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Alumina-supported palladium catalyst, which is active for the
hydrogenation of 1,3-butadiene, was modified by tin using vari-
ous tin precursors. The structure of modified catalysts was studied
by XAFS and TPR. Before modification, palladium on alumina
existed in an electron-deficient hydride state, which was revealed
by a shift to a higher Pd K-edge energy in XANES and by an in-
creased Pd–Pd distance in EXAFS fitting. However, tin modifica-
tion caused the palladium edge energy to decrease to the value
of zero valent palladium metal and destroyed the Pd ensembles
by making Pd–Sn bonds, irrespective of the nature of tin precur-
sor. This was responsible for the increased 1-butene selectivity in
the hydrogenation of 1,3-butadiene in the presence of 1-butene.
A carbonaceous species was formed in the catalyst modified with
an organic tin precursor, while the inorganic tin modification pro-
duced a tin oxide-like species in addition to the formation of Sn–Pd
bonds. c© 2000 Academic Press

Key Words: XAFS; 1,3-butadiene hydrogenation; Pd catalyst; tin
modification.
INTRODUCTION

A number of studies have been devoted to the selective
hydrogenation of 1,3-butadiene to butene since the 1960s
(1). Modern industrial processes use the selective hydro-
genation over supported Pd catalysts for the purification of
petrochemical products generated from cracking units by
removing acetylene in the ethylene cut and 1,3-butadiene
in the butene-rich cut. There have been some recent stud-
ies of the selective hydrogenation of 1,3-butadiene in the
presence of 1-butene. Riley (2) studied the vapor-phase ki-
netics of the reaction at low pressures and moderate tem-
peratures. On palladium supported on zinc oxide showing
a strong metal–support interaction, it was found that the
hydrogenation was not entirely selective, as even in the
early stage of the reaction n-butane was formed and 1-
butene was isomerized to cis- and trans-2-butene (3). It was
suggested that the hydrogenation was inhibited while iso-
1 To whom correspondence should be addressed. E-mail: jlee@postech.
ac.kr. Fax: 82-562-279-5799.
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merization of 1-butene still proceeded, which produced the
negative selectivity of 1-butene. On the other hand, addi-
tion of a second metal improved the selectivity. Addition
of cobalt to a palladium catalyst extended the region of
positive 1-butene selectivity from 85% to over 90% butadi-
ene conversion for 1 wt% Pd and to over 99% conversion
for 0.1 wt% Pd catalysts, and decreased the amount of n-
butane at comparable conversions (4). Addition of copper
to alumina-supported palladium improved the catalytic se-
lectivity for partial hydrogenation of 1,3-butadiene in the
presence of a large excess of 1-butene (5).

Catalyst modification with tin has been extensively stud-
ied for Pt–Sn re-forming catalysts where an inorganic tin
precursor such as stannic chloride or stannous chloride was
adopted (6, 7). With the purpose of controlling the prop-
erties of the bimetallic catalyst, a new preparation method
has been employed, in which organometallic compounds
react with pre-formed platinum metal on the support. Thus
Margitfavi et al. (8, 9) suggested that alkyl tin compounds
reacted with hydrogen adsorbed on platinum to yield Pt–Sn
bimetallic clusters and alkanes (8, 9). However, in more
detailed studies of other supported bimetallic catalysts us-
ing solid-state NMR and STEM-EDAX, it was suggested
that bimetallic species with organometallic fragments were
formed such as Rh[Sn(n-C4H9)x]y (1< x< 3, 0< y< 1) and
NizSn(n-C4H9)x by the controlled hydrogenolysis of tetra-
butyltin (10, 11).

In the present work, we have studied alumina-supported
palladium catalysts modified by tin, to improve the 1-butene
selectivity in the hydrogenation of 1,3-butadiene in the
presence of 1-butene. The palladium catalysts modified
with organometallic tin have been studied by X-ray ab-
sorption fine structure (XAFS) spectroscopy. The extended
X- ray absorption fine structure (EXAFS) reveals informa-
tion on the local atomic arrangement about each individual
type of an absorber atom and the X-ray absorption near-
edge structure (XANES) contains information on the elec-
tronic structure, the chemical environment, and the oxida-
tion state of the absorber (12). This structural and chemical
information is correlated with the catalytic activity for the
6
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selective hydrogenation of 1,3-butadiene in the presence of
1-butene.

EXPERIMENTAL

Catalyst Preparation

The supported palladium catalysts were prepared by a
wet impregnation technique with 2 wt% loading of the
metal. After palladium chloride (PdCl2, Aldrich) was dis-
solved in aqueous ammonium hydroxide, a solution of a
metal salt was loaded into pores of γ -Al2O3 (Strem Chemi-
cals, BET surface area= 164.1 m2 g−1). The solvent was then
evaporated, and the powders were dried at 353 K for 12 h.
Treatment in a hydrogen flow at 423 K for 4 h resulted in
reduced Pd/Al2O3 catalysts.

