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Methanol-to-Olefin Conversion Catalyzed by Low-Silica
AIPO-34 with Traces of Brgnsted Acid Sites: Combined
Catalytic and Spectroscopic Investigations

Weili Dai,” ' Xin Wang,”™ Guanjun Wu,” Landong Li,*® Naijia Guan,” and

Michael Hunger*®!

The reasons for the high activity and long catalyst lifetime of
AIPO-34 with a very low molar silicon content [ng/
(na+np+ns) =0.01] in the methanol-to-olefin (MTO) conversion
were studied by using in situ FTIR spectroscopy, in situ UV/Vis
spectroscopy, and solid-state NMR spectroscopy. The MTO ac-
tivity of the low-silica AIPO-34 is explained by traces of accessi-
ble Brensted acid sites existing in an isolated manner and char-
acterized by a turnover frequency of 7.0s™' after a time-on-

Introduction

Owing to the increasing demand for light olefins and the limit-
ed availability of crude oil, alternative routes for the produc-
tion of light olefins from nonoil sources are highly desired. The
catalytic conversion of methanol to olefins (MTO) over micro-
porous solid acids, which has been known since 1977, has at-
tracted significant attention in the past decades and is now
available for commercial application."? The silicoaluminophos-
phate SAPO-34 with chabazite cages and 8-ring windows is
one of the most interesting candidates for an application as
a commercial MTO catalyst. As MTO conversion is an extremely
complex process, understanding the reaction mechanism is
a great challenge. After long-running debates, a hydrocarbon
pool mechanism is accepted as a general feature of the MTO
reaction on SAPO-34, consisting of polyalkylaromatics occluded
in the cages of the inorganic host, to which methanol and di-
methyl ether (DME) are added and from which alkenes are
split in a closed cycle.®®

The MTO reaction is an acid-catalyzed reaction, that is,
Bronsted acid sites play a key role as active sites in this pro-
cess. On one side, Bronsted acid sites facilitate the formation
of aromatics and carbenium ions during an induction period,
which act as hydrocarbon pool species in the working catalyst.
On the other hand, polycyclic aromatics are also rapidly
formed on Brensted acid sites and cause the deactivation of
MTO catalysts.”'? Therefore, attention has been paid for con-
trolling the acid sites to obtain highly active catalyst with long
lifetime. A number of methods have been introduced to
modify the Brgnsted acidity of SAPO-34, for instance, by ad-
justing the silicon content,"""¥ isomorphous substitution of
heteroatoms,"'® and silanation."” It is reported that lower
acidity and longer lifetime of MTO catalysts can be obtained
for SAPO-34 with lower silicon contents."” Correspondingly,
questions arise as to how many Brensted acid sites are suffi-
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stream (TOS) of 1 h at 673 K. A contribution of Lewis acid sites
to the MTO reaction over low-silica AIPO-34 could be excluded.
The high selectivity of low-silica AIPO-34 to light olefins owes
to a hydrocarbon pool consisting of benzene-type carbenium
ions, as well as dienes. The very few Brensted acid sites on
low-silica AIPO-34 produce a much lower total coke content
compared with SAPO-34, leading to an extended catalyst life-
time of the former material.

cient for the methanol conversion and how a very low quantity
of Brgnsted acid sites influences the MTO reaction.

AIPO-34 is an aluminophosphate with chabazite-related
structure (CHA), that is, it has the same framework as SAPO-34.
If silicon impurities are introduced during the synthesis process
of AIPO-34, Bransted acid sites can be created. These acid sites
are a result of the substitution of phosphorous by silicon
atoms in the AIPO-34 framework leading to the formation of
negative framework charges, which are then compensated for
by hydroxyl protons. The density of Brgnsted acid sites in
AIPO-34 caused by traces of framework silicon atoms may be
one to two orders lower than that of SAPO-34. Thus, AIPO-34
becomes a good example to investigate the effect of traces of
Brgnsted sites on the MTO reaction. The present work focuses
on the MTO conversion over low-silica AIPO-34 with combined
catalytic and spectroscopic investigations. For this purpose,
the hydrocarbon pool species formed during the MTO reaction
on the catalysts were monitored insitu by FTIR and UV/Vis
spectroscopy. Furthermore, catalyst samples were taken during
the MTO reaction and transferred from the fixed-bed reactor to
MAS NMR rotors without contact to air for solid-state 'H and
3C NMR studies.

