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Abstract

This paper reviews mechanistic investigations of the methanol-to-olefin (MTO) process by in situ solid-state NMR spectroscopy, mainly

performed under continuous-flow and stopped-flow conditions. During methanol conversion on the silicoaluminophosphate H-SAPO-34 under

continuous-flow conditions, a hydrocarbon-pool consisting of a mixture of C6–C12 olefins and aromatics was found. The hydrocarbon-pool

mechanism was verified as the dominating route in the MTO process under steady-state conditions. By in situ MAS NMR experiments under

continuous-flow conditions it could be demonstrated that methanol molecules are added to the hydrocarbon-pool and light olefins are split off as

reaction products. The reactivity of surface methoxy groups in theMTO process were evidenced by the reaction with different probe molecules. By

the new developed in situ MAS NMR-UV/vis technique, the initial formation of the hydrocarbon-pool during the induction period was

investigated.
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1. Introduction

Since its discovery by Chang and Silvestri at Mobil Oil in

1977, the conversion of methanol to hydrocarbons (MTHC) on

acidic zeolite catalysts has attracted significant research

attention [1–3]. The MTHC technology, mainly the metha-

nol-to-gasoline (MTG) and methanol-to-olefin (MTO) reac-

tions, was regarded as a new route to convert coal or natural gas

into high-octane gasoline and chemicals in general [1]. In 1986,

the MTG process was commercialized in New Zealand,

producing ca. 600,000 tonnes gasoline per year via this route

[4]. Unfortunately, this attempt has not led to a world-wide

industry as expected and the MTG production part of the

factory was later closed down, due to the more benefit from

methanol than gasoline. However, the extensive interest in the

reaction mechanism has still been rising from both industrial

and academic researchers. Due to increasing demands for light
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olefins in the past decade, research in the field of heterogeneous

catalysis focused on the mechanisms of the MTO process.

The main reaction route of the MTO process can be

described in the following [1]: the first step is the formation of

dimethyl ether (DME) by the dehydration of methanol on acidic

zeolite catalysts. The equilibrium mixture of methanol, DME

and water is converted to light olefins, which further form

higher olefins, paraffins, aromatics and naphthenes via

hydrogen transfer, alkylation, isomerization, polycondensation

and other secondary reactions. The detailed mechanism

involved in the MTO process has been, however, a matter of

discussions till now. Two issues are mainly argued: (i)

dehydration of methanol to DME in the low-temperature

range of T � 523 K. It has been a matter of research, whether or

not the surface methoxy groups, which can be formed from

methanol at bridging OH groups of acidic zeolites, act as active

intermediates during the conversion of methanol to DME. (ii)

The initial C–C bond formation from the C1 reactants in the

high-temperature range of T � 523 K. More than 20 mechan-

istic proposals were suggested for the first C–C bond formation

in the MTO process, some of which are based on surface-bound

alkoxy species, oxonium ylides, carbenes, carbocations or free

radicals as key intermediates [1]. The various mechanistic
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proposals concerning the first C–C bond formation were

summarized recently in the review paper of Stoecker [1].

In situ spectroscopic methods [5–8] toward getting snap-

shots of a working catalyst are superior approaches to

investigate the mechanisms involved in heterogeneous cata-

lysis. Solid-state Magic-Angle Spinning (MAS) NMR spectro-

scopy [9–13], which can provide both structural and dynamic

information about the heterogeneous catalytic system, is

certainly considered as one of the most suitable approaches

for these in situ studies. In the last two decades, various MAS

NMR spectroscopic techniques [5–8,14–22] have been devel-

oped for in situ investigations on heterogeneous catalysis.

Among the in situ NMR techniques successfully applied to

study the conversion of methanol on acidic zeolites in the low-

temperature (T � 523 K, formation of DME) and/or high-

temperature range (T � 523 K, formation of olefins and

gasoline), are the stop-and-go method under batch conditions

[23,24], the pulse-quench method [25,26] and various flow

techniques [27–34]. This paper summarizes mechanistic

studies of the MTO process by in situ MAS NMR spectroscopy

mainly performed under continuous-flow and stopped-flow

conditions.

2. Investigation of the MTO process under steady-state

conditions: hydrocarbon-pool mechanism

Haag [35], Hoelderich et al. [36], Dessau [37] and Kolboe

and Dahl [38–41] suggested a hydrocarbon-pool mechanism to

explain the formation of light olefins. According to this

proposal, large carbonaceous species are initially formed

during the induction period of the reaction, which can further

add reactants and split off products in the steady-state of the

reaction. The hydrocarbon-pool species were proposed to

possess many characteristics for ordinary coke, which may be

described by (CHx)n with 0 < x < 2 [1]. Recent studies

[17,25,26,29,30,34,42–46] have verified that the MTO process

under steady-state conditions is dominated by this hydro-

carbon-pool route. Methanol is added onto the reactive organic

species, such as polymethylbenzenes, large olefins, cyclic

carbenium ions and probably methylbenzenium cations, while

light olefins are formed via the elimination of alkyl chains from

these organic centers. In situ MAS NMR spectroscopy under

flow conditions has been applied to shed more light on this

hydrocarbon-pool route involved in the MTO process under

steady-state conditions on zeolites H-ZSM-5, H-SAPO-34 and

H-SAPO-18 as catalysts [29,30,34].

2.1. Characterization of the hydrocarbon-pool

The various NMR techniques, developed for in situ

investigations of heterogeneously catalyzed reactions, have

been reviewed elsewhere [5,18,20–22]. In 1995, the first in situ

MAS NMR technique under continuous-flow (CF) conditions

was introduced [47,48]. This technique utilizes an MAS NMR

rotor inside a variable-temperature probe as a microreactor for

heterogeneous catalysis. This technique successfully realizes

the continuous feeding of the volatile reactants (vapor) by
carrier gas (dry nitrogen) into the spinning MAS NMR rotor