A tin modification of the well-reduced palladium catalyst
was done following Stytsenko (13). Two kinds of tin precur-
sors were used. Inorganic precursors were tin(II) chloride
(SnCl2, Aldrich) and tin(IV) chloride (SnCl4, Aldrich), and
organic ones included tetrabutyltin (Sn(n-C4H9)4, Aldrich)
and tetraallyltin (Sn(H2C==CHCH2)4, Aldrich). A mea-
sured volume of the solution containing tin compounds (an
atomic ratio Sn/Pd= 1) was added to about the same vol-
ume of the Pd/Al2O3 catalyst under hydrogen atmosphere
by a wet impregnation technique. Then, the modified cata-
lysts were prepared by drying at 423 K for 1 day. The sol-
vents used were ethanol for inorganic tin precursors and
benzene for organic precursors. As references, monometal-
lic tin catalysts were also prepared by the same wet impreg-
nation method. If not specified otherwise, all catalysts were
reduced in H2 flow at 773 K for 2 h before spectroscopic
analysis or catalytic reaction.

XAFS Measurements and Data Analysis

The catalysts were pressed into self-supporting wafers
for the XAFS measurements. The sample disc was placed
in a controlled atmosphere XAFS cell designed for in situ
experiments (14). The catalyst wafers in the U-tube reactor
attached to the spectroscopic cell were treated in flowing
hydrogen at 773 K for 2 h. The sample was transferred to
the cell from the reactor and isolated by sealing off the
glass connection, with the sample still under the same gas
atmosphere as that used for the treatment.

XAFS measurements for the samples in the sealed spec-
troscopic cell were performed on BL10B of Photon Fac-
tory (KEK) in Japan (15, 16). All spectra were taken at
room temperature in a transmission mode for K-edges of
Pd and Sn. In particular, the integration time for data acqui-
sition was 3 s per data point in Pd spectra and 6 s per data
point for Sn spectra because of low photon fluxes at high

absorption edge energies. Electron currents used during
X-ray absorption measurements were between 250–
400 mA and the intensities for incident and transmitted
TADIENE OVER Sn–Pd/Al2O3 177

beams were measured by two ionization chambers. Detec-
tor gases for the incident beam were argon for both K-edges
of Pd and Sn, and those for the transmitted beam were ar-
gon for Pd K-edge and krypton for Sn K-edge.

The obtained XAFS data were analyzed with the
UWXAFS 3.0 package (17) and the FEFF 7 code (18), both
of which had been licensed from the University of Wash-
ington. The pre-edge background was removed by using a
linear fit and post-edge background function was obtained
with a spline that could be adjusted so that the low R com-
ponent of pre-Fourier transformed data χ̃(R) were mini-
mized. The EXAFS function, then, could be obtained from
χ(E)= [µ(E)−µ0(E)]/1µ0(E0)whereµ(E) is the absorp-
tion coefficient due to the particular edge of the element of
interest, µ0(E) is the atomic-like absorption, and 1µ0(E0)

is the jump at the edge step. After that, the power-scaled
EXAFS function knχ(k) in momentum space was converted
to real space by the Fourier transformation to produce the
radial structural function (RSF). A Hanning window sill
was used to reduce the truncation effect from Fourier trans-
formation over a finite range. The EXAFS fittings were
performed in R-space without Fourier filtering where the-
oretical standards were synthesized with the FEFF code.

CO Chemisorption and Temperature-
Programmed Reaction

The CO chemisorption was performed with a con-
ventional volumetric adsorption apparatus (Micrometrics
Model ASAP 2010C). About 0.5 g of catalyst was loaded
into a cell for chemisorption, reduced in flowing H2, and
then purged with He at room temperature to remove all
hydrogen adsorbed during the reduction. Before measure-
ment of CO uptake, the sample was evacuated at room
temperature to a pressure less than 10−3 Pa. The first CO
adsorption isotherm was taken at increasing CO pressures.
Following evacuation at room temperature, the second
isotherm was taken in a similar way. The amount of irre-
versible CO uptake was obtained from the difference be-
tween the two isotherms, extrapolated to zero pressure.

For the palladium catalyst modified with tetrabutyltin,
temperature-programmed reaction (TPR) was carried out
to investigate the interaction between the palladium sur-
face and tetrabutyltin. Pure hydrogen was passed at a flow
rate of 20.5 µmol/s through a catalyst bed containing 10 mg
of sample. The gas products were analyzed with an on-line
mass-selective detector system (HP 5972). The tempera-
ture was increased from room temperature to 1173 K at a
ramping rate of 10 K/min.

