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The effect of Sn addition to Pd on the selective liquid-phase hydrogenation of citral to o,B-unsaturated
alcohols (UA: nerol and geraniol) was examined. Pd-Sn/SiO, bimetallic catalysts were prepared by suc-
cessive impregnation method and were characterized by transmission electronic microscopy (TEM) cou-
pled with energy dispersive X-ray spectroscopy (EDX), temperature-programmed reduction (TPR),
Fourier transform infrared (FTIR) spectroscopy of adsorbed CO, and X-ray photoelectron spectroscopy
(XPS). Sn addition to Pd/SiO; catalysts significantly modifies their properties for citral hydrogenation per-
formed at 130 °C, under 7 MPa and in isopropanol solvent, inducing a promoting effect on the UA selec-
tivity. This promoting effect is related to the existence of a Pd-Sn interaction highlighted by EDX analysis,
TPR under hydrogen and FTIR of adsorbed CO. The latter technique suggested the presence of a geometric
effect on catalytic activity. Maximum UA selectivities (>75% at 30% citral conversion) were obtained when
an alloy of the PdsSn type is formed in the bimetallic particles, as confirmed by TPR and XPS. Moreover,
FTIR measurements of the adsorbed CO singleton frequency as well as XPS binding energy shifts strongly
imply an electron transfer from Sn to Pd, which is proposed to be responsible for enhanced adsorption of
citral C=0 bond on the surface of Pd-Sn/SiO, bimetallic catalysts. To our knowledge, it is the first time
that modified Pd catalysts lead to such important UA selectivity values during o,B-unsaturated aldehyde

hydrogenation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The selective hydrogenation of o,B-unsaturated aldehydes is a
very important reaction for the synthesis of various fine chemicals
products, in particular o,B-ethylenic alcohols, which are terpenic
compounds used in the food, fragrance and pharmaceutical
industries [1-3]. With a single-metal catalyst, the formation of
a,B-ethylenic alcohols is a difficult task, with the C=0 bond reduc-
tion depending on various types of factors. First, the structure of the
molecule to be reduced can lead to possible steric hindrance around
the C=0 bond [4-6]. Second, geometric factors such as metal
dispersion and surface morphology, coupled with the support
structure and pore accessibility, play important roles [7,8]. Finally,
electronic effects arise from the differential electron density of me-
tal particles that can be controlled by varying the metal particle size
and/or by addition of a modifier [9,10].

Metal catalysts containing noble metals (e.g., Pt, Pd) are known
to be active in C=C hydrogenation but not for C=0 hydrogenation.
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Such catalysts easily lead to saturated aldehydes or saturated alco-
hols with a poor unsaturated alcohol (UA) selectivity. However, the
modification of noble metals by a second inactive one (e.g., Pb, Sn,
Ge, etc.) [11-17] or the use of a reducible support (e.g., TiO;)
[18-26] can favor the formation of a,B-ethylenic alcohols. The mol-
ecules most often used as model compounds in catalytic studies
are cinnamaldehyde (C¢Hs—CH=CH—CHO), crotonaldehyde
(CH3—CH=CH—CHO) and citral ((CHg)Z—CZCH—CHZ—CHZ—
C(CH3)=CH—CHO), the last of which is explored in this study.
Several reviews presented the state of art in the selective reduction
of a,B-unsaturated aldehydes, describing the recent development
in catalyst structures, catalyst characterization techniques as well
as kinetic aspects in order to achieve tailor-made catalysts for this
kind of reaction [2,27,28]. Singh and Vannice studied citral hydro-
genation on various M/SiO, catalysts with M metals belonging to
groups 8-10 of the periodic table [29]. The activity of the various
metals expressed in turnover frequency (TOF) is as follows:
Pd>Pt>Ir>0s>Ru>Rh>Ni>Co>>Fe. Good UA selectivity
(Sya) is attained with Os, Ru, and Co, while Rh, Ni, and Pd are highly
unselective. The different UA selectivities observed on these metals
were addressed using theoretical calculations by Delbecq and
Sautet [30]. These authors suggested that C=C adsorption is
hindered by a more broad metal d band. Indeed, the d band width
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decreases as follows: Os ~ Ir > Pt > Pd, in agreement with the UA
selectivities classification. In addition to metal specificities, these
authors also found by studying the adsorption of various o,B-
unsaturated aldehydes on platinum and palladium crystal faces
that the adsorption mode of the substrate is strongly dependent
on the type of surface structure exposed.

Thus, Pd is well known to be very active for the C=C function
saturation during o,B-unsaturated aldehyde hydrogenation, but is
considered unselective for hydrogenation of the C=0 bond. With
the aim of improving the selectivity toward the hydrogenation of
the carbonyl bond, some authors have modified monometallic Pd
catalysts by the addition of a second metal. Mahmoud and co-
workers studied the influence of additives such as Ir, Cu, and Sn
on sol-gel Pd/SiO, catalysts for cinnamaldehyde hydrogenation
[31,32]. They did not observe a decrease in saturated aldehyde
selectivity upon Ir or Cu addition onto Pd. In fact, in the case of
the Cu, too high loading resulted in a total poisoning of the Pd ac-
tive surface. On the other hand, a decrease in the saturated alde-
hyde selectivity was observed after Sn addition onto Pd, related
to both geometric and electronic alloying effects. Such results were
already obtained on supported Pt-Sn systems during the selective
hydrogenation of the same o,B-unsaturated aldehyde [33].
Aramendia and co-workers studied selective liquid-phase hydro-
genation of citral over Pd supported on a mixed 80:20 SiO,/AIPO,4
system [34]. The presence of additives of the Lewis acid type such
as FeCl, was found to considerably alter the hydrogenation mech-
anism. Under these experimental conditions, the selectivity was
proved to be strongly dependent on the Fe?*/Pd atomic ratio. They
obtained the best results for a ratio equal to unity, with the Sy
reaching 35% for 25% citral conversion. More recently, Liu et al. re-
ported the presence of significant synergistic effects on Pd-Au/TiO,
bimetallic catalysts during the selective hydrogenation of citral
[26]. These synergistic effects contribute mainly to the enhance-
ment of the conversion rate and of the citronellal selectivity, but
the hydrogenation of the carbonyl function was not modified.

