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a  b  s  t  r  a  c  t

The  effect  of  Sr  and  some  lanthanides  (La,  Nd,  Sm)  as  promoters  of  Pt/KL  supported  catalysts  is  analyzed
in the  selective  hydrogenation  of  citral  in  the liquid  phase.  Characterization  of  the  catalysts  by  XRD,  N2

adsorption,  H2 chemisorption,  TPD  of NH3, XPS  and  competitive  hydrogenation  of  benzene/toluene  mix-
tures  shows  that  impregnation  of KL  zeolite  with  Sr(NO3)2 in  aqueous  solution,  followed  by calcination
prior  to the  incorporation  of  Pt,  increases  the surface  basicity  of  the  zeolite,  which  hinders  the  disper-
sion  of  Pt  and  promotes  the  formation  of electron-rich  platinum  nanoparticles  (Pt�−).  Ion  exchange  of
K+ by  rare  earth  cations  (La3+, Nd3+ and  Sm3+)  increases  the  surface  acidity  of  the  zeolite  and  favors  the
dispersion  of  Pt,  but  with  preferential  location  at the  external  surface  of  the  zeolite.  Furthermore,  acidity
promotes  the  formation  of electron-deficient  metal  species  (Pt�+).  Catalytic  performances  for  the  citral
eraniol
erol, Promoters, Sr, La, Nd, Sm

hydrogenation  at  323  K  and  5 MPa  show  that  strontium  addition  enhances  the  hydrogenation  activity  of
Pt, thus  favoring  the  formation  of  citronellol  as  main  reaction  product  (S =  80%)  and  increasing  the  yield
to geraniol  and  nerol.  Lanthanides  as  countercations  diminish  the  overall  hydrogenation  activity  of  Pt/KL
catalysts,  but  improve  their  selectivity  towards  unsaturated  alcohols.  Selectivity  towards  the  reaction
products  is  related  to  the  mode  and  strength  of  the electronic  interactions  of  the  conjugated  unsaturated
bonds  of  citral  reactant  molecules  with  the metal  surface  species  Pt0, Pt�+ or  Pt�− on the  zeolite.
. Introduction

Selective hydrogenation of �,�-unsaturated aldehydes is one of
he more important reactions in the industry. Among these com-
ounds, citral (3,7-dimethyl-2,6-octadienal) is an interesting probe
olecule because it presents two unsaturated conjugated bonds,

 C and C O, as well as an isolated C C bond. The conjugated
onds can be selectively hydrogenated either into unsaturated
lcohols (hydrogenation of the C O bond) or into citronellal
hydrogenation of the conjugated C C bond), following parallel
outes, as shown in the generally accepted reactions network given
n Fig. 1. Subsequent hydrogenation of the C O bond of citronel-
al and the C C bond of geraniol and nerol yields citronellol and,
hereafter, 3,7-dimethyloctanol. All these products are important
erfumery chemicals, furthermore, nerol and geraniol are specially

aluable because they are also used as intermediates in the synthe-
is of expensive fine chemicals, vitamins and polymers of special
roperties [1]. In the complex set of reactions involved in this pro-
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cess, formation of unsaturated alcohols is less favored than that of
citronellal [2] but it may  be improved by using metal catalysts with
an adequate formulation and working under optimized experimen-
tal conditions [3,4]. In this sense, it has been demonstrated that
incorporation of electron-acceptor additives to Pt supported cata-
lysts enhances selectivity towards alcohols in the hydrogenation of
cinnamaldehyde [5].  Likewise, Co improves the selectivity towards
geraniol and nerol from citral over Pt supported catalysts [6] and Ni,
Co and Fe that of crotyl alcohol from crotonaldehyde over Pt/SiO2.
Ga, Ge and Sn increase the selectivity towards crotyl alcohol [7],
while Ge promotes formation of unsaturated alcohols from citral
over Rh and Pt supported on TiO2 [8,9]. In other cases, Fe, Sn and Ge
were used with this aim in the preparation of platinum and ruthe-
nium catalysts for other reactions [10–14].  On the other hand, the
use of electron-donor additives and supports of different natures
have been also proposed in order to favor the hydrogenation of
carbonyl group in �,�-unsaturated aldehydes [3,4].

In comparison with amorphous materials, the use of zeolites as
catalyst support for the selective hydrogenation of �,�-unsaturated

aldehydes is more attractive, due to the fact that the three-
dimensional structure of channels and cavities of some of them
can play a favorable role in order to improve the selectivity towards
the unsaturated alcohols. Gallezot et al. [15–17] studied the hydro-
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http://www.sciencedirect.com/science/journal/0926860X
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Fig. 1. Reaction networks for the hydrogenat

enation of cinnamaldehyde over transition metals supported on
 and beta zeolites and found an enhancement of the selectiv-

ty towards cinnamyl alcohol. They attributed the results to the
referential hydrogenation of the terminal C O group of cin-
amaldehyde, which is forced by the pore structure of the Y-zeolite
nd by large metal particles inside the beta zeolite. Likewise, the
igh selectivity towards geraniol from geranial over Pt/�-zeolite,
bserved by Tas et al. [18] was explained in terms of end-on adsorp-
ion of the aldehyde molecule on the metal clusters. Enhanced
electivity towards unsaturated alcohols over Ru/MCM-41 cata-
ysts has also been reported [19,20]. In a similar way, the higher
ctivity and selective towards cinnamyl alcohol from cinnamalde-
yde over Pt/KL catalysts, in comparison with that obtained over
t/Al2O3 [21], was attributed to the channels structure and basic-
ty of the KL zeolite and to the morphology of the supported metal
articles.