[47,48]. By a special tool, the activated catalyst in the MAS

NMR rotor is pressed to a hollow cylinder. An injection tube is

inserted into the sample volume via an axially placed hole in the

MAS NMR rotor cap. The reactant feed is injected into the

inner space of the hollow cylinder and flows from the bottom to

the top of the MAS NMR rotor reactor [47,48]. The volatile

products leave the sample volume continuously via an annular

gap in the rotor cap, and can be further introduced into the

sampling loop of an on-line gas chromatograph [49]. Using a

DSI-740 7 mm STD MAS NMR probe (Doty Scientific

Instruments, Columbia, TX, USA) modified with a home-built

injection system, in situ NMR investigations of heteroge-

neously catalyzed reactions can be performed under flow

conditions at atmospheric pressure, at temperatures up to

723 K, and with sample spinning rates of 2–3 kHz [29,50].

With this technique, a direct NMR investigation of the

formation and transformation of surface species and a

simultaneous gas chromatographic analysis of the reaction

products under steady-state conditions is possible. The MTO

processwas, therefore, investigated by this in situCFMASNMR

technique. To ensure that meaningful catalytic investigations are

performed in the spinningMASNMR rotor reactor, the catalytic

experiments were reproduced in a conventional fixed-bed reactor

under the identical operating conditions. Methane was deliber-

ately added as an internal gas standard to the methanol flow and

analyses of the reaction products were undertakenvia on-line gas

chromatography [30]. In Fig. 1, the conversion ofmethanol,Xme,

and the yields, Yi, of main reaction products obtained on H-

SAPO-34 in the reaction temperature range of 373–648 K are

plotted. The modified residence time of methanol was W/

F = 25 g h/mol in both reactors [30]. The results obtained for the

studies performed with the fixed-bed reactor (Fig. 1a) agree well

with those obtained with the spinning MAS NMR rotor reactor

(Fig. 1b). Methanol conversion takes place in the same

temperature range, and the same qualitative shapes of the

conversion and yield curves were obtained both using the fixed-

bed reactor and the spinningMASNMRrotor reactor [30]. Slight

quantitative deviations in the yield curves are explained by the

different shapes of the catalyst beds inside the two reactors. In

conclusion, the in situ CF MAS NMR technique is reliable to

characterize methanol conversion on acidic zeolite catalysts

under steady-state conditions.

To investigate the methanol conversion under steady-state

conditions by in situ CFMASNMR spectroscopy, a flow of 13C-

enriched methanol (W/F = 25 g h/mol) was injected into a

spinning 7 mmMASNMRrotor reactor filledwith ca. 100 mgof

the calcined zeolites H-ZSM-5, H-SAPO-18 or H-SAPO-34

[29,30]. Fig. 2 shows the in situ 13C CF MAS NMR spectra

obtained during the conversion of 13CH3OHonH-SAPO-34 (nSi/

(nAl + nSi + nP) = 0.088) at reaction temperatures of 373–673 K.

In the low-temperature range of T � 523 K (Fig. 2a–d), the

conversion ofmethanol toDME takes place, indicated by the 13C

MAS NMR signals at 50 (methanol) and 61 (DME) ppm. This

finding agreeswith the high yield ofDME (Ydme = 58%) at 523 K

obtained by the on-line gas chromatography (Fig. 2d). After the

reaction temperaturewas increased to 548 Kor higher, 13CMAS
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Fig. 1. Conversion of methanol, Xme, and yields, Yi, of dimethyl ether (dme),

ethylene (C2=), propylene (C3=), butenes (C4=) and butanes (C4) on the

silicoaluminophosphate H-SAPO-34 at reaction temperatures of 350–650 K,

obtained with a modified residence time of W/F = 25 g h/mol in a fixed-bed

reactor (a) and in an MAS NMR rotor reactor spinning with ca. 2 kHz (b) [30].
NMR signals appeared in the alkyl region of 10–35 ppm

accompanied by broad signals in the olefinic and aromatic region

of 129–134 ppm (Fig. 2e–h), indicating the formation of the

hydrocarbon-pool. Simultaneously, strong increases in the yields

of light olefinswere observed by the on-line gas chromatography.

To study the hydrocarbon-pool species, which are chemically

stable and occluded in H-SAPO-34 after methanol conversion at
Scheme
673 K, the working catalyst was further purged with dry carrier

gas (30 ml/min) at the same temperature. The spectrum obtained

after purging consists of signals at 22 and 129 ppm (Fig. 2i).

For a detailed analysis of the hydrocarbon-pool species

formed under steady-state conditions, a line separation of the
13C MAS NMR spectra was performed using the BRUKER

software WINFIT [30]. The 13C CF MAS NMR signals

observed during methanol conversion on H-SAPO-34 at

reaction temperatures of 548–673 K were attributed to a

mixture of C6–C12 aromatics and olefins, such as polymethyl-

benzenes (134, 129 and 21 ppm), 3-hexene (131–133, ca. 21

and 15 ppm), 2,5-dimethyl-3-hexene (134–136, ca. 32 and

22 ppm), 2,3-hexadiene (132–134, 126–128 ppm and ca.

18 ppm), alkylated octadienes (133–135, ca. 25, 23 and

15 ppm), cyclopentene (131–133, ca. 33 and 23 ppm) and

diethylcyclopentene (133–135 and various signals at 14–

33 ppm) [30]. The signals at ca. 22 and 129 ppm (Fig. 2i),

observed after purging the working catalyst at 673 K with dry

carrier gas, indicate the presence of aromatic compounds such

as para-xylene (134, 129 and 21 ppm) occluded in the pores of

H-SAPO-34 [30]. These findings are in agreement with the

work of Kolboe’s group [42–44] and Haw’s group [26,46]. The

repeated methylations of arenes lead to the formation of

pentamethylbenene and hexamethylbenzene, which are

unstable and can split off ethane or propene under the reaction

conditions. Subsequently, these alkylbenzenes are methylated

again and involved in the catalytic cycles.

2.2. Catalytic role of the hydrocarbon-pool in the MTO

process under steady-state conditions

In order to identify the catalytic role of the hydrocarbon-

pool, the MTO process was further studied by in situ 13C CF

MASNMR spectroscopy with an altering flow of 13CH3OH and
12CH3OH [34]. After the conversion of 13CH3OH under steady-

state conditions, the reactant flow was switched to 12CH3OH

with identical reaction parameters. If the alkyl groups of the

hydrocarbon-pool were involved in the conversion of methanol,

e.g. by adding methanol and splitting off products, such as

ethene, the 13C-isotope abundance of these groups would

strongly decrease after switching from 13CH3OH to 12CH3OH

(Scheme 1).

To quantify the 13C-isotope abundance of the alkyl groups

contributing to the hydrocarbon-pool, the 13C MAS NMR

spectral region of 0–40 ppm was integrated in the absolute

intensity mode [34]. These integrals were set to 100% in the
1.
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Fig. 2. 13C CFMAS NMR spectra of calcined H-SAPO-34 recorded during the conversion of 13C-enriched methanol (W/F = 25 g h/mol) at reaction temperatures of

373 (a) to 673 K (h). Spectrum (i) corresponds to spectrum (h) but was recorded after the purge of the working catalyst with dry nitrogen at 673 K. On the left-hand

side, the yields of dimethyl ether (DME), ethylene (C2=), propylene (C3=), butenes (C4=) and butanes (C4) simultaneously determined by on-line gas chromatography

are given [30].
spectra recorded during the conversion of 13C-enriched

methanol under steady-state conditions at 548 and 573 K

[34]. After the reactant flow was switched from 13CH3OH to
12CH3OH for 1 h, the 13C-isotope abundance of the corre-

sponding alkyl groups was decreased by ca. 40%. The 1H CF

MAS NMR spectra, on the other hand, showed no change of the

total hydrogen atoms contributing to the hydrocarbon-pool.

This finding provides direct experimental evidence that the
olefinic and aromatic species of the hydrocarbon-pool play an

active role in the MTO process under steady-state conditions.

