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Abstract

By using modifiers in platinum catalysts it is possible to modulate the hydrogenation selectivitg-unsaturated aldehydes carbonyl
bond with regard to olefinic bond hydrogenation. The challenge is to find an emergent catalytic material able to produce 100% unsaturate
alcohol. In this field, 1% Pt/ZnO catalysts were tested in hydrogenation of crotonaldehyde, in gas phase, at atmospheric pressure. Th
catalysts were prepared by impregnation of ZnO from two different precurseQl and Pt(NH)4(NO3)2, followed by calcination
at 673 K and tested after reduction at different temperatures, 473-773 K. The ex-nitrate and ex-chloride catalysts showed quite differen
catalytic behaviors. The ex-chloride was much more active and selective; in certain conditions 90% crotyl alcohol selectivity was reached.
Different techniques (TPR, XRD, TEM, XPS, FTIR) were used to characterize both types of catalysts and to correlate the structure and the
reactivity. The Lewis acidity of ZnO after the reduction treatment and the formation of PtZn alloy were found to be the key factors leading
to high crotyl alcohol yield. It was proposed that modification of the electronic properties of platinum both by alloying to zinc and by Lewis
acidity of the support reinforced by chlorine changes the adsorption mode of crotonaldehyde by favoring the binding of the terminal oxygen
of the molecule to the electronically modified platinum atom.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction Hydrogenation reactions are mostly carried out with sup-
o o ported group VIII metal catalysts. Thermodynamically the
An emergent material in heterogeneous catalysis is, for hydrogenation of the carbonyl group into an unsaturated

example, a material able to catalyze a reaction which is 5 4enyde is not favored. To achieve a high selectivity, this
usually performed by a noncatalytic process. The hEteroge'thermodynamic constraint must be removed by a prefer-

neous catalytic process is always easier to handle than any,ia| adsorption of the carbonyl function on the catalyst
other process and leads to a 'O,WE‘f amount of waste pr_Od'surface. It was found that the addition of promoters [1-3]
ucts with lower risk for t.he environment. For example, in 5.4 the use of bimetallic catalysts [4,5] improve largely the
the past few years considerable effort has been devoted Qg ectivity in unsaturated alcohols of platinum-based cata-
develop a heterogeneous catalytic system able to performy g5 The improvement of selectivity in a bimetallic catalyst

selective hydrogenation of the carbony! function «ff- was attributed to the possible existence of polar sites in the

unsaturated aldehydes into unsaturated alcohols with a highyimetalic phase able to change the adsorption structure of
yield. This process could replace the metal hydrides usually ye reactant. An alternative way to improve the selectivity

used in preparative organic chemistry for this purpose [1,2]. platinum was the use of a reducible support [6]. In this
The production of unsaturated alcohol fremp-unsaturated e the Tio,-supported Pt catalysts have attracted much
aldehydes is a very important reaction in the preparation 5yention because of the increase in selectivity obtained af-
of many pharmaceutical, agrochemical, and fragrance COM-ter 4 high-temperature reduction treatment of the catalyst.
pounds. The authors [6,7] interpreted this selectivity improvement by
* Corresponding author. .the creathn of oxygen vacancies in the Tiphase wh!ch
E-mail addresses: jean.lamotte@ismra.fr (J. Lamotte), interact with the oxygen end of the=© bond, polarize
touroude@chimie.u-strasbg.fr (R. Touroude). this bond, and then favor the intermediate which, after ad-
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dition of hydrogen atoms, gives the crotyl alcohol product. an aqueous solution of #RtClk or [Pt(NHz)4](NO3)2 salts
In this line of research CefJ8-11], SnQ [12], and ZnO (Strem Chemicals), followed by evaporation of water and
[13] were also found to influence the selectivity of platinum drying overnight at 393 K. The samples were calcined, 4 h,
catalysts. The presence of chlorine, brought by the metal-in air, at 673 K. Prior to the reaction studies, the samples
lic precursor, played a prominent role in this catalyst type. were reduced, 4 h, at different temperatures. In the text, the
It affected the selectivity of crotonaldehyde hydrogenation catalysts are called ex-chloride and ex-nitrate catalysts, re-
into crotyl alcohol in a detrimental way on Pt/Cg{10,11] spectively.
and Pt/Sn@ [12] and in a beneficial way on Pt/ZnO [13].
In the latter case a parallel was found between the evolution 2 - crotonaldehyde hydrogenation
of the crotyl alcohol selectivity and the PtZn alloy forma-
tion. Therefore, it was proposed that the catalytic surface
consisted of PtZn entities in which the bond polarization,
increased by the vicinity of chlorine, forced the molecule to
adsorb by the €0 polar bond. On the other hand, Boffa et
al. [14] found that submonolayer quantities of metal oxides
such as AlIQ, TiO,, VO,, FeQ,, ZrO,, NbO,, TaQ,, and
WO,, deposited on Rh foils, enhanced the reactions involv-
ing the C-O bond hydrogenation. The enhancement in CO,
COp, and acetone hydrogenation was attributed to the for-
mation of a Lewis acid-base complex between the O end of
the polar CO bond with exposed metal cations of the oxide
located at the boundary between the oxide and the Rh [14]. : ; . e
In this research fieldyand to understand better the rer[nar]k-,o'53 mm of inner diameter). The |dent|f|cat|oq of the var-
able effect of chlorine on the performance of Pt/ZnO which ious hydrocarbons was occasionally made using a CP-SIL
could be linked to the ZnO Lewis acidity we persevered by ,5CB column. The minor by-products ar.e.t.aken Into account
studying the crotonaldehyde hydrogenation on Pt supported'n the calculgtlon of the product selectlvmes.but they were
on ZnO, choosing catalysts with 1% metal content. Our not reported in Taples 1-3forthe sgk_e of clarity. The croton-
choice of this lower Pt content compared to the 5% Pt/ZnO aldehyde, used without further purilfllca'uon, contained 0.1-
studied in [13] was a compromise: high enough Pt content 0.3% butanal, therefgre thg selectivity valueg v've're always
to measure the activities in our experimental conditions but CoOmpared at conversions higher than 4% to minimize the er-
low enough to perform Fourier-transformed infrared spec- "OrS: Ip .fact, at 4% crotonaldehyd_e conversion, the butanal
troscopy analysis of the catalysts. This analysis could give Selectivity error could reach a maximum 10%, at lower con-
more information on the surface nature such as electronicVersion it would be more.
properties of metals and the nature and the power of the sup-
port acidity. In fact, with 5% Pt supported on ZnO, no IR 2.3. Characterization
transparency could be detected, due to the high ZnO reduc-
tion; using 1% Pt-supported ZnO, we could expect a more  The catalysts and the support were characterized by
dispersed metallic phase and a decrease in ZnO reductioratomic absorption spectroscopy (AAS), nitrogen adsorp-
and then an increase in IR transparency. On the other handtion (BET), X-ray photoelectron spectroscopy, temperature-
it was also of a great interest to analyze the influence of the programmed reduction (TPR), Fourier-transformed infrared
Pt content on the reaction behavior of a Pt/ZnO catalytic sys- spectroscopy (FTIR), and transmission electronic microsco-
tem which shows exceptional properties in selective croton- py, after different pretreatments.
aldehyde hydrogenation. Moreover, to understand the differ-  The quantities of chlorine and platinum were obtained by
ences in the catalytic behavior of the catalysts prepared fromaAS at CNRS, Vernaison (France). BET surface areas and
different metal precursors, beside FTIR characterization, thetotal pore volume were obtained using a Coulter SA3100
Samples were characterized by other methods, in partiCU'armachine_ The XRD ana]yses were performed on a Siemens
X-ray diffraction (XRD), photoelectron spectroscopy (XPS), D 5000 polycrystalline diffractometer using CuzKadia-
and transmission electron microscopy (TEM) to control the tion. The zincite phase could be identified in every spectrum.

