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Abstract

The effects of zeolite geometry on propane selective oxidation were studied by in situ infrared spectrometry on Ca2+ exchanged Y,
MOR and ZSM5 zeolites. Oxygen and propane adsorption at room temperature, revealed that the electrostatic field of Ca2+ increased
in the order CaY < CaMOR < CaZSM5. The electrostatic field of Ca2+ cations in CaY and CaZSM5 was observed to correlate with
propane selective oxidation activity and selectivity. At 353 K, low activity but high selectivity to acetone was observed for propane oxi-
dation on CaY zeolite, while high activity and a 2:1 mixture of 2-propanol and acetone was observed on CaZSM5. CaMOR showed the
lowest activity for oxygenates formation of propane oxidation, but deep oxidation to CO and CO2 was found. The results convincingly
show that the geometrical structure of a zeolite determines activity and selectivity of propane partial oxidation on Ca2+ exchanged
zeolites to a large extent.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, a new approach of photo as well as thermal
selective oxidation of alkanes at low temperature on alkali
or alkaline-earth exchanged Y zeolite was presented, and
initiated a new branch of research in the field of hydro-
carbon partial oxidation processes [1–7]. It was proposed
that the reaction involved the formation of an ion pair of
hydrocarbon and oxygen ðCnHþ2nþ2O�2 Þ, which is stabilized
in the electrostatic field of cation-exchanged Y zeolite. The
alkyl hydroperoxide is produced from this charge transfer
state and further goes on to form carbonyl containing
product exclusively by elimination of water. The high activ-
ity and selectivity of this reaction was suggested to depend
on both the electrostatic field at the cation site and the
dynamics of the reactant molecules within the confined
zeolite structure. Therefore, the zeolite structure, the
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framework composition, and the properties of the charge
compensating cations are parameters that can be expected
to impact catalytic activity and selectivity in zeolite cata-
lyzed selective oxidation of alkanes.

Barium exchanged X, Y, ZSM5 and Beta have been
used to investigate photo-oxidation of 1-alkenes, toluene
and p-xylene [2,6]. However, selectivity was found to dra-
matically decrease in the order X > Y > Beta > ZSM5,
which was attributed to the presence of residual Brönsted
acid sites in these zeolites. The results also revealed that
shape selectivity played an important role in determining
product selectivity in condensation side reactions [6].

Nevertheless, no results have been published for the
influence of the zeolite host for the thermally activated
alkane oxidation on cation-exchanged zeolites. Experimen-
tal results of CO adsorption showed that the electrostatic
field increased with divalent cations versus monovalent cat-
ions for a given zeolite host, and for a given cation
increased for zeolites with higher Si/Al ratios [2,6]. In our
previous work, we have systematically investigated thermal
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selective oxidation of propane to acetone on alkaline-earth
exchanged Y zeolite [1,8]. The results have convincingly
shown that activity and selectivity of propane oxidation
to acetone are influenced not only by the charge/radius
ratio (intrinsic electrostatic field) of earth-alkali cations
[1], but also by the cation location and the Brönsted acidity
of Y zeolite [8]. So if oxidation of hydrocarbons in zeolites
is a general phenomenon, then the shape and size of zeo-
lites may potentially be used to better control activity
and selectivity of the thermal propane selective oxidation
reaction.

