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Abstract

Selective hydrogenation of crotonaldehyde was performed on 5% Pt/&a@lysts, in gaseous phase, at atmospheric
pressure, at 353 K. Two types of catalyst were prepared uspiG and Pt(NH)4(NOs), as metallic precursors. Their
performances were compared as a function of the reduction temperature and both catalysts were characterised by X-ray
diffraction after different reduction treatments. Using the ex-chloride catalyst, the selectivity values to the unsaturated alcohol
(UOL) resulted into a maximum of 45% while a selectivity as high as 70-77%, in 0-25% conversion range, was achieved
by using ex-nitrate catalyst reduced at 443 K. The formation of Pt—Sn alloy on the metal particles of platinum was thought
to be necessary to improve the activity and the selectivity on these catalysts. In the contrast, a presengdoshfeibat a
reduction temperature higher than 473 K led to a decrease of activity and selectivity. © 2002 Elsevier Science B.V. All rights
reserved.

Keywords: Crotonaldehyde; Hydrogenation; Pt/Sn®t—Sn alloy; Selective €0 bond hydrogenation

1. Introduction allow a production of valuable unsaturated alcohols
in a larger scale. There are many factors affecting the
A 100% selective hydrogenation @f-unsaturated  selectivity of the hydrogenation, such as the nature
aldehydes to unsaturated alcohols (UOLs) can be of the catalyst (metal, support and the mode of the
achieved using stoichiometric amounts of reagents catalyst preparation), promoters, solvent and last but
such as metal hydrides [1]. The use of the hydrides is not least reaction conditions.
valid only in the small-scale production of expensive ~ The unmodified metals of the platinum group gave
fine chemicals in preparative organic chemistry and none or a very low selectivity in hydrogenation to
it is difficult to get rid of the organometallic residuals produce UOL, but upon addition of a second metal
not to harm environment afterwards. The goal of het- the quality of the catalyst usually drastically im-
erogeneous catalysis in this field of research is to find proved towards UOL formation [2,3]. The nature
suitable catalysts in a way to get relatively cheap, fast of the association between the two metals and the
and selective reduction of the above aldehydes and tovalence state of the second metal during the reaction
are often hardly known, because catalyst characterisa-
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develop, depending on the catalyst preparation mode, double bond hydrogenation as it was shown on their
bimetallic particles under the reduction conditions. well characterised catalysts containing Pt—Sn alloy
There might also exist oxidised metal species on the [20,21]. Using the CSR method, the formation of
interface between a platinum group metal and a sup- alloy is highly favoured [22—26,29], therefore, it would
port. Those can influence the metal properties and have been tempting to correlate the high selectivity
incorporate themselves into the catalytic centre. with the presence of Pt—Sn alloy particles containing
There were electropositive promoters applied to electron-deficient Sn and negatively charged Pt atoms.
improve the selectivity towards UOL in a consider- However, Margitfalvi et al. [29], attributed unusually
able amount of contributions dealing with bimetallic high selectivity of their Pt-Sn catalyst to ©nhspecies,
catalysts. Most of the systems comprised platinum or after examining the catalysts by Mdssbauer spec-
ruthenium associated with a metal of the first tran- troscopy. Those St species would have been formed
sition row, p-electron metals or alkali elements. Fe during the first minutes of the reaction, by oxidation of
[4-12], Ga, Ge, Sn [6,11-29] and K [30,31] were Srf by the reactant since large amounts of hydrocar-
found to bring definite improvements in the UOL for- bons were initially produced. Such a self-selectivity
mation. The majority of scientists agree to attribute the improvement had been observed earlier by Marinelli
positive effect of the promoter to an electron-donating et al. in [17]. Nevertheless, Claus [23] on Rh-Sn cat-
effect from the promoter to platinum or ruthenium alyst and Santori et al. [27] on Pt—Sn in liquid phase
leading to a decrease of the=C bond activation and  crotonaldehyde hydrogenation observed only minor
an increase of €0 bond activation. amounts of hydrocarbons even at the early stage of the
