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The investigation of redox properties of palladium—zeolite catalysts
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Palladium catalysts based on A, X, Y, chabazite, erionite, mordenite, TsVM, and TsVK
zeolites are studied by the methods of temperature-programmed reduction and hydrogen
desorption. Palladium is shown to be located in zeolite pores in all catalysts except
Pd/mordenite for which 24 % of the palladium is located on the external surface of the
zeolite. The dispersity of the palladium on the zeolites is determined by the amount of H,
evolved in the decomposition of the B-phase of PdH and by the value of the O/Pd ratio
obtained by palladium oxidation in the 100 to 500 °C temperature range. According to the
O/Pd ratio, the catalysts are divided into two groups: samples based on X, Y, chabazite,
erionite, and mordenite (O/Pd = 0.4 to 0.7), and catalysts containing A, TsVM, and TsVK
. zeolites (O/Pd = 0.2 to 0.3). The catalysts of the first group are weakly active in the oxidative
acetoxylation of propylene, while all of the catalysts of the second group except Pd/NaA are
very active. The conclusion is drawn that the oxidation of palladium is not the limiting stage

in the oxidative acetoxylation of propylene.
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It has previously been shown!2 that active and selec-
tive Pd-containing catalysts based on zeolites can be
prepared which are useful for the oxidative acetoxylation
of propylene to allyl acetate.

C3H6 + AcOH + 1/202 - ACOC3H5 + H20

The activity of these catalysts depends substantially on
the type and composition of the zeolite: it is not higher
than 0.4 - 1073 mol (g Cat)™! h™! for A, X, Y, chabazite,
erionite, and mordenite zeolites, and increases to (3—
7)+ 1073 mol (g Cat)~! h™! for highly siliceous TsVM
and TsVK zeolites.3

In addition to palladium on a zeolite, potassium
acetate, which is a source of acetate ions for the reaction
product, allyl acetate, is usually included in the compo-
sition of the catalyst. Different states of palladium in
zeolites can be one possible reason for the different
activities of Pd-zeolite catalysts in this reaction. In this
connection, Pd-zeolite catalysts without potassium ac-
etate are studied in this work by the methods of tem-
perature-programmed reduction (TPR) and tempera-
ture-programmed hydrogen desorption (TPD H,). The
Pd distribution in the external surface and the cavities of
zeolite crystals, the dispersity of metal, and the rate of
its oxidation are also studied.

Experimental

Pd-zeolite catalysts were prepared by the known proce-
dure.3 Dried powdered samples were molded without a binder
and crushed, and the 0.6—1.0 mm fraction was taken. Palla-
dium content in the catalysts was determined by atomic ad-
sorption spectroscopy (AAS).

TPR and TPD H; were carried out on a KL-1 flow-type
catalytic installation (produced in the Designing Bureau of the
Institute of Organic Chemistry, RAS) with a katharometer. A
Pd-zeolite catalyst (0.15 g) was placed into a quartz reactor.
The reactor was heated at a rate of 40 °C min~!. TPR of a pre-
oxidized catalyst sample was carried out with an Ar +
10 mol. % H, mixture. Argon was passed through the reactor
when TPD H, spectra were recorded. Gases were passed
through the reactor at a rate of 30 mL min~!

Argon and an argon—hydrogen mixture were purified from
oxygen by passing them through columns filled with a copper
catalyst and Mn/Al,0,. Gases were purified by a zeolite. The
catalysts and adsorbents in the gas purification system were
regenerated from time to time.

An initial sample of a catalyst was heated in the tempera-
ture-programmed regime to 500 °C in an argon flow in order
to remove adsorbed water. Then the temperature was reduced
to $00—500 °C and air was pressed through for 20 min. Finally
the air was replaced with argon, the catalyst was cooled to
—100 °C, TPR was carried out, the sample was cooled to
—100 °C in the Ar + H, flow, and TPD was carried out.

Since in the samples studied the reduction of PdO takes
place at 0 to 50 °C, the TPR method was also used to
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determine the amount of Pd located on the external surface of
a zeolite and in its channels. With this purpose, a sample
oxidized at 500 °C was cooled to room temperature, and water
adsorption was carried out in an Ar flow. Water was adsorbed
by dosing the carrier-gas saturated with H,O vapor (saturator,
80 °C). The sample was kept at room temperature for not less
than 30 min and cooled to —100 °C. The TPR was carried out
by heating a catalyst to 50 °C. No water desorption occurs and
only PdO located on the external surface is reduced. Then the
thermodesorption of water was performed in an argon flow,
the sample was cooled to —100 °C, and the TPR was per-
formed again to reduce the PdO in the zeolite channels.
For higher-siliceous zeolites (Si0,/Al,03 = 30), which are
hydrophobic and in which water molecules do not fill the
whole volume, water and n-hexane were adsorbed in turn, as
in the case of TsVM-364 (S8i0,/A1,0; = 47) and TsVK-2
(8i0,/A1,0; = 68) zeolites, or only n-hexane was adsorbed, as
for TsVK-3 (8i0,/Al,0;3 = 78).