The crotonadehyde hydrogenation was carried out in the
gas phase at atmospheric pressure of hydrogen, usually at
353 K, using a quartz tube reactor. The crotonaldehyde
(Fluka puriss) (100-300 pl) was introduced in a trap at
' 273 K, which maintained 8 Torr as crotonaldehyde partial
pressure, with very few exceptions specified in the text.
The quantity of catalyst used varied between 0.1 and 0.3 g.
The reaction productdrans and cis crotyl alcohol (CRO-
TOL), butanal (BAL), butanol (BOL), hydrocarbons (HC),
and minor by-products (generally 1%) were analyzed by
gas chromatography with a DB-Wax column (30 m long,

alloy formation and the size of particles. However, the spectra, reported here, are limited to the 38.5—
42.5 @ region, where Pt (111) (JCPS 4-0802) and Pt-Zn

2. Experimental (111) (JCPS 6-0604), the most intense lines, are expected for
Pt and PtZn phases, respectively. XPS measurements were

2.1. Catalyst preparation carried out with a VG ESCA IlI spectrometer with a magne-

sium anode (i = 12536 eV). Sample treatments were car-
The 1 wt% Pt-supported catalysts were prepared by im- ried out in situ in the preparation chamber attached directly
pregnation of ZnO (Asturienne des Mines, 42.8/g) with to the analysis chamber. The Pi4fbinding energy (BE),
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Table 1
Crotonaldehyde hydrogenation on 1% Pt/ZnO, precursor P§N(NH3)4, reduced at different temperaturé®{ota = 8 Torr, Py, = 752 Torr)
ReductionT (K) 473 573 673 773
ReactionT (K) 353 353 353 353 393 413
Number of cycle$ 1 1 1 1
F (umols™1) 0.23 023 015 014
Time on stream (min) 12 72 12 72 12 72 8 18 30 111
Cy (%) 107 46 8.6 45 24.0 53 4.7 84 118 6.0
A (umol s~ gzl 120 5.2 9.9 5.2 17.7 39 33 5.9 83 42
Selectivity (%)
HC 20 20 30 38 0.7 17 45 20 13 15
BAL 63.3 657 614 685 395 468 435 507 586 553
BOL 81 32 7.8 27 212 44 143 82 6.4 9.2
CROTOL 250 290 26.0 250 380 470 330 37.0 330 340
C=0/C=C 05 04 10 0.8 0.8 0.6 0.7
BAL yield 7.6 34 6.1 36 7.0 18 15 30 5.0 23
CROTOL vield (umol st gF_,tl) 1.0 15 26 13 6.7 19 11 22 26 14
a Cycle is equivalent of one reduction treatment followed by one experiment.
Table 2
Crotonaldehyde hydrogenation on 1% Pt/ZnO, precursgttBls, reduced at different temperaturefota) = 8 Torr, Py, = 752 Torr)
ReductionT (K) 473 573 673 773
ReactionT (K) 353 353 353 353
Number of cycles 1 2 4 1 2 4 1 2 4 1
F (umols1) 0.16 038 014 017 041 027 021 035 018 02
Time on stream (min) 12 88 82 78 12 82 12 84 12 76 12 82 12 82 12 84 12 74
Cy (%) 366 29 101 10 458 257 302 9 215 95 310 117 27 85 1568 73 10 74
A (umols1 g;,tl) 198 16 13 5 263 147 414 124 198 87 224 84 319 10 93 43 62 46
Selectivity (%)
HC 37 08 24 04 91 07 71 12 09 01 33 08 11 07 35 0.7 0 0
BAL 44 34 246 40 29 187 184 142 171 126 159 129 139 135 113 84 129 142
BOL 6.4 5 27 2.8 81 46 49 28 23 17 52 18 34 16 32 0.7 29 08
CROTOL 456 60 698 56 53 76 74 83 79 85 734 831 81 832 80 89 84 85
C=0/C=C 27 14 50 6.1 5.6 9.9 5.7
BAL yield 54 32 20 27 18 11 11 14 04 0.7
CROTOL yield 9% 91 28 112 103 74 7 83 38 39