In this work, we have investigated three types of Ca2+

exchanged zeolites: mordenite and ZSM5, in addition to
Ca2+ exchanged Y zeolite. Zeolite Y is the synthetic form
of faujasite and has a Si/Al ratio between 2 and 5. Its
three-dimensional framework has two main cages: the large
supercage results from an assembly of the basic units, the
sodalite cages (Fig. 1a). The spherical supercages are
approximately 1.3 nm in diameter. Access to the super-
cages is afforded by four 12-membered ring windows about
Fig. 1. Framework structure with cation sites indicated of (a) Y zeolite,
(b) mordenite (MOR), (c) MFI (ZSM5) (view of the [100] plane).
0.74 nm in diameter, which are tetrahedrally distributed
around the center of the supercages. Cations can occupy
three positions in Y zeolite (see Fig. 1a). The first type, sites
I and I 0, is located on the hexagonal prism faces between
the sodalite units. The second type, sites II 0 and II, is
located in the open hexagonal faces. The third type, site
III, is located on the walls of the supercage. ‘‘Large pore’’
mordenite is a one-dimensional zeolite consisting of main
channels parallel to the [001] crystal plane. The channels
have a lightly elliptical cross section of a 12-membered ring
with a diameter of 0.7 · 0.65 nm (Fig. 1b). Single crystal
refinement of dehydrated NaMOR has revealed five differ-
ent sites for cation location (see Fig. 1b) [9]. The occupa-
tion of the cations in the five types of sites depends on
the Si/Al ratio. For MOR with Si/Al ratio of 10, each unit
cell contains three sodium cations located at site I (in side
channel) and two sodium cations occupying site IV (in the
intersection between eight-ring and main channel). Zeolite
ZSM5 with medium pore sizes is characterized by a two-
dimensional pore system with straight, parallel channels
intersected by zigzag channels (Fig. 1c, the detailed 3D
structure can be found on the website: http://www.
iza-structure.org/databases/). Both channels consist of 10-
membered rings with a diameter of 0.53 · 0.56 nm (straight
channels) and 0.51 · 0.5 nm (sinusoidal channels). IR stud-
ies of H2 and CO adsorption indicated that the cations are
preferentially located at the intersections of the sinusoidal
and straight channels at the edge of a four-membered ring
(site I) [10,11]. Additionally, small cations, like Na+ are
also found in small cavities above the sinusoidal channel
(site II), but MAS-NMR studies showed a low occupancy
of this site (10%) (Fig. 1c) [12].

Up to now, the partial oxidation of alkanes over cation-
exchanged zeolites mainly focused on the surface reaction,
since the products are strongly adsorbed, and therefore the
catalytic cycle has not been closed yet. Nevertheless, this
approach offers the unique opportunity to deeply investi-
gate the activation of the involved molecules. Propane
selective oxidation on CaY zeolite at room temperature
showed that Ca2+ in the supercage (site II) provided the
specific adsorption geometry to invoke reaction [8,13].
Slightly increasing Brönsted acidity could enhance reaction
activity, but induced lower selectivity to acetone due to a
minor amount of 2-propanol formation. In the present
study, the activity and selectivity of the surface reaction
of thermal propane oxidation in Ca2+ exchanged MOR
and ZSM5 zeolites were compared with CaY by infrared
spectroscopy to resolve the effects of zeolite geometry and
Si/Al ratio on the selective propane oxidation mechanism.

2. Experimental

2.1. Materials

Zeolites CaY, CaMOR and CaZSM5 were prepared
from respectively NaY (Zeolyst), NH4MOR (Zeolyst),
NH4ZSM5 (Zeolyst). The parent zeolites were exchanged
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Table 1
Zeolite chemical composition (determined by XRF)

Zeolitea Chemical composition (wt.%) Molar ratio

Na2O Al2O3 SiO2 CaO Si/Al Na+/Al Ca2+/Al NHþ4 =Alb

CaMOR 0 7.31 88.66 3.14 10 0 0.39 0.22
CaY 1.087 21.76 65.99 11.12 2.6 0.08 0.47 –
CaHZSM5(38) 0 2.18 96.84 0.91 38 0 0.38 0.24
CaZSM5(25) 0.03 3.32 95.32 1.29 25 0.01 0.35 0.29

a CaY sample was prepared from NaY. CaZSM5 and CaMOR samples were prepared from respectively NH4ZSM5 and NH4MOR.
b NHþ4 content was calculated based on the charge balance.
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Fig. 2. Calibrated infrared spectra of Ca2+ exchanged Y, MOR and
ZSM5 zeolites.

J. Xu et al. / Microporous and Mesoporous Materials 91 (2006) 187–195 189
three times with 0.1 M solution of calcium nitrate (Merck)
for 20 h at 363 K under stirring. The resulting cation-
exchanged zeolites were washed three times with distilled
water, filtered and dried overnight at 373 K. This resulted
in the final form of CaY. The final form of CaMOR and
CaZSM5 were obtained by calcination at 773 K under vac-
uum to decompose incompletely exchanged NHþ4 ions. The
chemical compositions of catalysts (determined by X-ray
fluorescence (XRF)), Ca2+/Al and NHþ4 /Al ratio, as well
as sample names are listed in Table 1.