The stoichiometry of the reduction of palladium oxide on
the surface of metal crystallites follows the reaction®>

PdO + 3/2H, -» PdH + H,0 .

In the interior of the crystallites, the reduction of PdO is
accompanied by the formation of the B-phase of palladium
hydride in which the hydrogen content depends on the size of
the metal crystallite.5 In the experimental procedure used, the
decomposition of the f-phase of PAH was registered at 50 to
70 °C, and in some cases the peak of hydrogen desorption
partially overtapped the peak of hydrogen absorption as a result
of PdO reduction. Therefore, in order to estimate the amount
of reduced Pd, the surface area of the peak of desorbed
hydrogen was subtracted from the surface area of the peak of
absorbed H, and the reduction was assumed to occur accord-
ing to the following equation

PdO+H2—)Pd+H20,

Results and Discussion

The TPR spectra of the Pd-zeolite catalysts oxidized
at 500 °C are presented in Fig. 1. Two positive peaks in
the —100 to 6 and —20 to 40 °C ranges and one negative
peak at 50 to 70 °C are observed in all of the spectra.
The peak in the —100 to 0 °C range relates to argon
desorption from the intracrystalline cavities and chan-
nels of the zeolites, because it is observed in the spectra
of both reduced Pd-zeolite catalysts and palladium-free
zeolites. One specific feature of Pd/NaA catalysts is the
absence of the peak of Ar desorption, probably due to
weak adsorption of the latter at low temperatures.5

The peak in the —20 to 40 °C temperature range
relates? to the reduction of the PAO phase. The tem-
perature of its maximum ranges from 30 to 40 °C, which
suggests that palladium interacts variously with the zeo-
lite lattice.

The negative peak at 50 to 70 °C is likely to be
related to hydrogen evolution in the decomposition of
the B-phase of palladium hydride, which is known? to
occur during the evacuation of the catalyst at room
temperature.

The TPR spectra of the oxidized catalysts on which
water, its mixture with n-hexane, or n-hexane were
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Fig. 1. TPR spectra of Pd-zeolite catalysts oxidized at 500 °C:
0.80 % Pd/NaA (I); 0.89 % Pd/NaX (2); 0.98 % Pd/NaY (3);
0.95 % Pd/chabazite (4); 1.30 % Pd/erionite (5); 0.89 %
Pd/mordenite (6); 1.56 % Pd/TsVM-408 (7); 1.07 % Pd/TsVM-
364 (&); 1.77 % Pd/TsVK-11 (9); 1.19 % Pd/TsVK-3 (10).
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Fig. 2. TPR spectra of Pd-zeolite catalysts with adsorbed water
(I—7), water and n-hexane (8, 9), and n-hexane (I10). For the
designation of the curves, see Fig. 1.

adsorbed at ~20 °C are presented in Fig. 2. As can be
seen, there are no peaks of Ar desorption, because the
volumes of the zeolites are occupied by adsorbate mol-
ecules and hydrogen consumption for PdO reduction is
observed only for Pd/mordenite. The ratio of the surface
areas of the peaks corresponding to PdO reduction (see
Figs. 1 and 2) is 0.24, ie., 24 % of Pd in the 0.89 %
Pd/mordenite catalyst is on the external surface of the
zeolite crystals. For the other catalysts, all of palladium
is located inside the zeolite framework.

The TPR spectra of the catalysts after
thermodesorption of H,O or its mixture with #-hexane
are presented in Fig. 3. They coincide qualitatively with

—100 100 T/C

Fig. 3. TPR spectra of Pd-zeolite catalysts after
thermodesorption of water (I—7), water and a-hexane mixture
(8, 9), or n-hexane (I0). For the designation of the curves, see
Fig. 1.

the TPR spectra obtained without pre-treatment with
water (see Fig. 1). The surface areas of the peaks in the
TPR spectra of the catalysts based on TsVM-364, TsVK-
11, and TsVK-3 zeolites after thermodesorption of
n-CgH 4 or its mixture with H,O are considerably smaller
than those of the initial peaks (see Fig. 1). It is likely
that PdO in these samples is partially reduced during the
thermodesorption of n-hexane from the samples.
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When the fraction of the metal on the external
surface of the zeolite crystals is estimated by the method
suggested, the question arises about the possible influ-
ence of adsorbed water on the reduction capability of
PdO located on the external surface. To answer this
question, a sample of 5 % Pd/NaY was prepared in
which, according to the conditions of the preparation,
most or all of palladium is located on the external
surface of the zeolite crystals. The results of the study of
this sample are presented in Fig. 4.

