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Abstract

Studies on the hydrogenation of sunflower oil on supported Pd catalysts were performed. The reaction was investigated at 373K and
413.5kPa using a semi batch reactor.

The adsorption of oleic acid on Pd surface was modeled. The metal catalyst was represented by three low index planes whitégide oil by
decene. Besides, two different mechanisms were studied foithransisomerization and full hydrogenation of the oleic acid: Horiuti—Polanyi
and adsorbed monoyne-mediated mechanismciBiedecene model and all the subsequent reaction structures were conformationally studied
by molecular mechanics (MM2). The more stable conformations were used as input for extaruked IlKe calculations. The theoretical
studies show that the selected mechanisms were energetically possible on the Pd planes, however the monoyne-mediated mechanism wa
more exothermic.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction elaidic acid, comparedto one enriched in oleic acid, increased
total and low-density lipoprotein (LDL) cholesterol con-
The hydrogenation process of vegetable oils is very im- centrations and decreased high-density lipoprotein (HDL)
portant in the food industry. It is used to improve oxidative cholesterol concentration, hence resulting in a less favorable
and thermal stability of the oil and to convert liquid oils to total-cholesterol:HDL-cholesterol ratio. Ascherio et [&]
the semi-solid form. demonstrated a dose-dependent relationship betivasa
The hydrogenation is usually carried out in a three-phase fatty acid intake and the LDL:HDL ratio, and when combin-
semi batch reactor: hydrogen gas is bubbled in hot liquid oil ing a number of studies, the magnitude of this effect is greater
(393-461K), usually under pressure (100-608 kPa), in the for transfatty acids compared to saturated fatty acids.
presence of a catalyst, typically powdered nickel. Simulta-  With this motivation, the demand for lower levelstdEns
neously to double bonds saturation, partial hydrogenation of isomers content in hydrogenated edible oils has increased.
polyunsaturated oils causes isomerization of some of the re-A field in which there have been major advances is that of
maining double bonds and migration of others, resulting in hydrogenation catalysf3]. The bulky size of the triglyceride
an increase in theansfatty acid content and the hardening molecules, together with the simultaneity of other reactions,
of fat. as those of positional or geometrical isomerization, canimply
The trans fatty acids have adverse health implications. that the reaction is not insensible to the catalytic surface.
Mensink and Katar{1] suggested that a diet enriched in There are reports for the use of Pd catalysts in the hydro-
genation of edible oilpl]. Because of the higher activity than
* Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600, 1S Ni predecessors, the operation can be carried out under
E-mail addressmiferreira@plapiqui.edu.ar (M.L. Ferreira). softer conditions. The aim of the present study is to compare
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acid (18:2) of 35 and 52.6%, respectively. This paper reports

Nomenclature experimental studies and theoretical calculation. We selected
a model of oleic acidgcis-4 decene, to study theistrans
C concentration (mol/f) isomerization and full hydrogenation over different Pd clus-
D mean particle size (m) ters using a molecular mechanics approach and molecular
Dett  effective diffusion coefficient (s ﬂﬁq/mgat) orbital calculations. We also presented experimental results
E energy of the hydrogenation of sunflower oil on supported Pd cat-
robs  Observed rate (mol/s kg alysts prepared using different precursors and supports. The
TAG  triglyceride reaction was investigated at 373 Kand 413.5 kPa using a semi

batch reactor.
Greek letters

o Weisz—Prater criterion

Pp catalyst apparent density (g/ém 2. Experimental

Sub- and superscripts 2.1. Catalysts preparation

[ component

p particle Supported Pd catalysts were prepared following two dif-

ferentmethods: wetimpregnation (WI) and incipient-wetness

impregnation (IWI). The support materials weyeAl,03

(Condea, Puralox, 1373fy), a-Al,03 (Rhone Poulenc,

the dependence of catalytic activity acid/trans selectivity 9.5 n?/g) and Na-ZSM5 (Chemie Uetikon AG, 346. 7).

with the support features and metallic particle size, looking Prior to impregnation the supports were dried undgfldiv

forward to lowering thdransisomer content in the hydro- at 423K for 2 h.

genated edible oils. Na-ZSM5 was ion-exchanged to obtain the protonic acid
There are scarce reports in the open literature about the reform of the zeolite. Four ion exchanges were performed us-

actions of triglyceride model compounds on transition metals ing 1 M NH4NOg3 solution for 6 h at 353 K. The zeolite was

planes. On the other hand, there is a great number of reportasvashed and filtered three times between each ion exchange

of the modeling of the adsorption and/or reaction of 1-butene in order to secure that all the impurities were completely

and 2¢igtransbutenes on transition metdks,6] mainly Pt, removed. Finally the catalyst pellets were calcined (4 h at

Pd and Ni. The reactions such as oxidative addition and re-1393 K and 4 h at 833 K).

ductive elimination were investigated from a theoretical point ~ Pd(A)~-Al203 and Pd(A)&-Al 203 were prepared by WI

of view quite early, especially for+H, C—H and G-C bonds of the support with a solution of Pd(AcaqAcac = GH705)

with either naked metal atoms or with the M(B)bifragment in toluene, at 298 K for 24 h.
(M=Pd, Pt)[7-10]. The formation of the two MH or M—C Pd(N)A~-Al203 and Pd(N)-Al,0Os were prepared by im-
bonds requires the promotion of the metal to tAs' dtate. pregnation of the support with solution of Pd(B)@using the

The more accessible this state is, the more exothermic thelWIl method. The sample Pd(N)/ZSM5 was prepared by the
oxidative addition and the lowest the corresponding energy same technique using (Nj;Pd(NGs)2 as a precursor.

barrier are. This is why oxidative additions are generally eas-  After impregnation the catalyst were dried in Ar at 423K
ier with Pt than Pd systems. However, reductive elimination for 2h and then heated in chromatographic air at 773K for
process is less difficult for Pd. There are no electrons in the 2 h.