2.3. Study of the hydrocarbon-pool on acidic zeolite

catalysts by in situ MAS NMR-UV/vis spectroscopy

A very recent development in our group is the direct

coupling of in situ UV/vis and in situ CF MAS NMR
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Fig. 3. Scheme of the CFMASNMR probe coupled with a glass-fiber optics for

UV/vis spectroscopy [51].
spectroscopy under flow conditions [51]. The CF MAS NMR-

UV/vis probe is still based on the injection technique depicted

in Refs. [47] and [48]. Inside the 7 mm CF MAS NMR-UV/vis

probe shown in Fig. 3, a glass fiber was fixed to the bottom of

the stator. The MAS NMR rotor was modified at the bottom

with a quartz window. Via the quartz window and the glass

fiber, working catalysts in the rotor reactor can be investigated

by a fiber-optic UV/vis spectrometer and an NMR spectrometer

simultaneously. This new technique was applied to study the

formation of hydrocarbons during the conversion of methanol

on a weakly dealuminated zeolite H-ZSM-5 (nSi/nAl = 22.0)

[51].

The 13C CF MAS NMR spectrum recorded at 413 K during

the conversion of 13C-enriched methanol (Fig. 4a, left) consists

of signals at 51 and 61 ppm due to methanol and DME,

respectively. A very weak signal appeared at ca. 23 ppm,
Fig. 4. In situ 13C CFMAS NMR (left) and UV/vis (right) spectra of dealuminated z

conditions (W/F = 25 g h/mol) at 413 K for 2 h (a), during a subsequent conversion of
12CH2

12CH2 (W/F = 10 g h/mol) at 413 Kon a fresh catalyst for 2 h (c) [51]. Asteri

due to the equipment.
probably due to alkanes or alkylated cyclic compounds [51].

The occurrence of the signals at 23 and 61 ppm indicates that

the conversion of methanol on weakly dealuminated zeolite H-

ZSM-5 starts already at 413 K. The simultaneously recorded

UV/vis spectrum (Fig. 4a, right) consists of bands at 275, 315

and 375 nm. The band at 275 nm indicates the formation of

neutral aromatic compounds [52,53], while those at 315 and

375 nm may be due to mono- and dienylic carbenium ions

[52,53], respectively. The UV/vis spectrum of the non-

dealuminated zeolite H-ZSM-5 (i.e. the parent sample of

zeolite H-ZSM-5), recorded under the same reaction condi-

tions, consists only of a very weak band at ca. 300 nm.

Therefore, the formation of first hydrocarbons and carbenium

ions on the weakly dealuminated zeolite H-ZSM-5, already at

413 K, may be caused by Lewis acid sites at extra-framework

aluminum species [51].

The conversion of ethene (13C-isotopes in natural abundance)

was further studied on theweakly dealuminated zeolite H-ZSM-

5 after methanol conversion (Fig. 4b). 13C MASNMR signals at

14, 23 and 32 ppm (Fig. 4b, left), occurring after the conversion

of ethene at 413 K for 1 h, are due to alkyl groups of alkylated

cyclic compounds. The simultaneously recorded UV/vis

spectrum (Fig. 4b, right) shows bands at 300 and 375 nm,

which hint to the formation of neutral cyclic compounds and

dienylic carbenium ions, respectively [52]. For a comparison, the

spectra recorded after the conversion of ethene on a fresh

dealuminated zeolite H-ZSM-5 are shown in Fig. 4c. The 13C

MAS NMR spectrum consists of signals at 14, 24 and 34 ppm

(Fig. 4c, left). In addition, a broad signal in the chemical shift

range of olefinic and aromatic compounds occurred at ca.

120 ppm. TheUV/vis spectrumconsists of bands similar to those
eolite H-ZSM-5 recorded during conversion of 13CH3OH under continuous-flow
12CH2

12CH2 (W/F = 10 g h/mol) at 413 K for 1 h (b) and during conversion of

sks denote spinning sidebands. The narrow peaks at ca. 500 nm in UV spectra are
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in Fig. 4b and an additional weak band at ca. 450 nm. The latter

may be attributed to condensed aromatics or trienylic carbenium

ions [52]. Theweak shoulder at ca. 400 nmcould be an indication

for the formation of hexamethylbenzenium ions [53].

The simultaneous investigation of methanol conversion on

weakly dealuminated zeolite H-ZSM-5 by in situ 13C CF MAS

NMR and UV/vis spectroscopy has shown that first cyclic

compounds and carbenium ions are formed already at 413 K.

This result is in agreement with UV/vis studies of the methanol

conversion on dealuminated zoelite H-ZSM-5 performed by

Karge et al. [54]. Extra-framework aluminum species acting as

Lewis acid sites are probably responsible for accelerating the

formation of hydrocarbons and carbenium ions at low reaction

temperatures. While NMR spectroscopy allows the identifica-

tion of alkyl signals in more detail, UV/vis spectroscopy gives

hints to the formation of low amounts of aromatic compounds

and carbenium ions [51].

3. Reactivity of surface methoxy groups

As described in Section 2, recent investigations evidence that

the MTO process under steady-state conditions is dominated by

the hydrocarbon-pool mechanism. However, the initial C–C

bond formation, i.e. the chemistry during the ‘‘induction period’’

leading to the formation of the first organic compounds and,

subsequently, to the reactive hydrocarbon-pool remains unclear.

Among the mechanistic proposals for the first C–C bond

formation in the MTO process [1], the existence and possible

intermediary role of surface-bound species have received

significant support from both experimental studies [55–68]

and theoretical calculations [69–81]. For example, surface

methoxy groups have been successfully detected in situ or ex situ

by 13CMASNMR spectroscopy during themethanol conversion

on various zeolite catalysts. 13C MAS NMR signals at chemical

shifts of ca. 56 ppm for zeolite H-Y [31–33,82–87], 59 ppm for

zeolite H-ZSM-5 [29,31,33,67,83–86] and 56 ppm for the

silicoaluminophosphate H-SAPO-34 [26,31,33,64,65,88] were

consistently observed. However, the further investigation of their

catalytic role was hindered by the system complexity, for

example, by the superposition of the signals of surface methoxy

groups and other species. By the in situ stopped-flowMASNMR

technique, we have been able to prepare zeolite catalysts covered

by surface methoxy groups only [31–33]. The high reactivity of

surface methoxy groups was further investigated using different

probe molecules, which are possibly involved in the MTO

process, for example, water, methanol, toluene (aromatics) and

cyclohexane (saturated hydrocarbons) [31,33]. Moreover, the

experiments indicated that the decomposition of surface

methoxy groups may contribute to the formation of the first

hydrocarbons on zeolites H-Y, H-ZSM-5 and H-SAPO-34 [33].

3.1. Study of surface methoxy groups during the conversion

of methanol to DME on acidic zeolites under

continuous-flow (CF) conditions

At reaction temperatures of T � 523 K, the conversion of

methanol on acidic zeolites is dominated by the dehydration of
methanol to dimethyl ether (DME) [1]. The mechanism

involved in the formation of DME has been a matter of

discussions. Two arguments were generally proposed. In the

indirect route (Eqs. (1a) and (1b)), methanol molecules

adsorbed on bridging OH groups are converted first to methoxy

groups (ZOCH3), which subsequently react with another

methanol molecule to form DME [56,66]. Here Z stands for

the zeolite framework.

