthenium particles by titanium ox-
ide species, as was discussed earlier for the other Ru–Ti catalyst.

3.4. CO adsorption microcalorimetry

To obtain information about the changes in the surface reac-
tivity and energetic heterogeneity, CO adsorption microcalorimetry
was performed at 298 K. Small doses of CO were introduced on
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Fig. 3. CO chemisorption isotherms at 298 K for the catalysts reduced at 773 K;
dispersion is also noted as percentage.

Fig. 4. Differential heats of CO adsorption as a function of the adsorbate coverage at
298 K for the catalysts reduced at 773 K.

the reduced catalyst and the differential heat of adsorption was
measured as a function of the CO coverage. Due to the difference
adsorption capacities of the catalysts, the heat of adsorption has
been represented as a function of the monolayer coverage (Fig. 4).
This procedure facilitates comparisons of catalysts with very differ-
ent dispersions. The full coverage of the monolayer is considered
when the heat of CO adsorbed reaches the value of physisorption
(about 40 kJ/mol).

The heat of adsorption versus coverage profile for the mono-
metallic Ru/SiO2 catalyst shows the highest initial heat of adsorp-
tion (≈110 kJ/mol) and dramatically decreases down to a plateau
at around 100 kJ/mol. The constant value of the plateau is ex-
tended over a wide range of surface coverage (from 0.05 to 0.6),
and then the heat of adsorption decreases until saturation is
reached. The large extension of the plateau reveals a highly ener-
getic homogeneity of the surface metal atoms, and the high initial
heat of adsorption observed can be attributed to the interaction
of CO with highly energetic sites, like metal atoms at corners and
edges [39,40].

It is interesting to observe that the addition of titanium to
the catalysts produces significant differences in the heat of ad-
sorption profiles. The initial heats of adsorption are lower (around
100 kJ/mol) in both Ti-containing catalysts. This fact can be as-
cribed either to coverage or interaction of titanium species with
highly energetic ruthenium atoms (geometric or electronic interac-
tion). The microcalorimetric results for the RuTi/SiO2(CVD) catalyst
reveal two well-defined plateaus, one appearing at the same value
than in the monometallic catalyst (100 kJ/mol) and the other ap-
pearing at 80 kJ/mol. These findings indicate a higher energetic
Fig. 5. Evolution of activity in crotonaldehyde hydrogenation with time on-stream
at 333 (full symbols) and 353 K (open symbols) for the catalysts reduced at 773 K.

heterogeneity of the surface metal atoms, as well as the creation
of new low-energetic sites possibly due to a strong interaction be-
tween ruthenium and titanium that weakens the CO adsorption
strength.

Microcalorimetric results for the adsorption of CO on RuTi/SiO2-
(IMP) catalyst show a plateau of nearly constant heat around
100 kJ/mol that extends up to coverage ≈0.4, after which the heat
decreases to saturation. In this case, the heat of adsorption ver-
sus coverage profile is rather similar to that corresponding to the
monometallic catalyst. However, the Ru/SiO2 catalyst shows higher
heat of adsorption over a coverage of 0.4. This result can be ex-
plained on the basis of a strong interaction between ruthenium
and titanium atoms, although the presence of larger ruthenium
particles, as described in the TEM section, also would account
for this effect. Thus, a larger ruthenium particle size would in-
crease the coordination number of the surface atoms, and it is
well known that the heat of adsorption increases with decreas-
ing the average coordination number of the surface metal atoms,
due to preferential adsorption on low-coordination sites like edges
and corners [41].

3.5. Crotonaldehyde hydrogenation

The catalytic behavior of the catalysts, after reduction at 773 K,
in the selective hydrogenation of crotonaldehyde at 333 and 353 K
is reported. In all cases, data have been obtained after the carbon
balance was achieved. Before this, some proportions of reactant
and products were adsorbed on the catalyst, and no reliable mea-
surements could be performed.

Fig. 5 shows the evolution of the catalytic activity as a func-
tion of time on stream at different reaction temperatures. During
the first period on stream (around 50 min), the catalysts deacti-
vate, but subsequently, the reaction reached a quasi-steady state.
This effect is especially significant for the monometallic Ru/SiO2
catalyst, whose activity at 333 K decreased more than fourfold.