Pd 5s orbital and this leads to a minimal repulsion with the  The palladium content was determined by atomic absorp-
incoming substrate and explains why the energy barriers aretion spectroscopy.

relatively moderate for Clj very low for GHg4, while no

barrier exists for @H,. The sideways orientation necessary 2.2. H, chemisorption

for an efficient interaction between the metal and théHC

bond is easily reached by ethylene and acetylene. Stronger Hydrogen chemisorption runs were carried out in a con-
C—H bonds are also more easily activated, but the molecular ventional pulse apparat($3] at atmospheric pressure and

precursors Pd-gH, or Pd-GH> have strong stability11]. 373 K. Prior to chemisorption the catalysts were reduced “in
These molecular precursors act as thermodynamic sinks.  situ” at 573 K in flowing H. The fraction of exposed Pd was
The interaction of 1,3-butadiene, 1-butene aruirans calculated assuming that one hydrogen atom is adsorbed per

butenes with Pt(1 1 1) and Pd(1 1 1) surfaces has been studiedurface Pd metal atom.
by density functional theory (DFTL2]. A same stable ad-
sorption mode has been found on both metal surfaces with2.3. Catalytic activity measurements
similar adsorption energies.
The triglycerides are bulky molecules. Sunflower oil ex- Hydrogenation tests were carried out in a 600 ml Parr re-
hibits a molar composition of oleic acid (18:1) and linoleic actor of operated in a semi-continue manner. The reactor
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was connected to a hydrogen (AGA chromatographic grade)Hiickel Hamiltonian including repulsive terms to the total en-
source, maintained at constant pressure. Theddsumption ergy.

was measured during the reaction. The total energy of an adsorbed molecule is:
The catalytic tests were performed at 373 Kand 413.5 kPa 1
during 1h and using 250 ml of refined sunflower oil. The E;= zi:niEi +5 ZZEVGF’("J) 1)

catalyst weight was adjusted in order to keep constant the
weight of exposed Pd among the various experiments andThe E; energy term is related to the electrons in the valence

the stirring rate was 1400 rpm. leveli with an occupancy;. The core—core repulsion ener
The reduced catalyst was added to the reactor (contain-, banc. b ay

ing the sunflower oil at the reaction temperature). Then, the is originated between all the possible pairs nucletised

: . . atomj.
pressure was increased in order to start the reaction. he H . . .
. . . Atomic parameters are necessary for calculations, being
flow rate versus time curve was corrected for the identical

experimental conditions without the catalyst was. the EHMO a semi-empirical method. We used reported ion-

An AGILENT 4890D gas chromatograph (GC) equipped ization potential obtained fr.om spectroscoplc c[ang. Smce
. L forthe level 4p only theoretical data are available in literature,
with a flame ionization detector (FID) was used to study the

i . . we used the data from Hartree—Fock—SI§@2}. Parameters
reaction products, following the procedures established by used in this work are oresentediable 1
the AOCS Ce 1¢-89 norm. A 60m long SUPELCO 2380 P .
| . . . The program used to calculate the energy of the different
capillary column, with a nominal diameter of 0.25 mm and a adsorbed species was the ICONC. originally developed b
nominal film thickness of 0.2@m was used for the separation P - orginatly P y

of the different compounds presentin the samples. The iodineCharnber etal19], which takes into account repulsive terms

. .~ “that are not originally considered in the EHMO.
number (IV) was calculated from the fatty acid composition The total energy of adsorbed species was calculated as the
following the AOCS Cd 1c-85 norm. 9y P

. . . L difference between the electronic energy of the system when
Since hydrogenation of edible oils is a three-phase pro- ) L
T the adsorbed molecule is at a finite distance from the surface
cess, several transport limitations may occur. The volumet-

! S - and when the molecule is far away from the cluster surface.
ric gas—liquid mass-transfer coefficieKi,a, was separately

: The geometry optimization was done at 8.&teps and, due
measured at an excess of catalyst I¢adl]. Intra-particle : N :
T . to the approximate nature of extendetdKel like methods,
diffusion limitations for hydrogen were estimated from the _
) the convergence criterion to the energy was set to 0.01 eV.
Weisz—Prater numbégt5].

