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Pt promoted and unpromoted Pd/TS-1 catalysts were prepared
by impregnation with [Pd(NH3)4](NO3)2 and [Pt(NH3)4]Cl2, char-
acterized by TPR, TEM, and ESCA and tested as catalysts for the
synthesis of propylene oxide (PO) from propylene, oxygen, and hy-
drogen. The effect of various reduction methods and Pt loading on
the catalytic performance and physical characteristics of the cata-
lysts have been studied. The autoreduction by the amine ligands
under a flow of N2 at 150◦C leads to maximum PO selectivities and
yields, whereas catalysts that were hydrogen reduced or calcined
prior to reduction were less effective. Results obtained by ESCA
and TEM show that PO formation was favoured by small Pd clus-
ters and a high fraction of Pd(II) species. Pd agglomeration was
detected on the outer surface of TS-1 crystals and was especially
pronounced for calcined and reduced catalysts with cluster sizes up
to 70 nm. Maximum PO yield (11.7%) with a selectivity of 46% were
obtained over a TS-1 catalysts loaded with 1 wt% Pd and 0.02 wt%
Pt and autoreduced under N2 at 150◦C. The increase in PO yield by
adding minor amounts of Pt to a Pd/TS-1 catalyst correlates with
a sharp increase in the fraction of Pd(II) species. Further addition
of Pt changed the form and size of Pd clusters without further in-
creasing the fraction of Pd(II) species, thus leading to decreasing
PO yields and selectivities. c© 1998 Academic Press

1. INTRODUCTION

The oxidation of propylene to propylene oxide (PO) is
one of the most challenging subjects in catalysts. The in-
vention of titanium silicate-1 (TS-1) by Taramasso et al.
opened a new route for the synthesis of propylene oxide
(1, 2). TS-1 catalyzes the epoxidation of propylene with hy-
drogen peroxide at high conversion rates and selectivities
under mild conditions in the liquid phase. The reaction is
typically carried out at 40–60◦C with methanol as the sol-
vent (2). Because of the relatively high cost of hydrogen
peroxide this process has not been commericalized up to
date. In order to overcome the economic obstacle the use
of hydrogen peroxide generated in situ is currently under
research. Two different approaches are employed for the
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formation of in situ hydrogen peroxide. The first approach
makes use of the conventional anthraquinone (AQ) pro-
cess for the production of hydrogen peroxide by feeding
propylene and oxygen to the oxidation stage of anthrahy-
droquinone (AHQ). Contacting AHQ with oxygen leads
to the formation of hydrogen peroxide, which is then con-
sumed in the oxidation of propylene to PO catalyzed by
TS-1 (3). The second concept is based on the oxidation of
propylene by a H2–O2 gas mixture over a precious metal
containing titanium silicalite. Such catalytic systems have
also been tested for the oxidation of alkanes for the hydro-
xylation of benzene to phenol and for the oxidation of phe-
nol (3, 4). Hydrogen peroxide is directly synthesized from
H2 and O2 at the precious metal sites of the bifunctional
catalyst and consumed as an oxidant at the Ti-sites.

For the epoxidation of propylene with a H2–O2 mixture
Sato et al. (5–7) and Mueller et al. (8) employ a palladium
impregnated TS-1 catalyst suspended in solvents such as
water or methanol while Haruta et al. (9) uses a highly dis-
persed Au/TiO2 catalyst in a gas phase reaction. However,
the reported conversions for the oxidation of propylene
with a H2–O2 mixture are below 2% and the selectivity suf-
fers from the hydrogenation of propylene to propane. Since
the generation of hydrogen peroxide seems to be the rate-
determining step, we investigated opportunities to increase
the PO yield by varying the precious metal species on a TS-1
catalyst. Palladium or a mixture of palladium and platinum
functioned as catalysts for the in situ formation of hydrogen
peroxide. According to Grosser et al. platinum enchances
the rate of H2O2 formation (10).

The objective of the present study is to clarify the in-
fluence of the reduction methods and of the addition of
platinum on the catalytic performance. Catalytic test are
accompanied by TPR-, ESCA-, and TEM-analysis.

2. EXPERIMENTAL

2.1. TS-1 Synthesis

TS-1 was prepared according to the procedure described
in the original TS-1 patent by Taramasso et al. (1); 499 g
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of tetraethylorthosilicate were stirred under a CO2-free at-
mosphere and 15 g of tetraethyltitanate were added fol-
lowed by dropwise addition of 800 g of a 25 wt% solution
of tetrapropylammonium hydroxide. After the alcohol had
been destilled off under vacuum at 50◦C, 868 g of distilled
water were added to the solution. The mixture was trans-
ferred to an autoclave, heated at 175◦C and stirred under
autogenous pressure for 10 days. After cooling down to
room temperature, the crystaline product was separated
from the liquid by centrifugation, washed with water, dried
for 12 h at 120◦C, and finally calcined for 10 h at 550◦C in
air.