[a] Dr. W. Dai, Dr. X. Wang, Dr. G. Wu, Prof. L. Li, Prof. Dr. N. Guan
Key Laboratory of Advanced Energy Materials Chemistry
(Ministry of Education)

Nankai University, College of Chemistry
Tianjin 300071 (PR. China)
E-mail: lild@nankai.edu.cn

[b] Dr. W. Dai, Prof. Dr. M. Hunger
University of Stuttgart
Institute of Chemical Technology
Fax: (+49) 0711-68564081
E-mail: michael.hunger@itc.uni-stuttgart.de

ChemCatChem 2012, 4, 1428- 1435



Methanol-to-Olefin Conversion Catalyzed by Low-Silica AIPO-34

Results and Discussion

Characterization of the catalyst materials

The powder XRD patterns of the calcined catalysts are shown
in Figure 1. Typical diffraction lines are observed for SAPO-34,
indicating that this material is a pure phase;'® the powder
XRD pattern of AIPO-34 is in agreement with a previous
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Figure 1. XRD patterns of the calcined SAPO-34 (bottom) and AIPO-34 (top).
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Table 1. Chemical compositions and surface areas of the calcined sam-
ples under study.

Samples  Elemental analysis® BET surface area™
[mmolg™] [m?g~"]
Np ne ng; N/ (Ni+Np+1p)

SAPO-34 6.19 4.63 2.23 0.17 464

AIPO-34 6.90 6.62 0.14 0.01 332

[a] Determined by inductively coupled plasma atomic emission spectros-
copy. [b] Determined by N,-adsorption.

duced into AIPO-34. The surface areas of the calcined SAPO-34
and AIPO-34 are 464 and 332 m’g™’, respectively, indicating
the intactness and accessibility of the pore systems.

Catalytic studies

The methanol conversion and product selectivity over SAPO-34
and low-silica AIPO-34 at different reaction temperatures after
the initial 5 min are shown in Table 2. For SAPO-34, 83.5%
methanol conversion, with DME as the major product, was ob-
tained at 523 K. By increasing the reaction temperature from
523 to 723 K, the methanol conversion increased to 100%,

report." The significant differences in the XRD pat-
terns of AIPO-34 and SAPO-34 are because of a low-
temperature triclinic distortion of the CHA framework

Table 2. Results of the MTO conversion over SAPO-34 and AIPO-34 at different reac-
tion temperatures.

Sample Reaction Methanol Product selectivity
in AIPO-34. The very weak, broad background in the temperature [K] conversion [%] [%]
pattern for SAPO-34 may be a result of amorphous G -C,™™  DME  others
impurities, which must be present at very low levels, SAPO-34 523 835 30.3 67.4 23
considering the good quality of the SEM image and 573 93.4 827 10.6 6.7
the high BET surface area of this material in compari- 623 100 89.8 19 83
: 673 100 91.5 0 8.5
son with AIPO-34 (see below). 723 100 018 0 82
The crystal morphologies of the as-synthesized AIPO-34 523 60.5 0.0 100 0.0
samples are shown in Figure 2. The SAPO-34 and 573 833 8.1 918 0.1
AIPO-34 crystals appear as cuboids and rhombuses, 623 88.9 509 455 36
. . . 673 100 90.1 0 9.9
respectively, with crystal sizes of 5-10 pm. 723 100 90.7 0 93

[a] Ethane, propene, and butenes.
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Figure 2. SEM images of the as-synthesized SAPO-34 (left) and AIPO-34
(right).

