CAAlRERCIT]

JOURNAL OF
) MOLECULAR
: ?@ , CATALYSIS
&% A: CHEMICAL

ELSEVIE Journal of Molecular Catalysis A: Chemical 184 (2002) 431-441 _———
www.elsevier.com/locate/molcata

Hydrogenation of crotonaldehyde on Rh-Sn/gcatalysts
prepared by reaction of tetrabutyltin on prereduced
Rh/SiO, precursors

P. Reye&*, M.C. Aguirre?, J.L.G. Fierrd, G. Santorf, O. Ferrettf

a Departamento de Bico-Quimica, Facultad de Ciencias Quicas, Universidad de Concepcién, Casilla 160-C, Concepcion, Chile
b Instituto de Catalisis y Petroleogmica, CSIC, Cantoblanco, 28049 Madrid, Spain
¢ CINDECA, UNLP-CONICET, 47, No. 257, 1900 La Plata, Argentina

Received 30 October 2001; accepted 12 January 2002

Abstract

Rh and Rh-Sn/Si@catalysts have been prepared, characterized and used in the crotonaldehyde hydrogenation reaction.
New bimetallic Rh-Sn catalysts were prepared by reaction ofi-8atg)4 over a prereduced Rh-Si(precursor. It was
observed that the temperature of the preparation reaction also plays an important role in the nature of the Rh-Sn active
sites. Thus, at lower temperatures, 363 K, Rh(SnB)y, species remain adsorbed on the silica surface whereas at 773 K, the
organometallic residue decomposes leading to Rh-Sn bimetallic catalysts. Tin addition causes a significant drop in hydrogen
chemisorption capability but only a slight increase in metal particle size. Electron diffraction detected the presefice of Rh
RhSn and SnQ phases for the bimetallic catalysts and®Rér the monometallic ones. XPS shows an important surface
enrichment in tin suggesting that SpGpecies would migrate and deposit on the metal crystals. The active sites generated
upon these treatments allow the polarisation of the carbonyl group and consequently an enhancement in the selectivity to
crotyl alcohol is obtained. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction various fine chemicals used in perfumes, flavorings,
and pharmaceuticals [1-3].

Hydrogenation reactions are of great interest in ~ From an industrial point of view, the most impor-
the field of fine chemicals, as processes to obtain tant product is the unsaturated alcohol and the reac-
either intermediates or final products. They usually tion requires a preferential*® hydrogenation of the
involve the selective catalytic hydrogenation of cer- «, B unsaturated aldehydes [4-8]. Research has been
tain chemical bonds to obtain the desired products. devoted to improve the selectivity of heterogeneous
The selective hydrogenation of carbonyl groups in supported metal catalysts in these reactions [9-13].
the presence of olefin groups in, B unsaturated  Several research groups have reported catalysts able
aldehydes is an important step in the preparation of to selectively reduce certain conjugated aldehydes

such as crotonaldehyde and cinnamaldehyde to the
"+ Corresponding author. Tek:56-41-204324; cprresponding' unsaturated alcohols [14-19]. 'Fig. 1
fax: +56-41-245974. displays reaction pathway of the hydrogenation of
E-mail addresspreyes@udec.cl (P. Reyes). crotonaldehyde.
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Fig. 1. Reaction pathway for crotonaldehyde hydrogenation.

Selectivity towards the allylic alcohol is highly
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platinum-group metal [11,22—-26], these sites being
responsible or the selectivity improvements to the
allylic alcohol. Thus, the promoting effect of tin on
Pt catalysts, prepared by the impregnation procedure
with solution of HPtClk and SnCl, produces a sig-
nificant increase in the selectivity to the unsaturated
alcohol during cinnamaldehyde and acrolein hydro-
genation [27,28]. A similar effect was observed in
crotonaldehyde hydrogenation by Marinelli et al. [29]
for Pt-Sn/SiQ, by Coloma et al. Pt-Sn/C catalysts
[30] and by Neri et al. [31] for citral hydrogenation
on Pt-Sn-C catalysts. The observed behavior was

dependent on the nature of the precious metal usedattributed to the electrophilic activation of the=Q

as a catalyst [20]. The design of a new catalyst with
a high selectivity for the reduction of the carbonyl
bond, however, usually requires the creation of polar
sites that interact with the<D bond and thus lead to
its preferential activation.