2.2. Impregnation

A [Pd(NH3)4](NO3)2 solution was prepared by dissolving
10 g of Pd(NO3)2 in 400 g of an aqueous 25 wt% ammonia
solution. After the mixture had been stirred at 50◦C for
3 d, the solution was filtered and the resulting concentra-
tion of Pd was determined by ICP-analysis (21.6 mg/ml).
The platinum precursor, an aqueous solution of 5.138 wt%
[Pt(NH3)4]Cl2, was kindly provided by Degussa AG.

Pd is supported on TS-1 by suspending 5 g of TS-1
in 20 g of deionized water and adding 2.34 ml of the
[Pd(NH3)4](NO3)2 solution. The mixture was stirred at
80◦C for 1 day. The solid is recovered by evaporating the
solvent under vacuum at 50◦C and dried at 60◦C for 1 day.
A catalyst containing Pd and Pt is prepared in the same
way by adding 2.34 g of [Pd(NH3)4](NO3)2 solution and
[Pt(NH3)4]Cl2 solution to the suspended TS-1 catalyst. As
determined by ICP analysis the resulting catalysts were
loaded with 1 wt% Pd (cat. I1), 1 wt% Pd + 0.01 wt% Pt
(cat. I2), 1 wt% Pd + 0.02 wt% Pt (cat. I3), or 1 wt% Pd +
0.1 wt% Pt (cat. I4), respectively. For reasons of simplicity
we denote these impregnated TS-1 catalysts as I1 to I4.

2.3. Calcination and Reduction

The impregnated TS-1 catalyst I4 (1 wt% Pd and 0.1 wt%
Pt) was subjected to different methods of calcination and
reduction. Calcination was carried out according to a pro-
cedure described by Sachtler et al. (11) for highly dispersed
Pd on ZSM-5. The catalysts were calcined in O2 flow at
500◦C for 2 h after ramping at 0.5 K/min from room tem-
perature. They were subsequently purged with N2 at 500◦C
for 20 min before cooling down to room temperature.

A second calcination procedure was conducted analo-
gously by using air instead of O2 as the calcination medium.
The calcined samples and a merely impregnated sample
were reduced with H2 at a heating rate of 1 K/min from room
temperature to 250◦C. The samples were kept at 250◦C for
1 h, cooled down to room temperature and purged with N2

for 30 min.
Catalyst samples I4 were also reduced without prior cal-

cination. Reduction was carried out with H2, 5 vol% H2 +

95 vol% N2, and N2 at a heating rate of 1 K/min from room
temperature to 50, 100, 150, 200, 250, 300, or 350◦C, respec-
tively. Under pure nitrogen atmosphere the catalyst was
autoreduced by thermal decomposition of the NH3 ligands.

2.4. Propylene Epoxidation by Hydrogen and Oxygen

Since the concentration of the reactants propylene, hy-
drogen, and oxygen were within the explosion limits of
the mixture, special safety precautions were required. We
placed the reaction vessel and peripheral equipment in a
barricaded area and used a remote control system to take
samples, start, monitor, and terminate the reaction. All runs
were conducted as batch experiments. The reactor consisted
of a 200 ml stainless steel autoclave equipped with two inlets
for propylene and gaseous reactants, an outlet, a temper-
ature indicator, and a pressure indicator. An outer jacket
was provided through which water at a constant tempera-
ture could be circulated. Liquid propylene was pumped into
the autoclave while H2, O2, and N2 were supplied through
mass flow controllers. The reaction mixture was stirred by
a stirring bar that was placed inside the reactor and driven
by a magnetic stirrer.

In a typical run 15 g of methanol, 5 g of deionized wa-
ter, and 0.2 g of catalyst are charged to the autoclave. Air
was removed by purging with N2. After 10 g of propylene
were fed into the reactor the vessel was pressurized with
hydrogen (7 bar), nitrogen (15 bar), and oxygen (10 bar) in
succession. The slurry was heated from room temperature
to 43◦C under pressure and vigorous stirring. The reactor
was kept for 2 h at 43◦C and then cooled down to 15◦C. Since
all runs were batch experiments a pressure drop during the
reaction was observed.

At the end of the reaction the entire gas phase was dis-
charged into a gas bag (Linde Plastigas®). The catalyst
was filtered off the liquid phase and t-butyl methyl ether
(MTBE) was added as the external standard. Ethylene was
added to the gas phase as a reference substance via a gas me-
ter. Liquid phase analysis was performed on a Carlo Erba Z
2300 gas chromatograph, using a flame ionization detector
and a 4-m column Carborwax 1500 as the stationary phase.
For the gas phase analysis a 3-m Porapack 1500 column was
used in connection with a thermal conductivity meter.