The chemical compositions and BET surface areas of the cal-
cined samples are given in Table 1. The molar silicon content
of SAPO-34 is ng/(ny+ne+ng) =0.17, whereas that of AIPO-34 is
0.01. This indicates that a very low amount of silicon was intro-
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whereas the DME selectivity decreased to zero. For AIPO-34,
the same trend as for SAPO-34 was observed. At 523-623 K,
the methanol conversion and olefin selectivity were lower for
low-silica AIPO-34 than for SAPO-34 at the same reaction tem-
peratures. However, after raising the reaction temperature to
673 K, a methanol conversion of 100% with an olefin selectivi-
ty of >90% was obtained both for SAPO-34 and AIPO-34.
Hence, comparable amounts of light olefins were formed at
high reaction temperatures over both catalysts.

To get detailed information on hydrocarbon pool com-
pounds formed in the catalyst cages during the MTO reaction,
the fate of active surface species during the catalyst lifetime,
and the catalyst deactivation, we investigated the methanol
conversion at 673 K. In Figure 3, the time dependence of the
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Figure 3. Methanol conversion and product selectivity during the MTO con-
version over SAPO-34 and low-silica AIPO-34 at 673 K up to a TOS of 20 h.

methanol conversion and product selectivity over SAPO-34
(left) and low-silica AIPO-34 (right), determined in a fixed-bed
reactor at 673 K, are shown. SAPO-34 exhibits a methanol con-
version of 100% with a selectivity of >90% to C,—C, olefins at
the time-on-stream (TOS) of 4.5 h. After a TOS of 10.5 h, the se-
lectivity to C,—C, olefins gradually decreases to 10%, whereas
the methanol conversion is 85%. For low-silica AIPO-34,
a methanol conversion of 100% with a selectivity to C,—C, ole-
fins of > 90% is maintained up to a TOS of 7.5 h. At a TOS of
10.5 h, a selectivity to C,—C, olefins of 55% could be obtained
at a methanol conversion of 90%. At a TOS of 20 h, DME is
formed exclusively on the SAPO-34, whereas AIPO-34 produces
5% propene. Hence, the deactivation of low-silica AIPO-34 is
slower than that of SAPO-34 and it exhibits a better MTO per-
formance compared with SAPO-

34 at 673 K.

In situ FTIR, UV/Vis, and solid-
state NMR spectroscopy of or-
ganic deposits

The nature of organic com-
pounds formed during the MTO
conversion over the catalysts
under study was investigated by
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served. The intensities of these bands increased with the prog-
ress of the MTO reaction. Additionally, two strong bands oc-
curred at 3017 cm™ and 1304 cm™' corresponding to C-H
stretching and methyl bending vibrations of dienes.”*” For
SAPO-34, the intensities of these two bands increased at first
with increasing TOS, but then decreased gradually.

The FTIR spectra of organic species formed on low-silica
AIPO-34 are slightly different to those obtained for SAPO-34 in
terms of the band intensities and wavenumbers. The bands in
the ranges of 2825-2955 cm™' and 1345-1608 cm ™' observed
for low-silica AIPO-34 are significantly lower than those of
SAPO-34 indicating that much less hydrocarbons are formed.
The steady increase of the bands at 3017 cm™' and 1304 cm™'
in the case of low-silica AIPO-34 hints to a continuous and in-
creasing formation of dienes.

The UV/Vis spectra recorded during the initial 5 min of the
methanol conversion over SAPO-34 at 673 K (Figure 5, top)
consist of bands caused by dienes (240 nm), polyalkylaromatics
(270 nm), monoenylic carbenium ions (300 nm), and benzene-
type carbenium ions (390 nm) indicating a rapid formation of
these species.”*?”" With further progress of the MTO reaction,
monoenylic carbenium ions are gradually transformed into di-
enylic carbenium ions (350 nm). For low-silica AIPO-34, the
bands of dienes are observed exclusively during the initial
5 min and the bands of polyalkylaromatics and benzene-type
carbenium ions appear with the progress of the reaction; this
fits well with the results of in situ FTIR spectroscopy. In com-
parison with SAPO-34, the UV/Vis bands of polyalkylaromatics
and benzene-type carbenium ions are much weaker for low-
silica AIPO-34.

in situ FTIR and UV/Vis spectros-
copy at 673 K. Figure 4 shows
the FTIR spectra of the organic
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Figure 4. In situ FTIR spectra recorded during MTO conversion over SAPO-34 and low-silica AIPO-34 at 673 K up to
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Figure 5. In situ UV/visspectra recorded during MTO conversion over SAPO-
34 and low-silica AIPO-34 at 673 K up to a TOS of 2 h.
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Figure 6. TGA curves of used SAPO-34 and low-silica AIPO-34 catalysts ob-
tained after MTO conversion at 673 K for a TOS of 10.5 h.

