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Abstract

Gas and liquid phase hydrogenation of crotonaldehyde was studied over silica supported promoted Pt catalysts. The
influence of reaction temperature and reactant pressure on the activity and selectivity of the catalysts and the role of
deactivation was investigated. Addition of Ni, Co and Fe to Pt/SiO, increased the activity and the selectivity in gas phase
hydrogenation. This is attributed to the existence of polar sites in a bimetallic phase favoring the interaction with the
carbonyl group and, thus, increasing the rate for the hydrogenation to crotylalcohol. Addition of Ga, Sn and Ge improved the
selectivity to crotylalcohol, but decreased the activity of the catalysts. These promoters form catalytically inactive oxides that
decorate part of the Pt surface. The electron pair donor—acceptor interaction of the oxygen of the carbonyl group with the
Lewis sites present in such oxide clusters is concluded to cause the enhanced selectivity to crotylalcohol. The addition of La,
Bi, Pb and Sb to Pt decreased the activity and the selectivity of the parent catalyst by blocking a part of the active surface.
With respect to selectivity, catalyst behavior is independent of the reaction medium. In contrast, the highest activities in gas
phase were found for catalysts forming a bimetallic phase, while these catalysts showed the lowest activity in liquid phase
due to afast deactivation.

1. Introduction with high selectivity with severa other bimetal-
lic catalysts, such as Ni—Cu [3], Pt—Sn [4] or
Ag—Cd-Zn [5]. Most of the studies indicate that
the corresponding monometallic catalysts have a
lower selectivity to the unsaturated alcohol and
that an optimum ratio between the base and the
promotor metal exists. With Pt as base metal,

the highest selectivities were found by promo-

The first report on catalytic hydrogenation of
a, B-unsaturated aldehydes by Tuley and Adams
[1] describes the selective reduction of cin-
namaldehyde to cinnamyl acohol over an un-
supported platinum—zinc—iron catalyst. A simi-
lar, but supported catalyst, was claimed to give

high yields to crotylalcohal for the hydrogena
tion of crotonaldehyde [2]. It was also reported
that the unsaturated alcohol can be obtained

* Corresponding author. Tel.: +31-53-4892858; fax: + 31-53-
4894683.

tion with either Sn [4,6—10] or Fe [5,7,11-14].
Based on these results, two models have been
proposed to explain the improvements in selec-
tivity. The first is based on the observation that
an increased electron density on the base metal
is caused by the formation of metal aloys or by
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a strong interaction of the promotor (or the
support) with the base metal. The increased
electron density on the base metal is claimed to
decrease the probability for C=C bond adsorp-
tion and, at the same time increases the interac-
tion of the C=0 bond with the polar bimetallic
sites. The other is based on the presence of
Lewis acid sites at or near the metal particles
that may interact with the lone electron pairs of
the oxygen of the carbonyl group and, thus,
lower the strength of the C=0 bond facilitating
a higher rate of hydrogenation. However, most
results reported are based on a particular
bimetallic system due to the very different ex-
perimental conditions, the selectivity enhance-
ment by different promotor metals and the vary-
ing deactivation through decarbonylation [15], it
is difficult to compare directly and to explain
unequivocally.

Thus, we aim at investigating the effect of
various potential promotor metals on the cat-
alytic behavior of a well characterized Pt/SiO,
catalyst [16]. The hydrogenation of crotonalde-
hyde was chosen as model reaction yielding two
primary products, butyraldehyde (BuHO) and
crotylalcohol (CrOH). Hydrogenation in the gas
phase was studied to obtain kinetic parameters
under differential conditions. Hydrogenation in
the liquid phase was performed to probe for the
transferability of results obtained in gas phase
experiments to industrially more viable condi-
tions. Special attention was paid on changes in
activity and selectivity during the course of
reaction [2,17].