Recent works by our research group devoted to the hydro-
enation of citral in the liquid phase over Ru/KL catalysts [22–24]
howed the effect of several properties of the catalyst on the selec-
ivity of the reaction, namely, the framework structure and basicity
f the zeolite, the steric hindrances by metal particles inside of
ores and electron transfers in bimetal particles. The role of the
eactivation by the reaction products or by thiophene on the selec-
ivity has been also analyzed [25]. Now, aiming to improve the
electivity towards unsaturated alcohols of Pt/KL catalysts in the
ydrogenation of citral, the effect of either electron-acceptor addi-
ives (La3+, Nd3+, Sm3+) or an electron-donor one (SrO) on the
erformance of these catalysts, is analyzed and discussed. The
ormer were incorporated to the zeolite as countercations, while
trontium is present as an extra-framework additive.

. Experimental

.1. Catalysts preparation

A KL-zeolite (Union Carbide, SK-45, K9Al9Si27O72 in atoms per
nit cell and average particle size between 53 and 65 �m)  calcined

t 873 K for 4 h, was used as catalysts support. The catalysts were
repared as follows.

Sample PtKL. Platinum (1 wt%) was incorporated to the zeolite
y the incipient wetness impregnation method, by using an aque-
 citral in the liquid phase at 323 K and 5 MPa.

ous solution of Pt (NH3)4 (OH)2 as metal precursor. No chlorinated
precursor of platinum was used in order to avoid side reactions.

Samples PtLaKL, PtNdKL and PtSmKL. Different portions of the
zeolite were ion exchanged with nitrates of La, Nd or Sm,  respec-
tively, in aqueous solution. The cation content in these solutions
was  twice that corresponding to the exchange capacity of the zeo-
lite. The operation was carried out by adding, dropwise, 200 mL  of
one of these solutions to a suspension containing 20 g of zeolite
into 400 ml  of distilled water, under stirring at reflux temperature.
After 24 h of treatment, the suspension was  filtered and the powder
successively washed with distilled water to remove occluded ions,
dried at 393 K and calcined at 873 K for 8 h. These samples were
subsequently impregnated with Pt (NH3)4 (OH)2 aqueous solution,
as indicated above.

Sample PtSrKL.  A portion of zeolite was  impregnated with 2 wt%
of Sr, from a Sr(NO3)2 aqueous solution. After drying at 393 K,
decomposition of the precursor was made by calcination at 873 K
for 3 h and afterwards platinum was incorporated following the
procedure above mentioned.

After incorporation of the metal precursor, all the samples were
successively dried at 393 K, calcined under flowing oxygen at 573 K
and finally, in order to assure complete reduction of Pt, they were
treated under flowing H2 at 773 K for 3 h and stored in the absence
of air for subsequent use.

2.2. Catalysts characterization

Chemical composition of the catalysts was  determined by
inductively coupled plasma-atomic emission (ICP-AES), while crys-
tallinity of the zeolite was  checked by XRD in a Seifert C-3000
powder diffractometer, using Cu K� radiation at 40 mA  and 40 kV,
with slits of 1◦ and 0.1◦. Specific surface area was  determined by
application of the BET method to the isotherm of N2 adsorption at
77 K obtained in a Micromeritics Asap 2000 system.

Metal dispersion of the catalysts was  calculated from the
hydrogen chemisorption measurements performed in a volumet-
ric apparatus at 298 K. A reduced and outgassed sample of catalyst

(0.25 g) was  contacted with successive hydrogen pulses in the pres-
sure range 5–40 kPa, whereas the loss of pressure was measured.
The hydrogen consumption to form the monolayer was calculated
by extrapolating to zero pressure the linear portion of the adsorp-
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Table  1
Chemical composition, specific surface area and metal dispersion of the catalysts.

Catalyst K+ (wt%) Me  (wt%) IE (%) Pt (%) SA (m2 g−1) D (%)

KL 11.9 245
PtKL 11.8  0.95 220 42
PtSrKL 11.8 1.9 0.96 122 23
PtLaKL 8.9 3.4 25.2 0.93 169 61
PtNdKL 9.2 3.2 21.8 1.04 115 69
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Table 2. Polarizing power, which is the ratio between the cation
charge and the ionic radius (Å), provides information about the
electron-acceptor capacity of the cation in its close vicinity. In
contrast with the rare earth cations, strontium diminishes the plat-

Table 2
Effect of the additives on the surface properties of the catalysts.