(umol st g,;tl)

y (4f) (half-width at half-maximum) and peak areas were de- peak area. TEM analyses were performed on a Topcon 002B
duced using a curve-fitting procedure described in Ref. [13]. electron microscope, operating at 200 kV, with a point-to-
The Pt4$,, BE were referenced to the Zngp BE, 88.3 eV, point resolution of 0.18 nm in HRTEM mode. Some catalyst
recorded in the same spectra. O1s BE was found at 530.5 eVgrains, taken after the different catalytic pretreatments per-
The Cls was too small and not well defined enough to be formed in the catalytic apparatus, were ground and diluted in
taken as a BE reference. The reducibility of the catalysts wasan ethanolic solution. One drop of this solution, previously
followed by TPR in a flow system with a 1.5%H\r us- dispersed in an ultrasonic tank, was deposited onto a Cu grid
ing an X-sorb-(S) instrument (GIRA society). After in situ coated by a holey carbon film and dried in air. Various re-
calcination at 673 K and cooling to room temperature, the gions of the grid were observed and the particle sizes were
samples were flushed by Ar and by a/Ar mixture, and measured from the observation of 250 to 500 particles. The
then the TPR was recorded with a linear ramp of temperaturefollowing formula was used to calculate the mean surface
(8 K/min) from 293 to 873 K. The samples were kept at this diameterds = Zn,»df/ Znidl?, wheren; is the number of
temperature for 1 h. The calibration measurement of the ap-particles of diameted;. Nanoprobe X-ray fluorescence was
paratus was repeated at the end of each experiment and thealso used to check the nature of elements present in the
the moles of hydrogen consumed were deduced from theselected areai(= 14 nm). The IR measurements were per-
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Table 3 cohol prevailed. In addition to the main products, butanol
Crotonaldehyde hydrogenation, at different temperatures, on 1% Pt/ZnO gnd hydrocarbons were formed. Looking at the evolution
ex-chioride, reduced at 673 K of these minor products during the time on stream, one ob-

ReactionT (K) 313 353 393 serves (i) on the ex-nitrate catalyst, butanol initially appeared
F (umols™) 02 02 08 in a significant amount and then decreased at the expense of
22:\\/’:;5‘(';’;((;/2_1 o) 573 i:: ;g; butanal and crotyl alcohol while hydrocarbons remained at
Selectivity (%) Pt ) a constant low val_ue (1-4%) all E}Iong the time on stream,

HC 08 06 0.9 (i) on the ex-chloride catalyst which formed mainly crotyl

BAL 8.7 149 167 alcohol, hydrocarbons appeared initially in large amounts to

BOL 2.7 22 09 deeply decrease at the expense of crotyl alcohol; butanol
CROTOL L 880 82 81 followed the same evolution, in a less pronounced man-
iﬁ"%’?f ;(/tler::ioéjmo??l)gfl) 2‘2 15‘8 2‘;3 ner. Hydrocarbons, initially formed, contain only C4 prod-

, o i ‘ ucts, butadiene, butenes, and butane, which are reasonably

ga g; tg;%ﬁig?;;ﬁirc(’bn)ml_l) 222I.Oj::|:0.12 assumed to be formed by dehydration—hydrogenation reac-
E: of BAL formation (kj/mol-1) 2843 tions of crotyl alcohol; C3 hydrocarbons, which would in-

dicate a decarbonylation reaction, were not observed. This
result is interesting to compare with those found on PtSiO
formed with an infrared quartz cell, where in situ treatments [5,15,16]and Pt/Ti@reduced at low temperature [17] where
were carried out at the desired temperature. After evacua-the decarbonylation reaction was suggested to be the origin
tion at 473 K, pulses of CO or pyridine were introduced at of the deactivation step.

room temperature. The spectra were recorded using a Nico- A detailed deactivation kinetic modeling was not under-
let Magna 550 spectrometer. taken in the scope of this paper where we have rather focused
our analysis on the data obtained in the steady-state regime,
keeping in mind that the deactivation did not change signifi-

3. Results cantly the main characteristics of the catalytic results.
In the quasi-steady-state regime, remarkable differences
3.1. Crotonaldehyde hydrogenation in activity and selectivity were obtained with both catalysts.