2. Experimental
2.1. Catalysts

Silica with a surface area of 200 m?/g was
used as support (Aerosil 200, Degussa). The
parent Pt catalysts were prepared by ion ex-
change using an agueous Pt(NH),(OH), solu-
tion. 20 g silica, the appropriate amount of
Pt-solution and 2 ml 25% NH, solution were

added to 300 ml water. The resulting slurry was
stirred overnight under reflux. After filtration,
the solid cake was washed, dried at 383 K
overnight, calcined in flowing air at 673 K for
two hours and finally reduced with pure hydro-
gen a 673 K for two hours. The analysis of the
filtrate showed that nearly al Pt ions were
bound to the silica support during the ion ex-
change procedure. Due to practical reasons, two
series of promoted catalysts were prepared based
on the origina Pt catalysts differing in metal
loading and dispersion. The origina Pt/SO,
catalyst used for the preparation of the first
series (Pt1) had a metal loading of 3.2 wt% and
aH/Ptratio of 1. The resulting promoted cata-
lysts will be denoted as series 1. Series 2 con-
sists of catalysts prepared from three Pt cata
lysts, al having a metal loading of 4 wt%, a
nearly identical average H/Pt ratio (0.72 to
0.75) and very similar particle size distributions
(according to TEM photographs). The promotor
metals were added by impregnation of the cal-
cined and reduced catalysts with agueous solu-
tions of the corresponding promotor salts yield-
ing a molar ratio of Pt to the promotor metal of
4:1. The promotor metal salts used were: SnCl,
-2H,0, GaNO,),-6H,0, LaANO,),- 6H,0,
Pb(NO,),, Bi(NO,);, ShCl, (dissolved in ace-
tone), Ni(NO,), - 6H,0, Co(NO,), - 6H,0,
Fe(NO,), - 9H,0 and GeCl,. As GeCl, is a
fast evaporating liquid and reacts violently with
water it was diluted in benzene and was used in
this form for impregnation. After impregnation,
the catalyst precursors were dried at 373 K and
reduced in flowing hydrogen at 673 K for two
hours. After reduction, impurities such as chlo-
rine were not detected by EDAX analysis.
Hydrogen chemisorption isotherms, per-
formed in a standard al glass volumetric sys-
tem, were determined for the original Pt cata-
lysts. The H /Pt ratios calculated for these sam-
ples were also used for the evaluation of rates
and turnover frequencies of the corresponding
promoted catalysts. Preliminary EXAFS mea
surements for Ptl, PtSnl, PtGal and PtLal
showed a constant Pt—Pt first shell coordination
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number indicating that the Pt particle size did
not change with the addition of the promotor.

2.2. Hydrogenation experiments

The gas phase hydrogenation of crotonalde-
hyde (2-butene-1-a from Aldrich purity >
99.5%, used without further purification) was
caried out in a tubular quartz glass reactor
under atmospheric pressure, described in detail
in Ref. [18]. For al experiments hydrogen with
a purity of 99.999 vol% was used without fur-
ther purification. All catalysts were re-reduced
in situ before the hydrogenation experiments
with pure hydrogen at 673 K for at least one
hour. Subsequently the reactor was cooled to
reaction temperature in hydrogen atmosphere
before crotonaldehyde was introduced. The de-
sired partia pressure of crotonaldehyde was
adjusted by using a saturator and/or a syringe
pump. The partial pressure of hydrogen was
adjusted by adding He to the feed. Partia pres-
sures between 3 and 60 mbar of crotonaldehyde
and between 160 and 1010 mbar of hydrogen
were employed. The reaction temperature ranged
between 303 K and 393 K, the total flow rates
varied between 5 and 60 ml /min.

The hydrogenation of crotonaldehyde in lig-
uid phase was carried out in magnetically stirred
autoclaves (with a total volume of 65 ml) at
ambient temperature (+297 K). The reaction
mixture (8 ml ethanol, 1 ml CrHO and 1 ml
H,0) and the catalyst (typicaly 100 mg) were
loaded into the autoclave. The degree of filling
was dictated by the wish to use the minimum
amount of catalyst, reproducibly. Then, the sys-
tem was flushed with He and pressurized with
hydrogen to 25 bar. During reaction, samples
(~5 ul) were taken via a septum port and
analyzed by gas chromatography. For some ex-
periments the autoclaves were opened after a
defined reaction time without taking intermedi-
ate micro samples and the liquid phase was
analyzed.

The composition of the samples of both, gas
and liquid phase experiments were analyzed by

gas chromatography using a HP5890 gas chro-
matograph equipped with a 30 m J& W DB-
WAX capillary column and a FID detector.

2.3. Infrared spectroscopy

A Bruker IFS-88 spectrometer was used for
the IR measurements. The catalysts were pressed
into self supporting wafers and placed in a
stainless steel chamber (with characteristics of a
CSTR reactor) that allowed to monitor the cata-
lyst in situ during reduction, sorption and hy-
drogenation of probe molecules. During reac-
tion, samples of the reactor effluent were taken
and simultaneously infrared spectra (with a
spectral resolution of 4 cm™* and a time resolu-
tion of 20 s) of the catalyst were recorded. Gas
samples from the reactor effluent were stored in
the sample loops of a multiport-valve and ana
lyzed subsequently by gas chromatography.