1,3-Butadiene Hydrogenation

The performance of catalysts was tested for the hydro-

genation of 1,3-butadiene both in the absence and in
the presence of 1-butene. Using a continuous isothermal
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reactor at atmospheric pressure, the catalyst was reduced
in a hydrogen flow for 2 h at 773 K before the reaction.
The reaction was performed at 373 K with a 1,3-butadiene/
1-butene/H2/He mixture 0.23/0/0.34/99.43 (vol%) or 0.15/
1.52/0.23/98.10 in the absence and in the presence of 1-
butene. The effluent stream from the reactor was ana-
lyzed by an on-line gas chromatograph (HP 5890 Series II)
equipped with a flame ionization detector (FID) and a 20%
BMEA packed column (7.3 m long, 3.2 mm diameter) at
308 K. Product selectivities were calculated as number of
the moles of that product formed divided by the number of
moles of butadiene consumed (3). The reaction rate was ex-
pressed as the number of moles of 1,3-butadiene consumed
per second per mole of total palladium.

RESULTS

Hydrogenation of 1,3-Butadiene

The CO uptakes for all catalysts are given in Table 1.
Even before the addition of tin, Pd/Al2O3 chemisorbed a
relatively low amount of CO, probably due to sintering of
Pd during reduction at a high temperature of 773 K. This
uptake corresponds to 5.2% of total Pd exposed to the sur-
face. The addition of tin decreased the CO uptake further.
In particular, modification by organic tin precursors made
CO uptake decrease to less than a fifth of that before tin
modification, while catalysts modified by inorganic tin pre-
cursor showed smaller reductions in CO uptakes.

The results on the hydrogenation of 1,3-butadiene in the
absence of 1-butene are given in Fig. 1. The palladium cata-
lysts modified by tetrabutyltin and tin(II) chloride showed
similar rates of 1,3-butadiene conversion, but about 20%
higher selectivity for butenes compared to the unmodified
palladium catalyst. The difference between the two modi-
fications was not great. Both modified catalysts maintained
a good stability, showing no sign of deactivation for ca. 8 h
on stream once steady states were attained.

In the presence of 1-butene in the feed, the rate of the
reaction decreased a little with time on stream for all cata-
lysts as shown in Fig. 2A. The rate of deactivation followed
a sequence of unmodified palladium<modified by tetra-
butyltin<modified by tin(II) chloride. In Fig. 2B, the nega-

TABLE 1

CO Uptakes of Pd–Sn/Al2O3 Catalysts
at Room Temperature

Sample CO uptake (µmol/g cat.)

Pd/Al2O3 8.99
Pd–Sn(C4H9)4/Al2O3 1.73
Pd–Sn(allyl)4/Al2O3 1.60

Pd–SnCl2/Al2O3 5.20
Pd–SnCl4/Al2O3 2.32
D LEE

FIG. 1. Hydrogenation of 1,3-butadiene in the absence of 1-butene.
(A) Rate of 1,3-butadiene consumption (moles per second per mole of to-
tal Pd). (B) Butenes selectivity. Conditions: H2/1,3-butadiene= 1.5, space
velocity= 200,000 l h−1 kg−1, T= 373 K.

tive selectivity for 1-butene means that 1-butene in the feed
stream has been converted to 2-butenes and/or n-butane,
resulting in net loss of 1-butene during the reaction. Thus,
modified catalysts showed a smaller 1-butene loss than
the unmodified palladium catalyst. n-Butane, an undesired
product, was produced by excessive hydrogenation, but its
extent was significantly lowered for the catalyst modified
by tetrabutyltin, compared to the unmodified catalyst and

FIG. 2. Hydrogenation of 1,3-butadiene in the presence of 1-butene.

(A) Rate of 1,3-butadiene consumption (moles per second per mole of
total Pd). (B) 1-Butene selectivity. (C) n-Butane selectivity. Conditions:
H2/1,3-butadiene= 1.5, space velocity= 180,000 l h−1 kg−1, T= 373 K.
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FIG. 3. Temperature-programmed reaction spectra of alumina-
supported tin and tin-modified palladium catalysts. (A) Sn(C4H9)4/Al2O3

and (B) Pd–Sn(C4H9)4/Al2O3. The solid line is for n-butane and the dotted
line is for butenes.

the catalyst modified by tin(II) chloride. The catalyst mod-
ified by tin(IV) chloride exhibited a rate of 1,3-butadiene
consumption, and selectivities for 1-butene and n-butane
similar to those for the catalyst modified by tin(II) chlo-
ride. Finally, modification by another organic tin precursor
(allyltin) showed nearly the same rate of 1,3-butadiene
consumption but a decreased 1-butene selectivity by
about 30% and an increased n-butane selectivity by 5%,
compared to the results of tetrabutyltin-modified catalyst.

