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Mechanism of the Wacker Oxidation of Alkenes over Cu—Pd-Exchanged Y Zeolites
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The catalytic potential of CuPd zeolites with faujasite topology in the Wacker oxidation of 1-alkenes with
dioxygen is reported and compared with that of a homogeneous PdCl,—CuCl; salt solution. The influence
of water, oxygen, and alkene partial pressure on the rate of oxidation and the use of different alkenes and
perdeuterated ethene as substrate allowed to establish similarities between the heterogeneous and homogenous
system as well as specific zeolite effects. In situ IR and ESR spectroscopy of a working catalyst allowed to
propose an active site consisting of a trinuclear Cu—O—Pd—0O—Cu cationic complex and a catalytic cycle
for the Wacker oxidation in which the reoxidation of Cut by dioxygen or of Pd® by zeolite Cu?* is rate
determining. Diagnostic probing of the phenomena with CO in IR and ESR confirmed this picture.

Introduction

Most large scale synthesis of aldehydes and ketones occurs
either via a two-step process in which alkenes are hydrated to
alcohols and subsequently dehydrogenated to the corresponding
carbonyl compounds!? or via a one-step process developed by
Smidt et al.> and presently known as the Wacker or Wacker—
Hoechst oxidation. The latter process performs the direct
oxidation of ethene and other olefins with dioxygen in the
presence of aqueous acidic solutions of PdCl, and CuCl; at pH
<14

The overall chemistry of a Wacker oxidation consists first in
the activation of the alkene through coordination with a Pd**
cation, thus allowing nucleophilic attack of water on the alkene
and reducing Pd** to Pd°. In a second step Pd® is reoxidized
with the help of the Cu(II)/Cu(I) redox couple. Finally, cuprous
ions are reoxidized with dioxygen. Thus, an inorganic electron
transfer chain transfers electrons from the alkene substrate to
dioxygen using Pd(II)/Pd(0) and Cu(II)/Cu(I) redox couples.
This sequence of steps is known as the Wacker concept* and is
schematically represented in Figure 1.

Homogeneous Wacker chemistry suffers from serious techni-
cal and environmental drawbacks including the separation of
the catalyst from the product, the formation of chlorinated
byproducts, and the corrosive environment associated with the
low pH of the catalyst solution and the chloride medium. As
a result, attempts have been published to heterogenize Wacker
catalysts. They include the use of supported liquid-phase
catalysts,’ of supported molten salt catalysts,® and of micas and
zeolites,”"!! all containing the Cu/Pd ion pair. An alternative
approach has been the use of bulk or supported V,05 impreg-
nated with a palladium salt.!?~1> Homogeneous chloride-free
systems typically comprise a palladium salt and a salt of a
heteropoly acid.!6:17

Several authors have reported the use of Pd(II)/Cu(ll)
exchanged in Y-zeolites for the heterogeneous Wacker oxidation
of ethene and propene.’~1® Based on product similarity and
the synergy between zeolitic Pd and Cu, Arai et al. tentatively
advanced a reaction mechanism identical to that established for
the homogeneous phase.® As in most studies, Pd*" ions were
exchanged in the zeolite using the tetraammine complex, it was
certified that no residual ammonia was present in a working
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Figure 1. Schematic representation of the Wacker concept.

catalyst.’"10  Alternatively, Minachev et al. were comparing
Wacker chemistry with PdCl,- and CuCl,-impregnated supports
and reported the superior behavior of zeolites.!8~2!

Despite these experimental efforts, no attempt has been made
to understand in detail Wacker chemistry with Cu/Pd zeolites.
In a preliminary communication® we reported that Cu/Pd
zeolites are superior catalysts in the ethene oxidation provided
that (i) faujasite is the zeolite topology used for cation retention,
(i1) two residual NH; ligands are present to stabilize Pd, and
(iii) the atomic Cu/Pd ratio is 2. Based on isotope incorporation
experiments, it was also shown that the acetaldehyde oxygen
atom stems from water rather than from dioxygen and that only
internal hydrogen was involved in the rearrangement of
coordinated ethene into acetaldehyde.?? All these similarities
supported the conclusion that the oxidation mechanism should
be similar in chloride and zeolitic environment.

As prior work does not allow to locate with certainty the
rate-determining step in the catalytic cycle, to describe the nature
and regeneration of the active site, and to make generalizations
as far as the nature of the alkene is concerned, it is the purpose
of the present study to characterize the active site and investigate
the electron-transfer chain in detail for several alkenes, in order
to establish accurately similarities and differences between
homogeneous and zeolite-based Pd/Cu Wacker catalysts.