This may be achieved by using bimetallic catalysts
or supported noble metals on partially reducible ox-
ides. Gallezot and Richard [21] have classified this
effect into three groups: (i) Catalysts where metal-
lic promoters are added in ionic form. This process
may result in the formation of the cationic species
deposited on the metal crystals or, due to the hy-

bond by cationic tin on the platinum surface.
However, the oxidation state of the metals in the
bimetallic systems is strongly affected by the prepara-
tion procedure. The presence of alloys or intermetallic
compounds in supported catalysts is difficult to be
detected if metal particle size is too low. Beccat et al.
[32] reported the hydrogenation of methylcrotonalde-
hyde on a RfgFex single-crystal phase. These authors
found that an increase in the rate of formation on the
unsaturated alcohol was obtained by alloying plat-
inum with iron. A similar finding was observed for
Pt-Co colloidal particles during cinnamaldehyde hy-

drogenation conditions, these cationic species can bedrogenation [23]. The bimetallic phase was invoked to
reduced producing bimetallic particles; (ii) Catalysts be responsible for the enhancement in the selectivity.
involving bimetallic particles, usually prepared ex With regard to supported catalysts, several contribu-
situ, where electropositive metal atoms are associatedtions by Candy et al. [33-35], dealing with the use of

in the same particle with metal atoms of higher re-
dox potential (usually, platinum-group metals); and
(iii) Catalysts involving oxidised metal species at
the metal-support interface, usually produced by mi-
gration of partially reduced support species to metal
crystals, producing decoration of metallic species.
As a result of the induced modifications in the metal
crystals, a polarization in the=® bond is obtained,
thus producing an enhancement in the selectivity to
the unsaturated alcohol.
With regard to the bimetallic systems involving a

platinum-group metal and a second metal, usually
having lower catalytic activity, many studies have

organometallic compounds for preparing bimetallic
catalysts, have been reported. These authors claimed
that the use of surface organometallic chemistry
(SOMC) may lead to catalysts having surface, bulk
and catalytic properties which may be ascribed to the
formation of alloys. Particularly, the selective reaction
of organometallic complexes of group IVa elements
with group VIl metal-supported catalysts have been
widely studied. The catalysts obtained via SOMC, ex-
hibit unusual activities and selectivities [33—35]. Thus,
tetran-butyl tin (Snf-C4Hg)4) reacts with metal sur-
face of silica-supported rhodium to give a bimetallic
Rh-Sn catalyst which exhibits high selectivity and

been carried out with the aim to investigate the chem- activity in several reactions such as the hydrogena-
ical state of both metals. Thus, Pt, Os, Ir, Pd, Rh, and tion of «, B unsaturated aldehydes, nitrobenzene,
Ru catalysts among others have been studied, usingacrilonitrile and olefins [34]. The nature of these new
Fe, Co, Ni, Ge, and Sn as second metal. Most of the catalytic materials depend strongly on the reactivity
studies have shown that the second metal after reduc-of the organometallic compounds with the metallic
tion remains as a cationic species associated with thesurface. SOMC can yield a metallic surface covered
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with adatoms or surface organometallic fragments, or solution of tetran-butyltin (Snf-C4Hg)4) in a paraf-

an alloy having the desired composition [36].
The present work is aimed to study bimetallic
Rh-Sn/SiQ catalysts prepared by the SOMC for

finic solvent f-heptane) with the reduced Rh/SIO
catalyst at 363K under flowing hydrogen. After 4h
under reaction, the liquid phase was separated and

the selective hydrogenation of crotonaldehyde. The the solid was repeatedly washed wittheptane and