2.2. Infrared spectroscopy studies

The zeolite powder (30 mg) was pressed into a self-sup-
porting wafer and analyzed in situ during adsorption and
reaction by means of transmission FTIR spectroscopy
using a Bruker Vector22 FTIR spectrometer with a MCT
detector. A miniature cell, equipped with NaCl transparent
windows, which can be evacuated to pressures below
10�7 mbar was used for the in situ experiments. The tem-
perature is variable from room temperature to 773 K. Each
spectrum consists of 32 scans taken at 4 cm�1 resolution.

The samples were activated in vacuum (<10�7 mbar) at
773 K (ramp 10 K/min) for 2 h, subsequently cooled down
to 473 K (dwell 10 h), and cooled to room temperature
(294 K). Loading of reactants (propane and oxygen) was
controlled by gas pressure. Propane was introduced into
the IR cell until equilibrium was reached at 1 mbar in the
gas phase, followed by addition of 40 mbar of oxygen. A
calibration curve was made by adsorption of known
amounts of acetone and 2-propanol at room temperature
in order to determine the quantity of produced acetone
and 2-propanol from propane and oxygen. The FTIR spec-
tra were corrected for absorption of the activated zeolite.

3. Results

3.1. Catalyst characterization

Calibrated transmission FTIR spectra of the activated
calcium exchanged zeolites are presented in Fig. 2. All sam-
ples showed an isolated silanol peak at 3740 cm�1 (ZSM5)
and 3744 cm�1 (Y and MOR), which is either on the outer
surface terminating the zeolite crystals or on silica impuri-
ties [14,15]. Bridging hydroxyl groups (SiOHAl groups,
Brönsted acid sites) gave rise to IR absorption at
3644 cm�1 (Y), 3616 cm�1 (MOR) and 3616 cm�1

(ZSM5). High Brönsted acid site concentration was
observed on CaMOR zeolite. For CaZSM5(38) the lowest
amount of Brönsted acid sites was observed. The origin of
Brönsted acid sites in these zeolites is twofold. First, due to
incomplete exchange by Ca2+ cation for MOR and ZSM5
(see Table 1), the NHþ4 in the parent zeolite is converted to
H+ during calcination. Second, hydrolysis of water at the
Ca2+ sites during activation also result in some acidity,
according to

Ca2þ+ H2O(ad) + Si–O–Al!Ca(OH)þ+ Si–O(Hþ)–Al

This reaction is thought to occur during activation at ele-
vated temperature (for all studied zeolites) [1,14,15]. The
hydroxyl vibration at 3590 cm�1 for CaY results from
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Ca(OH)x species [1]. However, no Ca(OH)x species could
be observed on CaMOR and CaZSM5, most likely due
to the fact that this small peak is masked by the nearby
high intensity hydroxyl vibration of Brönsted acid sites at
3616 cm�1.

On ZSM5, a very broad band with maximum intensity
around 3470 cm�1 belongs to perturbed hydroxyl groups
that result from the presence of hydrogen bonding between
OH groups and zeolite lattice oxygen [15].
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Fig. 3. Calibrated infrared spectra of room temperature oxygen adsorp-
tion at 40 mbar on Ca2+ exchanged zeolites.
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Fig. 4. Calibrated infrared spectra of room temperature propane adsorption on
0.05, 0.1, 0.2, 0.5 and 1 mbar. Dot line shows 1 mbar propane in gas phase.
3.2. Oxygen adsorption

Fig. 3 shows the room temperature infrared absorption
of O2 in Ca2+ exchanged Y, MOR and ZSM5 zeolites at
40 mbar O2 equilibrium pressure after subtraction of the
zeolite contribution to the spectrum. Clear broad bands
appeared at 1554 cm�1 (CaZSM5), 1555 cm�1 (CaY) and
1554–1550 cm�1 (MOR), which can be attributed to the
O–O stretch vibration in adsorbed O2 [16–18]. High inten-
sity of this band was found for CaZSM5(25), while with
higher Si/Al ratio of CaZSM5(38), intensity slightly
decreased. On CaMOR this oxygen stretch vibration band
showed an asymmetric shape, which is composed of two
peaks located at 1554 cm�1 and 1550 cm�1. The peak
intensity at 1554 cm�1 is slightly bigger than at 1550 cm�1.