In the present work, SiO,-supported bimetallic catalysts con-
taining Pd and Sn were studied for the citral hydrogenation in a
batch reactor, under hydrogen pressure and in isopropanol as sol-
vent. The objectives of this study are the following: (i) to succeed in
synthesizing a series of Pd-based bimetallic catalysts higher selec-
tive for the formation of unsaturated alcohols (UA: nerol and gera-
niol) than the Pd-based systems described until now in the
literature; (ii) to characterize the as-synthesized Pd-Sn catalysts
with a view towards unraveling the role of the Sn modifier.

2. Experimental
2.1. Catalyst preparation

A silica (from Degussa) with a specific surface area of 180 m?/g
and a pore volume of 0.47 cm?®/g was used as support. Prior to its
use, it was ground and sieved in order to retain particles with sizes
between 0.04 and 0.10 mm, and calcined in flowing air at 500 °C
for 4 h. 1.0 wt% Pd/SiO, monometallic catalysts were prepared by
wet impregnation of the support at room temperature using a solu-
tion of Pd(acac), in acetone. The monometallic catalysts were dried
overnight at 120 °C, then calcined in flowing air at 300 °C for 2 h,
and finally reduced under hydrogen flow at 300 °C or 500 °C for
1 h. Bimetallic Pd-Sn/SiO, catalysts were prepared by successive
impregnations of the precursor salts without intermediate
activation: after impregnation of Pd(acac), in acetone onto SiO,,
the catalyst was dried at 120 °C overnight, then a SnBuy solution
in n-heptane was impregnated and the resulting catalysts were
dried overnight at 120 °C. Finally, the bimetallic catalysts were
successively calcined in air at 300 °C for 2 h and reduced under

hydrogen flow either at 300 °C or at 500 °C for 1 h (2 °C/min heat-
ing rate).

2.2. Transmission electron microscopy (TEM) measurements

Transmission electron microscopy (TEM) studies were per-
formed on a Philips CM 120 instrument operating at 120 kV. All
the samples were embedded in a polymeric resin (spur) and cut
into a section as small as 40 nm with an ultramicrotome equipped
with a diamond knife. Cuts were then deposited on an Al grid pre-
viously covered with a thin layer of carbon. Average particle sizes
were determined by measuring at least 100 particles for each sam-
ple analyzed, from at least five different micrographs, and using
the following formula: d =" n,-d?/ > n,-di2 (d; = diameter of the par-
ticle n;). Microanalysis of Pd and Sn was carried out by energy dis-
persive X-ray spectroscopy (EDX) in the nanoprobe mode.

2.3. Hydrogen chemisoprtion

The metallic accessibility or dispersion (D%) was determined
from H, chemisorption measurement, carried out in a pulse chro-
matographic system, using a stoichiometry of H/Pdsyface = 1. For all
the catalysts, the H, chemisorption measurement was carried out
at 70 °C, since at this temperature there is no formation of p-Pd hy-
dride phase by diffusion of hydrogen into the metal [35]. The metal
particle size was calculated from the dispersion D (%) using the
classical hypothesis of cubic particles with one face in contact with
the support (five faces exposed to the gases), and considering an
equidistribution of the (100), (110) and (111) faces.

2.4. Temperature-programmed reduction (TPR) experiments

Two successive TPR experiments were performed with a
1.0vol% H,/Ar gas mixture. The temperature range was 25-
500 °C with a ramp of 5°C/min and then maintained at 500 °C
for 1 h. The hydrogen uptake was monitored by a thermal conduc-
tivity detector. Prior to the first TPR, the monometallic and bime-
tallic catalysts after impregnation and drying were first
pretreated in situ under oxygen for 30 min at 300 °C and cooled
down to room temperature. Thus, the reduction performed in the
TPR apparatus corresponds to the first reduction step undergone
by the tested samples. After the first TPR experiment, a second
one was performed following the same protocol.

2.5. Fourier transform infrared (FTIR) spectroscopy study of adsorbed
co

Transmission FTIR spectra were collected in the single beam
mode, with a resolution of 2 cm™!, using a Nicolet Nexus 470 FT-
IR spectrometer equipped with an MCT-B detector. A 10-cm-long
stainless steel IR cell, with NaCl windows cooled by flowing water
was used to collect in situ spectra. A heating element wrapped
around the cell allowed spectra collection at elevated tempera-
tures. The cell temperature was monitored by a thermocouple
placed in close proximity with the catalyst sample. Reference spec-
tra of the clean surfaces in N, were collected at room temperature.
Difference spectra between the samples and the corresponding ref-
erence are shown in this paper. Catalyst samples were prepared as
self-supported wafers with a diameter of 12 mm containing
approximately 20 mg/cm?.

Prior to CO adsorption experiments, all catalysts were reduced
in situ for 1h under H, at 300°C or 500 °C, according to the
activation protocol used during their preparation. Following this
reduction step, the samples were flushed with N, at the reduction
temperature and cooled in N, to room temperature. At room
temperature, a flowing 1% CO/He mixture was introduced to the
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cell and spectra were collected until steady state was reached. N,
was then purged through the cell to remove any weakly bonded
Co.

Spectral deconvolution was performed using the Galactic
PeakSolve peak-fitting program. All deconvoluted spectra shown
in this paper are converged solutions, with correlation factors
above 0.999 and standard errors below 0.004.