Temperature-Programmed Reaction (TPR)

When the tetrabutyltin-modified palladium catalyst was
heated in an H2 flow at increasing temperatures, C4 hy-
drocarbons were produced by hydrogenolysis of added or-
ganic tin species as shown in Fig. 3. The results of TPR
for Sn(C4H9)4/Al2O3 are also included for comparison.
Not only n-butane but also butenes were formed for both
alumina-supported tin samples and tetrabutyltin-modified
palladium catalyst. The maximum peak temperatures were
near 450 K for all catalysts. The peak of alumina-supported
tin catalyst was broader than that of tetrabutyltin-modified
palladium catalysts, indicating the difference in reactivity
of tetrabutyltin toward the alumina surface and the palla-
dium surface. Several peaks were superimposed over about
a 200 K temperature range, reflecting non-homogeneous
reactivity of the hydrogenolysis of butyl groups in both
samples.

XANES of Pd K-Edge and Sn K-Edge

The XANES represents an electronic transition from in-
ner electronic level to outer unoccupied levels and con-
tains information on chemical environment and bonding

surrounding the X-ray absorbing atom. Figure 4 shows Pd
K-edge XANES spectra for palladium references and un-
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FIG. 4. Pd K-edge XANES of palladium references and alumina-
supported palladium catalyst: (a) Pd foil, (b) Pd(II) acetate, (c) PdCl2,
and (d) Pd/Al2O3.

modified palladium catalysts. The absorption edge maxi-
mum in each spectrum corresponds to the allowed 1s→ 5p
transition, merging into the continuum at higher energies.
Pd foil had a distinctly different shape in XANES compared
to those of Pd(II) acetate and PdCl2. Palladium supported
on alumina showed a spectrum similar to that of Pd foil,
indicating that palladium was well reduced prior to the ad-
dition of tin. For the modified palladium catalysts, the Pd
K-edge XANES spectra are shown in Fig. 5. Regardless of
the nature of the tin precursor, the spectra were all similar

FIG. 5. Pd K-edge XANES of tin-modified palladium catalysts:

(a) Pd–Sn(C4H9)4/Al2O3, (b) Pd–Sn(allyl)4/Al2O3, (c) Pd–SnCl2/Al2O3,
and (d) Pd–SnCl4/Al2O3.
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TABLE 2

Edge Energy of Palladium References
and Catalysts for Pd K-Edge

Sample Edge energya (eV)

Pd foil 24344.0
Pd(II) acetate 24350.7
PdCl2 24347.4
Pd/Al2O3 24346.0
Pd–Sn(C4H9)4/Al2O3 24344.1
Pd–Sn(allyl)4/Al2O3 24344.6
Pd–SnCl2/Al2O3 24344.0
Pd–SnCl4/Al2O3 24344.3

a All were calculated within ±0.4 eV precision.

to that of palladium foil. This indicates that palladium exists
in the metallic state in all catalysts.

The edge position in XANES can reveal the oxidation
state of the absorbing atom, because it is directly related
to the binding energy of the ejected photoelectron during
the absorption process. The edge energies for Pd K-edges
are given in Table 2. Here, the edge position was calculated
as the energy giving the maximal slope in the rapidly ris-
ing portion of the absorbance vs energy plot. Compared
to the edge energy of Pd foil, the alumina-supported palla-
dium had higher energies by 2.0–2.6 eV. But the energies
were still lower than those of Pd(II) compounds. When tin
was introduced into palladium, however, the edge energies
were decreased to the level of Pd foil. This decrease was
observed irrespective of the nature of tin precursor used
for the modification.

Sn K-edge XANES spectra are shown for tin references
in Fig. 6 and for supported samples in Fig. 7. Although tetra-
FIG. 6. Sn K-edge XANES of tin references: (a) Sn foil, (b)
Sn(C4H9)4, (c) SnCl2 · 2H2O, (d) SnO, and (e) SnO2.
D LEE

FIG. 7. Sn K-edge XANES of alumina-supported tin and tin-modified
palladium catalysts after reduction at 773 K for 2 h: (a) Sn(C4H9)4/Al2O3,
(b) SnCl2/Al2O3, (c) Pd–Sn(C4H9)4/Al2O3, (d) Pd–Sn(allyl)4/Al2O3,
(e) Pd–SnCl2/Al2O3, and (f) Pd–SnCl4/Al2O3.

butyltin does not have ionicity, the shape of XANES was
different from that of Sn foil, reflecting a contribution of
hydrocarbon backscatters. Thus, the difference between tin
metal and tetrabutyltin XANES reflects the difference be-
tween metallic bonding and the Td site symmetry of the
SnR4. Tin oxides gave stronger resonance peaks compared
with the edge of Sn foil, which is a general characteristic
of oxide species. Alumina-supported tin catalysts (Figs. 7a,
7b) showed resonance shapes similar to those of the tin(IV)
oxide. Despite the reduction at the high temperature of
773 K, tin was not reduced on alumina. However, for tin-
modified palladium catalysts, the first resonance peak of the
tin absorption edge was smaller than those of oxides, and
the second and third resonances were barely seen. These
were absent in supported tin. These similarities among sup-
ported Sn and Sn oxide XANES indicate that tin was not
completely reduced to a metallic state and might exist in a
mixed oxidation state in catalysts. No particular differences
were seen among XANES spectra of Pd–Sn/Al2O3 catalysts
derived from different tin precursors.