Let us discuss the studies performed on the Pt—Snreaction, though they used CSR preparation method
system related to the present contribution. A consider- as well. The high selectivity was then explained [27]
ably higher selectivity to the UOL was obtained with by both electronic and steric effects: electronic from
bimetallic Pt-Sn catalysts prepared by chemical sur- ionic tin (observed by XPS) and steric due to the butyl
face reaction (CSR) [22—-29] rather than by impreg- fragments coming from the tin complex used in the
nation [9,14,18-21]. For example, on Pt-Sn/Sigat- preparation. Those fragments directed the adsorption
alysts prepared by CSR method, 90 and 77% crotyl of crotonaldehyde through the=O bond.
alcohol selectivity were obtained at 5% conversion of  Another type of promoter effect was found when
crotonaldehyde, in gas phase, in steady state regimethe metals were deposited on reducible oxides, in
at 333 and 353 K, respectively [29]. Then 80 and 60% particular TiQ [32—36], but also NpOs5 [37], ZrOz
were obtained at 5 and 90% conversion, respectively, [11,13], CeQ [38-40] and ZnO [41] instead of alu-
at the atmospheric pressure of hydrogen in liquid mina or silica. The beneficial effects of such systems
phase at 298 K [27]. On the contrary, by impregnation depend on the reduction temperature and on the metal
method the maximum selectivity observed for the precursors. Thus, the metal-support interactions were
same reaction on Pt—Sn deposited on carbon black,invoked to be the origin to improve the selectivity. The
silica or alumina, reached no more than 60% at low activation of the GO bond was there generally at-
conversion &£5%) and decreased rapidly at higher tributed to the formation of new catalytic sites situated
conversions [18-20,23]. at the interface between Pt and a support involving
Tin was found to be present either in an oxidised either reduced cation or oxygen vacancies. However,
state as SnQ species, or in metallic state forming the role of alloy [39-41] cannot be ruled out since a
platinum—tin alloy particles. The actual state and ratio definite parallel was found between the formation of
of different tin species could depend on the prepara- alloy CePt or Pt—Zn and the increase in selectivity,
tion method and on the Sn/Pt ratio. Marinelli et al. both depending on the reduction temperature and on
[17], Claus [23] attributed the increasing selectiv- the metallic precursor. The last two systems, Pt/€eO
ity observed on Pt-Sn/SiOcatalysts to the presence and Pt/ZnO present as high selectivity as the above
of oxidised Sn species activating the=@ bond mentioned Pt-Sn catalysts, since for both of them
rather than to the formation of Pt—-Sn alloy. How- a selectivity over 80% could be observed at 353K
ever, Coloma et al. [19] suggested that Pt—Sn alloy in gaseous phase, at atmospheric pressure, in steady
could also contribute to the decrease of the olefin state regime, in the range 0—20% conversion.
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In the light of the interesting selectivity perfor- the catalysts prepared fromyPtCl 5wt.% chlorine
mances found for the catalysts where metal-support contained no more than 1.9 wt.% after drying. Subse-
interactions were easily formed and as well as con- quent reduction treatment at 403 or 423K decreased
sidering the potential of the Pt—-Sn system in this the chlorine content further down to 0.3 and 0.2%,
reaction field we decided to prepare and test the respectively, after higher temperature treatment, only
properties of Pt/Sn@catalysts. In such system, inter- traces of chlorine were detected@.2%).
actions between SnQand platinum are expected to
be created easily and to be participating in the UOL 2.3. X-ray diffraction analysis (XRD)
formation. The use of the impregnation method in the
preparation of the catalyst is to confirm or refuse the ~ XRD measurements were performed using Siemens
need of the sophisticated preparation method (CSR) D 5000 polycrystalline diffractometer with CudK
to form a selective catalyst for UOL production upon radiation. Some spectra were recorded in a rapid
a,B-unsaturated aldehyde hydrogenation. scanning mode (2.0s per step, step size Vi050)

in a large 2 range (5-100). The catalysts showed a
good crystallinity since the support matched with the

2. Experimental standard of cassiterite, SAQJCPDS 41-1445 and
_ 3-1116). Depending on the catalyst treatment, other
2.1. Catalyst preparation lines, characteristic of the Pt metal (JCPDS 4-0802),

