
rXXXX American Chemical Society 292 dx.doi.org/10.1021/cs200016u |ACS Catal. 2011, 1, 292–299

RESEARCH ARTICLE

pubs.acs.org/acscatalysis

Methanol-to-Olefin Conversion on Silicoaluminophosphate Catalysts:
Effect of Brønsted Acid Sites and Framework Structures
Weili Dai,†,‡ Xin Wang,† Guangjun Wu,† Naijia Guan,† Michael Hunger,‡ and Landong Li*,†

†Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), College of Chemistry, Nankai University,
Tianjin 300071, P.R. China
‡Institute of Chemical Technology, University of Stuttgart, 70550 Stuttgart, Germany

bS Supporting Information

1. INTRODUCTION

Light olefins are quite important components for the petro-
chemical industry, and the market demand for light olefins is
growing steadily in recent years. Conventionally, light olefins are
produced by thermal cracking or catalytic cracking of crude oil.
However, because of the rapid increase in the price of crude oil
and the shortage in the foreseeable future, alternative routes for
the production of light olefins from non-oil sources are desired
and thereby, the methanol-to-olefin (MTO) conversion on
microporous solid acids is drawing more and more attention.1-3

In the MTO process, methanol is dehydrated to dimethyl ether
(DME) and the obtained equilibrium mixture consisting of
methanol, DME, and water is converted to light olefins after a
kinetic induction period. The light olefins thereafter react to
paraffins, aromatics, naphthenes, and higher olefins via hydrogen
transfer, alkylation, and poly condensation.3 The general feature
of this reaction is accepted as a hydrocarbon pool mechanism
described as a catalytic scaffold composed of large olefinic
compounds and cyclic organic species contained in the cages
or channels of microporous solid acids. The reactants methanol
and DME are repeatedly added to these hydrocarbon pool

compounds, while light olefins are formed and eliminated in a
closed cycle.4,5

A variety of acidic microporous catalysts have been studied as
possible MTO catalysts. The acidity and framework structure are
two key factors controlling the catalytic performances of these
materials. The silicoaluminophosphate SAPO-34 with Brønsted
acid sites of moderate acid strength and a well-defined framework
with large cages and 8-ring windows is reported to be most
promising catalyst giving a maximum light olefin (propene and
ethene) yield of up to 80%.6 The catalytic and mechanistic
aspects of the MTO reaction on SAPO-34 have been extensively
studied.6-16 Specifically, polyalkylaromatics confined inside the
cages of SAPO-34 (diameter of ca. 9.4 Å�) have been found as the
most active hydrocarbon pool compound causing the formation
of light olefins upon activation by Brønsted acid sites at the
inorganic framework.10 The small 8-ring windows (diameter of
ca. 3.8 Å�, entrances to the cages) restrict the diffusion of heavy
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and branched hydrocarbons and, therefore, lead to a high
selectivity to the desired light olefins. Moreover, the Brønsted
sites of SAPO-34 with moderate acid strength, in comparison to
the aluminosilicate analogue SSZ-13, result in better resistance to
coking and, therefore, a longer lifetime in the MTO reaction.16

Initiated by the success of SAPO-34, other silicoaluminopho-
sphates were explored as alternative MTO catalysts. These
studies have been focused especially on silicoaluminophosphates
with small entrances to large cages, for example, SAPO-1817-20

and SAPO-35.6,21 More recently, the silicoaluminophosphate
STA-7 (SAV) built up by large cages, similar to SAPO-34, has
been reported to be a good catalyst for the MTO reaction.22

Silicoaluminophosphates with one-dimensional pore systems and
no cages, for example, SAPO-11,19,21 on the other hand, have
been reported to be not good catalysts for the MTO conversion.

