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ABSTRACT: The influence of the kind of support (Al2O3, SiO2, and TiO2) on the catalytic activity and selectivity of Ru−Sn−B
catalysts for the hydrogenation of methyl oleate to oleyl alcohol was studied. The results show that the most active and selective
catalyst for producing oleyl alcohol is Ru(1%)−Sn(2%)−B/Al2O3. This was attributed to the catalyst having a favorable surface
Sn/Ru ratio (∼2). The SiO2-supported Ru−Sn−B catalyst had a good activity and hydrogenated both CC double bonds and
the CO group, thus producing stearyl alcohol with a high yield. It however deactivated, to a great extent, its final conversion
being lower than that of the bimetallic catalysts supported on Al2O3 and TiO2. The TiO2-supported catalyst had a high selectivity
to saturated methyl esters because it hydrogenated CC double bonds but had little activity for hydrogenation of the CO
group.

1. INTRODUCTION

In the field of oleochemistry, the hydrogenation of acids and
esters of fatty acids is one way to prepare compounds of great
industrial utility as substitutes for diesel and biodiesel additives,
lubricants, and detergents. Moreover, from an environmental
viewpoint, products of high biodegradability and low toxicity
are produced from renewable natural plant oils, which are
alternative substitutes of petroleum-derived products.1 The
commercial process for the hydrogenation of esters or fatty
acids into fatty alcohols uses catalysts based on Cu−Cr at
severe reaction conditions of 250−350 °C and about 10−20
MPa.2 These catalysts show good selectivity for the production
of alcohols, but because of the use of Cr, the drastic reaction
conditions, and the associated high energy consumption, they
pose environmental problems. Therefore, research efforts have
been focused on developing catalysts that do not contain Cr
and produce a high yield of alcohol at milder reaction
conditions. Most plants producing fatty alcohols from natural
fats and oils use methyl esters as intermediate feedstock, which
explains the research work also done on the selective
hydrogenation of methyl oleate.3,4 This fact has promoted the
interest in the development of alternative catalysts more
suitable for the selective hydrogenation of unsaturated fatty
acids and esters while preserving the original CC double
bonds. In the case of the fatty esters, the catalyst must be able
to catalyze the hydrogenolysis of the methoxy group. The
hydrogenation of the CC bond using monometallic catalysts
based on noble metal (Pt, Rh, Ru, etc.) is usually much faster
than the hydrogenation of CO.4−7 However, their catalytic
properties can be modified by the addition of modifiers,
promoters, or using specific supports. For example, it has been
found that Ru−Sn bimetallic catalysts are very active for the
hydrogenation of ethyl acetate to ethanol, but their selectivity
for the production of unsaturated alcohols from the
corresponding esters is low.8 Other studies have reported that
Ru−Sn−B catalysts are active and selective for the selective

hydrogenation of fatty esters to the corresponding unsaturated
alcohols.3,5,7,9 It has been previously reported that the activity
and selectivity for the production of unsaturated alcohols of the
Ru−Sn−B/Al2O3 catalyst are higher than those of the Ru−Sn/
Al2O3 bimetallic catalyst.7 Mizukami et al.10 studied the
performance of Ru−Sn catalysts supported on silica, alumina,
and titania for the selective hydrogenation of oleic acid to oleyl
alcohol and found that the activity and selectivity of these
catalysts prepared by a sol−gel method highly depended on the
nature of the support material. Interestingly, Sn on the Pt−Sn
and Ru−Sn silica supported catalysts is mainly present as
metallic tin and as a metal−tin alloy, while on the alumina
supported Pt−Sn and Ru−Sn catalysts, tin is stabilized as Sn2+.
It should also be mentioned that the existence of two different
intermetallic phases of Ru−Sn has been demonstrated.11

Several researchers have proposed that the active sites on the
Ru−Sn−B/γ-Al2O3 catalyst for the selective hydrogenation of
esters should be metallic ruthenium in interaction with oxidized
tin.4,5,12−14 Similarly, Galezzot et al.15 have proposed that the
activity of tin-promoted metallic catalysts for the hydrogenation
of carbonylic compounds to alcohols is due to the presence of
Snn+ species. The model used to explain this effect is based on
the activation of the CO bond through the interaction of
ionic tin with the carbonyl oxygen. Narasimhan et al.4 have
found that the addition of tin to Ru catalysts decreases the
catalytic activity of Ru. Pouilloux et al.5 observed that Ru metal
particles are more strongly fixed on the support surface when
tin species are present. They also noted that two tin oxide
species of different stoichiometry are present, SnOx and SnOy,
of variable surface concentration depending on the total tin
content. Finally, they reported that there is a correlation
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between the selectivity to oleic alcohol and the presence of
SnOx species. The active site may therefore be formed by an
atom of ruthenium in interaction with SnOx.
Pouilloux et al.5 found that the optimal Sn/Ru ratio of the

catalysts for the selective hydrogenation of methyl oleate was 4.
They postulated that the active centers were formed by one Ru
atom in strong interaction with 2 SnOx species. Conversely,
Mizukami et al.10 and Narasimhan et al.4 reported that the
optimal Sn/Ru ratio for an active and selective catalyst was 2.
The influence of the support material (alumina, titania, or

silica) on the activity and selectivity of Ru−Sn−B catalysts for
the selective hydrogenation of fatty acid methyl esters to fatty
alcohols is studied in this work. Catalysts with Sn/Ru ratios of 2
are used, and methyl oleate is used as a model compound.