CH3OH þ ZOH

! ðCH3
dþ � � �OH2

dþ � � �ZOd�Þ 6¼ ! ZOCH3 þH2O (1a)

ZOCH3 þCH3OH ! ðCH3
dþ � � �CH3OH

dþ � � �ZOd�Þ 6¼

! ZOH þ CH3OCH3 (1b)

In the direct route (Eq. (2)), however, two methanol molecules

react with each other on one Brønsted acid site [89]. This

pathway involves the simultaneous adsorption and reaction of

two methanol molecules, with the formation of one DME and

one water molecule in a single step.

2CH3OH þ ZOH

! ðCH3OH
dþ � � �CH3

dþ � � �OH2
dþ � � �ZOd�Þ 6¼

! ZOH þ CH3OCH3 þH2O (2)

To clarify the mechanism of the formation of DME by

conversion of methanol on acidic zeolites, in situ 13C CF MAS

and 13C CF CP/MAS NMR spectroscopy was applied [31].

After loading of 13C-enriched methanol on zeolite H-Y (nSi/

nAl = 2.7) at 393 K, the 13C CF MAS NMR spectrum consisted

of a single signal at 50 ppm due to methanol. In the spectrum

recorded with cross polarization (CP) technique, an additional

signal occurred at 63.5 ppm [31] due to DME strongly adsorbed

with a side-on conformation [78,90]. After the reaction

temperature was increased to 433 K, conversion of methanol

to DME was detected via on-line gas chromatography

(Ydme = 0.04). At this reaction temperature, the 13C MAS

NMR spectrum showed a decrease of the signal of adsorbed

methanol molecules (50 ppm), and the presence of DME

adsorbed with an end-on conformation (60.5 ppm). A new

signal occurring at 56.2 ppm indicated the formation of surface

methoxy groups [31]. Simultaneously with an increase of the

DME yield at 473 K (Ydme = 0.23), an increase of the signal of

surface methoxy groups (56.2 ppm) was observed by 13C CF

CP/MAS NMR spectroscopy [31].

This experiment indicates that methoxy groups are formed

during the conversion of methanol to DME under continuous-

flow conditions. However, the temperatures for the formation of

surface methoxy groups and DME are very close. Under these

conditions it is difficult to determine unambiguously whether

the methoxy groups are the intermediates responsible for DME

formation or only spectator species. Therefore, a meaningful

experiment clarifying the catalytic role of methoxy groups has

to start with catalysts exclusively covered by these surface

species.
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Fig. 5. In situ 13C MAS NMR (left) and CP/MAS NMR (right) spectra of zeolite H-Y (nSi/nAl = 2.7) recorded during the formation of methoxy groups (56.6 ppm) at

different temperatures. The spectra were obtained after a continuous injection of 13CH3OH into the MAS NMR rotor reactor at room temperature for 20 min (a) and

upon a subsequent purging with dry nitrogen (200 ml/min) at room temperature (b), 373 K (c), 413 K (d), 433 K (e), 453 K (f) and 473 K (g). The temperature

treatments were performed for 2 h at each temperature [32]. Asterisks denote spinning sidebands.

Scheme 2.
3.2. In situ preparation of methoxy groups on acidic zeolite

catalysts by the stopped-flow technique

To unambiguously elucidate the nature and reactivity of

surface methoxy groups, the preparation of a high concentra-

tion of methoxy groups on the zeolite catalysts is an important

prerequisite. This issue has been successfully achieved by a

stopped-flow protocol. This protocol starts with a flow of 13C-

enriched methanol into the reactor filled with acidic zeolites

followed by purging of the catalyst with dry nitrogen both at

room temperature and, subsequently, by purging at elevated

temperatures [31,32]. The latter step removes progressively the

surplus of methanol and DME, together with water produced

during the conversion of methanol.

Fig. 5 shows in situ 13C MAS NMR (left) and 13C CP/MAS

NMR spectra (right), which were recorded to monitor the

formation of methoxy groups on zeolite H-Y (nSi/nAl = 2.7)

[32]. After adsorption of 13CH3OH on zeolite H-Y at room

temperature and purging at T � 373 K, the signal at 50.2 ppm

due to methanol molecules dominates the 13C MAS NMR

spectra (Fig. 5a–c). The signal of surface methoxy groups at

56.6 ppm occurs after purging at 413 K (Fig. 5d), and finally it

dominates the 13C MAS NMR spectra after purging at 473 K

(Fig. 5e–g). The weak signal at 63.5 ppm is caused by side-on

adsorbed DME [32]. In contrast to the spectra obtained under
continuous-flow conditions [31], the signal of weakly bound

DME at 60.5 ppm is absent due to the rapid purging by

nitrogen. With similar stopped-flow protocols, surface methoxy

groups were successfully prepared on zeolites H-ZSM-5 (nSi/

nAl = 22.0) and H-SAPO-34 (nSi/(nAl + nSi + nP) = 0.088) [31].

3.3. Role of surface methoxy groups in the formation of

DME

The preparation of zeolite catalysts exclusively covered by

methoxy groups allowed one to study the role of these surface

species during the conversion of methanol to DME. These

investigations were performed by in situ stopped-flow MAS

NMR spectroscopy [31]. After surface methoxy groups were

prepared by conversion of 13C-enriched methanol on zeolite H-

Y (nSi/nAl = 2.7), a flow of methanol with a natural abundance

of 13C-isotopes (12CH3OH) was injected at 433 K for 10 min

into the spinning MAS NMR rotor reactor [31]. In the 13C CP/

MAS NMR spectrum recorded, the appearance of weak signals
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Fig. 6. 13C MAS NMR spectra of methylated zeolites CH3-Y (a and b), CH3-

SAPO-34 (c and d) andCH3-ZSM-5 (e and f) recorded before (a, c and e) and after

(b, d and f) reaction with water. After preparation of surface methoxy groups at

298–493 K under flow conditions, water was injected into the MAS NMR rotor

reactor at room temperature [33]. Asterisks denote spinning sidebands.
at 60.5 and 63.5 ppm due to DME was accompanied by a

decrease of the signal of surface methoxy groups at 56.2 ppm.

This finding indicates the reaction of 13C-enriched surface

methoxy groups with 12CH3OH leading to 13CH3O
12CH3 as

described in Scheme 2. After the injection of a flow of
12CH3OH at 433 K for 1.0 h, all signals disappeared except the

signal of DME at 63.5 ppm [31]. This result demonstrated that

surface methoxy groups are reactive and contribute to the

formation of DME via the mechanism described in Eq. (1a) and

(1b). However, the experiment cannot exclude a contribution of

the direct pathway (Eq. (2)) in the formation of DME.

Applying the non-local periodic density functional calcula-

tions, Gale and co-workers [72–74] suggested that both

pathways, described in Eqs. (1a), (1b) and (2), are energetically

reasonable routes. By contrast, Blaszkowski and van Santen

[75–78] found that the pathway described in Eq. (1a) and (1b) is

less preferred, due to the high-energy barrier for the formation

of methoxy groups. Therefore, suitable experimental

approaches have to be further developed to determine the rate

constants of these two pathways.