Rh/SiQ; catalysts were obtained by the sol-gel
method and by impregnation of a sol-gel silica with
rhodium precursors. Tin was introduced by specific
reaction between Rh/SiOand tetran-butyltin. The
performance of the bimetallic catalysts is studied on
two type of modified systems: (i) the activation in
hydrogen does not exceed 363K; and (ii) the activa-
tion in hydrogen is carried out at 773 K. The catalytic

subsequently dried in air at 363 K. The solid obtained
after this procedure, labelled as organobimetallic cat-
alyst (RhSn-OM) still had butyl groups grafted to the
surface. The variation of SnBuconcentration was
analyzed using a Varian 3400 gas chromatograph
equipped with a flame ionization detector using a
10% OV-101 column (1/8 in i.d. and 0.5 m length).
The bimetallic phases (RhSn-BM) were obtained

reaction was carried out in liquid phase and the cat- by removal of the organic groups by treatment of
alysts were characterized by specific surface area, RhSn-OM catalysts in flowing hydrogen at 773K for

H> chemisorption, transmission electron microscopy,
electron diffraction and X-ray photoelectron spec-
troscopy in order to correlate chemical structures with
performance. The evolution of hydrocarbons from

the organometallic compounds chemisorbed on the

2 h. The rhodium loading is given in brackets.

2.2. Catalyst characterization

TG and DSC analyses of precursors of Rh catalysts

bimetallic surface during the preparation reaction was were performed in a Polymer Laboratories model

monitored by gas chromatography.

2. Experimental
2.1. Catalysts preparation

The Rh/SIQ catalyst was obtained from the sol—
gel using the following procedure [37]. A mixture
of tetraethyl orthosilicate (TEOS) with ethanol and
Rh(AcAc); dissolved in acetone to give a Rh loading
of 0.5wt.% was stirred and refluxed at 318K. The
gelation pH was 5. The reflux was maintained until

STA-625 TG, using an air flow of 20ccmin at a
temperature range 298 to 823K and a heating rate
of 10K min~1. Quantitative data obtained from TG
allowed an evaluation of Rh loading. These results
were confirmed by UV-VIS studies carried out on
acetylacetonate rhodium solution in a Perkin-Elmer
UV-VIS Lambda 12 Spectrometer analysing be-
tween 200 and 1000 nm with the maximum being at
319 nm.

The specific surface area of the catalysts studied
was obtained from the nitrogen adsorption isotherms
recorded at 77 K with a Micromeritics model Gemini
2370 apparatus. Hydrogen chemisorption at 298K

gel formation was achieved, then the temperature waswas carried out in a conventional greaseless volumet-

increased to 353K and kept constant for 1h. The
obtained solid was dried at 383K for 6 h, calcined in
air at 723K for 4h and reduced in situ at 773K for
2h, prior characterization or the catalytic test. Ad-
ditionally, 0.5 and 1.0wt.% Rh/SiOcatalysts were

prepared by impregnation with acetone solution of
Rh(AcAc) on a silica §ger = 700 n¥ g2, pore vol-

ume 0.58 craig~1) prepared by the sol-gel method at
pH = 5 as described previously. TG and DSC have
shown that the complete decomposition of rhodium

ric adsorption system, equipped with a MKS Baratron

170 M pressure transducer. Before the chemisorption
experiments, the samples were reduced in situ at
773K for 2h and then outgassed for 4 h at the same
temperature.

Transmission electron micrographs and electron
diffraction patterns were obtained with a Jeol JEM
1200 EXII microscope. The supported catalysts were
ground in an agate mortar and dispersed in ethanol. A
drop of each dispersion was placed on a 150 mesh cop-

