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The mechanism of the methanol to olefin (MTO) reaction over AIPO-18 (without Brensted acid sites) and
two SAPO-18 (with different Brensted acid site densities) catalysts has been investigated. The Brgnsted
acid site density of AIPO-18 and SAPO-18 catalysts was determined by *H MAS NMR spectroscopy.
Methanol conversion over the catalysts showed that the catalytic activity of the catalysts was strongly
influenced by their Brgnsted acid site density. Using **C magic angle spinning (MAS) NMR, we directly
observed the pentamethylcyclopentenyl cation (pentaMCP*) over SAPO-18 under real MTO reaction
conditions, but no carbenium ion was detected over AIPO-18. Furthermore, analysis of confined organics
by **C MAS NMR and GC-MS clearly demonstrated that higher Brensted acid site density improved the
formation and accumulation of some important and reactive hydrocarbon pool species, such as
pentaMCP* and polymethylbenzenes. With the aid of the *C/**C-methanol switch technique, the
detailed olefin formation mechanism was elucidated. During the MTO reaction, light olefin generation
over SAPO-18 mainly followed the aromatic-based hydrocarbon pool mechanism; however, the olefin
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1. Introduction

As an alternative route for the production of light olefins
from non-oil resources, the methanol to olefin (MTO) reac-
tion has received much attention from both academia and
industry.”™* The MTO process has been proven to be
completely successful in China using the DMTO technology
developed by the Dalian Institute of Chemical Physics.”"?
Although the excellent performance of methanol conversion
to light olefins over acidic zeolites or silicoaluminophosphate
(SAPO) molecular sieves (e.g. SAPO-34 used in the DMTO
process) has been undoubtedly confirmed, due to the extremely
complicated reaction route and network of MTO reaction,
elucidating the reaction mechanism remains a great challenge.

Based on the intensive mechanistic studies of the MTO
reaction," ™ ""*7'* C-C bond formation by direct coupling of
C1 species derived from methanol has been proven to
be unfavourable owing to the extraordinarily high energy
barrier and unstable reaction intermediates.’*™* An indirect
mechanism, the hydrocarbon pool (HP) mechanism,'®"® has
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methylation and cracking mechanism accounted for the production of light olefins over AIPO-18.

been confirmed based on experimental observations'®™’ as well

as theoretical calculations®® > and gained general acceptance.
According to the HP mechanism, methanol is continuously
added to the HP species confined in the catalyst and light ole-
fins are split off from these species. Polymethylbenzenes and
the corresponding carbenium ions have been proposed to be
the main reactive HP species."®>>%373® Using isotopic switch
experiments, pentamethylbenzene and hexamethylbenzene
have been found to be more reactive than the lower methyl-
benzenes (toluene, xylene and trimethylbenzene) over SAPO-34
and H-beta catalysts, while the lower methylbenzenes were
shown to be more active than the higher methylbenzenes over
H-ZSM-5.2%%372%37 However, detailed mechanistic investiga-
tions revealed that C;, alkenes were formed through alkene
methylation and cracking reaction over H-ZSM-5 besides
ethene generation following the aromatic-based HP
mechanism.?* >’ Further investigations proved that metha-
nol conversion over H-ZSM-22 mainly followed the alkene
methylation and cracking reaction mechanism.>’*® Recently,
Wang et al. found that the olefin methylation and cracking
mechanism was dominantly responsible for the generation
of olefin products over SAPO-41 with one-dimensional
10-membered ring pores.*’

In the proposed aromatic-based HP mechanism, Bronsted
acidity is closely related to the formation of important
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intermediates (polymethylbenzenes and the corresponding
carbenium ions) and light olefin generation during the
MTO conversion.”®?473¢4944 por example, Dai et al. found
that the density of Brgnsted acid sites strongly affected the
activity and lifetime of the MTO catalysts, and higher
Bronsted acid site density favoured the formation of HP
species, over which an enhanced methanol conversion
could be achieved.*® Dai et al. also found that incorporation
of a small amount of silica into AIPO-34 had a positive effect
on the activity and product selectivity of the MTO conversion
and also contributed to the prolongation of the catalyst
lifetime, which they attributed to the formation of HP species
with a higher content of dienes and a small amount of large
aromatics.*

For the acid-catalyzed MTO reaction with a complicated
reaction mechanism, it is necessary to understand how the
Bronsted acid site density of the catalyst affects the reaction
route of methanol conversion to light olefins. Especially,
when the catalyst acidity is very weak, as in AIPO molecular
sieves, due to the difficulty of HP species formation, the MTO
reaction following the HP mechanism is very difficult to be
realized over this catalyst.