The semi-empirical molecular orbital calculations have
been performed in the framework of the cluster approxima-
tion, that is the adsorption site and its neighborhood were

i 0]

3. Theoretical model modeled by a portion of the otherwise infinite solid.
The adsorption energy was calculated by: subtracting to
3.1. Extended Hckel molecular orbital the total energy of the adsorption system the energy corre-

sponding to the free molecule and to the metallic cluster:

The Extended Hckel molecular orbital (EHMO) method
developed by Hoffmann and co-workdis6—-18]to study
electronic structure of transition metal complexes and usedwhere Emglecule/cluster IS the adiabatic energy when the
to study adsorbed molecules. This provides useful qualitative molecule/specie is on the surfa&g;eleculeis the energy for
trends in large system models. The electronic structure andthe molecule/specie in vacuum and thqsteris the energy
molecular properties are determined from electron equationsfor a clean surface.
forthe molecular orbitals. In this formalism, the non-diagonal
elements of Hamiltonian of the system are considered propor-3.2. Molecular mechanics version 2-MM2
tional to the overlap matrix elements. More recently, Cham-
ber et al.[19] and Anderson and Hoffma[20] introduced The Chem 3D 5.0 (from Cambridge Soft) was used. It
some corrections in order to improve the traditional Extended contains a modified version of Allinger MM2 force field.

AEads= AEmoIecuIejcluster— A Emolecule— A Ecluster

Table 1
Atomic parameters used for EHMO calculation
Atom Orbital lonization potential (eV) Slater exponent Linear coefficient
Pd 5s —7.24 2.19 €1)
5p —3.68 2.15¢€1)
4d —1190 5.98 €1), 2.61 €2) 0.55(aq), 0.67 (¢)
H 1s —13.60 1.00 €1)
2s —1559 1.5536 1)

2p -10.26 1.4508 &)
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Fig. 1. cis-4-Decene over Pd(1 10): (A) di-adsorption; (B)r adsorption; The EHMO allowed us to simulate a cluster of consider-
(C) schematic molecule-surface relationship. able number of sites, which is more computing demanding.

Our aim was to simulate the effects of bulky molecules such

The principal additions are a charge-dipole interaction term, as those of vegetable oils hydrogenation and their interaction

a quartic stretching term, cutoffs for electrostatic and van der with the metallic surfaces, including the steric interactions.

Waals terms with fifth order polynomial switching function,

automatic “pi” system calculations when necessary and tor- 3.4. Model compounds

sional and non-bonded constraints. The parameter table of

Chem 3D contains many adjustable parameters that correct cis-4-Decene was used to represent oleic deid.(1). The

for the failing of many of the potential functions in outlying double bond can adsorb in adier m configuration. In the

situations. former case, two C atoms in the double bond are adsorbed
MM2 was used to conformationally study ttis-4-decene forming ac union with the metal. The second case involves

model and all the subsequent reaction structures. The morethe formation of amr-allylic radical, in which the three C

stable conformations were used as input for EHMO calcula- atoms are implicated with the active site.

tion. The cis-4cis-7-decediene molecule was selected as a

model compound for linoleic acid. This molecule can interact

with the surface trough one or two double bonds (L#1 and

L#2 models, respectivelykigs. 2 and 3how both types of

interaction.

3.3. Modeling of surface palladium structures

Pd has a fcc structure with a lattice of 3.891This value
leads to a triangular array (hexagonal close-packed) with a

Pd-Pd distance of 2.70 Three planes were modeled: L .
P 4. Kinetics of hydrogenation of monoene on Pd

e Pd(001): Acluster of 63 atoms was used to represent this
face. The Pd atoms were arranged in two layers of 32 (first  The hydrogenation of monoenes involved the production
layer) and 31 (second layer)atoms. of the saturated compounds and ttis-trans isomeriza-

e Pd(111): APd cluster containing 85 atoms, distributed in tion product among other reactions. Ttis-trans isomer-
two |ayers of 46 (f|rst |ayer) and 39 (Second |ayer) atoms. ization was eXplained ConSidering the formation of a half-

e Pd(110): Acluster of 83 Pd atoms, distributed in two lay- hydrogenated surface intermediate and its easy rotation at the

ers of 48 (first layer) and 35 (second layer) atoms. surface[24], whereas migration occurs via theallyl inter-
mediate. Considering the oleic acid, the reactions that can oc-

The dangling bonds were sutured by hydrogen atoms. Thecur are the formation of thieans-isomer elaidic acid (E) and
palladium atoms were distributed in two layers as it is shown the oleic hydrogenation to originate the saturated compound

in Fig. 1 No surface relaxations were considef2d]. stearic acid (S). The adsorbed species can react reversibly
” (@]
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Fig. 3. L#2 model, side (a) and top view (b).
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Scheme 3. Pathway for the hydrogenation of oleic acid including a monoyne

Se S

species: O, oleic acid; SH, half-hydrogenated; E, elaidic atjdspecie i

adsorbed.

Scheme 1. Hydrogenation of oleic acid according to the Horiuti—-Polanyi
mechanisni24]: O, oleic acid; SH, half-hydrogenated; E, elaidic actd; i
specie i adsorbed.

Scheme 3Fhows the pathway for the hydrogenation of

oleic acid including a monoyne species. For any mechanism

with a single hydrogen atom to form a half-hydrogenated
SH°* intermediate (se8cheme )1 The second hydrogen in-
sertion is irreversible.

the double bond migration was not analyzed.

The main question to answer is which one of the three

selected pathways for the reactiazis{trans isomerization

Considering additional possibilities, a pentacoordinated and/or hydrogenation) is more energetica”y favorable. Ac-

species was included in the calculation (denoted ascSH

cording toScheme 1his would be:

in Scheme P Pentacoordinated species have been proposed

in the case of several hydrogenation reactions, especially in-
volving carbocation§25].

