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Six palladium catalysts were prepared using different precursors (palladium acetylacetonate, palla-
dium nitrate and tetraamminepalladium nitrate) and supports (�-Al2O3, �-Al2O3, ZSM-5, and MCM-22).
The samples were characterized by atomic absorption spectroscopy, N2 adsorption isotherms, XRD, H2

chemisorption, transmission electron microscopy and temperature programmed reduction. The activity
and selectivity of the catalysts were investigated in the hydrogenation of sunflower oil and compared to
a commercial Ni catalyst.
ydrogenation
somerization
alladium
unflower oil
rans-isomers

Pd catalysts showed a higher activity, similar trans-isomer formation, and were more selective towards
monoene formation than Ni catalysts. On the other hand, under the studied operating conditions, the
different supports did not improve significantly the selectivity or the activity of the reaction.

The �-alumina supported Pd catalyst, with a metal loading of 0.78 wt% and a 60% dispersion, showed
a specific activity higher than the other Pd catalysts. For the same double bond conversion, this sam-
ple originated a slightly lower amount of total trans-isomers than the Ni catalyst, but it produced less

was
saturated compound and

. Introduction

The hydrogenation of vegetable oils is an important practice in
he modification of fats and oils. The general purpose of this process
s to increase the melting point and to improve the oxidation prop-
rties of the liquid oil [1]. The process was patented in 1903 and
rst commercialized by Procter & Gamble in 1911. During World
ar II, butter was subject to rationing, and the use of margarine

nd vegetable shortenings rapidly increased.
The chemistry of the hydrogenation processing of oils involved

hree simultaneous reactions: saturation of double bonds, and geo-
etric (cis–trans) and positional isomerizations. The quality and

hysical properties of the hydrogenated oil are greatly influenced
y the number of double bonds present and the cis–trans-isomers
f fatty acids. The trans-fatty acids (TFA) have been reported to be
nfavorable to human diet due to undesirable health effects. It has
een demonstrated that the percentage of TFA contained in the diet

s strongly correlated with coronary heart diseases [2,3].

Other aspect that it is gaining importance is the use of veg-

table oils for non-food applications, such as lubricants [4,5]. Most
ubricants are made from mineral oil, and although bio-lubricants
re more expensive, vegetable oils show many advantages. They

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
E-mail address: gtonetto@plapiqui.edu.ar (G.M. Tonetto).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.09.037
more selective towards monounsaturated fatty acid formation.
© 2009 Elsevier B.V. All rights reserved.

have low-toxicity, are biodegradable and present lower evapora-
tion rates (up to 20% less than mineral oils). Vegetable oils used as
lubricants need a higher viscosity, and to be resistant to oxidative
rancidity and hydrolysis; for that reason, the partial hydrogenation
of the oil is necessary.

Industrially, hydrogenation is performed in batch slurry reactors
at temperatures of the order of 150–225 ◦C, and pressures ranging
between 69 and 413 kPa in the presence of a supported or Raney Ni
catalyst.

It is known that higher temperatures and lower pressures result
in higher TFA levels [6]. Nevertheless, in common industrial hydro-
genation processes it has not been possible to produce partially
hydrogenated oil with a low trans-isomer content.

Several alternatives to conventional hydrogenation have been
proposed in the past few years. Most of them describe new catalyst
development and modification, especially palladium [5,7,8]. The
use of Pd catalysts in the hydrogenation of edible oils is attractive
due to their higher activity than Ni, and because the operation can
be carried out under softer conditions.

Nohair et al. [5] studied the selective hydrogenation of ethyl
esters of sunflower oil (SOEE) in the presence of supported Pd cata-
lysts at low temperature (40 ◦C) in ethanol as solvent. Under these

conditions, the authors found that the SOEE hydrogenation reaction
was insensitive to the size of the Pd particles deposited on silica.
The use of various oxide supports (�-Al2O3, �-Al2O3, TiO2, MgO,
ZnO, CeO2, CeZrO2) did not improve the cis-C18:1 selectivity in the
Pd catalyst.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gtonetto@plapiqui.edu.ar
dx.doi.org/10.1016/j.cej.2009.09.037
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Table 1
Values of the physical properties used in micropore size distribution calculations.

Parameter Adsorbent: zeolite Adsorbate: N2

Diameter (nm) 0.276 0.3
Polarizability (cm3/mol) 2.5 × 10−24 1.46 × 10−24
42 M.B. Fernández et al. / Chemical E

Plourde et al. [8] studied the hydrogenation of sunflower and
anola oils over a silica supported palladium catalyst. Their best
ctivity and selectivity results were found for catalyst supports
ith a pore diameter between 7 and 8 nm and a Pd content in the

oncentration range of 0.8–1.2 wt%.
A previous study was performed in our laboratory on the sub-

ect of alumina supported Pd–Me (Me = Mo, V and Pb) catalysts in
unflower oil hydrogenation [9]. A theoretical study was also car-
ied out using molecular mechanics (MM2) and extended Hückel to
nalyze the hydrogenation and cis/trans isomerization mechanisms
f the oleic fatty acid [10].