In the present study, several types of silicoaluminophosphates
with different amounts of Brønsted acid sites and various frame-
work structures having very different pore systems were synthe-
sized and applied as MTO catalysts, or more generalized, for the
MTH (methanol-to-hydrocarbons) reaction. The amounts of
Brønsted acid sites of the silicoaluminophosphates under study
were determined by means of 1H MAS NMR spectroscopy.
SAPO-34 and SAPO-46 both possess structures with cages. In
contrast, SAPO-11 and SAPO-41 are characterized by structures
with one-dimensional 10-ring pore systems, while the amounts of
Brønsted acid sites of these catalysts are obviously different. The
aim of this investigation is to improve our understanding of the
relationship between framework properties (type and number of
Brønsted acid sites, methanol adsorption capacity, and pore
structure) and the catalytic behavior (selectivity to olefins and
deactivation) of silicoaluminophosphate catalysts applied for the
MTO reaction.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Silicoaluminophosphates. All the silicoa-
luminophosphates were prepared via hydrothermal methods
following the procedures in the literature.23-25 The as-synthe-
sized materials were calcined in air at 873 K for 4 h to remove the
occluded organic structure-directing-agents. The chemical com-
positions of the synthesis mixtures and the conditions for the
synthesis of silicoaluminophosphates are summarized in Table 1.
2.2. Characterization of Silicoaluminophosphates. X-ray

diffraction (XRD) patterns of the as-synthesized products were
recorded on a Bruker D8 diffractometer with CuKR radiation
(λ = 1.5418 Å) from 5 to 50�with a scan speed of 2θ = 6.0�/min.
A HITACHI S-4700 Scanning Electron Microscope (SEM) was
used for the studies of the silicoaluminophosphatemorphologies.
The SEM images were recorded on samples covered with a thin
layer of gold, deposited by sputtering. The surface areas of the
catalysts were obtained by means of nitrogen adsorption

measurements performed at 77 K on a Quantachrome Autosorb
3B instrument. Before N2 adsorption, the samples were dehy-
drated at 473 K for 2 h. The total surface area was calculated via
the Brunauer-Emmett-Teller (BET) equation. The chemical
compositions of the calcined silicoaluminophosphates were
determined by ICP-AES.

1H and 29Si MAS NMR spectra were recorded on a Bruker
Avance III spectrometer at resonance frequencies of 400.1 and
79.5 MHz, with π/2 and π/4 single pulse excitation, repetition
times of 10 and 20 s, and using 4 mm and 7 mm MAS NMR
probes with sample spinning rates of 8.0 and 4.0 kHz, respec-
tively. The samples used for the 1H MAS NMR studies were
dehydrated at 723 K in vacuum (pressure below 10-2 Pa) for 12
h. After dehydration, the samples were sealed and kept in glass
tubes until they were filled into the MAS NMR rotors in a
glovebox purged with dry nitrogen gas. The determination of the
number of accessible Brønsted acid sites was performed by
adsorption of NH3 at room temperature. After the NH3 loading,
the samples were evacuated at 453 K for 2 h to eliminate
physisorbed ammonia. Quantitative 1H MAS NMR measure-
ments were performed by comparing the signal intensities of the
samples under study with the intensity of an external intensity
standard (dehydrated zeolite HNa-Y with the cation exchange
degree of 35%). All chemical shift values were referenced to
tetramethylsilane (TMS). The decomposition and simulation of
NMR spectra were carried out using the Bruker software
WINFIT.
2.3. Methanol Adsorption on Silicoaluminophosphates.

Isotherms of methanol adsorption on silicoaluminophosphates
were measured at 298 K using an intelligent gravimetric analyzer
(IGA-002, Hiden Isochema Instrument) with a sensitivity of 0.1
μg. The apparatus is an ultrahigh vacuum system for recording
isotherms and determining the corresponding adsorption ki-
netics by setting pressure steps. Before the adsorption measure-
ments, the calcined samples were degassed at 383 K overnight.
2.4. MTO Reaction over Silicoaluminophosphates. The