EXAFS of Alumina-Supported Palladium and Tin

The small oscillations in absorbance from 100–1000 eV
above the absorption edge were isolated to produce the
EXAFS function χ(k), and ultimately the RSF, as shown
in Fig. 8. A peak position in the RSF corresponds to an
interatomic distance between absorbing and surrounding
scatter atoms displaced from the true distance by a phase
shift. The peak intensity is correlated with the average
coordination number for the atoms at the distance. The

alumina-supported palladium showed palladium metal-
like characteristics in both χ(k) and the RSF. In particular,
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FIG. 8. k3-weighted EXAFS function (A,D), its Fourier transform
(B,E), and the imaginary part of the Fourier transform (C,F) of Pd foil
(A–C) and Pd/Al2O3 catalyst reduced at 773 K (D–F). The best fit is plotted
as the small circles in (F).

the examination of the imaginary part of the Fourier trans-
form shown in Fig. 8C and Fig. 8F is useful, since, due to the
phase information, its shape is more characteristic of the
types of atoms that make up a given shell.

The magnitude of the Fourier transform from Pd/Al2O3

(Fig. 8E) is lower compared with that of palladium foil
(Fig. 8B), suggesting that palladium is finely dispersed on
Al2O3. The fitting results of EXAFS given in Table 3 show it

TABLE 3

EXAFS Curve-Fitting Results of Alumina-Supported
Palladium and Tin Catalysts

Sample N R (Å) σ 2 (Å2)c <-Factord

Pd foil 12.0a 2.751
Pd/Al2O3 8.5a 2.795 0.0073 0.0060
SnO2 4.0b 2.042
Sn(C4H9)4/Al2O3 4.8b 2.075 0.0067 0.0050
SnCl2/Al2O3 4.8b 2.097 0.0116 0.0323

a Pd–Pd coordination number.
b Sn–O coordination number.
c σ 2=Debye–Waller factor.
d<-factor gives a sum-of-squares measure of the frac-
tional misfit, which is defined as
∑N

i=1{[Re( fi )]2+ [Im( fi )]2}/∑N
i=1{[Re(χ̃datai )]

2+ [Im(χ̃datai )]
2}.
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quantitatively. The standard for fitting was the Pd–Pd single
scattering which was synthesized with the FEFF code with
the known structural information on Pd metal (19). A single
adjustable parameter in EXAFS analysis, the amplitude re-
duction factor (S2

o) for Pd, was taken to be 0.88, which was
found by fitting the experimental RSF of the metal with
the theoretical one. The Pd–Pd coordination number was
decreased to 8.5 from the bulk value of 12. The Pd–Pd dis-
tance in Pd/Al2O3 was larger by about 0.05 Å, compared
with that of Pd foil.

For alumina-supported tin, the peak at 1–2 Å in the RSF
(Fig. 9E) was similar to that of SnO2 (Fig. 9B). Compar-
ing the imaginary parts of the Fourier transform allowed a
clearer identification of the Sn–O peak at 1–2 Å. As a mat-
ter of fact, XANES results in Fig. 7 had already suggested
that tin in alumina existed in an oxide form. With known
structural data on SnO2 (20, 21), the Sn–O single scattter-
ing was used for fitting of Sn/Al2O3 catalysts. The amplitude
reduction factor for Sn EXAFS fitting was taken to be 0.89.
The fitting results are also shown in Table 3.

EXAFS of Tin-Modified Palladium Catalyst

For the palladium modified by tetrabutyltin, the EXAFS
function and its Fourier transform are shown in Fig. 10.
The major peak in the RSF for the Pd K-edge stands at

FIG. 9. k3-weighted EXAFS function (A,D), its Fourier transform

(B,E), and the imaginary part of the Fourier transform (C,F) of SnO2

(A–C) and Sn(C4H9)4/Al2O3 catalyst reduced at 773 K (D–F). The best fit
is plotted as the small circles in (F).
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FIG. 10. k3-weighted EXAFS function (A,D), its Fourier transform
(B,E), and the imaginary part of the Fourier transform (C,F) of Pd K-edge
(A–C) and Sn K-edge (D–F) of Pd–Sn(C4H9)4/Al2O3 catalyst. The best fit
is plotted as the small circles in (C) and (F).

2–3 Å as in the RSF of the Pd foil. Compared with the
EXAFS function of Pd foil (Fig. 8A), however, the modified
palladium has some different oscillations in the low wave
vector region. This difference appeared as a shoulder to the
major peak in RSF of modified palladium. This suggests that
the peaks at 1.5–3 Å in RSF are combined contributions of
backscatterer Sn as well as backscatterer Pd.

