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ABSTRACT: The formation and evolution of initial reaction intermediates as well
as the reaction mechanism during the early period of the methanol conversion on
the silicoaluminophosphate SAPO-41 with one-dimensional and 10-numbered ring
pore system was elucidated. According to in situ UV−vis spectroscopy, the
formation and nature of intermediates formed on the catalysts in the methanol
conversion process were monitored. The intermediates remaining on the catalysts
after quenching the methanol conversion were determined by ex situ UV−vis, 1H
MAS NMR, and 13C MAS NMR spectroscopy, and the reactivity of these species
was investigated by adsorption of ammonia and subsequent solid-state NMR
spectroscopy. The above-mentioned spectroscopic studies gave a detailed
mechanistic insight into the induction period of the methanol conversion on
SAPO-41. Monoenylic carbenium ions, being the dominating species during the
initial period of the methanol conversion, were rapidly formed and gradually
transferred to dienylic carbenium ions, benzene-based carbenium ions, and trienylic
carbenium ions, in addition to three-ring compounds and dienes with different chain lengths. On the basis of these spectroscopic
observations and the catalytic results, the olefin-based reaction cycle is disclosed to be the dominating reaction mechanism in the
initial period of the methanol conversion on SAPO-41.

1. INTRODUCTION

With the increasing requirement of light olefins and the limited
oil resources, methanol to olefin (MTO) conversion over acidic
zeolite catalysts, as an alternative route to gain light olefins, has
attracted much attention, since it was first discovered in the
1970s.1−5 Considering the important role of the light olefins,
e.g., ethene and propene, in the global oil chemical enterprise,
understanding of the mechanism of MTO conversion is
extremely important for both fundamental research and
commercial application. As a complex process of MTO
conversion, clarification of its mechanism is becoming an
intellectually challenging topic. Among many possible mecha-
nisms, an indirect hydrocarbon pool mechanism is widely
agreed in the MTO conversion.6−10 The essential feature of the
hydrocarbon pool mechanism is that methanol can react with
the hydrocarbon species formed in the catalyst and induce a
sequence of steps leading to primary olefins and regeneration of
the hydrocarbon species in a closed cycle.10

According to the hydrocarbon pool mechanism, polyme-
thylbenzenes and their protonated forms have been established
as the active hydrocarbons in SAPO-34 and H-BEA catalysts
with large cages.11−16 Recent experimental and theoretical work
proposed that olefins may act as another kind of active
hydrocarbon pool species, particularly in the zeolites with
medium-pore structure, e.g., H-ZSM-5 zeolite with a three-
dimensional (3-D) 10-ring pore structure and H-ZSM-22
zeolite with one-dimensional (1-D) 10-ring pore system.17−20

This leads to the establishment of the dual-cycle mechanism,
i.e., the aromatics-based cycle produces ethene and methyl-
benzenes, while the olefin-based methylation/cracking cycle
produces C3+ olefins.

21,22 Considering that both aromatics and
olefins exist in zeolite pores, the corresponding olefin- and
aromatic-based routes operate on a competing basis. For
example, the small 8-numbered ring windows of H-SAPO-34
hinder the diffusion of C5+ hydrocarbons from the larger
chabasite cages, leading to the aromatic-based cycle dominating
the MTO conversion.6−10 On the contrary, the olefin-based
cycle dominates in the H-ZSM-22 zeolite with a 1-D 10-
numbered ring pore system, which is too small for the
formation of polymethylbenzenes.23−26 In H-ZSM-5 zeolite
with 3-D 10-numbered ring pore structure, both cycles
contribute to the product distribution.27

With the aid of 12C/13C methanol-switching experiments and
cofeeding methanol and olefins/aromatics, the dominating
catalytic cycle of the MTO conversion was verified for different
zeolites, and the aromatic- and olefin-based cycles could be
propagated to different extents depending on the reaction
conditions.22,27−30 By combining spectroscopic observations
and theoretical calculations, very recently we demonstrated that
the olefin-based catalytic cycle plays a great role during the
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initial period of the methanol conversion on H-SAPO-34.31

