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Abstract

The possible effects of traces of organic impurities in methanol on the formation of hydrocarbons by surface methoxy groups on acidic
microporous catalysts were studied under batch conditions. For this purpose, surface methoxy groups were prepared on zeolite H-Y and sili-
coaluminophosphate H-SAPO-34 from 13C-enriched methanol (13C-enrichment of 99%, chemical purity of 98+%, with total organic impurities
of ca. 1000 ppm) and highly purified nonenriched methanol (organic impurities <30 ppm), respectively. The conversion of these surface methoxy
groups on thermal treatments at 473–673 K was investigated by the combined 13C MAS NMR-UV/vis spectroscopy. It was found that the for-
mation of primary aromatics and carbenium ions on the methylated zeolite catalysts occurs at identical reaction temperatures from the conversion
of both 13C-enriched and nonenriched surface methoxy groups. 13C MAS NMR-UV/vis studies of H-SAPO-34 catalyst loaded with ethanol and
acetone show that a coverage of at least 0.1 molecule per bridging OH group is essential to obtain aromatics and carbenium ions in a similar
fashion as those formed by the conversion of surface methoxy groups; however, this coverage is at least two orders of magnitude higher than
the ethanol and acetone content present as trace organic impurities in the aforementioned methanol feeds. These findings indicate that traces of
organic impurities present in the methanol do not govern the formation of primary hydrocarbons from surface methoxy groups.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The conversion of methanol and low molecular weight al-
cohols on acidic zeolite catalysts has attracted much attention
in recent years [1]. At higher temperatures, generally methanol
is converted to light olefins, whereas at lower temperatures,
more aromatics and other hydrocarbons are produced. More-
over, the course of the methanol conversion on acidic zeolites
depends strongly on the particular catalyst structure. Currently
it is well accepted that the steady state of the methanol-to-olefin
(MTO) process [1] is dominated by the “hydrocarbon pool”
route [2–5]. In this case, methanol is added onto reactive or-
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ganic species, such as large olefins, methylbenzenes, and cyclic
carbenium ions, while light olefins are formed via elimination
from these species. But the initial C–C bond formation during
the kinetic induction period and the chemistry leading to the
reactive hydrocarbon-pool remains a matter of debate. Theoret-
ical calculations have recently been performed in an attempt
to improve the understanding of the reaction mechanisms in
the MTO process [6–8]. In agreement with earlier catalytic and
spectroscopic studies [1a,1f,9–11], recent solid-state 13C MAS
NMR investigations [12] indicated that the decomposition of
surface methoxy groups results in the formation of primary
hydrocarbons on acidic zeolite catalysts. Furthermore, it was
demonstrated that surface methoxy groups can contribute to the
methylation of aromatics, acting as compounds of the reactive
hydrocarbon pool in the MTO process [12].

In contrast, it has been suggested that initiation of methanol
conversion toward hydrocarbons on acidic zeolite catalysts
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might be affected by cofeeding of impurities in the methanol
feed [13]. On the basis of GC experiments, Haw et al. [14] lent
further support to this suggestion by claiming that the initiation
of the MTO process is typically caused by organic impurities
instead of any direct route from pure methanol and dimethyl
ether (DME).

Traces of organic impurities are generally present in com-
mercial methanol [15]. To clarify whether traces of organic im-
purities also govern the conversion of surface methoxy groups,
the present work compares the formation of primary hydro-
carbons on the methylated zeolite catalysts prepared from the
13C-enriched methanol (13C-enrichment of 99%, chemical pu-
rity of 98+%, with total organic impurities of ca. 1000 ppm)
and from the highly purified nonenriched methanol (organic im-
purities < 30 ppm) on zeolite H-Y and silicoaluminophosphate
H-SAPO-34, respectively.

In recent years, a number of combined spectroscopic meth-
ods have been developed to investigate heterogeneously cat-
alyzed reaction systems simultaneously with different tech-
niques [16–20]. In the present work, the recently introduced
MAS NMR-UV/vis spectroscopy [20] is used to study the ini-
tiation stage of methanol conversion on acidic zeolite catalysts
via the methoxy route. 13C MAS NMR spectroscopy is a suit-
able tool for observing the formation of surface methoxy groups
and their conversion in a general manner, although with limited
sensitivity for some of the reaction products, whereas UV/vis
spectroscopy detects the formation of primary aromatics and
unsaturated carbenium ions with high sensitivity. This advan-
tage of the combined MAS NMR-UV/vis spectroscopy is used
to clarify whether traces of organic impurities present in the
13C-enriched methanol govern the formation of primary hydro-
carbons by conversion of surface methoxy groups on zeolite
catalysts.

