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a b s t r a c t

The catalytic reduction of aliphatic aldehydes (propanal, pentanal and hexanal) and ketones (pentan-2-
one, pentan-3-one and cyclohexanone) to the corresponding alcohols promoted by palladium catalysts,
such as Pd/CoO, Pd/NiO, Pd/ZnO, Pd/Fe2O3 and Pd/CeO2, was performed under mild conditions (0.1 MPa
H2 and 323 K) for the first time.

All the catalysts were obtained by the co-precipitation technique and characterized by BET, TPR, XRD,
TEM and XPS. The co-precipitation method allows, after reduction, formation of bimetallic ensembles
(Pd/CoO and Pd/ZnO in less extent) or alloys (Pd/NiO) thus changing the electronic properties of the
palladium on the surface, increasing the d-orbital energy at the Fermi level and permitting the activation
of the C O bond also in aliphatic carbonyls. Accordingly the reactivity of Pd/Fe2O3 and Pd/CeO2 towards
aliphatic aldehydes is attributed to a redox interaction of Fe3+ or Ce4+ with the oxygen moiety of the
urface chemistry carbonyl bond, leading to the �* orbital energy decrease.
Analogous reactions, carried out with Pd/CoO and Pd/Fe2O3, prepared by impregnation, gave a very

slow reduction.
Additional catalytic tests were performed with aromatic carbonylic compounds in order to compare

their reactivity with that of aliphatic systems: the differences were interpreted taking into account the
� energy value between � and �* orbitals, much lower in aromatic carbonyls, that favours an easier

C O
activation of the aromatic

. Introduction

The reduction of carbonyl compounds generally occurs through
wo different pathways: (i) nucleophilic addition of a hydride
on to the electrophilic carbon atom of a carbonyl molecule, fol-
owed by a fast proton attack on the transient anion and (ii)
tepwise addition of activated hydrogen atoms to a metal bonded

O group. The first one implies the use of NaBH4 or LiAlH4, as
ydride source, and the driving force of the reaction rests on the
ifferent electronegativity between carbon and oxygen. The sec-
nd involves an attack of a weak nucleophile such as the metal
onded hydrogen on a suitable empty orbital located on the car-
onyl carbon. Generally, transition metals, such as Pt, Ru and Rh,
ydrogenate both C C and C O double bonds and Os and Ir are

he most active catalysts towards the C O hydrogenation [1–4].
urthermore both alloys, formed by platinum group metals asso-
iated with electropositive metal atoms [5–7] or oxidated metal
pecies (Sn2+, Fe2+, Fe3+, Ge4+) on a surface of a noble metal,

∗ Corresponding author. Tel.: +39 0965 875256; fax: +39 0965 875248.
E-mail address: rosario.pietropaolo@unirc.it (R. Pietropaolo).

926-860X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2010.03.008
bond.
© 2010 Elsevier B.V. All rights reserved.

acting as Lewis acids, may promote activation of the C O bond
“via” the lone pair of oxygen. The involved mechanism, gener-
ally referred as “electrophilic C O activation” was most frequently
invoked to account for the promoting effect of electropositive ions
[8–10].

No similar effect was, so far, reported for palladium systems
in mild conditions. As far as we know the only hydrogenation
reaction of aliphatic carbonyl compounds was reported to occur
at 1 MPa H2 pressure, ten times higher than that normally used
in mild conditions [11]. To interpret this behaviour two different
explanations were reported: Delbecq and Sautet [12] remark that
the lower value of the radial “d” function, compared with that of
other metals, in Pd systems, reduces the activation of the carbonyl
bond; conversely, Ponec and Bond mention that the weakness of
adsorption through the carbonyl group could be, in turn, caused
by the change in electronic structure of palladium surface atoms
(4d9,75s0,3 → 4d105s0) induced by hydrogen atoms in interstitial

positions [13]. The problem is indeed further complicated if we
take into account that aromatic aldehydes are easily hydrogenated
by common palladium catalysts [14,15]. Hydrogen transfer reac-
tions from alcohols to aromatic carbonyls promoted by palladium
samples were also reported [16,17].

http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:rosario.pietropaolo@unirc.it
dx.doi.org/10.1016/j.apcata.2010.03.008
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Table 1
Main characteristics of supported Pd catalysts.

Catalyst code Support Palladium loading (wt%) S.A. (m2/g) dn (nm)a

Nominal XRF

PdCo CoO 5 3.7 106 10.7
PdNi NiO 5 5.0 90 4.2
PdZn ZnO 5 5.2 85 2.7
PdFe Fe2O3 5 8.7 170 2.4
PdCe CeO2 5 4.9 15 –
PdCoIb CoO 5 4.5 8 4.3
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PdFeIb Fe2O3 5

a Mean particles size from TEM.
b Catalysts prepared by the impregnation technique.

On this basis it seems that the lack of activity so far observed
ith supported palladium systems, in hydrogenation of aliphatic

arbonyl groups, has to be mainly attributed to electronic factors
nvolving both the metal and the organic C O moiety. Therefore,
n principle, it may be possible to achieve a different chemical deal

odifying the electronic properties of palladium by using a better
tting support and a suitable catalyst method preparation.