However, to the best of our knowledge, no direct experimental
evidence has been disclosed for the initial intermediates in
MTO catalysts with a 1-D pore system, e.g., SAPO-41, which is,
therefore, the goal of the present work.
Silicoaluminophosphate SAPO-41 with 10-numbered ring

pore structure and moderate acidity has been studied in the
MTO conversion, and the olefin-based catalytic cycle was
verified as the dominating reaction mechanism in our previous
studies.32,33 However, the details of the reaction mechanism in
the early period of the methanol conversion over this material
are yet missing. The present work focuses on verification of the
initial species in the early period of the methanol conversion on
SAPO-41 zeolite by combining spectroscopic and catalytic
investigations. Applying in situ UV−vis, 1H MAS NMR, and
13C MAS NMR spectroscopy, we obtained detailed mechanistic
insight into the early period of the methanol conversion over
SAPO-41.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation and Characterization. SAPO-
41 was synthesized via the hydrothermal route following the
procedure described in our former report.33 X-ray diffraction
(XRD) patterns of the calcined SAPO-41 sample were
determined on a Bruker D8 diffractometer with Cu Kα
radiation (λ = 1.5418 Å) at 5−50°. Solid-state nuclear magnetic
resonance (NMR) experiments were recorded on Bruker
Avance III 400WB spectrometer at resonance frequencies of
400.1, 104.3, 79.5, and 161.9 MHz for 1H, 27Al, 29Si, and 31P
nuclei, respectively. Sample spinning rates of 8 kHz for 1H, 27Al,
and 31P nuclei and 4 kHz for 29Si nuclei and the parameters
described elsewhere were used.31

2.2. Catalytic Investigations. The MTO conversion was
performed in a fixed-bed reactor at atmospheric pressure as
described in the literature.31 Typically, 0.1 g of sample with a
sieve fraction of 0.25−0.5 mm was placed in a stainless steel
reactor (5 mm i.d.) and activated under flowing N2 at 400 °C
for 1 h and then decreased to the desired temperature. Pure
13C-methanol with a flow of 0.5 mL/h (WHSV = 4 h−1) was
introduced into the catalyst by the carrier gas (N2). The
reaction products were analyzed by an online gas chromato-
graph equipped with a flame ionization detector and a capillary
column Plot Q to separate the product. The temperature of the
column was maintained at 40 °C for 7 min, increased to 200 °C
with a rate of 10 °C/min, and then maintained at 200 °C for 4
min.33

2.3. In Situ and ex Situ UV−Vis Studies of the MTO
Conversion on SAPO-41. The nature of organic intermedi-
ates formed on the catalysts during the MTO conversion was in
situ monitored by UV−vis spectroscopy as described in ref 31.
After MTO conversion, the organic compounds occluded
inside the catalyst were investigated by ex situ UV−vis
spectroscopy. UV−vis spectra were recorded in the diffuse
reflection mode in the range of 200−600 nm using an AvaSpec-
2048 fiber optic spectrometer, an AvaLight-DH-S deuterium
light source by Avantes, and a glass fiber reflection probe
HPSUV1000A by Oxford Electronics. Before starting the MTO
reaction, the glass fiber reflection probe was placed in the fixed-
bed reactor on the top of the catalyst with a gap of ca. 1.0 mm.
Reference UV−vis spectra of catalysts were recorded at the
reaction temperature prior to starting the methanol flow.31

2.4. Solid-State MAS NMR Characterization of Organic
Compounds. The organic compounds formed and occluded
inside the used SAPO-41 catalysts were determined by 1H MAS
NMR and 13C MAS NMR spectroscopy utilizing a Bruker
Avance III 400WB spectrometer. For the 1H MAS NMR
measurements, a resonance frequency of 400.1 MHz, with π/2
single pulse excitation, a repetition time of 10 s, and a sample
spinning rate of 8.0 kHz by a 4.0 mm MAS NMR probe were
used, while for 13C MAS NMR measurements a resonance
frequency of 100.6 MHz with π/2 single pulse excitation, a
repetition time of 20 s, and a sample spinning rate of 12.0 kHz
by a 4.0 mm MAS NMR probe were used.31