2.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were
collected using a hemispherical analyzer on a Kratos Axis Ultra
DLD XPS with a monochromated Al Ko X-ray source. In a pretreat-
ment cell directly attached to the XPS chamber, catalysts were
pretreated in situ in H, atmosphere during 1 h at the same temper-
ature that during their initial reduction. The samples were then
cooled to room temperature and moved without exposure to air
into the ultra-high-vacuum chamber (10° torr). Peak fitting was
achieved using XPSPeak 4.1 software. All Pd and Sn binding ener-
gies were calibrated with respect to Si 2p (103.3 eV) and were then
modeled using a mixed Shirley-Linear background. Elemental sur-
face stoichiometries were obtained from peak area ratios corrected
by appropriate sensitivity. Gaussian/Lorenzian sum functions were
used to fit the line shapes of the Pd 3d and Sn 3d peaks.

2.7. Citral hydrogenation

The liquid-phase hydrogenation of citral was carried out in a
300-mL stirred autoclave (Autoclave Engineers, fitted with a sys-
tem for liquid sampling) at 130 °C and at constant pressure of
7 MPa. Pre-reduced catalysts were immersed into 90 mL of solvent
(isopropanol 99%) without exposure to air before introduction into
the autoclave. After a first flush with nitrogen and a second with
hydrogen, the temperature was raised to 130 °C under 3 MPa of
hydrogen. Then a mixture of substrate (3 mL of citral) and of iso-
propanol (10 mL) was loaded into the autoclave through a cylinder
under a 7-MPa hydrogen pressure. Zero time was taken at this mo-
ment and stirring was switched on. The reaction time was modu-
lated in order to obtain a final conversion value enough to
determine the unsaturated alcohols (UA) selectivity at a given cit-
ral conversion similar for all the samples. In this study, the UA
selectivities will be given at 30% citral conversion, which implied
to perform hydrogenation tests during 6 h for the less active cata-
lysts. Liquid samples were analyzed by gas chromatography on a
Thermofinnigan chromatograph equipped with an FID detector
and a capillary column DB-WAX (J&W, 30 m, 0.53 mm i.d.) using
nitrogen as carrier gas.

3. Results
3.1. Preliminary characterization of Pd/SiO, and Pd-Sn/SiO, catalysts

The characteristics of the 1 wt% Pd monometallic and 1 wt% Pd-
x wt% Sn bimetallic catalysts supported on SiO, are summarized in
Table 1. Examples of TEM images obtained for the 1wt% Pd-
1.5 wt% Sn/SiO, sample, as well as the corresponding size distribu-
tions, are represented in Fig. 1 for both reduction temperatures. In
the case of the monometallic Pd/SiO, samples, the metallic particle
size was determined by hydrogen chemisorption, since TEM anal-
ysis revealed the presence of particles with very inhomogeneous
sizes, making difficult their precise inventory. For all systems, an
increase in the reduction temperature from 300 °C to 500 °C re-
sulted in some sintering of the metallic particles. However, this
sintering phenomenon was less marked in the case of the bimetal-
lic catalysts. For example, the average particle size increases from

Table 1
Characteristics of the 1.0 wt% Pd monometallic and 1.0 wt% Pd-x wt% Sn bimetallic
catalysts supported on SiO,.

Catalyst/SiO, Treduction Average  Hj consumption during Hy/Pd®

(°0) particle first TPR (umol gt ,yys)
size (nm)
Tamb_ Tamb_
300 °C 500 °C
(1h)
1 wt% Pd 300 8.0 96 96 1.02
500 13.6°
1 wt% Pd-1.0 wt% Sn 300 6.3" 115 142 1.22
500 8.4°
1 wt% Pd-1.3 wt% Sn 300 6.2° nd. nd.
500 8.2°
1 wt% Pd-1.5 wt% Sn 300 5.9° 160 185 1.70
500 8.1°
1wt% Pd-1.7 wt% Sn 300 5.9° nd. nd.
500 8.0°
1 wt% Pd-2.0 wt% Sn 300 5.7° 156 246 1.66
500 8.0°
2.0 wt% SnO, 500 nd. 12 72 -

n.d. = not determinated.
¢ Determined by hydrogen chemisorption.
5 Determined by TEM.
¢ Deduced from H; consumption in the range T,n,-300 °C during first TPR.

5.9 nm (reduction at 300 °C) to 8.1 nm (reduction at 500 °C) for the
1 wt% Pd-1.5 wt% Sn/SiO, bimetallic catalyst, whereas it increased
from 8.0 nm to 13.6 nm for the monometallic system. In addition,
it should be noted that after reduction at a given temperature,
the bimetallic catalysts have average particle sizes lower than that
of monometallic catalyst. Thus, for bimetallic samples, the pres-
ence of Sn allows one to maintain Pd in a more divided state on sil-
ica support. Lastly, EDX analysis, performed with a probe of
appropriate diameter in order to survey only one particle under
the electron beam, proves the presence of both Pd and Sn atoms in-
side particles. Consequently, Sn is in contact with Pd in the bime-
tallic catalysts proving the existence of a bimetallic interaction.
In Fig. 2, TPR profiles of three Pd-Sn/SiO, bimetallic catalysts
are compared with those of 1 wt% Pd/SiO, and 2 wt% SnO,/SiO,
monometallic catalysts. The hydrogen consumption amounts ob-
tained from the curves of the first TPR are reported on Table 1.
First, for the monometallic 1 wt% Pd/SiO, catalyst, the Hy/Pd ratio
near the unity indicates that Pd is completely reduced from around
100 °C (the hydrogen consumption equal to 96 pmol gz, ., corre-
sponds to the theoretical consumption for the reduction of PdO
phase, i.e. 94 pmol g, ). The two TPR profiles of 2 wt% SnO,/
SiO, monometallic catalyst show that it is difficult to reduce iso-
lated Sn species deposited on silica, explaining the SnO, oxide for-
mula used to name this sample. Indeed, the reduction range begins
only from 400 °C, and the total hydrogen consumption during the
first TPR (72 pmol g, ) is much lower than the theoretical value
for the reduction of the SnO, species to Sn° at 2 wt% Sn content (i.e.
337 pmol g, ). For the bimetallic catalysts, the profiles of the
first TPR indicate the reduction of Sn species in contact with Pd,
by the presence of hydrogen consumption after the main peak at
low temperature and until 400 °C (i.e., the temperature required
to initiate the reduction of isolated Sn). Thus, the TPR experiments
clearly show the existence of a Pd-Sn bimetallic interaction, well
evidenced by the second TPR. In fact, for the bimetallic samples,
the second TPR leads to an increase of the H, consumption in the
Tamb—400 °C range, indicating that the Sn species initially isolated
on the support after impregnation remain in interaction with Pd
after reduction. Moreover, like with the Sn0,/SiO, monometallic
sample, all the Sn species are not completely reduced on the
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Fig. 1. TEM images and metal particle size distributions of 1 wt% Pd-1.5 wt% Sn/SiO, catalyst: (a) reduced at 300 °C, (b) reduced at 500 °C.