2. EXPERIMENTAL SECTION
2.1. Catalysts Preparation. The Al2O3 support was a

commercial high-purity γ-alumina (Cyanamid Ketjen CK 300).
Main impurities were Na (5 ppm), Fe (150 ppm), and S (50
ppm). The specific surface area of this support was 180 m2 g−1,
the pore volume 0.49 cm3 g−1, and the average pore radius 5.4
nm. The TiO2 support was synthesized from TiCl4 following a
procedure described elsewhere,16 and it was calcined for 2 h at
500 °C under flowing dry air. The X-ray diffractograms of the
prepared titania showed mainly an anatase structure with some
traces of rutile phase. It had a pore volume of 0.8 cm3 g−1, a
specific surface area of 80 m2 g−1, and an average pore radius of
7.5 nm. The SiO2 support was a commercial Hi-Sil 210 silica
with specific surface area of 130 m2g−1, a pore volume of 0.31
cm3g−1, and an average pore radius of 11 nm. Each support was
ground and sieved, and the 35−80 mesh fraction was separated
and calcined under flowing air (3 h at 400 °C). The supported
metal catalysts were prepared by the incipient wetness method.
This procedure was described by Shoenmaker-Stolk et al.17 The
support was wetted with exactly the pore volume of an aqueous
solution of the metal precursor salts (RuCl3·2H2O, 4 mg Ru
cm−3 and SnCl2·2H2O, 25 mg Sn cm−3) in the required
amounts to achieve the desired metal content. Wetted samples
were left to stand for 12 h. Then they were reduced in solution
by the addition of aqueous sodium borohydride. Then the
samples were filtered, washed with water until acid neutrality,
and dried during 4 h at 120 °C under flowing N2. The last
preparation step comprised the reduction with H2 at 300 °C,
cooling, and flushing with N2 as described before. The amount
and concentration of the solutions were adjusted to have a 1.0
wt % of Ru and a 2.0 wt % of Sn on the final catalyst.
Monometallic Ru−B and Sn catalysts supported on Al2O3,

TiO2, and SiO2 were also prepared by impregnation with an
aqueous solution of Ru or Sn salts. In both cases, the
impregnation volume was adjusted to achieve the appropriate
final concentration of each metal in the catalysts: 2.0%(w/w)
Sn and 1.0%(w/w) Ru. The used solutions were RuCl3·2H2O
(4 mg Ru cm−3) and SnCl2·2H2O (25 mg Sn cm−3). The
solutions containing the Ru or Sn precursors were added to the
support, and the slurry was gently stirred for 1 h at room
temperature and then reduced with excess sodium borohydride
aqueous solution. The catalysts were then filtered, washed with
water until acid neutrality, and dried for 4 h at 120 °C in
flowing N2. The catalysts were activated by reduction in a
hydrogen flow (3 h, 300 °C).
2.2. Assessment of the Ru, Sn, and B Contents. The

composition of the metallic phase was determined by
inductively coupled plasma-optical emission spectroscopy

(ICP-OES, PerkinElmer, Optima 2100 DV) after acid digestion
and dilution.

2.3. Temperature-Programmed Reduction (TPR). TPR
tests were performed in an Ohkura TP2002 apparatus equipped
with a thermal conductivity detector (TCD). Prior to
reduction, the calcined catalysts (ca. 0.1 g loaded in a U-
shaped reactor) were heated at 120 °C and kept at that
temperature for 1 h in a stream of argon to remove adsorbed
water. The samples were then cooled to room temperature in
Ar. Then the gas was changed to a 5% H2/Ar (50 mL min−1)
mixture, and the sample was heated from room temperature to
700 °C at a heating rate of 10 °C min−1. The effluent gas was
passed through a cold trap before the TCD cell to remove
water from the exit stream.

2.4. Cyclohexane Dehydrogenation. The dehydrogen-
ation of cyclohexane (CH) to benzene is a reaction that is
insensitive to the structure of the metallic active site and was
used as one of the test reactions for the metallic function. It was
performed under the following conditions: catalyst mass = 0.1
g, temperature = 300 °C, pressure = 1 atm, hydrogen flow rate
= 80 cm3 min−1, CH flow rate = 1.61 cm3 h−1 (Merck 99.9%).
The catalyst sample was previously reduced at 300 °C under
flowing H2 during 1 h. CH was supplied by Merck
(spectroscopy grade, 99.9% pure), with a sulfur upper limit of
0.001%.