3.4. Reaction of surface methoxy groups with water

The occurrence of surface methoxy groups on zeolite

catalysts was observed by in situ MAS NMR spectroscopy

under flow conditions [31–33] as well as by the pulse-quench

technique [26,88]. However, these surface species are not easily

to detect during the methanol conversion under batch conditions,

e.g. in fused glass ampoules (or gas-tight rotors), where thewater

formed cannot leave theworking catalyst. The reaction of surface

methoxy groups with water molecules was investigated by the in

situ stopped-flow MAS NMR spectroscopy [33].

Fig. 6a shows the 13CMASNMR spectrum recorded at room

temperature after the in situ preparation of surface methoxy

groups on zeolite H-Y [33]. After water was injected into the

MAS NMR rotor reactor, filled with the methylated zeolite

CH3-Y, the in situ 13C MAS NMR spectrum shown in Fig. 6b

was recorded. The surface methoxy groups (56.2 ppm) are

found to react with water to produce methanol (50.2 ppm) at

room temperature. Similar results were obtained on both the

methylated silicoaluminophosphate CH3-SAPO-34 and the

methylated zeolite CH3-ZSM-5 (Fig. 6c–f).

The above-mentioned results indicate that the conversion of

methanol to methoxy groups on acidic zeolite catalysts is a

reversible process (Scheme 3). Under flow conditions and at

elevated temperatures, such as in the industrial MTO process,

the water formed via the conversion of methanol is purged out
Scheme
and the acidic catalysts are covered by methoxy groups. In the

presence of water, such as under batch conditions, methoxy

groups are readily hydrolyzed back to methanol, which hinders

their observation by spectroscopic methods.

3.5. Reaction of surface methoxy groups with aromatics

The reaction of surface methoxy groups with toluene on

methylated zeolite CH3-Y was investigated by 13C MAS NMR

spectroscopy at elevated temperatures [33]. After surface

methoxy groups were prepared under stopped-flow conditions,

the methylated catalyst was loaded with toluene (natural
3.
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Scheme 4.
abundance of 13C-isotopes) and sealed in a glass insert. Fig. 7a

shows the 13C MAS NMR spectrum of the methylated catalyst

recorded after adsorption of toluene at room temperature. The

spectrum is dominated by the signal of methoxy groups at

56.2 ppm with a characteristic spinning sideband pattern. The

weak signals at 140.2, 129.6, 125.6 and 19.2 ppm are due to

toluene (natural abundance of 13C-isotopes). The toluene

methylation, indicated by the decrease of the signal due to

surface methoxy groups at 56.2 ppm and the occurrence of the

signal of o-xylene at 18.3 ppm (Scheme 4) starts at 433 K

(Fig. 7b) [91]. At the reaction temperature of 453 K,

ethylbenzene (C6H5CH2
13CH3) occurred at 15.0 ppm

(Fig. 7c). Upon further heating at 473 K, a new signal appeared

at 22.8 ppm, probably due to p- and/or m-xylenes. Upon

increasing the temperature to 493 K, all surface methoxy groups

and the residual DME and methanol molecules were consumed

and the spectrum is dominated by the signals of ethylbenzene,

xylenes and/or polymethylbenzenes (Fig. 7e) [33]. These results
Fig. 7. 13C MAS NMR spectra of methylated zeolite CH3-Y recorded after

loading with toluene (natural abundance of 13C-isotopes) and upon thermal

treatments at 298 (a) to 493 K (e) [33]. Asterisks denote spinning sidebands.
indicate that methoxy groups are highly reactive for methylating

aromatic compounds such as toluene on acidic zeolites at

temperatures (starts from 433 K) much lower than those for the

MTO process under steady-state conditions (T � 523 K).

3.6. Reaction of surface methoxy groups with aliphatic

compounds

Fig. 8a shows the 13C MAS NMR spectrum of methylated

zeolite CH3-Y recorded after adsorption of cyclohexane
Fig. 8. 13C MAS NMR spectra of methylated zeolite CH3-Y recorded after

loadingwith cyclohexane (natural abundance of 13C-isotopes) and upon thermal

treatments at 298 (a) to 523 K (e). The signals appeared at 0–40 ppm are

highlighted in the insets [33]. Asterisks denote spinning sidebands.
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Scheme 5.
(natural abundance of 13C-isotopes) at room temperature. This

spectrum consists of the signal of methoxy groups at 56.2 ppm

with a characteristic spinning sideband pattern and a weak

signal at 27.2 ppm due to cyclohexane (natural abundance of
13C-isotopes). As indicated by the decrease of surface methoxy

groups and the occurrence of a signal at 23.7 ppm due to the
13C-enrich methyl groups of methylcyclohexane in Fig. 8b, the

reaction starts at 493 K (Scheme 5) [33]. Up to the reaction

temperature of 523 K, almost all surface methoxy groups and

cyclohexane were consumed and the spectrum is dominated by

the signal of methylcyclohexane at 23.7 ppm (Fig. 8e). A

variety of hydrocarbons are formed, the signals of which are

highlighted in Fig. 8, insets.

The cracking of cyclohexane alone on zeolite H-Y did not

start up to 623 K [33]. Therefore, the methylation of

cyclohexane on methylated zeolite Y occurs exclusively by

the reaction of cyclohexane with surface methoxy groups. At

reaction temperatures of T � 493 K, these surface methoxy

groups most probably act as precursors of carbene, which can

undergo the sp3 insertion into the C–H single bonds [1].

3.7. Formation of initial hydrocarbons by surface methoxy

groups

As indicated by the experiments described in Sections 3.3–

3.6, surface methoxy groups act as reactive methylating agents

at temperatures lower than 473 K. They react with water to

methanol [33], with methanol to DME [31], with toluene to

xylenes [33] and with aniline [87] to N-methylaniline. In the

temperature range of 298–473 K and in the absence of other

reactants, on the other hand, surface methoxy groups show a

high thermal stability. For example, surface methoxy groups

can be retained on zeolite Y at 473 K after purging with dry

nitrogen [31–33].When the reaction temperature is increased to

523 K or higher, however, decomposition of surface methoxy

groups takes place leading to the formation of hydrocarbons

(Scheme 6) [33].