Catalyst ˚ A (�Eq NH3 g−1) KTol/Bz

PtKL 0.75 <20 1.86
PtSrKL <20 0.93
PtLaKL 2.75 201 3.59
PtNdKL 2.77 258 3.67
PtSmKL 10.0 2.3 

e:  Sr, La, Nd or Sm;  IE: ion exchange degree of rare earth cation; SA , BET surface a

ion isotherm. The number of exposed metal atoms was calculated
ssuming an atomic stoichiometry H/Pt = 1/1 atom/atom. Average
etal particle size was estimated assuming the spherical model of

article.
Surface acidity of the samples was measured by temperature

rogrammed desorption (TPD) of NH3 in a conventional flow sys-
em apparatus. In this case the outgassed catalyst sample (0.5 g) was
aturated with pulses (1 mL)  of NH3 at RT and subsequently stabi-
ized at 373 K under helium stream and heated from 373 K to 823 K
t 10 K min−1. The desorbed NH3 was collected with a 0.01 M HCl
olution and afterwards titrated by using a 0.01 M NaOH solution.

Basicity of some selected samples was evaluated by CO2
hemisorption in the same volumetric apparatus used for hydro-
en adsorption measurements. The catalyst samples, previously
educed and outgassed, were contacted at run temperature with
uccessive pulses of CO2 in the pressure range 0–30 kPa, while the
oss of pressure was measured. The CO2 uptake was  determined
xtrapolating to zero pressure the linear portion of the adsorption
sotherm.

Surface of the catalysts was analyzed by X-ray photoelectron
pectroscopy (XPS) with an Omicron Spectrometer equipped with
n EA-125 hemispherical electron multichannel analyzer and a
gK� X-ray source having a radiation energy of 1253.6 eV. Samples

f the reduced catalysts (0.2 mg)  mounted on the sample holder and
ntroduced into the chamber were successively outgassed, treated
nder H2 (10%)/Ar flow for 2 h at 673 K and outgassed for 6–8 h, in
rder to achieve a dynamic vacuum below 10−8 Pa. Spectra were
egistered at 150 W and a pass energy of 50 eV. The electronic state
f Pt was characterized by the binding energy of the 4f5/2 peak,
mploying as internal reference that of the Si 2p peak (103.5 eV).

In order to evaluate the overall electronic state of supported
latinum from a chemical point of view, the catalysts were tested

n the competitive hydrogenation of toluene/benzene mixtures, fol-
owing the method by Tri et al. [26]. Experiments were performed
n a conventional flow reactor with 0.5 g of catalyst, at 373 K and
tmospheric pressure. The benzene and hydrogen pressures did
emain constant, while that of toluene was modified in the range
.9–9.6 kPa. The total flow was 125 cm3 min−1 and the conversion
as always lower than 10%. Prior to the reaction, the reduced cata-

yst was successively outgassed and treated at 723 K under flow
f hydrogen for 30 min  in order to assure complete removal of
dsorbed oxygen, if any. Reaction products were analyzed on line
n a FID chromatograph.

.3. Catalytic activity measurements

Catalytic performance of the samples in the hydrogenation of
itral in the liquid phase, was studied in a reactor operated in batch
ode (Autoclaves Engineers) under stirring (500 rpm) at 323 K and

 MPa. The catalyst samples reduced “ex situ” (0.5 g) were sus-
ended in 40 mL  of 2-propanol under inert atmosphere and then

ransferred to the reaction flask containing a mixture of 0.5 mL  of
itral and 60 mL  of 2-propanol. After outgassing under helium flow,
he temperature was risen at 323 K, helium substituted by hydro-
en and the pressure adjusted at 5 MPa. This was considered to be
 0.94 111 66

, platinum dispersion.

the time zero of the run and successive samples of the reacting mix-
ture were periodically taken and analyzed by gas-chromatography.
Previously it was  probed that under the reaction conditions used
the reactor operates under kinetic/catalytic control, with negligible
mass transfer limitations [27].

3. Results and discussion

3.1. Catalysts characterization

Table 1 summarizes the chemical composition, BET surface area
and metal dispersion of the catalysts. As shown, the platinum
loading is practically coincident with the one theoretically incorpo-
rated into the samples (1 wt%) while the low ion exchange degrees
(IE) obtained for lanthanide ions (16–25%) seem to be those cor-
responding to the thermodynamic equilibrium, according to the
potentiometric measurements performed during the preparation
of the samples. On the other hand, these latter values are consis-
tent with the fact that only the open cation positions (C and D sites)
of the four positions of the KL zeolite are directly exchangeable [28].
With regard to the sample PtSrKL, the strontium loading was that
expected.

The X-ray diffraction patterns of the samples, no shown for sake
of simplicity, were very similar to that of the raw zeolite and in
coincidence with the one previously reported by Tracy et al. [29]
for Linde type L zeolite (LTL). Only the diffraction patterns of sam-
ples containing rare earth showed small variations in the angles
of diffraction of the zeolite, which could be attributed to changes
in the lattice parameters caused by the partial ion exchange of K+,
rather that to changes of crystallinity. For PtSrKL, the absence of
reflexions additional to those characteristic of KL zeolite suggests
that strontium is highly dispersed on the support. On  the other
hand, data in Table 1 show a reduction of specific surface area for
all the doped samples when comparing with that of PtKL, which
may  be attributed to a partial blockage of the zeolite channels.

