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Abstract

5 wt% Pt deposited on two different supports made of 3 and 1/6 equivalent monolayers ¢fdapokited on silica (termed Pt30 and
Pt2) were prepared and tested in the selective hydrogenation of crotonaldehyde. Pt-based catalysts were prepared starting from tetraamming
platinum nitrate as a metallic salt precursor. These catalysts showed very different catalytic behaviors in terms of the activity and the selec-
tivity during time on stream. Pt2 was more active than Pt30 but less selective toward the formation of crotyl alcohol. On the Pt30 catalyst,
the selectivity to the formation of crotyl alcohol increased with the reduction temperature, whereas the activity did not change significantly.
When the catalyst was reduced at 2@) the selectivity to crotyl alcohol was80%. It behaved similarly to Pt/ZnO catalysts prepared from
hexachloroplatinic acid precursor [F. Ammari, J. Lamotte, R. Touroude, J. Catal. 221 (2004) 32]. In contrast, the Pt2 sample showed a de-
crease in the selectivity to crotyl alcohol and an increase in the activity with increasing reduction temperature. The catalysts were extensively
characterized by BET, X-ray diffraction, X-ray photoelectron spectroscopy, transmission electron microscopy, and Fourier transform infrared
pyridine adsorption. The higher selectivity of Pt30 is explained by a synergetic effect of Zn and chlorine. The greater amount of chlorine
present on the catalyst surface led to an increase in the Lewis acidity of the support; moreover, the formation of PtZn alloy was observed.
In agreement with our previous findings, we propose that modification of the electronic properties of platinum both from alloying to Zn and
from the Lewis acidity of the support changes the adsorption mode of crotonaldehyde by favoring the binding of terminal oxygen of the
molecule to the electronically modified platinum atoms.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction intramolecular selectivity have been studied. An increase
in the selectivity toward unsaturated alcohol was obtained
The selective hydrogenation af,8-unsaturated alde- by adding promoter$3-5], by using bimetallic catalysts
hydes to produce unsaturated alcohols has been attracting6,7] and by varying the nature of supports. In general,
much interest in fundamental research in cataljEjsThe monometallic catalysts supported on»@®g or SiO, led
hydrogenation of the €0 bond over the &C bond is not  mostly to the formation of the saturated aldehy2&,6,8]
favored for thermodynamic and kinetic reasons. Thermody- However, an increase in the selectivity of unsaturated alco-
namics favor the hydrogenation oC over C=0 by about  hol was observed using TiCas a support, which was able
10 kcal/mol [2]; moreover, the reactivity of the£€C group  to create strong metal-support interactions (SMSIs) when
in hydrogenation is higher than that of the-O group. Pt/TiO, was reduced at high temperatije9]. The widely
The platinum-based catalysts are used mostly for croton- accepted mechanism to explain the enhancement of selectiv-
aldehyde hydrogenation, and various factors controlling the jty towards the formation of unsaturated alcohol on catalysts
under an SMSI state is the activation of the-G bond on
~* Corresponding author. special active sites created by the partially reduced support
E-mail address: touroude@chimie.u-strashbg(R. Touroude). (TiO,) covering Pt particlef?]. Particle size is also consid-
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ered to affect the catalytic properties and product selectivity. 2. Experimental
English et al.[10] suggested that on Pt/SiGand Pt/TiQ

catalysts, crotyl alcohol formation was favored on large Pt 2.1. Catalyst preparation
particles.

Recently we studied the hydrogenation of crotonalde-  ZnCl/SiO, supports were prepared by impregnation of
hyde on Pt/ZnO catalysfé1,12] Pt catalysts prepared from  SiO, (Grace Davison 432; surface area 338/g) with a
platinum chloride precursor were found to be more se- methanolic solution of ZnGlcontaining the proper amount
lective toward the hydrogenation of=® than analogous  0f ZnCl, 38/62 and 4/96 weight ratio ZngBiO,, equiv-
catalysts prepared from tetraammine platinum nitrate. On alent to 3 and 1/6 monolayers of ZnConto SiQ. The
the ex-chloride catalyst, 90% crotyl alcohol selectivity was Supports were dried overnight at 120 and then calcined
reached. From this study clearly indicated that zinc and chlo- in air at 350°C for 2 h.
rine exert synergetic effects to increase crotyl alcohol selec-  Two catalysts containing 5 wt% Pt, termed Pt30 and Pt2,
tivity. The Lewis acidity of the support, reinforced by chlo- Were prepared by impregnating the high and low ZrCl
rine and the formation of PtZn alloy, were found to be the loaded supports, respectively, with an aqueous solution of
key factors leading to high crotyl alcohol yield. It was pro- Pt(NHs)a(NOs)2. The water was slowly evaporated, and the
posed that modifying the electronic properties of platinum Samples were dried overnight at 120, calcined in air at
by alloying to Zn and by the Lewis acidity of the support 350°C for 4 h, and reduced at different temperatures for 4 h.
changes the adsorption mode of crotonaldehyde by favoring
the binding of the terminal oxygen of the molecule to the
electronically modified platinum atonji$2].