The aim of the present study is to explore the effects of metal
article size and supports on the activity and selectivity of Pd cat-
lysts in the partial hydrogenation of sunflower oil. A comparative
valuation of the performance of Pd catalysts and a commercial Ni
atalyst was performed.

. Materials and methods

.1. Sample preparation

Pd/�(A) and Pd/�(A) catalysts were prepared by wet impregna-
ion of the support: �-Al2O3 (Condea, Puralox) and �-Al2O3 (Rhone
oulenc) with a solution of Pd(C5H7O2)2 (Alpha) in benzene. The
upport materials were impregnated with a volume of solution
qual to five times the pore volume of the support. They were in
ontact for 72 h at 25 ◦C. After that, the catalysts were dried in N2
t 150 ◦C for 2 h, and then calcined in chromatographic air at 500 ◦C
or 2 h.

The Pd/�(N) and Pd/�(N) catalysts were prepared by impreg-
ation of �- and �-Al2O3 respectively with Pd(NO3)2 using the

ncipient wetness method. The metal precursor was dissolved in
volume of bi-distillated water equal to the pore volume of the

upport (pH = 9). The impregnated supports were dried at room
emperature for 24 h. The catalysts were calcined in chromato-
raphic air at 500 ◦C for 2 h.

Prior to impregnation, the different supports were dried under
2 flow at 150 ◦C for 2 h.

In order to transform the Na-zeolites into their acid forms, both
aZSM-5 (Chemie Uetikon AG) and NaMCM-22 (kindly provided
y Prof. Sibele Pergher) zeolites were transformed into ammonium
orm by ion exchange with 1 M NH4Cl solution at 80 ◦C for 6 h under
tirring conditions. This operation was followed by filtration and
hree water washings. The zeolite samples were dried in air at 90 ◦C
or 4 h, and at 120 ◦C for 6 h, and calcined in chromatographic air at
00 ◦C for 4 h.

Once the ion exchange operation was completed, the zeolitic
upports were impregnated using the incipient wetness method,
ith [Pd(NH3)4] (NO3)2 as metal precursor. The catalysts were
ried and calcined at 300 ◦C. These samples are referred to as
d/ZSM-5 and Pd/MCM-22.

The concentration of the impregnating solutions was adjusted
o obtain a Pd loading of 1 wt% in the six prepared catalysts.

.2. Catalyst characterization

The metal content was determined by atomic absorption
pectrometry (AAS, Instrumentation Laboratory 551), using an
ir–acetylene burner and a Pd hollow-cathode lamp unit.

In order to measure the specific surface area, pore size and pore

olume in bare supports and catalyts, N2 adsorption isotherms
ere performed on a volumetric system Nova 1200e Quan-

achrome Instruments, using nitrogen as adsorbing gas at −196 ◦C.
rior to adsorption, the supports and catalysts were outgassed for
h at 300 ◦C. BET isotherm equation for macroporous and meso-
Magnetic susceptibility (cm3/mol) 1.3 × 10−29 2.0 × 10−29

Density per unit area (mol/cm2) 1.0 × 1015 6.7 × 1014

porous solids, Langmuir equation for microporous solids, and t-plot
equations were used for the evaluation of the specific (internal
and external) surface areas. The pore size distribution for meso-
pore solids was determined using the BJH method [11], and for
microporous solids the Horvath–Kawazoe approach [12] with the
correction proposed by Cheng and Yang [13]. Table 1 reports the
values of the physical properties of the adsorbate and adsorbents
used in the micropore size distribution calculations.

XRD patterns were collected using the powder method in a
Rigaku diffractometer equipped with Cu K� X-ray source and a Ni
filter operated at 35 kV and 15 mA.

Hydrogen chemisorption runs were carried out in a conven-
tional pulse apparatus [14] at atmospheric pressure and 100 ◦C.
Prior to chemisorption, the catalysts were reduced in situ at 300 ◦C
in flowing H2. The fraction of exposed Pd was calculated assuming
that one hydrogen atom is adsorbed per surface Pd metal atom.

The particle size distribution was determined by transmission
electron microscopy (TEM), using a Joel 100 CX instrument oper-
ated at 100 kV. The Pd catalysts were ground and dispersed onto
holey carbon-coated Cu grids for direct observation.