Indeed, some of the authors have recently published on the
elective hydrogenation of campholenic aldehyde to naturanol pro-
oted by palladium catalysts [18,19], with an essential industrial

urpose; however, the fundamental chemical reasons disfavouring
he C O hydrogenation with palladium systems are still lacking.

ith this aim we report in this paper on the catalytic performance
f supported palladium catalysts, obtained by the co-precipitation
echnique (Pd/CoO, Pd/NiO, Pd/ZnO, Pd/Fe2O3 and Pd/CeO2), in the
eduction of some carbonyl compounds.

For comparison analogous reactions have been carried out with
d/CoO and Pd/Fe2O3, prepared by the impregnation technique.

A characterization of the structural properties of the cata-
ysts used by nitrogen adsorption (BET), X-ray diffraction (XRD),
emperature-programmed reduction (TPR), X-ray photoelectron
pectroscopy (XPS), transmission electron microscopy (TEM) was
lso performed with the aim to link the observed reactivity to the
tructure of the catalysts.

. Experimental

.1. Catalysts preparation

All catalysts, with a nominal palladium loading of 5 wt%, were
repared by the co-precipitation technique from aqueous solu-
ions of the corresponding inorganic precursors, palladium chloride
nhydrous (Fluka, purity 60% Pd) dissolved in HCl, poured with
obalt(II) nitrate hexahydrate (Fluka, purity≥99%), nickel(II) nitrate
exahydrate (Aldrich, purity 98%), zinc(II) nitrate hexahydrate
Aldrich, purity 98%), iron(III) nitrate nonahydrate (Fluka, purity
98%) or cerium(III) nitrate hexahydrate (Aldrich, purity ≥99%).
he so-obtained aqueous metal salt solutions were added, drop by
rop, into an aqueous solution of Na2CO3 1 M. After filtration and
ashing until chloride was removed, samples were dried for 1 day
nder vacuum at 353 K and further reduced at 473 K for 2 h under
owing hydrogen. Only the Pd/CeO2 catalyst was calcined at 773 K

or 5 h before reduction.
In the Pd/CoO specimen, formation of small Co particles makes it

nstable when exposed to air. Therefore, it was managed, after the
eduction treatment, avoiding, as much as possible, contact with
ir.
5% palladium catalysts were also prepared by incipient wet-
ess impregnation of the commercial supports CoO (Aldrich,
BET = 7 m2/g) and Fe2O3 (Sigma–Aldrich, SBET = 4 m2/g) with an ace-
one solution of palladium(II) acetylacetonate (Aldrich, purity 99%).
fter impregnation the samples were dried for 1 day under vac-
5.5 6 7.1

uum at 353 K and further reduced at 473 K for 2 h under flowing
hydrogen. The main characteristics of the catalysts are reported in
Table 1.

2.2. Catalysts characterization

Temperature-programmed reduction (TPR) measurements
were performed using a conventional TPR apparatus. The dried
samples (50 mg) were heated at a linear rate of 10 K/min from 298
to 1273 K in a 5 vol.% H2/Ar mixture at a flow rate of 20 cm3/min.
H2 consumption was monitored by a thermal conductivity detec-
tor (TCD). A molecular sieve cold trap (maintained at 193 K) and
a tube filled with KOH, placed before the TCD, were used to block
water and CO2, respectively. The calibration of signals was made
by injecting into the carrier a known amount of H2.

BET surface area was determined by N2 adsorption–desorption
isotherms at liquid nitrogen temperature by using a Micromeritics
Chemisorb 2750 instrument. The composition of the flow gas was
N2:He = 30:70. Samples were outgassed under flowing nitrogen for
1 h at 473 K, prior to measurements.

The catalyst particle size and the relative morphology were ana-
lyzed by transmission electron microscopy (TEM), using a JEOL
2000 FX instrument operating at 200 kV and directly interfaced
with a computer for real-time image processing. The specimens
were prepared by grinding the powder reduced catalyst in an agate
mortar, then suspended in isopropanol. A drop of the suspension,
previously dispersed in an ultrasonic bath, was deposited on a cop-
per grid coated by a holey carbon film. After evaporation of the
solvent, the specimens were introduced into the microscope col-
umn. Particle size distributions were obtained by counting several
hundred particles visible on the micrographs on each sample. From
the size distribution the number average diameter was calculated:
dn =

∑
nidi/

∑
ni where ni is the number of particles of diameter

di.
Powder X-ray diffraction (XRD) data were acquired at room

temperature on a Philips X-Pert diffractometer, by using the Ni �-
filtered Cu K� radiation (� = 0.15418 nm). Analyses were performed
on reduced samples at 473 K for 2 h and registered in the 2� range of
5–80◦ at a scan speed of 0.5◦/min. Diffraction peaks were compared
with those of standard compounds reported in the JPCDS Data File.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on fresh and reduced, at 473 K for 2 h, samples, by using a Physi-
cal Electronics GMBH PHI 5800-01 spectrometer, equipped with a
monochromatic Al K� X-ray source. The binding energy was cali-
brated taking the C 1s peak (284.8 eV) as reference.