acetylacetonate into rhodium oxides takes place at per grid coated with carbon. To obtain metal particle
temperatures lower than 673K. The preparation of size, several magnifications were used in both bright
the bimetallic systems consisted of the reaction of a and dark fields. For electron diffraction studies 120 kV
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and 60cm were used as acceleration voltage and fo-The extent of SnBay chemisorbed on the rhodium
cus distance respectively and a gold standard (Merck surface was quantified from the initial and the final
99.99% pure) was used for calibration. XPS spectra concentration in the impregnating solution. For both
were recorded using a VG Escalab 200R spectrometerstarting monometallic Rh/Sifcatalysts, prepared by
equipped with a hemispherical electron analyzer and either impregnation or sol-gel, the nominal Sn/Rh
a Mg Ka X-ray source kv = 12536 eV). The sys- atomic ratio was 0.5. After the two-step reaction,
tem was provided with a reaction cell which allows the samples were analyzed and gave ratios of 0.40
pretreatment at high temperatures. The samples wereand 0.47, respectively, close to the expected value.
pressed in a hydraulic die to form thin, smooth discs The higher value obtained for the sol-gel sample
and placed in the cell. The samples were prereducedmay be attributed to the preparation procedure. In
in hydrogen at 773K for 1 h and then transported to fact, in sol-gel catalysts, the metal component re-
the analysis chamber without contact with air. Rh and mains trapped in the porous structure of the support,
Sn peaks were decomposed into several componentsbeing likely to exhibit a high interaction with the
assuming that the peaks had Gaussian—Lorentzianorganometallic tin precursor during surface reaction.
shapes. Surface Rh/Si and Sn/Si ratios were estimatedAfter reaction in hydrogen in the temperature range
from the integrated intensities of Rh 3¢, Sn 3d,2 of 363-423 K, a partial hydrogenolysis reaction takes
and Si 2p lines after background subtraction and cor- place leading to Rh(SnBu,), species. Only after
rected by the atomic sensitivity factors [38]. The line reduction up to 773K is the hydrogenolysis com-
of Si 2p at 103.4 eV was used as an internal standard. pleted, leading to bimetallic Rh-Sn catalysts. The
obtained Sn/Rh atomic ratios are in agreement with
2.3. Catalytic reactions Rh dispersion, being higher in the catalyst prepared
by the sol-gel procedure, as expected considering
The catalytic reactions were carried out in a stirred that the total amount of tin deposit on the catalyst is
batch reactor at 313K and a pressure of hydrogen of closely related to the surface Rh atoms, according the
10 atm. The catalyst (1.00 g) was added to the reactor réaction previously described.
and mixed with 80ml of a 0.15M solution of cro- ~ Table 1 summarizes metal loadings, H/Rh ra-
tonaldehyde in isopropanol. The analyses of reactantstios and metal particle sizes for the catalysts study.
and products were performed using a Varian 3400 gas Hydrogen chemisorption experiments at 298K were
chromatograph equipped with a 30 m J&W DB-WAX carried out to evaluate available reduced metal sur-
capillary column and a flame ionization detector. face area. Previous experiments have shown that tin
does not chemisorb H therefore the K uptake may
be assigned only to chemisorption on Rh atoms. It
3. Results and discussion was found that higher H/Rh values existed for the
monometallic Rh/Si@Q samples (close to 0.4) com-
Careful studies of the reaction between tetra- Pared with the bimetallic Rh/Sn/SiCeatalysts (ca.
butyltin and a silica-supported group VIII metal M 0.10). This featur_e may b_e assigne_d either to a partial
(M = Pt, Rh, Ru, Ni) have been performed [33-36]. Coverage of rho_dmm particles with tin or tp the forma-
The results indicate that when the reaction is car- ion of bimetallic Rh-Sn phases. Thus, tin atoms are
ried out in the presence of molecular hydrogen on a diluting rhodium ensembles producing an inhibitory
reduced metallic particle, the process may be repre- €fféct in their capability to chemisorb hydrogen,

sented by a two-step scheme: in line with the previous explanations that the drop in
H/Rh ratios would not be associated with changes in
363-423K Rh/SiO; + y SnBu + %xsz metal dispersion. Similar behavior has been reported

previously by Claus [39] for Rh/Sn/SiCcatalysts in

which a significant drop in Bl chemisorption ability

. 1 were found as tin content increases.

