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a b s t r a c t

The partial hydrogenation of sunflower oil with minimum trans-isomer formation is studied, using a Pd/�-
alumina catalyst modified with promoters apt for human consumption: ethyl benzoate and magnesium
glycinate. It was found that the hydrogenation rate diminishes with the additions of the modifiers.

Regarding the cis/trans-selectivity, significant differences were found: ethyl benzoate promoted the
formation of trans-isomers, whereas magnesium glycinate diminished it. The results can be interpreted in
eywords:
alladium
unflower oil
ydrogenation

rans-Isomers

terms of different effects: change in the electron density of palladium, which affects the relative adsorption
strength of the reactant, intermediates and hydrogen, and a block of part of the surface by the modifiers.
Theoretical calculations were performed to support this hypothesis.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The hydrogenation of vegetable oils is an industrial process that
llows turning vegetable oil into a solid and more stable substance.
oncurrently with the hydrogenation of double bonds, geometrical
nd positional isomerizations take place. The trans-isomer forma-
ion was seen under a positive light for a long time, due to its
igher fusion point relative to the cis-isomers naturally present in
egetable oils.

In recent years, however, it has been published that the intake
f trans-fatty acids adversely affects blood lipid levels. Metabolic
nd epidemiologic studies confirm the potential role of trans-fatty
cids in increasing the risk of coronary heart disease. Furthermore,
n a per-gram basis, the negative health impact of trans-fatty acids
ppears to be stronger than that of saturated fatty acids [1–3].

Willett and co-workers [4] studied 80,082 women for 14 years.
heir collected data provide strong evidence in support of the
ypothesis that a higher dietary intake of saturated fat and trans-

nsaturated fat is associated with an increased risk of coronary
isease.

Recently, a significant and negative relationship was observed
etween birth length, weight and head circumference and the

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
E-mail address: gtonetto@plapiqui.edu.ar (G.M. Tonetto).
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18:1 (vide infra) trans-concentration in maternal plasma phos-
holipids in early pregnancy [5]. These results indicate that
rans-fatty acids may compromise fetal development.

The Food and Drug Administration (FDA) ruled that, as from Jan-
ary 1, 2006, the nutrition labels for all conventional foods and
upplements must indicate the content of trans-fatty acids [6].

Industrially, the process is carried out in semibatch reactors
sing nickel catalysts deposited on a silicate support. These cat-
lysts require temperatures around 180 ◦C and pressures between
.1 and 0.6 MPa. On the other hand, there are reports of this reac-
ion studied on catalysts of palladium [7,8]. In these cases, smoother
peration conditions are needed, because Pd is more active.

Previous experiments on the hydrogenation of vegetable oils
arried out in our laboratory, include the study of palladium cata-
ysts and their modification using Mo [9], V, Pb and K [10] with the
urpose of promoting the cis-isomer selectivity.

Nevertheless, improvements are still needed in order to satisfy
he new specifications of a lower trans-isomer concentration. This
ork presents the use of two edible compounds as modifiers of the

is/trans-selectivity. They were chosen for their electronic proper-
ies [11]: ethyl benzoate (as Lewis base) and magnesium glycinate
salt of an electropositive metal).
Ethyl benzoate (EtB, C9H10O2, Fig. 1A) is an electron donor. It is a
olorless liquid that is almost insoluble in water, but miscible with
ost organic solvents. Like many volatile esters, ethyl benzoate has
pleasant odor, being used as a component of some artificial fruit
avors.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:gtonetto@plapiqui.edu.ar
dx.doi.org/10.1016/j.molcata.2008.10.030
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Nomenclature

C16.0 palmitic acid
C18.1 cis-oleic acid
C18.1 trans-elaidic acid
C18:0 stearic acid
C18:1 oleic acid
C18:2 linoleic acid
C18:3 linolenic acid
C20.0 arachidic acid
C22.0 behenic acid
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Fig. 1. (A) Ethyl benzoate and (B) magnesium glycinate.