The decomposition of surface methoxy groups was

investigated by 13C MAS NMR spectroscopy using samples

sealed in glass ampoules [33]. Upon heating of the methylated

zeolite CH3-Y at 473 K for 20 min, no change of the signal of

surface methoxy groups occurred, which indicates their high

stability [33]. In the presence of other reactants, such as

aromatics, the reaction of methoxy groups would already start

at this temperature. After heating at 523 K for 20 min, however,
Scheme
the decomposition of methoxy groups occurred as indicated by

the 13C MAS NMR spectrum, which is dominated by the signal

of isobutane at 23.5 ppm. In addition, signals in the aliphatic

range of 10–35 ppm could be observed and weak signals of

olefins and aromatics occurred at 128–142 ppm. Upon further

heating of the methylated zeolite CH3-Y, secondary reactions

happen as indicated by the occurrence of signals due to smaller

aliphatic compounds [33]. At the reaction temperature of

673 K, the products consisted mainly of methane (�9.5 ppm),

ethane (5.1 ppm), propane (15.3 ppm), isobutane (23.5 ppm)

and methyl-substituted benzenes (128–142 ppm) [33]. Decom-

position of surface methoxy groups was also observed on the

silicoaluminophosphate H-SAPO-34 and on zeolite H-ZSM-5

[33].

The above-mentioned findings indicate a possible contribu-

tion of surface methoxy groups to the formation of the first

hydrocarbons during the induction period of the MTO process.

As a result of the decomposition of surface methoxy groups,

intermediates with ylide or carbene nature are very likely

formed, which are further responsible for the first C–C bond

formation and, thereafter, for the formation of hydrocarbons.

The hydrocarbons formed are aliphatics, such as propane and

isobutane, and aromatics, such as polymethylbenzenes, which

are characteristic for the hydrocarbon-pool playing an active

role in the steady-state of the MTO process.

3.8. Initiation of the MTO process: surface methoxy groups

versus impurities

For the first C–C bond formation in the MTO process,

surface methoxy groups, which can act as precursors of carbene

or ylide intermediates, has long been proposed as a possible key

intermediate [1]. IR investigations [55,56,59–63,66] have

provided evidence for the presence and catalytic role of

surface methoxy groups during the MTO process. In agreement

with FTIR studies, our NMR investigations indicate that

decomposition of surface methoxy groups takes place at

temperatures higher than 473 K. Therefore, these surface

species may act as a source of primary hydrocarbons during the

induction period of the methanol conversion on acidic zeolite

catalysts [33]. Furthermore, surface methoxy groups may

further contribute to the methylation of alkanes and aromatics,

leading to the formation of a reactive hydrocarbon-pool starting

the MTO process [33].
6.
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Fig. 9. 13CMASNMR (left) and UV/vis (right) spectra of silicoaluminophosphate H-SAPO-34 loaded with methanol at 298 K (a) and methylated silicoaluminopho-

sphate CH3-SAPO-34 recorded after thermal treatments at 493 (b), 523 (c) and 573 K (d). Asterisks denote spinning sidebands.
Recently, Haw and co-workers [17,45] claimed that the

initiation of the MTO process is typically caused by organic

impurities instead of any direct route from pure methanol and

DME. A few ppm of organic impurities are sufficient for the

creation of an initial hydrocarbon-pool [17,45]. Moreover, the

rate of formation of the initial reaction centers and, therefore,

the duration of the kinetic induction period are governed by

impurities. On the other hand, also Haw and co-workers [26]

observed the formation of surface methoxy groups on the

silicoaluminophosphate H-SAPO-34 at 673 K applying the

pulse-quench technique. The concentration of the methoxy

groups decreased when the methanol conversion was quenched

after longer reaction times [26], which implies the possible role

of these surface species as reactive intermediates.

While the reactivity of surface methoxy groups is evident

during the MTO process, the initial formation of hydrocarbons

is not so conclusive from impurities or surface methoxy groups

only. The in situ MAS NMR-UV/vis technique [51] was,

therefore, applied to address this issue [92]. Similar to the

previous procedure [33], methylated CH3-SAPO-34 was in situ

prepared and sealed in a glass ampoule. After heating CH3-

SAPO-34 at 493 K for 20 min, the 13C MAS NMR spectrum

consists exclusively of the signal of surface methoxy groups at

56.6 ppm with a characteristic spinning sideband pattern

(Fig. 9b, left). The simultaneously recorded UV/vis spectrum

(Fig. 9b, right) consists of a weak band at 270 nm, which

indicates the formation of neutral aromatic compounds [52]. It

is important to note that neither the UV/Vis spectra of the
calcined (673 K) H-SAPO-34 nor of H-SAPO-34 loaded with

methanol at room temperature (Fig. 9a) or of CH3-SAPO-34

methylated at 453 K show a UV/vis band. Therefore, the UV

band at 270 nm observed for CH3-SAPO-34 at 493 K is due to

neutral aromatics formed by the decomposition of methoxy

groups rather than caused by reactive impurities on the working

catalyst. At this temperature, however, the decomposition of

methoxy groups cannot be detected by NMR spectroscopy due

to the low sensitivity of this spectroscopic method. Upon

further heating of CH3-SAPO-34 at 523 K for 20 min, the

decomposition of methoxy groups occurred evidently, as

indicated by the 13C MAS NMR spectrum shown in Fig. 9c,

left, which is almost identical to the result obtained before [33].

The UV/vis spectrum obtained contains an additional band at

320 nm (Fig. 9c, right), which indicates the formation of

monoenylic carbenium ions [52]. Upon further heating at 573 K

(Fig. 9d, right), a new band at 430 nm is evident, which is due to

trienylic carbenium or hexamethyl-benzenium cations [52–54].

These results obtained by in situ MAS NMR-UV/vis spectro-

scopy provide additional evidence that surface methoxy groups

are able to contribute to the initiation of the MTO process on

acidic zeolite catalysts (see also Ref. [92]).

4. Conclusion

The mechanism of the MTO process is still a matter of

investigations and discussions. In situ MAS NMR spectroscopy

under flow conditions and the new developed in situ MAS
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NMR-UV/vis technique are suitable tools to study the key

issues of this heterogeneously catalyzed process.

In agreement with other analytical methods, in situ NMR

spectroscopy could evidence that the steady-state of the MTO

process is dominated by the hydrocarbon-pool route. During

methanol conversion on the silicoaluminophosphate H-SAPO-

34 at reaction temperatures of 548–673 K under continuous-

flow conditions, a hydrocarbon-pool consisting of a mixture of

C6–C12 olefins and aromatics, such as polymethylhexenes,

alkylated octadienes and polymethylbenzenes, was found by in

situ CF MAS NMR spectroscopy. By switching the reactant

flow from 13CH3OH to 12CH3OH under steady-state conditions,

the catalytic role of the alkyl groups contributing to this

hydrocarbon-pool was studied. The decrease of the 13C-isotope

abundance of the corresponding alkyl groups provided direct

experimental evidence that methanol molecules are added to

the hydrocarbon-pool and light olefins are further split off as

reaction products.

Methoxy groups were found to act as reactive surface

species. In particular, they can form DME in the low

temperature range of T � 523 K and may contribute to the

formation of initial hydrocarbons in the high temperature range

of T � 523 K. The high reactivity of surface methoxy groups

has been demonstrated by their reactions with different probe

molecules, such as water, methanol, aniline, aromatics and

saturated hydrocarbons. During the induction period of the

MTO process, the high reactivity of surface methoxy groups

may be responsible for the first C–C bond formations. Hence,

these methoxy groups may contribute to the formation of

hydrocarbon-pool species, which play an active role in the

steady-state of the MTO process.