For a more explicit comparison the results are illustrated

No hydrogenation activity was observed on the support in Fig. 1 where the activities and the CROTOL yields are
alone, after reduction at 673 K, for the crotonaldehyde hy- compared for both ex-nitrate and ex-chloride catalysts in the
drogenation performed at 353 K. We just remarked on the first catalytic run and the CROTOL selectivities obtained on

formation of a very low quantity of by-products:(0.5%) both catalysts are compared in the same range of conver-

which were not identified. sions (4-10%), which corresponds to the results reported in
In Tables 1 and 2 the conversion§,06), product se-  the underlined columns of the Tables 1 and 2.

lectivities (HC, BAL, BOL, CROTOL (%)), and activi- The ex-chloride catalysts showed the highest activities

ties (umols? g;tl), observed during the time on stream, whatever the reduction temperature. For both catalysts the
in the initial period (at 12 min) and in the quasi-steady- increase in the reduction temperature from 473 to 673 K did
state regime (more than 70 min), for the ex-nitrate and ex- not affect significantly the activity, while after reduction at
chloride catalysts are reported, respectively. These catalysts773 K, the activity decrease was remarkable as clearly illus-
were reduced at different temperatures, 473, 573, 673, andrated in Fig. 1.
773 K. For the ex-nitrate catalyst, the reactivity was stud-  In the stable regime of the ex-nitrate catalysts (Table 1),
ied in the first catalytic run, after one reduction treatment 29-25% CROTOL selectivity was obtained after 473-573 K
while, for the ex-chloride catalysts, successive catalytic cy- reduction; this selectivity increased up to 47% after 673 K
cles (cycle is reduction treatment followed by experiment at reduction and, after 773 K reduction, it decreased in favor of
353 K) were performed and the reactivity is reported in the butanal selectivity. These values are compared at the same
first, second, and fourth catalytic runs. The BAL and CRO- conversion, about 5%. In fact, after 773 K reduction tem-
TOL yields (A x« SBAL and A * SCROTOL, respectively)  perature, the activity of the catalyst was so low that 5%
and the G=O/C=C hydrogenation ratios ((SCROTOkL conversion was obtained in the first 10 min of the time on
SBOL)/(SBAL+ SBOL)) were also calculated. stream. Under these conditions, to get reliable selectivity
Both catalysts showed a deactivation period at the begin-values in the steady-state regime we increased the reaction
ning of the time on stream in which the selectivities were temperature knowing that this parameter, in the 313—-393 K
not exactly the same as those obtained in the steady-statelomain, does not influence significantly the selectivity as
regime. However, the most striking features in the product will be discussed further. After 773 K reduction temperature
distributions were already present in the initial as well as in the selectivity values were always lower than those found on
the stable regime; namely, butanal was mostly produced onthe catalyst reduced at 673 K. In contrast, on the ex-chloride
the ex-nitrate catalyst while, on the ex-chloride, crotyl al- catalyst (Table 2), in the first catalytic run while the ob-
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- ex-chloride
ex-nitrate
Total activity (umole.s™.ge(") CROTOL yield (ymole.s™.gp:") CROTOL selectivity
in the first catalytic run in the first catalytic run ‘('€onversion < 10%)
20 20 + 100
16 - 16 80 A
12 12 A 60 -
8 8 - 40
4 - [ . 4 - 20 ~
0 0 - 0 -
473 573 673 773 473 573 673 773 473 573 673 773

Reduction Temperature (K)
Fig. 1. Crotonaldehyde hydrogenation at 353 K in steady-state redigdnaldehyde= 8 ToIT, P, = 752 Torr).

100

tained conversions were usually higher than on the ex-nitrate
catalyst, a high CROTOL selectivity (60%) was obtained at _ 80 - WMAA&“ it aay

473 K reduction and it increased to 76, 81, and 85% after } A Crotyl alcohol
573, 673, and 773 K reduction, respectively. % 60 1 u Butanal
To test the reproducibility of the experiments and/or the £ 40 A T
deactivation, a series of experiments was performed suc-8 2 |
cessively, with reduction treatment in-between on the ex- Ly LT T UL
chloride catalyst (Table 2). Whatever the reduction temper- 0 ‘mgéﬂgﬂ . !!
ature a weak decrease in activity was observed. However, 0 20 40 60 80 100
concerning the selectivities, while the values were found in- Selectivity (%)

dependent of the number of cycles after reduction at 473 and

573 K, after reduction at 673 K the selectivities increased to Fig- 2.‘ (?rotonaldehyde hydrogena_tion on 1% Pt/ZnO catalyst, ex-ch!oride:

90% in the fourth catalytic run (with 7% conversion). _selecthlty as a function of conversion (data taken from several experiments
The CROTOL yield was higher on the ex-chloride cata- the quask-steady-state regime).

lysts compared to the ex-nitrate whatever the reduction tem-

perature and the €0/C=C hydrogenation ratio was lower Table 4

than 1 on the ex-nitrate catalysts while it reached 6, and even/\tomic absorption spectroscopy resuits

