
A

p
2
m
b
P
H
X
c
©

K

1

i
a
P
c
a
h
t
a
i
t
d
z
t

1
d

Available online at www.sciencedirect.com

Journal of Molecular Catalysis A: Chemical 283 (2008) 158–165

Characterization of Na+-�-zeolite supported Pd and PdAg bimetallic
catalysts using EXAFS, TEM and flow reactor

Wei Huang, Raul F. Lobo, Jingguang G. Chen ∗
Department of Chemical Engineering, Center for Catalytic Science and Technology (CCST),

University of Delaware, Newark, DE 19716, USA

Received 4 July 2007; accepted 5 December 2007
Available online 20 February 2008

bstract

Flow reactor studies of the selective hydrogenation of acetylene in the presence of ethylene have been performed on Na+ exchanged �-zeolite sup-
orted Pd, Ag and PdAg catalysts, as an extension of our previous batch reactor studies [W. Huang, J.R. McCormick, R.F. Lobo, J.G. Chen, J. Catal.
46 (2007) 40–51]. Results from flow reactor studies show that the PdAg/Na+-�-zeolite bimetallic catalyst has lower activity than Pd/Na+-�-zeolite
onometallic catalyst, while Ag/Na+-�-zeolite does not show any activity for acetylene hydrogenation. However, the selectivity for the PdAg

imetallic catalyst is much higher than that for either the Pd catalyst or Ag catalyst. The selectivity to byproduct (ethane) is greatly inhibited on the
dAg bimetallic catalyst as well. The results from the current flow reactor studies confirmed the pervious results from batch reactor studies [W.

uang, J.R. McCormick, R.F. Lobo, J.G. Chen, J. Catal. 246 (2007) 40–51]. In addition, we used transmission electron microscope (TEM), extended
-ray absorption fine structure (EXAFS), and FTIR of CO adsorption to confirm the formation of Pd–Ag bimetallic alloy in the PdAg/Na+-�-zeolite

atalyst.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Selective hydrogenation of acetylene to ethylene is a very
mportant industrial purification process for removing trace
mount of acetylene from ethylene [2–5]. Currently, supported
d catalyst is the commercial catalyst for this purification pro-
ess [6–8]. However, supported Pd catalyst has poor selectivity
t high conversion. Therefore, the addition of a second metal
as been attracting considerable attention to enhance the selec-
ive hydrogenation of acetylene [5,9–13]. Ag has been reported
s a selectivity promoter for the hydrogenation of acetylene
nto ethylene [9,10,14–16]. In addition to metal active sites,

he supports also play an important role. Several reports have
emonstrated that porous supports, such as pumice [17] and
eolites [18,19], show better activity, selectivity and stability
han traditional Al2O3 and SiO2 supports. Our previous stud-

∗ Corresponding author. Tel.: +1 302 831 0642; fax: +1 302 831 2085.
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es [1] also showed that cation exchanged zeolite can selectively
dsorb acetylene over ethylene, leading to an increase in the local
oncentration of acetylene and consequently the hydrogenation
electivity.

Results from our batch reactor studies [1] also showed that
dAg bimetallic catalysts have higher selectivity but lower activ-

ty than monometallic Pd catalyst on either �-Al2O3 support
r ion-exchanged �-zeolite support. In summary, fitting of the
atch reactor experiments indicates that the rate constant of
cetylene hydrogenation on PdAg bimetallic catalyst is smaller
han that on Pd monometallic catalyst, while the selectivity for
cetylene hydrogenation on PdAg is higher than Pd. In the
urrent paper, we conducted flow reactor studies to directly
ompare PdAg bimetallic catalysts with their parent metals on
a+-�-zeolite support to confirm previous batch reactor results.
urthermore, we also characterized the materials using trans-

ission electron microscope (TEM), extended X-ray absorption
ne structure (EXAFS), and FTIR of CO adsorption, to con-
rm the formation of bimetallic particles on the Na+-�-zeolite
upport.

mailto:jgchen@udel.edu
dx.doi.org/10.1016/j.molcata.2007.12.017
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.1. Catalyst preparation