2.5. X-ray Photoelectron Spectroscopy (XPS). The XPS
measurements were carried out using a SPECS multitechnique
equipment with a dual Mg/Al X-ray source and a hemispherical
PHOIBOS 150 analyzer operating in the fixed analyzer
transmission (FAT) mode. The spectra were obtained with a
pass energy of 30 eV; an Mg Ka X-ray source was operated at
200W and 12 kV. The working pressure in the analyzing
chamber was less than 5.9 × 10−4 mPa. The XPS analyses were
performed on the solid samples after a treatment with
hydrogen/argon at 300 °C carried out in the reaction chamber
of the spectrometer. The spectral regions corresponding to Ru
3d5/2 and Sn 3d5/2 core levels were recorded for each sample.
The calibration of the spectra was performed with the Al 2p
line (74.4 eV) of an Al2O3 support, with the Ti 2p3/2 line (455
eV) of a TiO2 support, and with the Si 2p3/2 line (103.7 eV) of
a SiO2 support. The data treatment was performed with the
Casa XPS program (Casa Software Ltd., UK). The peak areas
were determined by integration after filtering out a Shirley-type
background. Peaks were considered to be a mixture of Gaussian
and Lorentzian functions in a 70/30 ratio. For the
quantification of the elements, sensitivity factors provided by
the manufacturer were used.

2.6. Fourier Transform Infrared Absorption Spectros-
copy (FTIR) of Chemisorbed CO. All the experiments were
carried out in a quartz IR cell equipped with CaF2 windows,
connected to vacuum and atmospheric systems, and placed in a
temperature controlled oven. Prior to analysis, the catalyst was
pressed into a self-supported wafer of 2 cm2 (0.5−2 ton) that
weighed between 10 and 20 mg. Once placed in the IR cell, the
sample was reduced overnight at 450 °C in a hydrogen flow (60
mL min−1). Then it was outgassed (10−5 bar) for 2 h and
cooled down to room temperature. The reference spectrum was
taken at room temperature under vacuum (before introducing
CO in the chamber). All spectra were taken in the 1000−4000
cm−1 range on a Nicolet 5700 apparatus (resolution: 2 cm−1, 64
analyses per spectrum). Then precise amounts of CO were
introduced in the IR cell using a calibrated volume (V = 0.9837
mL) until the sample became saturated. After each CO
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injection, an IR spectrum was recorded. The spectrum of the
adsorbed CO molecules was obtained by subtracting the
reference spectra.
2.7. Transmission Electron Microscopy (TEM). TEM

images were obtained with a Philips CM 120 microscope,
equipped with an energy-dispersive X-ray detector. The
samples were prepared in an ultramicrotome Reichert Ultracut.
The microanalysis of Ru and Sn was carried out by energy
dispersive X-ray spectroscopy (EDX) in the nanoprobe mode.
2.8. Methyl Oleate Hydrogenation. A stainless steel

stirred autoclave (240 cm3 effective volume) was used for these
reaction tests. Operating conditions were: temperature = 290
°C, hydrogen pressure = 50 atm, mass of catalyst = 1 g, methyl
oleate mass = 3.5 g, solvent volume = 60 cm3, stirring speed =
800 rpm. Methyl oleate (99%) and n-dodecane (99%) were
supplied by Sigma-Aldrich.
Reaction products were analyzed in a Varian 3400 CX gas

chromatograph using a Zebron ZB-FFAP capillary column (30
m long, 0.25 mm ID). Analysis conditions were: injector
temperature = 220 °C, column temperature = 200 °C for 1
min, 2 °C min−1 ramp up to 260 °C, and then isothermal. The
identification of reaction products was previously done by gas
chromatography−mass spectrometry (GC−MS) in Shimadzu
QP-5000 equipment using the same capillary column. Only
oleyl alcohol, methyl stearate, stearyl alcohol, and methyl oleate
were detected as significant compounds in the reactor samples.

3. RESULTS AND DISCUSSION

3.1. Metal Content. The chemical analysis showed metal
contents in close agreement with the expected theoretical ones
for all samples (Table 1). Boron contents were similar for all
catalysts. The chlorine content was higher for the TiO2
supported catalyst. The surface area of the catalysts was
essentially that of the original supports because of the small
content of the supported metals.
3.2. Characterization by TPR. The TPR traces of

bimetallic and monometallic catalysts supported on TiO2,
Al2O3, and SiO2 are shown in Figure 1 (for additional TPR
traces, see the Supporting Information). The monometallic
Ru−B/Al2O3 catalysts had a main big reduction peak at 160 °C.
The silica and titania supported Ru−B catalysts had main
reduction peaks at 176 and 110 °C, respectively. Another small
reduction peak at 242 °C can also be seen in the case of the
Ru−B/TiO2 catalyst. The boron-free monometallic Ru catalysts
supported on alumina, silica, and titania had main reduction
peaks at 170, 194, and 128 °C, respectively. The shift of the
reduction peaks to lower temperatures points to an increase of
the reducibility of the supported metals by means of the
interaction with boron. In the case of the monometallic Sn−B
catalysts, Sn−B/SiO2 has the lower reduction temperature
indicating a lower Sn-support interaction in this catalyst. The
high reduction temperature of the Sn−B catalysts supported on
Al2O3 and TiO2 indicates a greater Sn-support interaction. Lin
et al.18 found that tin oxide and titania form a mixed
compound. Other authors have also reported that the support

and the supported oxides can interact strongly and thus the
reducibility of the supported oxides be greatly affected.19,20