Magnesium glycinate (GlyMg and MgC4H4O5, Fig. 1B) is the salt
f the ionized form of malic acid. Malic acid (hydroxybutanedioic
cid) is a tart-tasting organic dicarboxylic acid present in many sour
r tart foods. Apples contain malic acid, which contributes to the
ourness of a green apple. Malic acid can make a wine taste tart,
lthough the amount decreases with increasing fruit ripeness. As a
ood additive it is denoted by E296, and it is the source of extreme
artness in candies and potato chips.

There are previous works in the literature on the use of alkali
etals as promoters of alumina and silica-supported palladium

atalyst [12,13]. Prins and co-workers [12] explained the promoting
ffect on the silica-supported catalyst and the absence of a promot-
ng effect on an alumina-supported Pd catalyst by proposing that
he basic oxide additive must be close to or in contact with the
d particles in order to be effective in the methanol synthesis. The
ate enhancements for methanol formation of the metal oxides fol-
owed a volcano curve when plotted as a function of the metal ion
lectronegativity. Ca interacts strongly with the acidic sites of the
lumina support. They proposed a selective location of the alkali
xide on kinks and corners of the Pd particle.

This work proposes the use of two edible modifiers of the
electivity, magnesium glycinate and ethyl benzoate, looking for
decrease in the trans-isomer formation during the partial hydro-
enation of sunflower oil on a supported-Pd catalyst. Theoretical
alculations are used in order to explain the experimental results.

. Experimental

.1. Catalyst preparation

The supported-Pd catalyst was prepared by wet impregnation.
he support material was �-Al2O3 (Condea, Puralox, 148 m2/g,
verage particle size: 211 �m). Prior to impregnation, the support
as dried under a N2 flow at 423 K for 2 h. The �-Al2O3 support
as impregnated with a solution of Pd(Acac)2 (Acac = C5H7O2) in

oluene, at 298 K for 24 h. The concentration of the solution was
djusted to obtain a metal content of 1 wt%. After impregnation,
he catalyst was dried in Ar at 423 K for 2 h, and then heated in

hromatographic air at 773 K for 2 h.

The Pd–GlyMg/Al2O3 catalyst was prepared by impregnation.
he Pd/Al2O3 sample was mixed with 8 ml of aqueous solution of
agnesium glycinate (145 mg), at room temperature for 5 h under

B
o
T

alysis A: Chemical 299 (2009) 88–92 89

igorous agitation. The resulting suspension was dried at 353 K in
vacuum oven in order to remove the water. The Pd–Mg/Al2O3

ample was obtained by calcination of Pd–GlyMg/Al2O3 catalyst in
hromatographic air at 773 K for 4 h.

.2. Catalysts characterization

The metal content was determined by atomic absorption spec-
roscopy (AAS).

Hydrogen chemisorption runs were carried out in a conven-
ional pulse apparatus [14] at atmospheric pressure and 373 K. Prior
o chemisorption, the catalysts were reduced “in situ” at 373 K in a
2 flow. The fraction of exposed Pd was calculated assuming that
ne hydrogen atom is adsorbed per surface Pd metal atom.

.3. Catalytic activity measurements

The hydrogenation tests were carried out in a semibatch
icroreactor of 9 ml. The oil used in the catalytic activity mea-

urements was a refined, bleached, and deodorized commercial
unflower oil, which consists of a mixture of 5.7% C16:0; 3.9%
18:0; 1.5% C18:1trans; 38.8% C18:1cis; 46.5% C18:2cis,cis; 2.3%
18.2cis,trans and C18.2trans,cis; 0.3% C20:0; 0.7% C22:0; 0.3% C24:0
where the first number represents the total carbon number of the
cyl groups, and the second number represents the total number
f double bonds).

The reactor was connected to a hydrogen (AGA grade chromato-
raphic) source maintained at constant pressure. The catalytic tests
ere performed at 373 K and 413.5 kPa for 1 h, using 8 ml of refined

unflower oil. The catalyst weight was adjusted in order to maintain
0.1-mg Pd/cm3 oil ratio for the various experiments. The stirring

ate was 1400 rpm.
The catalyst was reduced at 373 K for 30 min, and dispersed in

ristearin (glyceryl tristearate), forming a small pellet (150 mg) in
rder to preserve the reduced metal. The catalyst was then added
o the reactor containing the sunflower oil, and the system purged
o eliminate oxygen. Then the temperature was increased to 373 K.
inally, the pressure was increased in order to start the reaction.