Pd-Sn/SiO, bimetallic catalysts even at 500 °C. This is suggested by
the fact that the hydrogen consumption values (Table 1) never
reach the theoretically required amounts for reduction of both
PdO and SnO, oxides.

3.2. Catalytic performance during citral hydrogenation

Fig. 3 presents the main reaction pathways that can occur dur-
ing citral hydrogenation. The reduction of citral can lead to a vari-
ety of products. A first step is the reduction of either the C=0 or the
conjugated C=C bond to produce geraniol and nerol, referred as
unsaturated alcohols (UA), or citronellal, respectively. Consecutive
hydrogenation leads to citronellol and finally to 3,7-dimethylocta-
nol. Apart from these reactions, secondary processes of cyclization
or of reaction with the alcoholic solvent can lead to other by-prod-
ucts like isopulegol or acetals, respectively.

Fig. 4a represents the evolution of the citral conversion after 1 h
reaction time according to the Sn content for the 1 wt% Pd-x wt%
Sn/SiO, catalysts reduced at 300 °C and 500 °C. Under these exper-
imental conditions, the Pd/SiO, catalysts are very active for citral
hydrogenation, leading exclusively to the formation of C=C hydro-
genated products, i.e., to an unsaturated alcohol (UA) selectivity
equal to O (Fig. 4b). This behavior was predictable according to
the literature results [26,29,34]. For the bimetallic catalysts series
reduced at 300 °C (triangles), the addition of a low Sn content
(<1 wt%) slightly modifies the conversion of the corresponding
monometallic catalyst (Fig. 4a). For the highest Sn contents
(=1 wt%), the citral conversion drops to reach approximately a
10% value. Concerning the Pd-Sn/SiO, catalysts reduced at 500 °C
(squares), the citral conversion also decreases when Sn content in-
creases, and thus from the lowest Sn content (1 wt%). Finally, the
catalysts of this series with the highest Sn loadings present a con-
version comparable with that of their counterparts reduced at
300 °C (near to 10%). For both series of catalysts, the UA selectivity
strongly increases with the Sn content, reaching a maximum at
1.5 wt% Sn content before decreasing (Fig. 4b). For Sn contents high-

\ | 1wt %Pd/SiO;
I
I
I
- : 1wt %Pd-1wt % Sn/SiO;
=
8 T =
-1
£ I
g I
(=}
£ |
Z I
g 1wt %Pd-1.5wt % Sn/SiO,
> | ,M
o
= I
I
I
I
o 1wt %Pd-2wt % Sn/SiO;
I
I
: ;NM% Sn0,/Si0»
T T T T T
0 100 200 300 400 500 >

1 hour
Temperature (°C)

Fig. 2. TPR profiles of 1 wt% Pd/SiO, and 2 wt% SnO,/SiO, monometallic catalysts
and 1 wt% Pd-x wt% Sn/SiO, bimetallic catalysts after: (mm=) calcination at 300 °C
[first TPR], (—) calcination at 300 °C/reduction at 500 °C/calcination at 300 °C
[second TPR].

er than 1.3 wt%, the bimetallic catalysts reduced at 300 °C are
slightly more selective than their counterparts reduced at 500 °C.

3.3. FTIR study of adsorbed CO

Infrared spectra obtained after CO adsorption on the 1 wt% Pd
monometallic and 1.0wt% Pd-x wt% Sn bimetallic catalysts
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Fig. 3. Reaction scheme for citral hydrogenation.

supported on SiO, reduced at 300 °C and 500 °C are shown in Figs.
5 and 6. The spectral envelopes were deconvoluted into individual
vibrational bands in order to identify the specific adsorbed species.
Assignments of the various bands relating to adsorbed CO and their
relative surface areas are summarized in Table 2.

The CO adsorption on Pd-based catalysts generally reveals two
main regions: a first one between 2100 and 2030 cm ™' and a larger
second one in the 2000-1800 cm™! range. Whatever the reduction
temperature of the monometallic Pd catalyst, deconvolution of the
spectra revealed five distinct peaks (Figs. 5a and 6a): two peaks
at ca 2095 and 2070 cm~! and three peaks at 1991, 1952 and
1884 cm™'. Similar results concerning the adsorption of CO on Pd
are found in the literature, and allow the following attribution of
the various bands observed [36-38]: (i) bands in the 2100-2070
and 2070-2050 cm™! regions are attributed to linearly adsorbed
Pd-CO species adsorbed on discontinuities between planes (i.e.,
corners, edges, steps, terraces), (ii) bands in the 1990-1950 cm™!
and 1940-1910 cm™! regions indicate Pd,-CO twofold bridging
species adsorbed on (100) and (111) planes, respectively, (iii)
the band in the 1880-1840 cm™! region indicates Pd;—CO threefold
hollow site adsorption on (111) planes. The total adsorbed CO on
the catalyst surface (Sco) was estimated by taking the area under
the entire band envelope in a given spectrum. The Sco for both
monometallic catalysts shows a decrease in the accessible sites
with an increase in the reduction temperature, which is in perfect
agreement with the values of the metal particles size obtained pre-
viously. Binet and co-workers used FTIR to study CO adsorption on
Pd-supported catalysts presenting various dispersions [38]. They
presented correlations between the dispersion values and the rel-
ative proportions of discontinuities, (111) faces and (100) faces.
In the present work, the relative contributions from various species
(indicated by the percentages in Table 2) for both monometallic
catalysts and their average particle sizes deduced previously by
H, chemisorption are in perfect agreement with the correlations
established by these authors.