It is important to note that the partial substitution of K+ by
La3+, Nd3+ or Sm3+ in the zeolite framework increases the platinum
dispersion (D) from 42% to 61–69%, which is in parallel with the
values of the polarizing power of the countercations (˚) given in
PtSmKL 2.88 221 3.75

ϕ, ionic potential of the countercation = cation charge/ionic radium (Å); A, acidity of
the  catalyst; KTol/Bz , ratio of the adsorption coefficients of toluene and benzene in the
hydrogenation of toluene/benzene mixtures.
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Table  3
XPS analysis of the catalysts surface.

Catalyst Pt4f5/2 BE
(eV)

Pt/Al (atom/atom) Me/Al (atom/atom)

XPS Bulk XPS Bulk

PtKL 74.5 0.0174 0.0136
PtSrKL 74.3 0.0152 0.0137 0.0600
PtLaKL 75.4 0.0291 0.0133 0.0417 0.2520
PtNdKL 75.2 0.0339 0.0148 0.0339 0.2191
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PtSmKL 74.8 0.1656 0.0134 0.0144 0.1590

e:  Sr, La, Nd or Sm.

num dispersion to 23% in PtSrKL. In this case, because strontium
itrate was incorporated to the zeolite by impregnation, it is rea-
onable to assume that upon calcination at 873 K it was  mainly
ransformed into SrO which, due to its basic character, seems to
inder the anchoring of platinum, thus favoring the formation of

arger platinum particles.
Although the polarizing power is an important physicochem-

cal characteristic of the isolated cation, the overall effect of the
ountercations in the catalyst is more rigorously represented by
he surface acidity. This is also a measurable property related to
he polarization strength, but strongly conditioned by the con-
entration, location and mobility of the countercations, among
thers. The acidity values (A) measured by TPD of ammonia
Table 2) range from 258 �Eq NH3 g−1 to <20 �Eq NH3 g−1, follow-
ng the sequence PtNdKL > PtSmKL > PtLaKL > PtKL ≈ PtSrKL. Since
hemisorption of NH3 over PtKL and PtSrKL was practically negli-
ible, CO2 chemisorption capacity of these samples was measured
iming to detect differences of basicity among them. Although CO2
hemisorption is not a selective method to measure basic sites, it is
xpected that the quantitative difference of gas chemisorbed over
oth samples is only due to the effect of SrO in the latter. If it is
o, the values of basicity obtained for PtKL and PtSrKL, 128 and
56 �mol  g−1

cat, respectively, indicate that strontium species pro-
ides an additional basic character to the KL zeolite and, therefore,
n electron transfer from the basic sites of the support to platinum
anoparticles may  be expected.

More insights on the chemical state of the surface of the cat-
lyst were obtained by XPS analysis. Table 3 shows the binding
nergies of Pt and the surface atomic ratios. Due to the fact that the
ore intense signal of the doublet of Pt4f overlaps with the one

f Al2p, the binding energy corresponding to Pt4f5/2 was taken to
haracterize the surface state of platinum. The Pt4f5/2 BE for PtKL
nd PtSrKL (74.5 and 74.3 eV) are close to that corresponding to
t0 (74.4 eV), whereas those for samples containing rare earth, in
he range 74.8–75.4 eV, are higher than the characteristic value
or Pt0, but much lower than that of Pt2+ (around 76.6 eV), thus
ndicating the presence of electron-deficient species outside the
eolite, as a result of the interaction of the platinum nanoparti-
les with the electron-acceptor sites at the surface. On the other
and, comparison of the Pt/Al surface atomic ratios from XPS with
he corresponding bulk atomic ratios, also summarized in Table 3,
ndicates that platinum is reasonably well distributed in PtKL, in
ontrast with the catalysts containing rare earth, where platinum is
referentially deposited on the external surface of the zeolite. This
nding, together with the results of BET surface area, suggests that

anthanides, which are located mainly inside the zeolite, hinder the
ccess of Pt to the zeolite channels in the order La < Nd < Sm,  thus
avoring the deposition of the metal on the outer surface of the sup-
ort. Preferential deposition of Pt outside the zeolite in lanthanide
oped catalysts was previously suggested from TPR measurements

30].

For PtSrKL the value of the XPS Pt/Al atomic ratio, which is very
imilar to that of the bulk ratio, indicates that strontium induces

 homogeneous distribution of Pt in the zeolite framework. This
Fig. 2. Representative micrograph of PtSrKL catalyst.

observation suggests that a metal surface as low as that correspond-
ing to 23% dispersion, cannot be attributed to metal particles of
4.7 nm of average size, because such value is much higher than the
dimensions of cavities of the zeolite (0.48 nm × 1.24 nm × 1.07 nm).
The low H2 chemisorption capacity found for this sample could be
rather attributed to the fact that a number of platinum nanopar-
ticles of adequate size and shape may block part of the zeolite
channels, thus occluding a fraction of the metal loading. This
assumption was confirmed by TEM-XEDS analysis because, as it
can be seen in Fig. 2, this sample exhibits a homogeneous distri-
bution of platinum nanoparticles much smaller than the average
particle size calculated from the H2 chemisorption measurements.
It is noticeable, on the other hand, that analysis by XEDS of PtSrKL
displayed weak but constant signals of Sr in all the zones of the
field analyzed, which induces to assert that Sr is highly dispersed
and well distributed in the zeolite framework.