3. Results
3.1. Hydrogenation in the gas phase

The catalytic activity of the promoted cata
lysts was compared by using the H /Pt ratio of
the corresponding origina catalysts, because
preliminary EXAFS measurements showed that
the particle size was constant after addition of
promotor metals. Also, the promotors may in-
fluence the hydrogen chemisorption behavior of
Pt (e.g., decoration of Pt by TiO, species[19).
The catalytic activity decreased significantly
with time on stream for all catalysts. The rate of
deactivation depended on the reaction tempera-
ture and, thus, on the turnover frequency (see
Fig. 1). A decrease in the rate of reaction of up
to 80% of the initia rate was frequently ob-
served during the first 90 min on stream. The
change in activity during the first 20 min on
stream is more complex as compared to the
steady decrease in activity at longer reaction
times. This initia period was investigated in
detail for selected catalysts (see Fig. 1). The
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Fig. 1. Conversion for the hydrogenation of crotonaldehyde nor-
malized to the amount of Pt for catalysts of series 1.

dominating reaction during the first minutes on
stream is decarbonylation [16]. The activity for
hydrogenation decreased monotonously over Ptl
in the initia period while PtGal and PtLal
showed a small increase in activity, followed by
a decay similar to parent Ptl. PtSnl had the
lowest initial activity, but it increased signifi-
cantly within the first 2 min on stream. This
increase was followed by a decay in activity,
but it was significantly lower than for the origi-
nal, the La and the Ga promoted catalysts.
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Fig. 2. IR spectra of PtSi1, PtLa and PtSn after 20 min on stream,
for a better comparison, the curve below the CO-band shows the
lattice vibrations of the catalyst after reduction.

Fig. 2 shows the in situ IR spectra of Ptl,
PtLal and PtSnl after 20 min on stream. The
spectra are normalized to the lattice vibrations
of the silica support to assure that the same
amount of sample is compared. Pt1 and PtLal
had a similar activity (conversion of 2.1 mol%
mg~* catalyst) and a similar surface concentra-
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Fig. 3. (& Yidlds as a function of time on stream for catalyst PtFel (T = 353 K). (b) Yields as a function of reaction temperature for catalyst
PtFel. (c) Selectivity as a function of the partial pressure of hydrogen for catalyst PtFel (T =353 K, constant residence time). (d)
Selectivity as a function of the partial pressure of crotonaldehyde for catalyst PtFel (T = 353 K, constant residence time).
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tion of CO (2030 cm™1), PtSnl was approxi-
mately four times more active and showed a
significantly lower amount of adsorbed CO. The
bands at 3050, 3010, 2981, 2954 and 2925
cm~! were attributed to stretching vibrations of
the CH groups. The bands at 2856 and 2760
cm~! were assigned to CH stretching vibrations
of the CHO group of crotonaldehyde [16]. Ex-
cept for CO all other bands were attributed to
species adsorbed at the silanol groups of the
support. However, after desorption of all reac-
tant and product molecules after the reaction,
stretching vibrations of —-CH ; and —CH, groups
were dtill observed suggesting the presence of
very strongly adsorbed species.

With increasing time on stream, a change in
the product distribution was found (Fig. 3a).
Constant selectivity was usually obtained after
90 min on stream, but in some cases up to 300
min were required. A general trend for the
change in selectivity with time on stream was
not found.

80

Table 1
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Hydrogenation of crotonaldehyde in the gas phase a 353 K
(conversion < 10%): TOFs and selectivities of the catalyst of

series 1
Catalyst TOF Selectivity (mol%)

(molec/site, 9 [ BiHO  BUOH  CroH
P/SO, 0017 2 3 5
PtSnl  0.029 05 66 3 305
PGal  0.013 2 40 9 49
PBIL  0.022 2 8 6 6
PlLal 0013 3 87 4 7
PIPbl  0.0053 1 o 2 3

The turnover frequencies for the overall reac-
tion (TOF) and the selectivities for the gas
phase hydrogenation of crotonaldehyde for the
two series of promoted catalysts are compiled in
Tables 1 and 2. The data presented were ob-
tained after 90 min on stream.