2. Experimental

2.1. Materials

Zeolite Na-Y (nSi/nAl = 2.7) was purchased from Degussa
AG (Hanau, Germany). The zeolite NH4,Na-Y was prepared
by a fourfold ion exchange of zeolite Na-Y at 353 K in a
1.0 M aqueous solution of NH4NO3 leading to an ion-exchange
degree of 90%. Subsequently, the material was washed with
demineralized water and dried at room temperature. The zeo-
lite NH4,Na-Y was heated in vacuum at a rate of 20 K/h up to
the final temperature of 723 K. At this temperature, the mate-
rial was calcined at a pressure < 10−2 Pa for 12 h, giving the
zeolite H-Y. The silicoaluminophosphate H-SAPO-34 with an
nSi/(nAl + nSi + nP) ratio of 0.11 was prepared as described
previously [21] for the synthesis of Ni-SAPO-34, but omitting
the nickel salt. To remove the template, the as-synthesized ma-
terial was heated at a rate of 60 K/h to 873 K in dry nitrogen
and calcined at this temperature for 6 h in synthetic air (20 vol%
oxygen, 60 l/h). Subsequently, the sample was subjected to an
additional calcination in vacuum at a heating rate of 20 K/h up
to the final temperature of 673 K. At this temperature, the ma-
terial was calcined at a pressure < 10−2 Pa for 12 h, leading to
H-SAPO-34. The calcined material was sealed and kept in glass
tubes for further use. All of the zeolite catalysts were character-
ized by AES-ICP, XRD, and solid-state 1H, 27Al, and 29Si MAS
NMR spectroscopy, indicating that the material obtained after
cation exchange and calcination was neither damaged nor dea-
luminated.

The preparation of 13C-enriched methoxy species was per-
formed by adsorption of the 13C-enriched methanol (13C-en-
richment of 99%, chemical purity of 98+% [22], purchased
from Cambridge Isotope Laboratories). In addition, methanol
with a natural abundance of 13C-isotopes (chemical purity �
99.9%, purchased from Sigma–Aldrich), further purified by
fractional distillation, was used (denoted as 12CH3OH). GC and
GC/MS analysis showed that 13C-enriched methanol contains
1000 ± 5 ppm of organic impurities (925 ppm of 13C-enriched
ethanol). The highly purified 12CH3OH contains <30 ppm of
organic impurities (ca. 21 ppm of acetone and ca. 7 ppm of
ethanol). 13C-1-ethanol (13C-1-enrichment of 99%, purchased
from ISOTEC) and 13C-2-acetone (13C-2-enrichment of 99%,
purchased from Cambridge Isotope Laboratories) were used as
model compounds of typical impurities.

2.2. MAS NMR-UV/vis experiments

To ensure identical preparation procedures for 13C-enriched
and highly purified nonenriched surface methoxy groups, the
preparation of methoxy species on the acidic catalysts H-Y
and H-SAPO-34 was performed via a vacuum line. The cal-
cined and dehydrated catalysts (300 mg) filled in a glass tube
(ca. 6 mm o.d., ca. 180 mm long) were subjected to methanol
at a pressure of 7.5 mbar and at a temperature of 393 K. There-
after, an evacuation for 6 h at 393 K and additional evacuation
for 6 h at 473 K were performed. Subsequently, the methy-
lated catalysts were fused for further thermal treatments at 473–
673 K for 20 min.

In some experiments, 300 mg of dehydrated H-SAPO-34
were loaded with 13C-1-ethanol or 13C-2-acetone and fused in a
glass tube. After heating at a given temperature (473–673 K) for
20 min, the glass tube was opened in a glove box, and the cata-
lyst was transferred to a 7-mm MAS NMR-UV/vis rotor [20].