2.3. Catalytic tests
Liquid phase hydrogenation of aliphatic and aromatic aldehydes
(propanal, pentanal, hexanal, 3-phenylpropanal and benzalde-
hyde) and ketones (pentan-2-one, pentan-3-one, cyclohexanone
and 1-phenylethanone) was carried out at 0.1 MPa partial hydro-



M.G. Musolino et al. / Applied Catalysis A: General 379 (2010) 77–86 79

ted pa

g
r
c
j
t
v
3
r
l
H
e
w
s
r

s
m
o

c
m
g
c
d
a
(

3

3

3

a
o
a
w
B
t
5
r

Fig. 1. H2-TPR profiles of CoO, NiO and ZnO suppor

en pressure in a 100 ml five-necked batch reactor fitted with a
eflux condenser. The reaction temperature was maintained at a
onstant value (323 K) by circulation of silicone oil in an external
acket connected with a thermostat. The temperature of the reac-
ion mixture was monitored by placing a thermocouple inside the
essel. A typical run was carried out as follows. The catalyst (about
00 mg), previously activated under H2 at 473 K, was added to the
equired amount of solvent (25 ml of ethanol - Fluka, 99.8% ana-
ytical grade), and further reduced in “situ” at 323 K for 1 h under

2 flow (50 ml/min). Then, a solution of a carbonyl compound in
thanol (0.6 M, 15 ml), containing tetradecane as internal standard,
as added through one arm of the flask. The reaction mixture was

tirred with a magnetic stirrer head coupled with a gas stirrer at a
ate of 500 rpm.

Preliminary runs, performed with different amounts of catalyst,
ample grain size and stirring rate, indicated that, under the experi-
ental conditions adopted, the reaction was carried out in absence

f external and internal mass-transfer limitations.
The progress of the reaction was followed by analyzing a suffi-

ient number of samples withdrawn periodically from the reaction
ixture. Products analysis was performed with a gas chromato-

raph (HP model 5890), equipped with a wide-bore capillary
olumn (CP-WAX 52 CB, 50 m, i.d. = 0.53 mm) and a flame ionization
etector. Quantitative analysis was carried out by calculating the
reas of the chromatographic peaks with an electronic integrator
HP model 3396).

. Results

.1. Catalysts characterization

.1.1. Chemical composition and surface area determination
Table 1 reports the real wt% of the metal and the values of surface

reas found on everyone of the catalysts used. The exact amount
f Pd on our supports was determined by X-ray fluorescence (XRF)
nalysis. The surface areas of the co-precipitated catalysts change

ithin a wide range (from 15 to 170 m2/g). However, the lowest
ET area value (15 m2/g) found for PdCe is due to the calcination
reatment performed. Also the PdCo sample, calcined at 773 K for
h, shows a remarkable decrease of the surface area (50 m2/g) with

espect to the uncalcined (106 m2/g).
lladium catalysts and of the CoO and NiO supports.

BET area values drastically decrease in the PdCoI and PdFeI sam-
ples, prepared by impregnation, having a surface area similar to that
of the parent support.

3.1.2. Temperature-programmed reduction (TPR) measurements
Fig. 1 refers to the TPR profiles of co-precipitated palladium

catalysts supported on CoO, NiO and ZnO. The profile of the
fresh Pd/CoO sample shows a broad and intense peak centered
at ∼535 K including both palladium and cobalt simultaneously
reduced. Interestingly, no negative peak, attributable to �-hydride
decomposition, is observed. For a comparison the TPR spectrum
of a pure CoO sample is also included in Fig. 1A and a reduc-
tion interval ∼550–790 K was observed. Indeed PdCo supported
catalysts were, so far, abundantly studied [20–22] and some inter-
esting structural evidences may be actually taken into account.
In systems, containing both PdO and Co3O4 supported oxides,
after calcination in air and subsequent H2 reduction, the main
peculiarities appear to be: (i) palladium and cobalt oxides are
in intimate contact already in the precursor state; (ii) there is
a strong promoting effect of palladium on cobalt oxide reduc-
tion also at low temperatures; (iii) TPR experiments coupled with
EDX analysis and magnetic measurements confirm that particles
contain both metals and EXAFS spectra emphasize the presence
of alloys; the absence of any H2 desorption confirms the result;
(iv) XANES spectra favour the presence of alloys suggesting also
a shift of electrons from Co to Pd [21]. Taking into account the
reported rich literature our results suggest that the H2 reduc-
tion of the co-precipitated PdCo sample affords PdCo ensembles
(possibly alloys) and Co. Furthermore the TPR carried out on
the Pd/CoO sample, previously reduced at 473 K for 2 h, con-
firms the absence of any palladium �-hydride species on the
bulk of the catalyst and also that all palladium has been totally
reduced.

The TPR profile of the Pd/NiO catalyst (see Fig. 1B) is nearly iden-
tical to that of Pd/CoO, previously reported. The very broad and
particularly intense peak, centered at 512 K, observed refers to the

simultaneous reduction of both palladium and nickel cations, sug-
gesting again that NiPd species are formed. No palladium �-hydride
species both on the fresh and on the previously reduced sample
were detected. All considerations, above reported for the PdCo inti-
mate structure, can be reversed on formation of NiPd species. Again,
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distributed on the outer shell of the grains of the support. Based on
the measurement of several hundred particles in random regions,
the size distribution histograms have been obtained and displayed
in Fig. 4 as an inset corner of the corresponding TEM image. The

Table 2
Quantitative results of H2-TPR experiments.

