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The gas phase selective hydrogenation of 1,3-butadiene was studied over Pd and Pd-Sn supported on
mixed phase 6/a-(MA) and pure a-alumina (AA). The catalysts were characterized by XRD, XPS, TEM, and
FTIR spectroscopy of adsorbed CO. A remarkable improvement in terms of activity and selectivity in the
selective hydrogenation of 1,3-butadiene was achieved over Pd-Sn on the mixed phase alumina support
in which butane formation and isomerization of 1-butene were suppressed. Nevertheless, Pd-Sn/AA
showed much lower activity than Pd-Sn/MA due to lower metal dispersion.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The selective hydrogenation of highly unsaturated hydro-
carbons is an important industrial process for purification of
petrochemical feedstocks. In this field of research, a challenge
is to develop a specific catalyst with the highest selectivity and
good stability even at high conversion. Pd catalyst is mostly
used in the selective hydrogenation of 1,3-butadiene due to
the stronger adsorption of 1,3-butadiene than butenes on Pd
surface [1]. Addition of a second metal to Pd catalyst is an
efficient way to modify the structural and electronic proper-
ties of Pd so that the alkene selectivity is improved [2-4]. Pd
based intermetallic compounds and alloys often play an impor-
tant role in selective hydrogenation reaction [5,6]. Recently, it
had been reported that Pd-Sn showed the good selectivity in
selective hydrogenation of 1,3-butadiene without coking of the
catalyst [7]. Furthermore, the crystalline phase of alumina can
also influence on the physicochemical properties and catalytic
performance of Pd catalyst in selective hydrogenation reactions
[8,9]. Therefore, it is interesting to determine the effect of tin
adding on Pd catalyst supported on different alumina phases on
the physicochemical properties and catalytic performance. Fur-
thermore, the method of preparation should have the potential to
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further manufacture a conventional catalyst for industrial applica-
tion.

In this study, Pd and Pd-Sn catalysts supported on mixed
phase 0/a- and pure a-alumina were prepared by impregnation
method. Their physicochemical properties were characterized by
various techniques such as X-ray diffraction (XRD), photoelectron
spectroscopy (XPS), transmission electron microscopy (TEM), and
Fourier transform infrared spectroscopy (FT-IR) of chemisorbed
CO. The catalytic performance of these catalysts was studied in
gas-phase selective hydrogenation of 1,3-butadiene under various
reaction conditions.

2. Catalysts preparation

The mixed phase 0/a-alumina (MA: surface area 46 m?/g, and
pore volume 0.2cm?3/g) and pure a-alumina (AA: surface area
6m?2/g, and pore volume 0.01 cm3/g) supports were obtained by
calcination of bayerite (AI(OH)3) (Sasol North America Inc.) at
1100°C and 1200°C for 3 h respectively.

Pd/Al;03 (0.5wt%) catalysts were prepared by impregna-
tion of the alumina supports with a solution of palladium
(I) acetylacetonate in toluene. Bimetallic catalysts, Pd-Sn/Al;03
(0.5wt% Pd+0.2wt% Sn (Pd/Sn),omic =3) were prepared by co-
impregnation of alumina supports with a solution of palladium
(II) acetylacetonate and tin (IV) bis(acetylacetonate) dichloride
in toluene. After agitation at room temperature for 24h and
evaporation of the excess toluene solvent, the catalysts were
put in a vacuum oven at 80°C for 24h. The prepared cat-
alysts were decomposed in argon at 500°C for 2h, calcined
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in O, at 350°C for 2h, and reduced in H; at 500°C for
2h.

3. Catalyst characterization

The XRD patterns were collected using an X-ray diffractometer,
SIEMENS XRD D5000, with Cu K, radiation with a Ni filter in 10-80°
20 angular regions. The composition of catalysts was determined
using aninductively coupled plasma-optical emission spectroscopy
(ICP-OES) Activa (Jobin-Yvon). The BET surface area of Al,03 sup-
ports were determined by N, physisorption using a Micrometritics
ASAP 2000 automated system. The particle size and particle size
distribution were determined by transmission electron microscopy
using a JEOL JEM 2010, operating at 200 kV, equipped with a LaB6
tip, a high resolution pole piece (0.196 nm point resolution), and a
Pentafet-LinK ISIS EDX spectrometer (Oxford Instruments). Local
chemical composition of the nanoparticles was determined by
energy-dispersive X-ray (EDX) spectroscopy.