The promoting effect of Zn or chloride on the selective
hydrogenation ofx,8-unsaturated aldehydes has been re-
ported previously. On Pt/Tigand Pt/Ce@-SiOy, beneficial
effects of Zn addition were found at high reduction temper-
ature[13-15] but in these studies the maximum crotyl alco-
hol selectivity never exceeded 40%. Nitta et[a6] found
that in «, 8-unsaturated aldehyde hydrogenation, the pres-
ence of chlorine in cobalt catalysts enhanced teeOChy-
drogenation selectivity. Tuley and Adafi§] found that un-
supported Pt catalysts were promoted by Zn(ll) and Fe(lll)
chlorides in liquid phase hydrogenation of cinnamaldehyde
to cinnamyl alcohol.

Taking into account the results obtained on the ex-
chloride platinum supported on Znf21,12] it appeared
to be of great interest to investigate the behavior of catalysts

prepared by dispersing Pt on a support containing Zoét The platinum catalysts and parent supports were char-
posited on Si@. In principle, these supports should contain  ,terized by different methods. TEM analyses were per-
all of the ingredients necessary to achieve high selectivity {5y med on a TOPCON 002B electron microscope, operating
toward the formation of crotyl alcohol in the hydrogenation 4 200 kv, with a point-to-point resolution of 0.18 nm in
of crotonaldehyde. Indeed, we will have the presence of Zn high-resolution TEM (HRTEM) mode. Some catalyst grains,
and chloride, which are beneficial for the enhancement of taien after the different catalytic pretreatments performed
the selectivity to unsaturated alcohol, as well as a strong i the catalytic apparatus, were ground and diluted in an
Lewis acidity. Indeed, ZnGlsupported on Si@has been  ethanol solution. One drop of this solution, previously dis-
used for the selective isomerization of citronellal to isopule- persed in an ultrasonic tank, was deposited onto a Cu grid
gol, which is the first step in the synthesis of menthol from coated by a holey carbon film and dried in air. Various re-
citronellal, a reaction catalyzed by Lewis acid sit&8]. gions of the grid were observed, and the particle sizes were
These new systems were characterized by different meth-measured from the observation of 250-500 particles. The
ods: atomic absorption spectroscopy (AAS), nitrogen ad- following formula was used to calculate the mean surface
sorption (BET), X-ray photoelectron spectroscopy (XPS), diameterds = Znidf/znidl?, wheren; is the number of
temperature-programmed reduction (TPR), Fourier trans- particles ofd; diameter. Nanoprobe X-ray fluorescence was
form infrared spectroscopy (FTIR), and transmission elec- also used to check the nature of elements present in the se-
tronic microscopy (TEM). A comparison of the catalytic lected aread = 14 nm). The infrared measurements were
behavior in the hydogenation of crotonaldehyde of Pt sup- performed at IMSRA (Caen, France) with an infrared quartz
ported on ZnGl/SiO, with that observed on Pt/ZnO cata- cell, with in situ catalyst treatments carried out at the de-
lysts[11,12]is presented. sired temperature. The samples, prereduced at 673 K, were

2.2. Crotonaldehyde hydrogenation

Hydrogenation of crotonaldehyde was carried out at
80°C at atmospheric pressure using a glass flow reactor as
described previouslfi1]. The crotonaldehyde (100-500 pl)
was introduced in a trap maintained at different tempera-
tures depending on the desired partial pressure. The reaction
products—crotyl alcohol, butanal, butanol, hydrocarbons,
and other byproducts (called A and B herein)—were ana-
lyzed by gas chromatography (GC) with a DB-Wax column
(30 m long, 0.53 mm i.d.; JW Scientific), working at 85
using a flame ionization detector. The byproducts and hydro-
carbons were identified using a Chromapack column (50 m
long, 0.32 mm i.d.; CP-Wax-58CB) connected to a mass
spectrometer (Fisons).