In the TPR spectrum of the sample with adsorbed
H,0, a small shift of the temperature maximum is
observed for the peak of PdO reduction, while its surface
area is nearly the same as that of the peak of the catalyst
without adsorbed water. No PdO reduction is observed
after desorption of H,0, and only the peak of the
desorption of the hydrogen formed in the decomposition
of the B-phase of palladium hydride is in the spectrum.
Therefore, in this catalyst sample, all of palladium is
located on the external surface of the zeolite crystals,
and adsorbed H,O virtually does not affect PdO reduc-
tion.

Thus, in all of the Pd-zeolite catalysts studied except
Pd/mordenite, all of the metal is located in the zeolite
cavities and, hence, the difference in the activities of
these catalysts in the oxidative acetoxylation of propy-
lene is not related to different distributions of palladium
in the samples.

The TPD H, spectra for the catalysts studied are
presented in Fig. 5. No hydrogen desorption is observed
in the 100 to 500 °C range. Signals appear only below
40 °C. The peak in the —20 to 10 °C temperature range
is probably caused by the desorption of the hydrogen
formed during the decomposition of the B-phase of
palladium hydride. As can be seen from Fig. 5, the
B-PdH phase decomposes during TPD H, at 60 to 70 °C
below the temperature of the TPR experiments (see Fig.
1). This is caused by the fact that different gases pass
through the catalysts: Ar for the TPD H, and Ar + 10 %
H, for the TPR. '

One more peak sometimes appears in the TPD H,
spectra in the —80 to —50 °C temperature range. This
peak can be associated with the desorption of argon
from the zeolite micropores and desorption of the hy-
drogen physically adsorbed on palladium. One can quali-
tatively judge about the dispersity of palladium in the
catalysts studied from the value of the peak of the
hydride hydrogen. It has been shown® that the larger the
palladium particles, the more hydrogen is located in the
B-phase of PdH.

It can be seen from Fig. 5 that the values of the
peaks of hydride hydrogen strongly differ for different
zeolites. The smallest amount of hydrogen is evolved in
B-PdH decomposition from the catalysts based on the
NaX, NaY, and NaM zeolites. The Hj,4,/Pd ratios for
these catalysts are 0.18, 0.16, and 0.23, respectively. The
maximum peak of hydride hydrogen is registered in the
TPD spectrum of the catalyst based on TsVM-364
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Fig. 4. TPR spectra of 5 % Pd/NaY catalyst: initial, pre-
oxidized at 500 °C (J); oxidized with adsorbed H,0 (2); after
desorption of H,0 (3).
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(Hpyg/Pd = 1.09). Therefore, the catalysts based on
NaX, NaY, and NaM are characterized by the maxi-
mum dispersity of palladium, while the lowest dispersity
is in the sample containing TsVM-364. The changes in
the Pd dispersity and the catalyst activity are the oppo-
site in the synthesis of allyl acetate: the lower the
dispersity, the higher the activity.

The oxidation of the zeolite catalysts in a wide
temperature range followed by TPR was studied in order
to get a more exact estimation of the Pd dispersity. The
surface area of the hydrogen absorption peak in the TPR
spectrum usually increases with the temperature of the
oxidation of the catalyst, while the temperature of the
maximum of this peak and the temperature of the onset
of catalyst reduction shift toward the high-temperature
range.

The TPR spectra for the 200 to 500 °C range of the
oxidation of the 0.8 % Pd/NaA catalyst are presented in
Fig. 6 as an example. It can be seen that increasing the
oxidation temperature results in a shift of the tempera-
ture of the peak maximum (or the temperature of PO
reduction) and in changes in the surface area and the
shape of the peak. This is related to the fact that
different amounts of metallic palladium, which is the
catalyst of PdO reduction, remain unoxidized at differ-
ent oxidation temperatures. Therefore, the content of
Pd® atoms and the distances at which they are removed

N i -
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Fig. 5. TPD H, spectrum of reduced catalyst samples. Desig-
nation of curves is as in Fig. 1.

~100 0 Trc 100

Fig. 6. Effect of the pre-oxidation temperature on the TPR
spectrum of the 0.80 % Pd/NaA catalyst, T/°C: 200 (1); 250
(2); 300 (3); 350 (4); 400 (5); 450 (6); 500 (7).
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Fig. 7. Dependence of the extent of Pd oxidation () and the
temperature of the beginning of the 0.89 % Pd/NaM catalyst
reduction (2) on the temperature of sample oxidation.

from the PdO molecules have an effect on the reduction
rate and the shape of the peak of hydrogen absorption.