XPS analysis was performed with a Kratos Axis Ultra DLD spec-
trometer, equipped with a hemispherical analyzer, and a state of
the art delay line detector. A monochromated Al-K, X-ray source
with charge neutralization was used. In order to reduce the sample
areaction chamber coupled to the ultra-high vacuum XPS chamber
allowed to heat the samples in H, flow at 500°C for 2 h and then
cool down to room temperature before analysis. The samples can
thus be transferred for XPS analysis without air contact. The Al 2p
line was taken as an internal standard at 73.4 and 73.6eV for AA
and MA respectively. The error in BE measurements was +0.2 eV
for all catalysts.

Surface investigation was performed by in situ FT-IR spectro-
scopies of adsorbed CO. 40 mg of reduced catalysts were deposited
directly on the CaF, plate. The samples were pretreated as follows:
(i) outgassing at room temperature for 15 min to 1.33 x 10~4 Pa, (ii)
heating under vacuum from 20 to 500 °C at heating rate 20 °C/min,
(iii) reduction under H, at 500°C for 15 min, (iv) outgassing for
30 min, and then cool down to room temperature before introduc-
tion of CO 667 Pa at 20 °C. Carbon monoxide temperature program
desorption (CO-TPD) was carried out after evacuation at room tem-
perature for 1 h at heating rate 5°C/min and recorded every 3 min
until CO were completely desorbed. IR spectra were recorded using
aFourier-transform Nexus Thermo Nicolet ataresolution of2cm~1.
CO gas phase absorbance and background were subtracted from all
spectra.

4. Reaction study

The selective hydrogenation of 1,3-butadiene was carried out
in a fixed bed flow stainless steel reactor at atmosphere pressure.
Before reaction, 50 mg of catalyst was reduced in situ with hydro-
gen by heating from room temperature to 500 °C at a heating rate
of 5°C/min. Then the reactor was cooled down in helium to room
temperature. The feed flow rate was adjusted to 100 ml/min with
automatic flow controller (Brooks Instruments) and composed of
2% 1,3-butadiene, 2% H,, and balance with helium. The reaction
temperature was adjusted in the range 20-70 °C. The feed and prod-
uct composition were analyzed by a gas chromatograph equipped
with an FID detector (Intersat IGC 120 FB, pack column 0.19% Picric
Acid on Graphpac(tm)-GC, 80/100, 7 ft x 1/8 in. SS Tubing).

5. Results and discussion
5.1. Catalyst characterization

The Pd and Pd-Sn bimetallic catalysts supported on MA and AA
are denoted herein as Pd/MA, Pd-Sn/MA, Pd/AA, and Pd-Sn/AA.

According to our previous study [9], the MA alumina consisted
of 80 wt% 0-phase and 20 wt% of a-phase alumina while AA was
100 wt% a-phase alumina. The XRD characteristic peaks corre-
sponding to Pd, Pd-Sn intermetallic phase, and SnO, could not be
detected for all the catalyst samples due probably to low metal
loading and/or the very small particle size. Chemical analysis (ICP)
showed that Pd wt% of Pd/MA and Pd-Sn/MA were similar at
0.5 wt%. A slightly less Pd content was found on the catalysts sup-
ported on AA (~0.3-0.4 wt%). However, Sn wt% for Pd-Sn catalysts
onboth alumina supports were 0.2% yielding different atomic ratios
(Pd/Sn =3 for Pd-Sn/MA and Pd/Sn =2 for Pd-Sn/AA).

TEM micrographs illustrating the morphology of Pd and Pd-Sn
supported on MA and AA alumina after reduction at 500°C for 2 h
are shown in Fig. 1. The particle size distributions were examined
over 250 particles. The nanoparticles supported on MA alumina
were for both samples (Pd/MA and Pd-Sn/MA) around 2 nm with all
particles fitting in a very narrow range (1-3 nm). The nanoparticles
supported on AA alumina are not so homogeneous in size. Indeed
we can observe that together with smaller particles (1-3 nm)
we also have a distribution of larger particles. These ranges are
between 4 and 6 nm for Pd/AA and 4 and 10 nm for Pd-Sn/AA.

EDX analysis was performed on individual particles in the case
of the larger ones and on small groups of (3-5) nanoparticles for the
smaller particles. These EDX analysis results are shown in Fig. 2 for
Pd-Sn/MA and Pd-Sn/AA. The results suggest that alloy nanopar-
ticles with Pd3Sn stoichiometry were formed for the bimetallic
catalysts regardless of alumina support. However the chemical
composition of the bimetallic nanoparticles was much more homo-
geneous on MA alumina than on AA alumina in which the size
distribution was larger. For Pd-Sn/MA we could never detect Sn
that was not associated with Pd which strongly suggests that no
tin or tin oxide nanoparticles were formed independently of the
bimetallic nanoparticles. Conversely, we cannot rule out the possi-
bility of the presence of independent Sn species on the support for
Pd-Sn/AA.

