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Abstract

This work presents the performance of supported Pd and Pd-Me (Me = Mo, V and Pb) catalysts in the hydrogenation of sunflower oil.
The catalysts were prepared using alumina as support, and were following two different methods of preparation: wet impregnating and

sol–gel techniques. The samples were characterized by atomic absorption, N2 adsorption isotherm, temperature-programmed reduction and
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ydrogen chemisorption.
For Pd monometallic catalysts prepared by wet impregnation (WI) of�-Al 2O3 and alumina sol–gel (SG), for the same iodine value

nd Pd surface, Pd-SG generates moretrans-isomers than Pd-WI sample. This could be attributed to differences in the support morph
Regarding bimetallic catalysts, for a smaller amount of exposed Pd, the Pd-Mo/�-Al 2O3 and Pd-V/�-Al 2O3 catalysts show the same activ

ompared with the respective monometallic catalyst, and increase the selectivity totrans-isomers. The molybdenum and vanadium promo
ffect could be a consequence of the formation of an adsorbed initial state, after which the hydrogenation would take place on the
On the other hand, Pd-Pb/�-Al 2O3 showed the lowest hydrogenation activity. This would be result of a certain dimensional limitati

he space lattice of Pd for hydrogenation of double bonds due to the formation of a Pd–Pb alloy.
The sol–gel Pd-Mo sample was the most effective catalyst regarding thecis-isomers selectivity and reveals the route for future resea
2005 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogenation of vegetable oils is an important practice
n the modification of fats and oils. The hydrogenation pro-
ess saturates part of the double bonds, while an important
roportion of the remaining bonds is isomerized through the
onversioncis–trans in the fatty acid chain. This process in-
reases the melting temperature, increases the consistency for
se as margarine and intensifies the resistance to oxidation

1].
From 1980, a good number of research works have been

ade in order to know the effect oftrans-isomers of mono-
nd polyunsaturated fatty acids on the cellular metabolism.

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
E-mail address:ddamiani@plapiqui.edu.ar (D.E. Damiani).

Kromhout et al.[2] presented a study in which 12,763 p
ple were supervised during 25 years, demonstrating tha
percentage of saturated fatty acids andtransfatty acids con
tained in the diet strongly correlated with the concentra
of plasma cholesterol.

For this reason, the demand for smaller levels oftrans-
isomers content in hydrogenated edible oils has incre
and the search of alternatives is important to improve
hydrogenation process.

A field in which there have been major advances is th
hydrogenation catalysts[3]. The bulky size of the triglycerid
molecules, together with the simultaneity of other reacti
as those of positional or geometric isomerization, can im
that the reaction could be sensitive to the catalytic struc
For this reason, supports have been designed with sp
properties and a perfectly defined structure of pores[4], the

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

C concentration (mol m−3)
Deff effective diffusion coefficient (m2 s−1 × m3

liquid m−3 catalyst)
robs observed rate (mol s−1 kg−1 catalyst)
R mean particle size (m)
TAG triacylglyceride

Greek letters
Φ Weisz–Prater criterion
ρp catalyst apparent density (g/cm3)

Subscripts and superscripts
i component
p particle

distribution of the particle size has been studied[33], and
promoters and modifiers have also been used to improve the
selectivity[5–7]. There are records for the use of Pd catalysts
in the hydrogenation of edibles oils[8]. Because of higher
activity than its Ni predecessors, the operation can be carried
out under softer conditions.

The present work reports the hydrogenation of sunflower
oil with Pd catalysts promoted with molybdenum, vanadium
and lead. The aim was to compare the dependence of catalytic
activity and selectivity with the support features and a second
metal promotion, in order to corroborate the potential use
of such catalysts in the industrial hydrogenation processes
looking forward to obtaining a lowertrans-isomer content in
the hydrogenated edible oils.

2. Experimental

2.1. Catalysts preparation

The Pd-WI catalyst was prepared by impregnation of the
�-Al2O3 support (Condea, Puralox, 162.5 m2 g−1) with a so-
lution of Pd(C5H7O2)2 (Alpha) in toluene. After the impreg-
nation, the catalyst was dried in Ar at 150◦C for 2 h and then
calcined in chromatographic air at 500◦C, for 2 h.
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followed by the addition of water in a larger quantity than
the stoichiometric amount. The reflux continued until the gel
was formed. The resulting sol was dried at 110◦C for 18 h,
and calcined at 550◦C for 5 h.

The Pd-SG sample was prepared in the same manner as
the Pd-WI catalyst, using this Al2O3-SG as support.