The TPR trace of the bimetallic Ru−Sn−B/Al2O3 catalyst
has a big reduction peak at 171 °C and another small peak at
264 °C. The bimetallic catalyst supported on TiO2 also has two
peaks, one centered at about 148 and another at 250 °C. The
Ru−Sn−B/SiO2 catalyst has one reduction peak at 200 °C with
a long tail. In the three cases, the reduction of the Ru oxides
occurs at higher temperatures in the presence of Sn. It can be
inferred that the reduction of the Ru oxide species is inhibited
by the presence of surface Sn species. Sn may block or hinder
the access of the hydrogen atoms to the Ru ones. The
reduction peaks at higher temperatures are attributed to Sn
oxide species with a lower interaction with Ru. The lower
reduction temperature of the Sn oxides could be due to a
catalytic effect of Ru. In the case of the catalyst supported on
SiO2, the Sn is reduced together with Ru, thus extending the
reduction zone. It can be concluded from the TPR data that on
the three supports, TiO2, SiO2, and Al2O3, the components of
the metal function, Ru, Sn, and B, are in strong interaction.

Table 1. Metal Contents of the Catalysts Determined by Inductively Coupled Plasma-Optical Emission Spectroscopy, Chlorine
Contents Determined by a Modified Volhard−Charpentier Method and Specific Surface Area of the Catalysts

catalyst Ru (wt %) Sn (wt %) B (wt %) Cl (wt %) specific surface area (m2/g)

Ru−Sn−B/Al2O3 0.92 1.90 0.38 0.12 172
Ru−Sn−B/SiO2 0.95 1.91 0.32 0.09 124
Ru−Sn−B/TiO2 0.90 1.86 0.38 0.22 82

Figure 1. TPR of the monometallic and bimetallic catalysts on the
different supports.
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3.3. Cyclohexane Dehydrogenation. Figure 2 shows the
conversion values as a function of time obtained in the CH

dehydrogenation tests using the bimetallic and monometallic
catalysts. The reaction of CH dehydrogenation to benzene can
be used as an indirect method of probing the metal sites on
nonacidic supports such as alumina or silica because the
reaction rate is proportional to the number of active surface
metal atoms. CH dehydrogenation is a “structure insensitive”
reaction, that is, it does not need a special ensemble of atoms to
proceed.21 However, Vaźquez-Savala et al.22 compared the
activity and selectivity of Pt−Sn catalysts supported on alumina,
silica, and titania for the dehydrogenation of CH to benzene
and found a significant influence of the support. The addition
of Sn to the monometallic Ru−B catalysts leads to a lower
dehydrogenation activity irrespective of the catalyst support.
This can be attributed to the fact that Sn blocks the surface of
the Ru particles (geometric effect) or modifies the electronic
structure of Ru (electronic effect). It can be observed that Ru−
Sn−B/SiO2 is the most active catalyst, while Ru−Sn−B/Al2O3

is the least active one. This means that the concentration of
active surface Ru atoms follows the order SiO2 > TiO2 >Al2O3.
3.4. XPS Characterization. The XPS measurements

provided valuable information about the surface electronic
states of various species present in the Ru−Sn catalysts. The
XPS spectra of the bimetallic catalysts are presented in Figure 3.
The 275−292 BE range is shown, where the peaks attributed to
Ru peak are located. As the peak of Ru 3d3/2 overlaps with that
of C 1s, the peak of Ru 3d5/2 was employed to determine the
chemical state of Ru in all cases.
The catalyst supported on Al2O3 has a peak corresponding to

Ru 3d5/2 at 278.6 eV corresponding to Ru0 and another peak at

283.9 eV due to Ru 3d5/2 corresponding to Run+ species. The
binding energy (BE) of Ru0 at 278.6 eV differs by more than 1
eV from the reported value for bulk ruthenium (280.2
eV).23−26 In the case of Ru/Al2O3 catalysts, it has been
reported that the Ru 3d5/2 signal of Ru

0 appears at 279.0 eV,
the shift being attributed to the presence of Ru0 clusters of very
low nuclearity. This BE is shifted to the known value of 280 eV
at higher reduction temperatures with a parallel decrease of the
Ru/Al atomic ratio.27 Other researchers have also found low BE
values for supported Ru catalysts, for example, 279.1 and 279.6
eV have been reported.12,28,29 The lower BE value of 279.5 eV
in the case of the Ru−Sn−B catalyst after hydrogen reduction
was explained by the interaction of ruthenium with alkali
atoms.13

In a similar way, the bimetallic catalyst supported on SiO2
has two peaks due to Ru 3d5/2 at 278.8 and 284.4 eV attributed
to Ru0 and species of RuO3 or RuO4,

22,30 respectively. Ru0 on
silica has a value of BE slightly lower than the value reported for
elemental Ru (279.0 eV) in the case of the Ru/SiO2 catalyst.