10 after 4 cycles, on the ex-chloride catalysts. Treatment Zno 1% PYZnO, 1% PYZnO,
At 673 K reduction treatment, the experiments were ex-chloride  ex-nitrate

repeated with a lower partial pressure of crotonadehyde Pt (wt%) 11 0.75

(1.5 Torr) in order to increase the contact time of the reactant Calc- 623K Clwt) <200 ppm 13 <200 ppm

and then the conversion: the same high selectivity of crotyl Reduced 573K Pt (wt%) 2

alcohol was obtained (89%) in a larger range of conversion Cl (wt%) 12

(9-23%). Another series of experiments was also performedReduced 673K Cl (wt%) 8

by varying the reaction temperature in order to gain Some Reduced 773K  Cl (wt%) <02

information on the activation energy. The results are shown
in Table 3, for the ex-chloride catalyst reduced at 673 K.
As expected, the increase in the reaction temperature ledtaken in the steady-state regime (Fig. 2). Itis remarkable that
to an increase in the reaction rate. The activation energies,the CROTOL selectivityemains higher than 70 up to 80%
calculated in the stable regime, in the 313-393 K reaction conversion.

temperature range, are nearly similar for the@and G=C Various techniques were used to characterize the ex-
hydrogenation reactions, 20—27 kJ mbl This low value is nitrate and ex-chloride catalysts in order to get information
similar to that reported by Vannice and Sen [5] obtained on on their structure and try to determine which are the main
Pt/TiO, in the same reaction. On the other hand, the high factors which could explain the large differences observed
stability and activity of this catalyst and the fact that the se- in the catalytic behaviors of these two types of catalyst.
lectivities are independent of the reaction temperature (in  Atomic absorption spectroscopy results (Table 4) indicate
the 353—-393 K range) permit us to repeat the experimentsthat after calcination or reduction treatment at a temperature
changing the experimental parameters (catalyst weight, flowlower that 773 K, chlorine remained on ex-chloride cata-
rate, reaction temperature) and then to draw a curve repredysts, after 773 K, the chlorine quantity decreased, but this
senting the selectivity as a function of the conversion, data quantity was higher in comparison with that obtained on
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Table 5
BET results
Treatment ZnO 1% Pt/ZnO, ex-chloride 1% Pt/ZnO, ex-nitrate
BET (m?/g) BET (n/g) Vp (cm*/g) BET (n/g) Vp (cm*/g)

Calc. 623 K 24.6 28 0.26 244
Reduced 473 K 13 0.12 223 0.12
Reduced 673 K 9 183
Reduced 773 K 2 9.6 0.03
Table 6 PtIZn
TEM analyses: Particle sizeg’¢ in nm) for ex-nitrate and ex-chloride 1% Pt of. 7777 red 873K
Pt/ZnO catalysts, reduced at different temperatures R '11.\., —  red 773K

- M L — 673k
Catalysts Ex-chloride Ex-nitrate ) ".I- ;’.l red

yl

Reduced 473 K 1-2 nm 1-2 e t ZnoO
Reduced 673 K 4.3 3 H :
Reduced 773 K 12.5 5

ex-nitrate catalysts. On ex-nitrate catalysts the presence of } i

chlorine comes from ZnO itself. KR

BET results (Table 5) show that, after calcination treat-
ment, the ZnO surface area has not changed after platinum
salt impregnation, for both catalysts. After 473 K reduc- . : . .
tion treatment, the surface area decreased significantly on3s.s 39.5 405 415 425 43‘5
the ex-chloride catalysts, but no change was observed on the
ex-nitrate catalysts.

In the TEM images, the metal particles appeared as ho- Fig. 3. XRD analysis on 1% Pt/ZnO, ex-chloride catalyst.
mogeneously dispersed on the support, for both catalysts.
The sizes of particles, measured after reduction at 473, 673,ature,< 773 K, no diffraction line was discerned, because
and 773 K are reported in Table 6. It is worthwhile to note of the too small particle sizes in accordance with the TEM
that the particle sizes, for both catalysts, were situated in theanalyses.
same range. To be precise we note that, after reduction at The XPS measurements are shown in Table 7 which show
473 K, the contrast between metal and support was not goodthe Pt (4f/2) BE, the Lorentzian half-widthy), and the
enough to measure a large number of particles, but the vis-value of the atomic ratios of the different elements obtained
ible particles were between 1 and 2 nm. The particle sizes after the fitting procedure. For the ex-chloride catalyst and
increased more significantly on the ex-chloride catalyst com- after reduction, the Pt(4f;) BE value, 709 + 0.1 eV, is
pared to the ex-nitrate, particularly after reduction at 773 K. characteristic of platinum in a reduced state. In the calcined

The XRD results are reported in Fig. 3 for the ex-chloride sample the Pt(4f,) BE (71.9 eV) is characteristic of PtO
catalysts after reduction treatment at temperatu6¥3 K: compound, according to Hecq et al. [18] and Bancroft et
the PtZn diffraction lines only were observed. At lower re- al. [19]. We also remark that decreased from 0.36 to 0.3
duction temperature no diffraction lines could be discerned. and to 0.11 when the reduction temperature increased from
For the ex-nitrate catalysts, whatever the reduction temper-473 to 573 or 673 K and then to 773 K; this corresponds

Diffraction angle (26 in degree)

Table 7
XPS results of 1% Pt/ZnO catalysts
Treatment Pt Pt/Za 100 Cl/iZn
BE(Puf7,2) (eV) y (eV)