2.3. Catalyst characterization
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evacuated at 473 K, and the pulses of pyridine were intro- Table 1
duced at room temperature. The spectra were recorded usinghemical analysis by AAS in wt% (knowing thafzn = 659 g; Mc| =
a NICOLET Magna 550 spectrometer, in the frequency re- 325 9: Mpt= 1951 g) and particle sizesl)s in nm) by TEM and XRD

gion 1400-1700 cm'. The precision of the measurement analysis
of the frequency of thega pyridine band can be estimated ~Treatment Calcination Reductiohd)
at+0.1 cnt1. The amounts of chlorine, zinc and platinum 350 200 300 400 500
contained in the catalysts were measured by AAS performed(38/62)ZnCy/SiO; support
at CNRS (Vernaison, France). BET surface areas were ob- (AAS) Zn (%) 178
(AAS) CI (%) 89

tained using a Coulter SA3100 machine. The phase compo-
sitions of the samples were determined from XRD analyses Pt30 catalyst

performed on a Siemens D 5000 polycristalline diffractome- (xS) ;t (‘Zj) 133 53 15-2 15-2 15-2
ter using Cu-K radiation. XPS measurements were carried EAAE; CT((%")) 8‘2 96 2'3 is 86
out with a VG ESCA IIl machine. X-rays were generated g (xrD)) Ds (nm) 7608° 94 11(11.3)

with a magnesium or an aluminum anode (Mg 12536
and Al-K, = 14866 eV, 220 W), without a monochroma-  (4/96)znCp/SiO, support

tor. The spectra were recorded at a pass energy of 20 eV. (AAS)Zn (%) 19

Due to the overlap between the CI(2s) XPS line and Auger (AAS) CI (%) 12

LMM Zn lines when using a Mg anode, the Auger Zn lines  p2 catalyst

were recorded using an Al anode. The treatment of samples (AAS) Pt (%) 51 51 51 51 51

was done at atmospheric pressure in a preparation chamber Eﬁg; (Z:?((Oj/;) ig —Z (1)-2 17 é%
. ; . : o _ g ;

attached directly to the analysis chamber. During analysis, (TEM (XRD)) Ds (nm) 14 43

the pressure in the chamber was about®1Torr. The bind- & Nond —
ing energy of Pt(4f), the Lorentzian half-width (Pt(4f)), , on determined.
and atomic ratios of P8i, Zn/Si, Cl/Si, Cl/Zn, and PtZn () Values deduced from XRD measurements.
were deduced from the spectra obtained after curve fitting able 2
aple
[ﬁl] Because the Chal’lges werg not com[]i)er.lsa'ted for, al! OfSun‘ace area measured by BET on Pt30 and Pt2 catalysts and on the corre-
the spec_tra were recalibrated in terms of binding energies ., jing supports
(BEs) using Si(2p) at 102.8 eV as the BE reference. After de-
convolution, the Si(2p) peak shifted to 102.3 eV, which was

Support  Catalyst

taken as the reference for Pt4f) BE in the 60-110 eV re- (3:;‘(')‘2'0 ggg; c ?gg; c g:g; c Eggg c
gion, which contains Pt(4f), Zn(3p), and Si(2p) peaks. The o0 1674 1363 1432 1678 144
element intensity ratios were calculated from the peak sur- P2 595.3 276.9 248.6 200.2

face ratio measurements, corrected by differences in escape

depths (using a root squared approximation), and in cross-

sections using Scofield daft9]. treatment, the platinum percentages were very close to 5%,
which was the initially desired value on both the Pt30 and
Pt2 catalysts.

3. Results
3.1.2. BET analysis
3.1. Characterization The specific surface areas obtained on the Pt30 and Pt2
catalysts and the parent supports are reportet@aive 2
3.1.1. Chemical analysis Pt30, which contained higher quantities of ZpCnd its

Table 1gives the platinum, zinc, and chlorine amounts corresponding support, had a lower specific surface than Pt2,
(wt%), of the Pt30 and Pt2 catalysts and of the parent sup-demonstrating that Zngblocked the silica pores. On Pt30,
ports analyzed by AAS. After calcination, both supports did the surface area increased when the reduction temperature
not retain the initial stoichiometry of Zngl because the increased. Because decreased Zn and Cl percentages with
atomic ratios Zn/Cl were close to 1. The percentages of increasing reduction temperature were observed by AAS on
zinc and chlorine remained constant after platinum impreg- this catalyst, it can be concluded that Zp@Vaporated and
nation and calcination at 38C. These quantities were not unblocked the silica pores. In contrast, on Pt2, the surface
affected by the reduction treatment at temperatt4€0°C. area, which was initially higher, decreased with increasing
After reduction at 400 and 50, significant decreases in reduction temperature. The surface area of Pt2 reduced at
Zn% and, to a much greater extent, Cl% were observed on350°C was close to that of Pt30 reduced at 500 The de-
Pt30, whereas on Pt2, these decreases were hardly significreased specific surface area of Pt2 after reduction at high
cant. Under a hydrogen stream, Zp@kely partially evap- temperature cannot be ascribed to a collapse of the SiO
orated, with the remaining quantity decomposing to zinc and pores, because then similar behavior should also be observed
chlorine, which remained on the catalyst. After calcination on Pt30, but instead, an increase in surface area with increas-
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Fig. 2. XRD of Pt30 reduced at different temperatures: (a) 200, (b) 300,

(c) 400, and (d) 500C.