The TOF was nearly 5 times higher upon the
addition of Fe and approximately 3 times higher
upon the addition of Co and Ni compared to the
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Fig. 4. (@) Selectivity as a function of reduction temperature for catalyst PtGal (T = 353 K). (b) Selectivity as a function of the partial
pressure of crotonaldehyde for catalyst PtGal (T = 353 K, constant residence time).



74 M. Englisch et al. / Journal of Molecular Catalysis A: Chemical 121 (1997) 69-80

Table 2
Hydrogenation of crotonaldehyde in the gas phase a 353 K
(conversion < 10%): TOFs and selectivities of the catalyst of
series 2

Catalyst TOF Selectivity (mol%)
(molec/site,9) [ BiHO  BuOH  CroH

Pt/SiO, 0.012 2 74 9 15
PtFe2 0.055 1 49 6 44
PtCo2 0.036 1 61 6 32
PtSn2 0.030 05 585 2 39
PtNi2 0.038 1 74 5 20
PtGe2 0.011 2 45 8 45
PtSb2 0.011 3 76 8 13

unpromoted catalyst. Promotion by Sn resulted
in an increase in activity of approximately 50%,
while a relatively small increase in activity was
observed for the Bi promoted catalyst. Addition
of Ge, Sh, La and Ga caused a dightly lower
activity compared with the unpromoted catalyst.
A markedly lower activity was observed after
the addition of Pb.

The highest selectivities to crotylalcohol of
catalysts from series 1 were found for Ga (49%
crotylalcohol) and Sn (30.5% crotylalcohol)
promoted catalysts. The influence of Bi, La, Sb
and Pb on the selectivity was relatively small.
The most selective catalysts of series 2 were
PtGe (45% crotylalcohol) and PtFe (44% croty-
lalcohol). The addition of Sn and Co also im-
proved the selectivity markedly (39% and 32%
crotylalcohol respectively). Sn was further found
to have the lowest selectivity to hydrocarbons.

The reaction temperature had a significant
influence on the selectivity of all catalysts. The
selectivity to crotyalcohol decreased with in-
creasing reaction temperature shown for PtFe2
and PtGal in Fig. 3b and Fig. 4a, respectively.
The selectivity to butyraldehyde and crotylal co-
hol depended on the partial pressure of both
reactants, hydrogen and crotonaldehyde, shown
in Fig. 3c, d for PtFe2 and in Fig. 4b, c for
PtGal. A dlightly higher selectivity to the unsat-
urated alcohol was found with increasing partial
pressure of both reactants. For Ptl and PtGal
the reaction order was determined to be approx-

imately O for crotonaldehyde and between 0.5
and 1 for hydrogen.

3.2. Hydrogenation in the liquid phase

Similar to the experiments in the gas phase,
the activity of al cataysts decreased signifi-
cantly with reaction time leading to a nearly
complete loss of activity after a certain number
of turnovers. An example of the conversion as a
function of time over Pt2 and PtSn2 is shown in
Fig. 5. The Figure indicates that the decrease in
activity is lower with the Sn promoted com-
pared with the unpromoted Pt2 catalyst. Due to
the different deactivation behavior of the sam-
ples the productivity of all samples is reported
in form of the integral overall turnover number
(TON) obtained by integration of the number of
turnovers of crotonaldehyde per surface Pt atom
for a defined reaction time.

The TON (for 960 min reaction time and for
the same amount of catalysts) and the selectivi-
ties to the main products butyraldehyde, croty-
lalcohol and butanol in the hydrogenation of
crotonaldehyde in liquid phase over the two
series of catalysts are compiled in Tables 3 and
4. Some side products such as hydrocarbons
(propane propene butane, 1-butene and 2-butene)
and CO were found with all catalysts in the
liquid phase experiments. The sum of these
products did not exceed 5% and is not included
in the tables.
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Fig. 5. Activity of Pt/SiO, and PtSn in the liquid phase (T = 298
K, p=25 bar).
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Table 3

Hydrogenation of crotonaldehyde in the liquid phase at 297 K and
25 bar: Integral TON after 960 min reaction time and selectivities
of the catalysts of series 1

(a)

|mme——C(HO = = = CrOH == = BuHO == = BuOH |

Catalyst TON @ Selectivities (%)

BuOH BuOH CrOH
Pt/SiO, 640 66 17 17
PtSnl 880 31 16 53
PtGal 770 44 21 35
PtLal 910 69 21 10

04 +

Composition [mole fraction]

024, -

0.0

400

600 800

1000

% TON is the number of crotonaldehyde molecules, which have
been converted per accessible Pt atom of the parent catalyst, until
a defined reaction time.