Catalyst H2 consumption (�mol)a Pd content (�mol)

PdCo – 17.6
Pd/Co3O4

b 240 18
PdNi – 23.6
PdZn 20 23
PdFe 117 40.7
PdCe 42 24
ig. 2. H2-TPR profiles of Fe2O3 and CeO2 supported palladium catalysts and of the
e2O3 and CeO2 supports: (a) Fe2O3; (b) PdFe; (c) CeO2; (d) PdCe.

or a comparison, the TPR of a pure sample of NiO was performed
nd a reduction interval ∼635–850 K was observed (Fig. 1B).

Conversely, the TPR spectrum of palladium supported on cobalt
xide, after calcination at 773 K for 5 h, is totally different (Fig. 1A).
2 uptake quantitative analysis, in fact, indicates that the peak
entered at 394 K involves simultaneous reduction of Pd2+ → Pd◦

nd Co(III) → Co3O4, the first being shifted at a higher tempera-
ure than that normally found for supported palladium catalysts
23]. Moreover, the very broad peak, centered at 608 K, belongs to
he Co3O4 → CoO → Co reduction. The TPR profile of Pd/ZnO (see
ig. 1C) shows the main peak centered at 352 K, ascribed to a palla-
ium cation amount reduction of about 87%. The temperature value
ecalls that already reported for impregnated Pd/ZnO catalysts [24].
nother peak, small and broad, centered at 514 K, appears, unusu-
lly, on the spectrum. We attribute it to a simultaneous reduction
f Pd2+ and Zn2+, leading to a little amount (∼13%) of PdZn particles.
he H2 moles involved allow this interpretation. As normally found,
o further reduction was observed until 1273 K. No �-hydrides
ere detected both on the fresh and on the previously reduced

t 473 K sample.
Fig. 2 reports, all together, TPR profiles relative to Fe2O3,

d/Fe2O3, CeO2 and Pd/CeO2, with the aim of having a ready
nterpretation of the catalysts reduction peculiarities through a
omparison of the supported palladium profiles with those of
ure oxides. Indeed, for the co-precipitated Pd/Fe2O3 system, our
ork is facilitated since we take into account some results already
ublished [25–27]. Beginning from the reduction profile of Fe2O3
Fig. 2a) the peak at 694 K belongs to the reduction Fe(III) → Fe3O4
nd that at 963 K to the subsequent reduction Fe3O4 → FeO, accord-
ng to our H2 consumption calculations. On the PdFe catalyst
rofile (Fig. 2b), the most interesting feature rests on the very

arge shift of the reduction temperature relative to the reac-
ion Fe(III) → Fe3O4 from 694 to 352 K, respectively determined
n absence and in presence of Pd2+. H2 consumption calculations
emonstrate very well, in fact, that the 352 K absorption area

ncludes both Pd(II) → Pd(0) and Fe(III) → Fe3O4 reductions. There
s no doubt that reduction of palladium cations catalyzes that of
e(III) to the more stable magnetite but the temperature gap is
oo wide to be underlined. A similar effect was not found with
u/Fe2O3 or Ru/Fe2O3 systems [28,29]. The large availability of

ydrogen atoms on the palladium surface is certainly responsible
f the observed behaviour. The second peak at 882 K belongs to the
e3O4 → FeO reduction. In this case the temperature shift is rela-
ively small (963 → 882 K) since the role of the reduced palladium is
Fig. 3. H2-TPR profiles of CoO and Fe2O3 supported palladium catalysts, prepared
by impregnation, and of the precursor Pd(acac)2.

less important. As far as the PdCe profile is concerned (Fig. 2d), the
H2 consumption area centered at 383 K is higher than that relative
to the only Pd2+ → Pd◦ reduction (2.4 × 10−5 moles of Pd2+ against
4.2 × 10−5 moles of H2 consumed). Indeed a similar phenomenon
was already observed and interpreted invoking a simultaneous
reduction of both palladium cations and the small amount of CeO2,
interacting with it, forming Ce3+ ions [30,31]. The peak at 714 K
should be attributed to interacting with Pd2+ surface CeO2 particles
reduction. No other peaks were detected. Fig. 3 includes TPR pro-
files of Pd/CoO and Pd/Fe2O3, prepared by impregnation, and, for
comparison, of the precursor Pd(acac)2. For both samples the first
peak refers to the only Pd2+ → Pd◦ reduction and is close to that
of Pd(acac)2. H2 uptake quantitative analysis thoroughly supports
this conclusion. The second peak attains, respectively, to Co2+ → Co◦

and Fe2O3 → Fe3O reduction and is weakly shifted towards lower
temperatures with respect to that of pure oxides. Interestingly,
�-hydride decomposition is observed at 359 K for PdCoI, indicat-
ing a scarce metal–support interaction. The main quantitative TPR
results of catalysts are summarized in Table 2.