20 = 38.5°-435°. For Pt2, no diffraction lines could be
discerned regardless the reduction temperature, because of
the small size of the metal particles. For Pt30, after calcina-
tion at 350°C, the spectra showed a wide line betweeh 15
and 38, characteristic of silicaKig. 1). Three well-defined
lines characteristic of metallic platinum (JCPS 4-0802), with
the main line, Pt(111), at 39.7@nd two less intense lines,
Pt(200) and Pt(220), at 46.2&and 67.8, respectively, were
also seen. These results demonstrate that platinum particles
were already in a reduced state after calcination. Metallic
platinum was still present on Pt30 reduced at 20@Fig. 2).
Increasing the reduction temperature from 300 to 4DO
produced the superposition of Pt and Pt—Zn alloy phases
[JCPS 6-0604, PtZn(111) at 40°]9and after reduction at
500°C, the PtzZn alloy was the quasi-unique phase. The Pt
line after reduction at 200C and the PtZn line after reduc-
tion at 500°C were of similar width. The average particle
sizes calculated from Scherrer equation are reportéldin

ble 1

3.1.4. XPSresults

Table 3gives the BE, Lorentzian half-widthy{ of Pt
(4f7/2), atomic ratios of PtSi, Zn/Si, CI/Si, Cl/Zn and
Pt/Zn for Pt30 treated in situ the XPS apparatus at different
temperatured-ig. 3 shows the spectra in the 65-80 eV re-
gion corresponding to the Pt(4f) lines. For Pt2, the weakness
of the Zn signals did not allow to get accurate information
from the XPS analysis. For Pt30, the changes observed on
the Pt(4%,2) BE (705 + 0.2 eV) were not significant at
the different reduction temperatures, evidencing the metal-
lic character of Pt. A small BE increase was observed after
calcination due to the chemisorption of oxygen atoms, but
platinum was not in oxide form. This result is in agreement
with the observations of the XRD analysiBig. 1). The
Lorentzian half-widthy (Pt(4f;,2) decreased significantly,

ing reduction temperature is observed on this catalyst. It canfrom 0.91 to 0.59, with an increase in reduction temperature
be argued that the decreased surface area on Pt2 is due to sitrom 200 to 500°C, in agreement with the transformation

ica particle rearrangement; we discuss this point later in this of Pt to PtZn phases as already observed in Pt/ZnO cat-

paper.

3.1.3. XRD analysis

Fig. 1shows the XRD spectra of Pt30 calcined at 360
in the range 2 = 10°-7C. Fig. 2 reports the XRD spec-

alysts[11]. The atomic ratios of ZfSi and CJSi did not
change when the reduction temperature increased from 200
to 300°C but decreased significantly at 500, with a much
more pronounced effect for chlorin€gble 3. These results

are in agreement with that observed in the bulk analysis

tra of Pt30 reduced at different temperatures, in the range (AAS; Table J). It should be pointed out that the amounts

Table 3
XPS results on Pt30 after reduction at different temperatures

Pt(4f7/2) Atomic ratios

BE (eV) y (PY/Si) x 100 ZiySi cl/si Cl/zn PYZn
Initial 2.82 0.2¢ 0.55 22 0.12
Calc. 35(°C 70.9 1.0 1528 0.33 (0.24% 0.27 (0.229 0.87 (0.92% 0.045 (0.1%
Red. 200C 70.7 0.91 0.96 0.35 0.35 1.0 0.027
Red. 300°C 70.4 0.67 0.76 (2.%) 0.34 (0.26Y 0.32 (0.21% 0.92 (0.81% 0.022 (0.09P
Red. 500C 70.6 0.59 0.75 (2.6) 0.18 (0.11Y 0.07 (0.012 0.4 (0.11% 0.042 (0.18f

2 |nitial values calculated from Pt30 prepared with the following weight percentages: 5.32% Pt, 36.43905812%% SiQ.

b () Values calculated from AAS results (atomic ratios in volume).
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Fig. 3. Pt (4f) XPS lines of Pt30 treated at different temperatures: (a) cal- Zn LMM Auger peak KE obtained on 1% Pt/Zr{@4], (38/62)ZnC}/SiO,
cined at 350C, (b) reduced at 200C, (c) reduced at 300C, reduced at and Pt30