Results

Requirements for High Catalyst Activity and Stability in
the Oxidation of Ethene to Acetaldehyde. Figure 2 represents
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Figure 2. Ethene conversion vs. time on stream (TOS) over zeolite 12Cu06PdY. The catalyst was precalcined under a flow of 60 mL/min of
oxygen at (a) 373 K, (b) 473 K, (c) 573 and (d) 673 K. The reaction temperature was 373 K, the total space—time (W/Fo) 2.86 kg's'mol ™!, with a
water partial pressure of 14 kPa and an ethene/dioXygen molar ratio of 19. For curve ¢ the dioxygen partial pressure was changed as to have a

substrate/oxydans molar ratio of only 1.
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Figure 3. Dependence of the steady-state reaction rate in standard
conditions on the amount of Pd in the catalyst at Cu/Pd ratios of 2 or
lower (open symbols with values in brackets).

for ethene oxidation with the standard catalyst (12Cu06PdY)
the influence of the oxygen precalcination temperature and the
oxydans to substrate molar ratio on the activity and stability in
time. With high oxydans to substrate molar ratios, pretreatments
below 473 K hardly change catalyst activity and stability.
Precalcination above 573 K dramatically reduces catalyst
stability. The high initial activity of the latter catalysts is only
the result of an increased yield in carbon oxides. With low
oxydans to substrate molar ratios, low catalyst activity is
observed. Finally, pretreatments under nitrogen (between 573
and 673 K) or ethene (at 373 K) produce an inactive zeolite as
well.

Mass spectrometric monitoring (at m/e = 17) of the reactor
exit during precalcination indicates that ammonia release from
the sample starts only from 423 K onwards, indicating that the
active catalysts retain all ammonia. Oxidative decomposition
of ammonia (at m/e = 30) only starts at 573 K.

In Figure 3 relative rates of ethene oxidation at steady
conversion are represented for increasing loadings of Pd either
at constant or variable Cu/Pd ratios in zeolite Y. For the
catalysts with a Cu/Pd ratio equal to 2, the reaction rate is
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Figure 4. Dependence of the steady-state oxidation rate of ethene (a,
b) and propene (c) over 12Cu06PdY on the partial pressure of oxygen
(b), ethene (a), and propene (c) in otherwise standard reaction
conditions.

directly proportional to the number of Pd ions per unit cell,
indicating that the turnover number frequency of a Cup,Pd,Y
zeolite (i.e., the rate per Pd ion) is constant irrespective of its
Pd loading. For variable Cu/Pd ratios, this is only true when
this ratio is 2 or higher. When the Cu/Pd ratio of the catalysts
is progressively decreased, the turnover number frequency
decreases. Clearly, the active site for ethene oxidation with
dioxygen requests the presence of at least two Cu ions per Pd
ion.

Kinetics of Alkene Oxidation. Ethene, propene, and
1-butene were oxidized with dioxygen separately or as binary
mixture. In every case the selectivity for the Wacker product
(acetaldehyde, acetone, or butanone, respectively) was always
over 90%.

Figure 4 shows a logarithmic plot of the ethene oxidation
reaction rate on the standard catalyst against the partial pressures
of C;H4 and O,. The observed first order in ethene (Figure 4a)
is in agreement with the kinetics obtained in chloride medium.?
The order in propene in similar conditions is close to zero
(Figure 4c). The order in oxygen only tends to zero at the higher
oxygen partial pressures. At lower partial pressures of oxygen,
the reaction order is close to one (Figure 4b). This implies that
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Figure 5. Ethene (a) and propene (b) oxidation rate against the partial
pressure of water, for otherwise standard reaction conditions.
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Figure 6. Steady-state oxidation conversion of ethene (a)—propene
(b) mixtures with increasing amounts of propene on 14Cu03PdY; the
reaction temperature is 373 K, the space time 2.86 kg'smol™!; the
volumetric feed consists of 40.1% of dioxygen, 19.1% of water, 2.1%
of alkenes, and 38.6% of helium.

the rate-limiting step is gradually changing with the oxygen
partial pressure. In homogeneous Wacker chemistry this order
is always zero.?

In homogeneous Wacker oxidations, water is available in
excess and no influence on the reaction rate is expected.
Although there is no net consumption of water (Figure 1), in
the present case a 4-fold volumetric excess of water with respect
to ethene is necessary to guarantee catalyst stability in time. A
further increased partial pressure of water (between 10 and 32
kPa) shows an order of almost —1 (Figure5Sa). As the activity
reversibly changes when the water partial pressure is decreased
again, the existence of strong competitive adsorption of water
for ethene is obvious.2* In the same range of water partial
pressures, the order in water is 0.7 for propene oxidation (Figure
5b), indicating that propene is adsorbing more strongly than
ethene. It cannot be excluded that competitive adsorption
between water and alkenes occurs in the zeolite cages rather
than in the coordination sphere of Pd.