3.1.3. Transmission electron microscopy (TEM) measurements
Representative TEM microphotographs of the supported palla-

dium catalysts, reduced at 473 K for 2 h, are shown in Fig. 4. The
morphology of the matrix, on which metallic particles are dis-
tributed, is clearly characteristic of the support used. Moreover,
on PdCo and PdNi it is possible to observe the presence of faceted
metal particles, whereas on PdZn and PdFe palladium particles are
PdCoI 20 21.1
PdFeI 21 25.8

a At lower reduction temperature.
b Calcined at 773 K.
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Fig. 4. TEM microphotographs and metal particle size distribution histogram

verage metallic particles diameter is reported in Table 1. The PdNi,
dFe and PdZn samples exhibit a predominance of small metallic
articles and a relatively narrow particles size distribution. Con-
ersely the PdCo catalyst shows a broad size distribution with
mean diameter of 10.7 nm, higher than the other samples. On

he PdCe system the contrast between the metal particles and the
atrix is not good enough to measure a large number of parti-

les. Therefore, in this case, a true reliable distribution cannot be
iven.

TEM microphotographs of CoO and Fe2O3 supported palladium
atalysts, prepared by impregnation, exhibit Pd particles dispersed
n the matrix but also particles agglomeration spots. Moreover
n the PdCoI sample a narrow particle size distribution centered
round 4 nm is obtained, whereas on PdFeI particles in the range of

–20 nm have been imaged.

.1.4. Powder X-ray diffraction (XRD) analysis
Fig. 5 includes XRD spectra belonging to co-precipitated cobalt

xide supported palladium samples and a commercial CoO. In par-
fferent supported palladium catalysts: (a) PdCo; (b) PdNi; (c) PdZn; (d) PdFe.

ticular, spectra “b” and “c” attain to Pd/cobalt oxide specimens: the
“b” one refers to Pd/cobalt oxide calcined at 773 K and reduced at
473 K, whereas “c” belongs to Pd/CoO used and then filtered at the
end of a carbonyl compound hydrogenation reaction. Diffraction
patterns observed on spectrum “b” are those belonging to Co3O4
and Pd [32–34]. Therefore, the above reported reduced supported
sample should be correctly formulated as Pd/Co3O4. Conversely
patterns of spectrum “c” attain to a hexagonal cobalt structure
[34,35]. Fig. 6 belongs to both reduced Pd/NiO and Pd/ZnO cata-
lysts. Peaks referring to NiO and, after deconvolution analysis, to
both Ni and an alloy Pd(0.08)Ni(0.92) (Fig. 6a), ZnO and a broad
palladium signal (Fig. 6b) are detected. Fig. 7 includes XRD spectra
related to PdFe and PdCe samples after reduction with H2 at 473 K.
Patterns of the PdFe sample evidence only the magnetite struc-

ture, whereas Pd/CeO2 signals attain to that of cerianite. The XRD
spectra of PdCoI and PdFeI catalysts, prepared by impregnation, are
reported in Fig. 8. Diffraction patterns observed reveal the presence
of both palladium and the corresponding support structure (CoO
and haematite).
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Fig. 5. XRD patterns of the CoO support and Pd/CoO samples: (a) CoO; (b) Pd/Co3O4;
(c) PdCo used.

F
P

o
H
p
d
O

Fig. 7. XRD patterns of CeO2 and Fe2O3 supported palladium samples: (a) PdCe and
(b) PdFe.

T
X

ig. 6. XRD patterns of NiO and ZnO supported palladium samples: (a) PdNi and (b)
dZn.

The absence, on some XRD spectra of co-precipitated catalysts,
f any palladium pattern appears an odd, although evident, result.

owever the co-precipitation technique, used for the catalysts
reparation, may influence, in our opinion, the growth of palla-
ium crystallites probably embedded inside the support structure.
n the basis of these, TEM an TPR observations we may hypothe-

able 3
PS data of co-precipitated palladium catalysts.

Catalyst BE (eV)

Pd 3d5/2 Co 2p3/2 Ni 2p3/2 Zn 2p3/2 Fe 2p3/2

PdCoa 337.2 781.5
Pd/Co3O4

b 336.2 781.0
PdNia 337.2 855.9
PdNib 335.7 854.6
PdZna 337.0 1021.7
PdZnb 334.9 1021.8
PdFea 337.6 710.9
PdFeb 335.2 710.9
PdCea 337.0
PdCeb 336.7

a Unreduced.
b Reduced at 473 K.
Fig. 8. XRD patterns of CoO and Fe2O3 supported palladium samples, prepared by
impregnation: (a) PdFeI and (b) PdCoI.

size that an intimate contact between Pd particles and the support
or its metal reduced particles, occurring already in the first stage of

their formation, leads to a strong Pd–support (metal) interaction,
that hinders crystallization and crystal growth of Pd particles.