In the tests using ethyl benzoate, the compound was added into
he oil in a EtB:Pdtotal molar ratio of 100 and 200. The operation
rocedure was above described and the catalyst used was Pd/Al2O3.

An Agilent 4890D gas chromatograph (GC) equipped with a
ame ionization detector (FID) was used to identify the reaction
roducts, following the procedures established by the AOCS Ce
c-89 norm. A 60-m long SUPELCO 2380 capillary column, with
nominal diameter of 0.25 mm and a nominal film thickness of

.20 �m was used for the separation of the different compounds
resent in the samples. The iodine number (IV) was calculated from
he fatty acid composition following the AOCS Cd 1c-85 norm.

The IV measures the unsaturation of oils and fatty acids
xpressed in terms of the number of grams of iodine per 100 g of
ample. Consequently, the calculation of the C C conversion was
erformed as follows:

C conversion (%) = (IV0 − IVf) 100
IV0

here IV0 is the iodine value of the original sunflower oil, and IVf
he corresponding value of the partially hydrogenated oil.

. Theoretical methods
An ab initio calculation performed with Gaussian 98 software,
3LYP and G-321G as basis set was used to determine the charges
n two different models: Pd2O2H4 and PdMgO2H4 (Figs. 3 and 4).
he Mulliken calculation method was used [15].
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Table 2
Hydrogenation of sunflower oil: trans-isomers and C18:0 formation at 10% C C
conversion.

Catalytic system Reaction time (min) trans-Isomers (wt%) C18:0 (wt%)

Pd/Al2O3 35.0 3.5 6
EtB-200a 69.0 20.3 6.2
EtB-100b 51.0 15.1 7.2
Pd–GlyMg/Al2O3 66.0 2.3 4.4
P
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After this, the study of H2 and reaction intermediate adsorption
n both models was performed In this case, the MM2 software was
sed in the Chem3D 5.0 Ultra Package (Cambridge Soft) [15], with
Pd-atom set as square plane, and Mg modeled as a 2+ cation.

. Results and discussion

.1. Experimental results

Table 1 lists the catalysts and their metal content, and Pd dis-
ersion.

Fig. 2 shows the C C conversion, and the saturated com-
ound (C18:0) and trans-fatty acid formation for a 1-h reaction.
he trans-fatty acids include monounsaturated (C18.1trans) and
olyunsaturated trans-fatty acids (C18.2cis,trans, C18.2trans,cis and
18.2trans,trans).

EtB is soluble in oil. It was added to the sunflower oil together
ith the Pd/Al2O3 catalyst. Fig. 2 shows a significant decrease in

he hydrogenation activity when EtB was added (EtB-100 and EtB-
00), compared to the reaction carried out without it: 11.9% and
.7% versus 17.4% respectively.

This reduction was more significant at higher EtB concentra-
ions. With regard to the selectivity, the addition of the modifier
ncreased the trans-isomer formation. Surprisingly, the higher EtB
oncentration generated the same amount of trans-fatty acids,
ncreasing the C18:0 production.

Magnesium glycinate is not soluble in organic solvents. There-
ore it was loaded over the Pd/�-Al2O3 catalyst to give the sample
d–GlyMg/Al2O3. This sample was prepared in such a way as to
each a GlyMg:Pdtotal molar ratio of 200.

Part of the sample was calcinated in order to eliminate the
rganic component and leave only the Mg modifying the Pd. It was
ound that both Pd–Mg/Al2O3 and Pd–GlyMg/Al2O3 exhibited a low

ctivity compared to the Pd/�-Al2O3 catalyst (8.8% and 9.1% versus
7.4% respectively).