26

The titania supported catalyst shows peaks at 279.6 and 284.85
eV corresponding to Ru0 and RuO3 or RuO4, respectively. In
summary, the XPS results show that Ru0 metallic species with
BE values in the 278.6−279.6 eV range are present in all the
catalysts, in agreement with the values for metallic Ru reported
in the literature.5,23−26,31 On the three supports fractions of Ru
as Run+ appearing in the 283.9−284.5 eV BE range are also
present. The little shift of the BE shows that the support
influences the electronic states of Ru. Similar results were
reported by Elmasides et al.27 who found that after a high

Figure 2. CH conversion as a function of time. Reaction conditions:
catalyst mass = 0.1 g, temperature = 300 °C, pressure = 1 atm,
hydrogen flow = 80 cm3 min−1, CH flow = 1.61 cm3 h−1.

Figure 3. XPS of bimetallic Ru(1%)−Sn(2%)−B on different
supports.
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temperature reduction treatment (550 °C), about 20% of the
Ru remained in the Ru2+ state on Al2O3. In addition, an
incomplete reduction of Ru has been previously reported for
monometallic Ru/Al2O3 catalysts.

32

The XPS technique does not distinguish between Sn2+ and
Sn4+ species due to an excessively low BE difference (less than
0.5 eV). Also, no peaks in the range of 484−485 eV (not
shown) could be detected, suggesting that Sn0 was absent in the
alumina supported catalyst or that only minor quantities of
metallic tin (below XPS detection limit) were formed. These
results are in agreement with those reported by other authors in
the sense that tin cannot be completely reduced to the
zerovalent state.33,34 The major part of Sn4+ reduced to Sn2+ is
strongly stabilized by the interaction with the support.35

However, on SiO2 and TiO2, the percentages of Sn0 were 20
and 4%, respectively. Probably, the Sn-support interaction on
these materials is not so strong to impede the complete
reduction of Snn+ to Sn0.
Ru/X, Sn/X, Sn/Ru, and Ru0/Run+ bulk and surface atomic

ratios as calculated from XPS data and chemical analysis (ICP-
OES) are included in Table 2 (X represents the metal of each
support, i.e., Al, Ti, and Si). It can be seen that the surface Ru/
X ratio determined by XPS is higher than the chemical (bulk)
ratio of the Al2O3 and SiO2 catalysts. The opposite effect is seen
in the case of the titania supported catalysts. It can therefore be
concluded, according to the XPS data of Table 1, that there is a
Ru surface enrichment on the Al2O3 and SiO2 catalysts. Ru is
deposited preferentially outside the support particles probably
due to problems of diffusion during the impregnation of the Ru

salt. In the case of the titania supported catalysts, a uniform
distribution can be achieved. A surface enriched enrichment of
Ru species on the Al2O3 support was previously found by
Pouilloux et al.5 Concerning the Sn/X atomic ratio, it can be
seen that the Sn/X ratios obtained by XPS are higher than the
bulk Sn/X ratios of the corresponding catalysts. This means
that in all the catalysts, the impregnation leads to a nonuniform
distribution of the Sn on the support particle. The surface Sn/
Ru ratio as obtained by XPS follows the order TiO2 > SiO2 >
Al2O3.
From the data of Table 1 ({Ru0/(Ru0 + Run+)} and {Ru/X}

ratios), it is possible to calculate the amount of surface Ru0 on
the three supports. The amount of superficial Ru0 in the three
supports follows the order: SiO2 >TiO2 > Al2O3. As expected,
the amounts of Ru0 on the surface have a direct correlation with
the CH dehydrogenation results (Figure 3). In summary, the
XPS results show that the electronic states of the Ru depend on
the support and the Sn and B promoters. As a consequence, the
dehydrogenating activity that depends on the total amount of
surface Ru0 atoms and on the electronic state of the noble metal
becomes modulated by the combined influence of the support
and the B and Sn addition.