The thermogravimetric analysis (TGA) curves in Figure 6 give
the total contents of organic deposits on the used SAPO-34
and low-silica AIPO-34 catalysts. These curves were recorded
after MTO conversion at 673 K for a TOS of 10.5 h. In general,
two clear weight losses can be recognized: a low-temperature
weight loss at <473 K and a high-temperature weight loss at
>673 K. These are ascribed to desorption of volatile species
and occluded organic deposits, respectively. For the used
SAPO-34 catalyst, a weight content of occluded organic depos-
its of 11.3% was determined, whereas this weight content for
the used AIPO-34 catalyst was 4.1%. For AIPO-34, therefore,
the probability of pore-blocking as a reason for catalyst deacti-
vation is much lower than for SAPO-34. These results are in
good agreement with the results of insitu FTIR and UV/Vis
spectroscopy, which both hint at a much lower organic deposit
content on the used low-silica AIPO-34 catalyst.
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Solid-state NMR studies of surface species

The catalytic studies clearly indicate a good MTO performance
and extended catalyst lifetime of low-silica AIPO-34, which has
only 6% of framework silicon species in comparison with
SAPO-34. In this connection, the question arises as to whether
Brensted acid sites alone or both Brgnsted and Lewis acid sites
have to be discussed as catalytically active surface sites on
low-silica AIPO-34.

3C-2-acetone (CH,'*COCH,) is a probe molecule utilized in
3C MAS NMR spectroscopy for distinguishing Brgnsted (210-
225 ppm) and Lewis acid sites (225-266 ppm).”®" Figure 7

217

224

SAPO-34
x5 AIPO-34
- N
T T T T T 1
250 200 150 100 50 0
S43c / pPm

Figure 7. 3C MAS NMR spectra of dehydrated (673 K) samples recorded after
loading of *C-2-acetone on calcined SAPO-34 and low-silica AIPO-34.

presents *C MAS NMR spectra of the calcined (673 K) SAPO-34
(top) and low-silica AIPO-34 (bottom) recorded after adsorption
of *C-2-acetone. For SAPO-34, a signal of adsorbed *C-2-ace-
tone is observed at 217 ppm with a low-field shoulder at ap-
proximately 224 ppm. The signal at 217 ppm is characteristic
of acetone adsorbed at Brgnsted acid sites of silicoalumino-
phosphates," whereas the low-field shoulder at approximately
224 ppm hints at a low number of weak Lewis acid sites.?*3"
For AIPO-34, weak signals of acetone interacting with Bransted
acid sites at 211 and 215 ppm and a narrow signal caused by
physisorbed acetone (205 ppm) occurred after adsorption of
3C-2-acetone. However, no '*C MAS NMR signals of acetone
molecules interacting with Lewis acid sites at 225-266 ppm
could be observed.”**% This indicates that a contribution of
Lewis acid sites to the MTO reaction over low-silica AIPO-34
can be excluded.

Focusing on the properties of Brensted acid sites,
'H MAS NMR spectroscopy of the calcined and used SAPO-34
and low-silica AIPO-34 catalysts upon different TOS was per-
formed. The spectrum of the calcined SAPO-34 (Figure 8, top,
left) is dominated by the signal of Brgnsted acidic bridging OH
groups (SIOHAI) at 3.7 ppm.2"*? Loading of ammonia on
SAPO-34 and low-silica AIPO-34 results in a protonation of the
probe molecules by accessible Brgnsted acid sites and the oc-
currence of an 'H MASNMR signal of ammonium ions at

1431

www.chemcatchem.org


www.chemcatchem.org

CHEMCATCHEM

- 6.4

™~
©

37

SAPO-34 +NH,

S1u !/ ppm

S1n ! ppm

Figure 8. 'H MAS NMR spectra of the calcined SAPO-34 and low-silica AIPO-
34 recorded before (left) and after (right) adsorption of ammonia. From top
to bottom, the experimental spectra, the simulated spectra, and the signal
components utilized for simulation are shown.