Temperature programmed reduction (TPR) experiments were
performed in a conventional apparatus, as described in [15]. Before
reduction, the catalyst (∼40 mg) was oxidized in flowing chro-
matographic air at 300 ◦C for 1 h, and purged and cooled in Ar. A
mixture of 5% H2 in Ar flow was then passed through the sample,
and the temperature raised from −50 ◦C to 350 ◦C at a heating rate
of 10 ◦C min−1.

2.3. Catalytic test

Hydrogenation tests were carried out in a flat-bottom, 0.064 m
diameter, 600 cm3 Parr reactor, operated in a semi-continue mode.
The reactor was connected to a hydrogen source (AGA chromato-
graphic grade) maintained at constant pressure. H2 consumption
was measured during the reaction.

The catalytic tests were performed at 100 ◦C and 413.5 kPa for
1 h, using 250 cm3 of commercial refined sunflower oil. The fatty
acid composition and properties of the refined sunflower oil used
are given in Table 5. The reduced catalyst was added to the reactor
(containing the sunflower oil at reaction temperature). Then, the
pressure was increased in order to start the reaction.

A commercial Ni/SiO2 catalyst was used as a reference (Pricat
9910: 22% Ni, 4% SiO2 dispersed in hydrogenated edible fats). The
hydrogenation was performed at 180 ◦C with 0.23% Ni catalyst. That
temperature was selected to reproduce similar industrial operating
conditions. The Pd catalyst weight was adjusted in order to keep the
weight of exposed Pd constant along the various experiments (see
Table 5).

The analytical studies were carried out with an AGILENT 4890D
gas chromatograph (GC) equipped with a flame ionization detector
(FID), following the procedures established by the AOCS Ce 1c-89
norm. A 100 m long SUPELCO 2560 capillary column, with a nominal

diameter of 0.25 mm and a nominal film thickness of 0.20 mm, was
used for the separation of the different compounds present in the
samples. The iodine number (IV) was calculated from the fatty acid
composition following the AOCS Cd 1c-85 norm.
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was higher on �-Al2O3 than on �-Al2O3 (0.78 and 0.65, respec-
tively). This would be a consequence of the lower OH concentration
on �-Al2O3, because the acetylacetonate (Pd(Acac)2) anchoring
over the alumina surface takes place through a mechanism of ligand

Table 2
Textural properties of supports.

Sample ISA (m2/g) ESA (m2/g) Average pore
diameter (Å)

Pore volume
(cm3/g)

ZSM-5 307.2 66.3 4.5 0.27
MCM-22 379.7 49.6 5.7 0.29
�-Al2O3 0.4 8.8 – 0.47
Ni–SiO2 – 160.6 43.6 0.24
�-Al2O3 – 134.4 97.7 0.43

ESA: external surface area.
ISA: internal surface area.
(–) Not detectable.

Table 3
Catalyst characterization: metal loading, palladium dispersion and palladium par-
ticle size.

Catalyst Pd (wt%) PdS/PdT (%)a d (nm)b d (nm)c TEM BET (m2/g)d

Pd/�(N) 0.86 26 4.2 10.96 9.3
Pd/�(N) 0.77 29 3.9 4.8 134.9
Pd/�(A) 0.65 38 2.9 8.9 8.5
Pd/�(A) 0.78 60 1.9 2.9 133.2
Pd/ZSM-5 0.90 27 4.1 3.4 272.4
Fig. 1. Nitrogen adsorption–desorption isotherms for (a)

Because hydrogenation of edible oils is a three-phase process,
everal transport limitations may occur. The volumetric gas–liquid
ass-transfer coefficient (KLa) was separately measured using an

xcess of catalyst load [16]. Intraparticle diffusion limitations for
ydrogen were estimated with the Weisz–Prater criterion [17].

. Results and discussion

.1. Catalyst preparation and characterization

.1.1. Supports
Textural characterization of the supports, namely specific sur-

ace area, pore size and pore size distribution, was studied by
nalysis of nitrogen isotherms (at −196 ◦C) and by numerical treat-
ent of the adsorption data.
Fig. 1 reports the nitrogen adsorption–desorption isotherms of

ll the samples. The shape of the adsorption isotherms of ZSM-5
nd MCM-22 is Type I in the Brunauer, Deming, Deming and Teller
18] classification, typical of microporous solids. N2 isotherms of
i–SiO2 and �-alumina are Type IV, corresponding to a meso-
orous structure. In addition, the hysteresis loop of these two
amples seems to be of type H3 IUPAC classification, which is asso-
iated with porous solid having slip-shape pores. The isotherm of
-Al2O3 is Type II, indicating a macroporous solid. The small hys-

eresis loop is in agreement with the small internal area reported
n Table 2.

