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As an oil-free process to obtain olefins, the conversion of
methanol-to-olefins (MTO) on microporous zeolite catalysts has
attracted significant attention, since it was made known in
1977.[1–4] Subsequently, the mechanism of methanol conversion
has been regarded as an intellectual challenge in heterogene-
ous catalysis. The MTO reaction is generally accepted to occur
by a hydrocarbon pool mechanism, described as a catalytic
scaffold composed of larger organic molecules adsorbed in the
zeolites, to which methanol/dimethyl ether is added and from
which alkenes and water are formed in a closed cycle.[6–9] A key
issue in the hydrocarbon pool mechanism is the origin and
specific constitution of the hydrocarbon pool. To obtain further
information on this issue, extra organic species have been
introduced to the MTO reaction system or MTO catalysts. For
example, toluene has been employed as a cocatalyst for MTO
reactions over ZSM-5, dealuminated mordenite, and beta zeo-
lite.[10] Tetramethylphosphonium cations have been synthesized
in the cages of H-SAPO-34 (like a ship in a bottle) and calcined
to form methylnaphthalenes, as an active MTO catalyst.[11–13]

The effect of the amount of coke already present in SAPO-34
on the selectivity of olefins has been studied.[14] The intrinsic
organic contamination of calcined solid acids has already
drawn great attention; for example Haw and co-workers
described a very low, but detectable, amount of aromatic for-
mation in SAPO-34 after calcination in static air at 600 8C for
several hours. The organic impurities from the incomplete
combustion of organic templates in the zeolite catalyst may be
regarded as the primordial hydrocarbon pool to realize the
MTO process.[15] The catalysts used for these processes are
solid acids with strong Brçnsted-acid sites (ZSM-5 or SAPO-34)
and the secondary reactions quickly take place over these
acids in the MTO process, leading to the formation of aromat-
ics or cyclic organics as the new hydrocarbon pool. As a result,
it is difficult to identify whether the incipient olefins are pro-
duced from the methanol reaction with the residual organic
species or the newly formed hydrocarbon pool in the catalysts.

Therefore, a solid acid with a weaker acid strength and
higher diffusivity may effectively prevent the secondary reac-
tions and favor the understanding of the function of organic
impurities in these catalysts. Herein we discuss how SAPO-46

samples calcined at different temperatures are investigated as
catalysts for the MTO process. Special emphasis is placed on
the effect of the organic species occluded in the cages due to
the incomplete combustion of organic templates.

SAPO-46 (Figure 1) possesses a three-dimensional structure
and supercage dimensions of approximately 1.30 � 0.98 nm,
which are interconnected by a 12-membered ring (ca. 0.70 nm)

and 8-membered ring windows (ca. 0.40 nm). The powder XRD
patterns of SAPO-46 zeolites calcined at different temperatures
(a : 350 8C; b : 400 8C; c : 450 8C; d : 500 8C) are shown in
Figure S1 (see the Supporting Information). The intensity of
the main diffraction peaks, which correspond to the structure
of SAPO-46, gradually decreases with increasing calcination
temperature. However, the structure of SAPO-46 is preserved
for all samples.

The acidic properties of the samples employed in this study
are evaluated by means of the temperature-programmed de-
sorption of ammonia (NH3-TPD; Figure 2 A). A low-temperature
ammonia desorption peak at around 200 8C, attributed to
weak acid sites, and a medium-temperature ammonia
desorption peak at 300 8C, attributed to moderate acid sites,
are observed for samples b–d. The intensities of these two
peaks are quite similar, indicating a similar amount of acid sites
in samples b–d. The low-temperature ammonia desorption
peak at around 200 8C is much more intense for sample a than
for the other samples, which may be a result of the mutual ad-
sorption between organic impurities retained in the cages of
sample a and ammonia. Nevertheless, no strong-acid sites
were detected for SAPO-46 samples calcined at different
temperatures.