The existence of competitive sorption is confirmed when
alkene mixtures are fed to the catalyst. Figure 6 gives the ethene
and propene oxidation rate when increasing amounts of propene
are mixed with the ethene substrate. In comparable conditions
pure ethene is oxidized more rapidly than propene. However,
when more propene is present in the alkenes mixture, a
Langmuir-type dependence is found for the rates, the more
strongly adsorbing propene suppressing significantly the oxida-
tion of ethene. This behavior is general as for mixtures of
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Figure 7. In situ IR behavior of 12Cu06PdY at a water vapor pressure
of 2.4 kPa. IR spectrum before reaction (1) and after 5 (2), 60 (3), 120
(4), and 360 (5) min of reaction in otherwise standard conditions.

propene and 1-butene; the presence of the latter olefin also
significantly suppresses propene oxidation. Therefore, the
alkene concentration available for coordination with Pd?* is
directly determined by the concentration in the zeolite pores
and only indirectly by their partial pressure.?’

The ratio of the oxidation rates of ethene and ethene-ds in
standard conditions with the standard catalyst was 1.1, which
is close to value obtained in the homogeneous case, 3¢ and points
to the absence of a major isotope effect.

Spectroscopic Characterization of the Electron-Transfer
Chain. As the IR behavior of Pd(NH3)42t in CuY zeolite has
not been investigated before, an in situ IR characterization of a
working catalyst was performed at low partial pressure of water
vapour (2.4 kPa), so as to induce gradual catalyst deactivation.
The IR spectrum of as-synthesized 12Cu06PdY (Figure 7,
spectrum 1) shows distinct bands at 1310, 1455, and 1635 cm™1,
assigned to the symmetric deformation of NHj; coordinated to
Pd?*, the N—H deformation of NH,™ ions, and the deformation
vibration of physisorbed water, respectively. No N—H defor-
mation band of Cu(NH;3)4%" is present, which is reported at 1275
cm™! in CuY?% and consequently no ammonia is transferred from
Pd** to Cu?* in reaction conditions. The in situ IR behavior
of the deactivating catalyst (Figure 7, spectra 2—5) shows a
continuous decrease in intensity of the 1310 cm™! band and a
parallel increase in intensity of the NH,* band. A shoulder at
1577 cm™! assigned to vc—c of coordinated ethene is more
pronounced on a more deactivated catalyst. When the same
experiment is performed in catalytically stable conditions (e.g.,
with partial pressure of water of 7 kPa) the intensity of all bands
hardly changes. This indicates that during catalyst deactivation
Pd ions are progressively reduced by ethene, and released
ammonia ligands are taken by protons from water dissociation.
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Figure 8. ESR spectra obtained at 120 K of fresh 12Cu06PdY (1),
after exposure of (1) to 10 kPa ethene for 60 min (2), and of (2) to the
standard reaction atmosphere always at room temperature (3).

Consequently, Cu?* ions in absence of sufficient water are
unable to reoxidize reduced Pd. The role of water possibly is
to enhance the mobility of the Cu?* ions and to keep them in
the immediate neighborhood of Pd.?’

Addition in reaction conditions of excess ammonia to a
precalcined catalyst shows the symmetric deformation of NH3
coordinated to Cu?* (1275 cm™1), a very large NH4* band (1455
cm™!) and the complete absence of the symmetric N~H
deformation of Pd-ammine (1310 cm™!). Apparently, Cu®* ions
are abundantly present in a deactivated cataltyst?® but are unable
to reoxidize reduced Pd.

ESR spectroscopy with 12Cu06PdY can be used to follow
the electron transfer from reduced Pd to Cu?* and oxygen, as
it allows to monitor the disappearance of the Cu?* signal and
the eventual formation of Pd*. Figure 8 shows the ESR spectra
of a hydrated 12Cu06PdY before and after room temperature
admission of ethene. Initially, only a single signal with g, =
2.39, g; =2.06 and A;; = 0.129 T is observed, which is assigned
to hydrated Cu2+ ions.29b—d Upon room temperature admis-
sion of 10 kPa of ethene, Cu?* still remains the only paramag-
netic species30 and is present with unreduced intensity. After
1 hour of exposure, only 10% of Cu?* is reduced. During this
process the sample progressively changes color from light green
to gray and Pd(NH3)42+ is progressively reduced as was shown
by IR spectroscopy (Figure 7). All this shows that upon room
temperature treatment of 12Cu06PdY with ethene, Pd?* is re-
duced to Pd® but Cu?* is left almost untouched. It implies that
Cu?* is unable to reoxidize Pd° at room temperature as was
already derived from the IR data. When this catalyst is con-
tacted at room temperature with the reactants for ethene
oxidation (Figure 8, spectrum 3), a strong reduction of the Cu?*
signal is observed, which is only complete after 1 h, indicating
that in the reaction atmosphere at room temperature Cu?* ions
only are able to slowly reoxidize Pd°.