In order to check the catalytic performance of the nonim-
pregnated TS-1 a test reaction was carried out by expoxidiz-
ing propylene with H2O2 over TS-1. The conditions applied
were as stated above, except that 8 g of aqueous 30 wt%
H2O2 was used, instead of the H2–O2 mixture.

We used the PO-yield and PO-selectivity to describe the
results of the catalytic experiments. Since the resulting con-
version can be calculated from the yield and selectivity, the
conversion is not presented in most tables and figures. PO
yield is based on propylene and PO selectivity is based on
all organic products.
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2.5. Catalyst Characterization

X-ray powder diffraction analysis (XRD) were per-
formed on a Siemens D 5000 diffractometer equipped with
CuKα radiation. Diffuse reflectance UV-Vis (DR-UV-Vis)
spectra were obtained with a Lambda 7 spectrometer from
Perkin Elmer. Diffuse reflectance IR (DRIFT) was carried
out by means of a Praying-Mantis-Unit from Harric. The
chemical composition of the catalysts were determined by
an ICP spectroflame D.

For temperature-programmed reduction (TPR) samples
were reduced with 5 vol% H2/Ar as described elsewhere
(12). The temperature was ramped with 6 K/min from room
temperature to 600◦C.

ESCA spectra of reduced Pd/TS-1 and Pd–Pt/TS-1 sam-
ples were recorded on a PHI 5600 using AlKα radiation at
a power of 300 W. The pressure in the spectrometer during
measurement was 2 × 10−8 Torr (1 Torr = 133.3 Nm−2). A
overview spectra was recorded at a pass energy of 117.4 eV
while a more detailed spectra was recorded at a pass energy
of 29.4 eV.

Pd/TS-1 and Pd–Pt/TS-1 samples in the reduced from
were examined by transmission electron microscopy
(TEM). The powders were dispersed on a holey carbon
coated copper grid. The sample 1 wt% Pd/TS-1 was ana-
lyzed by a Phillips CM 30 microscope with a acceleration
voltage of 300 kV. Any other micrographs were taken us-
ing a JEOL JEM-2000 FX II at a acceleration voltage of
200 kV.

3. RESULTS AND DISCUSSION

3.1. TS-1 Characterization

Elemental analysis of TS-1 by ICP gave a molar ratio of
Si/Ti = 34.6. Crystalite sizes are in the range of 0.1–0.3 µm.
X-ray diffractometry confirmed the MFI-structure of the
synthesized TS-1 samples. The DRIFT spectra reveals a

TABLE 1

Epoxidation of Propylene with H2 and O2 over Calcined and Reduced TS-1 Catalyst Loaded with 1 wt% Pd and 0.1 wt% Pt

Catalytic performance

Calcination Reduction Propylene PO PO
conversion selectivity yield

Medium T [◦C] t [h] Medium T [◦C] t [h] [%] [%] [%]

— — — H2 250 3 8.3 2.1 0.2
O2 500 2 H2 250 3 31.7 0.9 0.3
Air 500 2 H2 250 3 44.1 1.1 0.5
Air 500 12 H2 250 1 26.1 6.6 1.7
Air 450 2 H2 250 1 30.6 1.8 0.6
Air 500 12 H2 50 14 31.6 5.1 1.6
Air 250 2 5% H2/N2 50 1 59.5 1.4 0.9
Air 200 2 5% H2/N2 50 1 53.3 3.7 2.0

Note. Conditions: 0.2 g catalyst, 15 g MeOH, 5 g H2O, 10 g propylene, 7 bar H2 (59 mmol), 15 bar N2 (138 mmol), 10 bar O2 (92 mmol), 2 h, 43◦C.

band at 960 cm−1 which is in agreement with literature
data (13). The DR-UV-Vis spectrum presents of band in
the range of 190–210 nm, indicating tetrahedrally coordi-
nated titanium atoms (13).

We evaluated the capability of TS-1 for the epoxidation
of propylene with H2O2. The results of the epoxidation re-
action after 3 h under the conditions stated above were:
H2O2 conversion, 100%; PO yield, 40% (based on H2O2);
selectivity, 94% (based on all organic products).

3.2. Effect of Reduction Method

3.2.1. Calcined and reduced Pd–Pt/TS-1. In Table 1 the
catalytic performance of catalyst samples I4 that were cal-
cined (air/O2, 500◦C) prior to reduction is compared to an
uncalcined I4 catalyst that was reduced under the same
conditions (H2, 250◦C). The propylene conversion of 8%
was lowest for the uncalcined catalyst. Calcination under
O2 leads to an increase of the conversion to 32% while
the conversion increases to 44% by calcination under air.
The selectivities obtained by the calcined and uncalcined
catalysts were below 2%, thereby leading to insignificant
PO-yields. The main by-product formed was propane with
selectivities above 97% for all three catalysts. Further by-
products formed were 1-Methoxy-2-propanol, 1,2-propane
diol, and 2-methoxy-1-propanol with a combined selectiv-
ity of less than 2%. Calcination of the I4 catalyst therefore
increases the propane formation as demonstrated by the
increase of the conversion.