The dependences of the extent of palladium oxida-
tion and the temperature of the beginning of reduction
on the temperature of the sample oxidation were plotted
to estimate the dispersity of palladium in the zeolite
catalysts. Typical plots are presented in Figs. 7 and 8.
Plateaus, probably corresponding to the completion of
the oxidation of the surface Pd atoms, usually exist in
the curves of the temperature dependences of the extent
of palladium oxidation. This is confirmed by a sharp
increase in the temperature of the beginning of PdO
reduction with a further increase in the temperature of
catalyst oxidation. The temperature intervals of the pla-
teaus differ for different Pd-zeolite catalysts. For ex-
ample, for the sample of 0.89 % Pd/NaM (see Fig. 7)
the plateau lies in the 300 to 400 °C temperature range,
while for the 1.19 % Pd/TsVK-3 catalyst it lies between
200 and 300 °C. In addition, in the case of some cata-
lysts, for example, the catalysts based on NaA and NaY,
these plateaus are not very pronounced (they are only
inflections), indicating that the Pd atoms in the interior
of the metal crystallites begin to oxidize when the
process on the surface is not completed. In these cases,
the accuracy of the determination of the metal dispersity
(O/Pd) decreases.
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Fig. 8. Dependence of the extent of Pd oxidation () and the
temperature of the beginning of the 1.19 % Pd/TsVK-3 cata-
lyst reduction (2) on the temperature of sample oxidation.

Since the values O/Pd and Hyy,,/Pd characterize the
dispersity of the metal in the catalyst, there is a correla-
tion between them (Fig. 9). Curves I and Il in Fig. 9
represent the calculated dependences for the cases when
palladium crystallites exist on a planar surface or in large
pores (when five sides of the cubic crystals are free for
adsorption) and in narrow pores {(when only two sides of
the six can participate in adsorption). It follows from
Fig. 9 that the experimental points lie mainly between
the curves that characterize the two hypothetical cases
mentioned above: "narrow"” and “large” pores.

The data on the state of Pd in zeolite catalysts and
their activities in the oxidative acetoxylation of propy-
lene at 180 °C (see Ref. 3) are listed in Table 1. The
catalysts whose dispersities of Pd estimated from the
O/Pd value are 0.2 to 0.3 are active in the oxidative
acetoxylation of propylene. The inactive 0.8 % Pd/NaA
also enters into this group along with the catalysts based
on highly siliceous zeolites probably because the reagent
molecules cannot penetrate into the narrow pores of the
zeolite.

We tried to estimate the rate of the oxidation of Pd
in the catalysts by varying the duration of oxidation at
180 °C followed by TPR. It turns out that the surface
area of the TPR peak corresponds to the oxidation of 10
to 13 % of the Pd atoms and remains constant when the
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Table 1. Activity and state of palladium in Pd-zeolite catalysts of the oxidative acetoxylation of propylene

Zeolite Si0,/Al,0; Pd content  Fraction of Pd O/Pd Hpyq,/Pd Activity, 4-103
(wt. %) on the external /mol (g Cat)~! h~!
zeolite surface(%)

A 2.0 0.80 0 0.25 0.34 0

X 2.9 0.89 0 0.75 0.18 0

Y 4.8 0.98 0 0.50 0.16 0.35

Chabazite 5.0 0.95 0 0.40 0.70 0.44

Erionite 6.0 1.30 0 0.60 0.38 0.15

Mordenite 10.0 0.89 24.0 0.60 0.23 0.19

TsVM-408 29.6 1.56 0 0.17 0.34 7.33

TsVM-364 47.0 1.07 0 0.20 1.09 7.43

TsVK-11 68.0 1.77 0 0.30 0.41 5.52

TsVK-3 78.0 1.19 0 0.20 0.43 3.04

i
0.2 0.4 0.6 0.8 Hpyar/Pd

Fig. 9. Dependence of the O/Pd ratio on Hyy4,/Pd obtained
from the calculation of the model of "large" (I) and "narrow”
(I) pores. The points correspond to experimental data, nu-
meration of catalysts being as in Fig. 1.

duration of the oxidation of 0.8 % Pd/NaA is varied
from 30 s to 10 min. This indicates that the rate of Pd
oxidation in the zeolite catalysts is rather high and
probably does not determine the overall rate of the
oxidative acetoxylation of propylene. In order to answer
more exactly the question about the slow stage of the

reaction, one must take into account the possible pro-
moting effect of the addition of AcOK, which is present
in the catalyst under the conditions of real catalysis and
was absent in the model systems studied in this work by
the TPR method. We have recently shown. that the
values of the O/Pd ratio significantly differ for the
catalysts 1.5 % Pd/TsVM and 1.5 % Pd/TsVM + 15 %
AcOK. In the first case, this value is 0.48, while ifi the
second case it increasesd to ~4.0. It cannot be excluded
that potassium acetate can also change the rate of
palladium oxidation in the catalyst. Additional studies
should be performed to answer these questions.
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