The results of the IR study for the bimetallic catalysts reduced at
300 °C (Fig. 5b-d) and 500 °C (Fig. 6b-d) show that the total S de-
creases when the Sn content increases. Since Sn does not adsorb
CO, this phenomenon indicates the presence of an increasing Sn
quantity in contact with Pd. However, spectral deconvolution
shows that the various adsorbed CO species are not affected in
the same way (Table 2). The bridged species significantly decrease
with increased Sn content compared with the linear species, which
are in fact the majority species on the Pd-Sn/SiO, catalysts reduced
at 500 °C. This behavior suggests a dilution effect of the Pd surface
by Sn addition, which decreases the number of sites containing
adjacent Pd atoms, and consequently the number of bridged ad-
sorbed CO species [39].

3.4. XPS experiments

The curve-fitted XPS spectra of the Pd 3d and Sn 3d regions for
the monometallic and bimetallic catalysts reduced at 300 °C are
presented in Figs. 7 and 8, respectively. XPS analysis is known to
give atomic compositions representative of the material surface
until 10 nm in depth. Consequently, in the case of the studied
monometallic and bimetallic catalysts presenting average particle
sizes between 5.7 and 8.0 nm (after reduction at 300 °C, see Table
1), we can consider that the XPS results are here representative of
the bulk composition.

In Fig. 7, the peaks observed at 332.0eV and 337.5 eV corre-
spond, respectively, to the Pd 3ds,, and 3ds, core levels. For the
purposes here, only the Pd 3ds, region will be considered. The fact
that only one band is obtained in the 3ds, area indicates that all Pd
is in the Pd° reduced form after reduction at 300 °C, in agreement
with the TPR results (Section 3.1). The full-width-half-maximum
(FWHM) of the Pd 3ds, peak given in Table 3 decreases with
increasing Sn content, which implies an increase in the Sn quantity
in contact with Pd [40]. Nevertheless, the FWHM obtained for
bimetallic catalysts with Sn content >1.5wt% are very close,
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Fig. 4. (a) Citral conversion after 1h reaction time and (b) unsaturated alcohols
(UA) selectivity at 30% citral conversion as a function of Sn content for 1 wt% Pd-x
wt% Sn/SiO, bimetallic catalysts: (o) reduced at 300 °C, (O) reduced at 500 °C.

suggesting that the Sn quantity in contact with Pd reaches a pla-
teau, as previously observed from the hydrogen consumption dur-
ing TPR experiments.

The spectra of the bimetallic catalysts in Fig. 8 show two mean
peaks at 485.0 eV and 493.3 eV, attributed respectively to the Sn
3ds); and 3d3), core levels. Once again, only the Sn 3ds), peak will
be further discussed here. This lower binding energy peak is
decomposed into two contributions. In agreement with literature
[15,16,40,41], the contribution located at 485.0 eV corresponds to
oxidized Sn (Sn?* and/or Sn**), whereas the one at lower binding
energy (482.0eV) is assigned to reduced Sn. Unfortunately, XPS
cannot discriminate between Sn* and Sn** oxidized states [42].
After reduction at 300 °C, Fig. 8 indicates that oxidized Sn are al-
ways the prevailing Sn species whatever the Sn content of the
bimetallic systems, in agreement with the results deduced from
hydrogen consumption during TPR (Section 3.1).

Table 3 shows that the increase in the Sn content in the bime-
tallic systems leads to an increase in the Sn°/Sn; atomic ratio.
Since the TPR results (cf. Fig. 2) show that 300 °C is not enough
to reduce isolated supported Sn species, this trend indicates that
the quantity of reduced Sn° species in contact with Pd increases
with the Sn content for the catalysts treated at that temperature.
Indeed, only 13% of Sn is reduced for bimetallic catalyst with
1 wt% Sn against 25% for the one with 1.5 wt% Sn. On the other
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Fig. 5. FTIR spectra of adsorbed CO at room temperature on catalysts reduced at
300 °C: (a) 1 wt% Pd/SiO,, (b) 1 wt% Pd-1 wt% Sn/SiO,, (c) 1 wt% Pd-1.5 wt% Sn/
SiO,, (d) 1 wt% Pd-2 wt% Sn/SiO,.
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Fig. 6. FTIR spectra of adsorbed CO at room temperature on catalysts reduced at
500 °C: (a) 1 wt% Pd/SiO,, (b) 1 wt% Pd-1 wt% Sn/SiO,, (c) 1 wt% Pd-1.5 wt% Sn/
SiO,, (d) 1 wt% Pd-2 wt% Sn/SiO,.
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Table 2

Peak assignments (cm~!) and relative contributions (%) for each peak observed during the adsorption of CO on 1.0 wt% Pd monometallic and 1.0 wt% Pd-x wt% Sn bimetallic
catalysts supported on SiO, (0co = 1). Sco indicates the total integrated area under the curve.