Variations of the calcination and the reduction methods
did not cause any significant change in the selectivity and
PO-yield as shown in Table 1. For this reason we stopped
using any calcination prior to reduction and investigated
the effect of different reduction methods on the catalytic
performance of catalyst I4.

3.2.2. Influence of reduction method on catalytic perfor-
mance. The effect of different reduction methods on the
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TABLE 2

PO Yield over Differently Reduced 1 wt% Pd + 0.1 wt%
Pt/TS-1 Catalysts

Reduction Reduction medium
temperature

[◦C] H2 5% H2 + 95% N2 N2

50 2.3 2.2 2.7
100 0 0.4 2.5
150 0 3.5 5.3
200 1.1 4.1 3.3
250 0.2 2 3.5
300 1.4 2.5 1.8
350 1.1 2.7 2.1

Note. Conditions: 0.2 g catalyst, 15 g MeOH, 5 g H2O, 10 g propylene,
7 bar H2 (59 mmol), 15 bar N2 (138 mmol), 10 bar O2 (92 mmol), 2 h,
43◦C.

catalytic performance was studied by reducing catalyst I4
under an atmosphere of H2, 5% H2/N2, or N2 at temper-
atures ranging from 50 to 350◦C. The resulting PO yields
and selectivities are displayed in Tables 2 and 3. Two trends,
one related to the gaseous medium used and one related to
the temperature, can be observed. PO yield and PO se-
lectivity are favoured by reduction under a pure nitrogen
atmosphere. These catalysts are autoreduced as the ther-
mal decomposition of the amine complex creates locally a
reducing atmosphere (14, 15):

Pd2+ + NH3 → Pd0 + 2H+ + 0.5N2 + 0.5H2. [1]

Increasing the hydrogen concentration in the reduction
medium causes the PO-yield and selectivity to decrease.
The catalyst reduced with pure hydrogen gave the lowest
yield and selectivity. The effect of the reduction tempera-
ture was most significant for the catalyst reduced under
nitrogen. These autoreduced samples exhibited a peak in
the PO yield of 5.3% at a reduction temperature of 150◦C.
When 5% H2/N2 was employed the maximum PO yield

TABLE 3

PO Selectivity over Differently Reduced 1 wt% Pd + 0.1 wt%
Pt/TS-1 Catalysts

Reduction Reduction medium
temperature

[◦C] H2 5% H2 + 95% N2 N2

50 4.9 5.2
100 3.2 4.2
150 12.3 11.1
200 7.2 14.3 10.1
250 3.1 6.2 18.8
300 3.6 7.8 4.5
350 16.2 3.4

Note. Conditions: 0.2 g catalyst, 15 g MeOH, 5 g H2O, 10 g propylene, 7
bar H2 (59 mmol), 15 bar N2 (138 mmol), 10 bar O2 (92 mmol), 2 h, 43◦C.

of 4.1% was in the range of 150–200◦C. Because of the
very low PO yields of the hydrogen-reduced catalyst no
clear trend can be observed with those catalysts. Selectivi-
ties of all tested catalysts were below 20%. As in the case of
the calcined catalysts propane is the main by-product. Fur-
ther by-products formed were 1-Methoxy-2-propanol, 1,2-
propane diol, and 2-methoxy-1-propanol with a combined
selectivity of less than 5%.

Interestingly, PO was even formed over a catalyst (50◦C,
N2) not reduced prior to catalytic testing. This catalyst was
used in the impregnated form without any further treat-
ment and achieved a PO yield of 2.7% at a selectivity of
5.2%. During the reaction this catalyst changed its colour
from white to grey which can be taken as evidence for the
fact that the catalysts undergo reduction during the reac-
tion. Such catalysts reduced under reaction conditions per-
formed better than or equal to those catalysts reduced with
pure hydrogen or at temperatures above 300◦C (Table 2).

3.3. Influence of Platinum Loading
on Catalytic Performance

It can be concluded from the results obtained that the
PO formation is favoured by “mild” reduction conditions,
i.e. no calcination step prior to reduction, reduction tem-
peratures below 200◦C, and a very low hydrogen concen-
tration in the catalyst bed during reduction. Although we
were able to improve the PO yield by varying the reduction
methods we could not suppress the propane formation suf-
ficiently. The platinum loading of 0.1% offered an explana-
tion for the low PO selectivities as platinum is known for its
hydrogenation activity. In order to verify this assumption
we conducted a series of experiments over catalysts with
1% palladium and varying platinum loadings: 0%, 0.01%,
0.02%, 0.1% (catalysts I1 to I4). The impregnated catalysts
were autoreduced under nitrogen atmosphere at 150◦C. For
reasons of simplicity we denote the autoreduced catalysts
as catalyst A1 (1 wt% Pd/TS-1), catalyst A2 (1 wt% Pd +
0.01 wt% Pt), catalyst A3 (1% Pd + 0.02% Pt), and catalyst
A4 (1% Pd + 0.1% Pt).