500°C. 1% PYZnO (38/62)ZnGISIO, Pt30
Calc. 400°C 988.1 986.8

of Zn and chlorine determined by XPS was always greater Red. 200°C 988.4 986.9

than those calculated from AAS, demonstrating that Zn and Red. 300C 988.5 986.7

Cl species were localized mainly on the silica surface. This Zn(2p3/2) BE = 1021.8 eV.
also can be proven by analyzing the Zn(Z)(3p) inten-
sity ratios, the two XPS lines Zn(2p) and Zn(3p) generated
by photoelectrons of two different kinetic energies (KEs), tra are summarized iffable 4 Taking into account that
464.8 and 1398.3 eV, respectively. This ratio should be 1 if Zn(2ps/2) BE was localized at 1021.8 eV on all of the sam-
Znis distributed equally in the surface and in the bulk, as was ples, the support alone (38/62) Zn3iO, and Pt30 catalyst
verified in our reference samples, ZnO, ZpCGind Pt/ZnO treated at different temperatures had a significantly lower KE
[11,12] On Pt30, this ratio was 3. As explained previously (9868 + 0.1 eV) than 1% Pt/ZnO (988 & 0.2 eV). This
[20], the overintensity of the low-KE XPS line is proof that lower value corresponds to that reported by Fiermans et al.
the element is localized at the surface. [22] for ZnCl, species. From these results, it is clear that
Measured by XPS or AAS, the €In atomic ratios were  there was no formation of ZnO species at the surface of Pt30
similar and close to 1, except at 500, where Cl became  after calcination and reduction treatments. However, based
half of the Zn atoms in surface. on the stoichiometry obtained from XPS and AAS (Zn/ClI
The Zn LMM Auger spectra were also recorded because, close to 1), the presence of ZrG$ unlikely. It is also note-
in contrast to Zn(2p) or Zn(3p) BE, which were found to worthy that the parts of the zinc atoms that were alloyed
be similar for several reference Zn-containing compounds, with Pt to form PtZn were too small to influence the XPS or
the Auger Zn KE was found to differ in several reference Auger Zn signals (initially, the catalyst contained 10 times
compounds, including metal Zn, ZnO, and Zp21-23] less Pt than Zn atoms). Therefore, we conclude that during
Fig. 4 presents the Zn Auger spectra obtained on Pt30 cal- thermal treatment of the Pt30 catalyst, Zn@ecomposes,
cined at 350C and on Pt30 reduced at 200 and 3Q0and and no ZnO formation occurs. Based on the Zn LMM Auger
compares these results with those obtained on a 1% Pt/ZnCOresults, it can be argued that —O—-Zn—Cl species graphed on
ex-chloride systeni24]. The KEs of Zn LMM Auger spec-  the silica surface are formed. For the catalyst reduced at a



6 F. Ammari et al. / Journal of Catalysis 235 (2005) 1-9

30 4
25 +
_ -1 — * A
v8a=1612 cm > . a A, . 3 ~
oy =
= 20 Pt 30 =
abs £ A t . A — =
10.04 » N . A a »
ERE M Loa 2 &
E * . S
= - * o £
= Pt2 M 5
(evacuated at 25°C) £ 10 5
(evacuated at 50°C) 2 L1 2
(evacuated at 100°C) 5 <
1620 1580 1540 1500 1460
Wavenumbers 0 T T T T T T T T T T T T T T 0
6 18 30 42 63 75 87 99

Time on stream (minutes)

Fig. 6. Activity as a function of time on stream on Pt30 reduced at

abs.| 0.2 v8a= 1615 cm™ 400°C (A) and on Pt2 reduced at 20Q ().
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acidity on this catalyst. On PtZFig. 5a), thevgy band was
observed at 1612 cni, slightly (but significantly) lower
than in Pt3J27]. The intensity ofv1gp band was lower than