Catalyst/SiO, Sco Linear Pd-CO Bridged Pd,-CO Bridged Pd,-CO Bridged Pd;-CO
on (100) faces on (111) faces on (111) faces
Reduced at 300 °C
1 wt% Pd 6.2 2095 2068 1991 1952 1884
14% 6% 28% 32% 20%
1 wt% Pd-1.0 wt% Sn 43 2092 2064 1986 1949 1886
24% 10% 21% 28% 17%
1 wt% Pd-1.5 wt% Sn 3.1 2091 2061 1979 1943 1886
31% 13% 17% 23% 16%
1 wt% Pd-2.0 wt% Sn 21 2084 2046 1977 1941 1879
25% 12% 18% 26% 19%
Reduced at 500 °C
1 wt% Pd 4.5 2099 2075 1991 1953 1883
14% 5% 31% 34% 16%
1 wt% Pd-1.0 wt% Sn 3.9 2093 2061 1974 1927 1878
50% 8% 18% 15% 9%
1 wt% Pd-1.5 wt% Sn 1.4 2091 2051 1974 1923 1863
46% 8% 16% 20% 10%
1 wt% Pd-2.0 wt% Sn 0.9 2088 2045 1967 1906 -
53% 13% 15% 19%
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Fig. 7. Pd 3d spectra of the catalysts reduced at 300 °C: (a) 1 wt% Pd/SiO,, (b) 1 wt%
Pd-1 wt% Sn/SiO,, (c) 1 wt% Pd-1.5 wt% Sn/SiO,, (d) 1 wt% Pd-2 wt% Sn/SiO,.

hand, the bimetallic sample with 2 wt% Sn presents only 17% of
reduced Sn. Thus, as Sn is added to Pd above 1.5 wt%, the quantity
of Sn° species in contact with Pd particles would be constant. This
allows an estimation of 0.37 wt% Sn® and 0.34 wt% Sn° for the
1 wt% Pd-1.5 wt% Sn/SiO, and 1 wt% Pd-2 wt% Sn/SiO, catalysts,
respectively.

4. Discussion

The objective of this study was to modify the catalytic proper-
ties of Pd with the aim of improving the selectivity toward the
hydrogenation of the citral carbonyl bond. Indeed, as described
previously, Pd is known to be very active in hydrogenation of the
C=C function but not at all selective for C=0 hydrogenation. A
1 wt% Pd/SiO, catalyst reduced at 300 °C or 500 °C was modified
by Sn addition, and evaluated in citral hydrogenation at 130 °C,

Intensity (a.u.)

T T T T T T
479 481 483 485 487 489 491 493 495 497
Binding energy (eV)

Fig. 8. Sn 3d spectra of the catalysts reduced at 300 °C: (a) 1 wt% Pd-1 wt% Sn/SiO,,
(b) 1 wt% Pd-1.5 wt% Sn/SiO;, (c) 1 wt% Pd-2 wt% Sn/SiO,.

under hydrogen pressure (7 MPa) in isopropanol as solvent. The
TEM and H, chemisorption analysis show the presence of large
Pd particles on the monometallic catalysts. These results suggest
a strong mobility of Pd on the silica surface during the activation
treatments, and are in accord with reports of weak metal-support
interactions [43]. Nevertheless, the Sn addition induces a better Pd
dispersion on the silica support, since the mean metal particle sizes
in the bimetallic samples are lower than those in the correspond-
ing monometallic catalyst (Table 1). The same phenomenon was
already observed on Rh-Ge/SiO, and Pd-Sn/Al,Os catalysts by
TEM and O,/H;/0, titration experiments [43,44]. The presence of
Sn species dispersed on the silica support may hinder the mobility
of Pd particles explaining then the higher dispersion for tin con-
taining catalysts compared with monometallic sample after reduc-
tion at 300 °C, and in the same way the lower sintering effect after
high temperature reduction on bimetallic catalysts.

Whatever the reduction temperature (300 °C or 500 °C) or the
Sn content (1-2 wt%) of the bimetallic catalysts, a Pd-Sn interac-
tion is highlighted by EDX analysis as well as by TPR experiments.
Isolated Sn species are also present on the silica support as
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Table 3
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Binding energy (eV) of Pd 3ds/, and Sn 3ds/; core levels and atomic surface ratios obtained by XPS for 1.0 wt% Pd monometallic and 1.0 wt% Pd—x wt%
Sn bimetallic catalysts supported on SiO,, reduced at 300 °C.

Catalyst/SiO, 1 wt% Pd 1 wt% Pd-1 wt% Sn 1 wt% Pd-1.5 wt% Sn 1 wt% Pd-2 wt% Sn
Pd° 3ds), (eV) 331.9 331.8 332.0 332.1

(FWHM) (1.80) (1.58) (1.36) (1.34)

Sn° 3ds, (eV) - 482.0 4825 482.5

Sn?"** 3ds), (V) - 485.0 4852 485.0

Sn°/Sneorar - 0.13 0.25 0.17

SNorar/Pd - 1.57 1.26 2.40

Sn°/[Sn° + Pd] - 0.17 0.25 ~ PdsSn 0.29 ~ Pd;Sn

indicated by the H, consumption after 400 °C on the TPR profiles of
the bimetallic catalysts, like in the case of the Sn0O,/SiO, sample
(Fig. 2). The quantitative exploitation deduced from curves of the
first TPR of bimetallic catalysts (Table 1) indicates that the hydro-
gen consumption increases with the Sn content compared with the
1 wt% Pd/SiO, monometallic sample. However, a great proportion
of Sn is not reduced to the zero oxidation state, according to the
difference between the theoretical and experimental hydrogen
consumptions. A plateau of consumption in the T,;,,,-300 °C range
is obtained for the catalysts with Sn content >1.5 wt% (H,/Pd ra-
tio=1.70 and 1.66). For these two samples, we can consider that
the additional quantity of hydrogen consumed up to 300 °C is used
to reduce the Sn*" species to Sn°. According to this hypothesis, only
0.38 and 0.36 wt% Sn is totally reduced in close contact with Pd for
the 1 wt% Pd-1.5 wt% Sn/SiO, and 1 wt% Pd-2 wt% Sn/SiO, cata-
lysts, respectively. These quantities of Sn® in contact with Pd® par-
ticles correspond to an alloy with a Pd;Sn composition. For Pd-Sn/
SiO, bimetallic catalysts with %Sn > 1.5 wt%, all the Pd atoms are
involved in this alloy formation.