MTO reaction was performed in a fixed-bed reactor at atmo-
spheric pressure. Typically, a 0.4 g sample (sieve fraction, 0.25-
0.5 mm) was placed in a stainless steel reactor (5 mm i.d.) and
activated under flowing N2 at 723 K for 1 h. Methanol was
pumped in at 0.5 mL/h (WHSV = 1/h) at 473 K. The products
were analyzed online by gas chromatography equipped with a
flame ionization detector and a packed-column Porapak Q to
separate the C1-C8 hydrocarbons. The temperature of the
column was maintained at 313 K for 15 min and then increased
to 473 K with a heating rate of 10 K/min.
2.5. In Situ UV/vis Studies of the MTO Reaction on

Silicoaluminophosphates. The composition of the hydrocar-
bon pool compounds formed under reaction conditions was
studied by in situ UV/vis spectroscopy using a fiber-optic UV/
vis26 (see Supporting Information, Figure S1). Reference UV/vis
spectra of silicoaluminophosphates were recorded at reaction
temperature prior to starting the methanol flow. UV/vis spectra
at 200 to 600 nm in the diffuse reflection mode were conducted
with a AvaSpec-2048 Fiber Optic spectrometer, an AvaLight-
DH-S deuterium light source by Avantes, and a glass fiber
reflection probe HPSUV1000A by Oxford Electronics.
2.6. Characterization of Occluded Organic Compounds

on Silicoaluminophosphates. The amounts of occluded hy-
drocarbons after the methanol reaction were analyzed by ther-
mogravimetry-differential thermal analysis (TG-DTA) on a
Rigaku standard type thermogravmetric analyzer. In a typical

Table 1. Parameters of the Synthesis of the Silicoalumino-
phosphates under Study

sample batch compositiona
temperature/

K

time/

h ref

SAPO-34 1Al2O3:1P2O5:0.5SiO2:2TEA:50H2O 473 24 23

SAPO-41 1Al2O3:1P2O5:0.2SiO2:4DPA:50H2O 473 96 24

SAPO-11 1A12O3:1P2O5:0.5SiO2:2Pr2NH:50H2O 473 48 25

SAPO-46 1Al2O3:1P2O5:0.5SiO2:4DPA:50H2O 473 72 24
aMolar ratio.
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measurement, 0.1 g of sample was heated in an Al2O3 crucible
with a constant heating rate of 10 K/min and air purging using a
flow rate of 30 mL/min.
The constitutions of occluded hydrocarbons in the different

silicoaluminophosphates after the MTO reaction were analyzed
by gas chromatography-mass spectrometry (GC-MS). Typically,
0.3 g of catalyst sample after reaction was carefully dissolved in 1
MHCl solution. The solution was treated with CH2Cl2 to extract
the organic compounds and the residual water was removed by
the addition of sufficient sodium sulfate solid. Then, 1.0 μL
CH2Cl2 organic extract was analyzed by GC-MS (Agilent
7890A/5975 MSD) with a DB-5 MS column (30 m, 0.25 mm
i.d., stationary phase thickness 0.25 μm). The following tem-
perature program was employed: isothermal at 313 K for 6 min,
heating to 553 Kwith a rate of 10 K/min, and isothermal at 553 K
for 10 min.

3. RESULTS AND DISCUSSION

3.1. Physico-Chemical Properties of Silicoaluminopho-
sphates. Figure 1 shows the powder XRD patterns of the as-

synthesized sample materials. Typical diffraction lines corre-
sponding to CHA (SAPO-34), AFO (SAPO-41), AEL (SAPO-
11), and AFS (SAPO-46) framework structures are observed,27

indicating that pure phases of these topologies are obtained for
the silicoaluminophosphates under study. The crystal morphol-
ogies of the as-synthesized samples were investigated by SEM.
The corresponding images are shown in Figure 2. SAPO-34
crystals appear as cubes with sizes of 3-5 μm, while SAPO-41
particles have cauliflower-type congeries, which are composed of
small sticks (<1 μm width and ca. 5 μm length). SAPO-11
crystals appear as cubes like SAPO-34, but the cube sizes (0.5-1
μm) are significantly smaller. SAPO-46 crystals are small sym-
metrical hexagonal prisms with diameters of 2-4 μm. Hence,
crystals with sizes in the micrometer scale and different mor-
phologies were observed for the silicoaluminophosphates em-
ployed in this study. The chemical composition and BET surface
areas of the calcined silicoaluminophosphates are given in
Table 2. The surface areas of these samples are in the range of
207 to 464 m2/g indicating the intactness and accessibility of the
pore systems.
The Brønsted acid sites of the silicoaluminophosphates under

study were characterized by means of 1H MAS NMR

Figure 1. XRD patterns of the as-synthesized silicoaluminophosphates
under study.