Complementary information about the overall electronic state
of platinum, involving species located outside and inside the
zeolite, can be drawn from the competitive hydrogenation of
benzene/toluene mixtures. In this system, because the ionization
energy of toluene (8.82 eV) is lower than that of benzene (9.25 eV)
the former will be preferentially adsorbed on the more electrophilic
metal sites, thus hindering the adsorption of benzene [31,32]. For
these competitive reactions, the ratio of the adsorption coefficients
of toluene and benzene (KTol/Bz in Table 2) obtained from the relative
hydrogenation rates of each one of the reactants in the mixtures,
is a very sensitive thermodynamic function of the electronic state
of the Pt particles in the catalyst [33]. In short, with this method

the higher the electron density of the metal the lower the KTol/Bz
value. The findings arising from analysis of the KTol/Bz values, in
Table 2, agree with those obtained from XPS analysis. Therefore,
we can assert that the higher electron density of Pt clusters in the



60 J. Álvarez-Rodríguez et al. / Applied Catal

F
3

S
w
p
l
l
n
c
h

n

l
b
i
t
r
o
fi
a
o

3

c
l
t
r
6

T
A

a

ig. 3. Conversion of citral over the catalysts as a function of the reaction time, at
23 K and 5 MPa.

r-promoted catalyst is due to the higher basicity derived from the
ell distributed SrO species inside of channels, which interact with
latinum particles, either directly or through the O2− anions of the

attice. On the other hand, the electron-deficient species in cata-
ysts doped with rare earth are originated by the interaction of Pt
anoparticles with the electron-acceptor sites at the surface in the
lose proximity [34,35], i.e. the Brönsted acid sites generated by
ydrolysis of hydrated countercations, as indicated by Eq. (1).

Pt0 + H+ → [PtnH]+ (1)

The detection of [PtnH]+ species, or simply Pt�+, in similar cata-
ysts to those used in this work, was already verified by the CO/FT-IR
ands at wavenumbers above 2080 cm−1, which were more intense

n the catalyst doped with rare earth than in PtKL [30]. For PtSrKL,
he absence of absorption bands at such wavenumbers in the cor-
esponding CO/FT-IR spectrum (no included) together with the
bservation of bands at 2000 cm−1 and at lower wavenumbers, con-
rm the presence of small particles of Pt inside the channels, with
n electronic structure strongly perturbed by the basic surrounding
f the zeolite [36].

.2. Hydrogenation of citral

Conversions of citral versus time at 323 K and 5 MPa  for all the
atalysts are depicted in Fig. 3. Initial activity (a0) and TOF, calcu-

ated from the slope of these plots at initial time, are given in Table 4
ogether with selectivity towards the major reaction products, cit-
onellal, geraniol and nerol, citronellol and 3,7-dimethyloctanol at
0% conversion level. Selectivity towards a product i (Si) is defined

able 4
ctivity and selectivity of the catalysts in the hydrogenation of citral at 323 K and 5 MPa.

Catalyst PtKL PtSrKL 

a0 (�mol g−1 s−1) 1.240 0.740 

TOF  (s−1) 0.057 0.063
SG+N 6 15 

SCal 61 3 

SCol 26 82 

0, initial activity; SG+N, selectivity towards geraniol + nerol; SCal,  selectivity towards citro
ysis A: General 401 (2011) 56– 64

as the number of citral molecules converted into i per 100 molecules
of citral transformed. Formation of isopulegol, by isomerization of
citronellal, was  only observed over the most acidic sample PtNdKL,
while either menthol or acetals were never observed.

As it can be seen, PtKL is initially the most active hydrogena-
tion catalyst (a0 = 1.24 �mol  g−1 s−1) and, furthermore, its initial
activity remains up to around 60% conversion (X). However, at
higher conversions it strongly declines, being 0.20 �mol  g−1 s−1

for X > 75%. Sample PtSrKL is initially less active than PtKL
(a0 = 0.74 �mol  g−1 s−1) but, in contrast, its activity decreases only
gradually in all range of conversions, without any dramatic change.
As a consequence of such behavior the overall hydrogenation
activity of PtSrKL is higher than that of PtKL at reaction times
above 170 min. Catalysts containing rare earth are less active
than PtKL, their respective initial activities being in the range
0.65–0.37 �mol  g−1 s−1. Furthermore, activity of these three cat-
alysts considerably decays after 100 min  of reaction, in particular
that of PtNdKL, when only 35% conversion is reached.