The 13C MAS NMR investigations were performed with a
modified 7-mm Bruker MAS NMR probe on a Bruker MSL-
400 spectrometer at a resonance frequency of 100.6 MHz.
High-power proton decoupling (HPDEC) MAS NMR spectra
were recorded after an excitation with a π/2 pulse and with a
repetition time of 5 s. Cross-polarization (CP) MAS NMR spec-
tra were performed with a contact time of 5 ms and a repetition
time of 2 s. A sample spinning rate of ca. 3.5 kHz was applied.
Applying an external intensity standard (dehydrated zeolite
H-Y loaded with 13CH3OH), 13C spin counting, with a repe-
tition time of 30 s, was performed. The 1H MAS NMR investi-
gations were performed with a 4-mm Bruker MAS NMR probe
on a Bruker MSL-400 spectrometer at a resonance frequency of
400.1 MHz. The sample spinning rate of ca. 10.0 kHz was ap-
plied. The 1H spin counting was carried out with a repetition
time of 10 s, applying dehydrated zeolite H,Na-Y with an ex-
change degree of 35% as an external intensity standard. All of
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Fig. 1. 13C CP MAS NMR (left) and UV/vis spectra (middle and right) of zeolite H-Y methylated by 13CH3OH (13CH3-Y, middle) and highly purified 12CH3OH
(12CH3-Y, right) after thermal treatments at 473 (a) to 673 K (d) for 20 min. Asterisks in the NMR spectra denote spinning sidebands. The narrow UV peaks at
ca. 460–500 nm are caused by the equipment.
the 1H and 13C MAS NMR spectra were referenced to tetram-
ethylsilane (TMS). The decomposition and simulation of NMR
spectra were performed using the Bruker WINNMR and WIN-
FIT software.

UV/vis spectra were recorded with an AvaSpec-2048 fiber-
optic spectrometer, an AvaLight-DH-S deuterium light source,
and a glass fiber reflection probe (FCR-7UV20-3-SR-S1) by
Avantes [20]. The dehydrated and unloaded zeolite H-Y and
the silicoaluminophosphate H-SAPO-34 were used as reference
standards for the UV/vis measurements.

3. Results and discussion

3.1. MAS NMR-UV/vis investigation of the conversion of
surface methoxy groups on methylated zeolite Y (CH3-Y)

Fig. 1a shows the 13C CP MAS NMR spectrum of methy-
lated zeolite Y prepared from 13C-enriched methanol. This
spectrum is dominated by the signal of 13C-enriched surface
methoxy groups at 56.2 ppm with spinning sidebands, which is
characteristic for a methylated zeolite Y (13CH3-Y) [12]. The
weak signal at 63.5 ppm is caused by a small amount (relative
intensity of ca. 2%) of side-on adsorbed dimethyl ether (DME)
[12]. The UV/vis spectrum of zeolite 13CH3-Y (Fig. 1a) shows
no UV/vis bands. This finding indicates that the formation of
surface methoxy groups on zeolite H-Y at temperatures of up
to 473 K is not accompanied by the formation of primary aro-
matics and unsaturated carbenium ions.

On heating of zeolite 13CH3-Y at 513 K, the conversion
of surface methoxy groups to hydrocarbons occurred, as in-
dicated by the disappearance of the 13C CP MAS NMR signal
at 56.2 ppm and the appearance of new signals in the aliphatic
range of ca. 10–45 ppm (Fig. 1b). Only weak signals of a small
amount of aromatic compounds can be observed at ca. 120–
150 ppm (see inset). The UV/vis spectrum of this sample con-
tains broad bands at ca. 320–380 nm (Fig. 1b) indicating the
formation of polyalkylaromatics, monoenylic, and dienylic car-
benium cations [23–25]. On thermal treatments at 593 and
673 K (Figs. 1c and 1d), new UV bands occur at 380 and
430 nm due to the formation of dienylic and trienylic carbe-
nium ions or hexamethyl-benzenium cations [23–25]. The 13C
CP MAS NMR spectra of these two samples (Figs. 1c and 1d)
show an increase of the signals of aromatic compounds at ca.
120–150 ppm. The corresponding 13C HPDEC MAS NMR
spectra (not shown) on thermal treatments at given tempera-
tures are essentially identical to those published before (Fig. 4
in Ref. [12]).