423-773K  Rh(SnBu-x),/Si0z + 3(4 — x)y Hz TEM micrographs of Rh-Si@ catalysts show a
— RhSn,/SiO; + (4 — x)y BuH narrow particle size distribution having an average

— Rh(SnBw—,),/Si0» + xyBuH
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Table 1

Chemical analysis, H/Rh and rhodium particle size obtained from chemisorption and TEM data

Catalyst Rh loading (wt.%) Sn loading (wt.%) (Sn/Rh) experimental H-Rh d, nm TEM
Rh(0.5)/SiQ-SG 0.50 0 0 0.43 1.6
Rh(0.5)/SiQ-I 0.50 0 0 0.40 1.7
Rh(1.0)/SiQ-I 1.00 0 0 0.28 2.4
Rh(0.5)-Sn/Si@-OM-SG 0.50 0.27 0.47 - -
Rh(0.5)-Sn/Si@-OM-I 0.50 0.23 0.40 - -
Rh(0.5)-Sn/Si@-BM-SG 0.50 0.27 0.47 0.12 1.7
Rh(0.5)-Sn/Si@-BM-I 0.50 0.23 0.40 0.10 2.0
Rh(1.0)-Sn/Si@-BM-I 1.00 0.35 0.30 0.08 3.9

particle size close to 2.0nm (1.6 and 2.4) for Rh(0.5)  With regard to the bimetallic Rh-Sn samples, it
and Rh(1.0) respectively, (see Fig. 2).The electron should be mentioned that a significant heterogeneity
diffraction of Rh-SiQ catalyst prepared by impregna- of particle size was observed. Thus, by analyzing dif-
tion or sol—gel procedure showed both rings and spots, ferent areas of a grid, it was possible to observe areas
indicating the presence of a small quantity of small- of homogeneity in particle size, others in which small
sized crystal. Indexing this pattern, a good agreement metal particles (close to 2.0nm) and larger particles
with RH fcc was obtained. It should be mentioned (in the range of 4.0-15 nm) were present, and a third
that after rotating the sample and/or by changing the area which essentially showed large particles. This fact
position of the beam, similar diffraction patterns were makes difficult an appropriate evaluation of an average
obtained, with the (111), (200) and (220) planes particle size; nevertheless, in the quantification, the
exhibiting a higher intensity. Additionally, the forma- three areas already mentioned were considered. Metal
tion of hexagonal outlines, characteristic of most fcc particle size distributions show a significant proportion
metals including rhodium, suggests that the (111) of particles of comparable size with their monometal-
plane is in contact with the support [40]. lic counterparts, and also others with higher parti-
cle size. Fig. 3a and b show two different areas of a
Rh(1.0)/Sn/Si@ sample. Only a slight increase in the
average particle size compared with the monometal-
lic counterpart was detected in the Rh/Sn samples, in
agreement with results previously reported by Agnelli
et al. [40] for silica-supported Rh, Ru, and Ni cata-
lysts and by Humblot et al. [34] for Pt-Sn catalysts.
More significant changes in particle size are expected
at higher Sn-Rh ratios. Eventhough it is not possible to
define precisely the morphology of the metallic parti-
cles, it seems that most of them are roughly hexagonal
or close to spherical particles. Similar findings were
reported by Chojnacki et al. [41] for the Pt/Rh system
and for RhSn/Si@catalysts [42]. The observed differ-
ence in contrast may be associated with differences in
composition in the metallic particles. As the contrastin
TEM images is proportional to the differences in elec-
tronic densities, and in this system, the atomic num-
ber of the metals involved are similar, no difference in
contrast should be expected in Sn, Rh or RhSn parti-
Fig. 2. TEM micrographs of Rh(1.0)/SiD catalyst. cles. The observed differences may be attributed to the
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(a)

50 nm

(b)

Fig. 3. (a) and (b) TEM micrographs and (c) Electron diffraction pattern of Rh(1.0)/SpSt@talyst.