Although deactivation of catalysts is not easily detected in liq-
uid phase batch reactions, very prominent changes in the slope
of the conversion versus time curves for the hydrogenation of
�,�-unsaturated aldehydes, as those observed in Fig. 3 for several
catalysts, have been considered to be a signal of deactivation of
the active surface [19,37,38].  In a previous work, activity decay for
Ru/KL type catalysts was  already observed [39] and, since no loss
of Pt was  observed in the samples, it was attributed to the partial
blockage of hydrogenation active sites by the reaction products of
decarbonylation and/or oligomerization of citral, as suggested in
other cases [40,41].  If one correlates the acidity values of the cat-
alysts in Table 2 and the corresponding activity decay observed in
Fig. 3, it is seen that the greater surface acidity, the higher decay of
activity, in agreement with the well known fact that those undesir-
able reactions are favored on acid sites. In addition, the fact that the
major part of Pt in the lanthanide doped catalysts is on the external
surface of the zeolite, where the metal surface is more vulnerable
to the effects of poisons, contributes to the early deactivation of
these catalysts. On the contrary, the highest stability of the catalyst
PtSrKL may  be reasonably attributed to both the basic character of
strontium oxide that neutralizes acid sites, and the fact that plat-
inum nanoparticles are mainly located inside the zeolite. For PtKL,
it is probable that deposition/adsorption of undesirable products
on a number of metal nanoparticles of adequate size and shape,
located at the pore mouth (0.71 nm diameter), gradually decreases
the effective diameter of the zeolite channels in such a way that,
after around 100 min  of reaction, part of the metal sites are not any
more accessible to the citral molecules. So that, from this moment
the hydrogenation activity of this sample dramatically decreases.

Results in Table 4 show that PtKL and PtSrKL exhibit a
very similar hydrogenation TOF (0.057 and 0.063 s−1, respec-
tively). However, the former is very selective towards citronellal
(SCal = 61%) while the further leads the reaction towards citronellol
chiefly (SCol = 82%), with an important improvement of selectiv-

ity towards unsaturated alcohols (SG+N = 15%). This means that
SrO, in addition to the inhibition of poisoning, induces changes
in selectivity of platinum for the hydrogenation of citral, which
are related to the presence of electron-enriched platinum species

PtLaKL PtNdKL PtSmKL

0.440 0.650 0.370
0.014 0.018 0.011
26 33 32
44 35 40
19 20 13

nellal and SCol, selectivity towards citronellol, at 60% conversion.
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Fig. 4. Selectivity towards the reaction product

Pt�−) at the catalyst surface. For samples containing rare earth,
here electron-deficient platinum species (Pt�+) were evidenced,

he TOFs are much lower than that of PtKL, while the respective
electivities towards the valuable unsaturated alcohols are remark-
bly enhanced, reaching 26% for PtLaKL and 33–32% for PtNdKL and
tSmKL.

A more complete analysis about the effect of strontium and rare
arth on the performances of these catalysts can be drawn from
he selectivity plots in Fig. 4. All the catalysts exhibit selectivity
owards citronellal (SCal) higher than 60% at the beginning of the
un, which decreases as the citral conversion increases. Thus, for
tKL, SCal diminishes from 75%, initially, to 45% in favor of citronel-
ol (SCol), while selectivity towards geraniol + nerol (SG+N) remains
round 6% in all the range of conversions analyzed. For lanthanide
oped samples, evolution of SCal and SCol are roughly comparable

o those of PtKL, although the extent of the transformation of cit-
onellal into citronellol is much lower. With respect to unsaturated
lcohols, selectivity is significantly enhanced, reaching around 28%
or PtLaKL and 32% when either Nd or Sm is incorporated to the
 function of the conversion at 323 K and 5 MPa.

zeolite. For PtSrKL, SCal abruptly diminishes from 85% to 3% at only
58% conversion, in favor of citronellol. In contrast, SG+N is about
13–17% in the whole range of conversions. All the selectivity values
we have obtained are consistent with the fact that hydrogenation
of the conjugated C C double bond of citral is thermodynamically
and kinetically preferred to that of the C O group [2] and with
the experimentally demonstrated assertion by Singh et al. [42]
that unsaturated alcohols are more stable intermediates than cit-
ronellal. On the other hand, it is clear that lanthanides as well as
strontium enhance the selectivity towards unsaturated alcohols of
the parent catalyst, PtKL.

Comparison of our kinetic results with those reported by other
authors for this reaction is not immediate due to the important dif-
ferences in the formulation of the catalysts and in the experimental
conditions used, namely, metal loading, metal precursor nature,

metal dispersion, solvents, temperature and pressure of reaction,
among other experimental parameters which affect the overall
reaction rate and selectivity. Even so, evolution of selectivities with
conversion, given in Fig. 3 is, at least, comparable to those observed
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ig. 5. Activity of the catalysts for hydrogenation of the conjugated C C double
ond of citral. YC C: yield to citronellal + derivatives of citronellal.

y other authors using Pt/SiO2 [43], Pt/carbon [44], Pt/Al2O3 [41]
nd Pt/nanocomposites [45] as catalysts. It is opportune to mention
hat separate experiments performed with catalysts prepared with
ifferent materials as supports showed that, under our standard
eaction conditions, selectivity towards geraniol and nerol over KL
atalysts is higher than those exhibited by catalysts prepared with
raphite, zirconia or SiO2 as support. On the other hand, we  like to
emind that enhancement of selectivity with conversion in favor
f geraniol and nerol, as observed for PtNdKL, was already noticed
or a Ru/KL catalyst [39] and attributed to the partial blocking of

etal sites during the reaction by strongly adsorbed species that
revents adsorption of the conjugated C C double bond and forces
he adsorption end-on C O group of citral.