Figure 1 presents the PO yield and PO selectivity as a
function of platinum loading. Over the platinum-free cata-
lyst A1 a PO yield of 8.2% was achieved with a selectiv-
ity of 23.4%. By adding as little as 0.01 or 0.02 wt% Pt
to the 1 wt% Pd/TS-1 catalyst the yield increased to 10.3
or 11.7%, respectively. The increase in yield was accom-
panied by an increase in the selectivity: 41.0% over cata-
lyst A2 and 46.0% over catalyst A3. A platinum loading of
0.1 wt% (catalyst A4) led to a decrease in yield and selec-
tivity: PO yield = 5.3%, selectivity = 11.1%.

These results demonstrated that the platinum loading is a
highly sensitive parameter that should not exceed 0.02 wt%
to achieve maximum PO yields and PO selectivities. The im-
provement in PO yield by adding platinum to a Pd catalyst
is in accordance with results reported by Grosser et al., who
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FIG. 1. Epoxidation of propylene with H2 and O2 over 1 wt% Pd + x wt% Pt/TS-1. Reduction: 150◦C, N2. Conditions: 0.2 g catalyst, 15 g MeOH,
5 g H2O, 10 g propylene, 7 bar H2 (59 mmol), 15 bar N2 (138 mmol), 10 bar O2 (92 mmol), 2 h, 43◦C.

found that platinum-promoted Pd catalysts were superior
in the direct synthesis of H2O2, compared to platinum-free
catalysts. Although the selectivity improved significantly by
adding only minor amounts of platinum to the Pd/TS-1 cata-
lyst, the formation of propane was still dominant.

3.4. Characterization of Pd and Pt Species

3.4.1. Characterization by TPR. In order to figure out
at what temperatures Pd and Pt were reduced on an im-
pregnated TS-1 catalysts we performed TPR analysis. The
TPR spectrum of a 1% Pd/TS-1 and a 1% Pd + 1% Pt/TS-
1 catalyst are shown in Fig. 2. The spectrum of the 1%
Pd/TS-1 catalyst exhibits two reduction peaks centered
around 150◦C that were too close to be resolved. The reduc-
tion commenced at ca 60◦C and was completed at ca 250◦C.
Two reduction peaks were observed for TS-1 impregnated
with [Pd(NH3)4](NO3)2 and [Pt(NH3)4]Cl2. In addition to
the palladium reduction peak centered around 160◦C, a sec-

FIG. 2. TPR spectrum of sample 1 wt% Pd/TS-1 and 1 wt% Pd +
1 wt% Pt/TS-1.

ond peak centered around 110◦C appeared, which can be
assigned to the reduction of platinum. The TPR data fits
well into the catalytic data on the effect of reduction meth-
ods (Tables 2 and 3) as maximum PO yields were achieved
with reduction temperatures of 150◦C. In order to find out
at which temperatures the amine ligands decompose in the
absence of hydrogen, we studied the thermal reaction of
a 1% Pd + 1% Pt/TS-1 catalyst under the flow of pure he-
lium instead of H2/Ar, using otherwise the same conditions
as for the TPR experiments. We observed a peak centered
around 230◦C. Hence the presence of hydrogen seems to
lower the temperature at which the decomposition of the
amine ligands and thus the reduction of the precious metall
takes place.

To evaluate the effect of calcination on Pd reduction we
subjected to TPR analysis a TS-1 catalyst that was impreg-
nated with 1 wt% Pd and 0.1 wt% Pt and calcined under
air at 500◦C for 5 h. In this case palladium was immediately
reduced at the beginning of the TPR at room temperature
which is in accordance with results obtained for calcined Pd
containing zeolites (12). This result explains also why the
catalysts calcined under air could be reduced with 5 vol%
H2/O2 at 50◦C (Table 1).

3.4.2. Characterization by TEM. Results obtained by
transmission electron microscopy (TEM) are summarized
in Table 4. Two new parameters describing the form of Pd
clusters and the homogeneity of Pd dispersion on the crystal
surface are introduced in addition to minimum and maxi-
mum cluster size. The shape of the Pd clusters was either
circular ( ) or needle-like ( ). Disperson of Pd clusters
ranged from “very homogeneous” (++) to “very inhomo-
geneous” (−−).

A result in common for all examined samples was the
minimum cluster size that was in the range of 2–3 nm
(Fig. 3). Since the pore size of TS-1 is 0.55–0.56 nm it is
unlikely that Pd clusters exist within the pore system of the
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TABLE 4

Size, Form, and Homogneneity of Pd Clusters

Cluster size
Homogeneity [nm]

Pd Pt Reduction of cluster Cluster
wt% wt% method distribution form Max. Min.