presence of reduced species of a metal and oxidisedone square micron (@m?) was examined, therefore
species of the other. Thus it is likely that the metallic the diffraction corresponds to all the crystals included
or intermetallic phases covered by Sn§pecies exist.  in the selected area, in this case, that of the higher
Fig. 3c shows an electron diffraction pattern of a metal particle size (Fig. 3b). Changes in the intensity
Rh(1)/Sn/SiQ catalyst obtained by impregnation. Un-  of the diffraction lines were a characteristic of the
der the specified conditions, an area of approximately bimetallic samples studied in this work, with those
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corresponding to higher d values being more intense Table 2
and showing at lowed values both weak and strong ~ Binding energies (eV) of Rh 3¢, and Sn 3g)> core levels core
lines. The diversity of phases may be indicative of the levels and Rh-Si, Sn-Rh atomic surface ratios obtained from XPS

presence of intermetallic phases in the bimetallic sam- Catalyst B.E. (eV) (Rh/S))  (Sn/Rhy
ples. The presence of RhSrP, SnQ., and bimetallic Rh 3k, Sn 3d
compounds RhSnand RRSrnp were analyzed. The -

. . 4 Rh(0.5)/SiQ-SG  307.3 - 0.0014 -
analyses of the different electron diffraction patterns Rh(0.5)/SiO-1 3071 _ 00019  —
of the bimetallic sample, revealed the presence of rn(1.0)sig-I 307.2 _ 0.0023 —
lines attributed mainly to RhSrand lines due to Fh Rh(0.5)-Sn/Si@-  307.5 485.1(56) 0.0013  3.92
in which the main face remains. Tin oxide, as $SnO BM-SG 487.9(44)

(cassiterite) and metallic tin, as-Sn and/orB-Sn Rh(0.5)-Sn/Si@-  307.5 485.0(53) 0.0011  5.00
BM-I 488.2(47)

phases c_ould_not. be unambiguously assigned due toRh(l_O)_Sn/SiQ 3075 4851(64) 00021  3.05
overlapping with lines of the other components. BM-I 488.1(36)

Fig. 4a and b shows the X-ray photoelectron spectra
of the Rh 3d and Sn 3d core level, respectively of rep-
resentative reduced catalysts. The BE of the Rf:3d
peak at ca. 307.2 eV corresponding essentially t6 Rh during a period in which a stable conversion level was
species is observed in the monometallic RhisSoat- reached. Fig. 5 shows the variation of the conversion
alysts (sol-gel and impregnated). A slight shift was level with time for the series prepared by SOMC on
observed in the BE of the Rh 3d peak for the Rh-Sn  reduced silica-supported rhodium, prepared by the
catalysts suggesting a partial electron transfer from tin sol-gel method. Significant differences in conversion
species. The Sn 3d profile for both RhSn/gicata- levels were found for the catalysts studied and activity
lysts indicates the different species. In fact, curve fit- increased in the sol-gel catalysts in the following or-
ting of the experimental spectra indicates both reduced der: Rh-Sn-OM< Rh-Sn-BM < Rh. The lower activ-
tin species, S (BE = 4851 eV) and oxide species ity of the bimetallic samples may be attributed to the
(ca. 488.0eV). It is noted that discrimination between presence of tin atoms producing surface rhodium sites
Sr¢t and SAT species is extremely difficult, if not  apparently isolated from their neighbors by tin atoms,
impossible, because the BE of the S 3dtore-level thus changing drastically the hydrogenation capability.
is virtually the same for the two tin oxide species The catalysts obtained from impregnation show
[43]. The proportion of reduced tin species is close to similar trends, but have obvious differences in conver-
50%, higher than those usually reported for Pt-Sn and sion levels. This feature emphasizes the importance of
Rh-Sn catalysts prepared by conventional impregna- the experimental procedure to deposit the metal com-
tion methods [31]. These results were expected con- ponent, which has a strong influence on the catalytic
sidering the strong interaction produced between the behavior of the samples. Thus, Lopez et al. [45],
metal components during the surface reaction, as hashave shown for Pt/Si@catalysts that the interaction
been pointed out [33-36,44]. With regard to the Rh-Si between metal precursor-support surface are stronger
atomic surface ratio, higher values are observed in in the catalysts prepared by the sol-gel method com-
the monometallic Rh/Si©@samples compared with the  pared with the impregnation ones. Studies by diffuse
bimetallic Rh-Sn counterpart, in line with chemisorp- reflectance UV-VIS confirm that catalysts obtained by
tion results. The Sn-Rh surface atomic ratio in bimetal- the former procedure exhibit two types of interaction:
lic samples is almost 10 times higher than the bulk one strong, bulk interaction and another weaker on the
ratios, indicating a surface enrichment in Sn in the surface. The stronger interaction exhibits a ligand ex-
metallic phase. These results are compiled in Table 2. change between the metal complex and the OH groups