6.4 ppm. This signal has an intensity that is a factor of four
times as large as the signal of the initial acidic hydroxyl
groups. The quantitative evaluation of the ammonium signal
of the calcined and ammonia-loaded SAPO-34 (TOS of 0 min)
gave a value of 1.0 mmolg™' accessible Brgnsted acid sites
(Figure 8, top, right, and Table 3, column 4). The weak signal at
3.7 ppm occurring after the ammonia-loading (Figure 8, top,
right) owes to nonaccessible SiOHAI groups.

Table 3. Numbers of accessible SiOHAI groups (nsona) and benzene-
based carbenium ions (Nyenzenium) ON the calcined and used catalysts, as
determined by quantitative "H MAS NMR spectroscopy for different times
on stream determined upon ammonia adsorption.

Catalyst TOS Nsiora™ T
[mmolg™] [mmolg™]
SAPO-34 0 1.000 0
SAPO-34 5 min 0.433 0.101
SAPO-34 1h 0.194 0.322
SAPO-34 10h ~0 ~0
AIPO-34 0 0.012 0
AIPO-34 5 min 0.004 0.001
AIPO-34 1h 0.001 0.002
AIPO-34 10h ~0 ~

[a] Experimental accuracy = £ 5 %.

For the calcined low-silica AIPO-34, the number of Brgnsted
acid sites reacting with ammonia to form ammonium ions was
found to be 0.01 mmolg™' (Figure 8, bottom, right, and
Table 3, column 4), that is, only 1% of that observed for cal-
cined SAPO-34. This means that traces of Brensted acid sites
are formed on low-silica AIPO-34 by introducing a very small
amount of silicon atoms into the catalyst framework. The
signal at approximately 0.9 ppm in the spectrum of AIPO-34 is
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caused by AIOH groups at framework defects and the crystal
surfaces.”"*? This signal remained almost unchanged after am-
monia-loading, which indicates that these hydroxyl groups do
not react with ammonia caused by their low acidity.

To investigate the fate of Brgnsted acid sites and the active
hydrocarbon pool species on the used SAPO-34 and low-silica
AIPO-34 catalysts by 'H MAS NMR spectroscopy, samples were
taken from the fixed-bed reactor at TOSs of 5min, 1h, and
10.5 h, which represent the initial state, the steady-state, and
the deactivated state of the MTO catalysts, respectively. The
'H MAS NMR spectrum of low-silica AIPO-34 taken at a TOS of
5 min (Figure 9a, left) consists of signals at 0.8-2.2 ppm and

a) 'H MAS NMR

o~ et
S e

6.4

5 min
—___Jv—‘
© oy
< /N + NH
1h _// 3
10h +NH,
-
—
80 60 40 20 00 -20 80 60 40 20 00 -20
S/ ppm S/ ppm
b) 13C MAS NMR o
<
o~

150 100 50 [
S13c / ppm

Figure 9. 'H MAS NMR spectra of used AlIPO-34 catalysts obtained after dif-
ferent TOS (5 min, 1 h, and 10 h) recorded before (left) and after (right) ad-
sorption of ammonia (a). From top to bottom: the experimental spectra, the
simulated spectra, and the signal components utilized for the simulation are
shown. In (b), *C MAS NMR spectrum of used AIPO-34 obtained after a TOS
of 1h.

7.0-8.0 ppm caused by hydrogen atoms in aliphatic and aro-
matic compounds, respectively. The signals that occur at 5.1
and 6.4 ppm after adsorption of ammonia (Figure 9a, right) are
attributed to phenylammonium ions and ammonium ions
formed upon protonation of ammonia by benzene-based car-
benium ions and accessible SIOHAI groups, respectively. For
the low-silica AIPO-34 catalyst taken at a TOS of 1h and
loaded with ammonia, the '"H MAS NMR signal of phenylammo-
nium ions at 5.1 ppm increased, whereas the signal of ammo-
nium ions at 6.4 ppm formed by chemisorption of ammonia
on accessible bridging OH groups significantly decreased. Fur-
thermore, a signal caused by dienes appeared at 4.6 ppm with
an intensity increasing distinctly up to a TOS of 10 h. In con-
trast, this signal is not observed for the used SAPO-34 catalysts
treated under the same conditions (Figure 10).