the one observed on Pt30. These two observations showed
Fig. 5. FTIR analyses, pyridine adsorption spectra on (a) Pt2 reduced atthat the Lewis acidic sites were more numerous and with a
400°C and (b) Pt30, reduced at 480. stronger acidity on Pt30 than on Pt2. In addition to these two
main bands, characteristic of the Lewis acidity, an additional
band at 1600 cm* was present after pyridine adsorption
on Pt2, but disappeared after evacuation treatment &€50
This band corresponds to hydrogen-bonded pyriditi,
3.1.5. TEM results indicating the existence of OH groups on the catalyst sur-
Table 1reports the diameters of Pt particles of Pt30 and face, which did not exist on Pt30.
Pt2 obtained by TEM and compares these with those ob-
tained by XRD analyses. On Pt30, the particle sizes given 3.2. Crotonal dehyde hydrogenation
by both methods were in acceptable agreement. At all re-
duction temperatures, the platinum particles were smalleron It is generally observed that when hydrogenation reac-
Pt2 than on Pt30. The increase in reduction temperature fromtions are performed in a flow catalytic system, the distrib-
200 to 500°C led to an increased particle size on Pt30, but ution of the products (unreacted product and reaction prod-
not on Pt2. ucts) changes from the beginning to the end of the time on
stream (TOS), with an initial regime usually preceding the
3.1.6. FTIRresults steady-state regin@8,29] The length of this initial period
Pyridine adsorption on Pt2 and Pt30 was studied by FTIR depends on the space velocity of the reactant), the ad-
after in situ reduction at 400C (Fig. 5. No band localized  sorption properties of the support toward the reactant and the
in the 1540-1550 cm' frequency range, characteristic of reaction products, and catalyst stability. The Pt2 and Pt30
pyridinium ion revealing the Brgnsted acidic character of catalysts showed two different evolutions of the total activ-
the surface, was observed on either cata]§5]. The two ity as a function of TOS as presentedHiy. 6. For Pt2, an
main bands were localized around 1450 and 1610%tm initial deactivation was observed; for Pt30, increased activ-
These bands are characteristic of the Lewis acidity of the ity was observed during the first 30 min that then decreased
surface; they correspond to thgy andvigp vVibration modes with TOS. But on both catalysts, a quasi—steady-state regime
of the coordinately bonded pyridine. Thg, vibration is was established after a certain time. The catalytic behavior
sensitive to the mode of adsorption and indicates the natureexpressed in terms of activity and product distributions in the
and strength of the Lewis acidity, whereas thep vibra- steady-state regime of Pt30 and Pt2 are reportdciie 5
tion is characteristic of the number of sites existing on the The reactions were performed at 8D under 8 Torr cro-
catalyst surfacg26]. Their counterpartsygp and viga lo- tonaldehyde pressure and 752 Torr hydrogen pressure. Re-
calized at 1580 and 1490 crh respectively, are not sen- garding the activities, two main observations can be made:
sitive to acidity strength. On the Pt30 catalySig(. 5b) two (i) Pt2 was much more active than Pt30, and (ii) the increase
bands localized precisely at 1615 and 1454 ¢were ob- in reduction temperature from 200 to 500 led to an in-
served after pyridine adsorption and evacuation treatmentcrease in activity that was much more pronounced on Pt2
at different temperatures. The position of thg band at than on Pt30. Finally, at a reduction temperature of 8D0

temperature-200°C, a small amount of Zn is alloyed with
platinum.
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100 12
Table 5 & Crotyl alocohol A Butanal
Hydrogenation of crotonaldehyde on Pt30 and Pt2 reduced at different tem- + ProductA X ProductB 10
peratures 80 - = Butanol e HC I
—— Conversion
Pt30 Pt2 _ ls
g IS
Red.T (°C) 200 300 400 500 200 300 400 500 % 60 1 H
A (Umol/(s gpp) 15 21 17 35 134 375 749 360 2 16 ®
Selectivity (%) 2 40 %
(At conversion (%)) (3.1) (4.3) (4.3) (7.1)) (85 (7) (15 (33 @ T4 ©
Hydrocarbons 6 4 Z 1 0 0 0 0 X . A
201 7 X
A by-product 9 10 B 1 0 0 O 0 t’X;AAAAAAAAAAAAAA‘AA L2
Butanal 18 13 18 20 451 582 566 511 CEIXX X Xy XX XXXX
B by-product 12 14 B8 35 0 0 0 0 Lot VTV CERTRICFEEEEEY |
Butanol - 4 52 65 63 63 113 313 0 20 40 60 80 100 120 140
Crotyl alcohol 55 55 67 68 48 356 322 176 Time (min)
. __a
C=0/C=C 31 35 36 28 11 06 06 06 Fig. 7. Selectivity and conversion as a function of time on stream on Pt30
& C=0/C=C = (Scrotyl alcohol* Sbutano)/ (Sbutanal+ Sbutano)- at400°C.
Table 6

P.t2 V\_Ias 100 times m_ore active than PJ_[3_O' The product dis- Hydrogenation of crotonaldehyde on Pt30 reduced at°’4D8s a function
tributions expressed in terms of selectivity are reported for of crotonaldehyde pressure and comparison with Pt/ZnO catalysts reduced

conversions usually10%, to limit the effects due to the at4o0°C
second hydrogenation step (butanol formation). Because of Catalysts
the high activity of Pt2 reduced at 400 and 3@0 the prod- Pt 30 5% PU_ 1% PU
uct distributions were taken at 15 and 30% of conversion ZnO[24] ZnO[12]
respectively. On Pt2, the selectivity to crotyl alcohol reached |nitial cI (wtos) 15 0.7 05
48% after reduction at 200 and decreased with increasing  Number of exp. 1 2 3 a2 1 1
redqctlon temperature. No hydro.carbon or byproduct for- 7= ulinjected 100 80 160 280
mation was observed. On Pt30, in contrast, crotyl alcohol
was the main reaction product, and the selectivity increased “crotonaidenyad™or) 8 8 13 21 8 8
from 55 to 68% with increasing reduction temperature. The A (umol/(s goy) 17 15 45 65 28 84
selectivity to butanal was less influenced by the reduction Selectivity (%)
temperature, whereas the formation of hydrocarbons and A (at conversion (%)) (32) 420 (56) 47) (7) 117
and B byproducts were observed. In particular, their selec- Hydrocarbon 2 3 1 @ 31 0.8
tivity decreased with increasing reduction temperature. Hy- A by-product 5 4 2 1 o 04
drocarbons and A and B byproducts, identified by GC-MS g”;?_“p?'o et 12 1; 12 133 1;’ 159
analyses, corresponded tq Bydrocarbons (mainly butadi- Butanol 1 1 1 1 1 B
ene and small amounts of butenes and butane)cenand Crotyl alcohol 66 66 76 82 823 83.1
trans crotyl chloride (1-chloro, but-2-ene), respectively. The Cc—0/C=ca 39 37 48 59 75 -
formation of these byproducts had been also observed in the
hydrogenation of crotonaldehyde on ex-chloride P/ZnO cat- Yieldgic + A + 8)° 029 024 036 027
alyst[12]. Butadiene and crotyl chloride are likely formed Y€!dsutanal 027 026 Q68 Q85