Fe 2p3/2 satellite Fe 2p1/2 O 1s

531.4
530.1 (15.2%), 531.4 (65.2%), 532.7 (19.6%)
531.3
529.2 (35.9%), 530.7 (44.8%), 532.2 (19.3%)
531.6
529.2 (6.5%), 530.4 (65.6%), 532.1 (27.9%)

718.8 724.4 530.0 (36.1%), 531.4 (63.9%)
724.4 529.7 (66.8%), 531.2 (25.8%), 532.6 (7.4%)

529.2 (82.7%), 531.8 (17.3%)
529.1 (49.3%), 530.5 (33.0%), 532.3 (17.7%)
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(a) unreduced PdCe and (b) reduced PdCe.
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Fig. 9. XPS spectra of PdCe samples:

.1.5. X-ray photoelectron spectroscopy (XPS) measurements
Binding energy values for unreduced and reduced catalysts, pre-

ared by co-precipitation, are summarized in Table 3. The XPS
pectrum of the fresh Pd/CoO sample exhibits a Co 2p3/2 peak
t 781.5 eV and a strong shake-up satellite shoulder at around
86.3 eV, both indicative of the presence of Co2+ species [36]. The
o 2p spectrum of the sample calcined at 773 K and reduced at
73 K evidences a Co 2p3/2 peak at 781 eV and a very low intensity
atellite. The intensity of the shake-up satellite shoulder associated
ith the Co 2p3/2 can be used for the identification of the different
o species on the catalyst surface [21,37]. The presence of a very
eak satellite peak suggests the presence of Co3O4 particles and
o2+ surface species.

The XPS spectrum of the unreduced Pd/NiO specimen exhibits
Ni 2p3/2 band at 855.9 eV with a shake-up feature at 861.1 eV,

ypical of Ni2+ species [38–40]. The same peak shifts at lower bind-
ng energy for the reduced sample (854.6 eV). After deconvolution
low intensity peak at 852.5 eV is also detected and attributed to
i◦ species [38–41].

Zn 2p3/2 spectra of reduced and unreduced Pd/ZnO samples are
early identical and display a peak at about 1021.7 eV and this is in
ood agreement with the binding energy value of ZnO reported in
iterature [42,43].

Values of 724.4 eV (Fe 2p1/2) and 710.9 eV (Fe 2p3/2) were
etected for both unreduced and reduced PdFe specimens (Table 3).
urthermore the absence of the satellite peak at 718.8 eV on
he reduced sample suggests, as expected, a magnetite struc-
ure, whereas its presence on the unreduced one indicates that
f haematite [44,45]. The Ce 3d core level photoemission spectra
or the PdCe samples are reported in Fig. 9 and show the typi-
al multiplet structure found for the fully oxidized CeO2 [46,47].
he presence of five peaks assigned to Ce4+ is clearly detected
n both unreduced and reduced PdCe samples spectra: three of
hem are more intense and characterize the Ce 3d5/2 (BE ∼ 882.0 eV,
E ∼ 898.6 eV) and Ce 3d3/2 (BE ∼ 916.3 eV) levels. The other two
re shoulder and correspond to associated weak satellite peaks
BE ∼ 888.7 eV for Ce 3d5/2 and BE ∼ 906.7 eV for Ce 3d3/2) [48,49].

oreover, the presence of surface Ce3+ on both samples is observed
fter deconvolution of the experimental spectra. Ce3+ has been
tted with two peaks at BE ∼ 885.4 eV and BE ∼ 902.9 eV, charac-
erizing both Ce 3d5/2 and Ce 3d3/2 contributions, respectively.

Data of O 1s XPS spectra for the catalysts are also reported in

able 3. In all cases the O 1s peak is complex. For the unreduced
dCo, PdNi and PdZn samples a symmetric peak at about 531.4 eV is
bserved and assigned to surface hydroxyl (OH−) and/or carbonate
CO3

2−) species [41,50,51]. Formation of these species is probably
Scheme 1. Reduction of carbonyl compounds.

due to the preparation method used. Moreover two components
for unreduced Pd/Fe2O3 and Pd/CeO2 samples are obtained, after
deconvolution of the O 1s peak: the major with BE at 530.0 eV (529.2
for Pd/CeO2) is assigned to lattice oxygen (O2−) in the metal oxides,
the other one is located at 531.4 eV (531.8 eV for Pd/CeO2). The
deconvolution of O 1s spectra of all reduced catalysts exhibits in
addition to the lattice (at 529.1–530.4 eV BE) and non-lattice oxy-
gen (at 530.5–531.8 eV BE) a third peak above 532 eV. It is possible
to observe that after reduction the peak assigned to OH−/CO3

2−

widely decreases. The relative content of the different kinds of oxy-
gen in the total surface can be estimated from the relative area of
these peaks and the results are also included in Table 3.

The Pd 3d5/2 binding energy is very peculiar (Table 3) and,
in unreduced samples, is found in the range between 337.0 and
337.6 eV. It has been reported that in PdO the binding energy value
is at 336.8 eV whereas, on our specimens, it is, in some way, at
a higher energy level suggesting, in this case, that Pd2+ is more
cationic than in PdO [52,53]. Usually this phenomenon is thought
to derive from a strong metal–support interaction [54]. On reduced
samples, binding energy values are between 334.9 and 335.7 eV, as
expected for Pd◦ particles [51,55]. However values of 336.2 and
336.7 eV were found, respectively for Pd/Co3O4 (calcined at 773 K)
and PdCe samples, after reduction at 473 K. In this case possible
Pdı+ like species (0 < ı < 2) may be present and, in the case of PdCe,
probably deriving from a PdOCe interaction as already reported in
literature [56,57].

3.2. Hydrogenation reactions

The reduction of carbonyl compounds was carried out in ethanol
solution, at 323 K and 0.1 MPa H2 pressure in a reaction pathway as
reported in Scheme 1.