AIPO-18 is an aluminophosphate molecular sieve with
AEI cages and 8-membered ring pore openings. If silicon
impurities are introduced during the synthesis procedure of
AIPO-18, Bronsted acid sites can be created.*” These acid
sites are a result of the substitution of P by Si atoms in the
AIPO-18 framework. The substitution leads to the formation
of negative framework charges, which are then charge-
balanced by the protons from the bridge hydroxyl groups, the
Bronsted acid sites of SAPO molecular sieves.*® SAPO-18,
possessing the same framework as that of AIPO-18, displays a
similar catalytic performance to that of SAPO-34 in the MTO
reaction.*>*® SAPO-18 with varied framework silicon incorpo-
ration is comparatively easy to be synthesized, and hence the
varied Brensted acid site density.">*°

Thus in this contribution, AIPO-18 and SAPO-18 molecular
sieves with different Brensted acid densities were employed
as the catalysts in the MTO reaction. The Bronsted acid site
density of the AIPO-18 and SAPO-18 catalysts used in this
study was determined by '"H MAS NMR spectroscopy. The
study of the MTO reaction over AIPO-18 and SAPO-18 with
identical topology structures but different Bronsted acid
densities would give typical results for elucidating the effect
of the Bronsted acid site density of the catalysts on the olefin
formation mechanism of the MTO reaction.
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2. Experimental
2.1 Synthesis of AIPO-18 and SAPO-18 samples

The AIPO-18 and SAPO-18 samples employed in this study
were synthesized hydrothermally following the procedure
described in the literature.*>*® Aluminium isopropoxide,
phosphoric acid and colloidal silica were used as the sources
of aluminium, phosphorus and silicon, respectively. The
chemical compositions of the starting gel are shown in
Table 1. The obtained samples were named AIPO-18, SAPO-18-1
and SAPO-18-2 depending on their Si contents.

2.2 Characterization

The powder XRD patterns were recorded using a PANalytical
X'Pert PRO X-ray diffractometer with Cu Ko radiation
(1 = 1.54059 A) operating at 40 kv and 40 mA.

The chemical composition of the solid samples was deter-
mined with a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer.

The crystal morphology was observed by scanning electron
microscopy (SEM, Hitachi S-3400N).

3C solid-state MAS NMR experiments were performed
using a Bruker Avance III 600 spectrometer equipped with a
14.1 T wide-bore magnet and a 4 mm MAS probe. The reso-
nance frequencies were 150.9 MHz for **C. "*C MAS NMR
spectra were recorded using high-power proton decoupling
with a spinning rate of 12 kHz. 2700 scans were accumulated
with a n/4 pulse width of 1.8 ps and a 4 s recycle delay. The
chemical shifts were referenced to adamantane with the
upfield methine peak at 29.5 ppm.

"H MAS NMR spectroscopy was performed using a Varian
Infinity plus-400 spectrometer equipped with a 9.4 T wide-
bore magnet. '"H MAS NMR spectra were recorded using a
spin-echo program and a 4 mm MAS probe. The pulse width
was 2.2 us for a n/4 pulse, and 32 scans were accumulated
with a 10 s recycle delay. Before the 'H MAS NMR measure-
ments, samples were dehydrated at 400 °C and at a pressure
below 10~* Pa for 20 h. Samples were spun at 12 kHz, and
chemical shifts were referenced to adamantane at 1.74 ppm.
The software Dmfit was employed for deconvolution using
fitted Gaussian-Lorentzian line shapes. 'H/>*”Al TRAPDOR
(transfer of populations in double resonance) experiments
were performed with a spin-echo pulse applied to the
'H channel and aluminium was irradiated simultaneously
during the first 7 period. The excitation pulse length was

Table 1 Molar composition of the initial gel and synthesized products of AIPO-18 and SAPO-18

Starting gel composition

Product composition

Sample Molar composition Molar composition® Si/(Si + P + Al) Concentration of B acid” (mmol g)
AIPO-18 1.0P,05:1.0AL,0; Aly 508P0.49202 0 0

SAPO-18-1 1.0P,0; : 0.8AL,0; : 0.05Si0, Al 106P0.489510.01405 0.014 0.246

SAPO-18-2 1.0P,0; : 0.9A1,0; : 0.25i0, Al 184P0.464510.05205 0.052 0.568

“ Determined by X-ray fluorescence (XRF) spectrometry. ” Determined by 'H MAS NMR spectroscopy.
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2.6 us (m/2), and 7 was set to one rotor period. The *’Al irradi-
ation field was about 60 kHz.