1 0 150◦C–N2 + 30 5
+ 15 2

1 0.01 150◦C–N2 + 40 5
s 20 2

1 0.02 150◦C–N2 s 40 5
− 25 3

1 0.1 150◦C–N2 −− 20 2
1 0.1 150◦C–5% H2 − 15 2
1 0.1 150◦C–H2 − 15 2
1 0.1 200◦C–5% H2 ++ 14 3
1 0.1 200◦C–H2 ++ 20 3
1 0.1 500◦C–air −− 70 2

250◦C–H2

FIG. 3. TEM micrograph of 1 wt% Pd/TS-1 (reduction: 150◦C, N2).

TS-1 crystals. This constitutes a major difference to Pd
ion exchanged zeolites like H-ZSM-5, where Pd can be
found inside the zeolite pores (11).

Figure 4 represents a TEM micrograph of sample I4
(1 wt% Pd + 0.1 wt% Pt/TS-1) that was calcined under air
at 500◦C and reduced with H2 at 250◦C. In contrast to the
uncalcined samples we found extremely large clusters in
the range of 50–70 nm that were formed by palladium ag-
glomeration as confirmed by EDX analysis. These large ag-
glomerations were distributed very inhomogeneously and
were found only on few TS-1 crystals. Apart from the large
Pd agglomeration small Pd clusters with a particle size of
2–5 nm were distributed homogeneously over the zeolite
surface. Clusters with particle sizes between these two ex-
tremes were very rare and were only present among the
large Pd agglomerations.

The three catalyst samples I4 (1 wt% Pd and 0.1 wt%
Pt) that were reduced at 150◦C with H2, 5 vol% H2/N2

or N2, did not reveal any difference in particle size or
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FIG. 4. TEM micrograph of 1 wt% Pd + 0.1 wt% Pt/TS-1 (calcination:
500◦C under air, reduction: 250◦C, H2).

distribution (Table 4). This is a very important result, be-
cause these three catalysts do indeed exhibit significant dif-
ferences in the catalytic performance (Tables 2 and 3). As
the TEM data do not reveal any differences in the Pd dis-
persion, the catalyst activity and selectivity must be affected
by another dominant factor.

Clusters sizing from 2–20 nm were distributed inhomoge-
neously. As an example the autoreduced sample (150◦C, N2)
is shown in Fig. 5. A TEM micrograph of sample I4 that was
reduced at 200◦C with H2 is shown in Fig. 6. Only few small
clusters in the range of 2–4 nm were present while most
clusters sizes were in the range of 7–10 nm. This was also
true for the sample reduced with 5 vol% H2/N2 at 200◦C.
Therefore, it can be suggested that an increase in reduc-
tion temperatures lead to particle agglomeration, which is
a well-known effect for Pd-containing catalysts (16).

The addition of platinum to Pd/TS-1 catalysts had a sig-
nificant effect on the Pd clusters as the results in Table 4
demonstrate. Catalysts were autoreduced at 150◦C under
N2 and Pd loading was 1% while Pt loading varied form

0–0.1 wt%. Figure 7 shows the micrograph of the platinum-
free sample. Apart from the common circular clusters we
find needle-shaped clusters as long as 40 nm. The parti-
cles were distributed homogeneously over the zeolite sur-
face. The size of the circular shaped clusters did not exceed
15 nm. Adding more than 0.02 wt% platinum to the cata-
lysts caused the needle-shaped clusters to disappear. An
explanation for this effect cannot be given. By increasing
the platinum loading of the catalysts the homogeneity of
particle distribution decreases as the results in Table 4 in-
dicate.

The observation of large Pd clusters is in sharp con-
trast to Pd cluster sizes found on ion-exchanged zeolites
as Pd/HZSM-5 that were calcined and reduced in the same
way. According to Sachtler et al. the size of Pd clusters were
less than 1 nm for a Pd/HZSM-5 sample after calcination
(500◦C, O2) and reduction (250◦C, H2). Unlike HZSM-5
the TS-1 catalyst contains neither Al-atoms nor Brønsted
sites. Therefore, transition metals cannot be anchored to
an Al anions as in the case of HZSM-5 or other zeolites.

FIG. 5. TEM micrograph of 1 wt% Pd + 0.1 wt% Pt/TS-1 (reduction:
150◦C, N2).
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FIG. 6. TEM micrograph of 1 wt% Pd + 0.1 wt% Pt/TS-1 (reduction:
200◦C, H2).