Monoene hydrogenation kinetics are often assumed to be
first order in the concentration of unsaturated bd2é$, but
orders varying between 0 and 1 have also been obsgvgd
It is still a subject of debate whetheis/trans proceeds via
the Horiuti—-Polanyi mechanism witheaalkyl complex as a
halfhydrogenated intermediate or via an abstraction-addition
mechanism with ar-complex as intermediate. It is impossi-
ble to generalize the adsorbed monoyne mechanism becaus
several experimental facts cannot be explained by this mech-
anism. Assuming &-allyl intermediate for double bond mi-
gration, stability of the allylic intermediate fromas or a
transwill not be equal30]. A trans-species would be more
stable. Thus, in the case of double bond migration, the for-
mation of the allyl complex is important to understand the
experimental results.

Somorjai and co-worke(§] proposed that hydrogenation
and isomerization reactions fois-2-butene do not necessar-
ily share the same alkyl intermediates. This mechanism is
supported by the fact thats-2-butene molecules decompose
into 2-butyne on Pt surfaci8]. This can also justify the
absence of 1-butene @is-2-butene isomerization. The other
evidence s that the yields sthns-2-butene frontis-2-butene
or 1-butene isomerization are different.

Ee ——E
-2H|| +2H
f
0 Oe = +H SHe = +H . SHeco®
-H -H
+H
Se+He S

Scheme 2. Hydrogenation of oleic acid including a pentacoordinated
species: O, oleic acid; SH, half-hydrogenated; E, elaidic acig¢cSpenta-
coordinated species’,ispecie i adsorbed.

1. A first potential reaction pathway concerns a half-
hydrogenated species (in presence of hydrogen), which
givestransmonoene with the possibility of originating
the saturated fatty acicsCheme L

The second possible reaction pathway considers a penta-
coordinated species with two H on the carbon coordinated
with Pd, to give tharansmonoene or the saturated fatty
acid (Scheme 2

The third possible reaction mechanism involves an ad-
sorbed monoyne (in presence or absence of hydrogen), to
give transmonoene $cheme B In this case, thérans
monoene formation is related to the stability of the ad-
sorbed monoyne on the surface. If the adsorbed monoyne
were too much stable, no reactionad/transisomeriza-

tion would be observed. If the surface had Lewis acid-
basic sites to abstract*Hand H- (close to a monoyne
adsorbed on a Pd), the re-hydrogenation would be proba-
bly difficult. In this case, in order to give thensspecies,

the hydrogen must come from different sides of the ad-
sorbed monoyne at the surface. For this situation to take
place there must be enough hydrogen at the surface to
overcome the tendency to render the samaenolecule.

2.

3.
e

The other main questions are: whatis the surface ensemble
size for this kind of reaction? And what is the desired surface
structure for this kind of reaction? Considering the pathway
involving the adsorbed monoyne, it would be necessary one
Lewis acid (LA) site to adsorb the monoene, one acid-base
pair (LA-LB at the Pd surface) to abstract a proton and an
hydride and one acid—base pair as the supplier of H from the
other side of the adsorbed monoene (that can be provided by
H dissociated on Pd). If the adsorbed monoyne intermediates
were excessively stable, the reaction would not continue. In
particular, at low or null hydrogen pressures this deactivation
would be possible.

Taking into account the properties of the supported pal-
ladium particles, there is no way to have oxidised palladium
after previous reduction. There are Pd-H and Rdspkcies
upon contact with hydrogen. The monoene is supposed to
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be adsorbed on a Lewis acidic site. Pd Lewis acid and basic5.2. Catalytic activity test
sites are necessary and the proportion would be 3LA:2LB
or 1LA:1LB depending on the kind of mechanism selected. 5.2.1. Mass transfer effects
Being the accepted configuration of Pd'3d<, it is clear As mentioned before, the volumetric gas—liquid mass-
that the surface Pd can receive hydrogen like proton or hy-transfer coefficientK_a, was separately measured at an
dride. Upon adsorption is generally accepted that the surfaceexcess of catalyst loafB0]. The value obtained is in the
Pd shift to a 384s! configuration29]. 0.3-0.5s range and can be considered acceptftile

The acidic properties of each Pd plane are related to the The Weisz—Prater criterion, E(R), was used to evaluate
coordination number of the surface atoms. For supportedthe intraparticle diffusion limitations:
Pd catalyst there are several forms of the metallic particle
arrangement, among them, the octahedral or the cubooc-. (—robsi)Png @)
tahedral configuration. In all cases, variation in the size = Dett,iCi
of the particle changes the proportion of exposed atoms. .
There are several potential changes in the electronic prop-Neréi =Hz, TAG
erties. The d band structure narrows as the particle size de- A valué of &, smaller than 0.03-0.70 means that mass-
creases. In this sense we must address the ensemble effedf@nsfer limitation for the unknown kinetics is negligible.