In order to study the effect of Pb and V in the Pd/�-Al2O3
hydrogenation activity, the reaction was tested in another two
catalysts previously prepared and characterized in our labora-
tory. The Pd-Pb/�-Al2O3 catalyst was prepared by reacting
tetrabutyl-lead with a supported palladium sample derived
from Pd(C5H7O2)2 as it is reported by Volpe et al.[39]. Pd-
V/�-Al2O3 sample was prepared by anchoring Pd(C5H7O2)2
to a V/�-Al2O3 catalyst derived from NH4VO3 [9].

In every case, the supports were dried in N2 at 150◦C dur-
ing 2 h before the impregnation. The quantity of Pd precursor
used was calculated to place approximately 1% of palladium
by weight on the support. The Mo and V percentage was se-
lected according a previous work[9,12]. The difference of
Mo content between Pd-Mo catalysts was made on purpose.

2.2. Catalysts characterization

The metal (Pd, Mo, Pb and V) content was determined by
atomic absorption spectroscopy (AAS).
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The PdMo-WI sample was prepared by co-impregna
f the metals on the�-Al2O3 support using a solution
d(C5H7O2)2 and MoO2(C5H7O2)2 (Alpha) in toluene. Th
ample was then dried and calcined as described abov

The synthesis of alumina xerogel and Mo-Al2O3 (here-
nafter referred to as Al2O3-SG and Mo-SG, respectivel
as carried out by sol–gel synthesis technique. Alumi

sopropoxide in 2-propanol solution was refluxed at 85◦C
ith constant stirring. For the preparation of the Mo-SG s
le, the MoO2(C5H7O2)2 in 2-propanol solution was add

o the previous preparation at 85◦C with vigorous agitation
In order to determine the specific surface area and
ore size and volume in bare supports, nitrogen adsor

sotherms were performed at 77 K using a volumetric sys
XRD pattern were collected using the powder metho

Rigaku diffractometer equipped with Cu K� X-ray source
nd a Ni filter operated at 35 kV and 15 mA.

The H2 chemisorption uptakes were measured in a
entional glass apparatus[10]. Before reduction, the catalys
ere oxidized in air at 500◦C during 1 h. Then, the sampl
ere purged in He and reduced at 250◦C in flowing H2 for 1 h.
ollowing reduction, the samples were evacuated for 20
eduction temperature and cooled to adsorption temper
25◦C) under vacuum. Irreversible uptakes were determ
rom dual isotherms measured for hydrogen using the me
f Benson et al.[11]. The fraction of exposed palladium w
alculated assuming that one hydrogen atom is adsorbe
urface palladium atom.

TPR experiments were performed in a conventiona
aratus, as previously described[12]. Before reduction, th
atalyst (∼40 mg) was oxidized in flowing chromatograp
ir at 300◦C for 1 h and purged and cooled in Ar. Then
ixture of 5% H2 in Ar flow was then passed through t

ample, and the temperature raised from−20 to 300◦C at a
eating rate of 10◦C min−1.

.3. Catalytic activity measurements

Hydrogenation tests were carried out in a semibatch
roreactor of 9 ml. The sunflower oil utilized in the cataly
ctivity measurements was a refined, bleached, and de

zed commercial sunflower oil. The reactor was conne



M.B. Fernández et al. / Journal of Molecular Catalysis A: Chemical 233 (2005) 133–139 135

to a hydrogen (AGA grade chromatographic) source, main-
tained at constant pressure. A data acquisition cardboard
connected to a PC was used to record the hydrogen flow
originated as a result of the H2 consumption during the
reaction.

The catalyst sample was pre-reduced in situ at 400◦C.
The sunflower oil was added to the reactor (containing the
reduced catalyst at the reaction temperature) using a syringe.
Then, the pressure was increased in order to start the reaction.
Thus, the instantaneous H2 consumption (a measure of the
reaction rate) was obtained subtracting the hydrogen flow
corresponding to the same operation but without reaction to
the record of the hydrogen flow during the reaction.

The catalytic tests were performed at 100◦C and 60 psi
during 1 h, using 8 ml of sunflower oil. The mass of catalyst
employed in the reaction ranged between 100 and 200 mg
and the stirring rate was 1400 rpm.