The results of liquid and gas phase experi-
ments showed a reverse trend with respect to
the activity of the catalysts. While the lowest
TONSs were found for PtLal and PtGe2 in the
gas phase hydrogenation, the highest TONs were
found for PtLal (910) and PtGe2 (1000) in the
liquid phase. PtSn, PtGal and PtNi2 were more
active than the unpromoted catalyst, a lower
activity was found for PtFe2 and PtCo2.

The highest selectivities to crotylalcohol for
the catalysts of series 1 were observed for PtSnl
(53%) and for PtGal (35%). Promotion with La
led to a decrease in selectivity (10%) compared
to the unpromoted catalyst (17%). For series 2,
high selectivities were obtained with PtFe2
(58%), PtSn2 (51%), PtCo2 (46%) and PtGe2
(45%), while the selectivity for PtNi2 (7%) was
lower than with the unpromoted catalyst (18%).

Table 4

Hydrogenation of crotonaldehyde in the liquid phase at 297 K and
25 bar: Integral TON after 960 min reaction time and selectivities
of the catalysts of series 2

Catalyst TON 2 Selectivities (%)
BuOH BuOH CrOH

Pt/SiO, 480 64 18 18
PtFe2 240 31 11 58
PtCo2 330 41 13 46
PtSn2 520 37 12 51
PtNi2 640 80 13 7
PtGe2 1000 33 18 45

@ TON is the number of crotonaldehyde molecules, which have
been converted per accessible Pt atom of the parent catalyst, until
a defined reaction time.

Reaction time [min]

= = = CON =———==BuHO == = BuOH |

Yield [mole fraction]

Conversion [fraction]

Fig. 6. () Hydrogenation of crotonaldehyde over PtSn2 in the
liquid phase (T=298 K, p=25 bar). (b) Hydrogenation of
crotonaldehyde over PtSn2 in the liquid phase (T = 298 K, p=25
bar).

The selectivities to butyraldehyde and croty-
lalcohol varied with conversion. High selectiv-
ity to butyraldehyde was always obtained for
low conversions (see Fig. 6a, b). With increas-
ing conversion, the rate of butyraldehyde forma-
tion decreased faster than the rate of crotylalco-
hol formation. The selectivity to the secondary
product butanol dlightly increased with conver-
sion. A significant increase in the rate of forma
tion of butanol was, however, observed when
the conversion exceeded 80%.

4, Discussion

The results (compiled in Tables 1-4) show
that the catalytic properties of supported plat-
inum catalysts with respect to the hydrogenation
of the double bonds of crotonaldehyde can be
subtly modified by the addition of promotor
metals or metal oxides. Additionally as it was
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shown previously [16], selectivity and activity
are strongly influenced by the size of the Pt
particles. Over Pt/SiO, and Pt/TiO,, the se-
lectivity to crotylalcohol and the activity in-
crease with increasing particle size. For large
metal particles, the high fraction of Pt (111)
surfaces is concluded to favor the adsorption of
crotonaldehyde via the carbonyl bond [20]. On
small Pt particles, the high abundance of metal
atoms in low coordination alows unconstrained
adsorption of both double bonds. In this case,
the hydrogenation of the C=C bond is kineti-
cally favored. This has to be taken into account
when comparing the catalysts of series 1 and 2
originating from catalysts with different particle
sizes. Preliminary XAS measurements showed
that the addition of the promotor metal does not
change the Pt particle size of the prereduced
Pt/SIO, catalysts and, hence, the change in
activity and selectivity within a series can be
attributed to the influence (and /or own activity)
of the promotor metal. Deactivation of the cata-
lysts occurring in all cases is due to decarbony-
lation of crotonaldehyde and strong adsorption
of CO formed [16].

In gas phase reactions, the TOF of the overall
reaction increased for some, but not al pro-
moted catalysts. We found that the rate in-
creased for the catalysts promoted by Fe, Co, Ni
and Sn, but decreased upon addition of the other
promoters (Ge, Sh, Ga, Bi, La and Pb).