Supported catalysts were synthesized using the incipient
etness method as described previously [1]. Prior to metal

ddition, the �-zeolite (SiO2:Al2O3 = 25, Zeolyst Company,
P814E) was Na+-exchanged using two treatments of 500 mL,
.01 M NaNO3 followed by rinsing in DI water and drying at
83 K. The compositions of the synthesized catalysts are as fol-
ows: 1.3 wt% Pd/Na+-�-zeolite, 1.3 wt% Ag/Na+-�-zeolite and
.3 wt% Pd–1.3 wt% Ag/Na+-�-zeolite

.2. Transmission electron microscopy (TEM)
haracterization

TEM analyses were performed on spent catalysts from flow
eactor studies using a JEOL 2010F equipped with a Schottky
eld emission gun operated at 200 keV, with an ultra-high reso-

ution pole piece providing a point resolution of 1.9 Å. Energy
ispersive X-ray spectroscopy (EDS) provided single-particle
lemental analysis using an EDAX Phoenix X-ray spectrome-
er with a resolution of 134 eV over a 40 keV range. All TEM
amples were prepared by grinding and suspending the spent
atalyst in ethanol, sonicating the catalyst solution for 5 min,
nd applying one to two drops of the sonicated solution to a
00- or 300-mesh lacey Cu grid that was then allowed to dry in
ir.

.3. FTIR Spectra of adsorbed CO

Fourier transform infrared (FTIR) spectroscopy of CO
dsorption was used to probe the surface properties of the cata-
ysts. A Nicoet-510 FTIR spectrometer equipped with a MCT-A
mercury cadmium telluride) detector was used for the CO
dsorption experiments. The experiments were performed using
stainless steel IR cell with BaF2 windows, which allowed in

itu reduction of samples and spectroscopic measurements of
urface species as described previously [20]. Powder catalyst
amples of ∼22 mg were pressed onto a square tungsten mesh.
K-type thermocouple was spot-welded on the mesh to monitor

he temperature. To remove water and other impurities, the IR
ell was evacuated to a pressure below 10−6 Torr at room tem-
erature over night. The catalysts were then reduced at 723 K
n 30 Torr hydrogen for 30 min. The ramping rate was 14 K/min
rom room temperature to 723 K. The cell was then evacuated
nd a high temperature flash (723 K) was performed to remove
ny surface species generated during the reduction period. The
eduction cycle was repeated three times before performing CO
dsorption experiments. After the catalysts were reduced, 1 Torr
f CO was introduced into the IR cell for 10 min at room tem-
erature. Surface spectra were then recorded after each of the
ollowing procedures: pumping out for 5 min at room tempera-

ure, after annealing to 373 K for 30 s and pumping out for 5 min,
nd after annealing to 423 K for 30 s and pumping out for 5 min.
ue to the dipole–dipole interactions of CO with zeolite cations

hat often lead to the adsorption of CO on zeolites at room tem-

o
z
t
w
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erature [21,22], the spectra taken after annealing to 373 K or
23 K reveal the most useful information about the adsorption
f CO on the metal sites.

.4. Extended X-ray absorption fine structure (EXAFS)

Extended X-ray absorption fine structure technique was
sed to further confirm the formation of bimetallic particles
n Na+-�-zeolite support. The EXAFS experiments using the
g (25514 eV) and Pd (24350 eV) K-edges were conducted in

he National Synchrotron Light Source at Brookhaven National
aboratory using beamline X-18B. Measurements were carried
ut in the transmission mode for the Pd K-edge and fluores-
ence mode for the Ag K-edge at room temperature. A Si(1 1 1)
ouble crystal monochromator was used for the measurements.
he energy of the X-ray absorption spectra was calibrated using

eference Pd and Ag foils.
The samples for the EXAFS measurements were pressed

nto a thin pellet with a diameter of 13 mm and a thickness of
0.1 mm. The samples were placed in a sealed Kapton cell and

educed under a 5% H2 in He for 60 min at 723 K using a ramp-
ng rate of 14 K/min. Following reduction, the samples were
ooled to room temperature in the reduction environment prior
o the EXAFS measurement. The EXAFS measurements were
erformed in the 5% H2 environment.