Figure 2. SEM images of SAPO-34, SAPO-41, SAPO-11, and SAPO-
46.

Table 2. Chemical Compositions and Surface Areas of the
Calcined Silicoaluminophosphates under Study

elemental analysisa (mmol/g)

samples nAl nP nSi nSi/(nSiþnAlþnP)

BET surface areab

(m2/g)

SAPO-34 6.19 4.62 2.23 0.17 464

SAPO-41 7.27 6.81 0.50 0.03 235

SAPO-11 10.5 3.42 1.51 0.10 207

SAPO-46 7.41 5.95 2.20 0.14 242
aDetermined by ICP-AES. bDetermined by N2-absorption

Figure 3. 1H MAS NMR spectra of calcined silicoaluminophosphates:
(a) samples dehydrated at 723K for 12 h, (b) samples in (a) after loading
with NH3 and evacuation at 453 K for 2 h.
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spectroscopy. The obtained spectra are shown in Figure 3.
Signals at 1.2 to 2.4 ppm are due to Si-OH, P-OH, and Al-
OH groups at the outer crystal surface and framework
defects,28,29 while signals at 3.6 to 3.7 and 4.6 to 4.7 ppm are
due to bridging OH groups (Si(OH)Al), that is, Brønsted acid
sites. Specifically, signals at 3.6 to 3.7 ppm indicate the presence
of Si(OH)Al groups in large cages and pores, while signals at 4.6
to 4.7 ppm are assigned to Si(OH)Al groups in small structural
building units and cages.29,30 Adsorption of the strongly basic
probe molecule NH3 on Brønsted acid sites leads to the forma-
tion of ammonium ions resulting in the appearance of 1H MAS
NMR signals at 6.0 to 7.0 ppm.29,30 The signal intensities of these
ammonium ions are utilized for quantifying the number of
accessible Brønsted acid sites (see Table 3).31 As indicated by
the spectra of ammonia-loaded samples in Figure 3, very small
fractions of Brønsted acid sites (signals at ca. 3.2 ppm) are left
even after NH3 adsorption, which are not accessible for the probe
molecules and not available during the reaction. The amounts of
accessible Brønsted acid sites have the sequence SAPO-34 >
SAPO-41 > SAPO-11 > SAPO-46 (Table 3, column 4). The 29Si
MAS NMR spectra of the calcined SAPO-34 and SAPO-41
materials have strong signals at about -90 ppm attributed to
Si(1Al) silicon atoms, which are a prerequisite for the formation
of bridging Si(OH)Al groups (see Supporting Information,
Figure S2). The simulation of the 29Si MAS NMR spectra
indicates that about 50% and 55% of the silicon atoms exist as
Si(1Al) species causing 29Si MAS NMR signals at about -90
ppm in the spectra of SAPO-34 and SAPO-41, respectively.30 For
SAPO-11 and SAPO-46, most of the silicon atoms exist as silica
islands responsible for the signals at -100 to -115 ppm and
only 11% and 4% of the silicon atoms are Si(1Al) species,

respectively.30 The amounts of accessible Brønsted acid sites
are directly proportional to the silicon atoms in Si(1Al) species
(see Supporting Information, Table S1). As a result of these
siliceous islands, the amounts of Brønsted acid sites of SAPO-46
and SAPO-11 are much lower than those of SAPO-41 and
SAPO-34.
3.2. Methanol Adsorption on Silicoaluminophosphates.