Initial reaction rates, r , expressed as moles of substrates/grams

of palladium per second, are reported in Tables 4 and 5. A typical
composition against time plot is shown in Fig. 10. It clearly appears
that, in aldehydes series, aromatic derivatives are easily hydro-
genated and undergo a further reduction of the produced alcohol
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Table 4
Activity of supported Pd catalysts in aldehydes hydrogenation at 323 K and 0.1 MPa H2 pressure, using ethanol as solvent.

Catalyst ri (×105 molsub/gPd s)

Propanala Pentanal Hexanal 3-Phenylpropanal Benzaldehyde

PdCo 4.6 23.0 17.4 4.3 24.6
PdNi 2.4 10.3 7.8 2.6 13.1
PdZn 0.5 1.3 – – 2.9
PdFe 4.1 11.2 8.8 3.2 27.7
PdCe 1.0 3.3 1.4 0.2 9.7
PdCoI Very slow 6.5
PdFeI Very slow 23.9

a Values at 303 K.

Table 5
Activity of co-precipitated Pd catalysts in ketones hydrogenation at 323 K and 0.1 MPa H2 pressure, using ethanol as solvent.

Catalyst ri (×105 molsub/gPd s)

Pentan-2-one Pentan-3-one Cyclohexanone 1-Phenylethanone

PdCo 1.6 6.7 23.1 6.5

t
b
l
e
T
a
h
o
t
I
g
b
r
s
c
t
a
h

e
r
a

F
a

PdNi 0.3 0.4
PdZn – –
PdFe 0.2 –
PdCe – 0.5

o hydrocarbons. Conversely, aliphatic aldehydes are hydrogenated
y PdCo, PdNi, PdFe and PdCe and the rate increases in the fol-

owing order: pentanal > hexanal > 3-phenylpropanal, as normally
xpected when a rate dependence on the chain length occurs.
he PdZn catalyst shows a weak activity and only for pentanal
small ri value was possible to be calculated. Propanal is also

ydrogenated; however, the reaction was carried out at 303 K,
n account of the low aldehyde boiling temperature (319 K), and
he relative rate is also included. Again PdZn is much less active.
n ketones series, the aromatic 1-phenylethanone is easily hydro-
enated. On PdCo and PdNi aliphatic ketones show the following
ehaviour: the most reactive is cyclohexanone and the symmet-
ic pentan-3-one is more active than pentan-2-one. PdFe and PdCe
how a good activity only towards cyclohexanone and are prati-
ally inactive towards the other ketones. PdZn is only poorly active
owards cyclohexanone. Experiments carried out, using Pd/Co3O4
s catalyst, evidence a very slow reaction in aliphatic aldehydes
ydrogenation.
Furthermore, the pentanal hydrogenation, carried out in pres-
nce of a CoO sample, reduced at a temperature allowing partial
eduction of Co2+ (700 K) and then containing metallic Co, does not
fford any alcohol formation, thus excluding participation of the

ig. 10. Composition–time plot of the hydrogenation reaction of pentanal over PdCo
t 323 K and 0.1 MPa H2 pressure, using ethanol as solvent.
10.8 2.2
0.4 1.6
3.9 19.0

15.8 8.3

supported metal to the reaction. The same experiment was also
repeated by using NiO, previously reduced at 723 K, and again no
alcohol was formed. Impregnated catalysts, PdCoI and PdFeI, afford
an easy reduction of benzaldehyde and a very slow reduction of
pentanal.

4. Discussion

The reported results, considered all together, allow an useful
comparison to investigate the intimate mechanism of carbonyl
compounds hydrogenation.

So far palladium particles, supported on common carriers, were
found to be active in the hydrogenation of aromatic aldehydes
or ketones but inefficient towards aliphatic carbonyls reduction
[12,15]. This different behaviour depends, in our opinion, on the
� energy difference between � and �* orbitals (small in aromatic
derivatives and higher in aliphatic ones) [58]. This trend is con-
firmed by the U, V, � values, related to the � → �* gap of carbonyls,
which are higher in aromatic aldehydes (249 nm for benzaldehyde)
and much lower (∼185 nm in aliphatic aldehydes or ketones) in
aliphatic carbonyls.

It was already pointed out that the main attractive effect, in the
adsorption of aldehydes on a metal surface, is the back donation
of electrons from the metal orbitals into the �*CO [12]. When this
latter is shifted down, the interaction is easier and the adsorption
occurs. This is, indeed, what happens with aromatic aldehydes or
ketones, thus easily hydrogenated.

The observed carbonyl reduction of aliphatic aldehydes or
ketones with our co-precipitated samples can be explained with
an insight remark on the electronic peculiarities of the catalysts
mainly deriving from the Pd–support or Pd–metal interaction. The
reactivity cannot be attributed, in fact, only to a metal particles
size effect: catalysts having a similar particles diameter (PdZn and
PdFe) show a very different reactivity. On the other hand, the vari-
ation observed in surface area values (see Table 1) surely affects
the reactivity but, on itself, does not explain our results: although
PdFe displays the highest surface area, it was found less active than

PdCo and again PdNi and PdZn, having very different activity, show
similar values of BET surface area. Furthermore, whereas the large
difference in BET values between co-precipitated and impregnated
samples could explain the remarkable variation in hydrogenation
activity observed in the aliphatic aldehydes series, however it does
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cheme 2. Induced carbonyl interaction of aliphatic aldehydes or ketones with
dMe catalysts.

ot fit completely the aromatic series data. Therefore, electronic
ffects play an important role in driving the observed activity.