Reduced Ni itself has a remarkable activity
for the hydrogenation of crotonaldehyde [18].
Upon addition of Ni to Pt (that also form a
stoichiometric bimetallic phase [21]), the total
amount of active metal increased and it can be
expected that both metals contribute to the ac-
tivity of the bimetallic catalyst. The overall rate
for the hydrogenation of crotonaldehyde on SIO,
supported PtNi catalysts can, thus, be described
by the contributions of the bimetallic phase and
the monometallic phase of the metal present in
excess. Fe and Co aso form aloys with Pt [12]
and it is assumed that the rates determined for
these bimetallic catalysts follow similar patterns
as observed for the Pt /Ni catalysts.

When Ga, Bi, La or Pb are added as promot-
ers, the rate is lower compared to the unpro-
moted Pt/SIO, catalyst (see Table 1) suggest-
ing a loss of active surface area due to a partial
coverage of the Pt surface by the (catalytically
non active) metal oxides of the promotor met-
als. By comparing the activity for Pt1, PtLal,
PtGal and PtSnl during the first 20 min on
stream (see Fig. 1) the unpromoted catalyst
obviously has the highest initial activity. Ptl
deactivates with a high rate at short time on
stream and deactivation continues with a lower
rate at longer times on stream. The rate over
PtLa and PtGa increased dlightly during the
initial stage of the reaction and decreased then
with a rate comparable to the parent Pt/SO,
catalyst.

PtSn, however, shows a significant increase
in the overall rate within the first 2 min on
stream (see Fig. 1). Furthermore, a unique prod-
uct distribution was found with a relatively low
selectivity to hydrocarbons paralleled by a low
concentration of CO on the surface (see Fig. 2
and Table 1). The lower rate of deactivation of
PtSn was attributed to a lower rate of decar-
bonylation resulting in a lower extent of surface
poisoning allowing a higher activity for longer
times on stream. Based on the different behav-
ior in respect to the activity obtained in the gas
phase hydrogenation, the catalysts were classi-
fied in two groups, i.e., (i) catalysts consisting
of a bimetallic phase with both metals being
active for hydrogenation and (ii) catalysts hav-
ing a lower activity due to a partial coverage of
Pt by inactive promoter oxides. Promation by
Sn will be discussed separately, since the ques-
tion of the oxidation state of Sn in bimetallic
systems is unresolved (e.g. Ref. [22] and refer-
ences therein).

4.1. Pt promoted by Ni, Co and Fe — catalysts
with a bimetallic phase

For PtNi bimetalic catalysts, it was con-
cluded previously in using the changes of the
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white line of XANES that Ni has a dightly
positive charge in the alloy [23] as compared to
pure Ni. It was demonstrated that the rate of
hydrogenation of crotonaldehyde to crotylalco-
hol increased with increasing concentration of
the PtNi phase [18]. Therefore, it was suggested
that the dightly polar bimetallic sites interact
stronger with the carbonyl group of crotonalde-
hyde. The stronger interaction in turn intensifies
the polarization of the carbonyl bond and en-
hances the rate of hydrogenation of this func-
tiona group [18]. The positive effect of the
presence of the bimetalic PtNi phase on the
selectivity to the unsaturated acohol is, how-
ever, partially compensated by the paraléely
increased rate of the hydrogenation to bu-
tyraldehyde.

Similar conclusions were drawn for PtFe
bimetalic cataysts [24] and we assume that
PtCo is also comparable to PtNi and PtFe, since
it dso forms an aloy with Pt [25,26]. If the
enhancement of selectivity to crotylalcohol is
indicative of the polarity (or better oxygen affin-
ity) of metalic sites in bimetallic samples the
three catalysts can be ranked PtFe> PtCo >
PtNi. X-ray absorption studies are in progress to
evaluate such effects more quantitatively.

The rates of the C=0 and the C=C bond
hydrogenation decreased differently with in-
creasing deactivation. Additionally, the selectiv-
ity depended on the partial pressure of hydrogen
and crotonaldehyde (Fig. 3c, d). This suggests
that the selectivity depends on the sorption
structure of crotonaldehyde which varies with
the surface coverage. The question arises, if the
sorption structure of crotonaldehyde changes
with the total density of molecules (poisons and
reactants) competing for a given number of
sites. If the adsorption of only one double bond
is possible, because only one adsorption site on
the surface is free and as crotonaldehyde ad-
sorbed via the C=C bond requires more space
on the metal surface than crotonaldehyde ad-
sorbed via the C=0 bond, the adsorption of the
C=0 bond might be favored at higher concen-
trations of reactants at the metal surface. The

steric repulsion of the methyl group also tends
to favor the adsorption of crotonaldehyde via
the C=0 bond. This model is supported by
theoretical studies of the adsorption of croton-
aldehyde on various surfaces of monometallic
Pt particles [20]. It was proposed that a flat
adsorption (7,4_,,) of both double bonds of
crotonaldehyde is favored on Pt (100) and edges
and corners but due to kinetic reasons, only the
C=C bond is hydrogenated with a high rate. It
was aso shown that, if this sorption structure is
not possible due to steric reasons, the di-o,
adsorption is (on all surfaces) favored over the
di-o-. sorption structure and, thus, the hydro-
genation of the C=0 bond should be favored.