The highest activity is obtained for the monometallic catalyst,
followed by RuTi/SiO2(CVD) and Ru–Ti/SiO2(IMP). These data are in
agreement with the dispersion results. However, when the catalytic
activity is analyzed in terms of turnover frequency (molecules of
crotonaldehyde reacting per surface ruthenium atom per time), re-
ported in Table 2, these numbers are higher in the case of the
titanium-doped catalysts, which means that the addition of tita-
nium has created new active sites, probably at the ruthenium–
titanium interface, which are more active in the reaction. Note that
the TOF decreases rapidly in the monometallic catalyst. The cata-
lyst deactivation in this system has been related to the irreversible
adsorption of organic molecules on the catalyst surface [5,42], and
also to the decarbonylation of the reactant molecules yielding car-
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Table 2
Turnover frequencies at different times on-stream.

Catalyst Initial TOF-102

(s−1)
TOF-102 at 100 min
(s−1)

Ru/SiO2 9.4 1.6
RuTi/SiO2(IMP) 25.4 8.7
RuTi/SiO2(CVD) 10.2 3.5

Fig. 6. Evolution of selectivity toward crotyl alcohol for crotonaldehyde hydrogena-
tion with time on-stream at 333 (full symbols) and 353 K (open symbols) for the
catalysts reduced at 773 K.

bon monoxide, which is irreversibly adsorbed under the reaction
conditions, poisoning the active sites [5]. The results obtained by
CO adsorption microcalorimetry demonstrate a stronger interaction
of CO with the monometallic catalyst. This finding suggests that
the strong deactivation would be due in some part to the presence
of CO strongly adsorbed on the active sites.

The titanium addition and the preparation method not only
affect the catalytic activity; the selectivity toward crotyl alcohol
also is affected in great extension by these parameters. The hy-
drogenation of crotonaldehyde can yield a series of products. Thus,
hydrogenation of the olefinic C=C bond yields butanal, whereas
the hydrogenation of the carbonyl C=O bond yields crotyl alcohol.
These compounds can be further hydrogenated to produce bu-
tanol. Moreover, decarbonylation and cracking also may take place,
yielding light hydrocarbons (C1–3). The extent of the secondary re-
actions depends on the total conversion, and thus the selectivity
toward crotyl alcohol usually decreases as the conversion increases
[4,43,44].

The products obtained by the reaction condition used in this
study were butanal, crotyl alcohol, butanol, and a very small
amount of light hydrocarbons C1–4. The evolution of selectivity
toward crotyl alcohol as a function of time on stream for the
catalysts at 333 and 353 K is shown in Fig. 6. The monometal-
lic catalyst shows practically no selectivity toward crotyl alcohol
(around 3%). Butanol is produced at the first stages of the reaction,
but sharply decreases (see Table 3) with the decrease in activity,
and after 100 min on stream, only the olefinic C=C double bond
is selectively hydrogenated, yielding butanal. This is the expected
behavior for monometallic ruthenium catalysts in the absence of
any support effect, and similar results have been reported on the
literature. Bachiller-Baeza et al. [45] found no selectivity toward
crotyl alcohol on ruthenium over graphite and activated carbon;
the same results were reported by Riguetto et al. [46] with ruthe-
nium on silica.

An enhanced selectivity toward crotyl alcohol is found in the
titanium-containing catalysts. The Ru–Ti/SiO2(IMP) catalyst has a
selectivity toward crotyl alcohol of around 30%, which remains
practically constant with time on stream. Kaspar et al. [47] stud-
ied the promoting effect of titanium in ruthenium catalysts for this
kind of reaction and found an enhanced selectivity toward the un-
saturated alcohol after reduction at high temperature. The authors
suggested a decoration of metal particles by titania suboxides as
the reason for this selectivity for the carbonyl group hydrogena-
tion. A similar model also can be used to explain the observed
behavior of the titanium-impregnated catalysts in this study; the
presence of titania suboxides can interact with the C=O bond and
thus enhance its hydrogenation.