Figure 1. A) the cage and pore structure of SAPO-46; B) the cage structure
in the framework.
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The FTIR spectra of NH3 adsorption were employed to
obtain more information on the acidity of SAPO-46 (Figure 2 B).
For all of the SAPO-46 samples, NH3 adsorbs on the Brønsted-
acid sites in the form of ammonium ions, which are attributed
to the peaks at ñ= 1465 and 3045 cm�1.[16] For samples c and
d, NH3 also adsorbs on the Lewis-acid center in the form of
ammonia molecules, which are attributed to the peaks at ñ=

1625 and 3330 cm�1.[17] In contrast, no ammonia molecules on
the Lewis acid center are detected for samples a and b, rather
there is a broad peak centered at ñ= 3235 cm�1. Based on
these results, it is concluded that similar Brønsted-acid sites
exist in SAPO-46 calcined at different temperatures. For SAPO-
46 calcined at higher temperatures, the Lewis-acid centers are
exposed and are available for the adsorption of ammonia
molecules. For SAPO-46 calcined at lower temperatures, the
organic impurities retained in the cages may block the
Lewis acid centers and form complexes with the ammonia
molecules.[18]

The MTO reaction over the SAPO-46 catalyst was performed
in a fixed-bed flow microreactor under atmospheric pressure
at 450 8C. Samples a and b exhibit good activity for the MTO
reaction in the initial 5 min. Typically, 100 % methanol conver-
sion with 35.3 and 41.3 % selectivity to lower olefins (C2= and

C3=) is obtained for a and b, respectively. In addition to the
lower alkane and olefins, some branched high-carbon hydro-
carbons (C>5) and aromatics (toluene and xylene) are present
in the products of the MTO reaction over samples a and b (Fig-
ure 3 A). These byproducts may be attributed to the unique
shape selectivity induced by 12-ring pores. For samples c and
d, the initial methanol conversion is below 80 % and the domi-
nant product is dimethyl ether (DME) with trace lower olefins
(<1 %). If the reaction proceeds over 90 min, DME becomes
the dominant product over all samples (Figure 3 B), indicating
the rapid deactivation of samples a and b. According to the
hydrocarbon pool mechanism, olefins can only be obtained
from hybrid sites composed of acid sites and large organic
intermediates that contain cyclic organics or aromatics. For
SAPO-46 calcined at different temperatures, similar acid sites
are present in samples b–d (Figure 2), therefore, their distinct
behavior in the MTO reaction should be attributed to the
different constitutions of the residual organic species from the
incomplete combustion of the organic templates.

The exact constitution of the organic species originating
from the incomplete combustion of organic template in the
SAPO-46 samples was analyzed by means of GC-MS. 2-Ben-
zenedicarboxylic acid dibutyl ester (DBP), hexadecane, and
2,6,10,14-tetramethyl-pentadecane were detected in all
samples (Figure 4 A). As samples c and d do not exhibit clear
activity for the MTO reaction, these species (DBP and the
higher alkanes) should not be the active organic species for
the production of olefins. Besides DBP and the higher alkanes,
toluene and benzyl alcohol were detected in samples a and b.
Considering the noticeable olefin production over both sam-
ples a and b, we propose that toluene and/or benzyl alcohol
are the so-called active organic species in the MTO process. To
obtain further insight into the role of the residual organic spe-
cies, toluene and benzyl alcohol were used as tracers (1 mol %)
in the reactant during the MTO process over sample d. When
benzyl alcohol was used as the tracer in the reactant, no MTO
reaction was observed. When toluene was used as the tracer,
the MTO reaction took place over sample d and olefins were
detected in the products (see the Supporting Information, Fig-
ure S2). Clearly, trace toluene plays a key role in realizing the
MTO process. Based on the above results, we can confirm that
toluene is the primordial hydrocarbon pool, or a precursor for
the formation of the primordial hydrocarbon pool, that induces
the initial MTO reaction. To obtain information on the transfor-
mation of the residual organic species in SAPO-46 during the
MTO reaction, the occluded organic species in samples a (with
MTO activity) and d (without MTO activity) after reaction for
6 h are carefully analyzed. As seen in Figure 4 B, polymethyl-
benzenes and alkylnaphthalenes with 1–2 fused benzene rings
are observed in sample a after the reaction, whereas, the resid-
ual toluene could no longer be observed. We propose that,
under the MTO reaction conditions, the initial toluene is
transformed to polymethylbenzenes and alkylnaphthalenes,
from which olefins can be produced through “paring” or “side-
chain” routes (Scheme 1).[9, 19–22] After the MTO reaction over
sample d, traces of xylene and trimethylbenzene were ob-
served, indicating that these species can be formed in the

Figure 2. A) The NH3-TPD profiles for SAPO-46 samples a–d ; B) The FTIR
spectra of NH3 adsorption for SAPO-46 samples a–d.
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presence of weak-acid sites in SAPO-46. However, the amount
of these species is quite low and is not sufficient for the pro-
duction of olefins. Notably, when toluene was used as the
tracer in the reactant, a considerable amount of polymethyl-
benzenes and DBP were detected in sample d after the reac-
tion (see the Supporting Information, Figure S3). The results
further confirm that toluene can be transformed into
polymethylbenzenes, a well-known hydrocarbon pool, during
the reaction.