4.2. Pt promoted by oxides of Ga, La, Pb, Bi,
Geand S

With these catalysts, the promotor metals are
present in form of their oxides, partially de-
posited at or close to the (active) Pt surface.
Coordinatively unsaturated metal cations of
these metal oxide particles act as Lewis acid
sites. The concentration of these sites increases
during catalyst reduction and may be stabilized
at different levelsin the reducing atmosphere of
the reaction. A strong interaction between the
lone electron pairs of the carbonyl oxygen and
the electron deficient Lewis acid sites is sug-
gested. This interaction decreases the electron
density at the carbonyl bond of crotonaldehyde
and increases its reactivity. Reaction to crotylal-
cohol occurs, if the sorption of the C=0 group
takes place at the Pt-metal oxide interface, where
the carbonyl group can be activated by the
Lewis acid site and dissociated hydrogen can be
supplied by Pt (Fig. 7). With PtGa and PtGe
such an activation of crotonaldehyde by Lewis
acid sites leads to high rates of crotylalcohol
formation in gas and liquid phase hydrogena-
tion. When the promotor metal oxide does not
show Lewis acidity, activation of the carbonyl
group does not occur and, thus, the promotion
does not influence the selectivity to crotylalco-
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Fig. 7. Proposed sorption structure of crotonaldehyde on the
Pt /promoter metal oxide (MeO) interface.

hol (PtLa, PtBi and PtSb) and might even de-
crease it as observed for PtPb. Since the selec-
tivity of monometallic Pt catalysts to crotylalco-
hol is affiliated with the relative fraction of
(111) surfaces of the Pt particles [16,20,27], we
would like to speculate that Pb oxides are pref-
erentially deposited on Pt (111) causing the
lowest selectivity to crotylalcohol (3%). Note
that also the activity of this catalyst is very low
due to the poisoning (blocking) by the inactive
Pb.

Detailed kinetic investigations for the most
selective catalyst in this group, PtGal, showed
similar trends as found for PtFe2. The selectiv-
ity to crotylalcohol increases with decreasing
reaction temperature (Fig. 4a) and with increas-
ing partial pressures of both reactants, hydrogen
and crotonaldehyde (Fig. 4b, c). Since the rate
of the hydrogenation of crotylalcohol to butanol
is five times higher than that of butyraldehyde
to butanol [16], we conclude that butanol is
mainly formed by hydrogenation of crotylalco-
hol. An increase in residence time favors, as
expected, the selectivity to the secondary prod-
uct butanol.

4.3. Pt promoted by Sh

The oxidation state of Sn is known to be very
important for the catalyst performance and thus,
extensive studies were devoted to this topic
(e.g., Ref. [22] and references therein). With the
experimental conditions applied in this study it
is most likely that Sn is present as Sn''* after
reduction at 673 K. However, it was shown that
Sn''* can be reduced to metallic Sn by reduc-

tion at high temperatures. To probe the effect of
possible changes in the oxidation state of Sn on
the catalytic performance, catalyst PtSn2 was
reduced at 1073 K and tested in the liquid phase
hydrogenation. It was found, that the activity of
the resulting catalyst was similar to the activity
of the catalyst reduced at 673 K, but the selec-
tivity to crotylalcohol was low (5%) compared
to the catalyst reduced at 673 K (51%). This
indicates that indeed metallic Sn was obtained
upon the reduction at 1073 K possibly forming
an alloy with Pt. Since metallic Sn is catalyti-
caly inactive for hydrogenation, the alloy for-
mation just dilutes the active Pt phase. It was
shown [10] that a ‘dilution’ of an active meta
by a non active metal has little or no influence
on selectivity, the present results even suggest a
negative effect as the unpromoted catalyst shows
a higher selectivity to crotylalcohol (18%) than
the PtSn alloy catalyst.