3.5. TEM Characterization. Figure 4 shows representative
TEM images of the Ru and Ru−B catalysts supported on
Al2O3, TiO2, and SiO2. The Al2O3, SiO2, and TiO2 supported
monometallic catalysts show a uniform particle distribution in
the 0.7−1.3, 2−8, and 0.8−1.5 nm range, respectively. The
reduction of Ru by sodium borohydride also produces a catalyst
with uniform distribution of the particles. The sizes are in the

Table 2. Ru/X and Sn/X Atomic Ratio and Sn/Ru, Ru0/Run+ Superficial Atomic Ratio Obtained by XPS of the Bimetallic
Catalystsa

Catalyst Ru/X (XPS) Ru/X (bulk) Sn/X (XPS) Sn/X (bulk) Sn/Ru (XPS) Ru0/(Ru0 + Run+) (XPS) Ru0/X (XPS) × 100

Ru−Sn−B/Al2O3 0.010 0.005 0.020 0.008 2.00 0.27 0.27
Ru−Sn−B/SiO2 0.008 0.006 0.030 0.010 3.75 0.87 0.70
Ru−Sn−B/TiO2 0.006 0.007 0.029 0.013 4.83 0.81 0.49

aX represents the metals (Al, Ti, and Si) of the support of the catalysts analyzed.

Figure 4. Representative TEM images of Ru catalysts supported on: (a) Al2O3, (b) SiO2, (c) TiO2; and Ru reduced by NaBH4 supported on: (d)
Al2O3, (e) SiO2, (f) TiO2.
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range 1−4 nm, 1−6 nm, and 1−4 nm for the Al2O3, SiO2, and
TiO2 supports, respectively. This means that the reduction by
borohydryde leads to catalysts with lower metal dispersion.
These results are in agreement with the TPR results in which B
addition shifted the Ru oxides reduction peaks to lower
temperature.
Figure 5 shows the TEM images of the bimetallic Ru−Sn−B

supported catalysts. The alumina supported catalyst (Figure 5a)
has a metal particle distribution concentrated in the 1−3 nm
range, comprising Ru and Sn species with an average higher
concentration of Ru. However, some agglomerates richer in Sn
can also be found (Figure 5b). Therefore, Sn addition produces
a decrease of the average particle size, Ru−Sn ensembles being
formed that have variable composition, and are in strong
interaction with the support. Figure 5, panels c and d show the
TEM micrographs of the silica supported bimetallic catalysts.
The particle sizes are between 1 and 3 nm, the Sn/Ru ratio
being very heterogeneous. The TEM images of the 1%Ru−2%
Sn−B/TiO2 catalyst are shown in Figure 5, panels e and f. It is
possible to see particles of Sn (Figure 5e) with a good
dispersion (<1 nm), Ru particles (Figure 5f), and also particles
of Ru and Sn in strong interaction.
3.6. FTIR-CO Characterization. The interaction between

the components of the metal function was also studied by
means of FTIR spectroscopy of adsorbed CO. CO adsorbs on
the Ru metallic sites but not on the Sn sites. It is currently
accepted that CO bands arising from CO adsorption on
supported ruthenium catalysts belong to one of the three
groups: HF1 (high-frequency 1) at 2156−2133 cm−1, HF2 at
2100−2060 cm−1, and LF (low-frequency) bands at about 2040
± 40 cm−1.36

FTIR spectra of chemisorbed CO are shown in Figure 6 for
the monometallic and bimetallic catalysts. In the case of the
alumina supported monometallic Ru catalysts, the characteristic
Ru0−CO band at 2012 cm−1 is accompanied by lower
wavelength bands located around 2138 and 2071 cm−1.
These bands could probably be due the presence of Ruδ+

chlorinated species.37 Such types of bands were found in Ru
carbonyl halides with several oxidation states.38,39 For example,

the chemical compound Ru2(CO)6Cl has two bands at 2143
and 2083 cm−1.40 The bands at 2138 and 2071 cm−1 due to CO
linked Ruδ+ are strongly decreased, while the band at 2012
cm−1 is shifted to 2038 cm−1 upon reduction with borohydryde.
These results are in agreement with the TPR results that
showed that the addition of sodium borohydride shifted the

Figure 5. Representative TEM images of bimetallic Ru−Sn−B catalysts supported on: (a) Al2O3, (b) SiO2, (c) TiO2; and metal phase reduced by
NaBH4 supported on: (d) Al2O3, (e) SiO2, (f) TiO2.

Figure 6. FTIR-CO spectra of bimetallic catalysts.
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reduction peak of the Ru species to a lower temperature thus
showing an interaction between Ru and B. As a consequence,
the preparation of the catalyst with NaBH4 favored the
reduction of Ru and a decrease of the bands at 2138 and
2071 cm−1 attributed to CO linked to Ruδ+. Moreover, the
reduction of Ru by NaBH4 also produces a partial elimination
of Cl, and therefore a smaller amount of Ru chloride species is
formed.7,41 It can also be seen that the addition of Sn (Ru−Sn−
B/Al2O3 catalyst) decreases the amount of chemisorbed CO,
possibly due to a blocking effect of the Ru sites. On the other
hand, the spectra of the Ru−Sn−B catalyst are not only
reduced in intensity, but also greatly modified: the 2138 cm−1