Spectroscopic Characterization of the Electron Transfer
Chain in Presence of CO as Diagnostic Probe. Carbon
monoxide can be used to probe the simultaneous presence of
different redox states of Pd and Cu and consequently to
characterize the electron-transfer chain. Indeed, a possible
transfer of electrons from Pd® to Cu?* or Pd?*, leading to the
formation of Cu* and/or Pd* should be visible. In order to reach
a better understanding of the IR spectra of CO adsorbed on
hydrated CuPdY zeolites, the spectra of hydrated PdY and CuY
were studied upon admission of 3 kPa of CO. On hydrated
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Figure 9. IR spectra of (1) 03Cu02PdY, (2) 06Cu03PdY, (3)
09Cu04PdY, and (4) 12Cu06PdY immediately after admission of 3
kPa of CO at room temperature.

PdY only very weak IR bands appear which are similar to those
found for a reduced dehydrated PdY,*! but of much lower
intensity. Their assignment is irrelevant for the present discus-
sion. A CuY did not show any measurable CO adsorption
capability at 293 K. Only after a considerable equilibration time
a band at 2135 cm™! appeared, which in agreement with earlier
work3? is attributed to Cut—CO species.

Figure 9 shows that the introduction at 298 K of 3 kPa of
carbon monoxide on hydrated CuPdYsamples immediately
results in the formation of a strong band at 2121 c¢cm™!, the
intensity of which increases with the Pd content of the sample.
Variations in the intensity of this vibration and the ammonium
band occur in parallel. At the same time, weak bands around
1970, 1900, and 1830 cm™! appear. On PdNaY, similar bands
below 2100 cm™! but of much higher intensity have been
observed after reduction.’! These changes are amplified for
longer equilibration times (spectra not shown), indicating that
CO is not a neutral probe but reduces Pd?* ions. Mass
spectrometric analysis of the fate of CO shows that after
equilibration CO, is formed with all samples in quantities
proportional to the Pd?* content of the zeolite (when the amount
of Pd is doubled, also the m/e abundance at 44, is doubled).
This implies that at room temperature CO reduces Pd?* in the
presence of water upon formation of CO;. As the intensity of
the ammonium band and the amount of CO» formed after CO
exposure is proportional to the Pd?* content of the zeolites, it
seems that CO reduced Pd is not regenerated by zeolitic Cu?*
at room temperature and consequently that regeneration of
reduced Pd by Cu?* will also be slow in reaction conditions.

Figure 10 shows that CO admission at room temperature to
hydrated 12Cu06PdY does not change the ESR spectra, and
consequently Cu?* ions remain the only detectable paramagnetic
species. Admission of 15 kPa of CO hardly lowers the intensity
of the Cu?* signal. The number of spins detected (5.5 x 1020
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Figure 10. ESR Cu?* spin density of (1) hydrated 12Cu06PdY, (2)
after room temperature exposure of (1) to 15 kPa of CO for 10 min
and (3) for 60 min; (4) after treatment of (3) at room temperature to
standard reaction atmosphere for 10; (5) for 60 min; (6) after subsequent
heating of (5) to 373 K under the same atmosphere for 60 min.
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Figure 11. IR spectrum of an active (1) and a deactivated (2)
12Cu06PdY catalyst after CO admission at room temperature.

g7 1) is close to the Cu content of the sample (5.9 x 1020 g™1),
After 1 h of exposure, only 9% of Cu?* is reduced, while no
signals of other paramagnetic species are detectable. During
room temperature contact with the reaction atmosphere, the
intensity of the Cu?* signal is strongly reduced. IR data (spectra
not given) show for such treatment a gradual increase in intensity
of the 2121 cm™! band and of the ammonium ion deformation
band, at the expense of the intensity of the Pd-ammine N—H
deformation. Only when the sample is heated to reaction
temperature is the number of Cu?* spins restored for 40%.

The relevance of the intensity of the CO adsorption band at
2121 em™! for the catalyst activity is further demonstrated by
CO adsorption on an active and deactivated catalyst. Figure
11 shows that on a deactivated catalyst the 2121 cm™! band
has vanished.