The temperature-programmed ammonia desorption
(NH3-TPD) experiments were conducted using a Micromeritics
Autochem II 2920 device. 100 mg of the sample particles
(40-60 mesh) were loaded into a U-quartz tube and pretreated
at 650 °C for 60 min under helium flow. After cooling to
100 °C, NH; was introduced to saturate the sample surface
and then the sample was purged with He for 30 min to
remove the weakly adsorbed NH; molecules. The measure-
ment of NH; desorption was performed from 100 °C to 700 °C
(10 °C min™") under He flow (20 ml min™").

2.3 MTO reaction

Methanol conversion was performed in a fixed-bed quartz
tubular reactor at atmospheric pressure. A catalyst sample of
100 mg (60-80 mesh) was loaded into the reactor and the
reactions were carried out at 300 °C and 400 °C. Methanol
was fed by passing helium through a saturation evaporator
with a WHSV of 2.0 h™. The reaction products were analyzed
by an on-line gas chromatograph (Agilent GC 7890A) equipped
with an HP-PLOT Q capillary column and a FID detector. The
conversion and selectivity were calculated on a CH, basis.
Dimethyl ether (DME) was considered as a reactant in the
calculation.

2.4 Confined organics analysis

Organic species trapped in the cages of the AIPO-18 and
SAPO-18 molecular sieves during the reaction were analyzed
following the procedures described in the literature.**>® The
spent catalysts were dissolved in 20% hydrofluoric acid solu-
tion. The organic phase was extracted with dichloromethane
(CH,Cl,) and then analyzed using an Agilent 7890A/5975C
GC/MSD equipped with an HP-5 capillary column.

The confined organics in the catalyst sample during meth-
anol conversion were also measured by '*>C solid-state MAS
NMR employing *C-methanol as the reactant. **C-methanol
was fed into the reactor for a predetermined time and then
the reactor was removed from the feeding line; the catalyst
was then cooled quickly by putting the catalyst particles into
a vessel containing liquid nitrogen. Finally, the cooled
catalyst was transferred to an NMR rotor in the glove box
without exposure to ambient air.

2.5 ?C/"C-methanol switch experiments

In the 'C/"C-methanol switch experiments, after the
2C-methanol was fed by passing the carrier gas (He) through
a methanol saturation evaporator maintained at 14 °C into
the reactor at the reaction temperature for 25 min to build
up ">C-HP species in the cages of AIPO-18 and SAPO-18, the
feeding of '>C-methanol was stopped and the reactant
was switched to "*C-methanol (fed by passing the carrier gas
(He) through a '*C-methanol saturation evaporator) for
1 min; then, the reaction was stopped and the catalyst was
cooled quickly by putting the catalyst particles into a vessel

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

containing liquid nitrogen. The WHSV of methanol was
2.0 h™'. The isotopic distribution of effluents and the
materials confined in the catalyst were analyzed using an
Agilent 7890A/5975C GC/MSD.

3. Results and discussion
3.1 Characterization of AIPO-18 and SAPO-18 catalysts

Fig. 1 shows the XRD patterns of the as-synthesized AIPO-18
and SAPO-18 samples, which are in good agreement with
those of the reports and correspond to the AEI struc-
ture.>*>%° The SEM images of AIPO-18 and SAPO-18 samples
are shown in Fig. 2; the AIPO-18 and SAPO-18 particles all
appear as hexagonal prisms ca. 800 nm in length and ca. 200 nm
in width packed by flaky crystals. The chemical compositions
of the calcined AIPO-18 and SAPO-18 catalysts are given in
Table 1.

SAPO-18-2

SAPO-18-1

AIPO-18

10 20 30 , 40 50
2 theta (°)

Fig. 1 XRD patterns of the synthesized AIPO-18 and SAPO-18
samples.