3. RESULTS AND DISCUSSION
3.1. Physicochemical Properties of SAPO-41. The XRD

pattern of the calcined SAPO-41 sample shows typical
diffraction lines corresponding to the AFO framework
structure,33 which indicates that pure SAPO-41 without any
impurity phases was obtained (not shown). 1H, 27Al, 29Si, and
31P MAS NMR spectra of the calcined SAPO-41 samples (not
shown) are similar to our previous reports,33 indicating that the
Brønsted acid sites and textual properties of the SAPO-41
material are well maintained after calcination.

3.2. Catalytic Performance of SAPO-41 in the MTO
Conversion. The catalytic performance of the SAPO-41
catalyst in MTO conversion is shown in Figure 1. The
methanol conversion at various reaction temperatures with a
time-on-stream (TOS) of 5 min was first tested and presented
in Figure 1A. At 300 °C, nearly no methanol conversion can be
observed. With the increase of the reaction temperature from
325 to 425 °C, the methanol conversion increases from 4.1% to
100% and the production of olefins occurs.
To investigate the initial intermediates formed in the

methanol conversion on SAPO-41 the catalytic performance
at a reaction temperature of 350 °C was investigated in detail.
In Figure 1B, the time dependence of the methanol conversion
and product selectivity up to TOS = 60 min are shown.
Obviously, an induction period and a rapid deactivation of the
SAPO-41 catalyst occur, which start already at TOS = 15 min,
similar to the case of SAPO-34.31 Because of using WHSV = 4.0
h−1, the lifetime of the SAPO-41 catalyst in the present study is
much shorter than in our previous investigations performed
with WHSV = 1.0 h−1.32,33 Concerning the product
distributions, higher selectivities to propene (30%), butenes
(20%), and pentenes (12%) than ethene (5.0%) occur after the
first 5 min. With the progress of the MTO conversion, the
selectivity to the above-mentioned products keeps stable, while
the selectivity to aromatics and other products, including
gasoline-range hydrocarbons, gradually increases. According to
the dual-cycle mechanism, the aromatics-based cycle forms
ethene and methylbenzenes and the olefin-based methylation/
cracking cycle produces C3+ olefins.21,22 Therefore, it can be
concluded that the olefin-based cycle plays a key role during the
early period of the methanol conversion on SAPO-41.

3.3. In Situ UV−Vis Studies of the Methanol
Conversion on SAPO-41. In situ UV−vis spectroscopy was
utilized to study the nature of organic intermediates formed in
the methanol conversion process over SAPO-41. Figure 2
shows the in situ UV−vis spectra of SAPO-41 catalyst in the
methanol conversion process at 325−400 °C and in steps of 5
min. At the reaction temperatures of 325 and 350 °C and
during the first 2 min, i.e., during the early period of methanol
conversion, a dominating band occurs at 290 nm. With further
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progress of the methanol conversion (TOS > 2 min), additional
weak bands appear at 245, 370, and 445 nm and the intensities
of these bands increase rapidly. On the basis of the former
reports, the bands at 245, 290, 370, and approximately 445 nm
are attributed to dienes (e.g., cyclopenta- and cyclohexadienes),
monoenylic carbenium ions (e.g., cyclopentenyl and cyclo-
hexenyl cations) or polyalkylaromatics, dienylic carbenium ion,
and trienylic carbenium ions, respectively.31,36−38 In contrast to
previous UV−vis studies on H-SAPO-34 catalysts under similar
methanol conversion conditions,31 no band attributed to
benzene-based carbenium ions appeared at 390 nm. These
observations indicate that monoenylic carbenium ions (290
nm) play a major role in the initial stage of the methanol
conversion on SAPO-41. Subsequenly, these monoenylic
carbenium ions react with olefins to dienylic (370 nm) and
trienylic carbenium ions (445 nm) forming the hydrocarbon
pool in the working catalysts.
At reaction temperatures of 375 and 400 °C, a quick