Further, two small side bands of adsorbed oxygen spe-
cies were also found at high frequency side (about
1570 cm�1) and low-frequency side (about 1542 cm�1) on
the studied Ca2+ exchanged zeolites. No changes could
be observed in the OH-stretch region or other parts of
the IR spectra after oxygen adsorption.

3.3. Propane adsorption

Fig. 4 displays the infrared spectra of propane adsorp-
tion on Ca2+ exchanged zeolites as function of propane
partial pressure in the C–H stretch vibration range
(3100–2600 cm�1). Two main bands at 2970 cm�1 (methyl
asymmetric stretching) and 2838 cm�1 (methyl symmetric
stretching) were observed for propane adsorbed on CaY
[19–21]. Both band intensities steadily increased with
increasing propane partial pressure. On CaMOR and
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CaZSM5, at propane partial pressure below 0.2 mbar,
two main bands at 2965 cm�1 (both CaMOR and
CaZSM5(25)), and 2829 cm�1 (CaMOR) or 2826 cm�1

(CaZSM5(25)) were found and both increased in intensity
with increasing propane partial pressure. With further
increasing propane partial pressure the band intensities
at 2829 cm�1 (CaMOR) and 2826 cm�1 (CaZSM5) did
not vary significantly, however, an additional band at
2875 cm�1 was observed. With increasing propane partial
pressure, this peak increased together with the high fre-
quency band at 2965 cm�1.

For CaZSM5(38) similar trends were observed, however
with lower intensities at a given propane partial pressure
(not shown).

Adsorption of propane only slightly disturbed the bridg-
ing hydroxyl groups (SiOHAl groups, Brönsted acid sites)
at 3644 cm�1 (Y), 3616 cm�1 (MOR) and 3616 cm�1

(ZSM5), which has been discussed in detail in a previous
paper [13].

3.4. Propane oxidation

Upon loading 1 mbar propane and 40 mbar oxygen on
activated Ca2+ exchanged zeolites at 353 K, reaction was
observed by following depletion of propane (band between
3010 and 2600 cm�1) and production of acetone (band
at 1682 cm�1) and water (band at 1634 cm�1 (CaY),
1640 cm�1 (CaZSM5) and 1627 cm�1(CaMOR)) (for
experiment details see Refs. [1,8]). It should be noted that
due to its weaker adsorption, the oxygen O–O band is very
weak. Consequently, after co-adsorption of propane the
band is masked by the strong IR band of propane at
1470 cm�1, even though oxygen is presence in large excess
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Fig. 5. Calibrated infrared spectra after 20 h propane
[17]. Fig. 5 presents the infrared spectra after 20 h reaction
at 353 K. It is clear that acetone formation increased in the
order CaMOR < CaZSM5 < CaY. In addition to acetone
and water, CO2 and CO were found on CaMOR. From
the infrared band structure it is clear that both CO and
CO2 are trapped inside the CaMOR zeolite, since two
single sharp bands appear near 2215 cm�1 (CO) and
2365 cm�1 (CO2) in the infrared spectra. The vibrational
band structure normally found for gas phase CO and
CO2 is not observed. Also no COx or other products were
found in the gas phase by online mass spectrometry for any
of the zeolites. Further, no COx formation could be
detected for CaY and CaZSM5 zeolites at all in either
gas or solid phase.

After 20 h reaction, the systems with different zeolites
were evacuated for 5 min to remove excess propane and
oxygen. During evacuation, no acetone or 2-propanol were
detected by on-line MS analysis. The infrared spectra after-
wards are presented in Fig. 6. Clearly bands can be
observed between 3100–2700 cm�1 and 1500–1300 cm�1,
which were previously masked by the intensive bands of
propane C–H vibration and deformation. The bands at
3014, 2925, 1420 and 1379 cm�1 can be attributed to ace-
tone [1]. The frequencies at 2989 cm�1 for CaY (Fig. 6a),
2981, 2943, 2887, 1462 and 1385 cm�1 for CaZSM5
(Fig. 6b and c) match the bands of 2-propanol, which
was confirmed by comparing the infrared spectra of 2-pro-
panol loaded on the corresponding zeolites. On CaMOR, a
small amount of propane is still left (band at 2965 and
2829 cm�1, about 5% of total adsorbed propane before
evacuation), even after evacuation for 30 min (Fig. 6d).
The intensity of CO (2215 cm�1) and CO2 (2365 cm�1)
on CaMOR decreased with evacuation (not shown).
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Evaluation of both intensities showed that about 30% of
CO2 and 15% CO desorbed after evacuation for 30 min.
The CaMOR sample was then further heated to 423 K in
vacuum (Fig. 6e). Clearly, during this treatment propane
desorbed as well as CO and CO2 (not shown). No addi-
tional bands were observed within the noise level.