For clearness sake we prefer to discuss separately results refer-
ing to PdCo, PdNi and PdZn from those concerning PdFe and PdCe
or their different electronic peculiarities.

.1. Hydrogenation promoted by PdCo, PdNi and PdZn catalysts

Aliphatic aldehydes or ketones are extensively reduced by PdCo
r PdNi, whereas only pentanal and propanal (very slowly) and, in
few extent, cyclohexanone, react with H2 in presence of PdZn.

he observed carbonyl reduction appears to be mainly related to
he amount of bimetallic PdMe “ensembles” formation (as con-
rmed by TPR, XRD and XPS measurements). Accordingly, when
e use the impregnated Pd/CoO only a very slow reaction occurs
ith pentanal. The TPR profile (Fig. 3) clearly indicates, in the last

ase, the absence of any PdCo species formation and therefore a
carce metal–support interaction. On the other hand, it is perfectly
nderstandable the easy reactivity of the aromatic aldehyde with
he PdCoI catalyst.

The reason why bimetallic particles or alloys favour the reac-
ivity of aliphatic carbonyl compounds should be mainly found on
he change of the electronic properties of palladium promoted by
he second metal. XANES and EXAFS studies have so far demon-
trated that on PdCo [21] and PtCo [59] species a shift of electrons
rom Co to Pd (Pt) occurs. On this basis it may be assumed that, on
he surface, clusters formed by both Pd(0) and Co(Ni)(0) atoms, in
ntimate contact, may favour an electronic transfer from Co(Ni) to
alladium, leading to a negative charge on Pd and a positive one on
o(Ni).

As a consequence, the d orbitals of Pd at the Fermi level should
e shifted upward, thus favouring the back donation of electrons
o the �*CO. The hydrogenation process could be also helped by the
ositively charged Co or Ni neighbours acting as electron-attractors
owards the carbonyl oxygen cloud (Scheme 2).

.2. Hydrogenation promoted by PdFe and PdCe catalysts

XPS spectra of PdCe and PdFe catalysts indicate the presence
f both Fe3+/Fe2+ and Ce4+/Ce3+ couples on the surface. Besides,
PR profiles are similar and both propose an easy reduction of
e3+ and surface Ce4+ to Fe2+ and Ce3+, respectively, in presence
f palladium particles. On the light of our structural evidences, in
bsence of any alloy on the surface, the most convincing picture,
hat we can draw for reduction of aliphatic aldehydes, in our opin-

on, implies an oxidative approach by Fe3+ or Ce4+ on the oxygen

oiety of a carbonyl molecule, their reduction to Fe2+ and Ce3+,
espectively and the subsequent lowering of the �*CO favouring
he activation of the carbonyl bond on the Pd surface. Accordingly
very slow reaction occurs on the impregnated Pd/Fe2O3 using

[

[

[
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pentanal as substrate with respect to the analogous co-precipitated
sample.

In other words, the main difference between the behaviour of Pd
and that of Pt, Ru, Rh and other metals rests on the assumption that,
on the majority of platinum metals series the strength of common
Lewis acids is sufficient to induce an “electrophilic C O activation”
whereas, when supported palladium is used, the peculiarity of its
electronic properties [12] implies the necessity of a stronger redox
couple presence.

5. Conclusions

The results reported indicate that the behaviour of supported
palladium catalysts, in the hydrogenation of carbonyl compounds,
can be modified using an appropriate preparation method (co-
precipitation technique) and a more fitting metal oxide as support.
So far literature reports indicated that H2 reduction of aliphatic
aldehydes and ketones is a very difficult reaction to occur with Pd
systems. Our data suggest that it can be easily performed mainly
by changing the electronic properties of palladium, allowing forma-
tion, during the activation procedure at 473 K, of bimetallic particles
with PdCo or PdZn in less extent, or of an alloy in the case of a PdNi
system.

A comparison between the aromatic and aliphatic carbonyl reac-
tivity suggests that the first is easily activated on a palladium
surface since the � value �–�* is appreciably shorter than that of
the aliphatic one (reduction of aromatic carbonyls is easy to be car-
ried out with common palladium catalysts). However, if the energy
value of the d band at the Fermi level of palladium is increased,
population of �* orbitals and then activation of the C O bond can
occur. This is indeed what happens when bimetallic ensembles or
an alloy are formed, during the activation procedure, in PdCo, PdZn
(in less extent) and PdNi catalysts. Similarly PdFe and PdCe cat-
alysts form suitable redox couples, Fe3+/Fe2+ or Ce4+/Ce3+ on the
palladium surface; interaction of Fe3+ or Ce4+ with the oxygen moi-
ety of the carbonyl lowers the �* energy level and favours aliphatic
aldehydes activation. A comparison with the reactivity of Pd/CoO
and Pd/Fe2O3, prepared by impregnation, supports this conclusion.
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