Pt-Sn alloy (JCPDS—niggliite 25-0614) and PtSn

The catalysts were prepared by conventional alloy (JCPDS 7-0371) appeared. The otherSP§
impregnation method of commercially available SnO  phases reported in the literature were not observed.
powder (Strem ChemicalSger = 9.77n?g* used  The spectra were recorded in 3728 range using
as received) by aqueous solutions of eithePtCk or step size 0.02and 5.0s per step for a better accu-
Pt(NHz)4(NO3)2 (both supplied by Strem Chemicals) racy in the measurements of Pt, Pt-Sn and PtSn
at the ambient temperature. The excess of the solventlines. The selected range corresponds to the region of
was then slowly evaporated (343 K) and the prepared Pt(11 1), Pt(200), Pt-Sn(102) and Pt-Sn{2,, 0),
catalyst precursors were dried overnight (393K in the PtSn(220) and PtSs(311).
stove) and stored in the closed jars prior to reduction

in situ and catalytic tests. 2.4. Gas phase tests

2.2. Catalyst characterisation The experiments were performed in the gas phase
in a flow system at the atmospheric pressure of
The metal loading of the catalysts used are listed in hydrogen. The hydrogen was purified by flowing
the Table 1 (analyses performed in CNRS, Vernaison, through a trap containing Pt/AD3 mixed with zeo-
France), as well as chlorine content after different lite molecular sieve and further by a U-tube filled
treatments such as drying or reduction treatments atwith MnO to remove traces of oxygen and water.
different temperatures. It is interesting to note that The so-prepared catalysts were reduced in situ by

Table 1
Pt and CI contents (wt.%) in various Pt/Sn@atalysts
Catalyst Pt Cl
kn09 5.2 None
knl1 5.4 None
Temperature treatment (K)

Dried 393 Reduced 403 Reduced 423 Reduced 443 Reduced 473

kc03 4.3 1.9 0.3

kc04 4.4 1.9 0.3 0.2 <0.2 <0.2
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pure hydrogen for 4 h at different temperatures: 403, 3. Results

423, 443, 473 or 523K prior to the hydrogenation.

Subsequently, the reactor was cooled to the reaction The experiments were performed in the flow system
temperature (353K) and the desired amount of the at the isothermal mode, 353 K. A general trend con-
crotonaldehyde (100-3Qd) was then injected into  cerning the deactivation was observed whatever the
the substrate condenser maintained at 273 K to ensurecatalyst or experimental conditions applied. A note-
the steady reactant pressure (8 Torr) and a saturated gasvorthy activity drop was observed in the first minutes
flow. The pipes between the reactor and the sampling of the reaction, but certain stability was gained after
septum were heated-B38 K) to prevent the conden- 50 min time-on-stream, meanwhile the selectivity of
sation of the reaction products in the line. The samples the reaction products reached stable values in maxi-
of the reaction mixture were regularly withdrawn and mum 20 min. In the transient initial period, butanol
analysed by gas chromatography. The analyses werewas formed in higher amounts and crotyl alcohol in
performed isothermally at the 353K using Stabil- lower amounts than observed in the stable regime
wax column (Hewlett Packard, 30m,53 x 103m while the evolution of butanal was found dependent
i.d., 1x 10°®m d.f.). The reaction studied was the upon the reduction conditions. Hydrocarbons were
hydrogenation of crotonaldehyde and all the reaction formed only in very minor amounts in any case, evenin
products were detected including the small amounts the very early stage of the reaction. We reportin Fig. 1,
of hydrocarbons. The choice of the reaction temper- the results from different experiments performed on
ature was made regarding the relatively fast poly- kn09 catalyst reduced at 443 and 473K representing
merisation and decomposition of aldehydes at higher the evolution of the reaction products as a function

temperatures. of the time-on-stream to illustrate this behaviour.
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Fig. 1. Hydrogenation of crotonaldehyde at 353K on 5% Pt/Sp@talysts (KN09, reduced at 443 and 473K): product selectivity and
conversion as a function of time-on-stream.
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Table 2
Selectivity to unsaturated alcohol from hydrogenation of crotonaldehyde using ex-chloride 5% Pk88®and kc04) performed at 353 K
Conversion  CatalystT¢eduction

kc04 (reduced 403K)  kc03 (reduced 403K)  kc04 (reduced 423K)  kcO4 (reduced 443K)  kc04 (reduced 473K)
Activity (pmolstgp 1)

15+ 2 11+ 0.5 13+ 1 1.6+ 0.5 04+ 0.1
SuoL (%)