All conclusions obtained for the standard catalyst by IR and
ESR methods (Figures 7, 8, 10, and 11) are in principle valid
for all CuPdY samples, provided their Cu to Pd atomic ratio is
2 or higher. For lower ratios, the behavior of Pd is totally
different. Figure 12 compares the IR spectrum of adsorbed CO
on the standard sample to a sample containing more Pd. The
IR spectrum of the latter sample shows a complex pattern in
the vc—o region which is almost identical to that of reduced
PdNaY.3! A triplet of bands appears now at 2124, 2121, and
2114 cm™!. At the same time the bands around 1970, 1900,
and 1830 cm™! have increased in intensity. Sheu et al.3! have
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Figure 12, IR spectrum of CO adsorbed on 12Cu06PdY (1) and
09Cul1PdY (2) preexposed to reaction atmosphere (conditions of Figure
2).
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Figure 13. Relative rate over CuPd faujasites with different framework
Al density in the Wacker oxidation of ethene (a), propene (b), and
1-butene (c) in the standard conditions of Figure 2.

shown that such spectra are indicative of the existence of Pd;3
clusters, the size of which is determined by the steric constraints
of the faujasite sodalite cage. This clearly indicates that a Y
zeolite with a Cu/Pd ratio of 2, contains a maximum number
of specific catalytic sites, which can be probed in IR using
sorbed carbon monoxide.

Effect of the Al framework Density and the Nature of the
Alkene Substrate. In Figure 13 the relative turnover frequency
is given in the Wacker oxidation of different alkenes (ethene,
propene, and 1-butene) catalyzed by faujasite zeolites with
different framework Al density. For ethene and propene,
parallel curves show that site efficiency is determined by the
framework composition of the zeolite support and therefore by
the average electronegativity®? of the site environment. The
lower the Al site density, the higher is the average framework
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Figure 14. Proven reaction steps for the oxidation of ethene in
homogeneous CuCl,—PdCl, solutions (after ref 23).

electronegativity in terms of, e.g., Sanderson’s electronegativ-
ity?33 and the higher is the Wacker oxidation efficiency per
Pd site. This behavior is consistent with the observed reduc-
ibility of transition metal ions in zeolites. The higher the
average electronegativity of the framework, the higher the
transition metal ion reducibility.3¢ This is again in line with
the slow reoxidation of Pd® by Cu?*,

The relative efficiency of a given site is higher for ethene
compared to propene and 1-butene. This sequence is the same
with classic Wacker catalysts and reflects the ability of the
different Pd coordinated olefines to nucleophilic attack by
water.3bc

Discussion

Homogeneous and Heterogeneous Kinetics. The individual
steps of the homogeneous Wacker oxidation of ethene have been
studied in great detail and are shown in Figure 14. According
to Baeckvall et al.,? ligand exchanges with water and ethene
account for the —2 order in chloride (eq 1), while the
nucleophilic attack by external H,O at Pd coordinated ethene
explains the —1 order in acidity (eq 2). The rate-limiting
dechlorination (eq 3) is consistent with the first order in ethene
and palladium, and the zero order in oxygen. The transforma-
tion of coordinated 8-hydroxyethyl into a-hydroxyethyl occurs
probably via a sequence of $-hydride elimination (eq 4) and
migratory insertion (eq 5). Acetaldehyde and Pd® are formed
from the a-hydroxyethyl o-complex (eq 6). Finally, Pd** ions
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are regenerated with Cu?* (eq 7). Cuprous ions thus obtained
are then reoxidized with dioxygen (eq 8). The location of the
rate-determining event explains the absence of an isotope effect.
The reaction cycle takes into account the lack of isotope
incorporation into acetaldehyde from '80; and 2H,0.

There are a number of similarities between the homogeneous
catalyst and the CuPdY standard catalyst. We have reported??
the lack of isotope incorporation in acetaldehyde from 80, and
2H,0. We now add the absence of a kinetic isotope effect, the
first order in ethene (Figure 4) and the pseudo-first order in Pd
(Figure 3), provided the Cu/Pd ratio is at least 2.

In contrast to the homogeneous system, the order in oxygen
on the zeolite standard catalyst is only zero at high partial
pressures and gradually increases to one with decreasing
pressure (Figure 4). It should be stressed that most of the prior
work with zeolites was done in lean oxygen conditions.

Also at variance with the homogeneous catalyst, the partial
pressure of water plays a dominant role as an optimum value is
required for maximum catalytic activity. A 4-fold excess with
respect to ethene is required for catalyst stability (Figure 5). IR
spectroscopy of a deactivating catalyst (Figure 7) proves that
in the absence of sufficient water vapor pressure, the Pd complex
is deamminated and Cu(Il) ions are unable to reoxidize PdP.
The presence of a larger excess of water results in competitive
sorption with the substrate.

Competitive sorption among water and (mixtures of) alkenes
is another typical zeolitic feature in Wacker catalysis (Figure
6). The higher Langmuir adsorption coefficient of propene
compared to ethene explains the different influence of water in
otherwise identical conditions (the order in water for ethene
and propene oxidation is —1 and 0.7, respectively) (Figure 5),
as well as the strong suppression of the lighter alkene in case
alkene mixtures are fed (Figure 6).