The analytical studies were performed with an AGILENT
4890D gas chromatograph (GC) equipped with a flame ion-
ization detector (FID) following the procedures established
by the AOCS Ce 1c-89 norm. A 60 m long SUPELCO 2380
capillary column, with a nominal diameter of 0.25 mm and
a nominal film thickness of 0.20�m was used for the sep-
aration of the different compounds present in the samples.
The iodine number (IV) was calculated from the fatty acid
c

pro-
c met-
r ly
m
d the
W

3

3

0
d o alu-
m tions
t

itro-
g l
s
t e
t t is
t

T
S

S

�

A
M

Mo-SG sample shows an important reduction in the pore
volume and the pore diameter compared to Al2O3-SG sam-
ple. This would be consequence of the added Mo. On the other
hand, no change in specific surface area or pore diameter is
observed for�-Al2O3 supported catalysts.

Table 2lists the catalysts and their metal content deter-
mined by AAS. As mentioned in Section2, the Pd-WI and
Pd-SG samples were prepared from Pd(C5H7O2)2. It was
reported[18] that the fixation of Pd acetylacetonate on alu-
mina occurs by a ligand-exchange mechanism. A covalent
bond is originated and HAcac (C5H8O2) is generated, which
remains adsorbed on the surface of alumina. When the cata-
lyst precursor is calcined, the remaining C5H7O2 ligand com-
busts and PdO particles are formed. This precursor originates
metallic particles with high percentage of metal exposed.
Table 2shows that the amount of Pd fixed on Al2O3-SG
is greater than the one fixed on�-Al2O3, though both were
precursor-impregnated under identical conditions. This could
be attributed to a higher adsorption activity of the material.
Since the specific surface area of the sol–gel derived sample
is twofold higher than that of�-Al2O3, Pd on alumina-SG is
distributed over a larger surface.

The hydrogen chemisorption measurement results ex-
pressed as Pd exposed fraction are also summarized in
Table 2. Assuming hemispherical particle and superficial
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omposition following the AOCS Cd 1c-85 norm.
Because hydrogenation of edible oils is a three-phase

ess, several transport limitations may occur. The volu
ic gas–liquid mass-transfer coefficient,Kla, was separate
easured at an excess of catalyst load[13]. Intraparticle
iffusion limitations for Hydrogen were estimated from
eisz–Prater number[14].

. Results and discussion

.1. Catalysts characterization

X-ray data of the alumina-SG sample calcined at 55◦C
oes not present any crystalline phase corresponding t
ina. This is an expected result according to the calcina

emperature used[15].
Other structural characteristics obtained from the n

en desorption at 77 K are presented inTable 1. The xeroge
ample shows a specific surface area (327.5 m2 g−1) similar
o that reported in the literature[15–17]. It is also possibl
o note that Al2O3-SG sample exhibits a specific area tha
wice as large as commercial�-Al2O3.

able 1
upports properties

ample Specific surface
area (m2 g−1)

Pore volume (̊A) Pore diameter
(cm3 g−1)

-Al2O3 162.5 97.7 0.46
l2O3-SG 327.5 63.6 0.54
o-SG 290.0 34.9 0.25
ensity of 1.27× 10 Pds atoms/m, metal particle size i
d-WI and Pd-SG catalysts is 2 and 2.8 nm, respect

dp = 1.12 /Pdexp) [19]. In relation to Pd monometallic ca
lysts, Pd-Mo bimetallic samples show a decrease in
2 chemisorption ability of Pd. During the preparation p
edure, high oxidation temperature favors the formatio
oO3, which after exposure to H2 at high temperature r
uces to a suboxide that tends to migrate onto the Pd su
reventing its contact with H2 [20,21]. FTIR spectroscop
easurements of NO and CO adsorbed on the catalyst

oborated this hypothesis[12].
The TPR results for the four Pd and Pd-Mo samples (

xidized at 300◦C) are showed inFig. 1. The profiles prese
low temperature peak, between 25 and 50◦C, which is

ttributed to the reduction of palladium oxide. The h
emperature peak (near 450◦C), in the bimetallic sample
orresponds to the partial reduction of MoO3. The negativ
ignal, near 60◦C, is originated in the decomposition of t

able 2
haracterization of the catalysts: metallic contents, fraction of expos

from H2 chemisorption), and H2 consumed during TPR experiments

ample Pd (wt%) Me (wt%) Pds/Pda (%) H2/Pdb

d-WI 0.82 – 56 1.2
d-SG 1.10 – 40 1.5
dMo-WI 0.45 0.74 41 1.4
dMo-SG 1.01 6.50 20 0.6
d–Pb 0.70 0.28 28 –
d-V 0.68 3.5 50 0.5
a Fraction of exposed palladium, H2 chemisorption (Tred= 250◦C).
b Mol of consumed H2 by mol of Pd, during TPR experimen

Tox = 300◦C).
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Fig. 1. TPR profile for the studied catalysts. Pre-treatment: oxidation in air
at 300◦C.

palladium hydride. This hydrogen evolution peak is slightly
insinuated in Pd-WI and PdMo-WI samples, and is bigger for
PdMo-SG catalyst. This correlates well with the Pd particle
size, since the hydride formation is a volumetric phenomenon
[22]. Concerning the Pd-SG sample, it seems that the hy-
dride decomposition signal overlaps the H2 consumption
peak.