transformation of the carbenium ions occurs and the band of
dienylic carbenium ions (370 nm) is rapidly overlapped by the
bands of benzene-based carbenium ions (390−400 nm) and
trienylic carbenium ions (445 nm). Meanwhile, much more
dienes (245 nm) are formed. These results indicate that the
induction period of MTO conversion is very short and the

carbenium ions exhibit high reactivity at higher reaction
temperatures of 375 and 400 °C compared to the situation at
325 and 350 °C.
In order to get more information on the fate of the organic

intermediates during the MTO conversion upon longer TOS,
further in situ UV−vis studies focused on the reaction
temperature of 350 °C (Figure 3). The concentrations of all
organic compounds, reflected as the intensities of the
corresponding UV−vis bands, change strongly with the
progress of methanol conversion. The bands of dienes,
monoenylic carbenium ions, and polyalkylaromatics are slightly
shifted to the ranges of 225−245 and 275−290 nm. These
observations indicate that carbon chain growth or cyclization
reactions take place.37 Additionally, dienylic carbenium ions
(370 nm) are gradually transformed to benzene-based
carbenium ions (390−400 nm)39 and trienylic carbenium
ions (445 nm). This observation indicates that polymethyl-
benzenium cations are formed from monoenylic and dienylic
carbenium ions. After the formation of polymethylbenzenium
cations, the aromatic-based cycle begins to contribute to the
MTO reaction, which proceeds via methylation of aromatics
and subsequent elimination of side alkyl chains to produce light
olefins as reaction products.

3.4. Solid-State MAS NMR Studies of the Intermedi-
ates Formed during Methanol Conversion over SAPO-
41. After recording the in situ UV−vis spectra, methanol
conversion was stopped and SAPO-41 catalysts after MTO
conversion were transferred from the fixed-bed reactor into
NMR rotors without contact to air for solid-state 1H and 13C
NMR measurements.
Figure 4 shows the 1H MAS NMR spectra of the used

SAPO-41 catalysts after methanol conversion at various
reaction temperatures for 5 min and recorded with and without
ammonia loading. 1H MAS NMR spectra of the SAPO-41
catalyts after MTO reaction at 325 and 350 °C are dominated
by the signals at 3.5−4.2 ppm. The main signal at 3.6 ppm is
attributed to bridging OH groups,31 and the narrower and
significantly weaker signals at 3.5 and 3.7 ppm may be
attributed to methyl groups of single or multiple methanol
molecules, adsorbed on SAPO-41.40 The broad signal
appearing at 12.2 ppm is caused by the hydroxyl protons
involved in hydrogen bonds between methanol molecules and
the zeolite framework.31,41 Besides the above-mentioned
signals, some weak signals appear at 0.1, 0.6−2.3, and 5.5−
7.6 ppm. The weak signal at 0.1 ppm hints to the presence of
AlOH groups, which may be formed by reaction water
coordinated to framework aluminum species.33 The three
weak signals at 0.6, 0.8, and 0.9 ppm are attributed to organic
three-ring compounds, e.g., trimethylcyclopropane (δ1H = 0.56
and 0.89 ppm), which can be formed on SAPO-41 catalyst in
short reaction time.41,42 Additional signals occur at 5.5−7.6
ppm that can be assigned to alkenes and aromatics. These
spectral ranges are also typical for nonbranched and branched
dienes, such as cyclopentadiene (δ1H = 2.80, 6.14, and 6.22
ppm), 2,4-hexadiene (δ1H = 1.7, 5.5−5.9 ppm), and 3-methyl-
1,3-pentadiene (δ1H = 1.8, 5.6−6.5 ppm).33,41