AlIPO-18

Fig. 2 SEM images of the as-synthesized AIPO-18 and SAPO-18
samples.
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The Brensted acid sites of the calcined AIPO-18
and SAPO-18 catalysts were characterized by means of
"H MAS NMR spectroscopy. The obtained spectra are shown
in Fig. 3(a). Three signals appear in the spectra of the two
SAPO-18 samples. The signals at 1.6 and 0.1 ppm with low
intensity are assigned to Si(OH) and Al(OH), respectively, and
the signal at 3.7 ppm is ascribed to bridge hydroxyl groups
(Si(OH)Al), indicating the presence of Brensted acid sites in
the synthesized SAPO-18-1 and SAPO-18-2. The signals from
Si(OH) (1.6 ppm) and Al(OH) (0.1 ppm) are also present in
the spectrum of AIPO-18, but the signal from bridge hydroxyl
groups is absent, indicating the non-acidity of AIPO-18
with neutral framework. Instead, a signal at 3.3 ppm
appears in the spectrum of AIPO-18. The TRAPDOR (transfer
of populations in double resonance) technique was employed
to determine its assignment. Under strong aluminium irradi-
ation during the spin-echo pulse sequence applied to the
proton, the signal of the proton groups that are strongly
coupled to aluminium will be significantly suppressed while
those of the other protons will be unchanged. Therefore, the

(@) 3.7:Si(OH)A

1.6:Si-OH

0.1:Al-OH
SAPO-18-2

SAPO-18-1

0 8 6 4 2 0 2 4
ppm

(b)

33 13

withoutirrad

difference
M%
I M T M T T T T T
12 8 4 0 -4

ppm

Fig. 3 (a) *H MAS NMR spectra of the calcined AIPO-18 and SAPO-18
catalysts (background subtraction has been performed). (b) *H/?’Al
TRAPDOR spectra of AIPO-18.
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technique offers the possibility to differentiate between the
OH signals of species close to an aluminium atom and those
of species that are further away. After >’Al irradiation, the
signals at 3.3 ppm and 1.3 ppm (the background of probe)
maintained their intensity (Fig. 3(b)) but the signal at
0.1 ppm weakened, indicating that the signal at 3.3 ppm is
from P(OH) and not from Si(OH)AL P(OH) cannot be observed
in the spectra of SAPO-18 due to its signal being overlapped
by the signal of Si(OH)AL

After quantifying the concentration of hydroxyl groups
using the signal intensity, the Bronsted acid site density was
determined to be 0.246 mmol g™ and 0.568 mmol g™ for
SAPO-18-1 and SAPO-18-2, respectively, consistent with their
silicon content.

NH;-TPD curves of AIPO-18 and SAPO-18 samples are shown
in Fig. 4. For AIPO-18, only one desorption peak at ca. 165 °C
is observed, assigned to the desorption of physisorbed NH;
and NH; adsorbed on lattice defects or terminal Si(OH) and
Al(OH). For SAPO-18-1 and SAPO-18-2 catalysts, there are two
desorption peaks. Aside from the low-temperature desorption
peak at the same temperature range (ca. 160-170 °C) as
that of AIPO-18, a high-temperature desorption peak at ca.
330-360 °C is observed, corresponding to the NH; desorption
from the Brensted acid sites, the bridge hydroxyl groups
Si(OH)AL, of SAPO-18-1 and SAPO-18-2 catalysts, confirmed by
"H MAS NMR, which behave as important active sites in
acid-catalyzed reactions. As can be seen in Fig. 4, SAPO-18-2
with higher silicon content presents higher Bronsted acid site
density than SAPO-18-1. One can also notice a significant
difference in the integral amount of the low-temperature
desorbed NH; from AIPO-18, SAPO-18-1 and SAPO-18-2. Si
incorporation into the AIPO framework generates bridge
hydroxyl groups. At the same time, Si incorporation may also
cause more lattice defects in the crystals and more terminal
hydroxyls, such as Si(OH), Al(OH) or P(OH). The varying
desorption of NH; from these defects or terminal hydroxyls
as shown in the NH;-TPD profiles illustrates the difference

— AIPO-18
—— SAPO-18-1
—— SAPO-18-2

e——67°C

TCD signal (a.u.)

100 200 300 400 500 600

Temperature (°C)

Fig. 4 NH3-TPD profiles of the synthesized AIPO-18 and SAPO-18
catalysts.
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between the three catalysts with different Si contents besides
their Bronsted acidity.