The adsorption of methanol on catalysts is one of the initial steps
of methanol conversion and thus the adsorption behavior is very
important for the properties of MTO catalysts. However, the
adsorption of methanol on catalysts under reaction conditions is
difficult to measure, for example, because of the fast coke
formation. It has been demonstrated that the amount of metha-
nol adsorbed on SAPO-34 at reaction temperature can be
extrapolated from low-temperature experiments.9 Therefore,
adsorption of methanol on silicoaluminophosphates was inves-
tigated at 298 K to gain data on their relative methanol adsorp-
tion capacities. As shown in Figure 4, the amount of methanol
adsorbed on the silicoaluminophosphates under study has the
sequence SAPO-34 > SAPO-41 > SAPO-11 > SAPO-46, which
agrees with the behavior of the amounts of accessible Brønsted
acid sites determined by 1H MAS NMR spectroscopy (vide
supra). As it is well-known, methanol adsorption on Brønsted
acid sites of silicoaluminophosphates leads to the formation of
strongly bound surface methoxy groups in the case of low
methanol loadings, while for high methanol loadings large
adsorbate complexes of weakly bound methanol molecules
dominate.32,33 As indicated by Figure 5, the methanol concen-
tration on saturated silicoaluminophosphates correlates well with

Table 3. Chemical Shifts, δ1H, of Si(OH)Al Groups and Ammonium Ions andConcentrations, nacOH, of Brønsted Acid Sites of the
Silicoaluminophosphates under Study

samples Si(OH)Alaδ1H/ppm NH4
þbδ1H/ppm Brønsted acid sites cnacOH/mmol g-1

SAPO-34 3.7 6.4 1.15

SAPO-41 3.6, 4.7 6.7 0.25

SAPO-11 3.6, 4.6 6.6 0.13

SAPO-46 3.6, 4.6 6.6 0.08
a Samples dehydrated at 723 K and under a pressure below 10-2 Pa for 12 h. b Samples (a) loaded with 100 mbar NH3 at room temperature for 10 min
and subsequently evacuated at 453 K for 2 h. cAvailable Brønsted acid sites (acOH) determined by 1H MAS NMR spectroscopy

Figure 4. Isotherms of methanol adsorption on the silicoaluminopho-
sphates under study. Figure 5. Concentrations of methanol on saturated siliconaluminopho-

sphates plotted as a function of the amounts of accessible Brønsted acid
sites in these materials.
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the concentration of accessible Brønsted acid sites determined by
1HMASNMR spectroscopy. For SAPO-34, about five methanol
molecules are adsorbed per accessible Brønsted acid site, which
fits very well with the size of methanol adsorbate complexes on
acidic zeolites suggested earlier.33

3.3. Performance of Silicoaluminophosphates in the MTO
Reaction. In Figure 6, the time dependence of the methanol
conversion and product selectivity during the MTO conversion
on the silicoaluminophosphates under study is summarized.
For SAPO-34, the selectivity to C2-C4 olefins keeps at >95%
for the first 270 min of time-on-stream, which dramatically
decreases to about 18% (DME: ca. 80%) after a reaction time
of 360 min. During the progress of the reaction from 2 to 270
min, a gradual change of the product selectivity from propene to
ethene is observed. In contrast, the selectivity to C2-C4 olefins
on SAPO-41 is rather stable and maintained at about 70%,
also after a time-on-stream of 360 min. Further experiments
indicated that the high selectivity as well as high methanol
conversion on SAPO-41 can be preserved for reaction times up
to 10 h before they begin to decrease (see Supporting Informa-
tion, Figure S3).

For SAPO-11, the selectivity to C2-C4 olefins is about 60%
after the initial 2 min, and it gradually decreases to about 52% at
the time-on-stream of 90 min. With the further extension of the
methanol conversion, the selectivity to C2-C4 decreases drama-
tically and finally drops down to <1% after the reaction time of 360
min. In comparison with SAPO-34, much higher contents of
butylene, C5-C7 aliphatics, and aromatics are present in the
productmixtures formed on SAPO-11 and SAPO-41. This finding
indicates the preferred formation of molecules with large dynamic
diameters in the channels of these catalysts. For SAPO-46, on the
other hand, the initial selectivity to light olefins is quite low, and
DME is the dominant product during the MTO conversion.
3.5. In Situ UV/vis Studies of the MTO Reaction. Using