Upon a further increase of the reaction temperature (T ≥
350 °C), more three-ring compounds (δ1H = 0.6−0.9 ppm) and
olefinic/aromatic species (δ1H = 5.5−7.6 ppm) were formed.
Simultaneously, the weak signals due to methyl groups of
methanol at 3.5−3.7 ppm gradually disappear, which implies
that more methanol molecules are converted to olefins, which is
in line with the catalytic results (Figure 1). For H-SAPO-34

Figure 1. Methanol conversion (gray dots) on SAPO-41 at TOS = 5
min for different reaction temperatures (A), and methanol conversion
(gray dots) and product selectivities (colored columns) obtained
during the MTO conversion at 350 °C up to TOS = 60 min (B).
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applied as MTO catalysts, a broad weak 1H MAS NMR signal
at δ1H = 8−9 ppm attributed to monoenylic carbenium ions,
e.g., five-ring or six-ring carbenium ions, can be observed at low
reaction temperature and short reaction time.31 The absence of
these signals in the 1H MAS NMR spectra of SAPO-41 applied
as MTO catalyst (Figure 4, left) may indicate that these
carbenium ions, occurring at 290 nm in the UV−vis spectra
(Figure 2), are not stable. Therefore, these compounds cannot
be observed by 1H MAS NMR spectroscopy after quenching
the MTO reaction.
To investigate the reactivity of the intermediates formed on

SAPO-41 during the MTO conversion, 1H MAS NMR

spectroscopic studies of used SAPO-41 catalysts upon ammonia
loading were performed (Figure 4, right). After ammonia
loading, additional 1H MAS NMR signals appeared at 6.7, 3.4,
and 2.6 ppm. The signal at 6.7 ppm can be attributed to the
ammonium ions, caused by protonation of ammonia on
Brønsted acid sites.32 The signals appearing at 3.4 and 2.6
ppm are due to the monosubstituted secondary amines, which
were caused by reaction of ammonia with alkenes and
alkylbenzene, probably in their carbenium or alkoxy states.
Possible examples are mono- to pentamethylphenylamine (δ1H
= 3.49−3.40 ppm), methylamine (δ1H = 2.46 ppm), ethylamine
(δ1H = 2.61 ppm), propylamine (δ1H = 2.67 ppm), or secondary
NH2 groups at larger alkane chains (δ1H = 2.50 ppm).41,42 The
observed amines indicate the high activity of the organic
compounds, which can react with the adsorbed ammonia. Since
no carbenium ions (δ1H = 8−9 ppm) could be observed in the
1H MAS NMR spectra before ammonia loading (Figure 4, left),
alkoxy species formed by reaction of methanol or carbenium
ions with Brønsted acid sites may be the main states of these
organic compounds in the present study.
Interestingly, an additional 1H MAS NMR signal appearing

at 4.7 ppm could be observed after ammonia loading. An
assignment of this signal to bridging OH groups can be
excluded, since these surface species react with ammonia, and
their signal would disappear after ammonia loading (see Figure
7, top and right). According to our previous study,43 the signal
at 4.7 ppm may be due to dienes with short chain, such as 2,3-
dimethyl-1,3-butadiene (δ1H = 4.9 and 1.9 ppm). In comparison
with the findings for SAPO-34 applied as MTO catalysts, the
phenylammonium ions (δ1H = 5.1 ppm)43−46 are absent in the
1H MAS NMR spectra of ammonia-loaded SAPO-41. This
means that the benzene-based carbenium ions, occurring at
390−400 nm in the UV−vis spectra (Figure 2), are also not
stable and cannot be observed by 1H MAS NMR spectroscopy
after quenching the MTO reaction.

Figure 2. In situ UV−vis spectra recorded during the MTO conversion on SAPO-41 up to TOS = 5 min at reaction temperatures of 325−400 °C.