The best selectivity toward crotyl alcohol was obtained for the
RuTi/SiO2(CVD) at 333 K. At the fist stages of the reaction, the
selectivity was low; the high conversion promotes the rehydro-
genation of crotyl alcohol into butanol. It increases with the time
on stream until it reaches a maximum of around 48% and then de-
creases slightly thereafter. This increased selectivity compared with
its titanium-impregnated counterpart can be explained by two fac-
tors: (i) better dispersion of titanium on silica surface and (ii) for-
mation of RuTi intermetallic compounds. Bearing in mind the XPS
results, better dispersion of titanium was seen for the catalyst pre-
pared by the CVD method; this result also is supported by XRD
studies reported previously [23]. This high dispersion increases the
likelihood of an interaction between the ruthenium particles and
titanium and thus an increase in the selectivity toward crotyl al-
cohol. This strong ruthenium–titanium interaction is also proved
by adsorption microcalorimetry, where the heat of adsorption of
CO was lower compared with that of the other catalysts over a
wide range of coverage. The promoting effect of the formation of
RuTi intermetallic compounds is not straightforward, and it is dif-
ficult to understand how it can influence the selectivity toward the
hydrogenation of the carbonyl bond, because the factor discussed
previously also affects this. Formation of RuTi intermetallic com-
pound may help decrease the activity for the hydrogenation of the
C=C bond, as has been shown in Ru–Sn [46] and Pt–Sn [48,49]
systems. The dilution of ruthenium by titanium would decrease the
amount of sites that are able to hydrogenate the C=C bond. These
sites are unmodified or slightly modified ruthenium ensembles,
and the formation of RuTi intermetallic compound would destroy
them, slowing the rate of C=C hydrogenation. A similar retarda-
tion of C=C bond hydrogenation has been reported for IMCs of
CoGe [19], Ni3Sn, Ni3Sn2, and Ni3Sn4 [24] in the hydrogenation of
acetylene and Pt3Ge, Pt2Ge, and PtGe [20] in the hydrogenation of
1,3-butadiene.

The effect of the reaction temperature in the activity and selec-
tivity toward crotyl alcohol (Figs. 5 and 6) also has been studied.
The increase in reaction temperature causes an increase in the
catalytic activity and a decrease in the selectivity toward crotyl al-
cohol. The formation of butanal was favored over that of crotyl
alcohol, due to the differing activation energies for the hydrogena-
tion of the olefinic and carbonyl bonds (30.8 and 42.3 kJ mol−1,
respectively).

Finally, it is necessary to mention that the overall conversion
was maintained during all catalytic tests in a range in which the
selectivity was not affected by the conversion (from 2 to 10%).

4. Conclusion

This work reports the promoting effect of titanium on a ruthe-
nium over silica gel catalyst in the vapor-phase hydrogenation of
crotonaldehyde. The titanium-containing catalysts were prepared
by traditional impregnation methods and by the CVD of titanium.
XPS measurements revealed the presence of ruthenium in the
metallic state after reduction at 773 K, along with a wider dis-
persion of titanium in the catalyst prepared by CVD. Ruthenium
dispersion was diminished by titanium addition, possibly due to
a partial covering of the ruthenium particles by titanium oxide
species, as well as to the possible formation of RuTi intermetallic
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Table 3
Selectivity and yield of crotyl alcohol at different times on-stream.

Catalyst Selectivity (%) CROTOL yield (%)

Initial 100 min Initial 100 min

HC Butanal Butanol CROTOL HC Butanal Butanol CROTOL

Ru/SiO2 1 47 51 1 3 93 2 3 0.47 0.24
RuTi/SiO2(IMP) 2 49 19 30 3 65 3 29 1.62 0.52
RuTi/SiO2(CVD) 2 45 21 32 3 48 3 46 3.36 2.22
compounds. TEM also showed that a wider particle size distribu-
tion also was involved in this loss of ruthenium dispersion for
the impregnated catalyst. CO adsorption microcalorimetry results
suggest a stronger interaction of ruthenium with titanium for the
catalyst prepared by the CVD method. The activity and selectivity
toward crotyl alcohol in the selective hydrogenation of crotonalde-
hyde in the vapor phase also was altered by titanium addition.
No selectivity for the monometallic catalyst was found; as long as
the activity decreased with the addition of titanium, the selectiv-
ity increased. The effect of the preparation method was significant.
The selectivity for the catalyst prepared by CVD was increased sig-
nificantly. Two factors are suggested as being responsible for this
improvement: (i) better dispersion of titanium on the silica surface
and (ii) formation of RuTi intermetallic compounds.
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