After 20-h reaction at 353 K, lower acetone to water
ratio was found on CaMOR than on CaY and CaZSM5
based on the infrared intensity of water (band at 1627–
1640 cm�1) and acetone (band at 1682 cm�1). The amounts
of acetone and 2-propanol produced on all zeolites after
20 h reaction are listed in Table 2. High selectivity to ace-
tone was found on CaY, while a 2:1 mixture of 2-propanol
and acetone was observed on both CaZSM5(38) and
CaZSM5(25) zeolites. Only 3% of acetone was produced
on CaMOR compared to CaY. Further, the amounts of
produced water on the different samples (Fig. 5) also
showed that much less propane was converted on CaMOR
compared to CaY and CaZSM5.
Table 2
Propane oxidation at 353 K on Ca2+ exchanged zeolites

Zeolite Products (lmol/g) ol/one (one + ol)/Ca2+

(molar ratio)Acetone 2-Propanol

CaMOR 4.4 – – 0.02a

CaY 146.9 1.4 0.01 0.16b

CaZSM5(38) 37.2 72.5 2.0 0.70c

CaZSM5(25) 55.6 120.7 2.2 0.74c

a Calculation based on Ca2+ cation in the main channel (site IV).
b Calculation based on Ca2+ cation in the supercage (site II).
c Calculation based on all Ca2+ cation.
4. Discussion

4.1. Effect of electrostatic field for reactants adsorption

In dried sodium and calcium exchanged Y zeolites, only
50–60% of the cations are located at site II, which is acces-
sible to adsorbed molecules like propane [8,22]. For mord-
enite, the occupation of cation in the five types of sites
depends on the Si/Al ratio. For MOR with Si/Al ratio of
10 each unit cell contains three sodium cations located at
site I (in side channel) and two sodium cations occupying
site IV (in the intersection between inside eight-ring and
main channel) [23]. The side channels are accessible only
to small molecules like methane and oxygen. Larger
hydrocarbons, like propane only access the main channels
[24].

This study shows that oxygen adsorption can be
observed at room temperature in the infrared spectra
between 1550 and 1555 cm�1 for calcium exchanged Y,
MOR and ZSM5 zeolites (Fig. 2). Study of oxygen adsorp-
tion on alkaline-earth exchanged Y zeolite revealed that
oxygen could adsorb on alkaline-earth cation site via elec-
trostatic interaction to form M2+(O2) species on the super-
cage Ca2+ cations [16,25]. The dipole-induced polarization
of oxygen by the cation electrostatic field results in an
infrared active stretch vibration. It was shown that inten-
sity and frequency increased with higher electrostatic field
of the cation. The side bands observed at 1570 cm�1 and
1542 cm�1 (Fig. 2) were attributed to a combination of
the O–O stretching vibration with a low-frequency motion
of the molecule in its site, as proposed for oxygen adsorbed
on CaA [17,18]. From Fig. 3 we can conclude that Ca2+
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cations in MOR and ZSM5 have a similar environment as
cations in CaY to form Ca2+(O2) species.