Figure 3. In situ UV−vis spectra recorded during the MTO
conversion on SAPO-41 up to TOS = 60 min at the reaction
temperature of 350 °C.
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To confirm the above-mentioned 1H MAS NMR assign-
ments of the initial hydrocarbons formed over SAPO-41 in the
initial stages of the methanol conversion, 13C NMR spectros-
copy was performed. Figure 5 shows the 13C MAS NMR
spectra of the used SAPO-41 catalysts obtained after MTO
conversion for 5 min at different reaction temperatures.Consis-
tent with the 1H MAS NMR spectroscopic results, the adsorbed
methanol (δ13C = 50 ppm), DME (δ13C = 60 ppm), and surface
methoxy species (δ13C = 56 ppm) are observed as predominant
intermediates formed on the SAPO-41 catalyst after methanol
conversion at 325 and 350 °C.47 Besides the above-mentioned
strong signals, several weak peaks occur at 9−46 and 120−145
ppm, caused by alkyl groups and alkenes as well as aromatics,
respectively.44 Weak signals at ca. 9 and 14 ppm attributed to
organic three-ring compounds, e.g., trimethylcyclopropane
(δ13C = 9.8 and 14.7 ppm), also appear in the 13C MAS
NMR spectrum,48 which are in line with the results of 1H MAS
NMR spectroscopy (see Figure 4).
When the reaction temperature increases above 350 °C,

more three-ring compounds (9−14 ppm) and alkenes as well as
aromatics (120−145 ppm) are formed. Simultaneously, the
signals of DME and methoxy species at 60 and 56 ppm
disappear, which are coincident with the 1H MAS NMR spectra
shown in Figure 4.
After ammonia loading, new signals appear at 24.8 ppm,

along with the decrease in the intensity of surface methoxy
species at 56.4 ppm. These new signals can be assigned to
methylamine/protonated methylamine,47 (Figure 5, right),
which fit well with the results of 1H MAS NMR spectroscopy
(see Figure 4, right). However, no 13C MAS NMR signals due

to five-membered ring cations (polymethylcyclopentenyl
cations) and six-membered ring cations (polymethylbenzenium
cations) could be observed at 190−210 and 240−250 ppm,
respectively.31,49,50 Compared with the results of in situ UV−vis

Figure 4. 1H MAS NMR spectra of SAPO-41 catalysts obtained after MTO conversion at various reaction temperatures for TOS = 5 min and
recorded before (left) and after (right) adsorption of ammonia. From top to bottom, experimental spectra, simulated spectra, and signal components
utilized for simulation are shown.

Figure 5. 13C MAS NMR spectra of SAPO-41 catalysts obtained after
MTO conversion at various temperatures for TOS = 5 min and
recorded before (left) and after (right) adsorption of ammonia.
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and 1H MAS NMR spectroscopy, the absence of the 13C MAS
NMR signals of carbenium ions may be caused by their
instability. They do not exist in their carbenium states after
quenching the MTO reaction, which is again coincident with
the results of 1H MAS NMR spectroscopy (see Figure 4).
To confirm the above-mentioned statement of the absence of

carbenium ions in 1H and 13C MAS NMR spectra, ex situ UV−
vis spectroscopy of the used SAPO-41 catalysts was also
performed, and the results are shown in Figure 6. In contrast to

the in situ UV−vis spectra (Figure 6, blue), the band intensities
at 290 (monoenylic carbenium ions), 370 (dienylic carbenium
ions), and 445 nm (trienylic carbenium ions) in the ex situ
UV−vis spectra are strongly decreased or disappeared (Figure
6, red). These results confirm that the carbenium ions formed
during the MTO conversion are not stable in SAPO-41. As a
result, these compounds cannot be observed in 1H MAS NMR,
13C MAS NMR, and ex situ UV−vis spectra recorded after
quenching the MTO conversion.
For clarifying the fate of the observed organic species in the