Fig. 2 presents the pore size distribution (PSD) obtained from
he adsorption data. The microporous solids (ZSM5 and MCM-22)
howed a main pore diameter of 4.5 and 5.7 Å, respectively. Both

alues are in agreement with the reported average pore diameter
or these materials. In the case of Ni–SiO2 and �-alumina, the pore
iameter was 43.6 and 97.7 Å, respectively.

Table 2 reports the specific (internal and external) surface areas
nd pore volume of the supports used.
O2, (b) �-Al2O3, (c) �-Al2O3, (d) ZSM-5, and (e) MCM-22.

3.1.2. Catalysts
Table 3 lists the catalysts and their main properties.
When Pd(C5H7O2)2 was used as precursor, the metal loading
Pd/MCM-22 1.08 25 4.5 4.1 280.0

a Pd dispersion, determined from H2 chemisorption at 100 ◦C.
b Pd particle size, deduced by Eq. (1).
c Pd particle size, by TEM.
d Specific surface area.
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Fig. 2. Pore size distribution. References: (a)

nterchange, where a covalent bond is created and HAcac is gen-
rated (C5H8O2), which is adsorbed on the surface [19]. Because
he support pre-treatment prior to impregnation with Pd(acac)2
id not promote the dehydroxylation of the surface, the role of the
oordinatively unsaturated surface (c.u.s.) aluminum ions for the
dsorption of the complex could be excluded [20].

Samples prepared with �- and �-Al2O3 as support did not
resent differences in their specific area and pore volume with
heir corresponding supports. In the case of microporous solids,
he specific surface area of the catalysts was lower than that of the
upports: 272 m2/g versus 373 m2/g for Pd-ZSM-5, and 280 m2/g
ersus 429 m2/g for Pd-MCM-22.

XRD patterns of parents MCM-22 and ZSM-5 and their corre-
ponding Pd catalysts are shown in Figs. 3 and 4. In the XRD pattern
f the Pd/ZSM-5, all peak positions and intensities matched those

eported for the ZSM-5 [21,22] structure, and the same occurred
or Pd/MCM-22 [21,23]. The results show that the introduction
f Pd particles into MCM-22 and ZSM-5 zeolites did not change
he crystal structure of the micropore supports. Furthermore, no
haracteristic diffractions of crystalline PdOx could be detected
O2, (b) ZSM-5, (c) �-Al2O3, and (d) MCM-22.

in the spectra, indicating the uniform distribution of the particles
throughout the matrix of zeolite (its abundance is close to the XRD
detection limit).

Table 3 shows palladium dispersion data. When the support was
�-Al2O3, the organometallic precursor originated a higher Pd dis-
persion than the nitrate precursor. Similar results were reported by
Vasudevan et al. [24]. When the support was �-Al2O3, this behav-
ior was not observed, probably due to the lower surface area of the
support and the lack of OH for the acetylacetonate anchoring.

Fig. 5 shows the particle size distribution of the Pd catalysts
used in the present study, which were determined from the TEM
images for 1000 Pd particles. The distribution is broad for �-Al2O3
supported catalyst, and rather narrow for Pd/�(A). The particle size
distribution is an important factor in the analysis of the TPR profile.

The estimation of the Pd particle diameter was performed by

TEM micrographs according to the following equation,

dp = ˙i(nid
3
i
)

˙i(nid
2
i
)

(1)
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Fig. 3. XRD patterns of parent ZSM-5 (a) and Pd/ZSM-5 catalyst (b).

nd from the H2 uptake measurements using the following equa-
ion,
p(nm) = 1, 12
D

(2)

here D is the Pd dispersion. It can be observed in Table 3 that the
article sizes obtained by TEM were larger than those calculated

ig. 5. Particle size distribution determined for1000 PD particles observed by TEM. Re
d/MCM-22.
Fig. 4. XRD patterns of parent MCM-22 (a) and Pd/MCM-22 catalyst (b).

by H2 chemisorption. This could be due to the presence of small
particles not detected by the electronic microscope. For samples
Pd/ZSM-5 and Pd/MCM-22, it is evident that the majority of the
Pd particles (diameter equal to 4.1 and 4.5 nm, respectively) were

located in the external surface area of the zeolite (main pore size
4.5 and 5.7 Å). In conclusion, XRD data for the catalysts showed that
there was no destruction of the zeolite crystalline structure. On the
other hand, the decreased BET surface area and pore volume of

ferences: (a) Pd/�(A), (b) Pd/�(N), (c) Pd/�(N), (d) Pd/�(A), (e) Pd/ZSM-5, and (f)
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Table 4
Overall reaction constant for the hydrogenation of sunflower oil. Experimental con-
dition: T = 100 ◦C, P = 413 kPa, agitation rate = 1400 rpm.