As pointed out in Section 1, the zeolites exhibit different
cation positions. Only one site of Ca2+ cations in ZSM5
(site I) and Y zeolite (site II) (Fig. 1) are accessible to oxy-
gen [14,26], while in MOR, oxygen can adsorb on Ca2+ at
both sites I and IV [24]. The electrostatic field of Ca2+ in
the small side pocket (site I) is shielded stronger than in
the main channel (site IV). Consequently, the infrared spec-
trum showed two Ca2+(O2) species at 1554 cm�1 and
1550 cm�1, which can be attributed to oxygen adsorbed
on Ca2+ at site IV and site I respectively (Fig. 3). Further,
for MOR the Ca2+ cations are distributed over site I and
site IV exclusively, while in CaZSM site I is occupied for
90% [23]. However, for CaY zeolite approximately 50%
of the total Ca2+ is located at site II in the supercage [8].
Since also the Ca2+ cation concentration varied with Si/
Al ratio in the different types of zeolite, the infrared spectra
after oxygen adsorption are normalized per Ca2+ based on
the amounts of Ca2+ at the accessible sites (Fig. 7). Clearly,
the electrostatic field per accessible Ca2+ is the lowest in
CaY (multiplied by 2 in Fig. 7). In addition, the electro-
static field in CaZSM5 is much higher than in MOR and
Y. This is in agreement with CO adsorption results on dif-
ferent type of Ba2+ exchanged zeolites as published by
Panov et al. [6]. Compared to CaY and CaMOR, the unu-
sual high electrostatic field of CaZSM5 can be attributed to
the fact that Ca2+ locates at the isolated aluminum occu-
pied oxygen tetrahedral sites with single negative charges
due to high Si/Al ratios (25 or 38). This results in the for-
mation of sites with only partially compensated excessive
positive charges of Ca2+ [27,28].
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Recent simulations and experiments showed that pro-
pane, at low coverage, mainly adsorbed at supercage cation
site in Ca-exchanged Y zeolite [8,13,22]. Experiments with
CH3CD2CH3 allowed us to make distinction between the
IR bands of the methyl groups versus the methylene group;
it appeared that the symmetric vibration of both methyl
groups shift equally and significantly as compared to gas
phase propane. From this we concluded that the Ca2+

ion was large enough to allow both propane methyl groups
to attach to Ca2+, resulting in the formation of a cyclic
geometry. These data are not shown and subject of a sub-
mitted publication. Similar to the oxygen adsorption, the
interaction between Ca2+ and the propane methyl groups
is electrostatic in nature. As a result, the Ca2+ induced
polarization results in a shift of the symmetric stretching
vibration of the propane methyl groups to lower frequency
(2838 cm�1) with increasing cation electrostatic field [13].

Below 0.2 mbar equilibrium partial pressure, the pro-
pane adsorption spectra on CaY, CaMOR and CaZSM5
show similar features (Fig. 4), which suggest that adsorbed
propane at the Ca2+ sites in all three zeolites exhibits the
same cyclic structure. Clearly, with increasing electrostatic
field (CaY < CaMOR < CaZSM5), the symmetric stretch-
ing vibration frequency of the propane methyl groups
moved to lower wave number in the order CaY (2838
cm�1) > CaMOR (2829 cm�1) > CaZSM5 (2826 cm�1)
(Fig. 4).

Since CaMOR and CaZSM5 contain much less cations
per unit cell than CaY and have higher electrostatic field
resulting in stronger adsorption, propane saturates all
accessible Ca2+ sites in MOR and ZSM5 at lower propane
partial pressure compared to CaY. As a result, with
increasing propane partial pressure (>0.2 mbar) propane
filled the zeolite pores via a dispersive force interaction with
the zeolite framework oxygen atoms. As a consequence, the
methyl groups are hardly affected by the cation electro-
static field and a peak appeared at 2875 cm�1 (Fig. 4),
which can also be found in the gas phase propane
spectrum.

Since the symmetric CH3 vibration at 2838–2826 cm�1

arises from the Ca2+(C3H8) complex, the integrated area
of this peak per effective Ca2+ site represents the normal-
ized amount of propane adsorbed on Ca2+. The effective
number of accessible Ca2+ sites for propane was calculated
based on the fact that on CaY and ZSM5, the oxygen
adsorption sites of Ca2+ are also accessible for propane.
But on CaMOR, only site IV is accessible for both oxygen
and propane; site I adsorbs only oxygen, because propane
(0.43 nm) is too large to enter the side pocket
(0.26 · 0.37 nm) (Fig. 1) [23,24]. The thus normalized pro-
pane adsorption isotherms of Ca2+ exchanged zeolites at
room temperature are presented in Fig. 8. Indeed, propane
saturated the accessible Ca2+ sites on MOR and ZSM5 at
much lower pressure than on CaY, where full coverage was
not reached even at 1 mbar of propane pressure. From this,
it can be concluded that the strength of adsorption
increased from CaY to CaMOR to CaZSM5. Further,
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the normalized integrated peak area was found to decrease
in the order CaZSM5(25) > CaZSM5(38) > CaMOR >
CaY, which can be attributed to the decreasing electro-
static field in the samples, which affects the extinction
coefficient of the vibration. These results are in full agree-
ment with the electrostatic field deduced from the oxygen
adsorption experiments as shown in Fig. 7.