in situ UV/vis spectroscopy, the nature of organic compounds
formed during the MTO conversion was studied under reaction
conditions. For SAPO-34, UV/vis bands at 240, 270, 300, and
400 nm appear during the initial 5 min (Figure 7). The bands at
270 and 400 nm are assigned to aromatics and polycylic
aromatics, respectively,34 while the bands at 240 and 300 nm
indicate the formation of dienes and monoenylic carbenium
ions,35 respectively. With the further progress of the reaction,
monoenylic carbenium ions gradually disappear and dienylic
carbenium ions (band at 350 nm35) and trienylic carbenium ions
(band at 440 nm35) appear. These observations are a hint that
olefins react with monoenylic carbenium ions to dienylic and
trienylic carbenium ions on the working catalysts. Monoenylic
and dienylic carbenium ions may contribute to the formation of
aromatic hydrocarbon pool compounds (e.g., polyalkylaromatics),
while trienylic carbenium ions may be responsible for the forma-
tion of large organic deposits (e.g., polycylic aromatics).36

For SAPO-41, dienes (band at 240 nm), aromatics (band at
270 nm), and dienylic carbenium ions (band at 450 nm) are
observed after the initial 5 min. The amount of these species
increases with increasing reaction time up to 40 min and remains
stable thereafter. Aromatics originating from dienylic carbenium
ions are the main hydrocarbon pool compounds occluded in
SAPO-41.
For SAPO-11, dienes, aromatics, and dienylic carbenium ions

are observed in the UV/vis spectra recorded during the MTO
reaction, similar to those obtained for SAPO-41. However, the
amounts of these species are much lower, probably because of the
small amount of Brønsted acid sites available on SAPO-11 in
comparison with SAPO-41. For SAPO-46, only traces UV/vis

Figure 6. Methanol conversion and product selectivity during theMTO conversion on silicoaluminophosphates at 723 K up to a time-on-stream of 6 h.

Figure 7. In situ UV/vis spectra recorded during MTO reaction on
silicoaluminophosphates at 723 K and depicted as a function of the
reaction time.
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sensitive dienes (band at 240 nm) and monoenylic carbenium
ions (band at 300 nm) can be observed after a reaction time of 40
min. These monoenylic carbenium ions are not enough to form
sufficient hydrocarbon pool compounds. Consequently, a very
low MTO activity was found for SAPO-46.
3.5. Occluded Organic Species Formed on the Catalysts

during the MTO Reaction. The results of TG-DTA studies on
spent silicoaluminophosphate catalysts obtained after a reaction
time of 6 h are shown in Figure 8. In general, two obvious weight
losses can be recognized in the TG curves: A low-temperature
weight loss at <473 K and a high-temperature weight loss at
>673 K. Correspondingly, two peaks can be observed in DTA
curves: A low-temperature endothermic peak and a high-tem-
perature exothermic peak. The endothermic peak is ascribed to
desorption of weakly adsorbed water and/or volatile organic
compounds, while the exothermic peak is due to the oxidation of
occluded carbon pool compounds. The amounts of the occluded
organic compounds are 10.2%, 5.5%, and 0.7% in SAPO-34,
SAPO-41, and SAPO-11, respectively. In contrast, no occluded

organic compounds were found by TG-DTA analysis for SAPO-
46. These findings are in good agreement with the results of
in situ UV/vis spectroscopy.
The exact constitution of the occluded hydrocarbon pool

compounds in the spent catalyst samples was analyzed by GC-
MS after dissolution of the catalyst framework and titration of the
organics. The corresponding results are shown in Figure 9.
Methylbenzenes (MBs) and methylnaphthalenes (MNs) with
one to two fused aromatic rings are observed in all the samples,
whereas the specific distributions of aromatics are different. For
SAPO-34, the main species is naphthalene, with fewer amounts
of MBs and MNs. For SAPO-41 and SAPO-11, tetraMBs are the
main species, with fewer amounts of xylenes, triMBs, and
naphthalene. For SAPO-46, on the other hand, the amounts of
MBs and MNs are negligible, which also agree with the results of
in situ UV/vis spectroscopy.
3.6. Factors Controlling the Performances of MTO Cata-