The preparation of nonenriched surface methoxy groups
on zeolite H-Y from highly purified nonenriched methanol
(12CH3OH, total organic impurities <30 ppm) was performed
under identical conditions as the preparation of 13C-enriched
methoxy groups. Due to the low natural abundance of 13C-iso-
topes in the nonenriched material, no 13C CP MAS NMR inves-
tigations of zeolite 12CH3-Y could be performed. The identical
formation of surface methoxy groups from 13C-enriched and
highly purified nonenriched methanol was clarified by 1H MAS
NMR measurements. The results are shown and discussed in
the supporting materials.

Fig. 1 shows the UV/vis spectra obtained for the material af-
ter thermal treatments at temperatures of 473–673 K. The com-
parison of the UV/vis spectra recorded for zeolites 13CH3-Y
and 12CH3-Y indicates the formation of same organic com-
pounds (aromatics and unsaturated carbenium ions) on identical
thermal treatments for both catalysts. This finding indicates
that traces of organic impurities present in the 13C-enriched
methanol (ca. 1000 ppm) have no influence on the formation
of primary hydrocarbons on zeolite Y.
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Fig. 2. 13C CP MAS NMR (left) and UV/vis spectra (middle and right) of the silicoaluminophosphate H-SAPO-34 methylated by 13CH3OH (13CH3-SAPO-34,
middle) and highly purified 12CH3OH (12CH3-SAPO-34, right) after thermal treatments at 473 (a) to 673 K (d) for 20 min. Asterisks in the NMR spectra denote
spinning sidebands. The narrow UV/vis peaks at ca. 460–500 nm are caused by the equipment.
3.2. MAS NMR-UV/vis investigation of the conversion of
surface methoxy groups on the methylated
silicoaluminophosphate SAPO-34 (CH3-SAPO-34)

The silicoaluminophosphate H-SAPO-34 is characterized by
a lower number of bridging OH groups with lower acid strength
in comparison with zeolite H-Y, but it gives high yields of light
olefins in the MTO process [1]. Therefore, it is also interest-
ing to study the conversion of surface methoxy groups on this
catalyst. The procedure of the investigation is the same as that
for the study of the conversion of surface methoxy groups on
zeolite Y.

The 13C CP MAS NMR-UV/vis spectra of the methylated
silicoaluminophosphate 13CH3-SAPO-34 recorded on thermal
treatments at 473–673 K are shown in Fig. 2. The 13C CP MAS
NMR spectrum of 13CH3-SAPO-34 recorded on thermal treat-
ment at 473 K is dominated by the signal of surface methoxy
groups at 56.6 ppm (Fig. 2a). The comparison of the intensity
of the signal at 56.6 ppm with the external intensity standard
gives a concentration of ca. 0.6 methoxy groups per bridging
OH group (SiOHAl). Again, no UV/vis bands occur for this
sample, indicating that the formation of methoxy groups on
H-SAPO-34 at 473 K is not accompanied by the formation of
aromatics and unsaturated carbenium ions.

First, on thermal treatment at 513 K, the UV/vis spectrum
of 13CH3-SAPO-34 shows a band at ca. 280 nm due to neu-
tral aromatics (Fig. 2b). Simultaneously, the 13C CP MAS
NMR signal of the surface methoxy groups disappears and
the formation of aliphatic and aromatic compounds can be
observed at ca. 14–45 ppm and 120–150 ppm, respectively
(Fig. 2b). Further thermal treatments up to 673 K led to the
formation of monoenylic, dienylic, and trienylic carbenium
ions, which are responsible for the broad UV/vis bands at ca.
320, 380, and 430 nm (Figs. 2c and 2d). In contrast to zeolite
13CH3-Y, however, the UV/vis spectra of the silicoaluminophos-
phate 13CH3-SAPO-34 recorded on thermal treatments at 593
and 673 K show significantly larger bands in the region of neu-
tral aromatics. This finding closely agrees with the formation of
methylbenzenes occluded in the chabazite cages of SAPO-34.
These methylbenzenes are assumed to be the most reactive hy-
drocarbon pool compounds in the MTO process [1e].

The preparation of nonenriched surface methoxy groups on
the silicoaluminophosphate H-SAPO-34 by conversion of a
highly purified nonenriched methanol (12CH3OH, total organic
impurities <30 ppm) and the subsequent thermal treatments
led to samples giving the UV/vis spectra shown in Fig. 2.
The UV/vis spectra recorded for the silicoaluminophosphates
13CH3-SAPO-34 and 12CH3-SAPO-34 indicate the formation
of same neutral aromatics and carbenium ions on identical ther-
mal treatments. Hence, like in the case of zeolite Y, the traces of
organic impurities occurring in the 13C-enriched methanol (ca.
1000 ppm) have no influence on the formation of primary hy-
drocarbons on H-SAPO-34 as detected by UV/vis spectroscopy.