<1 - - — - 50

5 42 44 45 46 —
10 38 40 39 44 —
15 32 37 35 40 -
20 28 26 30 36 -
25 24.8 21 27 32 -
30 24.6 19 25 28 -
40 21 15 20 19 —
50 13 10 9 -

The details of deactivation are treated elsewhere repeating the reduction treatment on the same catalyst
[42]. loading. Therefore, the reproducibility of the catalytic
In the following section, for comparison of the behaviour could be observed. The results are gath-
performances of the different catalysts reduced at ered in Table 2 for the ex-chloride catalysts (kc03
different temperatures, we have retained the values and kc04) and in Table 3 for ex-nitrate catalysts 5%
of activity, conversion and selectivity given after the Pt/SnQ (kn09 and kn11).
deactivation period. We present the values of selec- The performance of the various catalysts significan-
tivity obtained at different conversions. It means that tly differed depending on the nature of the precursor
the experiment was repeated as many times requiredand on the reduction temperature. The ex-chloride
to obtain the broad range of conversion of crotonade- catalysts allowed achieving selectivity towards unsat-
hyde by variation of the following parameters: the urated alcohol in 25-50% range though it never excee-
mass of catalyst and the flow rate with or without ded 50%. Those catalysts were also very sensitive

Table 3
Selectivity to unsaturated alcohol from hydrogenation of crotonaldehyde using ex-nitrate 5% PtkBO® and kn11) performed at 353K

Conversion (%) CatalystT{eduction

knll (403K) kn09 (423K) kn09 (443 K) kn09 (473K) kn09 (523K)
Activity(wmol s 1 gpi 1)
16+ 1 17+ 2 13+ 2 6+1 0.8+ 0.1
SuoL (%)
<2 - - - 76 30
5 - 66 77 75 -

10 25 64 75 73 -

15 24 63 73 71 -

20 23 59 71 64 -

25 21 56 69 60 -

30 19 50 66 55 -

40 16 43 62 41 —

50 11 35 54 36
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to the increase in the reduction temperature. The rea-respectively reduced at different temperatures. When
sonable activity of 1mols 1 gp! gained at 403 reduced at low temperature (403K), the ex-nitrate
and 423K dropped 10-fold to 1p@mols 1gpi?t catalyst showed a wide peak of platinum (111) and
when reduced at 443K and further to Qudholst the corresponding (200) revealing the presence of
grt * when 473 K reduction temperature was applied. metal platinum particles. Increasing the reduction
Over 473K, they were completely inactive and even temperature, the Pt—Sn phase alloy appeared (102
at 443K, it was quite difficult to reach a higher con- and 2,—1, 0) and its lines became more and more
version values than 40%. Ex-nitrate catalysts showed definite and thinner until 473K reduction temper-
low selectivity (from 10 to 25%) to UOL when redu- ature. At the same time, one could see the (111)
ced at low reduction temperature (403K). The peak of platinum decreasing to be replaced by a well
increase in the reduction temperature in a row of 423, definite line situated at slightly lower62angle, cor-
443 and 473K provoked a significant improvement responding to the (220) line of the PtScompound
in the selectivity towards UOL from 65% for 423K at 523 K reduction temperature. A small line at 46.5
up to 75% for 473 K. The best values were gained by 29 overlapping Pt(2 00) line next to Pt&8 1 1) was
catalyst reduced at both 443 and 473K, 75% selec- attributed to Sn@ (JCPDS 3-1116). It was invariant
tivity was observed up to 15% conversion for both in all the spectra and was also present in the £nO
reduction temperatures. At higher (523 K) reduction support. The amount of Pt—Sn alloy present in the cat-
temperature, the selectivity decreased and the activity alyst increased when a reduction temperature 473 and
of the catalyst also disappeared, so the catalytic tests523 K were employed and clear PtSoontribution
were not further performed above 523 K. developed as well. The spectra and their evolution in
The catalysts were analysed by XRD in order to case of the ex-chloride catalyst (Fig. 3) as a function
prove the eventual formation of platinum—tin alloy as of the reduction temperature are similar to the ones
a function of the reduction temperature. The spectra, of ex-nitrate. However, it is worthwhile to note that
in the 37-50 26 region, are reported in the Figs. 2 the width of the lines corresponding to Pt, Pt-Sn are
and 3 for the ex-nitrate and the ex-chloride catalysts, larger at each reduction temperature, revealing that
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Fig. 2. XRD for 5% Pt/Sn@ ex-nitrate reduced at different temperatures & reduced 4 h under Hflow).
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Fig. 3. XRD for 5% Pt/Sn@ ex-chloride reduced at different temperatures ¢ reduced 4 h under Hflow).