Table 2 shows the reaction time necessary for reaching a 10%
C conversion and the corresponding trans-isomer and C18:0 for-

ation. A lower trans-isomer production by the Pd–GlyMg/Al2O3

able 1
etallic contents of the catalysts.

atalyst Pd (wt%) Mg (wt%) PdS/PdT (%)a

d/�-Al2O3 0.78 0 62
d–GlyMg/�-Al2O3 0.78 36 –
d–Mg/�-Al2O3 0.78 36 17

a Pd dispersion, determined from H2 chemisorption at 100 ◦C.

ig. 2. Hydrogenation of sunflower oil: C C conversion (%), trans-isomer and
18:0 formation (wt%). Operation conditions: T = 373 K, P = 413.5 kPa and reaction
ime = 1 h.
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d–Mg/Al2O3 68.0 2.1 4.1

a Molar ratio EtB:Pdtotal = 200.
b Molar ratio EtB:Pdtotal = 100.

nd Pd–Mg/Al2O3 samples (2.3% and 2.1%) was observed when
ompared to that of Pd/Al2O3 (3.5%). In contrast, the use of EtB
ncreased the formation of trans-fatty acids (15.1% and 20.3% for
he EtB:Pdtotal molar ratio of 100 and 200 respectively). It is inter-
sting to note that EtB-200, Pd–GlyMg/Al2O3 and Pd–Mg/Al2O3
resented similar activities at a 1-h reaction time. These sam-
les have an equal molar ratio of EtB:Pdtotal, GlyMg:Pdtotal and
gO:Pdtotal. The activity increased when the EtB concentration

iminished.
It is possible that the deactivation is a consequence of the geo-

etric effect of the modifier on the palladium. The Pd dispersion in
he monometallic sample was 62%, whereas for the Pd–Mg/Al2O3
ample it was 17%. Therefore, the active sites that are accessible to
he reactant diminish in the presence of the modifier.

In the case of the samples with Mg, it would be possible to postu-
ate, based on numerous reports [16–20], that the exposed metallic
urface is modified altering the adsorption strength of reactants
nd/or products.

Keane and co-workers [17] observed a reduction in the Pd 3d5/2
inding energies compared with that of palladium bulk metal
334.4 eV versus 335.1 eV) in the reduced Pd/MgO catalyst. They
ndicated that the magnesia-supported palladium particles appear
o be electron-rich as a result of a metal–support interaction where
n electronic ligand effect is induced by the support. Indeed, Mojet
t al. [18] and Kappers et al. [19] have reported that the use of
agnesia as a support leads to the formation of small electron-rich

upported-Pd and Pt particles.
Our group has accomplished a mechanistic study of cis/trans-

somerization and full hydrogenation of oleic acid over three Pd
lanes [22]. In addition to the well-known Horiuti–Polanyi mecha-
ism, an adsorbed monoyne-mediated mechanism was considered.
e will analyze the present results considering the effect of the
odifiers in the both reaction intermediates, using theoretical cal-

ulation.

.2. Theoretical results

Taking into account the best catalytic results of the Pd–GlyMg/�-
l2O3 and Pd–Mg/�-Al2O3 samples, two very simple theoretical
odels for the catalytic systems, Pd2O2H4 and PdMgO2H4 respec-

ively, were selected in order to simulate the effect of Mg on the
dsorption of the reactants.

The hydrogenation of monoenes involves the production of sat-
rated compounds and cis-trans-isomerization products, among
ther reactions. This was explained by the Horiuti–Polanyi mecha-
ism, which considers the formation of a half-hydrogenated surface

ntermediate and its easy rotation [21,23]. If the hydrogen atom
dded to the adsorbed monoene to form the half-hydrogenated

ntermediate returns to the catalyst surface, the original cis-

olecule is desorbed. On the other hand, if this H atom remains
n the molecule and the original H is abstracted, a cis/trans-
somerization is observed and the trans-isomer is generated. If
he half-hydrogenated intermediate takes a second hydrogen from
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Fig. 3. Structural findings of alkyne (A) and half hydrogenated (B) models adsorbed on Pd2O2H4.
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Fig. 4. Structural findings of alkyne (A) and hal

he surface, the desorption results in a completely hydrogenated
olecule.
The cis/trans-isomerization of monoenes was also explained in

erms of an abstraction-addition mechanism with a �-complex as
ntermediate [21,24]. This reaction mechanism involves the dehy-
rogenation of the precursor monoene molecule on the catalyst
urface, forming an adsorbed monoyne intermediate. Then it is fol-
owed by a hydrogen addition. In this case, in order to produce the
rans-species, the hydrogen must come from different sides of the
dsorbed monoyne.