PdMo-WI presents a very low hydrogen consumption just
before 500◦C, due to partial reduction of MoO3. The hy-
drogen consumption peak is small as a result of the low Mo
loading. Under these conditions, the interaction between Mo
and alumina is strong and the reduction of MoO3 requires
higher temperatures[23–25].

When Pd catalysts are modified with molybdenum, the
peak corresponding to PdO reduction shifts to lower tem-
peratures (Fig. 1). This has been previously reported for Pd-
Mo catalysts[26,20]. The molybdenum addition causes an
easier reduction of PdO. On the other hand, the difference
in the temperature in the reduction of PdO in Pd-SG and
Pd-WI samples (58 and 38◦C, respectively) is significant.
In this case, it could be considered that the difference is
a consequence of the different supports and their interac-
tion with Pd. Hydrogen consumption peak of Pd-SG sam-
ple is broader than the profile of Pd-WI. Broad reduction
peaks are associated with the presence of particles of various
s
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[ er-

action lowers the vanadia reduction temperature by 300◦C
approximately.

Table 2shows that the H2/Pd consumption ratio (for PdO
peak) is greater than the corresponding stoichiometric value
for all the samples except PdMo-SG. A similar observation
in Pd/�-Al2O3 catalysts[27], with a Pd concentration be-
low 1%, was explained by considering a Pd oxidation state
higher than Pd2+, or the existence of a highly dispersed and
oxygen-rich species. Regarding Pd-V sample, 50% of palla-
dium is not reduced. Thus, the reduction of VOx takes place
at the expense of a fraction of Pd that remains in an oxi-
dized state. Another possibility is that the fractions of pal-
ladium not reduced at a low temperature, become reduced
along with the VOx species that is at a higher temperature.
Unfortunately we cannot distinguish between these two al-
ternatives.

3.2. Catalytic activity measurements

3.2.1. Mass transfer effects
The volumetric gas–liquid mass-transfer coefficient,Kla,

was separately measured at an excess of catalyst load (more
than 3%)[13]. The value obtained is in the range 0.3–0.5 s−1

and can be considered acceptable[28].
The Weisz–Prater criterion, Eq.(1), was used to evaluate
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Regarding Pd-V catalyst, the low temperature peak, a

roximately 22◦C, is assigned to the reduction of PdO. T
eduction profile presents an additional hydrogen cons
ion peak at about 150◦C, which is assigned to a partial
uction of VOx species due to close contact with the no
etal [9]. The peak is well defined, which is an indicat

hat the palladium–vanadium interaction is higher. Com
ng the high temperature peaks of V monometallic sam
9] with that of bimetallic sample, it is clear that the int
he intraparticle diffusion limitations:

i = (−robs,i)ρpR
2
p

Deff,iCi

(1)

herei: H2, TAG.
A value of Φi smaller than 0.03–0.7 means that ma

ransfer limitation for the unknown kinetics is negligib
he hydrogen concentration in the liquid was calcul

rom Andersson et al.[29]. Intraparticle diffusion coefficien
or the catalysts were taken asDH2 = 1.2 10−8 m2 s−1 and

TAG = 1 10−10 m2 s−1 [29]. The density of sunflower oil wa
etermined from[40] asρTGA = 0.866 g/ml, and tortuosi
nd porosity were 4 and 0.5, respectively.