Note added in proof

Recent review papers concerning the mechanistic investiga-

tions of the MTO process were published by Olsbye et al. [93]

and Haw and Marcus [94].

Acknowledgments

Financial support by Deutsche Forschungsgemeinschaft,

Max-Buchner-Forschungsstiftung and Fonds der Chemischen

Industrie is gratefully acknowledged.

References

[1] M. Stoecker, Microporous Mesoporous Mater. 29 (1999) 3.

[2] C.D. Chang, Catal. Rev. Sci. Eng. 25 (1983) 1.

[3] C.D. Chang, Catal. Rev. Sci. Eng. 26 (1984) 323.

[4] C.D. Chang, A.J. Silvestri, Chemtechnology 10 (1987) 624.

[5] M. Hunger, J. Weitkamp, Angew. Chem. 113 (2001) 3040;

M. Hunger, J. Weitkamp, Angew. Chem. Int. Ed. 40 (2001) 2954.

[6] J.F. Haw (Ed.), In-situ Spectroscopy in Heterogeneous Catalysis, Wiley-

VCH, Weinheim, 2002.

[7] B.M. Weckhuysen, Chem. Commun. (2002) 97.

[8] B.M. Weckhuysen (Ed.), In-situ Spectroscopy of Catalysts, American

Scientific Publishers, Stevenson Ranch, California, 2004.

[9] A. Abragam, The Principles of Nuclear Magnetism, Clarendon Press,

Oxford, 1962.
[10] U. Haeberlen, High Resolution NMR in Solids, Academic Press, New

York, 1976.

[11] C.P. Slichter, Principles of Magnetic Resonance, second ed., Springer-

Verlag, Berlin, 1978.

[12] M. Mehring, Principles of High-Resolution NMR in Solids, second ed.,

Springer-Verlag, Berlin, 1983.

[13] E.O. Stejskal, J.D. Memory, High Resolution NMR in the Solid State,

Oxford University Press, Oxford, 1994.

[14] M.W. Anderson, Top. Catal. 3 (1996) 195.

[15] J.F. Haw, J.B. Nicholas, T. Xu, L.W. Beck, D.B. Ferguson, Acc. Chem.

Res. 29 (1996) 259.

[16] J.F. Haw, T. Xu, Adv. Catal. 42 (1998) 115.

[17] J.F. Haw, W.G. Song, D.M. Marcus, J.B. Nicholas, Acc. Chem. Res. 36

(2003) 317.

[18] X. Han, Z. Yan, W. Zhang, X. Bao, Curr. Org. Chem. 5 (2001) 1017.

[19] E.G. Derouane, H.Y. He, H.S.B. Derouane-Abd, I.I. Ivanova, Catal. Lett.

58 (1999) 1.

[20] M. Hunger, J.Weitkamp, in: B.M.Weckhuysen (Ed.), In situ Spectroscopy

of Catalysts, American Scientific Publishers, Stevenson Ranch, Califor-

nia, 2004, p. 177.

[21] M. Hunger, Catal. Today 97 (2004) 3.

[22] M. Hunger, W. Wang, Adv. Catal., in press.

[23] H. Ernst, D. Freude, T. Mildner, Chem. Phys. Lett. 229 (1994) 291.

[24] T. Mildner, H. Ernst, D. Freude, J. Kaerger, U. Winkler, Magn. Reson.

Chem. 37 (1999) S38.

[25] P.W. Goguen, T. Xu, D.H. Barich, T.W. Skloss, W. Song, Z. Wang, J.B.

Nicholas, J.F. Haw, J. Am. Chem. Soc. 120 (1998) 2650.

[26] W. Song, J.F. Haw, J.B. Nicholas, K. Heneghan, J. Am. Chem. Soc. 122

(2000) 10726.

[27] P.K. Isbester, A. Zalusky, D.H. Lewis, M.C. Douskey, M.J. Pomije, K.R.

Mann, E.J. Munson, Catal. Today 49 (1999) 363.

[28] L.K. Carlson, P.K. Isbester, E.J. Munson, Solid State Nucl. Magn. Reson.

16 (2000) 93.

[29] M. Seiler, U. Schenk, M. Hunger, Catal. Lett. 62 (1999) 139.

[30] M. Hunger, M. Seiler, A. Buchholz, Catal. Lett. 74 (2001) 61.

[31] W. Wang, M. Seiler, M. Hunger, J. Phys. Chem. B 105 (2001) 12553.

[32] W. Wang, A. Buchholz, A. Arnold, M. Xu, M. Hunger, Chem. Phys. Lett.

370 (2003) 88.

[33] W. Wang, A. Buchholz, M. Seiler, M. Hunger, J. Am. Chem. Soc. 125

(2003) 15260.

[34] M. Seiler, W. Wang, A. Buchholz, M. Hunger, Catal. Lett. 88 (2003)

187.

[35] W.O. Haag, in: R.A. Bisio, D.G. Olson (Eds.), Proceedings of the

sixth International Zeolite Conference, Butterworths, Guildford, 1984),

p. 466.

[36] W. Hoelderich, H. Eichhorn, R. Lehnert, L. Marosi, W. Mross, R. Reinke,

W. Ruppel, H. Schlimper, in: R.A. Bisio, D.G. Olson (Eds.), Proceedings

of the sixth International Zeolite Conference, Butterworths, Guildford,

1984), p. 545.

[37] R.M. Dessau, J. Catal. 99 (1986) 111.

[38] S. Kolboe, Acta Chem. Scand. A 40 (1986) 711.

[39] I.M. Dahl, S. Kolboe, Catal. Lett. 20 (1993) 329.

[40] I.M. Dahl, S. Kolboe, J. Catal. 149 (1994) 458.

[41] I.M. Dahl, S. Kolboe, J. Catal. 161 (1996) 304.

[42] O. Mikkelsen, P.O. Ronning, S. Kolboe, Microporous Mesoporous Mater.

40 (2000) 95.

[43] B. Arstad, S. Kolboe, J. Am. Chem. Soc. 123 (2001) 8137.

[44] B. Arstad, S. Kolboe, Catal. Lett. 71 (2001) 209.

[45] W. Song, D.M. Marcus, H. Fu, J.O. Ehresmann, J.F. Haw, J. Am. Chem.

Soc. 124 (2002) 3844.

[46] A. Sassi, M.A. Wildman, H.J. Ahn, P. Prasad, J.B. Nicholas, J.F. Haw, J.

Phys. Chem. B 106 (2002) 2294.

[47] M. Hunger, T. Horvath, J. Chem. Soc., Chem. Commun. (1995) 1423.

[48] M. Hunger, T. Horvath, J. Catal. 167 (1997) 187.

[49] M. Hunger, M. Seiler, T. Horvath, Catal. Lett. 57 (1999) 199.

[50] M. Hunger, U. Schenk, M. Seiler, J. Weitkamp, J. Mol. Catal. A: Chem.

156 (2000) 153.

[51] M. Hunger, W. Wang, Chem. Commun. (2004) 584.