Additional information about the kinetic effect of the rare earth
nd Sr in these catalysts is supplied by Figs. 5 and 6, where
he yields to the hydrogenation products, grouped by families,
re depicted. YC C groups the yields to the products successively
ormed via hydrogenation of the conjugated C C double bond
f citral (citronellal, citronellol, 3,7-dimethyloctanol and isopule-
ol) while YC O includes the yields to products arising from citral
ia hydrogenation of the carbonyl group, essentially geraniol and
erol. Yield to a reaction product i is calculated as Yi = XSi. With
espect to the values of YC C, the catalysts follow the sequence
tKL > PtSrKL > PtLaKL > PtNdKL > PtSmKL, in parallel with the order
f the corresponding conversions of citral in Fig. 3. So, PtKL is the
ost active hydrogenation catalyst and also the most active one for

roducing citronellal and their hydrogenated derivatives. In con-
rast, as shown in Fig. 6, all the doped catalysts are more active
or producing geraniol and nerol than PtKL. It is remarkable, in this
ense, that the values of YC O for PtSrKL and PtNdKL, after 100 min
f reaction (10.0% and 9.9%, respectively) are twice that of PtKL
4.4%) while the respective overall conversions are lower, even less
f one half in the case of PtNdKL.

It has been reported that zeolites containing well-defined and
solated Lewis acid sites seem to be the best heterogeneous cata-

ysts in the Meerwein–Ponndorf–Verley reduction of aldehydes and
he complementary Oppenauer oxidation of alcohols (MPVO) [46].
or that reason, in order to detect possible formation of unsaturated
lcohols through that reaction mechanism, blank experiments
Fig. 6. Activity of the catalysts for hydrogenation of the C O group of citral. YC O:
yield  to geraniol + nerol.

were performed with the lanthanide promoted catalysts in the
absence of hydrogen, at 323 K and 5 MPa. Under these conditions no
unsaturated alcohols were observed and, hence, we  believe that the
enhancement of SG+N observed in Fig. 4 for all the doped catalysts is
kinetic in origin, which arises from the electronic modifications of
platinum produced by the effect of either lanthanides or Sr, above
explained. Electron-rich and electron-deficient species at the cat-
alyst surface can promote the formation of unsaturated alcohols
from citral following different mechanisms, in agreement with the
theoretical approach by Delbecq and Sautet [47], either by inhibit-
ing the hydrogenation of the C C conjugated double bond and/or
by favoring the hydrogenation of the C O bond.

The evidenced kinetic effects can be explained with the help
of the simplified reaction scheme in Fig. 7, where for the sake of
simplicity only hydrogenation steps have been considered over
the catalyst surface. The scheme shows the adsorption–desorption
steps of reactants and products, with the activated intermediate
species in the adsorbed phase (�i); Ki is the adsorption–desorption
equilibrium constant for a product i and ki the kinetic constant
for a reaction step. Assuming that under our experimental con-
ditions hydrogenation of the isolated C C double bond and the
other side reactions are negligible, as well as the hydrogenation
steps are irreversible, the overall reaction rate constant k for the
disappearance of citral under kinetic regime will be k = k1 + k2.
As suggested, adsorption of citral (E + Z) on the catalyst surface
occurs through either the C C conjugated double bond or the
C O carbonyl group, with the subsequent formation of the respec-
tive activated complex in the adsorbed phase, whereas hydrogen
chemisorbs and homolytically dissociates on Pt0 [48] to give the
adatoms Pt-H, (�H). Interaction of that reactive complex with two
neighboring �H species leads to either the chemisorbed precur-
sor of citronellal (�Cal) or the precursor of the unsaturated alcohols
(�G+N). These adsorbed species can be either desorbed to the liquid
phase as citronellal, geraniol and nerol or successively hydro-
genated with and/or without any previous desorption to form the

precursors of citronellol (�Col) and 3,7-dimethyloctanol (�3,7DMO),
which subsequently desorb to the liquid phase. Under these condi-
tions electron-deficient metal species (Pt�+) as well as electron-rich
platinum species (Pt�−) may  substantially affect the adsorption



J. Álvarez-Rodríguez et al. / Applied Catalysis A: General 401 (2011) 56– 64 63

nation

m
s
r
t

w
p
w
t
s
t
s
I
s
a
R
s
b
G
i
�
t
o
b
s
m
a
i
i
v
o
t
m
o
r
c
p
o
s
i
c
w

a
m

lal to citronellol, which reaches 80% selectivity at 60% conversion.
Fig. 7. Simplified reaction scheme for citral hydroge

ode of citral and also the adsorption–desorption equilibrium con-
tants of the intermediates and the kinetic constants of the different
eaction steps, giving rise to catalytic performances very different
o that of the parent catalyst, PtKL.