the metal particles are smaller when they are preparedinstead of zero or very few percent experienced on
from HoPtCl than from Pt(NH)4(NOs)2. The con- the above mentioned supports.

tribution of alloyed phases in the case of the chloride  The first question was to know if this positive
precursor was lower than in the case of the nitrate shift in the selectivity towards UOL resulted from the
catalyst. The phase evolution in the catalysts was activity of pure Sn@. It has been checked out that
somehow different. In case of ex-nitrate precursors, in our experimental conditions, with a reduction tem-
there was a Pt—Sn alloy observed at lower temperatureperature going from 403 to 573K the support had
(423 K), but in the case of ex-chloride precursor, the no activity. We also performed the same hydrogena-
evidence of that compound was given only at 443 K. tion experiments on a platinum catalyst supported on
The ratio Pt-Sn/Pt is more in favour to Pt-Sn for SnQ with a larger surface area (17G 1) we have
ex-nitrate than for ex-chloride catalyst reduced within not observed any enhancement of the activity in the
423-473 K. Poor activity and a sudden decrease in C=O hydrogenation [43]. Therefore, we think that, if
the selectivity to UOL for ex-chlorine catalyst when SnG participated in the catalytic sites, it should con-
reduced at 473-523 K was attributed to the presencecern only the region located nearby the Pt particles.
of PtSn alloy. The same activity and selectivity drop  Another observation worthwhile to discuss is that the
was observed for ex-nitrate catalyst when reduced at selectivity went through a maximum when increasing
523K in the presence of Ptgalloy. the reduction temperature. At this point, it is interest-
ing to examine the evolution of the X-ray spectra in a
parallel. The formation of Pt—Sn alloy occurred at the
expense of Pt metal when the reduction temperature
increased from 403 to 473 K. In the case of ex-nitrate

4, Discussion

Using SnQ@ as a support for platinum had signifi-
cant influence in favour of the carbonyl bond hydro-
genation of crotonaldehyde compared tgp@4 and
SiOp. Even at low reduction temperature (403 K),
25-40% crotyl alcohol selectivity was obtained