For the Sn K-edge EXAFS, two strong peaks appeared
in the RSF, one at 1–2 Å and the other at 2–3 Å. The peak
at 1–2 Å is believed to be carbon which remained after
hydrogenolysis of Sn(C4H9)4 on alumina-supported palla-
dium. This is confirmed by TPR results shown in Fig. 3 and
by Fig. 11, in which the peak at 1–2 Å decreases in intensity
as the reduction temperature increases. Thus, butyl ligands
attached to tin were removed as n-butane and butenes as
the hydrogenolysis proceeded. As the reduction tempera-
ture increased, the decrease in intensity of the peak at 1–2 Å
was large, but the intensity of the peak at 2–3 Å increased
only slightly up to 473 K and remained constant at higher
temperatures. This is well correlated with the result of TPR
shown in Fig. 3 where the maximum peak temperature of
hydrocarbon evolution is about 460 K. Thus, this peak at
2–3 Å is due to Sn–Pd coordination.
For the nonlinear fitting in R-space, two standards for Sn
K-edge EXAFS of palladium catalysts modified by tetra-
D LEE

FIG. 11. Fourier transforms of Sn K-edge EXAFS data for Pd–
Sn(C4H9)4/Al2O3 reduced at different temperatures: (a) 773 K, (b) 673 K,
(c) 573 K, (d) 473 K, (e) 423 K, and (f) no reduction.

butyltin were used, i.e., Sn–C single scattering for the peak
at 1–2 Å and Sn–Pd single scattering for the one at 2–3 Å.
However, different standards were adopted for the palla-
dium modified by inorganic tin such as tin(II) chloride or
tin(IV) chloride. As shown in Fig. 12, two peaks in RSF
are positioned at 1–2 and 2–3 Å for all catalysts. If imag-
inary parts are compared altogether, the peaks at 2–3 Å
have a symmetric shape similar for all catalysts, but peaks
at 1–2 Å are distinctly different for inorganic tin modifi-
cation and organic tin modification. For the catalyst modi-
fied with inorganic tin (SnCl2 and SnCl4), the shape of the
peaks appeared symmetric, while the catalyst modified with
organic tin (Sn(C4H9)4 and Sn(allyl)4) showed asymmetric
shapes. Therefore, it could be reasoned that the peak at

FIG. 12. Fourier transforms of Sn K-edge EXAFS data for the pal-
ladium catalysts modified with different precursors: (A) Pd–Sn(C4H9)4/

Al2O3, (B) Pd–Sn(allyl)4/Al2O3, (C) Pd–SnCl2/Al2O3, and (D) Pd–
SnCl4/Al2O3. The solid line denotes the imaginary part and the dashed
line the magnitude of Fourier transform.
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TABLE 4

EXAFS Curve-Fitting Results of Alumina-Supported Palladium
Catalysts Modified with Different Tin Precursors

Shell N R (Å) σ 2 (Å2) <-Factor

A. Sn K-Edge
Pd–Sn(C4H9)4 C 6.2 2.153 0.0112 0.0111

Pd 5.0 2.638 0.0159

Pd–Sn(allyl)4 C 5.9 2.166 0.0094 0.0198
Pd 4.2 2.634 0.0145

Pd–SnCl2 O 3.2 2.145 0.0157 0.0262
Pd 3.8 2.650 0.0105

Pd–SnCl4 O 3.5 2.152 0.0166 0.0278
Pd 2.0 2.661 0.0071

B. Pd K-Edge
Pd–Sn(C4H9)4 Sn 2.4 2.638 0.0110 0.0078

Pd 6.5 2.793 0.0094

Pd–Sn(allyl)4 Sn 6.8 2.634 0.0209 0.0396
Pd 4.0 2.812 0.0089

Pd–SnCl2 Sn 2.9 2.650 0.0086 0.0429
Pd 5.5 2.811 0.0130

Pd–SnCl4 Sn 4.3 2.661 0.0083 0.0174
Pd 6.6 2.836 0.0127

1–2 Å for the inorganic tin modification originated from
the chlorine or oxygen backscatterer. It is known that the
distance of Sn–Cl is 2.66–3.86 Å for tin(II) chloride (22)
while tin(IV) chloride has an average distance of 2.280 Å
(23). Even though the phase shift is not corrected in the
Fourier transform, the peak at 1–2 Å cannot be the con-
tribution of chlorine. Hence, this is due to oxygen, which
probably originated from the support Al2O3. Furthermore,
the effect of the oxygen backscatterer was confirmed by the
EXAFS fitting by using Sn–O and Sn–Pd single scattering
standards.