band completely disappears, and the 2071 and 2012 cm−1

bands are merged into the 2029 cm−1 band assigned to Ru0−
CO. These modifications could reflect a strong modification in
the electronic structure of Ru and a reduction of the amount of
Run+ species.
The spectrum of the Ru/SiO2 catalyst shows a big absorption

peak at 2012 cm−1 and three small peaks at 1887, 2080, and
2142 cm−1. The absorption band at 2080 cm−1 was attributed
to Ru0−CO, the band at 2142 cm−1 to three carbonyl species
adsorbed on Ru2+ linked to the support by Si−O−Ru bonds,
and the bands at 1887 and 2012 cm−1 to the [Ru2+(CO)2]n
complex.42 The reduction of Ru on SiO2 by NaBH4 also shifts
the absorption peak to a lower wavenumber. A similar effect is
produced by the Sn, but the peak is only shifted to lower
wavenumber. The addition of Sn also decreases the amount of
CO chemisorbed due to the blocking of Ru sites.
The titania supported catalysts had absorption bands at 2141,

2080, and 2015 cm−1. Gupta et al.43 reported that Ru0 coexists
with Ru1+ and Ru2+, the band at 2080 cm−1 being assigned to
Ru0−CO. The peak at 2142 cm−1 was attributed to
multicarbonyl species adsorbed on Ru0, and the band at 2015
cm−1 was assigned to Ruδ+−CO (like RuOx(CO), 0 < x ≤ 2).
The reduction of Ru by NaBH4 shifts the absorption bands to
lower wavenumbers. The band at 2080 cm−1 corresponding to
Ru0−CO is shifted to 2074 cm−1. Moreover, the band at 2015
cm−1 associated with multicarbonyl bonded to metallic Ru is
decreased. On the RuSnB/TiO2 catalysts, a big absorption band
at 1967 cm−1 can be seen, while the absorption band at 2080
cm−1 almost dissappears.
The FTIR-CO results clearly show that Sn (which is not

reduced to the zerovalent state on Al2O3 and is reduced to
metallic Sn only partially on TiO2 and SiO2) interacts with Ru
species. These Ru species get their electronic properties
modified, in agreement with the XPS results.
3.7. Methyl Oleate Hydrogenation. In a previous work,

we reported that RuB/Al2O3 catalysts had negligible selectivity
to oleyl alcohol.7,44 The low selectivity to oleyl alcohol of Ru
supported on Al2O3 and TiO2 was also reported by others
researchers.6,9,14,42,45 For this reason, monometallic catalysts are
not studied in this work.
Figure 7 shows plots of methyl oleate conversion values as a

function of time corresponding to the tests of the bimetallic
catalysts. It can be seen that the higher conversion values are
obtained with the catalysts supported on Al2O3 and TiO2. The
lower final conversion of the catalyst supported on SiO2 was
unexpected because this catalyst had a higher Ru0/(Ru0 + Run+)
ratio, and as a consequence, a higher amount of superficial Ru0

(Table 2). Also, this catalyst had the highest dehydrogenation
activity (Figure 3). However, after 2 h of reaction, the
conversion reaches a plateau. To explain this effect, it is
necessary to indicate that there are no thermodynamic

restrictions because the other catalysts reach almost 100% of
conversion. On the other hand, the catalysts supported on
Al2O3 and TiO2 can hydrogenate methyl oleate with almost
100% of conversion, while their hydrogenation activity for CH
dehydrogenation is lower than that of Ru−Sn−B supported on
SiO2. Therefore, the only explanation is a deactivation of the
catalyst by loss of active material or by coke deposition.
Sintering is likely not present due to the low reaction
temperature (290 °C). Moreover, it should be taken into
account that the sites involved in the adsorption/desorption of
oxygenated carbonyl species could be different from the sites
required for hydrogenation of nonoxygenated species.
Pouilloux et al.5 proposed that the selective hydrogenation of
methyl oleate involved the adsorption of the CO group of
fatty esters over a site comprising SnOx in interaction with Ru
species. Conversely, CH dehydrogenation is only catalyzed by
Ru0, and Sn species are not active.
Figure 8 shows the selectivity to oleyl alcohol as a function of

reaction time for the bimetallic catalysts. The Al2O3 supported
bimetallic catalyst has the highest selectivity to oleyl alcohol,
and for the three catalysts, the selectivity to oleyl alcohol has a
volcano pattern. The Al2O3 supported catalyst had high
conversion values and the highest yield to oleyl alcohol.

Figure 7. Methyl oleate conversion as a function of time of Ru−Sn−B
supported catalysts. Reaction conditions: temperature = 290 °C,
hydrogen pressure = 50 atm, mass of catalyst = 1 g, methyl oleate = 3.5
g, n-dodecane = 60 cm3, stirring speed = 800 rpm.