Catalyst ωkor (min−1) kor (kgoil/min gmetal)

Pd/�(N) 0.0069 0.39
Pd/�(A) 0.0091 1.09
Pd/�(A) 0.0059 0.38
Pd/�(N) 0.0055 0.40
Pd/ZSM5 0.0072 0.37
ig. 6. TPR profile for the studied catalysts. Pre-treatment: oxidation at 300 ◦C for
h.

he Pd catalysts suggest that there was a pore blockage in these
atalysts. Pd particle sizes would validate this idea.

Fig. 6 shows the TPR profiles of the calcined samples, where the
ydrogen consumption is plotted against temperature. TPR profiles
how a positive peak assigned to the reduction of Pd oxide. The
egative peak present at 60 ◦C is attributed to Pd hydride decom-
osition. Its formation occurs when the catalyst comes into contact
ith the reducing mixture at low temperature. It is known that

d hydride is thermodynamically unstable at temperatures above
0 ◦C. Nevertheless, for supported catalysts, Pd hydride decomposi-
ion is affected by the TPR operating conditions, the support nature
nd the presence of promoters [25].

The Pd hydride decomposition signal was not observed for the
d/�(A) sample. This could be due the small average particle size
howed by the sample, since the hydride formation is a volumetric
henomenon.

Comparing the two samples supported on �-Al2O3, Pd/�(N) and
d/�(A), different reduction profiles were found: a narrow peak at
5 ◦C when the precursor used was Pd(C5H7O2)2 and, on the other
and, when the precursor salt was Pd(NO3)2, the signal was broad
t 65 ◦C. Broad reduction peaks are associated with the presence
f particles of various sizes. The latter could be correlated with the
article size distribution of particles obtained by TEM (Fig. 5, a and
).

A similar observation can be made regarding the significant dif-
erence in the reduction temperature of PdO in Pd/�(N) and Pd/�(N)
amples (58 and 38 ◦C, respectively). In this case, the different parti-
le size distribution and the different supports and their interaction
ith Pd need to be born in mind.
Regarding the zeolite supported catalysts, TPR profiles show two
eaks for hydrogen consumption: one very narrow below 0 ◦C, and
he other one wider with a greater area at ∼20 ◦C. Given the charac-
eristics of the support, these profiles could indicate two different
Pd/MCM22 0.0114 0.48
Nia 0.0131 0.02

a Reaction at 180 ◦C.

particle types: one with a smaller particle size, located inside the
zeolite channels (corresponding to the low-temperature consump-
tion peak), including a small fraction of the total due to the small
comparative area in the TPR profile, and probably not shown in
Fig. 5 because the particle size could be below the detection limit.
The other consumption peak would correspond to a larger particle,
located in the external surface.

3.2. Catalytic tests

3.2.1. Mass transfer effects
The volumetric gas–liquid mass-transfer coefficient KLa was

separately measured using an excess of catalyst load (more than
3%) [16]. The value obtained was in the range 0.3–0.5 s−1 and can
be considered acceptable [7].

The Weisz–Prater criterion (Eq. (3)) was used to evaluate the
intraparticle diffusion limitations:

˚I = (−robs,i)�pR2
p

Deff,iCi
(3)

where Ci is the concentration of sunflower oil or H2 [mol/m3], Deff
the effective diffusion coefficient [m2/s], Rp indicates the mean
particle size [m], robs,i the observed rate of double bonds or H2
consumption [mol/s kgcat], and �p is the apparent density of the
catalyst [kg/m3].

The Weisz–Prater criterion indicates that the mass transfer lim-
itation for the unknown kinetics is negligible when ˚I � 1 [26]. The
hydrogen concentration in the liquid was calculated from Anders-
son et al. [27]. Intraparticle diffusion coefficients for the catalysts
were taken as DH2 = 1.2 × 10−8 m2/s and DTAG = 1 × 10−10 m2/s
[27]. The density of sunflower oil was determined from [28] as
�TGA = 0.866 g/ml. The catalyst density was 1574 kg/m3 for Pd on
�-Al2O3, and 2276 kg/m3 for Pd on �-Al2O3. The catalyst particle
diameters were 211 and 225 mm for Pd on �-Al2O3 and Pd on �-
Al2O3, respectively. The tortuousness and porosity values of 4 and
0.5 were adopted. For Ni catalyst, the values were taken from [29].