(steric effect) plus the filling of the d band (electronic effect) | h€ hydrogen concentration in the liquid was calculated fol-
[11]. lowing Andersson et al31]. Intraparticle diffusion coeffi-

In view of all these published facts, our aim was to Cients for the catalysts were takenlag, =1.2x 10-°m?/s

study: the Horiuti—Polanyi mechanisrsd¢heme ), a new  2ndDmc=1 x 10-1%m?/s [31]. The_density of sunflower
reaction pathway implicating a pentacoordinated species®!l Was determined frori82] aspyag = 0.866 g/ml, and tor-
(Scheme 2 and a mechanism that originates an adsorbed tuos[ty and porosity of catalyst (4 and 05 respectively) were
monoyne Scheme R It is extremely important to point out obtained from{33]. _In the present experiments, the numeri-
that no alkynes are detected in triglyceride hydrogenation. €@l value of the Weisz—Prater modules of&hd TAG always
This species is proposed to remain at the surface, stronglyrema'”ed above 0.7 indicating the existence of mass trans-

adsorbed if hydrogen is absent or reacted to monoaser( ference resistan_c_es. .
trans) when hydrogen is present. The composition of the fatty acids at the end of the

hydrogenation process is showed Table 3 In all the
cases, there was an increase in the concentration of stearic

5. Results acid (C18:0) and a decrease in linoleic and linolenic acids
(C18:2c and C18:3c) due to the saturation of the double
5.1. Catalysts characterization bonds.

The iodine value (IV) of an oil or fatty acid is the weight of
Table 2lists the prepared catalysts and their metal content iodine with which it will combine, expressed as a percentage
determined by atomic absorption spectroscopy (AAS) and Pd of its own weight. IV expresses the degree of unsaturation of
particle size determined fromza€themisorption. the oil as:
Table 2shows that catalysts prepared with Pd(Aea@n-
erated on the average smaller Pd particles than those the prelvV = -
pared with PA(N@), as it was predictablB5]. On the other 100 grams of ol

hand, in the case of Pd(N)/ZSMS5, it is evident that the Pd Simultaneously to the hydrogenation, two reactions take
particles (diameter=4.1nm) are placed onto the zeolite ex- p|ace: geometric isomerizatioci§-trans) and positional iso-
ternal surface area. This is probably due to its particle size. merization (which we did not follow)Fig. 4 shows that for-
The precursor (NE)4Pd(NG;)2, was not able to getinto the  mation oftransisomers increases with the decreasing of IV,

grams of iodine absorbed

3)

inner micropore area. independently of the catalyst used. This result is somewhat
Table 2

Characterization of the catalysts: metallic load, particle size and BET surface area

Catalyst Pd (wt.%) d (nmy Precursor Preparation BET (1fg)
Pd(A)l-Al ;03 0.70 34 Pd(Acae) wib 9.5
Pd(A)~-Al-03 0.78 1.8 Pd(Acae) wi 137.0

Pd(N)k-Al ;03 0.86 4.2 Pd (N@), wic 9.5
Pd(N)A-Al>03 0.77 3.9 Pd (N@)» Wi 137.0

Pd(N)/ZSM5 0.90 41 (NB)4Pd(NO), Wi 346.7

2 Palladium particle sized (nm) =1.12/(Pd/Pd) [37], with Pd., exposed Pd and Rdotal Pd.
b WI: wet impregnation.
¢ IWI: incipient-wetness impregnation.
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Table 3
Hydrogenation of sunflower oil: molar fraction (%)
Percentage Sunflower oil Oil partially hydrogenated

Pd (N)~-Al203 Pd(A)N-Al,03 Pd(A)la-Al>,03 Pd(N)k-Al>03 Pd(N)/ZSM5
C16:0 61 5.7 5.8 58 5.7 352
C18:0 34 79 175 7.6 6.9 825
C18:1t Q0 284 437 236 187 24.46
C18:1c 352 488 300 498 502 5885
c18:2t 14 46 0.8 53 34 252
C18:2c 526 33 09 6.5 137 1.99
C18:3c 04 0.1 0.0 0.1 0.1 0.00
C20:0 01 0.3 0.3 0.3 0.3 0.15
C22:0 01 0.7 0.7 0.7 0.7 0.23
trans 14 330 446 288 222 270
v 124.9 802 664 839 894 7945

Experimental conditionT = 373 K; P =413.5 kPateaction= 60 min.

50 10
. 9
40 4 8-
2
z 7
30 4 [}
g 2 6
b 8 5
20 aé’
o 4
@
(2} -
10 A - 3
=,
0 . . - 14
50 70 90 110 130 oA
v 0 30 60 120

time (minutes)

Fig. 4. Hydrogenation of sunflower oil. lodine number (IV) vs. %rahs

isomer: O) Pd (N)ke-Al203; (x) Pd (N)A-Al20g3; (¢) Pd(A)H-Al203; (O) Fig. 5. Thetransisomer content at 453 K, withoutH
Pd(A)la-Al203; (*) Pd(N)/ZSMS5.

5.3. Theoretical calculations for adsorption and

disappointing. Our theoretical calculation will address this reaction of oleic acid (cis-4-decene) on Pd(11 0),
part in the next section. Pd(111) and Pd(001) planes

In order to check theis-transisomerization without H,
a different experiment was performed. Sunflower oil was  We studied the interaction afis-4-decene with all the
heated up at 453K in Natmosphere, and then 0.5g of faces studied following a similar path:
a commercial Ni catalyst (Nysosel 222) was added. Sam-
ples were analyzed at different timésg. 5shows that the e Adsorption ofcis-4-decene in ar configuration (the €C
trans-isomers production was insignificant, indicating that ~ bond is parallel to the plane of the paper. Olefinic hydrogen
cis-transisomerization takes place mainly in the presence of ~ atoms bond and the=€C bond are in a plane perpendicular
H>. to the surface (se€ig. 1B).

Fig. 6. cis-4-Decene with G and G hybridized at sp over Pd(1 1 0). Top and side view.
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Fig. 7. Half-hydrogenated species on Pd(1 1 0). Top and side view.