Nature of Active Sites. Literature vizualizes the generation
of active sites as a formal replacement of the chloro anion of
hydrated palladium ions with the anionic zeolite.” We derive
from the intensity of the dy—y of Pd-ammine at 1310 cm™! that
two residual ammine ligands are present per Pd in a stable
catalyst?? and that such catalyst stands temperatures up to 473
K (Figure 1). Even a Pd(NH;)s2*-exchanged Y zeolite, degassed
below 473 K retains Pd-ammine species.’* Total removal of
the ammine ligands (Figure 2) irreversibly destroys the Wacker
activity. The stabilizing effect of ammonia through its coor-
dination with Pd?* may be of thermodynamic origin. This
coordination lowers the standard redox potential of the Pd(II)/
Pd(0) redox couple, thus inhibiting the agglomeration of Pd?
into Pd clusters. Alternatively the presence of residual ammonia
can prevent the migration of Pd?* from the supercages into the
hidden sites of the sodalite cages. Indeed, Homeyer and Sachtler
proved that the oxidation of the ammine ligands of PA(NH3)42+
in zeolite NaY is a stepwise process producing Pd(NH;),?* ions
in the supercages and Pd(NH;)?* and Pd?* ions in sodalite
cages.’® Only Pd?* can be partially ammoniated, as ammonia
addition to a working catalyst leads to a drastic decay in activity.
The symmetric N—H deformation of NH; coordinated to Cu®*
(1275 cm™!) is only found when that of ammonia coordinated
Pd (1310 cm™1) has disappeared. This can be rationalized by
assuming a decrease of the standard redox potential of the Cu-
(II)/Cu) redox couple, so that it is no longer intermediate
between that of Pd(IT)/Pd(0) and of O,/H,0.

In terms zeolite transition metal chemistry an alternative
explanation is possible. The existence of a Cu—Pd—Cu
trinuclear complex with hydroxy ions as bridgeheads between
Pd and Cu (species 1 in eq 10) would rationalize the existence
of a an optimum Cw/Pd ratio in the catalyst (Figure 3) as well
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as the existence of a critical water vapor partial pressure for
catalyst stability. It further explains the presence of ammonium
bands on fresh catalysts, the critical Pd:ammonia stoichiometry
of a working catalyst and the specific IR behavior of CO
adsorbed on active catalysts (Figure 9 and 11). It is well
established that cupric ions in CuY are very susceptible to
hydrolysis.?®® The formation of this trinuclear complex will be
highly site-specific. It is therefore not unexpected that only
the faujasite topology allows its formation and consequently,
generates highly active Wacker catalysts.

2Cu" + PA%NH,), + 2H,0 < 1+ 2NH,*  (10)
1 = Cu"~OH—Pd"(NH,),~OH—Cu"

The Electron-Transfer Chain: Ethene—Pd—Cu—Dioxy-
gen. Combined IR and ESR spectroscopy of hydrated
12Cu06PdY zeolite after exposure to ethene at room temperature
(Figure 7 and 8) shows that Pd?* is reduced to Pd® and that
transfer of electrons to Cu?* is slow and possibly rate determin-
ing. There is ample evidence that in such conditions, Cu?* in
CuY is reduced to Cu* and not to Cu®.3? The reduction of Cull
in CuPdY is not accompanied with the formation of Pd*, as no
such ESR signal is observed. As exposure of this reduced
catalyst to oxygen and water leads to a nearly full disappearance
of the Cu?* signal and the optimal amount of Cu is about twice
that of Pd, eq 11 probably accounts for the equilibration of the
different ions.

Pd® + 2Cu*" + 2Cu™ + Pd*t 1y

During this process no monovalent palladium species are formed
in detectable concentrations (Figure 8), implying that Pd*
formed under such conditions is unstable and is immediately
oxidized to Pd?*. Thus, compared to the fast reduction of Pd**
by ethene in the presence of water, its regeneration by Cu?*
and the final electron transfer to O; are slow. In conditions of
first order in oxygen, the reoxidation of cuprous ions with
dioxygen is rate limiting. Only at high partial pressures of
oxygen (zero order) the latter step is faster than the reoxidation
of Pd® with Cu?*. The increasing Wacker oxidation efficiency
per Pd site for a lower Al site density of the framework (Figure
13) can be rationalized with this rate-limiting step as the
transition ion reducibility in zeolites increases in the same
direction.?3¢ The reducibility of Cu?* is enhanced as well* and,
consequently, the oxidation of substrate reduced Pd?t by
faujasitic Cu?*.