1% Pt/Zn0O, ex-chloride Calc. 623 K 71.9 0.99 1.9 0.15
Reduced 473 K 71.0 0.35 1.9 0.16
Reduced 573 K 70.9 0.31 1.7 0.18
Reduced 673 K 70.8 0.31 1.7 0.17
Reduced 773 K 70.7 0.11 4.0 0.10

1% Pt/Zn0O, ex-nitrate Calc. 623 K 71.3 1.14 0.9 0.10
Reduced 473 K 71.0 0.67 0.9 0.08
Reduced 573 K 71.0 0.78 1.0 0.06
Reduced 673 K 70.8 0.50 0.9 0.08

Reduced 773 K 70.8 0.38 15 0.05
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Ho/Pt ratio equal to 1.5, while the ex-chloride one presented
— ex-chloride a small peak followed by a large peak of ldonsumption
— ex-nitrate appearing at higher temperatures, 473 and 533 K, respec-
tively. On Pt/AbOsz prepared from chlorinated precursor,
Marceau et al. [20] indicated the presence of oxy-chlorinated
Pt species, which were reduced at 563 K, while Hwang and
Yeh [21] reported that dispersed RiCl, species were re-
duced at a higher reduction temperature (623 K). The TPR
profiles of the ex-chloride catalysts obtained on the 1 and 5%
Pt catalysts [13] are similar. However, while the 5% Pt/ZnO
XPS analysis performed on the calcined samples confirmed
Fig. 4. TPR profiles on 1% Pt/ZnO catalysts precalcined at 673 K. the presence of oxychloride platinum species, on the 1%
Pt/ZnO catalyst, there is no indication of chlorinated plat-
to a decrease in the lifetime of the core hole as usually ob- inum species by XPS. That could be due to the much larger
served when going from monometallic to alloy compound. dispersion of the oxychloride species which would not be
On the other hand, in the calcined ex-nitrate catalysts, the stable under the X-ray beam and would decompose to form
Pt(4f7/2) line was fitted with one contribution at 71.3 eV PtO species.
and a largey (1.14), but that was less realistic than fit- The high consumption of $H(H/Pt= 3.3) was in accor-
ting with two components corresponding to reduced and dance with that already observed on 5% Pt/ZnO [13] or in
oxidized species, respectively, revealing the presence of re-Pt/Al,O3 [22,23] which was interpreted by the authors, from
duced Pt particles surrounded by a platinum oxide layer. In EXAFS characterization, by the following equation:
the ex-nitrate catalysts, after reduction treatment, platinum
was actually reduced (BE 70.9+ 0.1 eV) and no change [Pt(OH)4(CI)2]2_ + 3Hy — PP 4+ 4Hy0 + 2HCl 4 2¢~.
was observed when increasing the reduction temperature to
773 K. It is important to note that values were higher in
the ex-nitrate than in the ex-chloride catalysts and they stil
decreased from 0.7 to 0.5 and to 0.37 when the reduction
temperature increased from 473to 673 and to 773 K which is
interpreted as the presence of a Pt—Zn alloy after reduction a
673 K and higher reduction temperatures. The Pt/Zn atomic
ratios are higher in the ex-chloride catalysts compared to the
ex-nitrate, whatever the reduction temperature and this ratio
increases at high reduction temperatures and more signifi-3-2- CO adsorption study by FTIR
cantly on the ex-chloride than on the ex-nitrate. The latter
observation should be correlated to the evolution of the sur- CO adsorption on metal involves two types of bonds,
face area of the support which decreased when the reductiorr and = bonds. Ther bond results from a back-bonding
temperature increased and much more significantly on theof “d” electrons from the metal ta* antibonding orbital of
ex-chloride than on the ex-nitrate (see Table 5). Higher ratios CO which consequently decreases the force constant of the
observed on the ex-chloride catalysts could be alternatively CO bond and lowers the CO vibration frequency in com-
explained if the particle sizes were smaller but the inverse parison with gaseous CO [24]. Moreover, it must be noted
trend was revealed from the XRD and TEM analysis. There- that the frequencyy(CO), of the species Pt—CO increases
fore, the high Pt/Zn ratios indicate that the metallic particles when the coverage of the metallic surface increases, due to
are localized at the outer surface of the support in the ex- the dipole—dipole coupling interaction [25]. Fig. 5 shows the
chloride catalyst while they should be inside the pores in the spectra of the CO adsorption band, in the 2200-2000'cm
ex-nitrate catalysts. As could be expected the Cl/Zn atomic region, recorded at room temperature on the ex-chloride and
ratios were higher on the ex-chloride (2 or 3 times) than ex-nitrate catalysts precalcined at 673 K ex situ followed by
on the ex-nitrate catalysts where it is not zero due to the in situ evacuation and reduction at 473 K. For the ex-chloride
presence of Cl initially contained in the support. However, catalyst, when the first dose of CO was adsorbed on the
on the ex-chloride catalyst, this ratio decreased from 0.16 catalyst, thes(CO) was situated at 2053 crh and this fre-
to 0.10 when the reduction temperature increased from 473quency does not change significantly when additional doses
to 773 K. It means that a reduction temperature as high aswere adsorbed while, for the ex-nitrate catalyst, it appeared
773 K is necessary to begin to remove some of the chlorine at lower frequency, 2016 cm, after the first dose had been
from the catalyst surface. In the bulk (Table 4), the chlorine introduced to increase up to 2030 that higher coverage.
amount decreased after 673 K reduction temperature. Therefore the ex-chloride catalyst shows definitely a higher
The TPR profiles are reported in Fig. 4. The ex-nitrate v(CO) vibration frequency than the ex-nitrate catalyst which
catalyst presented a reduction maximum at 433 K, with a indicates a difference in the back donation of the d electrons