.5. Flow reactor studies

The catalytic activity, selectivity to ethylene, and selectivity
o ethane were evaluated using a fixed bed flow reactor. Prior
o reaction, the catalysts were reduced in a 50% H2 in He at
23 K for 60 min. The ramping rate was 14 K/min and the tem-
erature was monitored by a K-type thermocouple outside the
uartz reactor. The composition of the gas-phase reactant was a
ixture of 2.5% C2H2, 2.5% C2H4 and 10% H2 balanced with
e. The total flow rate was 220 sccm. An online Gas Chromato-
raph (GC) (HP 5890) equipped with FID was used to analyze
he reaction products. The capillary column was a GS-Carbon
LOT column (Agilent) and the sample gas was analyzed at a
onstant temperature of 343 K. The reaction temperature was
ontrolled by a water bath. Calibration was completed using a
ertified gas of 1000 ppm C2H2, 1000 ppm C2H4 and 1000 ppm
2H6 balanced with He. To compare the catalyst selectivity at
omparable conversion, 15 mg Pd/Na+-�-zeolite catalysts bal-
nced with 35 mg quartz chips was used to compare with 50 mg
dAg/Na+-�-zeolite catalysts.

. Results and discussion

.1. TEM measurements

TEM was used to characterize the particle size and com-
osition of the spent catalysts from the flow reactor. Images

f the Pd/Na+-�-zeolite, PdAg/Na+-�-zeolite and Ag/Na+-�-
eolite are shown in Fig. 1. For the Pd/Na+-�-zeolite catalyst,
he Pd particles are well distributed between 1 nm and 3 nm
ith few agglomerates ranging between 5 nm and 10 nm. The
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Fig. 1. TEM of spent: (a) Pd/Na+-�-zeolite (b) PdAg

article size for the PdAg/Na+-�-zeolite sample is larger than
d/Na+-�-zeolite with more agglomerate formation. For the
g/K+-�-zeolite catalyst, particles were polydispersed and

anged between 3 nm and 30 nm. The Pd dispersion of the
d/Na+-�-zeolite is 23.1% and that of the PdAg/Na+-�-zeolite

s 20.9% as determined using CO-chemisorption measurement
1].

Energy dispersive X-ray spectroscopy (XEDS) was used to
nalyze the composition of the particles in the PdAg/Na+-�-
eolite catalyst. The results from several nanoparticles are shown
n Fig. 2. It is evident that the characteristic K-edge peaks for
oth Pd and Ag were observed in the same particle. Particles
ith only Ag or Pd were not found, indicating that the Pd and
g were well mixed in the Na+-�-zeolite support and that the
imetallic particles were formed. The varying intensity ratios of
he Pd K-edge and Ag K-edge in different particles indicate that
he bimetallic content is slightly different for various particles
n the Na+-�-zeolite support.
.2. FTIR of adsorbed CO

CO adsorption using FTIR was performed to probe the sur-
ace composition of the catalysts. Fig. 3 shows the IR spectra

ig. 2. XEDS of selected particles using HAADF images of PdAg/Na+-�-
eolite.
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�-zeolite and (c) Ag/Na+-�-zeolite catalyst samples.

f adsorbed CO on Na+-�-zeolite, Pd/Na+-�-zeolite, Ag/Na+-
-zeolite and PdAg/Na+-�-zeolite catalysts. After exposing the
atalysts to 1 Torr CO for 10 min, followed by evacuation for
min, the presence of physisorbed CO on the zeolite substrates

s detected at room temperature. After annealing the sample to
73 K or 423 K and pumping out for 5 min, the physisorbed CO
esorbs and only chemisorbed CO is present on the catalyst
urface, as shown in Fig. 3b and c. There is little chemisorbed
O present on either Na+-�-zeolite or Ag/Na+-�-zeolite after
nnealing to 373 K or 423 K.