3.2 Catalytic performance of MTO reaction over AIPO-18 and
SAPO-18 catalysts

Fig. 5 shows the conversion of methanol with time-on-stream
over AIPO-18 and SAPO-18. An extremely low conversion of
methanol (less than 0.1%) is obtained over AIPO-18 at 300 °C.
Even at an increased reaction temperature, the conversion
over AIPO-18 is still very low, that is, about 3% methanol is
transformed over AIPO-18 at 400 °C. In comparison, methanol
conversion over SAPO-18-1 and SAPO-18-2 is much higher. For
the reaction performed over SAPO-18 catalysts with different
Bronsted acid site densities at 300 °C, an obvious induction
period is observed. This is very similar to our previous studies
of MTO conversion over the SAPO-34 and SAPO-35 catalysts at
300 °C.>"*? During the induction period, the HP species, the
active reaction centres of methanol conversion, are formed,
and with the accumulation of these HP species in the cages,
the reaction activity is improved.” The long induction period
reflects the very slow rates of the formation and intensifica-
tion of the active intermediates at low reaction temperature.
Notably, maximum methanol conversion (nearly 17%) is
achieved over SAPO-18-1 after a time-on-stream of 26 min at
300 °C, but for SAPO-18-2 with higher Bronsted acid density, a
maximum methanol conversion of 50% is obtained at 300 °C
after a time-on-stream of 26 min. This clearly demonstrates
that higher Brensted acid site density can improve the
methanol conversion.

Product distributions of the MTO reaction over the AIPO-18
and SAPO-18 catalysts are shown in Fig. 6. For the three
catalysts, light olefins including ethene, propene and butene
are the main products, indicating that even with different
Bronsted acid site densities, the AIPO-18 and SAPO-18
catalysts employed in the study are very selective catalysts for

—m— AIPO-18-300 °C
—e— AIPO-18-400 °C
—A— SAPO-18-1-300 °C
30 —v— SAPO-18-2-300 °C

40

20

10

Methanol Conversion (%)

0 50 100 150 200 250 300 350
Time on stream (min)

Fig. 5 Methanol conversion variation with time-on-stream over the
AlPO-18 and SAPO-18 catalysts with different Bronsted acid site
densities at 300 °C and 400 °C. Experimental conditions: WHSV = 2 h™?;
catalyst weight = 100 mg.
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Fig. 6 Product distribution of the MTO reaction over the AIPO-18 and
SAPO-18 catalysts with different Brensted acid site densities at 300 °C
and 400 °C. Experimental conditions: WHSV = 2 h%; catalyst
weight = 100 mg.

the production of light olefins from methanol. Propene is
always predominantly formed among the hydrocarbon
products, and ethene selectivity is always comparable with
butene selectivity and lower than propene selectivity. It is also
noteworthy that very slight methanol transformation occurs
over the AIPO-18 catalyst without Brgnsted acid sites and that
the main products are light olefins. The reactivity of AIPO-18
is possibly related to the surface defects or terminal hydroxyl
groups. Besides the formation of C,-C, light olefins, methane
selectivity is relatively high over AIPO-18, which implies that
some H-deficient species such as aromatic compounds are
generated from the H-transfer reaction simultaneously and
retained in the cages of AIPO-18.

3.3 C MAS NMR spectra of retained organic species in
AIPO-18 and SAPO-18 catalysts

Fig. 7 shows the >C MAS NMR spectra of the retained organic
species in AIPO-18 and SAPO-18 catalysts after continuous-
flow "*C-methanol reaction (AIPO-18 at 400 °C for 25 min;
SAPO-18-1 and SAPO-18-2 at 300 °C for 20 min). Considering
the extremely low methanol conversion (less than 0.1%) over
AIPO-18 at 300 °C, we conducted a >*C MAS NMR study of
3C-methanol conversion over AIPO-18 at 400 °C (methanol
conversion higher than 3%) to make sure that the results are
comparable. Diamondoid hydrocarbons, such as methyl-
adamantanes (10-50 ppm), and alkylated aromatics, such as
methylbenzenes (120-140 ppm),*°* are the most predomi-
nantly formed species among the organics retained in
SAPO-18-2; the adsorbed methanol at 52 ppm can also be
observed over this catalyst. Among the organics retained in
the SAPO-18-1 catalyst, the adsorbed methanol at 52 ppm and
dimethyl ether (DME) at 60.5 ppm appear as the main
organics, and the signals of diamondoid hydrocarbons as well
as those of alkylated aromatics can also be detected in very
low intensity in the spectrum of the SAPO-18-1 catalyst. But
for AIPO-18, the very strong signal at 52 ppm from the
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Fig. 7 3C MAS NMR spectra of the retained organic species in the
AIPO-18 and SAPO-18 catalysts with different Brgnsted acid site densities
after continuous-flow *C-methanol reaction (AIPO-18 at 400 °C for
25 min; SAPO-18-1 and SAPO-18-2 at 300 °C for 20 min). The asterisk
denotes spinning sidebands.