lysts. For the MTO conversion on acidic zeolite catalysts it is
generally accepted that the properties of acid sites and the
microporous framework structure are key factors controlling
the product distribution and catalyst deactivation.19 Therefore,
the following discussion of the MTO conversion on silicoalumi-
nophosphate catalysts focuses on these two factors.
Figure 10 illustrates the different framework structures of

silicoaluminophosphates employed in this study. SAPO-34 and
SAPO-46 both possess structures with cages and they are
discussed in parallel, therefore. For SAPO-34, the small 8-ring
windows permit the diffusion exclusively of linear hydrocarbons,
whereas the diffusion of branched hydrocarbons with high
carbon numbers (C > 4) and aromatics with large kinetic
diameters is hindered. As a result, such organic compounds can
not be detected in the product flow, and a high selectivity toward
lower olefins is obtained (Figure 6). However, organic species
with kinetic diameters much larger than the cages of SAPO-34,
for example, polycylic aromatics, can be detected by in situ UV/
vis spectroscopy during the MTO conversion. Strong loading of
SAPO-34 with these species leads to a blocking of the pore
entrances causing a catalysts' deactivation.
For SAPO-46, on the other hand, the large cages are inter-

connected by 12-ring windows (diameter of ca. 0.70 nm)

Figure 8. TG-DTA curves of spent silicoaluminophosphates obtained
after MTO conversion at 723 K for 6 h.

Figure 9. GC-MS analysis of occluded organic species in the silicoalu-
minophosphates after a MTO reaction at 723 K for 6 h.

Figure 10. Illustration of framework structure of silicoaluminopho-
sphate molecular sieves.
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permitting the diffusion of branched high-carbon hydrocarbons
(C > 4) and alkylbenzenes, so that these organic compounds can
be detected in the initial product flow (Figure 6). SAPO-34
exhibits a high MTO activity, while SAPO-46 shows a quite low
activity in the olefin production. 1H MAS NMR spectroscopic
studies of samples loaded with ammonia revealed that SAPO-34
possesses 1.15 mmol/g accessible Brønsted acid sites, while
SAPO-46 possesses the much lower amount of 0.08 mmol/g
of these surface sites (Table 3, column 4). Furthermore, the
results of in situ UV/vis spectroscopy and GC-MS indicate that a
large amount of polyalkylbenzenes and polycyclic aromatics are
occluded in SAPO-34, while only a small amount of polyalk-
ylbenzenes is formed on SAPO-46. According to the generally
accepted reaction mechanism, large hydrocarbon pool com-
pounds are the key intermediates for the formation of olefins
from the methanol/DME reactant mixture.10,11 In the case of
SAPO-46, however, the amount of available Brønsted acid sites is
too low for the formation of sufficient hydrocarbon pool
compounds. As a result, no olefins are formed, and DME is
detected as the main reaction product.
SAPO-41 and SAPO-11 possess similar one-dimensional 10-

ring pores with sizes of 0.40 � 0.65 nm and 0.43 � 0.70 nm,37

respectively. Polyalkylbenzenes and branched high-carbon hy-
drocarbons can diffuse through these 10-ring pores and, corre-
spondingly, they are detected in product flow (Figure 6). After a
longer time-on-stream, polyalkylbenzenes are occluded also in
SAPO-41 and SAPO-11 (Figures 7 and 9) although the diffusion
of polyalkylbenzenes is not hindered at all. This finding may
indicate that the negative framework charges occurring upon
deprotonation of Brønsted acid sites may stabilize nearby
carbenium ions, which act as intermediates in the formation of
polyalkylbenzenes.
SAPO-41 and SAPO-11 both exhibit a remarkable initial