Yieldcrotyl alcohol 112 099 342 53

by secondary reactions of crotyl alcohol, dehydratation and
replacement of OH by Cl, catalyzed by the acidic support, as * C=0/C=C = (Scrotyl alcohol+ Shutano)/(Shutanal+ Sbutano)-

discussed later in this paper. Butenes and butane are formed® Expressed in umg(s goy).

from hydrogenation of butadiene.

Fig. 7reports product selectivity as a function of TOS for covered the surface and partially poisoned the support. After
Pt30 reduced at 40. During the first 30 min, correspond-  this period, crotyl alcohol formed by hydrogenation on the
ing to the activation period (sdeig. 6), butanal, A and B metallic part could no longer readsorb and react on the sup-
byproducts, and hydrocarbons decreased and crotyl alcohobort; therefore, it desorbed, and the selectivity increased. But
and, to a lesser extent, butanol increased. We propose thahydrocarbons and crotylchloride (& B byproducts) were
in the earlier stage of reaction, before mass balance betweerstill produced, albeit at a lesser exteffable §. Repeat-
the inproducts and outproducts is reached, the catalyst wasng four times the experiments on the same catalytic charge,
very active in producing crotyl alcohol. Crotyl alcohol re- 100 mg of Pt 30 reduced at 40Q, the selectivity to crotyl
mained adsorbed on the catalyst (specially on the support)alcohol increased from one run to the next. Before each ex-
and reacted on the acidic support to be transformed into A periment, the catalyst was reduced for 4 h at 4aD0Because
and B byproducts, hydrocarbons, and butanal by isomeriza-of the lack of activity, the vapor pressure of crotonaldehyde
tion and probably higher-molecular-weight products that re- was also increased. The activity and selectivity values for
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each run are reported ifable § the total amount and the ing reduction temperature. The FTIR results obtained on
pressure of crotonaldehyde used in each experiment are indicatalysts reduced at 40C indicated the presence of Lewis
cated. Crotyl alcohol selectivity increased with an increased acid sites on Pt30 and Pt2, with the number and the strength
number of experiments on the same catalyst and increasef those sites higher on Pt30 than on Pt2. The stronger Lewis
vapor pressure to reach a valu80%. Moreover, the selec-  acidity of the support of Pt30 was clearly revealed in the
tivity to hydrocarbons and A and B byproducts decreased. initial stage of the hydrogenation of crotonaldehyde, where
Therefore, in terms of product yields (activity*selectivity), a strong adsorption of crotyl alcohol on the support likely
the sum of hydrocarbon and crotyl chloride yields remained occurs; crotyl alcohol reacts on the acidic support to form
guasi-constant from one experiment to the othe3 400.06) butadiene andis, trans crotyl chloride by dehydratation and
(Table 9, whereas the yields of hydrogenated products in- OH-CI exchangeTable 9. It is remarkable that the best re-
creased, in a more significant proportion for crotyl alcohol sults obtained on this catalyst were very similar to those ob-
than for butanal. tained on Pt/ZnO catalysts prepared from hexachloroplatinic
acid precursorfable § [12,24] A selectivity to crotyl alco-

hol >80% was never observed on Pt/ZnO catalysts prepared
from platinum nitrate tetraamine precursor. On this catalyst,

In selective hydrogenation of crotonaldehyde into unsat- the crotyl alcohol selectivity never exceeded 50%4,12,
urated alcohol, Pt/ZnGISiO, catalysts showed the bene- 24]. Therefore, we confirm that the presence of chlorine,
ficial effects of zinc and chlorine on crotyl alcohol selec- provided from either the metallic precursor or the support,
tivity already observed in the ex-chloride Pt/ZnO catalyst is essential to obtain a very high selectivity.