To confirm the above-mentioned assignments
'H MAS NMR  signals of the hydrocarbon pool

of the
species,
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Brensted acid sites, this site den-
sity decreased to 0.004 mmolg™
after a TOS of 5min. At the
same time, 0.001 mmolg™' ben-
zene-based carbenium ions (1%
of that on SAPO-34) are formed.
After a TOS of 1h, the number
of accessible Brgnsted acid sites
decreased to 0.001 mmolg™,
whereas the number of accessi-
ble polyalkylbenzenium ions in-
creased to 0.002 mmolg™'. For

+NH,

=

W\

Oh

the strongly deactivated SAPO-
34 and low-silica AIPO-34 cata-
lysts obtained after a TOS of
10.5 h, neither accessible Brgnst-
ed acid sites nor benzene-based
carbenium ions could be detect-
ed. These observations indicate

+ NH;

S ! ppm

Figure 10. 'H MAS NMR spectra of used SAPO-34 catalysts obtained after different TOSs (5 min, 1 h, and 10 h), re-
corded before (left) and after (right) adsorption of ammonia. From top to bottom, the experimental spectra, the
simulated spectra, and the signal components utilized for the simulation are shown.

3C MAS NMR spectroscopy of a used low-silica AIPO-34, pre-
pared by conversion of "C-enriched methanol at 673K for
a TOS of 1h, was performed. The *C MAS NMR spectrum in
Figure 9b consists of signals at 16-25 ppm and 126-135 ppm
caused by carbon atoms of alkyl groups and aromatic com-
pounds, respectively.®¥ The *C MAS NMR signal at 52.4 ppm is
caused by C; carbon atoms of benzene-based carbenium
ions,**3¢ whereas the sharp signals at 109.1 and 144.9 ppm
support the formation of dienes. The latter signals could be
caused by 2,3-dimethyl-1,3-butadiene  (d,3c=113.0 and
143.8 ppm; d;4,=4.9 and 1.9 ppm) or 5-methyl-1,4-diethyl-cy-
clopentadiene (8,3c=24.7, 124.3, and 144.8 ppm; 6,,=4.7, 2.2,
and 1.1 ppm).B”

The intensities of the 'H MAS NMR signals at 7.0-8.0 ppm,
which are caused by hydrogen atoms of aromatics and coke
deposits, are significantly larger in the spectra of used SAPO-
34 in comparison with those of used low-silica AIPO-34
(Figure 9 and 10). This agrees qualitatively with the results of
TGA (Figure 6). However, the weight loss determined by TGA
depends mainly on the loss of carbon atoms and not on the
loss of hydrogen atoms. Furthermore, the C/H ratios are very
different for different aromatic and polyaromatic compounds.
Therefore, no direct quantitative comparison of TGA and
'H MAS NMR data obtained for aromatic and coke deposits is
possible.

Quantitative evaluation of the 'H MAS NMR spectra of SAPO-
34 and low-silica AIPO-34 catalysts recorded after loading of
ammonia gave the number of accessible Brgnsted acid sites
and benzene-based carbenium ions as a function of the MTO
conversion time (Table 3, columns 4 and 5). Whereas the cal-
cined low-silica AIPO-34 sample has 0.01 mmolg™' accessible

ChemCatChem 2012, 4, 1428 - 1435
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20 00 20 that a very low number of acces-
sible SiOHAI groups
(0.01 mmolg™), that is, 0.03
Brgnsted acid sites per cage cor-
responding to a mean site dis-
tance of 42 nm, are responsible
for the high catalytic activity of
low-silica AIPO-34 in the MTO reaction. In this case, the reac-
tants and initial reaction products have short contact times at
the Bronsted acid sites of low-silica AIPO-34, which is enough
to form a few benzene-based carbenium ions, causing the
MTO conversion according to the hydrocarbon pool mecha-
nism. On the other hand, the much shorter average acid site
distance of 0.58 nm in SAPO-34 increases the contact time of
reactants at Brgnsted acid sites. This leads to the rapid forma-
tion of large organic deposits, which cover the Brgnsted acid
sites, block micropores and cages, and cause the more rapid
deactivation of SAPO-34 compared to the low-silica AIPO-34.