W. Wang et al. / Catalysis Today 113 (2006) 102–114114
[52] I. Kiricsi, H. Foerster, G. Tasi, J.B. Nagy, Chem. Rev. 99 (1999) 2085;

I. Kiricsi, H. Foerster, G. Tasi, J.B. Nagy, Chem. Rev. 99 (1999) 3367,

Additions and Corrections.

[53] M. Bjørgen, F. Bonino, S. Kolboe, K.P. Lillerud, A. Zecchina, S. Bordiga,

J. Am. Chem. Soc. 125 (2003) 15863.

[54] H.G. Karge, M. Laniecki, M. Ziolek, G. Onyestyak, A. Kiss, P. Kleinsch-

mit, M. Siray, in: P.A. Jacobs, R.A. van Santen (Eds.), Zeolites: Facts,

Figures, Future, Stud. Surf. Sci. Catal., vol. 49, Elsevier, Amsterdam,

1989, p. 1327.

[55] T.R. Forester, S.T. Wong, R.F. Howe, J. Chem. Soc., Chem. Commun.

(1986) 1611.

[56] T.R. Forester, R.F. Howe, J. Am. Chem. Soc. 109 (1987) 5076.

[57] P. Salvador, J. Fripiat, J. Phys. Chem. 79 (1975) 1842.

[58] P. Salvador, W. Kladnig, J. Chem. Soc., Faraday Trans. I 73 (1977) 1153.

[59] E.G. Derogane, P. Dejaifve, J.B. Nagy, J. Mol. Catal. 3 (1978) 453.

[60] E.G. Derouane, J.P. Gilson, J.B. Nagy, Zeolites 2 (1982) 42.

[61] J. Novakova, L. Kubelkova, K. Habersberger, Z. Dolejsek, J. Chem. Soc.,

Faraday Trans. I 80 (1984) 1457.

[62] J. Novakova, L. Kubelkova, Z. Dolejsek, J. Catal. 108 (1987) 208.

[63] L. Kubelkova, J. Novakova, K. Nedomova, J. Catal. 124 (1990) 441.

[64] F. Salehirad, M.W. Anderson, J. Catal. 177 (1998) 189.

[65] A. Philippou, F. Salehirad, D.P. Luigi, M.W. Anderson, J. Chem. Soc.,

Faraday Trans. 94 (1998) 2851.

[66] Y. Ono, T. Mori, J. Chem. Soc., Faraday Trans. 77 (1981) 2209.

[67] S.M. Campbell, X.Z. Jiang, R.F. Howe, Microporous Mesoporous Mater.

29 (1999) 91.

[68] G.J. Hutchings, G.W. Watson, D.J. Willock, Microporous Mesoporous

Mater. 29 (1999) 67.

[69] C.M. Zicovichwilson, P. Viruela, A. Corma, J. Phys. Chem. 99 (1995)

13224.

[70] N. Tajima, T. Tsuneda, F. Toyama, K. Hirao, J. Am. Chem. Soc. 120

(1998) 8222.
[71] P.E. Sinclair, C.R.A. Catlow, J. Chem. Soc., Faraday Trans. 93 (1997) 333.

[72] R. Shah, J.D. Gale, M.C. Payne, M.H. Lee, Science 271 (1996) 1395.

[73] R. Shah, J.D. Gale, M.C. Payne, J. Phys. Chem. B 101 (1997) 4787.

[74] I. Stich, J.D. Gale, K. Terakura, M.C. Payne, J. Am. Chem. Soc. 121

(1999) 3292.

[75] S.R. Blaszkowski, R.A. van Santen, J. Phys. Chem. 99 (1995) 11728.

[76] S.R. Blaszkowski, R.A. van Santen, J. Am. Chem. Soc. 118 (1996)

5152.

[77] S.R. Blaszkowski, R.A. van Santen, J. Am. Chem. Soc. 119 (1997) 5020.

[78] S.R. Blaszkowski, R.A. van Santen, J. Phys. Chem. B 101 (1997) 2292.

[79] F. Haase, J. Sauer, J. Am. Chem. Soc. 117 (1995) 3780.

[80] F. Haase, J. Sauer, Chem. Phys. Lett. 266 (1997) 397.

[81] E. Nusterer, P.E. Bloechl, K. Schwarz, Angew. Chem. Ind. Ed. Engl. 35

(1996) 175.

[82] C.E. Bronnimann, G.E. Maciel, J. Am. Chem. Soc. 108 (1986) 7154.

[83] V. Bosacek, J. Phys. Chem. 97 (1993) 10732.

[84] V. Bosacek, Z. Phys. Chem. 189 (1995) 241.

[85] V. Bosacek, H. Ernst, D. Freude, T. Mildner, Zeolites 18 (1997) 196.

[86] V. Bosacek, R. Klik, F. Genoni, G. Spano, F. Rivetti, F. Figueras, Magn.

Reson. Chem. 37 (1999) S135.

[87] I.I. Ivanova, E.B. Pomakhina, A.I. Rebrov, M. Hunger, Y.G. Kolyagin, J.

Weitkamp, J. Catal. 203 (2001) 375.

[88] H. Fu, W. Song, D.M. Marcus, J.F. Haw, J. Phys. Chem. B 106 (2002)

5648.

[89] J. Bandiera, C. Naccache, Appl. Catal. 69 (1991) 139.

[90] I.I. Ivanova, A. Corma, J. Phys. Chem. B 101 (1997) 547.

[91] J. Cejka, B. Wichterlova, Catal. Rev. Sci. Eng. 44 (2002) 375.

[92] Y. Jiang, W. Wang, V.R. Reddy Marthala, J. Huang, G. Sulikowski, M.

Hunger, J. Catal., in press.

[93] U. Olsbye, M. Bjørgen, S. Svelle, K. Lillerud, S. Kolboe, Catal. Today 106

(2005) 108.

[94] J.F. Haw, D.M. Marcus, Topic Catal. 34 (2005) 41.


	Mechanistic investigations of the methanol-to-olefin (MTO) process on acidic zeolite catalysts by in situ solid-state NMR spectroscopy
	Introduction
	Investigation of the MTO process under steady-state conditions: hydrocarbon-pool mechanism
	Characterization of the hydrocarbon-pool
	Catalytic role of the hydrocarbon-pool in the MTO process under steady-state conditions
	Study of the hydrocarbon-pool on acidic zeolite catalysts by in situ MAS NMR-UV/vis spectroscopy

	Reactivity of surface methoxy groups
	Study of surface methoxy groups during the conversion of methanol to DME on acidic zeolites under �continuous-flow (CF) conditions
	In situ preparation of methoxy groups on acidic zeolite catalysts by the stopped-flow technique
	Role of surface methoxy groups in the formation of DME
	Reaction of surface methoxy groups with water
	Reaction of surface methoxy groups with aromatics
	Reaction of surface methoxy groups with aliphatic compounds
	Formation of initial hydrocarbons by surface methoxy groups
	Initiation of the MTO process: surface methoxy groups versus impurities

	Conclusion
	Note added in proof
	Acknowledgments
	References