Fig. 8. trans-4-Decene on Pd(110). Top and side view.

Fig. 9. Decane adsorption on Pd(1 10). Top and side view.

e Then, the adsorbed C atoms hybridize to nedr stpte tively). This fact was checked with a model of the adsorbed
moving at die position {ig. 6). decene on only two Pd atoms (using MM2).
Regarding the Horiuti—Polanyi mechanism, we studied the
Adsorption ofcis-4-decene with the carbons of the dou- formation of the half-hydrogenated intermediate (Sigg 7).
ble bond in sp is conformationally less sterically hindered Afterward, it was analyzed the subtraction of one H from the
whenit suffers at surface a transformation freisto transfor half-hydrogenated surface intermediate and the rotation at the
the hydrogen atoms (25 kcal/mol versus 26 kcal/mol, respec-surface, generatingteans-4-deceneKig. 8). The adsorption

Table 4

Molecule-surface heighlao and total and adsorption energies (eV) for the adsorption and reactms4fdecene over Pd(111)
Species Z (/&)al Etotal (€V) Eadsorption(ev)d Comments
cis-4-Decene 2.6 —102257 -1.9 Ads-m +2Ha4s
cis-4-Decene rehybridized 3p 15 —102314 Ads-o +2Hgyqgs
H, adsorption 3.5 —92116 -0.4

H> dissociation 1.2 —92133 -3.8

Half-hydrogenated 35 —102243 +1H,4s (ads. two-fold bridged site)
trans-4-Decene (ad) 1.8 —102289 +2Hags
trans-4-Decené 2.7 —102273 -5.1 +2Hy4s
Decane 3.0 —10222 —-4.4

a Z: molecule (G)-surface distance.

b trans-4-Decene (ad) has the decene with two C if apnfiguration.

¢ trans-4-Decene is the free molecule, with carbons from the double bondin sp

d Adsorption energy for free moleculeAEags= AEmolecule/cluster— AEmolecule— AEciuster
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Table 5

Molecule-surface heighla() and total and adsorption energies (eV) for the adsorption and reactms4fdecene over Pd(110)

Specie z (A)a Etotal (€V) Eadsorption(ev)d Comments
cis-4-Decene 2.7 —100378 -1.5 Adsar + 2Hgqg
cis-4-Decene rehybridized %p 1.7 —100406 Adso + 2Hyg
H, adsorption 2.3 —90259 -0.4

H, dissociation 1.4 —90290 -3.1

Half-hydrogenated tetracoordinated 2.4 —100361 Ads- + 1Hgyqg
trans-4-Decene (at‘}') 1.9 —100394 Adso +2Hyg
trans-4-Decené 2.4 —100400 -5.1 +2Hyd
Decane 3.1 —100354 —-3.7 On top

a Z: molecule (G)-surface distance.

b trans-4-Decene (ad) has the decene with two C iy spnfiguration.

¢ trans-4-Decene is the free molecule, with carbons from the double bond'in sp

d Adsorption energy for free moleculeAEags= AEmolecule/cluster— A Emolecule— AEciuster

Table 6

Molecule-surface heighla() and total and adsorption energies (eV) for the adsorption and reaction of cis-4-decne over Pd(001)

Specie z ('&)a Etotal (€V) Eadsorption(ev)d Comments
cis-4-Decene 2.4 —8008.1 -2.1 Adsar + 2Hyg
cis-4-Decene rehybridized 3p 1.6 —8012.1 +2Hqg

H, adsorption 35 —6991.3 -0.1

H> dissociation 1.3 —6995.8 —-4.5

Halfhydrogenated tetracoordinated 2.2 —8004.5 +1Hq
trans-4-Decene (ad) 15 —8005.4 +2H4
trans-4-Decené 2.2 —8005.0 —5.6 +2Hyg
Decane 3.1 —8001.9 —-4.6

a Z: molecule (G)-surface distance.

b trans-4-Decene (ad) has the decene with two C ifapnfiguration.

¢ trans-4-Decene is the free molecule, with carbons from the double bondin sp

d Adsorption energy for free moleculeAEags= AEmoleculecluster— AEmolecule— AEciuster

of the products (decane, Iig. 9 andtrans4-decene) and  not energetically favored with respect to the halfhydro-
the adsorption and dissociation of Mere also considered.  genated species. The system Pd(00dgrtacoordinated
Tables 4—Gpresent the results for the three main Pd planes. species + Hy presented a total energy 68001.8 eV.
The energies are presented as absolute energies, because it Regarding the mechanism that originates an adsorbed
is impossible find normalization. This work is focused in the monoyne,Table 7shows the total energy for this species on
mechanism and how the atoms are reordering during thisthe three planes studied.
mechanism.
Table 4presents adsorption energy, molecule-surface sep-5 4. Adsorption of cis-4,cis-7-decediene on Pd(111),
aration and total energy for the species above mentionedpq(1 10) and Pd(00 1)
on Pd(111). Similar qualitative results were observed for
Pd(110) and Pd(001) as shownTiables 5 and ghowever, The interaction otis-4.cis-7-decediene with the surface
higher adsorption energy was found for the Pd(001) face. tgkes place through one (L#1 modglg. 2) or both double
Considering the reaction pathway implicating a pen- ponds (L#2 modelFig. 3. Table 8shows the adsorption
tacoordinated species-ig. 10, the hydrogen addition is  energy and total energy of these models over the three planes
analyzed. L#1 model was favored in all the Pd faces. Even