In the present experiments, the numerical value o
eisz–Prater modules of H2 and TAG always remaine

bove 15 (Table 3).
The composition of the fatty acids at the end of the hy

enation process is showed inTable 4. In all the cases, the
as an increase in the concentration of stearic acid (C
nd a decrease in linoleic and linolenic acids (C18:2c
18:3c) due to the saturation of the double bonds.
As a consequence of the hydrogenation, both r

ions of geometric isomerization (cis–trans) and positiona

able 3
alues of the Weisz–Prater modulus (Φ) for some catalysts.

atalysts robs (mol s−1 kg−1

catalyst)
dp (m) Φ (H2) Φ (TAG)

d-WI 0.25 2.11× 10−4 233.8 88.1
d-SG 0.23 1.41× 10−4 48.2 18.2
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Table 4
Hydrogenation of sunflower oil:molar fraction (%)

Fatty acids Sunflower oil Hydrogenation over

Pd-WI PdMo-WI Pd-SG PdMo-SG

C16:0 6.1 5.7 5.4 5.9 5.95
C18:0 3.4 11.1 14.1 12.8 8.25
C18:1t 0.0 35.0 48.3 53.4 37.16
C18:1c 35.2 43.3 28.6 26.5 45.57
C18:2ta 1.4 1.0 0.5 0.3 0.31
C18:2c 52.6 3.5 3.0 1.0 2.70
C18:3c 0.4 0.0 0.0 0.0 0.00
C20:0 0.1 0.2 0.1 0.1 0.06
C22:0 0.1 0.0 0.1 0.1 0.00
Trans 1.4 36.0 48.7 53.7 37.5

IV 124.9 75.1 72.1 70.9 75.4

Experimental condition:T= 100◦C, P= 60 psi
a Sum ofcis–trans, tran–cisandtrans–trans.

isomerization took place. As the present work is focused on
the control of thetrans-isomers, the geometrical isomers are
presented inTable 4without taking into account the position
of double bond in the fatty acid chain, only distinguishing
betweencis- andtrans-isomers (Scheme 1 [30]).

The iodine value (IV) of an oil or fatty acid is the weight
of iodine with which it will combine, expressed as a per-
centage of its own weight[31]. IV expresses the degree of
unsaturation of the oil as:

IV = g of iodine absorbed

100 g of oil
(2)

Thus, during the hydrogenation process, the IV of the sun-
flower oil decreases, as shown inTable 4. The initial IV is
124.9, and diminishes to 75.1 when the catalyst used is Pd-
WI. The lowest IV value is 70.9 when Pd-SG is used. For
bimetallic catalysts, the final IV values were 72.1 and 75.4
for PdMo-WI and PdMo-SG, respectively.

Fig. 2objectively presents the information summarized in
Table 4. From these data, it can be carried out a comparison
among the various studied catalysts. With respect to the Pd
monometallic catalysts it was found that, at similar IV value
and Pd surface area, Pd-SG generates moretrans-isomers
than the Pd-WI sample (53.7% and 36%, respectively). Both
catalysts were prepared using the same technique of impreg-
n
P and

S :
t

Fig. 2. Hydrogenation of sunflower oil: iodine number (IV), percentage of
trans-isomer and superficial palladium. Reaction time = 60 min.

2.8 nm, respectively (calculated according to[32]). Thus, it
can be considered that the cause of the difference in the se-
lectivity to trans is the morphologic properties of the sup-
port, presented inTable 1. One difference between sam-
ples is the specific surface area, larger for Pd-SG. It was
reported that a large surface area favors isomerization re-
actions, due to the greater accessibility to the active sites
[33]. Another important aspect is the pore size distribution.
According to Balakos and Hernández[34], pores of small
diameter favor the saturation of the fatty acid, since the suc-
cessive hydrogenation is facilitated by the difficulty in the
mobility of the bulky molecule. The pore average size for
the supports used in this work is 63.6 and 97.7Å for Pd-
SG and Pd-WI, respectively, whereas the concentration of
C18:0 (stearic acid) is 12.8 and 11.1 for Pd-SG and Pd-
WI, respectively, in agreement with the previous observa-
tion.

When comparing inFig. 2 the hydrogenated oil samples
using Pd-WI and PdMo-WI catalysts, it can be observed that
both catalysts are similarly active (similar IV), for a smaller
amount of exposed Pd. Selectivity totrans-isomers also in-
creases in the PdMo-WI catalyst. On the other hand, Pd sur-
face area is smaller in the bimetallic sample.

According to O2 sorption isotherm previous results[35],
after a reduction treatment of an alumina supported Pd-Mo
c +5

o ed
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l vity
f ame
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e

to
r nve-
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ation and metallic precursor (Pd(C5H7O2)2). In addition,
d-WI and Pd-SG present similar metal particle sizes: 2

cheme 1. Diene hydrogenation scheme[30]. D: dieno, C:cis-monoene, T
rans-monoene, S: saturated.
atalyst, molybdenum species are present as Mo, which has
ne unpaired d-electron ([Kr] 4d15s0). It has been suggest

36] that unpaired d-electrons are necessary to bind th
orbing molecule to the surface in a weakly-held precu
tate, from which it then passes to the final strongly-bon
tate. The convenience of this intermediate state may op
o reduce the activation energy for adsorption to a suit
ow value. Thus, this would explain the change in acti
or the bimetallic catalyst, which is able to sustain the s
ctivity than its monometallic counterpart even though
xposed Pd surface is half that of Pd-WI.