initial period of the methanol conversion on SAPO-41, catalysts
gained after reaction times of up to 60 min at a reaction
temperature of 350 °C were studied by 1H MAS NMR
spectroscopy before and after ammonia loading (see Figure 7).
The 1H MAS NMR spectrum of fresh SAPO-41 is dominated
by a sharp signal at 3.6 ppm due to Brønsted acid sites, which
react with ammonia to ammonium ions, leading to a signal at
6.7 ppm (Figure 7, top). After the MTO conversion (TOS ≥ 5
min), methoxy groups (3.5−4.0 ppm), three-ring compounds
(0.6−0.9 ppm), and olefins and aromatics (5.5−7.6 ppm)
appeared. With the progress of the methanol conversion, the
signals of Brønsted acid sites and methoxy groups obviously
decrease while the intensities of the signals due to olefins and
aromatics gradually increase. In addition, the signals at 0.6 and
0.9 ppm, caused by three-ring compounds, disappear or overlap
with the signal at 0.8 ppm. Furthermore, the signals at 4.7 ppm,
caused by dienes with short chains, gradually decrease after
ammonia loading with progress of the MTO conversion. This
finding implies that three-ring compounds as intermediates can

be transferred to other organic compounds and, therefore,
cannot be observed upon increasing TOS.

3.5. Mechanism of the Early Period of Methanol
Conversion on SAPO-41. In the present work, UV−vis as
well as 1H and 13C MAS NMR spectroscopy combined with the
catalytic studies were applied to investigate the initial
intermediates and their evolution process during the early
period of the methanol conversion on SAPO-41.
As demonstrated by in situ UV−vis spectroscopy, mono-

enylic carbenium ions or polyalkylaromatics as the dominating
intermediates are rapidly formed in the early period of
methanol conversion at low reaction temperatures (325 and
350 °C). Interestingly, benzene-based carbenium ions,
observed in the induction period of the methanol conversion
on H-SAPO-34, were not observed for SAPO-41. This finding
indicates that monoenylic carbenium ions play an important
role in the early period of methanol conversion on SAPO-41,
i.e., the olefin-based reaction cycle is the dominating reaction
mechanism in this situation.
With the further progress of the methanol conversion on

SAPO-41, dienylic carbenium ions and trienylic carbenium ions
are gradually formed, together with monoenylic carbenium
ions, and a transformation from dienylic carbenium ions to
benzene-based carbenium ions occurs, as evidenced by in situ
UV−vis spectroscopy. Several additional compounds, e.g.,
methylcyclopropane and dienes, can be detected by 1H and
13C MAS NMR spectroscopy of SAPO-41 obtained after short
TOS. These species, serving also as intermediates, are more
stable than carbenium ions and support the olefin-based
reaction cycle during the early period of the methanol
conversion on SAPO-41.

4. CONCLUSION

For elucidating the initial organic species and verifying the
reaction mechanism in the early period of the methanol
conversion on SAPO-41, in situ UV−vis spectroscopy was
applied to investigate the formation process of the organic
species. The organic compounds remaining on SAPO-41 after
quenching the MTO reaction were measured via ex situ UV−
vis and 1H and 13C MAS NMR spectroscopies. On the basis of
these spectroscopic studies, the initial organic species and the
reaction mechanism in the early period of the methanol
conversion on SAPO-41 can be described as follows.

(i) Three-ring compounds (NMR) and dienes with different
chain length (UV−vis, NMR) occur as very early
reaction intermediates.

(ii) Monoenylic carbenium ions, as the dominating inter-
mediates in the early period of the methanol conversion,
are rapidly formed (UV−vis).

(iii) After the formation of monoenylic carbenium ions,
dienylic carbenium ions appear and are gradually
transferred to benzene-based carbenium ions and
trienylic carbenium ions with further progress of MTO
conversion (UV−vis).

(iv) Because of the absence of benzene-based carbenium ions,
monoenylic carbenium ions play the key role in the early
period of methanol conversion, i.e., the olefin-based
reaction cycle is the dominating reaction mechanism
during the early period of methanol conversion on
SAPO-41.

Figure 6. In situ (blue) and ex situ (red) UV−vis spectra of SAPO-41
catalysts obtained after MTO conversion at various temperatures for
TOS = 5 min.
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