Two main vibration modes are observed on Pd/Na+-�-zeolite
t 2080 cm−1 and 1927 cm−1, which are generally attributed to
inear and bridge-bonded CO, respectively [23–25]. Only linear
O is present on PdAg/Na+-�-zeolite, with the peak centered at
048 cm−1. As reported previously [26], CO molecule can only
orm chemical bonds with Pd atoms when exposing a PdAg alloy
o CO. The disappearance of the bridge-bond CO on PdAg/Na+-
-zeolite indicates that the Pd atoms are most likely isolated by
g atoms on the catalyst surface, suggesting that the bimetallic

lloy of PdAg is formed on the catalyst surface.

.3. EXAFS measurements

EXAFS measurements were performed on PdAg/Na+-�-
eolite catalyst to verify the formation of bimetallic particles on
he Na+-�-zeolite. For comparison, the EXAFS measurements
ere performed on the Pd/Na+-�-zeolite as well. The fitting

or Pd K-edge of Pd/Na+-�-zeolite is shown in Fig. 4 and the
arameters from EXAFS fitting analysis and quality of fits are
ist in Table 1. The fitted Pd–Pd distance is 2.735 ± 0.003 Å,
hich is slightly smaller than the bulk Pd–Pd first nearest num-
er distance (2.751 Å). This is due to the particle size effect on
he interatomic distance. The coordination number of Pd–Pd is
0.3 ± 0.6, which is consistent with the presence of some larger
d nanoparticles observed in TEM measurement.

The measurement of coordination numbers of heterometallic
onds in Pd–Ag system is not meaningful because the Z-contrast
etween Pd and Ag is too small. To solve the problem, the

XAFS spectra were fitted by assuming only Pd–Pd and Ag–Ag
ontribution for each element. The results of fitting are shown
n Fig. 5 and Table 1. The first nearest neighbor distances of
d–Pd and Ag–Ag in bulk metals are 2.751 Å and 2.889 Å,
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Fig. 3. FTIR spectra of CO adsorption on Na+-�-zeolite, Pd/Na+-�-zeolite, PdAg/Na+-�-zeolite and Ag/Na+-�-zeolite after: (a) after pumping out for 5 min
at room temperature, (b) after annealing to 373 K for 30 s and pumping out for 5 min, and (c) after annealing to 423 K for 30 s and pumping out for
5 min.
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Table 1
Parameters derived from the EXAFS analysis of Pd/Na+-�-zeolite and
PdAg/Na+-�-zeolite catalysts

Pd/Na+-�-zeolite PdAg/Na+-�-zeolite

N(Pd–Pd) 10.3 ± 0.6 10.7 ± 0.6
N(Ag–Ag) 10.4 ± 0.7
R(Pd–Pd) (Å) 2.735 ± 0.003 2.812 ± 0.003
R(Ag–Ag) (Å) 2.822 ± 0.004
�
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Fig. 4. Pd K-edge of Pd/Na+-�-zeolite from EXAFS fitting.

espectively. In principle, the first nearest neighbor distance
hould be similar or slightly smaller than in the bulk if the Pd
nd Ag segregate to form monometallic nanoparticles. In the
ase of alloying, the nearest neighbor distance should be an
ntermediate value between the two monometallic distances. As
hown in Table 1, for PdAg/Na+-�-zeolite, the Pd–Pd distance
ncrease to 2.812 ± 0.003 Å and the Ag–Ag distance decrease
o 2.822 ± 0.004 Å, which indicate that the Pd and Ag form
imetallic alloy on the Na+-�-zeolite support. The combined
oordination number for Pd edge and Ag edge is 10.7 ± 0.6 and

0.4 ± 0.7, respectively. It is consistent with the sizes of nanopar-
icles observed in TEM measurements (Fig. 1) based on previous
orrelations of particle sizes with coordination numbers [27].

t
o
w
�

Fig. 5. Pd K-edge and Ag K-edge of PdAg/Na+
2(Pd–Pd) (Å2) 0.0059 ± 0.0003 0.0076 ± 0.0004
2(Ag–Ag) (Å2) 0.0086 ± 0.0005