During citral hydrogenation, as expected, the 1 wt% Pd/SiO,
monometallic catalysts were very active for the C=C hydrogenation.
Upon Sn addition, the activity decreased dramatically but the for-
mation of unsaturated alcohol (UA) was observed, the selectivity to-
wards these products increasing until a maximum with the additive
content. Thus, at 30% citral conversion, the UA selectivity reached a
maximum of 77% for the 1 wt% Pd-1.5 wt% Sn/SiO, catalyst reduced
at 500 °C, and 82% for the same system reduced at 300 °C.

For the Pd-Sn/SiO, catalysts, the FTIR study of adsorbed CO
shows that the Sn addition onto Pd results in a very marked geo-
metrical effect, with a decrease in the total surface of adsorbed
CO due mainly to the decrease in bridged Pd,~CO species. This geo-
metrical effect is explained by the dilution of surface Pd ensembles
by Sn [39,45,46]. Moreover, it can be noticed in Table 2 that the Sn
addition induces a notable shift of the peaks towards lower fre-
quencies. Two effects can explain shifts towards lower wavenum-
bers: (i) a geometrical effect whereby Pd dilution by Sn induces a
decrease in dipole-dipole coupling between CO molecules and
(ii) an electronic or ligand effect, due to a significant increase in
the Pd-CO bond strength related to a higher extent of  backdona-
tion from Pd to CO as defined in the Blyholder model [47]. As seen
previously, a geometrical effect exists on the Pd-Sn/SiO, bimetallic
systems, which is common for the case of a noble metal modified
by an additive inactive for CO adsorption [41,48]. From the FTIR
spectra performed at 0co = 1, it is not possible to conclude whether
there is or not presence of an electronic effect. To elucidate this
point, one technique in the literature consists of comparing the
vibrational frequencies of linearly adsorbed CO at null CO coverage
between a bimetallic catalyst and its monometallic counterpart
[39,49]. In this case, a difference higher than 10 cm™' reveals an
electronic effect, i.e., a charge transfer between both metals of
the bimetallic system.

To work at null CO coverage, carbon monoxide was desorbed
under helium flow, first at room temperature during 30 min then

at 50 °C. For both Pd-Sn/SiO, catalysts series, the evolution of
the linear Pd-CO band wavenumbers was plotted according to
Oco, values of which were calculated by dividing peak areas by
the peak area obtained prior to any desorption. Results for the cat-
alysts reduced at 500 °C are presented in Fig. 9. As can be seen, lin-
ear extrapolation to Oco = 0 yields the vibration frequency of the CO
singleton (Table 4). It should be noted that the decomposition of
the FTIR spectra reveals two individual peaks for the linear species
which are both taken into account for the determination of the CO
singleton frequency. Indeed, the wavenumbers given in Fig. 9 are
obtained by a mathematical weighting of the wavenumbers of each
of the two individual peaks.

Fig. 9 shows that the wavenumber decreases during the CO
desorption indicating a reduction of the dipole-dipole effect be-
tween the CO molecules. In addition, Table 4 shows that the Sn
addition to Pd induces a shift towards lower wavenumbers for
the CO singleton (Vcorinear)- This shift with regard to the Pd mono-
metallic catalyst (Vmono — Vbi) is equal to 15 cm™! for the sample
containing 1 wt% Sn and increases with the Sn quantity. These re-
sults suggest the existence of an electronic effect between both
metals, i.e., an electron transfer from Sn to Pd inducing an increase
in Pd electronic density. This electron transfer appears to be more
marked for the bimetallic catalyst with the higher Sn content
(2 wt).

The XPS results confirmed the presence of Sn species in a re-
duced state in contact with Pd on the bimetallic Pd-Sn/SiO, cata-
lysts, with the Sn° quantity reaching a value of around 0.37 wt%
for the systems with Sn content >1.5 wt%. In Table 3, it can be no-
ticed that the binding energy of the Sn° 3ds, peak increases with
the Sn content, from 482.0 eV to reach 482.5 eV for the bimetallic
catalysts with %Sn > 1.5 wt%. This upward shift of Sn° binding en-
ergy indicates an electron deficiency of Sn due to an electron
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Fig. 9. Wavenumber of the linear Pd-CO species as a function of the CO coverage
(0co) for the monometallic and bimetallic catalysts reduced at 500 °C: ((J) 1 wt% Pd/
SiO,, (M) 1 wt% Pd-1 wt% Sn/SiO,, (a) 1 wt% Pd-1.5 wt% Sn/SiO,, (a) 1 wt% Pd-
2 wt% Sn/SiO,.
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Table 4

Comparison between the vibration frequency of CO singleton of the 1 wt% Pd-x wt% Sn/SiO, catalysts and the one of the 1 wt% Pd/SiO, monometallic sample, reduced at 500 °C.

Catalyst/SiO, 1 wt% Pd 1 wt% Pd-1 wt% Sn 1 wt% Pd-1.5 wt% Sn 1 wt% Pd-2 wt% Sn
Veolinear (€M) 2095 2080 2079 2072
Difference Vimono — Vbi (cm™1) - 15 16 23

wt% Sn A

1wt %Pd-1.5wt % Sn/SiO,

wt% Sn A

)

1wt %Pd-2wt % Sn/SiO,

Fig. 10. Shematic representation of the adsorption modes of citral molecule on Pd-Sn/SiO, bimetallic catalysts depending on the Sn content.