3.3. Effect of ethanol and acetone on the formation of primary
hydrocarbons on silicoaluminophosphate H-SAPO-34

In addition to water, typical impurities in commercial
methanol are ethanol and acetone [15]. Our GC/MS investiga-
tions indicate that the most important impurity in 13C-enriched
methanol (13C-enrichment of 99%, chemical purity of 98+%
[22], derived from Cambridge Isotope Laboratories) is ethanol.
To study the influence of ethanol in methanol on the decompo-
sition of surface methoxy groups, the conversion of ethanol
on silicoaluminophosphate H-SAPO-34 was investigated by
13C MAS NMR-UV/vis spectroscopy. For this purpose, the
13C-1-enriched ethanol was loaded with coverage of 0.02–
0.25 molecule per bridging OH group (SiOHAl) on the dehy-
drated H-SAPO-34. After thermal treatments of the ethanol-
loaded H-SAPO-34 samples at 673 K for 20 min, the 13C
MAS NMR and UV/vis spectra were recorded (Fig. 3). Start-
ing with a loading of 0.05 ethanol molecule per SiOHAl group,
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Fig. 3. 13C HPDEC MAS NMR (left) and UV/vis spectra (right) recorded after thermal treatment (673 K) of silicoaluminophosphate H-SAPO-34 loaded with
0.02 (a)–0.25 molecules (d) 13C-1-ethanol per bridging OH group (SiOHAl). Asterisks in NMR spectra denote spinning sidebands. The narrow peaks at ca. 460–
500 nm in UV/vis spectra are caused by the equipment.
weak signals and bands due to the formation of hydrocarbons
from ethanol on H-SAPO-34 catalyst are evident (Fig. 3b). The
UV/vis bands comparable with those observed on thermal con-
version of the methoxy groups on H-SAPO-34 (cf. Fig. 2d)
occur for the sample loaded with at least 0.10 ethanol molecule
per SiOHAl group (Fig. 3c). Also in the case of the conversion
of ethanol on H-SAPO-34, a strong UV/vis band of neutral aro-
matics occurs at 270 nm, accompanied by a broad 13C MAS
NMR signal at ca. 120–150 ppm. A similar result was obtained
after thermal treatment of the ethanol-loaded H-SAPO-34 cata-
lysts at 593 K (not shown).

It is important to note that there are no UV/vis bands of
aromatics and carbenium ions up to a loading of H-SAPO-34
with 0.05 ethanol molecule per SiOHAl group. First significant
NMR signals and UV/vis bands were observed on a loading
of H-SAPO-34 with 0.10 ethanol molecule per bridging OH
group (Fig. 3c), the intensities of which are comparable with
those obtained for the conversion of 13C-enriched methanol
on H-SAPO-34 (Fig. 2d). When preparing 0.6 methoxy group
per bridging OH group on H-SAPO-34 from 13C-enriched
methanol (cf. Fig. 2), the maximum ethanol coverage is 0.6 ×
1000 ppm, that is, 6 × 10−4 per bridging OH group (assum-
ing that the organic impurities are all due to ethanol). This
ethanol coverage, however, is ca. two orders of magnitude lower
(6 × 10−4/0.1 = 6 × 10−3) than the loading of 0.10 ethanol
molecule per bridging OH group, which is required to give
UV/vis bands with similar intensities as in Fig. 2c. Therefore,
traces of ethanol in the 13C-enriched methanol cannot be re-
sponsible for the NMR signals and UV bands shown in Fig. 2.
In the case of preparation of 0.6 methoxy group per bridg-
ing OH group on H-SAPO-34 via highly purified nonenriched
methanol (12CH3OH, total organic impurities <30 ppm), the
ethanol coverage (0.6 × 30 ppm = 1.8 × 10−5) is even ca. four
orders magnitude lower (1.8 × 10−5/0.1 = 1.8 × 10−4) than
that required to give the UV/vis bands of significant and ob-
servable intensities.