In the present experiments, the numerical value of the
Weisz–Prater modules of H2 and TAG always remained above 4,
indicating that it is not possible to neglect the concentration gradi-
ents within the catalyst particle.

3.2.2. Overall catalytic activity
The prepared and characterized catalysts were studied in the

partial hydrogenation of sunflower oil at 413 kPa and 100 ◦C (180 ◦C
for the Ni sample). Following the convention, pseudo-first order
rate constants were calculated from IV by assuming that the rate of
IV reduction is first order with respect to IV:
d[C C]
dt

= −ωkor[C C] (4)

where kor is the overall reaction constant at specific reaction con-
ditions, and ω is the ratio = gmetal/kgoil.
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Table 5
Hydrogenation of sunflower oil: fatty acid composition for IV ≈ 90. Experimental condition: T = 100 ◦C, P = 413.5 kPa.

Fatty acids (wt%) Sunflower oil Partially hydrogenated oil

Pd/�(N) Pd/�(A) Pd/�(A) Pd/�(N) Pd/ZSM5 Pd/MCM22 Nia

C16:0 6.1 5.6 5.8 5.69 5.7 4.3 5.3 6.2
C18:0 3.4 5.5 5.6 6.8 6.9 5.5 6.3 9.3
C18:1t 0.0 16.0 14.0 14.2 18.7 14.5 21.6 15.4
C18:1c 35.2 56.3 56.8 55.5 50.2 63.2 53.0 49.2
C18:2t 1.4 5.6 5.9 4.5 3.4 3.5 2.8 2.3
C18:2c 52.6 9.7 10.7 12.1 13.7 8.7 10.1 18.1
C18:3c 0.4 0.1 0.2 0.1 0.1 0.1 0.1 0.0
C20:0 0.1 0.3 0.3 0.3 0.3 0.1 0.2 0.5
C22:0 0.1 0.6 0.7 0.6 0.7 0.1 0.6 0.8
%trans 1.4 21.6 18.6 18.7 22.2 18.0 24.3 21.7
S1b – 0.96 0.95 0.92 0.91 1.02 0.96 0.88
S2c – 0.06 0.06 0.10 0.10 0.05 0.07 0.20
treaction (min) – 40 20 50 50 40 20 30
IV 124.9 89.1 90.2 89.0 89.4 88.1 86.7 90.9
Catalyst (mg) – 500 232 483 347 473 480 500
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also involve the hydrogenation of trans-C18:2 to cis-C18:1 and
trans-C18:1 to C18:0.

Pd/�(A) and Ni catalysts showed a similar overall reaction path-
way, but the magnitudes for each reaction step were different. The
a Reaction at 180 ◦C.
b S1 = (C18:1–C18:10)/(C18:20–C18:2).
c S2 = (C18:0–C18:00)/(C18:1–C18:10).

Table 4 summarizes the kor values for the catalysts stud-
ed, which allows to estimate the overall hydrogenation activity.
d/�(A) catalyst, with a Pd loading of 0.78 wt% and a 60% disper-
ion, showed a higher specific activity than the other Pd catalysts.
he difference was important, with a value of 1.09 kgoil/min gmetal
or Pd/�(A) versus 0.38 to 0.48 kgoil/min gmetal for the other Pd cat-
lysts. Regarding Pd/ZSM5 and Pd/MCM22, in view of what was
nalyzed in Section 3.1.2, most Pd particles would not be located
n the micropores of the samples. Therefore, the microporosity did
ot affect the activity of the Pd catalysts.

Ni was tested at 180 ◦C (temperature at which it is used
nder industrial operating conditions). At this temperature, the kor

alue for Pd/�(A) is 7.5 kgoil/min gmetal (determined with values of
able 5). Thus, the Pd catalyst activity was 375-fold higher than that
f the Ni catalyst.

.2.3. Catalytic activity and selectivity
The hydrogenation of sunflower oil is represented by the varia-

ion of the fatty acid content as a function of C C conversion (and
eaction time in a secondary axis) in Figs. 7 and 8. As the present
ork is focused on the control of trans-isomers, the geometrical

somers are examined without taking into account the position of
he double bond in the fatty acid chain.

Fig. 7 presents the fatty acid composition for the hydrogena-
ion of sunflower oil carried out over Pd/�(A) catalyst at 100 ◦C and
13 kPa. The IV decreased from an initial value of 120.2 to 66.4
reaction extent: 45%) over the course of 1 h. The linoleic acid (cis-
18:2) content decreased from an initial value of 47.0% to 0.9%,
hereas the oleic acid (cis-C18:1) content increased from 39.6% to

7.2% in 30 min, and then it decreased to 30.0% (1 h reaction time).
he stearic acid content remained low at 4–6% for up to 30 min
reaction extent: 27%), and then steadily increased to a final value
f 17.5%. The trans-C18:1 content increased over the course of the
eaction from 0.5% to about 43.7%.