transfer from Sn to Pd [15,41], which is in agreement with the
above FTIR singleton frequency results. According to Jung and al.
[50] and Sales and al. [45], this shift can be correlated with the for-
mation of a Pd-Sn alloy. Indeed from the Sn°/(Sn° + Pd) atomic ra-
tios, the formation of a Pd;Sn composition phase can be suggested
for the bimetallic catalysts with Sn content >1.5 wt% (given that
all the Sn® species are in contact with Pd on bimetallic catalysts re-
duced at 300 °C). In addition, these bimetallic catalysts present the
same binding energy for the Sn® peak (482.5 eV), suggesting that
the same electron transfer between Pd and Sn exists on both sam-
ples, and so emphasizing the possible formation of the same PdsSn
alloy. The alloy formation between Pd and Sn is also confirmed by
the decrease in the Sn¢q,/Pd atomic ratio when Sn content grows
from 1 wt% to 1.5 wt% (Table 3) corresponding to a diffusion of Sn
into Pd. On the other hand, this ratio increases for the 1 wt% Pd-
2 wt% Sn/SiO- catalyst, while the Sn°/Snea; ratio decreases. This
phenomenon suggests that the same Sn quantity diffuses into Pd
on the 1 wt% Pd-1.5 wt% Sn/SiO, and 1 wt% Pd-2 wt% Sn/SiO; sys-
tems, with the excess of Sn deposited onto catalyst with 2 wt% Sn
remaining mainly in oxidized form. Finally, the XPS results confirm
the formation of a Pds;Sn alloy on the 1 wt% Pd-x wt% Sn/SiO,
bimetallic catalysts with x > 1.5 reduced at 300 °C, as already sug-
gested from the TPR study.

The geometric and electronic modifications of Pd by Sn play a
determinant role on the catalytic properties during citral hydroge-
nation, and allow one to explain the high selectivities to unsatu-
rated alcohols (UA) observed on the Pd-Sn bimetallic systems.
Fig. 10 presents schematic views of the bimetallic particles of the
Pd-Sn/SiO, systems reduced at 300 °C according to the Sn content.
The proposed citral adsorption modes are deduced from all the dif-

ferent characterization techniques in connection with the citral
hydrogenation properties obtained on each Pd-Sn/SiO, bimetallic
catalyst. For the bimetallic catalyst with the lowest Sn content
(1 wt%), EDX, TPR, FTIR of adsorbed CO and XPS have revealed the
presence of a Pd-Sn interaction. Nevertheless, this interaction does
not result in the complete formation of the Pd;Sn alloy in the bime-
tallic particles. The presence of some Pd3Sn entities is not excluded
but rather very limited, which explain why this system remains
very active for citral hydrogenation but not very selective for C=0
hydrogenation (Sya = 13% at 30% citral conversion) (Fig. 10a).

In contrast, on Pd-Sn/SiO, bimetallic samples with %Sn
>1.5 wt%, all the Pd atoms are in a Pd;Sn alloy phase (Fig. 10b),
favouring the hydrogenation of the carbonyl function but inducing
a negative effect on the activity. The formation of this alloy allows
the catalytic surface to fix selectively the oxygen atom of the C=0
bond and leads to very selective catalysts for UA formation (Sya-
max = 82% at 30% citral conversion for %Sn = 1.5 wt%). On the Pd;Sn
alloy surface of these supported bimetallic particles, Sn species are
present in an oxidized form in a quantity that increases as the Sn
content grows until 2 wt% (Fig. 10c). As for the Pds;Sn alloy, Sn®
species appear to also contribute to activation of the citral C=0
bond, but to a lesser extent. Indeed, the presence of a great quan-
tity of these oxidized Sn entities must block part of the Pd;Sn alloy
active surface and then involves a slight decrease in the unsatu-
rated alcohol selectivity for the 1 wt% Pd-2 wt% Sn/SiO, bimetallic
catalyst (Sya = 77% at 30% citral conversion), due to the formation
of secondary products.

On Pd-Sn/SiO, bimetallic catalysts reduced at 500 °C, the same
schematic representations can be proposed according to the Sn
content, with different proportions of Sn®" species in contact with
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PdsSn alloy, and with probably a different oxidation state for these
species.

5. Conclusion

This work was devoted to the study of Pd-Sn bimetallic
catalysts with the aim of obtaining selective unsaturated alcohol
catalysts for citral hydrogenation (o,B-unsaturated aldehyde) and
elucidating the structure-property relationships in this system.
On Pd-based systems (monometallic and bimetallic), very few
studies are reported in literature concerning the selective hydroge-
nation of citral towards unsaturated alcohols (UA). Indeed, palla-
dium is typically one of the worst metals for this reaction, since
it is highly active to the reduction of the conjugated C=C bond.

The classical technique of successive impregnations was used
for the preparation of the Pd-Sn/SiO, catalysts. During citral
hydrogenation performed at 130 °C under 7 MPa and with isopro-
panol as solvent, the modification of Pd monometallic catalysts by
Sn favoured the selective hydrogenation of conjugated C=0 bond,
leading to the formation of nerol and geraniol (UA).

The existence of Pd-Sn bimetallic interactions was confirmed
by a suite of characterization techniques that included EDX analy-
sis, TPR experiments, FTIR of adsorbed CO and XPS analysis. The
quantity of Sn species reduced to Sn® state in contact with Pd de-
duced from the TPR characterization suggested the formation of
a PdsSn alloy for samples reduced at least at 300 °C. The formation
of an alloy of such composition was also confirmed by XPS analysis.
Moreover, this alloy induced an electron transfer from Sn towards
Pd as evidenced by both FTIR measurement of CO singleton fre-
quencies as well as by the XPS analysis. The presence of this Pds;Sn
alloy, which modifies the Pd sites both geometrically and electron-
ically, is proposed to result in a significant deactivation of the sites
responsible for C=C adsorption, while simultaneously providing
new sites able to activate C=0 bond of citral.

In conclusion, the Pd-Sn/SiO catalysts synthesized in this work
lead to important selectivities towards unsaturated alcohols
(>80%) during citral hydrogenation. To our knowledge, it is the first
time that such important selectivity values are observed on modi-
fied Pd catalysts for this kind of reaction.
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