273 373 473 573 673 773 873
Temperature (K)

In the ex-nitrate catalysts, the TPR profile is well ex-
| plained by assuming the reduction of small Pt@articles
containing a core made of metal platinum sincgM was
smaller than the stoichiometry governed by the equation
P10z + 2Hz — Pt+ 2H,0.

After 573 K, reduction of ZnO support is visible on both
spectra.
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Fig. 5. FTIR spectra of CO adsorbed on 1% Pt/ZnO, after evacuation at 673 K and reduction at 473 K on (a) ex-chloride catalyst, (b) on ex-nitrads catalyst
a function of addition of small quantities of CO (from 0.5 to 10-16 Torr).

of platinum. Platinum atoms would be more electron defi- does not vary with the coverage in the case of the ex-chloride
cient on the ex-chloride catalyst compared to the ex-nitrate catalyst. Two reasons could be suggested:

catalyst. Keeping in mind that the particle sizes of Pt after

473 K reduction are similar on both catalysts, the variation (i) the higher acidity of the supportleading to a lower back-
of the Pt electronic character between both catalysts origi- donation from Pt toward CO could induce a weaker sen-
nates from elsewhere, either alloy or support effects as will sitivity of the v(CO) value to the CO coverage,

be discussed later. The broadness of the CO band in interac{ii) the presence of PtZn alloy in the ex-chloride, formed
tion with Pt particles and the shift of the CO wavenumbers at 473 K reduction temperature, involves a dilution of
from 2016 to 2030 cm! when coverage increases on the the Pt atoms which leads to an insensitivity to the CO
ex-nitrate catalyst suggest a heterogeneity of the adsorption  coverage.

sites likely adsorption on terrace, step, or corner sites. But,

static and dynamic coupling can also explain this wavenum-  Adsorption experiments performed after higher reduction
ber shift. The question which arises is why the wavenumber temperature, 673 K, led to a complete loss in IR trans-
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Fig. 6. FTIR spectra of pyridine adsorbed on (a) ex-chloride catalyst, and (b) ex-nitrate catalyst.

parency. This is due to the too high reduction of ZnO as it dicates that there are no Brgnsted acid sites on Pt-supported
is well confirmed by a reduction peak appearing at this tem- ZnO systems [28]. However, in the ex-nitrate catalyst, two
perature on the TPR spectra. Aftes Ehemisorption onthe  bands were observed, at 1612 and 1451 triThese bands
Pt/ZnO system, the H atoms spill over into the ZnO and of- correspond to theig, and vig, vibration modes, respec-

fer free electrons which interact with the IR radiation [26,27] tively. These vibrations are characteristic of the coordinately

and then there is no more energy transmission. bonded pyridine. Theg, vibration is sensitive to the mode
of adsorption and informs on the nature and on the strength
3.3. Pyridine adsorption by FTIR of the Lewis acidity, while the1g, vibration is character-

istic of the number of sites existing on the surface [29]. In
Fig. 6 shows the IR spectra obtained after pyridine ad- addition to the two main bands, additional bands, at 1574,
sorption at room temperature and evacuation at 293 and1600, and at 1625 cnt, were present, after pyridine ad-
323 K, on the ex-chloride (a) and ex-nitrate (b) catalysts sorption, but disappeared after evacuation treatment at 293
prereduced at 373 and 473 K, respectively. For the two cata-or at 323 K. These bands correspond to the hydrogen-bonded
lysts, there is no band around 1540-1550-¢nwhich in- pyridine, indicating the existence of OH groups on the cata-
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lyst surface. Interestingly, on the ex-chloride catalyst, these 473 K reduction. A similar behavior for the 1% Pt/ZnO sys-
bands, characteristic of the existence of OH groups on thetem could be assumed as revealed by the narrowness of the
surface, are hardly visible compared to the ex-nitrate cata- Pt 4f lines of the ex-chloride catalyst observed even at low
lyst; in fact, OH™ are replaced by Cl on the ex-chloride  reductiontemperature (473 K). Therefore, on the ex-chloride
catalysts. Moreover, theg, andv;g, vibrations shifted to- catalyst, the Pt particles would be present as a mixture of
ward higher frequencies. These vibrations were situated atpure Pt and alloyed Pt—Zn particles at 473 K and form pure
1616 and 1456 cmt, respectively. This reveals a stronger Pt-Zn alloy from 573 K reduction, while the transformation
Lewis acidity in the ex-chloride in comparison with the ex- from metal to alloy occurs only from 573 K on the ex-nitrate

nitrate catalysts. Moreover, a higher intensity of the, catalysts. From these results, we propose that PtZn alloy for-
bond was obtained. That suggests a higher number of Lewismation was responsible for the selectivity increase which
acid sites. occurred in parallel with the increase in the reduction tem-

perature for both catalysts. However, beside this beneficial
alloy effect on the selectivity, it is clear that there is an addi-
4. Discussion tional promoter effect due to the presence of chlorine.