adsorbed methanol corresponds to the very low methanol
conversion over AIPO-18 under these reaction conditions; in
addition, some weak signals appear in the spectral region
between 10-50 ppm. A previous report concerning a >C MAS
NMR study of methanol conversion over SAPO-34 showed that
the **C signals at 23, 127 and 136 ppm indicated the presence
of alkylated aromatics,” such as methylbenzenes, so the
signals between 10 and 50 ppm in the *C MAS NMR spectra
of AIPO-18 can be assigned to carbon atoms from alkyl groups
of the retained aromatics. The very low intensity signal at
128 ppm can be assigned to carbon atoms in the benzene
ring. For the two SAPO-18 catalysts, besides the stable organic
species mentioned above, some weak signals appear in the
downfield region (140-250 ppm) with the characteristic
chemical shift at about 240-250 and 154 ppm. The appear-
ance of the resonance peaks at 240-250, 154, and 56 ppm in
the "*C MAS NMR spectra of the two SAPO-18 catalysts implies
the formation of the polymethylcyclopentenyl cation over the
two SAPO-18 catalysts;>>** on the other hand, these signals
representing carbenium ions are not found in the >C MAS
NMR spectra of AIPO-18 after '*C-methanol reaction.

In our previous report, the solid-state NMR technique was
employed to observe the carbenium formation over DNL-6,
H-SAPO-34 and H-SSZ-13 catalysts under real MTO reaction
conditions. According to our previous work, the polymethylcyclo-
pentenyl cation observed in the present study can be ascribed
to the pentamethylcyclopentenyl cation (pentaMCP").>**> The
carbenium ion, pentaMCP", as the protonated form of penta-
methylcyclopentadiene, is believed to be a very important
reaction intermediate during MTO conversion.*® In the pres-
ent study, direct observation of pentaMCP" was also realized
during the methanol conversion over SAPO-18-1 and SAPO-18-2
catalysts under real MTO reaction conditions but no
carbenium ions were observed over AIPO-18 without Brgnsted
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acid sites. Furthermore, the concentration of pentaMCP"
varies with the Brgnsted acid site density of the catalysts,
0.166 mmol g™ over SAPO-18-1 and 0.378 mmol g* over the
SAPO-18-2 catalyst, clearly demonstrating that higher
Bronsted acid site density will accelerate the formation and
accumulation of pentaMCP". At the same time, another kind
of important carbenium ion, benzenium ions, which have
been confirmed by '*C solid-state NMR in our previous
study,*”** was not detected in the present work, possibly due
to their high reactivity and extreme instability during the reac-
tion; while one should still note the signal of neutral methyl-
benzenes with chemical shifts of 120-140 ppm, the signal of
the deprotonated form of the benzenium ion is intensified
with the increasing Brensted acid site density of SAPO-18.
This observation indicates that the high Brensted acid site
density of SAPO-18-2 resulting from the larger amount of Si
incorporated improves the formation of important reactive
HP species during the MTO reaction such as the pentaMCP"
and polymethylbenzenes which behave as important interme-
diates for light olefin elimination. For AIPO-18, owing to the
absence of Brgnsted acid sites, carbenium ions cannot form
and the reaction route following the HP mechanism is not
feasible over this catalyst. For this reason, AIPO-18 presents
the lowest reactivity among the three catalysts.

3.4 >C/"*C-methanol switch experiments

2¢/*3C-methanol isotopic switch experiments provide insight
into the reactivity of confined organic materials in the
catalysts. By using this technique, reactive HP species can be
distinguished from the inactive species in the working cata-
lyst. Among the confined organics in the catalyst upon which
3C-methanol is fed, the organic reaction centres would be
more active towards *C-methanol than the other species and
thus will contain more "*C atoms from the "*C-methanol feed
after the switch experiment.”