4.2. Effects of zeolite topology and Brönsted acid

concentration on the reaction mechanism

In this study, on CaY zeolite high selectivity to acetone
was observed in propane selective oxidation. The 2:1 mix-
ture of 2-propanol to acetone observed on CaZSM5 points
to a typical homolytic peroxide decomposition, followed by
a radical reaction pathway similar to alkane auto-oxidation
reactions [4]. Interestingly, COx was observed for CaMOR,
in addition to small amounts of acetone and water. These
results clearly show that the type of zeolite has a large influ-
ence on the mechanism of propane oxidation.

Ca2+ sites at the supercage in CaY zeolite is able to
adsorb more than one molecule N2 or CO in a so-called
geminal structure via electrostatic interaction [29,30].
When adding propane to CaY pre-covered with oxygen
(Fig. 3), the sidebands disappear and the main peak shift
to lower frequency and decreased in intensity. These data
are not shown here and have been submitted for publica-
tion elsewhere. These results strongly suggest that propane
and oxygen simultaneously adsorb at the supercage Ca2+

site to form Ca2+(O2)(C3H8) species via electrostatic inter-
action. Consequently, both molecules are activated by the
polarization effect induced by the electrostatic field of
Ca2+, and their close proximity facilitates reaction
[17,30]. The similar propane and oxygen adsorption infra-
red spectra observed for the three types of Ca2+ exchanged
zeolites (Y, MOR and ZSM5) (Figs. 3 and 4) in this study
suggest that propane and oxygen adsorption results in sim-
ilar Ca2+(O2)(C3H8) complexes which react to form isopro-
pylhydroperoxide (IHP) [1,5,7,8,13].

Decomposition of IHP studied on CaY showed two par-
allel pathways. First, heterolytic elimination of water from
IHP at Brönsted acid sites is the major path to result in ace-
tone [1]. Second, homolytic decomposition of IHP at the
Ca2+ site yields C3H7O* and HO* radicals which recombine
with propane into two molecules of 2-propanol [13]. In the
latter case, Ca2+ acted as a Lewis acid center to activate the
O–O bond in IHP. The low amount of 2-propanol observed
on CaY shows that its low electrostatic field is not capable
to induce homolytic splitting of IHP to a large extent.

In contrast to CaY, on CaZSM5 homolytic decomposi-
tion of IHP showed to be an important reaction as reflected
in the high amount of 2-propanol (Table 2). A 2:1 ratio of
2-propanol to acetone is also found in alkane auto-oxida-
tion reactions [4]. This suggests that in CaZSM5 acetone
and 2-propanol both are produced from the homolytic
decomposition of IHP, initiated by the high electrostatic
field of the charge compensating cations. Since this reaction
occurs inside the zeolite channels, radical combination reac-
tions are very limited due to the restricted space. As a result
no other radical combination products (e.g. ester) have been
observed. As discussed in the previous section, Ca2+ cations
in ZSM5 are located at isolated aluminum sites with single
negative charges, resulting in cation sites that only partially
compensate the positive charge on a Ca2+ cation. Those
Ca2+ cations possess unusually high Lewis acidity, which
results in strong activation of the IHP O–O bond, followed
by homolysis. Moreover, IHP decomposition to acetone
occurs at Brönsted acid sites. Protons are normally located
at the zeolite framework oxygen site next to the aluminum.
However, the isolated Al sites in the high Si/Al ratio ZSM5
zeolites prevent the IHP at Ca2+ sites to diffuse easily to the
proton sites. In addition, CaZSM has much less Brönsted
acid sites compare to CaY (Fig. 2), which again favors the
IHP homolytic decomposition. Finally, the high amount
of propane adsorbed in the ZSM5 zeolite pores contributes
to a higher rate of 2-propanol formation.