[11,12] Compared with PUSi©[2,10], these catalysts were Looking at theTable 5 the optimized reduction temper-
much more selective in carbonyl bond hydrogenation than ature to obtain the higher crotyl alcohol selectivity and the
in olefinic bond hydrogenation. However, Pt30 and Pt2 cat- higher C=O/C=C hydrogenation ratio on Pt30 was 4T0.
alysts, prepared on supports containing different amounts of At lower reduction temperature, the content of byproducts
ZnCl,, exhibit very different catalytic behaviors. was higher, and at 50@, butanal formation generally in-

Pt2 was more active than Pt30, and an increase in the re-creased. Our research into the optimizing conditions on Pt30
duction temperature led to a huge increase in activity with a reduced at 400C (Table § points up the beneficial effect
significant loss of selectivity to crotyl alcohdlgble §. This of repeating the experiments in decreasing the formation of
evolution is going the opposite way to that expected due to the secondary products, hydrocarbons, and crotyl chloride,
a promoter effecf9—15]. On Pt2, a promoting effect of zinc  and obtaining a greater crotyl alcohol selectivity. It should
and chlorine on the catalytic activity of Pt is observed when be noted that the amount of crotyl chloride decreased with a
the catalyst is reduced at low temperature, leading to a ratherdecreasing amount of chlorine in the catalyst. Indeed, com-
high crotyl alcohol selectivity (48%). The observed decrease paring the reactivity of Pt30 catalysts reduced at different
in crotyl alcohol selectivity with increasing reduction tem- temperatures indicates a marked decrease in chlorine content
perature means that the interactions between platinum andwith increasing reduction temperaturéable ) and a si-
the promoters are gradually weakening. These interactionsmultaneous significant decrease in crotyl chloride selectivity
are quasi-destroyed after reduction at 300 leave naked  (Table 5. Finally, the influence of chlorine in this catalytic
platinum particles, with increased activity accompanied by system is very subtle; it clearly has a beneficial effect on
decreased selectivity observed. Nonetheless, it is notewor-the Lewis acidity of the support leading to an increase in
thy that the amount of zinc and chlorine on Pt2 did not the carbonyl bond hydrogenation, but the amount of chloride
change significantly with increasing reduction temperature must be restricted within a certain limit to avoid the further
(Table ) while the surface area decreased simultaneously. conversion of crotyl alcohol into A and B byproducts. In ad-
The decrease in specific surface area of Pt2 after reductiondition, we note that a high level of chlorine had a negative
at high temperature cannot be ascribed to a collapse of theeffect on total activity. This was well demonstrated earlier
SiO, pores, because if that were the case, then similar be-by comparing the activity of 1% and 5% Pt/ZnO catalysts
havior should be observed on Pt30, but instead an increase if12]; in the present study, this could explain the apparent
surface area with increasing reduction temperature is seen orpositive order in crotyl alcohol formation versus crotonalde-
this catalyst. It can be argued that the increased temperaturdiyde pressure in the results givenTiable 6 In fact, during
of treatment caused Zn ions to penetrate into the silica sup-one experiment the amount of chlorine in the catalyst de-
port to form zinc silicate and then gave free the Pt particles. creased due to the formation of crotyl chloride; then, from
The formation of zinc silicate has been suggested in someone experiment to the next the chlorine content in the cata-
preparations of ZnGISiO; [30] or ZnO/SIG [31] systems. lyst decreased while the activity increased.

In our case, zinc silicate could not be characterized by XRD,  In Pt30, the transformation of Pt to PtZn alloy with in-
because the amount formed was below the detection limit creasing reduction temperature was observed. On catalyst
and/or because it was under an amorphous state. reduced at 400C, PtZn alloy was well characterized by

Pt 30 was always less active but more selective to crotyl XRD (Fig. 2) and XPS Fig. 3). This catalyst showed the
alcohol than Pt2, and the selectivity increased with increas- best performance toward carbonyl hydrogenation. However,

4, Discussion
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at 200°C, where alloy formation was not observed by ei- platinum both by alloying to Zn and by the Lewis acidity
ther XRD or XPS, the selectivity in the carbonyl bond hy- of the support changes the adsorption mode of crotonalde-
drogenation was significantly high compared with that of hyde by favoring the binding of the terminal oxygen of the
Pt/SiG. This finding means that even at this low reduction molecule to the electronically modified platinum atoms.
temperature, zinc interacted with platinum and changed the
intrinsic reactivity of platinum. As developed earligh2],
we have eliminated a possible bifunctional function of the Acknowledgments
catalyst in which hydrogen would dissociate on the metal-
lic part (metal or alloy) and, through spillover, migrate on We are indebted to J. Lamotte from IMSRA in Caen
the support to hydrogenate crotonaldehyde adsorbed on th€France) who has performed the FTIR analyses and helped
Lewis acidic sites, because Pd/ZnO catalysts prepared simi-us for their interpretation.
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