The organic materials confined in the catalysts were
analyzed by GC-MS and the results are given in Fig. 8. The
reaction is performed over the two SAPO-18 catalysts at
300 °C, while the reaction temperature over AIPO-18 is 400 °C
to achieve an appropriate methanol conversion. Methyl-
substituted benzenes from toluene to hexamethylbenzene
and methyl-substituted adamantanes can be found in the
two SAPO-18 catalysts. Only trace amounts of pentamethyl-
benzene (pentaMB) and hexamethylbenzene (hexaMB) can
be detected in the AIPO-18 catalyst, which is supposed to
result from some possible secondary reaction of olefin
products, such as oligomerization, cyclization and hydrogen
transfer." The peak intensity based on the addition of an
internal standard is employed to compare the formation of
confined organics. The results show that higher Bronsted
acid site density favours the formation and accumulation
of the reactive polymethylbenzenes. This is consistent with
the variation of polymethylbenzene formation with the
Bronsted acid site density of the catalysts measured by the
3C MAS NMR spectra.
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Fig. 8 GC-MS chromatograms of the organic species retained in the
AlPO-18 and SAPO-18 catalysts with different Brgnsted acid site densi-
ties after 25 min of *>C-methanol reaction followed by 1 min of
13C-methanol reaction (AIPO-18 at 400 °C; SAPO-18-1 and SAPO-18-2
at 300 °C). Experimental conditions: WHSV = 2 h™%; catalyst weight =
100 mg.

Fig. 9 displays the total **C contents of the effluent olefin
products and confined organic materials in the catalyst after
the "C/"C-methanol switch experiments which were conducted
with "C-methanol feed for 25 min followed by *C-methanol
reaction for 1 min. The detailed isotopomer distribution of
the olefins and confined polymethylbenzenes formed in the
2¢/"*C-methanol switch experiments is illustrated in Fig. 10.

As for SAPO-18, most of the isotopomers of generated ole-
fins and confined methylbenzenes over SAPO-18 contain *C
and '>C atoms (Fig. 10). The "*C content of the gas-phase
olefins is close to that of the confined polymethylbenzenes
(such as hexaMB and pentaMB). Especially, hexaMB exhibits
the highest >C content among the polymethylbenzenes in
SAPO-18-2 with the highest Bronsted acid site density, and its
high reactivity as an HP species is consistent with the report
over SAPO-34."7>" It was also found that the isotopomers of
hexaMB confined in AIPO-18, SAPO-18-1 and SAPO-18-2
exhibit no random distribution. For hexaMB retained in
SAPO-18-2 with the highest Bronsted acid site density, the
fraction of hexaMB isotopomers increases with the number
of *C atoms included in the hexaMB isotopomers, and the
isotopomer containing 12 *C atoms shows the highest
content. Therefore, hexaMB is highly reactive towards the
feeding of '*C-methanol over SAPO-18-2. The calculated
fraction of hexaMB isotopomers confined in SAPO-18-1
exhibits no obvious regulation, possibly caused by the low
intensity of hexaMB confined in SAPO-18-1; however, one can
still observe the relatively high content of the isotopomer
containing 11 or 12 **C atoms. These results suggest that the
aromatic-based HP mechanism is responsible for the conver-
sion of methanol to light olefins over SAPO-18. In combination
with the observation of pentaMCP" over SAPO-18 catalysts by
3C MAS NMR (Fig. 7), methanol conversion under these
conditions may follow the pairing route according to
the HP mechanism, with involvement of 5-membered and
6-membered ring intermediates.

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 °C content of the effluent light olefins and retained
polymethylbenzenes confined in the AIPO-18 (a), SAPO-18-1 (b) and
SAPO-18-2 (c) catalysts after 25 min of 2C-methanol reaction
followed by 1 min of **C-methanol reaction over AIPO-18 at 400 °C
and SAPO-18-1 and SAPO-18-2 at 300 °C. Experimental conditions:
WHSV = 2 h'%; catalyst weight = 100 mg.