Comparison of the total acetone and 2-propanol produc-
tion per Ca2+ cation site on CaY and CaZSM5 (Table 2)
reveals that Ca2+ in CaZSM5(25) is about five times more
active than in CaY (Table 2). Again, this is attributed to
the very high electrostatic field of Ca2+ in ZSM5. With
increasing Si/Al ratio of ZSM5, the total amount of acetone
and 2-propanol per Ca2+ cation decreased slightly, because
of the lower field in ZSM5(38). Clearly, the 2-propanol to
acetone ratio decreased dramatically with the stronger
decreasing electrostatic field from CaZSM5 to CaY.

Although propane and oxygen adsorption showed a rea-
sonable electric field of Ca2+ in CaMOR, low acetone for-
mation was observed on CaMOR. Moreover, total
oxidation to COx was found. Over-oxidation of acetone
was excluded, since no further oxidation occurred in the
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presence of acetone and oxygen at 353 K. We suggest that
the full oxidation of propane is due to the location Ca2+ in
the unique one-dimensional channel structure together
with the high Brönsted acid concentration. As discussed
above, in MOR, only Ca2+ at site IV (Fig. 1b) is accessible
to both propane and oxygen molecules to allow reaction.
The unique one-dimensional channel (0.65 · 0.7 nm diame-
ter) in MOR seems to inhibit the formation of the branched
IHP molecule at the Ca2+ site. Consequently, only minor
amounts of acetone were found. On the other hand, acidic
zeolites are well known as cracking catalyst for hydrocar-
bon molecules [15]. The high Brönsted acid concentration
and the highly polarized propane molecule in CaMOR
could induce propane cracking. In the presence of oxygen,
the cracking intermediates (e.g. radicals or carbocation)
may further oxidize to CO and CO2. Cracking is most
likely inhibited in lower acidic zeolites such as CaY and
CaZSM5. Further, although ZSM5 has small channels
with diameter of 0.53 · 0.56 nm in case of the straight
channels and 0.51 · 0.5 nm in case of the sinusoidal chan-
nels, preferential location of Ca2+ is at the intersections
of both channels (Fig. 1c) providing enough space to
accommodate IHP. Also the supercage in zeolite Y is large
enough (Fig. 1a) to allow propane selective oxidation.

In good agreement with our previous results, this study
confirmed that a high electrostatic field of Ca2+ determines
the propane oxidation activity and selectivity to partially
oxidized products that are strongly adsorbed in the zeo-
lites. However, it also became clear that the geometrical
restrictions affect the activity due to the limitation of for-
mation transition-state complexes to IHP at Ca2+. The
optimal ratio between Brönsted acid sites and Ca2+ cation
could enhance reaction activity, but too high concentration
of Brönsted acid sites also affects selectivity due to hydro-
carbon cracking.

5. Conclusions

Based on oxygen and propane adsorption at room tem-
perature, the electrostatic field of Ca2+ was observed to
increase in the order CaY < CaMOR < CaZSM5(38) <
CaZSM(25). The electrostatic field and Lewis acidity of
Ca2+ cations in CaY and CaZSM5 was found to correlate
with activity and selectivity of the surface reaction of pro-
pane selective oxidation. At 353 K, low activity but high
selectivity to acetone was observed for propane oxidation
on CaY zeolite due to heterolytic H2O elimination of reac-
tion intermediate IHP. On CaZSM5, an unusual high elec-
trostatic field and Lewis acidity of Ca2+ cation resulted in
high activity, but favored homolytic IHP decomposition,
which formed a 2:1 mixture of 2-propanol and acetone in
the products. On CaMOR, the steric restriction for accom-
modating the transition-state complex to IHP resulted in
the lowest activity of acetone formation. Furthermore, the
high Brönsted acid concentration with high propane polar-
ization on CaMOR resulted in propane deep oxidation to
form CO and CO2. It is convincingly shown that the electro-
static field of Ca2+, the zeolite structures and the presence of
Brönsted acid sites determine the reaction paths in propane
partial oxidation on Ca2+ exchanged zeolites.
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