The same characteristics of the electron transfer chain are
revealed upon CO adsorption. All active Wacker catalysts show
a unique IR band at 2121 cm™1, with its intensity proportional
to the catalytic activity (Figure 9). PdY, CuY as well as CuPdY
with Cu/Pd ratio below 2, show distinctly different IR behavior
in reaction conditions. This further stresses the existence of a
mutual interaction between Pd and Cu in active catalysts and
points to the existence of a species like 1. CO is not an inert
diagnostic probe, however. Room temperature CO sorption on
a moisture saturated standard CuPdY zeolite forms stoichio-
metric amounts of CO,, reduces the intensity of the N—H
deformation vibration of Pd-ammine, and generates ammonium
ions. Equation 12 rationalizes this, implying that as no ESR
evidence for Pd* is found, total reduction of Pd occurs. In this
equation Z~ stands for the negatively charged zeolite lattice.

Pd(NH,),**(Z7), + CO + H,0 — Pd’ + CO, +
2(Z"NH, ") + 2NH, (12)
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Figure 15. Catalytic cycle for the Wacker oxidation of a-olefins over
CuPdY zeolites.

This requires assignment of the 2121 cm™! band to the vc—o
vibration in Pd%-CO. Although a comparison of literature data
seems to impose a high-frequency limit at 2115 cm™! for Pd%—
CO species,30231.38.39 the presence of neighboring copper may
easily shift the vc—o vibration in Pd°—CO to 2121 cm™140
Moreover, the band intensity increases for longer contact time
with CO, when the degree of Pd reduction increases as derived
from the intensity of the ammonium band. As in the ESR
spectrum of 12Cu06PdY after adsorption of CO no Pd* species
are observed in detectable quantity, the 2121 cm™! band cannot
be assigned to Pd*-CO species as is done for a band at 2124
cm™! in partially reduced PdY.3!

After exposure of wet 12Cu06PdY to CO, Pd?* is progres-
sively reduced to Pd®, while Cu?* remains untouched, as
supported by the almost unchanged intensity of the Cu?* ESR
signal and the absence of a Cut—CO band in the IR spectrum
at 2135 cm™L. The appearance of the latter band and the parallel
strong reduction of the Cu?* ESR signal can be induced either
(i) by heating or (ii) by admission of the reaction atmosphere.
Thus the role of Cu as cocatalyst is dual as it enhances the
reducibility of Pd?* and allows the regeneration of the Pd?*
active site. ESR also shows that room temperature treatment
with oxygen of a CO reduced catalyst is unable to reoxidize
Cu” (Figure 10). In reaction conditions the Cu?* signal is
partially restored, indicating once more that the regeneration
of Cu?* is slower than the reoxidation of PdC.

The Wacker Cycle with Zeolite Catalysts. A cycle for
alkene oxidation with dioxygen involving Cu,,Pd,Y zeolites as
catalysts is given in Figure 15, based on the arguments advanced
in previous paragraphs. The present data clearly show that the
rate-limiting step is either the regeneration of Pd°® by Cu® (step
8) at high oxygen partial pressure or the regeneration of zeolitic
cuprous ions by oxygen at low oxygen partial pressures (step
9), rationalizing the observed zero or first orders in oxygen,
respectively. Steps 2—7 are equilibrium reactions with respect
to the rate limiting events.
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The proposed cycle consists in a combination of typical
zeolite transition metal chemistry and zeolite-mediated Wacker
chemistry. To transform a CuPdY zeolite into an active and
stable Wacker catalyst, a Cu/Pd ratio of 2, a critical water vapor
partial pressure, and a typical zeolite topology (faujasite) are
required (step 1). The proposed trinuclear intermediate 1 takes
into account these specificities. Furthermore, it allows the
generation of species 7, which explains the resistence to sintering
of Pd® atoms. In step 2 ethene coordinates with Pd>t via
disruption of the trinuclear species, rather than via a ligand
exchange with ammonia, as required by the Pd:2NH3 composi-
tion of the working catalyst. The location of step 2 in the cycle
with respect to the rate-limiting event explains the first order
in ethene and the absence of an isotope effect. The substrate
concentration near species 1 is determined by a Langmuir-type
relation and in contrast to homogeneous Wacker chemistry, there
is no direct proportionality between substrate partial pressure
and concentration near the active site. Thus competitive sorption
in the zeolite pores is able to modify kinetics (zero order in
propene and competition among water and alkene mixtures).

The subsequent steps 3—7 are based on the similarities
between homogeneous and zeolite-based Wacker chemistry.
Oxypalladation (step 3), S-hydride elimination (step 5), migra-
tory insertion (step 6), and reductive elimination (step 7)
occurring on zeolite-modified intermediates all have homoge-
neous counterparts. The deammination step 4 is comparable
to the dechlorination of Pd, which is only rate limiting in the
homogeneous case.

Experimental Section

Materials. As starting materials NaY and NaX zeolites with
different Si/Al ratios obtained by direct synthesis were used as
recieved from Union Carbide Corp. The dealuminated Y sample
was from PQ. The framework Si/Al ratio was determined with
81 MAS NMR.*! The number of Al ions per unit cell can be
extracted from Figure 13. The standard Y zeolite contains 56
framework Al ions per unit cell.