It should be noted that over the SAPO-18-1 catalyst with a
relatively low Brgnsted acid site density, the *C content of
olefins among the gas-phase products is slightly higher than
that of confined polymethylbenzenes. This difference
becomes more dominant for the results over AIPO-18. The
13C content of the olefin products is higher than 90%, while
the "*C contents of pentaMB and hexaMB are less than 40%.
These results are consistent with the observation over
H-ZSM-22.?"*% The previous studies showed that aromatic
compounds in the channel of the H-ZSM-22 catalyst are
almost inactive for methanol conversion to light olefins, and
the light olefins are much more reactive towards the feeding
of C-methanol than the retained polymethylbenzenes;
therefore methanol conversion over the H-ZSM-22 catalyst
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Fig. 10 Isotopic distribution of light olefins formed in the **C/*3C-
methanol switch experiments and the observed isotopomer
distribution of hexaMB over AIPO-18 and SAPO-18 catalysts compared
with the random one calculated from the same *C content; the isotopic
switch experiments: continuous flow *2C-methanol conversion for
25 min followed by continuous flow **C-methanol conversion for 1 min
over AIPO-18 at 400 °C and SAPO-18-1 and SAPO-18-2 at 300 °C.
Experimental conditions: WHSV = 2 h™; catalyst weight = 100 mg.

mainly follows the olefin methylation and cracking
mechanism.>”*® The large difference in the '*C contents of
the olefin products and confined organic materials over
AIPO-18 also suggests that olefins are much more involved in
the reaction of '*C-methanol than the retained materials
(pentaMB and hexaMB). The detailed isotopomer distribution
indicates that over AIPO-18 without Brensted acid sites, eth-
ene molecules containing two *C atoms, propene molecules
containing three **C atoms, and butene molecules containing
four '*C atoms appear as the main olefins. Comparatively,
for hexaMB confined in AIPO-18, most of the isotopomers
contain less than 6 '*C atoms, indicating that the reactivity
of hexaMB is very low. ">*C MAS NMR studies over AIPO-18
also show that no carbenium ions are detected over AIPO-18.
All of these findings indicate that the aromatic-based HP
mechanism is not the dominating reaction route of the MTO
reaction over the AIPO-18 catalyst and that the olefin
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methylation and cracking mechanism is responsible for the
olefin production from methanol over AIPO-18 without
Bronsted acid sites. This is different from the mechanism of
olefin formation over SAPO-18. For the SAPO-18-2 catalyst
with the highest Brgnsted acid site density among the three
catalysts, the HP mechanism is the dominant route for olefin
generation, while for SAPO-18-1 with relatively low Brgnsted
acid site density, both of the two olefin formation routes,
aromatic-based HP mechanism and olefin methylation and
cracking mechanism, are feasible.

As a summary, catalyst acidity has a great effect on the
mechanism of methanol conversion to light olefins. When
the Bronsted acid site density of the catalyst employed is very
low (e.g. AIPO-18), the formation of HP species is relatively
difficult; consequently, the olefin methylation and cracking
mechanism becomes the main reaction route for product
generation from methanol conversion. Along with the increase
of Bronsted acid site density, more polymethylbenzenes are
formed and methanol is converted to light olefins mainly
through the aromatic-based HP mechanism.

4. Conclusion

In the present study, methanol transformation over AIPO-18
and SAPO-18 was investigated to elucidate the effect of
Bronsted acid site density on the reaction mechanism. The
methanol conversion was improved over the catalysts with
higher Bronsted acid site density. Even with the difference in
the catalytic activity of the three catalysts, propene was always
predominantly formed among the products, and ethene
selectivity was always comparable with butene selectivity and
lower than propene selectivity. The pentaMCP" cation was
directly observed over SAPO-18 catalysts under real MTO
reaction conditions, but no carbenium ion was observed
over AIPO-18 without Brensted acid sites. Higher Bronsted
acid site density favoured the formation and accumulation
of important HP species, such as pentaMCP’ and poly-
methylbenzenes. '>C/**C-methanol isotopic switch experi-
ments confirmed that polymethylbenzenes were largely
formed over SAPO-18 with relatively high Brensted acid
site density and were much more involved in the olefin prod-
uct generation. The higher reactivity of polymethylbenzenes
further proved the feasibility of methanol conversion
following the aromatic-based HP mechanism over SAPO-18.
The slight difference of '*C incorporation into confined
aromatics and olefin products implied that the olefin
methylation and cracking mechanism route cannot be ruled
out for methanol conversion over SAPO-18 with relatively
low Breonsted acid site density. Over AlPO-18 without
Bronsted acid sites, olefins are much more reactive towards
13C-methanol than the retained pentaMB and hexaMB and
methanol conversion mainly follows the olefin methylation
and cracking reaction mechanism. The role of the two mech-
anisms in the conversion of methanol to light olefins is
strongly influenced by the Bronsted acid site density of the
catalyst used.

This journal is © The Royal Society of Chemistry 2014
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