However, due to the presence of hydroxyl groups, palla-
dium tetraamine ions can be anchored to the surface by ion
exchange according to reaction [2],

X–[–Os]–H + Pd(NH3)
+2
4

→ X–[–Os]–Pd(NH3)
(2−x)+
4−x + x NH+

4 , [2]

where –[–Os]– stands for a surface ion (14). Since hydroxyl
groups in the form of Si–OH groups are also present in TS-
1, it can be assumed that part of the Pd loading is anchored
to silanol groups while the rest is physically adsorbed to
the TS-1 surface. As the interaction between the physically
adsorbed Pd and the lattice is not as strong as the interac-
tion between Pd and the silanol groups it is likely that the
physically adsorbed Pd preferentially agglomerates to large
clusters, especially when high temperatures are applied. Mi-
gration and agglomeration of Pd anchored to silanol groups
is less likely. Assuming two differently adsorbed Pd species
explains why the smallest cluster size found on Pd/TS-1
(2 nm) was independent of the reduction method while the

largest clusters were strongly dependent on the reduction
method applied.

3.4.2. Characterization by ESCA. The ESCA study was
carried out to assess the oxidation state of the Pd clusters
as a function of reduction methods and platinum loading.
Binding energies of the Pt-species could not be measured
because the Pt signal of the platinum-containing catalysts
was too weak. The results of the ESCA-study are com-
piled in Table 5. The binding energies for three different Pd
species were found. The binding energy (BE) and Pd species
were correlated according to Neumann (17) and Briggs and
Seah (18). Binding energies ranging from 335.3–335.5 eV
were assigned to Pd0, which is in good agreement with the
BE of Pdmetal (335.0 eV). The exposure to air shifted the
BE to higher values.

No species in the state of Pd0 were found on two samples:
catalyst I4 (1 wt% Pd + 0.1 wt% Pt/TS-1) autoreduced un-
der N2 at 150◦C and catalyst I4 reduced with 5 vol% H2/N2

at 150◦C. Instead, values for BE were in the range of 336.1–
336.2 eV which is close to the BE for PdO. Since the pres-
ence of PdO cannot be explained by a calcination step, we
assume that this effect is due to a prolonged exposure of
Pd0 species to air.

Every catalyst examined was covered by Pd species with
BE ranging from 337.2–337.8 eV. The same BE value was
observed for a sample impregnated with 1 wt% Pd that was
not reduced prior ESCA analysis. The BE value for this Pd
species cannot be easily attributed to Pd binding energies
found in the literature. If one assumes that PdO2, which
shows also a peak at 337.9 eV (18), caused this signal, then
the merely impregnated catalyst would be covered with
PdO2 and would show a dark red colour, which is not the
case. Therefore, it can be excluded that PdO2 is the cause of
this BE. This ESCA signal cannot be caused by the Pd pre-
cursor itself, [Pd(NH3)4]Cl2, because BE of Pd 3d5/2 were
reported at 338.4 eV for this Pd compound. As the catalyst
support influences the BE values for Pd(II) we assume that

TABLE 5

ESCA Results

Pd0 PdO Pd(II)
Pd Pt

wt% wt% Reduction eV % eV % eV %

1 0 Not reduced 337.3 100
1 0 150◦C–N2 335.5 88 337.7 12
1 0.01 150◦C–N2 335.3 57 337.8 43
1 0.02 150◦C–N2 335.4 47 337.7 53
1 0.1 150◦C–N2 336.1 44.3 337.8 55.7
1 0.1 150◦C 336.2 69.9 337.8 27.5

5% H2 + 95% N2

1 0.1 150◦C–H2 335.4 72.5 337.2 27.5
1 0.1 500◦C–air 335.3 81.8 337.4 18.2

250◦C–H2
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FIG. 7. TEM micrograph of 1 wt% Pd/TS-1 (reduction: 150◦C, N2).

the interaction of the Pd precursor, [Pd(NH3)4]Cl2, with the
TS-1 support creates a Pd species with a BE value ranging
from 337.2–337.8 eV. For reasons of simplicity we denote
this species as Pd(II).

In the following sections we will look for correlations be-
tween the oxidation state of Pd and the catalytic results. As
the Pd(II) species was present in all catalysts we use the
fraction of Pd(II) species given in percentages to describe
the oxidation state of Pd and to relate it to the reduction
method and the platinum loading. (It is important to keep
in mind that the reduction method and the platinum load-
ing do not only affect the oxidation state of Pd but also the
Pd dispersion. Although we were able to assess the Pd dis-
persion by TEM, we are aware of the fact that this method
provides only qualitative data.)

Table 6 demonstrates the effect of the reduction method
on the PO yield, PO selectivity, and the fraction of the Pd(II)
species for a catalyst I4 (1 wt% Pd + 0.1 wt% Pt/TS-1).