It is extremely important to point out that no alkynes are
etected in the triglyceride hydrogenation. This species is proposed
o remain on the surface, strongly adsorbed if hydrogen is absent,
r reacted to monoene (cis or trans) when hydrogen is present.

Figs. 3 and 4 show the Pd2O2H4 and PdMgO2H4 models, respec-
ively. The structural findings are represented in the schemes.
igs. 3 and 4A represent the adsorbed monoyne structure (as HCCH)
n Pd, whereas Figs. 3 and 4B correspond to the half hydrogenated
pecies (as CH3CH2) on the Horiuti–Polanyi mechanism.

From the Gaussian 98 results, palladium changed the charge
rom +0.258 to +0.658 with a Mg2+ bond through an O bridge
Pd2O2H4 and PdMgO2H4 are compared). This result is consistent
ith those reported by Mojet et al. [18] and Kappers et al. [19].

The H2–Mg bond length was approximately 1 Å shorter than
he H2–Pd bond length (2.83 Å versus ∼3.9 Å respectively). What
s more, the distance between H2 and the half hydrogenated/

onoyne species adsorbed on Pd was also shorter when Mg is
resent (3.68–4.05 Å up to 3.39–3.20 Å), as shown in Figs. 3 and 4.

For the Pd2O2H4 model, the C–Pd distance in the half hydro-
enated species was 2.06 Å, whereas the distance of Pd to the
entroid of the C–C bond in the alkyne species was 2.01 Å. When
g2+ was present, the distances were 2.074 and 2.06 Å, respectively.

This theoretical result is parallel to the experimental observa-

ion made by Price and co-worker [20]. These authors investigated
he behavior of K-doped Pd/Al2O3 catalysts for selective acety-
ene hydrogenation. They found a reduction in the strength of the
dsorption of hydrocarbons, which may be caused by an increased

A

a
(

ogenated (B) models adsorbed on PdMgO2H4.

lectron density on Pd particles. Pd would then have a low propen-
ity to share electrons with adsorbed hydrocarbons.

These preliminary results support the idea of a hydrogenation
f an adsorbed monoyne-intermediate with “on the same side”
ydrogen (not dissociated molecular hydrogen), promoted by the
resence of MgO close to Pd, as an explanation of the decrease in
he trans-isomers selectivity in the case of Pd–GlyMg/Al2O3 and
d–Mg/Al2O3 catalysts.

Nevertheless, in the case of ethyl benzoate as modifier, the effect
as opposite to that desired. This can be due to (a) the destabi-

ization of the monoyne intermediate due to the presence of ethyl
enzoate, (b) the repulsive interaction of the monoyne intermedi-
te with the electron-rich Pd particles and (c) the electron transfer
o Pd (by ethyl benzoate) that polarizes even more the Pd–H bond,
acilitating the surface hydrogen dissociation and resulting in a
igher formation of C18:0.

. Conclusions

The effect of the addition of edible modifiers (EtB and GlyMg)
o Pd/Al2O3 catalysts for the hydrogenation of sunflower oil was
tudied. It was found a decrease in the hydrogenation activity when
ither modifier was added. Regarding the cis/trans-selectivity, sig-
ificant differences were found: ethyl benzoate promoted the

ormation of trans-isomers, whereas the magnesium glycinate
iminished it. The results can be interpreted in terms of differ-
nt effects: change in the electron density of palladium, which
ffects the relative adsorption strength (of the reactant, interme-
iates and hydrogen), and a block of part of the surface by the
odifiers. Theoretical calculations were performed, which support

his hypothesis.
cknowledgements
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