catalysts, selectivity increased, but the total activity
was barely affected when 403-443 K reduction tem-
peratures were applied. It means that the platinum
sites formed in the catalyst after low reduction tem-
perature which hydrogenated the=C bond were
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transformed when increasing the reduction tempera- enormous on the catalyst performance since it takes
ture into mixed sites containing at once platinum and place only on the surface, but the evolution would
tin able to hydrogenate theZ© bond. In accordance not be evident when followed by XRD gathering the
with X-ray results, it would be tempting to assign information from all the catalyst volume. We suppose
these sites to Pt—Sn alloy. Further increase in the re-that when residual chlorine atoms leave the surface
duction temperature to 523K led to the appearance due to the temperature treatment, electron vacancies
of a new tin richer alloyed phase, PtSmvhich could were created on the surface and provoked migration
surround or even cover the Pt—Sn particles and then of liberated and reduced tin towards other tin atoms.
affected negatively the activity and the selectivity. For better accuracy and confirmation of the migration,
The third observation requiring discussion is that a detailed study using surface technique (e.g. XPS)
the catalyst prepared from nitrate lead to higher se- would be required. Similar behaviour—both decrease
lectivity than the ones prepared from chloride (20% in overall activity and selectivity towards UOL—was
difference). In the case of ex-chloride catalyst, it is observed with ex-nitrate catalysts, where the catalyst
interesting to note that more than a half of initial chlo- showed a very poor activity in the presence of BtSn
rine disappeared during the drying treatment, meaning alloy.
that the PtG§%~ anions had already partly decom- In summary, we have seen that SNn@ easily
posed on the surface at this stage of the preparation,reducible in presence of platinum since at as low
releasing HCI in the aqueous phase and forming hy- as 443K reduced tin species were formed and pen-
pothetical Pt(OH)CI, or PtCk_,(O-Sn). During etrated onto platinum particles to form Pt—Sn alloy.
the calcination at 673 K, another part of the remaining A higher reduction temperature (473K respectively
chlorine evolved, leaving only 1% of Cl on the sur- 523K) was necessary to reach PiShhose are then
face. These chlorine atoms are not bonded to Pt sincetemperature borders where the composition of tin on
XPS analysis revealed the presence of P{@.3 eV the surface is in favour to get maximum selectivity
as binding energy for Pt 4% line) and not of plat- with reasonably good activity. This observation is
inum chloride or oxychloride species (characterised in accordance with that one observed on supported
by a higher binding energy, 74.2 eV [41]). Chlorine is Pt-Sn catalysts, where a definite tin content compared
then probably localised nearby the Pt particles in the to platinum was generally found to give a maximum
oxygen vacancies created during the reduction treat- in selectivity [19,27,29]. However, it is worthwhile to
ment of Sn@. The presence of this foreign element emphasise that the best selectivity in these supported
bounded to tin at the interface between metal particles Pt-Sn catalysts were found using the preparation
and support molecules could hinder formation of the methods being the most appropriate to form an alloy.
Pt—Sn. However, after evolving almost all chlorine by That is, using the surface organometallic chemistry to
the temperature treatment equal or higher than 473 K create selective attachment of tetrabutyltin species to
as seen by the decreasing chlorine content in the Tableplatinum atoms or using directly a bimetallic complex
1, the process of alloy formation might rapidly take as precursor for the active metal [20,21]. In all these
place. Due to an excess of free tin atoms more prob- studies as well as in the present one, the best selectiv-
ably the PtSp alloy was formed at the surface of the ity values were found when Pt—Sn alloy was present.
particles. This new alloy was not prone to activate the This seems to be an evidence of necessary condition
C=0 hydrogenation since a large activity and selecti- to get a clear enhancement of the activity and the
vity drop was observed using ex-chloride catalyst red- selectivity.
uced at 473K contrary to the behaviour of ex-nitrates  On the other hand, the presence of chlorine in the
reduced at the same temperature. Regarding relatedcatalyst originated from the metallic precursor had a
XRD spectra, itis difficult to attribute a clear evidence dramatic influence to orientate the selectivity in the
to the PtSp alloy after employing the 473 K reduction  crotonaldehyde hydrogenation. Its role is too com-
temperature in case of the ex-chloride catalyst. Never- plex since chlorine was found to affect the selectivity
theless, we suppose that chlorine atoms were localisedpositively in the case of Pt/ZnO [41], but negatively
only on the interface and not in the lower metallic lay- for both Pt/CeQ@ [39,40] and Pt/Sn@ Localised
ers. Therefore, the effect of their departure would be at the interface between the metal particle and the
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reducible oxide, it should govern the support—-metal formation and an increase in UOL formation, what-
interaction playing an essential role in the selective ever the reduction temperature the final value of
hydrogenation of crotonaldehyde. It controls either selectivity was the same. The reason for a poor perfor-
the formation of alloy and/or the migration of the sup- mance of ex-chloride catalyst might be the negative
port onto the surface. Certainly, more effort will be influence of chlorine though not very strongly bonded
required to understand the actual situation and resolve on the surface or interface of the catalyst.
the good description of the catalytic site favourable = Comparing the published results of other authors in
to the hydrogenation of the carbonyl bond. the same field, working at the same conditions, using

It is also very important to note that the above similar (Pt-Sn type) catalysts, we can say, that our
tested platinum catalysts were active employing results with ex-nitrate catalysts are ranked among the
unusually low reduction temperatures (in the range best ones. Therefore, we cannot reject the impregna-
of 403-523K) up to date not reported for such a tion method as an insufficient preparative tool for a
catalytic system. The activation of platinum in Pt-Sn selective catalyst in hydrogenation®f3-unsaturated
catalysts prepared by impregnation was usually per- aldehydes.
formed at higher temperatures, e.g. at least 1h at So for Pt/SnQ@ catalysts besides their interesting
673K in the case of Pt/Siomodified by SnCl [9]. selectivity, the easy way of the preparation and the
Catalysts prepared by CSR method were reduced uplow reduction temperature employed are worth to be
to 773K in the case of PtSn-OM and PtSn-BM [27] underlined.
or Sn-Pt/SiQ reduced at 573 or 453, 523, and 613K
[25,44], respectively.
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