The Na zeolites were first ion-exchanged at 298 K for 24 h
using an excess of a 0.01 M aqueous solution of Cu(NOs),.
The solid/liquid ratio during the ion exchange was 1 g/LL. The
sample was washed with distilled water until nitrate ions were
no longer detected, then dried at 333 K and stored in a desiccator
over a saturated NH4Cl solution. Pd?* ions were exchanged
into such Cu-zeolite, with a predetermined amount of aqueous
Pd(NH3)4Cl,, using the same solid to liquid ratios as for the
copper exchange. The samples were now washed with distilled
water till chloride free. Chemical analysis showed that all Pd
was taken up by the zeolites. In this way a series of Na-Y
zeolites with variable Cu/Pd ratios was obtained. ICP analysis
of such samples is given in Table 1. The figures preceding the
chemical elements in the sample notation refer to the number
of cations of these elements present per unit cell.

High-purity helium, oxygen, ethene, propene, and 1-butene
from I’ Air Liquide were used for catalytic experiments. Ethene-
dy was from Merck, Sharpe and Dohme. Cu(acetylacetonate),-
Cl, was from Ventron.

Methods. The catalytic oxidation of ethene with oxygen was
studied in a continuous-flow fixed-bed stainless-steel reactor
with an internal diameter of 9 mm, operated at a total pressure
of 0.1 MPa and containing 200 mg of catalyst. The standard
reaction temperature used was 373 K, unless otherwise specified.
The standard space—time used in the reactor (W/F, in which
W is the amount of catalyst and Fj is the total molar flow rate
at the reactor entrance) was 2.86 kg/mol. The composition of
the gas feed was regulated by means of Brooks mass-flow
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TABLE 1: Chemical Composition of the NaY Zeolites
Exchanged Subsequently with Cu(II) and Pd(II) Ions

ions per unit cell

sample notation Cu** P>+ Na*t Cu/Pd
03Cu02PdY 03.0 01.5 47.0 02.0
06Cu03PdY 06.0 03.0 38.0 02.0
08Cu04PdY 07.5 04.0 33.0 01.9
15Cu02PdY 15.0 01.5 23.0 10.0
14Cu03PdY 14.0 03.0 22.0 04.0
13Cu04PdY 13.0 04.0 220 03.3
12Cu06PdY* 11.5 06.0 21.0 019
10Cu09PdY 10.0 09.0 18.0 01.1
09Cull1PdY 08.5 11.0 16.0 00.8
12Cu06PdF46” 12.0 06.0 10.0 02.0
12Cu06PdF70? 12.0 06.0 340 02.0
12Cu06PdF85* 12.0 06.0 49.0 02.0
06Cu03PdF18® 06.0 03.0 - 02.0

2 The standard catalyst. » F = faujasite followed by the number of
Al per unit cell.

controllers. Water was added to the feed by passing helium
and oxygen through a thermostated saturator filled with inert
alumina particles. The standard gaseous feed composition used
was 41.9 mol % of oxygen, 41.9 mol % of helium, 14 mol %
of water, and 2.2 mol % of ethene. On-line analysis at the
reactor outlet was performed with a HP 5880 GC, equipped
with two columns: (i) a Poraplot Q column (25 m length and
0.53 mm diameter), connected to a FID detector for the
determination of the hydrocarbons and oxygenates; (ii) a
Porapak R column (3 m length and 32 mm diameter), connected
to a methanator and a FID for the determination of CO and
COa.

Infrared experiments in the double-beam transmission mode,
covering the 2400—1200 cm™! range, were made in situ in a
Perkin-Elmer 580 B spectrometer using a cell, allowing gas flow
over the wafers. Either fresh or used catalysts, as such or after
CO adsorption, were examined or the catalytic. reaction was
simulated.

Temperature-programmed oxidation measurements (TPO),
using 50% of oxygen in helium, were performed in a continuous
flow reactor, the outlet of which was connected to a computer-
steered quadrupole mass spectrometer. The quadrupole was
used in the multiple ion monitoring mode.

ESR measurements were carried out on catalyst samples
treated for different periods of time with ethene, CO or dioxygen
to identify cupric or other paramagnetic species and to monitor
their intensity their intensities. ESR spectra were recorded at
X-band frequency with a Bruker ESP 300 E spectrometer at
120 K. Cu?* spin density was determined with Cu(acetylac-
etonate)s.

The zeolite powder was pressed, crushed, and sieved. The
particle fraction between 0.25 and 0.50 mm was used in all but
the IR experiments. In the latter case, wafers of zeolite powder
were pressed with a thickness of 5 & 0.1 mg/cm? of wafer.
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