MTO activity. However, the activity sharply decreases after a
time-on-stream of 90 min for SAPO-11. In contrast, the activity
of SAPO-41 is well-preserved up to a reaction time of 10 h. The
results of in situ UV/vis spectroscopy, TG-DTA, and GC-MS
indicate that much less organic species are occluded in SAPO-11
after a time-on-stream of 6 h than in SAPO-41 after the same
reaction time. The amounts of coke occluded in SAPO-11 and
SAPO-41 are 0.7% and 5.5%, respectively. Hence, the deactiva-
tion of SAPO-11 is not caused by the formation of organic
deposits acting as coke. 1H MAS NMR spectroscopic results
reveal that SAPO-41 possesses much more Brønsted acid sites
(0.25 mmol/g) than SAPO-11 (0.13 mmol/g), but the in situ
UV/vis investigations (Figure 7) indicate that carbenium ions are
formed both on SAPO-41 and SAPO-11. On SAPO-11, these
carbenium ions cover the few existing Brønsted acid sites, which
are required for the MTO reaction.38 Therefore, deactivation of
the SAPO-11 occurs if not sufficient Brønsted acid sites are left.
On the other hand, the selectivity of SAPO-11 and SAPO-41 to
ethene is much lower than that of SAPO-34, but the selectivities
to propylene and butylene are higher, which is very similar to
catalytic performance of ZSM-5. From this point, the mechanism
of the MTO conversion on SAPO-11 and SAPO-41 should be
more similar to ZSM-5 rather than SAPO-34, that is, ethene is
formed from the lower methylbenzenes followed by remethyla-
tion, and C3þ alkenes are formed from a methylation/cracking
cycle.39,40 Further researches on the routes of olefins production
on SAPO-41 are underway.
Summarizing, it can be stated that the amount of Brønsted acid

sites has large effect on the methanol adsorption capacity of

silicoaluminophophates, which is important for the initiation of
the MTO reaction. Additionally, the Brønsted acid sites play a
key role in controlling the activity and lifetime of the MTO
catalysts. On one side, the Brønsted acid sites favor the formation
of hydrocarbon pool compounds and, correspondingly, a high
methanol conversion is obtained on catalysts with a high con-
centration of these catalytically active surface sites. On the other
side, a large concentration of Brønsted acid sites favors the
further condensation of hydrocarbon pool compounds, which
results in the formation of coke deposits causing catalyst
deactivation, for example, in the case of SAPO-34. Furthermore,
the available Brønsted acid sites are gradually involved in the
formation and stabilization of carbenium ions, and deactivation
of the catalysts may also occur if there are not sufficient Brønsted
acid sites left, for example, in the case of SAPO-11. Finally, the
different pore architectures of the silicoaluminophosphates stu-
died in the present work influence the diffusion of the reaction
products and thus control the product selectivity in the MTO
reaction. Small pores and windows favor light olefins with small
dynamic diameters (SAPO-34) in the product mixture, whereas
large pores lead to products with large dynamic diameters
(SAPO-11 and SAPO-41).

4. CONCLUSIONS

In the present study, several types of silicoaluminophosphates
with different framework structures having different pore systems
and properties of Brønsted acid sites were synthesized and
studied as MTO catalysts. Distinct catalytic performances,
including the selectivity to light olefins and catalyst deactivation
were observed for these materials. The Brønsted acid sites of
silicoaluminophosphates influence the methanol adsorption and
the catalyst activity as well as the lifetime of the catalysts in the
MTO reaction, while the pore architecture mainly influences the
product distribution and reaction routes. Therefore, SAPO-41
with one-dimensional 10-ring pores and a significant concentra-
tion of Brønsted acid sites also exhibits good MTO activity. For
this material, methanol conversion of 100% and a selectivity to
light olefins of about 70% are achievedmaintaining for a time-on-
stream of 10 h at the reaction temperature of 723 K.Moreover,
the well-defined pore structure of SAPO-41 and the limited
number of hydrocarbon pool compounds acting as reaction
intermediates make this material to an interesting candidate for
further mechanistic studies of the MTO reaction.
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