Crotonaldehyde hydrogenation was studied at of the support. As a consequence of these interactions,
313K and a H pressure of 10 atm, and the obtained the metal incorporates OH groups into its coordina-
products were crotyl alcohol (CROH), butyraldehyde tion sphere, and the metal symmetry is distorted. On
(BUHO) and butanol (BUOH). No formation of other the other hand, catalysts obtained by impregnation of
byproducts was detected. The reaction was studiedthe support lead only to the former species.
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Fig. 4. XP spectra of reduced Rh/Sn/SISG catalysts (a) Rh 3d and (b) Sn 3d core levels.

The series of catalysts with higher rhodium loading tant enhancement in the selectivity to crotyl alcohol
(1 wt.%) displays higher activities due to the larger and butanol was detected in the Rh-Sn samples. The
amount of Rh surface atoms, therefore, these catalystsRh-Sn-OM samples show selectivity to the unsatu-
exhibit a larger hydrogenation activity.

Besides the differences observed in activity, impor- Rh-Sn-BM catalysts selectivities are close to 30%.
tant changes in selectivity were also detected in these The selectivity to the different products changes with

catalysts. On Rh(0.5)/Sigatalysts, the main product

rated alcohol in the range of 10-16% whereas in the

the extent of conversion, however, these changes are

was butyraldehyde, with the other products below 9%. not very significant for crotyl alcohol as it can be seen

However, the Rh(1.0)/Si©®sample showed a drop
in the selectivity to butyraldehyde and a significant

in Fig. 6 for the Rh(0.5)/Sn/SigBM/SG catalyst. On
the other hand, the selectivity to BUHO and BUOH

increase in the selectivity to CROH. This fact may be exhibit different behavior. The former, decreases as
assigned to a particle size effect, due to the later cat- conversion increases whereas the later increases with
alysts have a larger rhodium particle size compared conversion. This trend is as expected, considering

with those of lower Rh loading. Similarly, an impor-

that BUOH is the completely saturated product and
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Fig. 5. Conversion vs. time for crotonaldehyde hydrogenation at
313K and 10atm on Rh(0.5)-Sn-Si3G catalyst.

its formation is favored at higher time on stream and
higher conversion. Nevertheless, it is worthwhile to
compare both, the activity and the selectivity to the
different product levels, as given in Table 3. It shows
the initial turnover frequency (TOF), expressed as
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Table 3

Initial turnover frequency and selectivity to reaction products in
crotonaldehyde hydrogenation at 313K on Rh/SiRh/Sn/SiQ
catalysts, at constant conversion level (30%)

Catalyst TOF Selectivity (%)
—1

(%) BUHO BUOH CROH
Rh(0.5)/SiQ-SG 015 97.0 18 12
Rh(0.5)/SiQ-! 0.08 91.3 6.4 2.3
Rh(L.0)/SiQ-! 010 725 125 15
Rh(0.5)-Sn/SIG-OM-SG  — 78.0 6.4 15.6
Rh(0.5)-Sn/SIG-OM-I  — 76.5 125 11.0
Rh(0.5)-Sn/SI@BM-SG  0.28  47.4 19.1 33.5
Rh(0.5)-Sn/Si@BM-I  0.34 532 13.6 27.4
1 Rh(L.0)-SN/Si@BM-I 021  49.0 21.0 30.0

addition of the organometallic tin compound new and
more appropriate sites are developed.