Figure 8. Selectivity to oleyl alcohol as a function of time of Ru−Sn−B
supported catalysts. Reaction conditions: temperature = 290 °C,
hydrogen pressure = 50 atm, mass of catalyst = 1 g, methyl oleate = 3.5
g, n-dodecane = 60 cm3, stirring speed = 800 rpm.
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It can be seen in Figure 9 that the selectivity to methyl
stearate has a maximum as a function of time for the catalyst

supported on Al2O3, while the selectivity is practically constant
after 1 h of reaction time for the catalysts supported on TiO2
and SiO2. Figure 10 shows the selectivity to stearyl alcohol as a

function of reaction time. It can be seen that the formation of
stearyl alcohol increases steadily on Ru−Sn−B/Al2O3, whereas
for Ru−Sn−B supported on TiO2 and SiO2, it achieves a
plateau. After approximately 1 h of reaction, the selectivity to
stearyl alcohol is constant.
To explain the results, it is necessary to recall that oleyl

alcohol and methyl stearate are intermediate products of the
reaction, while stearyl alcohol is a final one. As a consequence,
the selectivity to oleyl alcohol and methyl stearate must pass
through a maximum when plotted as a function of the reaction
time, while the formation of stearyl alcohol must increase
continuously. On the catalysts supported on TiO2 and SiO2, the
selectivity to stearyl alcohol arrives to a plateau. This means
that these catalysts do not have the ability to hydrogenate the
CO group after some reaction time, while their ability to
hydrogenate CC is less affected because the selectivity to
methyl stearate is high for these catalysts.

The low yield of oleyl alcohol on the Ru−Sn−B/TiO2
catalyst could be due to its high Sn/Ru ratio (Table 2). In
this catalyst, there would be a “decoration” or an
“encapsulation” of ruthenium particles by tin oxides that
would decrease the concentration of surface sites active for
hydrogenation.5 Therefore, the catalyst would only be capable
of hydrogenating the CC double bond, thus producing
methyl stearate. In disagreement with our results, Corradini et
al.45 found a higher selectivity to oleyl alcohol and a lower
formation of stearyl alcohol over Ru−Sn/TiO2 catalysts.
However, they did not observe methyl stearate due to
chromatographic problems.
The Ru−Sn−B/SiO2 catalyst had the highest metal activity,

enough to hydrogenate the CC double bond and the CO
carbonyl group. As a consequence, the main reaction products
were stearyl alcohol and methyl stearate. However, after a few
minutes of reaction, the catalyst was deactivated.
The high selectivity to oleyl alcohol of the Ru−Sn−B/Al2O3

catalyst is in agreement with the report of Pouilloux et al.5 who
proposed that the active center for the selective hydrogenation
of methyl oleate could be constituted by a ruthenium atom in
interaction with two SnOx species. It can be seen in Table 2
that the superficial Sn/Ru ratio is about 2.0, 3.8, and 4.8 for the
Al2O3, SiO2, and TiO2 support catalysts, respectively. More-
over, the XPS results show that Sn is not reduced to the
metallic state, and as consequence, only Snn+ species are present
on the Al2O3 support. RuSnB supported on SiO2 or TiO2 has a
higher superficial Sn/Ru ratio and a lower selectivity to oleyl
alcohol.

4. CONCLUSIONS

Alumina, titania, and silica supported Ru−Sn−B catalysts for
selective hydrogenation of fatty acid methyl esters to fatty acids
were prepared and tested to study the influence of the kind of
support. Tin was partly deposited on the support and partly on
Ru. Tin in the metal phase was found to be in strong
interaction with Ru. The metallic activity of Ru (fundamentally
hydrogenation) was strongly decreased by Sn addition. The
support had a strong influence on the activity and selectivity of
the catalysts because it modified the size of the Ru particles and
their interaction with Sn. The most adequate support for the
preparation of catalysts for the selective hydrogenation of
methyl oleate to oleyl alcohol was alumina. Ru(1%)−Sn(2%)−
B/Al2O3 was the best catalyst, a fact attributed to its favorable
surface Sn/Ru ratio (close to 2).
The silica supported Ru−Sn−B catalyst had a good activity

level, high enough to hydrogenate the CC double bond and
the CO carbonyl group. High amounts of stearyl alcohol
were thus produced over this catalyst. The catalyst was
deactivated after some minutes in reaction. Conversely, the
catalyst supported on titania had a high selectivity to the
saturated methyl ester because it could hydrogenate the CC
double bonds but had little activity for hydrogenating the C
O group.
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Figure 9. Selectivity to methyl stearate as a function of time of Ru−
Sn−B supported catalysts. Reaction conditions: temperature = 290 °C,
hydrogen pressure = 50 atm, mass of catalyst = 1 g, methyl oleate = 3.5
g, n-dodecane = 60 cm3, stirring speed = 800 rpm.

Figure 10. Selectivity to stearyl alcohol as a function of time of Ru−
Sn−B supported catalysts. Reaction conditions: temperature = 290 °C,
hydrogen pressure = 50 atm, mass of catalyst = 1 g, methyl oleate = 3.5
g, n-dodecane = 60 cm3, stirring speed = 800 rpm.
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