From the catalytic results, ex-chloride and ex-nitrate 1% 4.2. Chlorine promoter effect
Pt/Zn0O catalysts exhibit different behavior in crotonadehyde
hydrogenation with much better performances for the ex- It is remarkable that chlorine has a beneficial effect on
chloride catalysts. These results are in line with those ob- both selectivity and activity in the Pt/ZnO system. The to-
tained on the 5% Pt/ZnO catalysts [13]. However, the ex- tal activities on the ex-chloride catalyst are 3 times higher
chloride 1% Pt/ZnO catalyst is superior to its corresponding than obtained on the ex-nitrate catalyst and the crotyl al-
5% Pt/ZnO since it was more active, more stable, and still cohol yields are 6-9 times higher, whatever the reduction
more selective in crotyl alcohol formation. We shall first dis- temperature from 473 to 673 K (Table 1, Fig. 1). It is clear
cuss the alloy and chlorine promoter effects evidenced by that the difference does not originate from the metallic par-
the correlation between activity and structure and then we ticle sizes which are in the same range on both catalysts.
shall attempt a description at the molecular scale of the cata-On the other hand, nothing can be deduced from the activa-
lytic site involved in the crotonaldehyde hydrogenation on tion energy which is similar for both£C and G=0 bond

Pt/ZnO catalyst. hydrogenation and similar to the published results, indepen-
dently of the catalysts. In contrast, the results coming from
4.1. Alloy promoter effect the pyridine adsorption in FTIR show interesting differences

in the Lewis acidity of both catalysts. The Lewis acidity
At 353 K reaction temperature the best result of crotyl Was stronger and the sites more numerous on the ex-chloride

alcohol selectivity obtained on the ex-nitrate catalysts was Catalyst compared to the ex-nitrate, after reduction at 473 K.
47% after reduction at 673 K. A higher reduction tempera- Therefore_chlorlne atoms coming from the decomposition of
ture reduction (773 K) led to a loss in activity at 353 K, and at the metallic precursor influence the structure of th_e §upport
a higher reaction temperature (413 K), in the stable regime, (decrease of the surface area, Table 5) and the acidity of the
a decrease in the selectivity to 34% was observed. In com-SUppOrt. This acidity could influence the electronic proper-
parison, for the ex-chloride catalyst, after 473 K reduction, {i€s of the metal particle since the vibration frequency of CO
the crotyl alcohol selectivity reached 70%, which increased (FTIR) adsorbed on platinum was shifted at a higher energy
to 85% after higher reduction temperatures (573773 K). It On the ex-chloride catalyst.

appears then that an increase in reduction temperature from

573to 773 K on the ex-chloride catalysts has no effect on the 4.3. Adsorption mode of crotonaldehyde on P/ZnO

selectivity while, on the ex-nitrate catalysts an improvement

in the crotyl alcohol selectivity was induced by the increase  However, after 473 K reduction, the presence of alloy
of the reduction temperature. On the other hand, the forma-in the ex-chloride catalyst while the ex-nitrate catalyst con-
tion of a PtZn alloy after reduction at 673 K or higher was tains only pure metal could also explain the blue shift of
observed by XRD on the ex-chloride catalysts. On the ex- the IR frequency observed from the ex-nitrate to the ex-
nitrate catalyst, the particles sizes were too small to give any chloride. Rodriguez and Kuhn [30] reported photoemission
information by XRD analyses but the narrowing of the Pt 4f and CO TPD studies performed on a PtZn surface alloy ob-
lines in XPS observed when the reduction temperature in-tained by heating a Pt (111) monocrystal covered by zinc.
creased from 473 to 673 K revealed the transformation of They concluded that the formation of PtZn bonds produces
Pt to PtZn alloy. Moreover, on the 5% Pt/ZnO system [13], a large depletion in the density of Pt 5d electrons around
XRD and XPS combined results indicated clearly that PtZn the Fermi level, with a shift in the centroid of the Pt 5d
alloy was formed only after 573 K reduction on the ex-nitrate band. This is accompanied by an important redistribution of
catalyst while, on the ex-chloride, it was already formed at charges, in which Pt loses 5d electrons and gains (6s, 6p)
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electrons. The authors show also that the electronic pertur-tonaldehyde into crotyl alcohol with 90—-80% selectivity up
bations induced by zinc on Pt reduce its CO-chemisorption to 60% conversion in the 313-393 K reaction temperature
ability by weakening the strength of the Pt(5d)-C@t{2 range. To our knowledge, these performances are so far the
bonding interactions. If one applies these conclusions to ourbest ones found on Pt-based catalysts for selective hydro-
catalysts composed of PtZn nanoparticles, the electronic per-genation of crotonaldehyde into unsaturated alcohol. How-
turbations, implying a decrease in 5d electron population of ever, Pt/ZnO catalysts will definitely be a emergent catalytic
platinum, will weaken the strength of the Pt-=£C) bond- material if these good properties found for a model reaction
ing and then the hydrogenation into butanal. Moreover, it is performed in the gas phase remain when tested in the liquid
probable that the Lewis acidity, due to the presence of chlo- phase, under industrial conditions.
rine atom and oxygen vacancies, creates an electrostatic field
which decreases further the d population at the Fermi level.
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