A similar result was also obtained after thermal treatment
of acetone-loaded H-SAPO-34 on thermal treatment at 673 K
(Fig. 4). To reach comparable intensities of bands in the UV/vis
spectra as in Figs. 2d and 3c, the acetone coverage has to be at
least 0.05 molecule per bridging OH group (see, e.g., Fig. 4b).
This acetone coverage is much higher than the coverage, which
can be reached by traces of acetone in 13C-enriched methanol.

Commercial methanol consists of, in general, several hun-
dred ppm of different organic impurities [15], the concentra-
tions of which are between those of impurities in the highly pu-
rified nonenriched methanol (<30 ppm) and the 13C-enriched
methanol (ca. 1000 ppm) used in the present study. For the
aforementioned concentrations of impurities, no effect on the
formation of primary hydrocarbons during the conversion of
the surface methoxy groups on zeolite catalysts could be ob-
served by MAS NMR-UV/vis spectroscopy. Therefore, traces
of organic impurities in the methanol should not govern the ini-
tiation of the methanol conversion on these catalysts via the
methoxy route.
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Fig. 4. 13C HPDEC MAS NMR (left) and UV/vis spectra (right) recorded after thermal treatment (673 K) of silicoaluminophosphate H-SAPO-34 loaded with
0.02 (a)–0.25 molecules (d) 13C-2-acetone per bridging OH group (SiOHAl). Asterisks in NMR spectra denote spinning sidebands. The narrow peaks at ca. 460–
500 nm in UV/vis spectra are caused by the equipment.
4. Conclusion

The aim of this work was to clarify whether traces of or-
ganic impurities govern the formation of first hydrocarbons on
acidic zeolite type catalysts from the conversion of the sur-
face methoxy groups. For this purpose, samples of zeolite H-Y
and silicoaluminophosphate H-SAPO-34 were methylated by
adsorption of 13C-enriched methanol (13C-enrichment of 99%,
chemical purity of 98+%, with total organic impurities of ca.
1000 ppm) and highly purified nonenriched methanol (organic
impurities <30 ppm). The conversion of the surface methoxy
groups on the two above-mentioned catalysts on thermal treat-
ments at 473–673 K was investigated by 13C MAS NMR and
UV/vis spectroscopy. Because the formation of first aromatics
and carbenium ions was observed at same reaction tempera-
tures for both 13C-enriched and nonenriched surface methoxy
groups, the influence of traces of organic impurities present
in the 13C-enriched methanol on the formation of primary hy-
drocarbons on the methylated zeolite catalysts can be exclud-
ed.

Ethanol and acetone are the most important organic impuri-
ties in commercial methanol. Therefore, the formation of pri-
mary hydrocarbons by the conversion of ethanol and acetone
on H-SAPO-34 was investigated by combined 13C MAS NMR-
UV/vis spectroscopy. These experiments demonstrate that cov-
erage of at least 0.1 ethanol and acetone molecule per bridging
OH group is necessary to obtain neutral aromatics and carbe-
nium ions similar to those formed by the conversion of the
methylated catalyst at the same reaction temperature. Consider-
ing the number of 0.6 methoxy groups per bridging OH group
prepared on H-SAPO-34, the ethanol and acetone coverage
mentioned above is more than two orders of magnitude higher
than the ethanol and acetone coverage attainable by impurities
in methanol. Therefore, studies of the ethanol- and acetone-
loaded H-SAPO-34 sample give additional evidence that the
13C MAS NMR-UV/vis spectra of the methylated SAPO-34 on
thermal treatment are not governed by ethanol and acetone oc-
curring as traces of organic impurities.

Acknowledgments

Financial support was provided by the Deutsche Forschungs-
gemeinschaft and Fonds der Chemischen Industrie and the
EU (Marie Curie Action project TOK-CATA MTKD-CT-2004-
509832). The authors thank Feng Li for preparing the highly
purified methanol and P.L. De Cola for performing the GC and
GC/MS measurements.

Supporting material

The online version of this article contains additional support-
ing material.