After the fitting of Sn K-edge data was performed, the
fitting for Pd K-edge was done with the criterion that the
distance of Sn–Pd must be equal to that of Pd–Sn. Two
standards, Pd–Pd and Pd–Sn single scattering shells, were
used for Pd K-edge EXAFS fittings. The fitting results are
shown in Table 4.

DISCUSSION

Palladium supported on alumina had a higher Pd K-edge
energy compared with palladium foil in XANES. Consid-
ering that the shape of resonances is nearly the same as
that of palladium foil, it could be concluded that palladium
in Pd/Al2O3 is in a metallic state. Therefore, the shift to a
higher energy reveals that the palladium is in an electron-
deficient state. It was also found in EXAFS curve fittings
that the Pd–Pd distance increased in Pd/Al2O3. These all

suggest that the β-hydride phase of palladium was formed
in Pd/Al2O3 catalyst.
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Hydrogen is absorbed into bulk palladium and occupies
octahedral interstices of the Pd lattice, even at room temper-
ature under atmospheric pressure of H2. The lattice struc-
ture of palladium hydride represents an isotropically ex-
panded form of the fcc host lattice with the hydrogen atom
occupying a part of octahedral sites. It is reported in the
literature that at room temperature the best value of lat-
tice constant for pure Pd and for the α- and β-phases of
palladium hydrides are 3.890, 3.894, and 4.025 Å, respec-
tively (24). The atomic distance of Pd in our Pd/Al2O3 was
estimated by EXAFS to be 2.795 Å (Table 3) which gives a
lattice constant of 3.953 Å. Thus, a part of Pd in the sample
appears to have been transformed to β-hydride. The forma-
tion of palladium hydride may also be responsible for the
greatly reduced coordination number of 8.5 for Pd/Al2O3

although metal dispersion measured by CO chemisorption
was only 5.2%. The formation of a nonstoichiometric pal-
ladium hydride would enhance the static disorder of Pd–
Pd bonds and decrease its apparent coordination number.
Increased Pd–Pd distance due to the formation of palla-
dium β-hydride phase agrees well with the result of Davis
et al. (25). They observed a 3.7% increase in the Pd–Pd
distance for Pd–H/Al2O3, compared to that for Pd/Al2O3.
And, in XANES, the edge in the spectrum for Pd–H/Al2O3

was higher by 3–4 eV than the edge for the latter.
The XANES clearly shows that the addition of tin to

alumina-supported palladium decreased the Pd K-edge en-
ergy to the level of palladium foil while maintaining the
similar resonance shape, regardless of the nature of tin pre-
cursor. This implies that palladium atoms in Pd–Sn/Al2O3

catalysts would be under an electronic environment similar
to that in Pd metal.

Unlike the Pd K-edge XANES, the edge energy for the
Sn K-edge did not reveal any effect of treatment. The ob-
tained edges (in eV) are 29186.8, 29185.3, 29183.4, 29184.7,
and 29188.5 for Sn foil, Sn(C4H9)4, SnCl2 · 2H2O, SnO, and
SnO2, respectively. There could not be seen any particular
relationship between the edge energy position and the ox-
idation state of tin. Nevertheless, the shape of resonance
in the Sn K-edge is informative. Treatment in a hydro-
gen flow at a high temperature of 773 K could not con-
vert tin on alumina to metallic tin, which was also confirm-
ed in the EXAFS curve fitting. This result is in complete
agreement with that of Nédez et al. (26) who observed
>AlOSn(n-C4H9)3 or tetracoordinated tin on the surface
of partially dehydroxylated alumina upon addition of hy-
dridotris(butyl)tin onto alumina.

For the palladium catalyst modified by tetrabutyltin, the
presence of carbon backscatterer observed in EXAFS was
also confirmed by TPR results. The total amount of n-
butane plus butenes produced during the hydrogenolysis of
tetrabutyltin on alumina-supported palladium was less by

9.0% than that on bare alumina. Because two catalysts were
prepared with the same amount of tin, there must exist some
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remaining carbon species originating from butyl ligands in
palladium catalysts modified by tetrabutyltin. As a matter
of fact, some surface organometallic compounds were re-
ported to be formed such as Rh[Sn(n-C4H9)x]y, (Nis)zSn
(n-C4H9)x, and Pts[Sn(n-C4H9)x]y during the hydrogenol-
ysis of group VIII metals modified with Sn(n-C4H9)4

(10, 11, 27).
In EXAFS curve fitting, the effect of the light backscat-

terer carbon was remarkable, with Sn–C coordination num-
bers of 5.9 and 6.2. Together with coordination numbers for
Sn–Pd, tin has the large total coordination numbers of 10.1
and 11.2. The large values of Sn–C and Sn–Pd coordination
numbers without Sn–Sn interaction suggest that highly dis-
persed tin may reside in a high coordination surface site of
Pd and be covered by a carbonaceous species without form-
ing an organometallic species. In contrast, the effect of the
light backscatterer oxygen was clearly represented by rea-
sonable Sn–O coordination numbers of 3.2 and 3.5 for the
palladium catalyst modified by inorganic tin compounds.