® more, the highest adsorption energy was found for Pd(00 1).
o— O
ﬂi .l
Y © ¢
@ -0 Table 7
@\ ® O Molecule-surface separatiod) and total energy (eV) for the monoyne
/ @ species over Pd(001), Pd(11 1) and Pd(1 1 0) (plug#tbrder to compare
®— J s with halfhydrogenated species)
‘|" * Plane Z(A)? Erota (V)
m Pd(001) 1.7 —80122
Pd Pd Pd(111) 15 —102385
Pd(110) 0.8 —100483

Fig. 10. Pentacoordinated species. 2 Z: molecule (G)-surface distance.
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Table 8 In the case of Pd(1 1 1) the model compoueisd4-decene

Molecule-surface separatioA and adsorption energy (eV) fais-4 cis-7- is m-adsorbed £1.91 eV) and then hybridizes to near33p
decediene over Pd(o_()l)‘ Pd(111)and Pd(110) state moving to a dér position (5.7 eV). Concerning the
Pd face Specie Z(A)® E(eV) Comments  adsorption and dissociation of,Has it was expected, they
(001) L#1 2.6 -53 Adse were energetically favorable-0.41 and—3.79 eV, respec-
(001) L#2 2.1 —3.9 Adso tively). We found an activation energy for the formation of
8 i 3 '[Z; ;g :g'g 2323 the half-hydrogenated intermediate, with a change in the to-
110) L#1 24 _40 _ tal energy of +7.1eV. Afterwards, the subtraction of_one
(110) L#2 2.3 —24 - H was analyzed from the half-hydrogenated surface inter-
a 7: molecule (G)-surface distance. mediate and the rotation at the surface, generating an ad-

sorbedtrans-4-decene. This step was energetically favored
(—4.1eV) comparing with the hydrogenation from the same
However, the existence of L#2 model is also possible over all jntermediate (+2.3 eV). On the subject of products adsorp-
the planes. tion, it was observed that the sequence of desorption is
as follow: decane eis-4-decene+{3.7 eV) >trans-4-decene
(—6.9eV) all energies refereed to decane. In comparison, ad-
6. Discussion sorption oftransdecene is preferred. It can be concluded that
once the second H is added, the decane is easily desorbed.
Experimental results showed that it was not possible to  Inthe case of Pd(1 1 0) the model compouisd4-decene
modify cigltrans selectivity changing Pd particle size us- is w-adsorbed £1.47 eV) and then hybridizes to nearsp
ing different material support. Pd catalysts prepared with state moving to a dir sigma position, again+2.71eV).
Pd(Acac) or PA(NG)2 precursors originate different par- Concerning the adsorption and dissociation of tHey were
ticle size[13,34] and this difference is remarkable when energetically favorable{0.39 and—3.07 eV, respectively).
the supports present different specific surface area. This isWe found an activation energy for the formation of the half-

the case of Pd(Ay-Al,0Os3 and Pd(N)&-Al,O3 with parti- hydrogenated intermediate, with a change in the total energy,

cle diameters of 1.8 and 4.2 nm, respectively. However, theseof +4.5 eV. The subtraction of one H was analyzed from the

catalysts presented the sanigftransselectivity. half-hydrogenated surface intermediate and the rotation atthe
The effect of pore size distribution in thés/trans selec- surface, generatingteans-4-decene adsorbed. This step was

tivity cannot be discussed here because the Pd particles werenergetically favored-{0.6 eV) comparing with the hydro-
placed in the zeolite external surface area. Thus, we havegenation from the same intermediate (+0.7 eV). Regarding
to look for a different explanation for theis/trans selectiv- the products adsorption, it was observed that the sequence
ity during the hydrogenation of sunflower oil. It is important of desorption is as follow: decanecis-4-decene{2.4 eV)>
to remark that the reaction is a three-phase process that inrans-4-decene{4.6 eV) all energies refereed to decane.
our case presents intraparticle transport limitations as it was  Inthe case of Pd(1 0 0), the model compouisi-decene
shown through the calculus of the Weisz—Prater modulus. It is alsow-adsorbed<{2.10 eV) and then the next step presents
means that there is very lowoHoncentration on the cata- a similar energy than on Pd(110}1.9eV). The gener-
lysts’s surface. Regarding the triglyceride molecule, the intra- ation of transdecene adsorbed step was energetically fa-
particle diffusion of oil molecules can be neglected, because vored 0.4 V) comparing with the hydrogenation from the
their concentrations are always much greater than the hydro-same intermediate. Considering the products, it was ob-
gen concentratiofd]. On the other hand, others authors in- served that the sequence of desorption is as follows: decane
dicated that the high trygliceride Weisz—Prater value pointed (—8001.9 eV)cis-4-decene {£8002. 95 eV)trans-4-decene
out the difficulty in the mobility of the bulky molecule. In  (—8005.4 eV).
this concept we based the catalysts model, which consider a The half-hydrogenated intermediate formation is the rate-
not H, saturated catalyst surface determining step in the Horiuti—Polanyi mechanism. The re-
Although EHMO is approximated, our results are of action of full hydrogenation is considered to be exothermic
enough quality to use them as an additional tool of char- in —0.9 to—1.15eV, whereas (as well as) this/transiso-
acterization. Furthermore, results from higher level calcu- merization is exothermic ir-2eV (001),—5.5eV (110)
lations[11] mention that the metal-C bond has a length of and—3.2eV (11 1). The formation of the adsorbed monoyne
1.98A (Pd-GHy), whereas Pd-H involves 1.84 Our re- completes the picture. Experimentally we found that no
sults for Pd-C bond length are 1.5, 2.4 and 2A20r the elaidic acid is obtained without hydrogen present. We need
(111) (110) and (100) planes, respectively. On the other hydrogen to hydrogenate a very stable surface species. The
hand the metal-H bond length are 1.2, 1.4 andi1f@r the formation of the monoyne adsorbed in the three planes
same planes. In the same line, Fahmi and van S§8%de- showed a difference in energy comparing with the interme-
termined a 39 kcal/mol the adsorption of ethylene on Pd. Our diary half hydrogenated 6f7.7 eV for Pd(001)-14.4eV
results forcis-decene adsorption are in the 35-50.2 Kcal/mol for Pd(11 1) and-12.2 eV for Pd(1 1 0). Metal-carbon dis-
range for the different Pd planes studied. tances ranged in this case from 0.8 to 1.7 A ($able 7.
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Scheme 4. Proposal for the formation of thens-isomer from the half-hydrogenated intermediate (A) or from the adsorbed monoyn@{B3d(