The surface composition and electronic properties of Pd and Sn
on the various alumina supported Pd and Pd-Sn catalysts were
investigated by XPS. The XPS spectra for Pd 3d of all the catalysts
after reduction at 500°C in hydrogen for 2 h are shown in Fig. 3(a).
The binding energy of Pd 3ds); is in the range of 334.9-335.3 eV,
indicating the presence of metallic palladium species [5]. For the
Pd monometallic supported on MA and AA, the binding energy
of Pd 3ds;, were similar with a maximum at 334.9 eV, indicating
that the phase of alumina and Pd particle size had no influence
on the electronic property of palladium catalysts [9]. However,
the binding energy of Pd 3ds), for Pd-Sn bimetallic on both alu-
mina supports is slightly shifted towards higher binding energy
with a maximum at 335.3 eV suggesting that tin addition modi-
fies the electronic properties of Pd catalysts and that bimetallic
alloy particles are formed. The deconvoluted XPS spectra of Sn 3ds,
for Pd-Sn/MA and Pd-Sn/AA are shown in Fig. 3(b). Both catalysts
show two similar components of tin species. The higher binding
energy (486.4-486.7 eV) could be related to 32-33 wt% of tin oxide
remaining even if the catalysts were reduced in hydrogen flow at
500°C for 2 h. This observation together with the fact that no Sn
was found without Pd by EDX suggests that the remaining unre-
duced tin is within the bimetallic nanoparticles. On the other hand,
67-68 wt¥% of tin component observed at the lower binding energy
in the range 484.8-484.9 eV could be assigned to the presence of tin
alloy [10].

The IR spectra of adsorbed CO 667 Pa at room temperature
(Fig. 4) and the IR spectra of CO desorbed at different temper-
atures in vacuum (not given here) were investigated to further
characterize the catalysts and determine the adsorption strength
and adsorbed species on Pd and Pd-Sn catalysts supported on MA
and AA.
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Fig. 1. TEM micrographs of Pd and Pd-Sn catalysts on different alumina supports: (a) Pd/MA, (b) Pd-Sn/MA, (c) Pd/AA, (d) Pd-Sn/AA.

Let us first consider the monometallic catalysts. According to
the literature [11-16], the peaks observed in CO-IR results corre-
spond to various CO species adsorbed on metallic Pd, The linear CO
species (L) were observed at around 2100 cm~!, and IR band below

2000 cm~! were ascribed to the bridge CO species (B) consisting
of isolated bridged species, but also to compressed bridged species
interacting with linear CO species and compressed bridge species.
In addition, a weak band at around 2200cm~"! (A) is observed for
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Fig. 2. EDX results for Pd-Sn/MA (a) and Pd-Sn/AA (b) catalysts. Green dots cor-
respond to the EDX analysis of individual nanoparticles or of small group (3-5)
nanoparticles. Red dots correspond to the EDX analysis of large regions (~1 wm?).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

adsorbed CO at room temperature on Pd/MA indicating that some
CO interacts with AI3* on alumina surface [12,17]. For Pd/MA, the
intensity ratio between L and B is equal to 0.5, while bridge bonded
species dominate for the Pd/AA catalyst. This is in agreement with
the presence of (111) and (1 00) facets actually present on larger
nanoparticles for catalysts having a lower dispersion [14-16]. After
evacuation 60 min at room temperature, linear species drastically
decreased obtaining 2 components, while the bridge species was
still constant. The 2 components of linear species may be due to CO
interacting with Pd atoms located on different sites, (facets, edges
and corners) [11,18,19]. Moreover, temperature program desorp-
tion of CO showed that the amount of CO adsorbed decreased when
the temperature increased and totally disappeared at 400°C. In
addition, a shift towards lower wave numbers of bridge bonded
species during increasing temperature suggests that CO interac-
tion between linear and compressed bridge species are removed
[19].

For Pd-Sn/AA and Pd-Sn/MA, both linear and bridge species
are observed (Fig. 4). However, the band characteristic of linear
species is found at lower wave number (~2090cm!), and the
intensity ratio between Land B is more important than in the case of
monometallic catalysts. This is probably the consequence of some
dilution affect associated with the formation of an alloy. The shift
of the IR band associated with linear species again suggests that
Pd alloy was formed [19]. Moreover, CO-TPD results showed that
adsorbed CO was completely removed at 200°C, and 300°C for
Pd-Sn/AA and Pd-Sn/MA respectively, a sign of electronic inter-
action of tin on Pd surface atoms.