.4. Flow reactor studies

To corroborate the conclusions from our previous batch reac-
or studies [1], here we utilize the flow reactor system to study the
cetylene hydrogenation in the presence of ethylene. The defi-
itions of conversion (XC2H2 ), selectivity (SC2H6) to byproduct
C2H6), and selectivity to ethylene (SC2H4 ) are adopted from the
iterature and are defined as

C2H2 = C2H2,feed − C2H2,final

C2H2,feed
(1)

C2H6 = C2H6,final

C2H2,feed − C2H2,final
(2)

C2H4 = C2H4,final − C2H4,feed

C2H2,feed − C2H2,final
(3)

To compare the catalysts at comparable conversions, 15 mg
d/Na+-�-zeolite catalyst was used as compared to 50 mg
dAg/Na+-�-zeolite catalyst. As shown in Fig. 6, the C2H4
electivity on PdAg/Na+-�-zeolite was nearly three times higher

han on Pd/Na -�-zeolite at a similar conversion at 333 K. On the
ther hand, the C2H6 selectivity on PdAg/Na+-�-zeolite, which
as the undesirable byproduct, was only 1/3 of that on Pd/Na+-
-zeolite. The Ag/Na+-�-zeolite did not show any activity for

-�-zeolite catalysts from EXAFS fitting.
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ig. 6. (a) Activity of acetylene hydrogenation, (b) C2H4 selectivity and (c) selec
onditions: C2H2:C2H4:H2 = 1:1:4, reaction temperature: 333 K, catalysts amou
uartz chips.
he selective hydrogenation of acetylene in ethylene (Figure not
hown). This is consistent with the batch reactor results that
dAg/Na+-�-zeolite shows lower activity but higher selectivity

han Pd/Na+-�-zeolite.

P
T
a

of byproduct C2H6 of Pd/Na+-�-zeolite and PdAg/Na+-�-zeolite. Experimental
mg for PdAg/Na+-�-zeolite and 15 mg for Pd/Na+-�-zeolite mixed with 35 mg
The apparent activation barrier of acetylene hydrogenation on
d/Na+-�-zeolite and PdAg/Na+-�-zeolite was also measured.
he Arrhenius plot is shown in Fig. 7 and the estimated apparent
ctivation barrier on Pd/Na+-�-zeolite and PdAg/Na+-�-zeolite
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ig. 7. Estimation of apparent activation energy of Pd/Na+-�-zeolite an
C2H2:C2H4:H2 = 1:1:4).

s 8.0 kcal/mol and 15.2 kcal/mol, respectively. The activation
nergy of acetylene hydrogenation varies with different sup-
orts and experimental conditions. Bodnariuk and coworkers
28] reported values between 15 kcal/mol and 16 kcal/mol on
wo types of Al2O3 supported Pd under industrial conditions.

eiss and coworkers[18] have found that the activation energy
as about 13–14 kcal/g mol on several zeolite supported Pd

atalysts. Duca et al. [29] compared Pd catalysts supported on
umice and alumina and reported activation energy values rang-
ng from 8.6 kcal/mol to 25.2 kcal/mol. The activation energy
n PdAg/�-Al2O3 was also reported by Bond et al. [30] to be
0.1 ± 0.5 kcal/mol between 293 K and 353 K. The activation
arriers of acetylene hydrogenation on Na+-�-zeolite supported
d and PdAg catalysts are slightly smaller than the literature
eports on other substrates. However, the trend is consistent
ith the rate constant of acetylene hydrogenation on Pd/Na+-
-zeolite and PdAg/Na+-�-zeolite derived from batch reactor
tudies [1].

. Conclusions

We found that alloying Pd with Ag reduced the acety-
ene hydrogenation activity but increased the selectivity. The
pparent activation energy of acetylene hydrogenation on

d/Na+-�-zeolite and PdAg/Na+-�-zeolite were estimated to
e 8 kcal/mol and 15.2 kcal/mol. In addition, the formation of
dAg bimetallic particles on the Na+-�-zeolite support was
onfirmed by TEM, EXAFS, and CO adsorption using FTIR
pectroscopy.
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