In conclusion, organic impurities that originate from the
incomplete combustion of the organic template may play a
decisive role in the MTO reaction over zeolite catalysts. For the
zeolite SAPO-46, the organic impurities toluene, benzyl alcohol,
DBP, and some higher alkanes are detected from samples
calcined under certain conditions. Amongst these impurities,
toluene may be the primordial hydrocarbon pool, or the pre-
cursor for the formation of the primordial hydrocarbon pool,
that induces the initial MTO reaction. Under the MTO reaction
conditions, residual toluene in SAPO-46 can be transformed to
polymethylbenzenes and alkylnaphthalenes, that is, the well-
known active hydrocarbon pool for the MTO process. The
results reported herein not only benefit the further under-
standing of the hydrocarbon pool mechanism in the MTO
process, but also aid the design of new MTO catalysts.

Experimental Section

SAPO-46 zeolite was synthesized by means of a one-step route
with di-n-propylamine as the template, details of which can be
found in our previous report.[23] The chemical composition of
SAPO-46 employed in this study is Si/P/Al = 0.20:0.42:0.58. Most sil-
icon atoms in SAPO-46 are located on the tetrahedral phosphorus
sites of the AlPO4 framework, as established by the respective
29Si MAS NMR spectroscopy study. The as-prepared SAPO-46 was
calcined in flowing air at different temperatures for 3 h, followed

Figure 3. A) The GC profiles of methanol pulsed onto samples a–d at 450 8C for the initial 5 min; B) Time-dependent product selectivity in MTO reaction over
samples a–d.

Scheme 1. Initiating step for the formation of olefins from methylbenzene.
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by calcination in flowing nitrogen at 450 8C for 1 h. Samples of
SAPO-46 were calcined in flowing air at 350 8C, 400 8C, 450 8C and
500 8C, to produce samples a, b, c, and d, respectively.

The temperature-programmed desorption of ammonia (NH3-TPD)
was completed in a quartz U-shaped reactor and was monitored
by using an online chemisorption analyzer (Quantachrome Chem-
Bet 3000). A sample (ca. 0.1 g) was pretreated at 600 8C for 1 h in
an He flow (30 mL min�1), cooled to 100 8C, and saturated with
5 % NH3/Ar. After that, the sample was purged with He for enough
time to eliminate the physically absorbed ammonia. NH3-TPD was
then completed in the range of 100–600 8C at a heating rate of
10 8C min�1.

The NH3 adsorption was measured by means of FTIR spectroscopy
by using a Bruker Tensor 27 spectrometer with a MCT detector at a
resolution of 4 cm�1. A self-supporting pellet made of the sample
was placed in the IR flow cell and the reference spectrum was
taken at room temperature. After NH3 dosing at room temperature
for 30 min, the FTIR spectra of the NH3 saturated adsorption
samples were recorded.

In each MTO experiment, the catalyst (ca. 0.4 g) was loaded into a
stainless steel tube (5 mm i.d.) and pretreated in nitrogen flow
(20 mL min�1) at 450 8C for 1 h. Methanol was then pumped in at
0.5 mL h�1 (WHSV = 1 h). The products were analyzed online by
using a gas chromatograph equipped with a flame ionization de-

tector and a packed-column Porapak Q for the separation of C1–C4

hydrocarbons and other higher hydrocarbons.

For GC-MS analysis, a catalyst sample (ca. 0.3 g) was taken after the
reaction and carefully dissolved in 1 m HCl solution (20 mL). The so-
lution was treated with CH2Cl2 (10 mL), to extract the organic ma-
terials. A sample of CH2Cl2 (ca. 1.0 mL) organic extract was analyzed
by using GC-MS (Agilent 7890A/5975 MSD) with a DB-5 MS column
(30 m, 0.25 mm i.d. , stationary phase thickness 0.25 mm). The fol-
lowing temperature program was employed: Isothermal at 40 8C
for 6 min and then heated to 280 8C at a ramping rate of
10 8C min�1.
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Figure 4. A) The GC-MS chromatograms of extracts from SAPO-46 calcined
at different temperatures (samples a–d) ; B) Samples a and d after the MTO
reaction at 450 8C for 6 h .
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