For catalysts containing lanthanides, Pt0 species in association
ith Pt�+ species located in the close proximity and in adequate
roportion, can constitute active sites dual in nature [Pt�+–Pt0]
hich are particularly active for hydrogenation of the C O group of

he citral molecule. The positive effect of electron-deficient metal
pecies on the formation of unsaturated alcohols in the hydrogena-
ion of different �,�-unsaturated aldehydes has been treated in
everal reviews [49,50] and discussed by different authors [16,17].
n this sense, Bachiller-Baeza et al. [27] attributed the enhanced
electivity towards geraniol and nerol from citral over Fe–Ru cat-
lysts to the polarizing effect of Fe�+ species on the C O bond.
ecently [25] we have suggested that positively charged ionic
pecies, in the surrounding of Ru0, improve the activation of car-
onyl bond over RuCu/KL catalysts. For bimetallic catalysts using
e and Sn as promoter, it has been also reported enhanced activ-

ty for hydrogenation of carbonyl group of citral [8,9] and of other
,�-unsaturated aldehydes [44,51]. In all cases, stabilization of par-

ially oxidized species (Me�+) has been considered to be the origin
f the carbonyl bond activation. Stabilization and association of
oth types of metal species, Ru�+ and Ru0, was also suggested in
ulfurized Ru/KL catalysts, and their positive effect on the transfor-
ation of citral into unsaturated alcohols discussed [25]. Likewise,

 positive effect of electron-deficient metal species (Me�+) in coex-
stence with well reduced metal species (Me0) has been proposed
n the hydrogenation of aromatics [52], methylcyclopentane con-
ersion [53] and in the hydrogenolysis of chlorocarbons [54] among
ther reactions. In our case, it is plausible that citral chemisorbs on
he dual active site [Pt�+–Pt0] through the C O group, in such a

anner that carbon is anchored to the Pt0 species, while the nucle-
philic oxygen is bonded to an adjacent Pt�+ species. This highly
eactive intermediate complex is attacked by hydrogen homolyti-
ally dissociated on the surrounding Pt0 sites, to form the adsorbed
recursor of the unsaturated alcohols (�G+N). It is probable, on the
ther hand, that lanthanide countercations in association with Pt0

pecies can also constitute active sites [Me�+–Pt0] thus contribut-
ng to the higher selectivity towards geraniol and nerol of these
atalysts. The result will be that both K2 and k2, in Fig. 6, increase

ith respect to the counterparts for PtKL, while K1 and k1 diminish.

For PtSrKL, stabilization of electron-rich platinum species (Pt�−)
t the surface, favored by the high dispersion of SrO species, also
odifies the adsorptive properties of the catalyst and the kinetic
 at the surface of Pt/KL catalysts in the liquid phase.

constants of the surface reactions with respect to those of PtKL. In
this line, a positive effect was  proposed for KOH in the hydrogena-
tion of cinnamaldehyde and citral over Pt/carbon catalysts [55], for
NaOH in the hydrogenation of cinnamaldehyde over Pt catalysts
[56] and for other electron-donor systems in selective hydrogena-
tion reactions [3]. Enhanced formation of geraniol and nerol over
[Pt�−–Co�+] species in supported bimetallic Pt–CO catalysts has
been also claimed [6].  In PtSrKL a high charge density on the metal
surface atoms (Pt�−) can decrease the binding energy of the C C
bond and, on the other hand, favor the back-bonding interactions
with the �*C O-orbital to a larger extent than with �*C C-orbital
and therefore the hydrogenation of the C O bond with respect to
that of C C double bond [47]. As result, K1 and k1 will be diminished
with respect to the corresponding values for PtKL, while forma-
tion of unsaturated alcohols will be indirectly improved. On  the
other hand, the transformation rate of citronellal into citronellol
(k3) is strongly enhanced in comparison to that of citral into cit-
ronellal, resulting in the rapid decrease of SCal in favor of SCol, as the
conversion increases.

4. Conclusions

Incorporation of rare earth as countercations, as well as an
extraframework strontium oxide to KL zeolite, substantially mod-
ifies the surface properties that govern the behavior of Pt/KL
supported catalysts in the hydrogenation of citral in the liquid
phase. The partial substitution of K+ by lanthanide ions increases
the surface acidity of the catalysts, thus favoring the dispersion
of the metal and the formation of electron-deficient platinum
species (Pt�+). In comparison with PtKL the overall hydrogena-
tion activity of those catalysts is inhibited, but their respective
activity for hydrogenation of the carbonyl group of citral is kineti-
cally enhanced, increasing the selectivity towards geraniol + nerol
from 6% to 32%. Strontium oxide in PtSrKL increases the basicity
of the zeolite, hinders the dispersion of Pt, increases the stability
of the catalyst and promotes the formation of electron-rich plat-
inum species (Pt�−). This latter inhibits the hydrogenation of the
C C conjugated double bond of citral, but improves that of the
C O bond and favors the successive hydrogenation of citronel-
Remarkably the electronic modifications of the Pt nanoparticles
have been simultaneously detected by a spectroscopic technique
(XPS) and by a catalytic test, such as the competitive hydrogenation
of toluene/benzene mixtures.
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