The availability of this intermediate state may serve
educe the activation energy for adsorption to a co
iently low value, producing the final state strongly conne
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on Pd active sites, following with the formation of the
half-hydrogenated intermediate according to the well-known
Horiuti–Polanyi mechanism[37].

Concerning the PdMo-SG catalyst, the reaction proceeds
to assort the same degree than Pd-SG (at the same reac-
tion time). The selectivity towardcis-isomers increases in
the bimetallic sample. Moreover, this sample shows a lower
production of saturated components (C18:0). This fact is not
an expected result in view of its pore size distribution (63.6
and 34.9Å for Pd-SG and PdMo-SG, respectively). Thus,
these results would be the consequence of a Mo effect.

The disparity in the results between PdMo-WI and PdMo-
SG indicate that the promotion effect of Mo is a complex
phenomenon, which seems to be influenced by the Mo con-
centration and catalyst preparation. This issue will be focus of
future research. Furthermore, and indicating the positive ef-
fect of Mo in sol–gel catalysts, comparing Pd-SG and PdMo-
SG samples it is noted an improvement in thecis-isomers
selectivity by Mo addition.

Regarding the Pd-Pb/�-Al2O3 sample, the IV value is
higher than Pd-WI (104 versus 75), indicating a lower hydro-
genation activity. As a consequence of this, the percentage of
trans-isomers is lower too.

On the other hand, Pd-V/�-Al2O3, having a smaller
amount of exposed Pd than Pd-WI, presents a similar activity
b

on of
t s
w his
i evi-
d must
b s on
e d
i ttice
o are
a Co,
F that
( orp-
t

ly
i the
s r-
i n-
c port
a ain
o s Pd
p
l ation
a ed in
t neg-
a toms
i a de-
fi an
f n
a ould
t

4. Conclusions

This study of Pd monometallic catalysts prepared by wet
impregnation of�-Al2O3 and alumina sol–gel shows that,
for the same IV and Pd surface, Pd-SG generates moretrans-
isomers than Pd-WI sample. This could be attributed to dif-
ferences in the support morphology.

Regarding bimetallic catalyst, for a smaller amount of ex-
posed Pd, the Pd-Mo/�-Al2O3 and Pd-V/�-Al2O3 catalysts
present the same activity compared with the respective Pd
monometallic catalyst, and increase the selectivity totrans-
isomers. The molybdenum and vanadium promoting effect
could be a consequence of the formation of an adsorbed ini-
tial state, after which the hydrogenation would take place on
the Pd surface.

On the other hand, the lower hydrogenation activity
showed by Pd-Pb/�-Al2O3 sample would be the consequence
of a certain dimensional limitations on the space lattice of Pd
for hydrogenation of double bonds due to the formation of a
Pd–Pb alloy.

The sol–gel Pd-Mo sample was the most effective catalyst
regarding the cis-isomers selectivity and reveals the route for
future research.
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mpose certain dimensional limitations on the space la
f any catalytically active metal. Actually, the metals that
t all effective in the hydrogenation of double bonds (Ni,
e, Cu, Pt, and Pd) have interatomic spacing close to
27.3 nm) calculated as optimum for such two-point ads
ion.

In the case of Pd-V/�-Al2O3 catalyst, vanadium strong
nteracts with�-alumina and is molecularly dispersed on
upport as VOx species[41]. These VOx species are ancho

ng sites for the Pd(C5H7O2)2 precursor due to the low co
entration of OH groups expected on the alumina sup
fter V addition. After calcination step, Pd particles rem
n V monolayer. So, this catalyst could be described a
articles (with a low dispersion) supported on a VOx mono-

ayer. With these facts in mind, changes in the hydrogen
ctivity between Pd-V and Pd catalysts could be explain

erms of a model, which places a large concentration of
tive charge density in the region between the carbon a

n the double bond and there is Pd particle supported in
cient electron VOx surface. Thus, and in similar way th
or Pd-Mo catalyst, VOx could facilitate the formation of a
dsorbed initial state, after which the hydrogenation w

ake place on the Pd surface.
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