In the Rh-Sn-OM samples, the presence of butyl
groups contributes to a significant increase in the se-
lectivity to CROH due to both electronic and steric
effects: electronic due to that in the active site, the
Sn atoms are bonded to two butyl groups and to a
Rh atom and additionally, part of Sn is also in the
metallic state (as detected by XPS). It is likely that

the number of molecules converted per second per this later increases the electronic density of Rh as

surface rhodium atom, obtained from the plot con-
version versus time plots, extrapolatedste- O over

it was proposed for Pt-Sn catalysts [36]; and steric
due to fragments of butyl groups that make easier the

the first 30 min on stream. It can be seen a significant adsorption of crotonaldehyde through the@bond.

enhancement in the activity per site in the bimetallic

In the Rh-Sn-BM catalysts, the presence of ionic tin

catalysts. These results clearly indicate that upon the and intermetallic Rh-Sn compounds lead to a signif-
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Fig. 6. Product distribution vs. conversion for crotonaldehyde hy-
drogenation at 313K and 10 atm on Rh(0.5)-Sn-S8% catalyst.

icant enhancement in the selectivity to CROH. This
behavior may be explained considering mainly the
electronic effect: the difference in electronegativity
in rhodium and tin in the metallic phase contributes
strongly to polarize the carbonyl group and therefore
favors the formation of the allylic alcohol.

Claus [39] studying Rh-Sn catalysts prepared via
SMOC on a commercial silica aerosil, has reported
much higher selectivity to CROH, close to 70% in
crotonaldehyde hydrogenation. However, in that work
the experimental conditions were different: the reac-
tion was carried out in gas phase, rhodium loading
was four times higher and different Sn loadings were
used. Therefore, the catalysts posses different metal
particle size, surface composition and consequently
different catalytic behavior should be expected. It is
well known [8] that higher metal particle size, which
may be obtained with this preparation procedure
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at higher metal loading, induces an increase in the

selectivity to CROH.

4. Conclusions

The activity and selectivity of Rh-supported cata-
lyst were strongly modified by tin incorporation by a
surface organometallic reaction between tettautyl
tin and reduced Rh/SiOcatalysts. Depending on the
pretreatment temperature inHatalysts having frag-
ments of organometallic tin bonded to the metallic

phase, Rh-Sn-OM or only the metallic components,
Rh-Sn-BM, were obtained. Surface characterization

by Hy chemisorption and XPS revealed a tin en-
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D.D. Duprez, G. Pérot, C. Montassier (Eds), Proceedings
3rd International Symposium Fine Chemicals and Catalysis,
Poitiers, 1993, p. 211. Elsevier, Amsterdam, 1993.

[8] V. Ponec, Appl. Catal. A Gen. 149 (1997) 27.

[9] D.G. Blackmond, R. Oukaci, B. Blanc, P. Gallezot, J.Catal.
131 (1991) 401.

[10] M.A. Vannice, B. Sen, J. Catal. 65 (1989) 115.

[11] D. Goupil, P. Fouilloux, R. Maurel, React. Kinet. Catal. Lett.
35 (1987) 185.

[12] R. Hubaut, M. Daage, J.P. Bonnelle, Appl. Catal. 22 (1986)
231.

[13] P. Claus, Topics Catal. 5 (1998) 51.

[14] S. Galvagno, Z. Poltarzewsky, A. Donato, G. Neri, R.
Pietropaolo, J. Chem. Soc., Chem Commun. (1986) 1729.

[15] M. Shibata, N. Kawata, T. Matsumoto, H. Kimura, J. Chem.
Soc., Chem. Commun. 99 (1988).

[16] P. Gallezot, A. Giroir-Fendler, D. Richard, Catal. Lett. 5
(1990) 175.

richment on the surface of the metallic phase and [17] M.A. Aramendia, V. Borau, C. Jimenez, J.M. Marinas, A.

electron diffraction confirmed the presence of°Rh
RhSn, and SnQ@ in the BM samples. XPS indicates
that in the BM samples the proportion of oxide tin
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species modifies the nature of the active sites through

electronic and steric effects, thus contributing to an
increase in the selectivity to crotyl alcohol.
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