5.2. Hydrogenation of 1,3-butadiene

The catalytic performance of Pd and Pd-Sn catalysts supported
on MA and AA were investigated in the selective hydrogenation
of 1,3-butadiene at 30-70°C and atmospheric pressure. Fig. 5(a)
presents the relationship between the conversion of 1,3-butadiene
and temperature for all the catalysts. It was found that the con-
version of these catalysts were ranged between 5 and 80% and
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Fig. 5. Catalyst performances in the gas-phase selective hydrogenation of 1,3-
butadiene: (a) 1,3-butadiene conversion (%), (b) butene selectivity (%), (c) 1-butene
selectivity (%) based on (1 +2-butenes).

increased with increasing reaction temperature. On mixed alumina
support, the turnover frequency (TOF) for Pd and Pd-Sn catalysts
are very similar, in range 0.3-0.7 s~1. Conversely on a-alumina we
observed a noticeable decrease of TOF for Pd-Sn catalyst (respec-
tively 0.6-1.3s~! for Pd and 0.1-0.5s~! for Pd-Sn). The Pd-Sn/MA
showed the highest conversion, reaching ~80% at 70 °C. The catalyst
activity were in the order Pd-Sn/MA > Pd/MA > Pd/AA > Pd-Sn/AA.
For the monometallic Pd catalysts, Pd/MA shows higher activity
than Pd/AA due to higher Pd dispersion [9,20,21]. On the MA sup-

port, the Pd-Sn/MA was more active than the Pd/MA probably in
relation with the increase of the linear/bridge ratio of adsorbed
CO on Pd-Sn/MA. Indeed, it had been proposed that CO linear
species are preferentially adsorbed on edge and corner, sites on
which hydrogenation reaction takes place [17,22-24]. The com-
parison between Pd-Sn supported on different supports shows
that Pd-Sn/AA was much less active than Pd-Sn/MA probably due
to the more inhomogeneous particle composition associated with
lower % dispersion and/or dilution of Pd coverage on the surface
resulting in a lower amount of metal active sites to hydrogenate
1,3-butadiene. The relationship between % butenes selectivity and
% conversion of 1,3-butadiene for all the catalysts are presented in
Fig. 5(b). It can be seen that Pd/MA and Pd/AA exhibited similar
% butenes selectivity (~94-99%). For the Pd-Sn catalysts, butane
formation was not observed for the whole range of 1,3-butadiene
conversion in this study. It is suggested that butane formation
was suppressed by the addition of tin, either via modification of
the electronic properties revealed by XPS and CO-IR, inducing a
reduction of adsorption strength and/or via the dilution effect of
Pd surface atoms by tin. In Fig. 5(c) the 1-butene selectivity with
respect to 1+ 2-butenes is plotted versus the 1,3-butadiene conver-
sion over all catalysts. It can be seen that for the monometallic Pd
catalysts supported on MA and AA, 1-butene selectivity decreased
as the conversion of 1,3-butadiene increased, suggesting that 1-
butene isomerization occured at high conversion of 1,3-butadiene.
At higher 1,3-butadiene conversion, there was a higher amount
of 1-butene product which can adsorb on Pd surface resulting in
1-butene isomerization and/or 1-butene hydrogenation. Interest-
ingly, the isomerization of 1-butene was hindered with using Pd-Sn
bimetallic catalysts, especially on the MA support even at high 1,3-
butadiene conversion (~80%). The presence of Sn on Pd/alumina
induces electronic modification and site dilution effect, which mod-
ify the adsorption equilibrium between 1-3-butadiene and butenes
and/or may suppress (or at least strongly reduce) isomerization
sites on Pd catalysts [24].

6. Conclusions

The Pd and Pd-Sn catalysts supported on mixed 6/a-phases and
pure a-phase Al;03 were investigated in the gas phase selective
hydrogenation of 1,3-butadiene under various reaction condi-
tions. For the monometallic Pd catalysts, butane was formed and
1-butene was isomerized at high conversion of 1,3-butadiene.
In contrast, the bimetallic Pd-Sn catalysts, especially Pd-Sn/MA
showed 100% butene selectivity at the relatively high 1,3-butadiene
conversion (~80%) without any loss of 1-butene to butane (via
hydrogenation) or 2-butene (via isomerization). According to
CO-IR results, tin addition played an important role in modifying
the nature of surface sites and their electronic properties. However,
on the AA support tin addition resulted in a lower Pd dispersion and
much lower activity in the selective 1,3-butadiene hydrogenation.
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