These values are an indication of the strong adsorption of sibility to add hydrogen from the same sidgs] or from

the monoyne at the three Pd planes and explain why there isdifferent sides tfans). The addition from the same side, in
notcis-transisomerization without hydrogen. If hydrogenis the case of the adsorbed monoyne, is the reversal of the ad-
present, hydrogenation takes place. sorbed monoyne formation that is very exothermic. The re-

The main result of the combination of the experimental sulting species must be at least more stable than the original
and theoretical results is that the preferred pathway involvesone and this is the case of ttransmonoene. To produce the
always the formation of two different intermediates in the transmonoene hydrogen, itis necessary H from differepnt H
case of a model of reaction ofssmonoene. Both interme-  molecules or from monoene H-abstraction (Sebeme %
diate can produce theansisomer and only the half hydro-  Another alternative is that the change frais to trans
genated will produce the fully hydrogenated fatty acid. The isomer takes place during the adsorption of the monoene it-
main route fortransmonoene formation seems to be, from self. The change is not thermodynamically favored (+2.5eV
the thermodynamic point of view, the monoyne pathway be- for Pd(111), +1.2eV for Pd(110), +2.7 eV for Pd(001)).
ing secondary the Horiuti-Polanyi mechanism, at least on the Experimental data also allows us to conclude that it is not the
studied models of Pd planes. main route oftransisomers formation.

In the case of the adsorbed monoyne, the intermediate is The transition from the 4is-decene adsorbed with two
very stable to be hydrogenated with the hydrogen resulting C like sp’ to the half-hydrogenated species implies a change
from the dehydrogenation itself. It needs labile hydrogen. in conformation. From the half-hydrogenated, H atom is lost
Even more, the dehydrogenation step is too much exothermicand placed near the surface (shown by the arrokign 11).
to generate theis-isomer. Thdransisomer is more nearin ~ Then, when the H is lost thieansmonoene structure is the
energy to this intermediate than tbis one. most probable: +26.7 kcal/mol fais-isomer and +25.3 for

Whatever the plane considered, the half intermediate is transisomer. The distances of the species to the surface (al-
the rate-limiting step. Moreover, the intermediate thermo- though close to bond length) are long enough to make the
dynamics can be affected by the plane structure, but the 4-reactions structure insensitive for the three Pd planes evalu-
trans-decene formation is favoured instead theisomer or ated. The bond between the Pd atoms and the carbon atoms
the fully hydrogenated compounBicheme &hows the pro-  is long enough to make the effect of the neighbor less impor-
posal for the formation of thé&ransisomer from the half-  tant that the strength of the bond itself, at least in these three
hydrogenated intermediate or from the adsorbed monoyne. planes. If the plane introduces steric restrictions through the

For these mechanisms, geometric requirements are differ-presence of kinks/steps, terraces or defects, is probable that
ent: we need 4 or 6 Pd atoms at surface, necessarily close fothe results will change if the adsorption takes place on those
Horiuti—-Polanyi and monoyne mediated mechanism, respec-defects. An alternative way to modify the selectivity can be
tively. Thetransmonoene formation implies the reaction of the use of an additive to introduce steric and electronic effects
hydrogen atoms adsorbed with the monoyne adsorbed in thg36].
middle of them. There are geometric conditions to ¢ie The coordination ofis-4,7-decadiene is possible through
isomers formation. The oleic acid suffers from H-abstraction one or both double bonds. Both species are energetically
or H-addition on Pd surface. The resulting species, being thestable. The model of linoleic acid is adsorbed in thesdi
half-hydrogenated or the adsorbed monoyne, have the posform, but maintaining the bond length of double bond. This
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mediated mechanism is always energetically more exother-
mic. A mechanism through a pentacoordinated species can be
ruled out. The formation ofransmonoene isomers is con-
ditioned by the mechanism itself, not by the metal/support
interaction. The approach of combining MM2 plus EHMO
demonstrated to give useful results that can be related to the
experimental work.
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