The Sn–Pd distances are shorter for the palladium mod-
ified by organic tin than by inorganic tin, and the co-
ordination number of Sn–Pd is larger for the former.
The difference in Sn–Pd coordination numbers obtained
from EXAFS fittings is consistent with the results of CO
chemisorption. Compared to inorganic tin, organic tin mod-
ification causes a much more drastic decrease in CO up-
takes of palladium catalyst. Because tin has no affinity to
carbon monoxide, the decrease should be correlated to the
increased formation of Sn–Pd bonds. Thus, the organic tin
compounds interact to a great extent with palladium due to
a higher reactivity toward a reduced palladium. According
to a theory proposed by Stytsenko (13) small coordination
numbers of Sn–Pd for the palladium catalyst modified by
inorganic tin could be attributed to higher diffusivity of tin
than its reactivity on alumina-supported palladium surface,
and thus tin is more likely to migrate away from palladium
particles than to react with them. One interesting result is
that the Sn–Sn interaction does not appear in EXAFS for
any tin-modified palladium catalysts. This indicates that tin
remained dispersed in catalysts without self-aggregation.
Therefore, it can be suggested that added tin interacts with
the palladium surface selectively for catalysts modified by
organic tin. On the other hand, a significant fraction of
added tin interacts with alumina, showing Sn–O interac-
tions for catalysts modified by inorganic tin.

In the hydrogenation of 1,3-butadiene in the presence
of 1-butene, the unmodified palladium catalyst showed the
highest 1,3-butadiene consumption rate but a large net loss
of 1-butene. In contrast, the modified catalyst exhibited
a smaller 1,3-butadiene consumption rate, but also a de-
creased loss of 1-butene. Among modified catalysts, the
organic tin modification made a smaller decrease in 1,3-

butadiene consumption rate from the rate for the unmod-
ified Pd catalyst, a comparable 1-butene selectivity, and a
D LEE

decreased n-butane selectivity, compared to the modifica-
tion by inorganic tin. As far as n-butane is concerned, the
catalyst modified by organic tin produced the least amount
of it and the unmodified catalyst and the catalyst modified
by inorganic tin produced similar amounts.

The decreased activity of the catalysts modified with in-
organic tin is attributed partly to the blocking of Pd by
tin oxide, because the alumina-supported tin monometallic
catalyst did not show any activity. However, reaction rates
do not correlate well with the amount of CO chemisorption
in Table 1. The initial decrease in 1,3-butadiene conversion
rate for the catalyst modified by inorganic tin can be un-
derstood in terms of deactivation. The catalyst modified by
organic tin containing carbon species was deactivated less
than the catalyst modified by inorganic tin.

Enhanced 1-butene selectivities, regardless of the nature
of the tin precursor, may be due to hydrogen availability. In
hydrogenation of acetylene the increase in ethene selectiv-
ity on polymer-covered palladium black has been attributed
to the decreased surface hydrogen availability as a conse-
quence of the low solubility of hydrogen in the polymer
film (28). Noting that the addition of tin reduced the edge
energy of palladium and thus suppressed the formation of
the β-hydride phase of palladium irrespective of the na-
ture of tin precursor, similar 1-butene selectivities could be
attributed to similar hydrogen availability.

Despite similar hydrogen availability, a higher selectivity
for n-butane for the catalyst modified by inorganic tin com-
pared to that modified by organic tin could be understood
by a difference in the Pd–Sn interaction as manifested by the
Sn–Pd coordination numbers. The EXAFS fitting showed
greater Sn–Pd coordination numbers for catalysts modi-
fied with organic tin. The added tin might destroy the Pd
ensemble in catalysts which are active for total hydrogena-
tion of 1,3-butadiene. The increased interaction between
Sn and Pd represented by a large Sn–Pd coordination num-
ber would suppress more effectively total hydrogenation of
1,3-butadiene to n-butane.

CONCLUSION

XAFS demonstrated the changes in electronic and geo-
metric structures of alumina-supported palladium catalysts
when tin was added. Regardless of the nature of the tin
precursor, tin modification suppressed the formation of the
palladium β-hydride phase. The added tin destroyed palla-
dium ensembles on alumina by making Pd–Sn bonds. These
effects had a positive role in increasing 1-butene selectivity
for the hydrogenation of 1,3-butadiene and decreasing the
formation of n-butane. Carbonaceous species was formed
in catalysts modified with organic tin, while the modification
using inorganic tin precursors generated oxide-like species

in addition to making Sn–Pd bonds. Thus palladium cata-
lysts modified with different tin precursors showed different
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activity and selectivity patterns in the hydrogenation of 1,3-
butadiene.
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