Fig. 8 shows the fatty acid profile when the hydrogenation was
arried out over a commercial Ni catalyst. The IV decreased from
n initial value of 122.3 to a final value of 58.0 (reaction extent:
5.8%) over the course of 1 h. The cis-C18:2 was converted by
ydrogenation and isomerization, and its level decreased until total

onversion. The levels of oleic acid increased, reaching a maximum
alue of 50.6% at 40 min (reaction extent: 36.6%) and then decreased
o 30.6% after 1 h. The trans-C18:1 fatty acid content increased from
.3% to 32.1% after 60 min. Trans-C18:2 showed a different behavior
ith an increase of up to 2.35% (30 min) followed by a decrease as
a result of its hydrogenation (partial or complete). The stearic acid
(C18:0) content increased from 3.6 to 29.7% as expected.

Scheme 1 shows the accepted general model for the hydrogena-
tion of sunflower oil, which considers consecutive reactions of the
triglyceride saturation together with the cis–trans isomerization.
The concentration of C18:3 fatty acid is very low, and therefore not
considered in the scheme. The dashed lines are for negligible reac-
tions. The overall hydrogenation reaction involves the consecutive
saturation of cis-C18:2 to cis-C18:1 and its subsequent saturation
to C18:0, as well as the parallel isomerization of cis-C18:2 to trans-
C18:2 and cis-C18:1 to trans-C18:1. The reaction pathway could
Fig. 7. Fatty acids (%) versus C C conversion (%) for Pd/�(A) catalyst (reaction
time = 60 min). References: �, C18:0; �, cis-C18:1; ©, trans-C18:1; �, cis-C18:2; ×,
trans-C18:2. Operating conditions: 100 ◦C, 413 kPa, 1400 rpm, catalyst: 232 mg.
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Table 6
TOF (h−1) for Pd/�(N) and Pd/�(A) samples.

TOF (×103 h−1) Operating conditions

Pd/�(A) dp
a = 1.9 nm Pd/�(N) dp = 3.9 nm T [◦C] P [kPa]

102.5 57.5 120 413
88.2 40.0 100 413
27.5 12.5 80 413
ig. 8. The fatty acids content as a function of C C conversion during the sunflower
ydrogenation in the presence of the catalysts Ni–SiO2 (reaction time = 60 min).
eferences: �, C18:0; �, cis-C18:1; ©, trans-C18:1; �, cis-C18:2; ×, trans-C18:2.
perating conditions: 180 ◦C, 413 kPa, 1400 rpm, catalyst: 500 mg.

aturation of cis-C18:1 to C18:0 was more pronounced for the Ni
atalyst and lower for the Pd catalyst. The isomerization of cis-C18:1
o trans-C18:1 was favored by both catalysts, and the isomerization
f cis-C18:2 to trans-C18:2 was higher for Pd catalyst. Nevertheless,
d/�(A) generated less trans-isomers than the Ni catalyst (18.6%
ersus 21.7%). That trans-isomer concentration is still too high for
ood application, but Pd/�(A) is a better catalyst than Ni to pro-
uce different base oils for lubricants. The description “Low trans
atty acid content” implies that the product must contain less than
% trans acid, with a normally accepted maximum of 0.8% in the
nished product [30].

For all the studied catalysts, the composition of the fatty acids
n the partial hydrogenated oil for an IV ≈ 90 is shown in Table 5. In
ll the cases, there was an increase in the concentration of stearic
cid (C18:0) and a decrease in linoleic and linolenic acids (cis-C18:2
nd cis-C18:3) due to the saturation of the double bonds. For the
ame IV reduction, all the catalysts produced about the same level
f trans-fatty acid, but Pd catalysts produced less stearic acid and
ere more selective toward cis-C18:1 formation than the Ni cata-

yst.

Table 5 shows selectivity S1, defined as the amount of monoun-

aturated fatty acids (C18:1) formed with respect to the amount
f diunsaturated fatty acids converted (C18:2), and selectivity S2,
efined as the amount of saturated fatty acids (C18:0) produced
ith respect to the amount of monounsaturated fatty acids (C18:1)

cheme 1. Hydrogenation–isomerization of sunflower oil. Dashed lines are from
egligible reactions. References: CC: cis-C18:2, CT: trans-C18:2, C: cis-C18:1, T:
rans-C18:1, S: C18:0.
42.5 25.0 100 207
120.0 42.5 100 620

a Pd particle size, calculated by Eq. (1).

converted (for IV ≈ 90). The value of S1 was 0.95 and 0.88 for
Pd/�(A) and Ni, respectively. According to these values, Ni produced
the lowest level of monounsaturated fatty acids, while the oppo-
site is true for Pd/�(A). On the other hand, the value of S2 was 0.06
and 0.20 for Pd/�(A) and Ni, respectively, indicating that the satu-
ration of C18:1 to C18:0 was more pronounced for the Ni catalyst
and lower for the Pd catalyst. This tendency was observed for all
the Pd catalysts studied in this work.