Please visit doi: 10.1016/j.jcat.2005.11.029.

http://dx.doi.org/10.1016/j.jcat.2005.11.029


Y. Jiang et al. / Journal of Catalysis 238 (2006) 21–27 27
References

[1] For reviews, see for example:
(a) M. Stoecker, Microporous Mesoporous Mater. 29 (1999) 3;
(b) F.J. Keil, Microporous Mesoporous Mater. 29 (1999) 49;
(c) C.D. Chang, in: G. Ertl, H. Knoezinger, J. Weitkamp (Eds.), Handbook
of Heterogeneous Catalysis, VCH, Weinheim, Germany, 1997, p. 1894;
(d) C.D. Chang, Catal. Rev. 25 (1983) 1;
(e) J.F. Haw, W. Song, D.M. Marcus, J.B. Nicholas, Acc. Chem. Res. 36
(2003) 317;
(f) G.J. Hutchings, R. Hunter, Catal. Today 6 (1990) 279;
(g) J.F. Haw, Top. Catal. 34 (2005) 41.

[2] (a) I.M. Dahl, S. Kolboe, J. Catal. 149 (1994) 458;
(b) I.M. Dahl, S. Kolboe, J. Catal. 161 (1996) 304;
(c) B. Arstad, S. Kolboe, J. Am. Chem. Soc. 123 (2001) 8137.

[3] (a) P.W. Goguen, T. Xu, D.H. Barich, T.W. Skloss, W.G. Song, Z.K. Wang,
J.B. Nicholas, J.F. Haw, J. Am. Chem. Soc. 120 (1998) 2650;
(b) W. Song, J.F. Haw, J.B. Nicholas, K. Heneghan, J. Am. Chem. Soc. 122
(2000) 10726;
(c) A. Sassi, M.A. Wildman, H.J. Ahn, P. Prasad, J.B. Nicholas, J.F. Haw,
J. Phys. Chem. B 106 (2002) 2294.

[4] (a) M. Seiler, U. Schenk, M. Hunger, Catal. Lett. 62 (1999) 139;
(b) M. Hunger, M. Seiler, A. Buchholz, Catal. Lett. 74 (2001) 61;
(c) M. Seiler, W. Wang, A. Buchholz, M. Hunger, Catal. Lett. 88 (2003)
187.

[5] A.T. Aguayo, A.G. Gayubo, R. Vivanco, A. Alonso, J. Bilbao, Ind. Eng.
Chem. Res. 44 (2005) 7279.

[6] (a) S.R. Blaszkowski, R.A. van Santen, J. Am. Chem. Soc. 119 (1997)
5020;
(b) S.R. Blaszkowski, R.A. van Santen, J. Phys. Chem. B 101 (1997)
2292.

[7] B. Arstad, J.B. Nicholas, J.F. Haw, J. Am. Chem. Soc. 126 (2004) 2991.
[8] (a) S. Svelle, S. Kolboe, O. Swang, U. Olsbye, J. Phys. Chem. B 109

(2005) 12874;
(b) S. Svelle, B. Arstad, S. Kolboe, O. Swang, J. Phys. Chem. B 107 (2003)
9281.

[9] (a) J. Rakoczy, B. Sulikowski, React. Kinet. Catal. Lett. 36 (1988) 241;
(b) B. Sulikowski, J. Klinowski, Appl. Catal. 89 (1992) 69.

[10] (a) T.R. Forester, S.T. Wong, R.F. Howe, J. Chem. Soc., Chem. Commun.
(1986) 1611;
(b) T.R. Forester, R.F. Howe, J. Am. Chem. Soc. 109 (1987) 5076;
(c) J. Datka, J. Rakoczy, G. Zadrozna, in: M.M.J. Treacy, B.K. Marcus,
M.E. Bisher, J.B. Higgins (Eds.), Proc. 12th Int. Zeolite Conf., Balti-
more, MA, USA, 5–10 July, 1998, Materials Research Society, Warren-
dale, 1999, p. 2601.

[11] (a) E.G. Derouane, J.P. Gilson, J.B. Nagy, Zeolites 2 (1982) 42;
(b) J. Novakova, L. Kubelkova, K. Habersberger, Z. Dolejsek, J. Chem.
Soc., Faraday Trans. I 80 (1984) 1457;
(c) F. Salehirad, M.W. Anderson, J. Catal. 164 (1996) 301.

[12] W. Wang, A. Buchholz, M. Seiler, M. Hunger, J. Am. Chem. Soc. 125
(2003) 15260.

[13] (a) B.E. Langner, Appl. Catal. 2 (1982) 289;
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