Three catalysts were reduced at 150◦C with N2, 5 vol%
H2/N2, or H2 and the fourth catalyst was first calcined
under air at 500◦C and subsequently reduced with H2 at
250◦C. The fraction of Pd(II) species, that was found to be
the highest for the autoreduced catalyst (56%), decreased

TABLE 6

Effect of Reduction Method on Pd(II) Species, PO Yield, and PO
Selectivity for a 1% Pd + 0.1% Pt/TS-1 Catalyst

Reduction method Pd(II) PO yield PO selectivity
[%] [%] [%] [%]

150◦C–N2 55.7 5.8 15
150◦C–5% H2/N2 30.1 3.6 12.3
150◦C–H2 27.5 0.2 1.6
500◦C–air 18.2 1.2 3.9
350◦C–H2
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FIG. 8. Effect of platinum loading on Pd(II) species and PO yield and selectivity.

drastically to 28% for the catalyst reduced with 5 vol%
H2/N2 or H2. The calcined and reduced sample contained
the least amount of Pd(II) species (18%). As expected the
more severe the reduction conditions were, the more Pd
was reduced to Pd0. However, it is remarkable that the Pd
species, even on the calcined and reduced sample, was not
completely reduced to Pd0, although calcination and reduc-
tion conditions should create a fully reduced catalyst. The
presence of platinum offers an explanation for this effect
which is validated by the results presented in Fig. 8. The
decrease of the fraction of Pd(II) species was accompanied
by a sharp decrease in PO yield and a slightly decreasing
PO selectivity.

As described in the previous section the I4 catalysts re-
duced at 150◦C using different reduction mediums do not
show any differences in the Pd dispersion. Therefore, the
fraction of Pd(II) species constitutes the major difference
between these catalysts and must thus be responsible for the
catalytic performances of the catalysts. For these reasons it
can be concluded that the formation of PO is favoured by
the Pd(II) species.

In order to assess the influence of platinum loading on
Pd reduction, we subjected the catalysts presented in Fig. 1
to ESCA analysis (see Fig. 8). These samples were im-
pregnated with 1.0 wt% Pd and various amounts of Pt
(0–0.1 wt%) and were autoreduced under nitrogen at
150◦C. The fraction of Pd(II) species increased sharply from
12% for the platinum-free 1 wt% Pd/TS-1 catalyst to 43%
for the catalyst containing 0.01 wt% Pt. By further increas-
ing the Pt loading to 0.02 and 0.1 wt% the fraction of Pd(II)
species inreased to 53 and 56%, respectively. While the frac-
tion of Pd(II) species is nonlinear, related to the platinum
loading for 0–0.02 wt% Pt, the fraction of Pd(II) species
seems to reach to a saturation level for platinum loadings
higher than 0.02 wt%. The increase of Pd(II) by adding Pt to
the Pd/TS-1 catalyst can be attributed to the fact that plat-

inum is more precious palladium. Therefore, Pd(II) species
was found even on the calcined and reduced 1 wt% Pd +
0.1 wt% Pt/TS-1 catalyst (see Table 6).

As shown in Fig. 8 the PO yield and the PO selectivity
reached a maximum at a Pt loading of 0.01–0.02 wt%. In
the previous section we have stated that the formation of
PO is favoured by Pd(II) species. On first sight this is in con-
trast to the observation that the PO yield, after reaching its
maximum, did not increase in parallel with an increasing
fraction of Pd(II), as shown in Fig. 8. The addition of plat-
inum, however, did not cause only the fraction of Pd(II)
species to increase but it affected also the form and dis-
tribution of Pd clusters on the crystal surface as described
above. We observed that the decrease in PO yield, after
reaching its maximum at 0.02 wt% Pt, coincided with the
disappearance of needle-shaped Pd clusters and with less
homogenously distributed clusters. The effect of platinum
on the Pd clusters seems to counteract the effect on the ox-
idation state of Pd. Therefore, the peak in PO yield around
0.02 wt% Pt is probably due to the pronounced increase
of the fraction of Pd(II) species for Pt loadings between
0–0.2 wt% which is eclipsed by the change of Pd clusters for
Pt loadings above 0.02 wt%. Apart from these two effects
of platinum on the PO formation, platinum itself catalyzes
the hydrogenation of propylene to propane, which caused
the selectivity to decrease for Pt loadings above 0.02 wt%.

Future research must quantify the Pd dispersion more
precisely in order to separate the effect of the Pd oxidation
state and the Pd dispersion.

CONCLUSIONS

The physical characteristics and the catalytic perfor-
mance of Pd–Pt/TS-1 catalysts depend strongly on the re-
duction method and the platinum loading. The formation
of PO was found to be favoured by a high fraction of the
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Pd(II) species and by small Pd clusters, whereas fully re-
duced Pd and large clusters favoured propane production.
The fraction of Pd(II) was increased by autoreduction of
the tetraamine ligand in the absence of hydrogen in the
reduction medium. Reduction temperatures above 150◦C
or calcination led to cluster agglomeration on the external
TS-1 surface and thus to decreasing PO yields and PO selec-
tivities. Adding minor amounts of platinum also drastically
increased the fraction of Pd(II) species in comparison to
the Pd0 species. Since platinum effects the Pd cluster size
and distribution and catalyzes also the hydrogenation of
propylene to propane, there is an optimum Pt loading to
achieve maximum PO yields and selectivies in the range of
0.01–0.02 wt% Pt.
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