Pd/�(A) and Pd/MCM22 presented the highest activity. How-
ever, despite its similar activity to Pd/�(A), the catalyst Pd/MCM22
displayed a high trans-fatty acid production (24.3% versus 18.6%).

3.2.4. Influence of the support on the catalytic performance
In this work, four different supports were used in order to study

the support effects on the hydrogenation of sunflower oil. Their
main properties are listed in Table 2.

Pd/�(N), Pd/�(A), Pd/ZSM5 and Pd/MCM22 were selected for
their similar metallic particle size. In Table 5 it can be observed
that MCM-22 supported catalysts were slightly more active than
�-Al2O3, �-Al2O3 and ZSM5 supported samples. This difference is
minor considering the great differences in acidity, pore size dis-
tribution and specific surface areas (9.2–429.3 m2/g) between the
selected supports. These results would indicate that the support
does not exert an important effect on the hydrogenation of sun-
flower oil under the selected operating conditions. With respect to
the cis/trans selectivity, Table 4 shows that there is not a significant
effect of the support on the trans-isomer production.

3.2.5. Effects of Pd particle size
Different precursors were used in order to obtain catalysts with

different metallic particle size. The Pd/�(A) sample presented a
smaller particle size than Pd/�(N), 1.9 nm and 3.9 nm, respectively.

When the catalysts are compared on the basis of their specific
activities (kor), the Pd/�(A) sample was more active exhibiting a
specific activity of 1.09 (kgoil/min gmetal), whereas Pd/�(N) showed
a specific activity of 0.39 (kgoil/min gmetal).

Table 6 shows the turn over frequency (TOF, h−1) for differ-
ent operating conditions. TOF was calculated from the initial rates,
which were determined from the slopes. These data suggest that at
a smaller particle size, the initial rate is slightly higher. But these
differences are small and do not allow to draw a final conclusion.
With respect to the cis/trans selectivity, no significant variations
were observed (not shown).

4. Conclusion

Sunflower oil hydrogenation was studied using six palladium
catalysts prepared with different precursors and supports (�-
Al2O3, �-Al2O3, ZSM-5, and MCM-22). A comparative evaluation

of the performance of Pd catalysts and a commercial nickel catalyst
was carried out.

The samples prepared showed a metal loading in the range
0.7–1 wt% and a main Pd particle size of 2–4.5 nm. In the case of
the Pd/ZSM5 and Pd/MCM22 catalysts, most Pd particles were not
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ocated in the micropores of the samples. Therefore, the microp-
rosity did not affect the activity of the catalysts.

Under the studied operating conditions, the different supports
id not improve significantly the activity or the selectivity of
he reaction. Regarding the effects of Pd particle size, turn over
requency was compared for different operating conditions; the
esults suggest that at a smaller particle size, the initial rate is
lightly higher. But these differences were small and do not allow
o draw a final conclusion. With respect to the cis/trans selectivity,
o significant variations were observed.

The �-alumina supported Pd catalyst, Pd/�(A), with a metal
oading of 0.78 wt% and a 60% dispersion, showed a specific
ctivity higher than the other Pd catalysts, with a value of
.09 kgoil/min gmetal versus a 0.38–0.48 kgoil/min gmetal for the
ther Pd catalysts. The Pd/�(A) catalyst activity was 375-fold higher
han that of the Ni catalyst (under the same operating conditions).

For the same double bond conversion (IV ≈ 90), this sample orig-
nated a slightly lower amount of total trans-isomers than the Ni
atalyst (18.6% versus 21.7%). The value of S1 was 0.95 and 0.88 for
d/�(A) and Ni, respectively. According to these values, Ni produced
he lowest level of monounsaturated fatty acids, while the opposite
as true for Pd/�(A). On the other hand, the value of S2 was 0.06

nd 0.20 for Pd/�(A) and Ni, respectively, indicating that the satu-
ation of C18:1 to C18:0 was more pronounced for the Ni catalyst
nd lower for the Pd catalyst. This tendency was observed for all the
d catalysts studied in this work. The trans-isomer concentration
s still too high for food application, but Pd/�(A) is a better catalyst
han Ni to produce base oils for lubricants.
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