After reduction at 673 K highly active and
selective PtSn catalysts were obtained for gas
and liquid phase hydrogenation. The high activ-
ity of this catalysts is caused by a lower rate of
deactivation compared to the other catalyst (see
Figs. 1 and 2). In liquid phase experiments, the
rate of the C=C bond hydrogenation decreased
faster than the rate of the C=0 bond hydro-
genation (see Fig. 6a, b). For a defined reaction
time the yield of butyraldehyde is comparable
for Pt and PtSn catalyst but the yield to crotylal-
cohol is higher for PtSn because of the lower
rate of deactivation (Fig. 5).

Studies of the first minutes of the reaction in
the gas phase indicate that the initial activity of
Sn promoted catalysts is low compared with the
unpromoted and other promoted catalysts (Fig.
1). For PtSn the rate increases and reaches a
maximum after approximately 2 min on stream.
The fact that the activity of the PtSn catalyst
decreases slower is attributed to lower surface
concentrations of CO due to a lower rate of
decarbonylation (Fig. 2). This is also reflected
in the low selectivity to hydrocarbons during the
initial stage of the reaction, found for gas phase
reactions.
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Additionally, the largest amount of strongly
adsorbed surface compounds remaining after the
end of the reaction and subsequent purging with
He were found with the Sn promoted catalyst.
These hydrocarbons, most probably formed by
condensation were exclusively found when cro-
tonaldehyde, hydrogen and Pt were present. This
in turn suggests that Pt plays an important role
in their formation. It is speculated that the slow
accumulation of these species at the surface and
the slow change in selectivity to crotylalcohol
are interrelated. It might be interesting to note
that for other hydrogenation reactions a depen-
dence of the selectivity on the concentration of
hydrocarbon deposits on the metal was found
[28].

4.4, Comparison between the gas and liquid
phase hydrogenation

The trends of the selectivities in gas and
liquid phase hydrogenation are very similar.
While no clear trend of changes in the selectiv-
ity with time on stream (increasing number of
turnovers) was found in the gas phase a clear
dependence of the selectivity on the extent of
conversion was found for experiments in liquid
phase, i.e., the selectivity to crotylalcohal in-
creased with increasing number of turnovers.
We speculate that selective poisoning of sites
hydrogenating mainly the C=C bond causes the
increase of the selectivity to crotylalcohol for
the aging catalyst in liquid phase.

The activities of some catalysts used in gas
and liquid phase hydrogenation showed oppo-
site trends. Catalysts having a low activity in
the gas phase had a relatively high activity in
the liquid phase. It might be speculated that an
initial ‘low’ activity in the liquid phase also
permits fewer side reactions resulting in a lower
rate of deactivation and, thus, a longer lifetime
of the catalyst. In contrast to the results in the
gas phase, where the sdlectivity to the sec-
ondary product butanol was aways affiliated
with the selectivity to crotylalcohal, the rate for
the formation of butanol in the liquid phase

seemed to be fairly independent of changes in
the selectivity to the primary products.

5. Conclusions

Metal promoters are demonstrated to have
very different effects upon the parent Pt catalyst
critically depending upon the miscibility and the
oxygen affinity of the promoter metal. With
respect to selectivity, catalyst behavior is inde-
pendent of the reaction medium. In contrast, the
highest activities in gas phase were found for
catalysts forming a bimetallic phase while these
catalysts showed the lowest activity in liquid
phase due to a fast deactivation. The addition of
Co and Fe as promotor metals improved the
selectivity to crotylalcohol in gas and liquid
phase hydrogenation. The increased selectivity
is attributed to the presence of a bimetallic
phase which induces some polarity on the aloy
surface. This polarity leads to an activation of
the C=0 bond of crotonaldehyde and increases
the rate of C=0 bond hydrogenation. The addi-
tion of Ga, Sn and Ge improved the selectivity
towards crotylalcohol. These promoters are pre-
sent in form of their oxides decorating a part of
the Pt surface. Electron pair acceptor sites of the
promotor metal oxides are suggested to activate
the carbonyl bond by coordination to the oxy-
gen of the carbonyl group. La, Bi and Sh were
unable to selectively activate the carbonyl group
and, hence, they had minor influence on the
selectivity. In general, and independent of the
promoter, the higher abundance of Pt (111)
surface, the presence of surface polarity and
higher concentration of organic reactants on the
catalyst surface tends to favor crotylalcohol for-
mation.
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