Interestingly, a similar effect of an extension of the lifetime
of CHA-type MTO catalysts with decreasing Brensted site den-
sity was observed by Sommer et al. for SSZ-13 zeolites.®¥ The
ng/ny ratios of 16 and 131 of the parent SSZ-13 materials stud-
ied in their work correspond to Brgnsted site densities differing
by a factor of approximately 10. They observed a significantly
longer catalyst lifetime for the SSZ-13 material with the lower
acid site density.*® Because of the much stronger Brgnsted
acid sites of aluminosilicate-type SSZ-13 in comparison with sil-
icoaluminophosphate-type SAPO-34 however, the deactivation
of the SSZ-13 zeolite with ng/n,=16 was already completed
after a TOS of 30 min, whereas the SSZ-13 zeolite with ng/n, =
131 reached a catalyst lifetime of a TOS of 40 min.

The density of accessible Brgnsted acid sites in low-silica
AIPO-34 of 0.001 mmolg~" determined after a TOS of 1 h and
the parameters of the MTO reaction (conversion of 100% at
673 K) lead to a turnover frequency (TOF) of 7.0 s™". This TOF
value is significantly higher in comparison with the TOF value
of 1.2 57! determined for MTO conversion over SAPO-34 in an
earlier study.® An important reason for the high TOF value of
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Brgnsted acid sites in low-silica AIPO-34 could be their isolated
character and their much lower blocking by organic deposits.
On the other hand, these Brgnsted acid sites are not only re-
sponsible for the formation of light olefins, but also for the for-
mation of organic deposits. Hence, the higher TOF of acid sites
in low-silica AIPO-34 also leads to the higher coke content per
acid site compared with SAPO-34.

Conclusions

AIPO-34 with a very low silicon content in the framework [ng/
(ny+npe+ns) =0.011 was prepared and applied as a methanol-
to-olefin conversion (MTO) catalyst at 673 K, with a SAPO-34
[ng/(ny+np+ng) =0.17] material as a reference catalyst. The
MTO activity and product selectivity of the low-silica AIPO-34
at 673 K was found to be comparable with those of SAPO-34,
but a longer catalyst lifetime occurred for the former material.
By quantitative 'H MAS NMR spectroscopy of calcined and
used MTO catalysts taken from the fixed-bed reactor after dif-
ferent times on stream (TOSs), the number of accessible
Brgnsted acid sites was determined. According to these stud-
ies, the low-silica AIPO-34 has maximum 1% of accessible
Brgnsted acid sites in comparison with SAPO-34 under same
conditions. These very few acid sites exist in a very isolated
manner. The presence of Lewis acid sites on low-silica AIPO-34
could be excluded.

In situ FTIR, UV/Vis, and solid-state NMR spectroscopy of the
used MTO catalysts performed after different TOSs indicated
that benzene-type carbenium ions and polyalkylaromatics are
formed on low-silica AIPO-34 as on SAPO-34, but with a signifi-
cantly lower content on the former material. Benzene-type car-
benium ions are discussed as active hydrocarbon pool com-
pounds and may be responsible for the high selectivity of the
above-mentioned catalysts to light olefins. As a significant dif-
ference between low-silica AIPO-34 and SAPO-34, a high con-
tent of dienes was observed on the working low-silica AIPO-34
catalyst. With increasing TOS, very different hydrocarbon pool
coverages were found by in situ FTIR, UV/Vis, and solid-state
NMR spectroscopy for low-silica AIPO-34 and SAPO-34, which
is in agreement with the different coke contents of the used
catalysts, as determined by thermogravimetric analysis.

To summarize, the very low density of Brgnsted acid sites on
the low-silica AIPO-34 catalyst has a positive effect on the ac-
tivity and product selectivity of this material in the MTO con-
version in comparison to SAPO-34 and increases the catalyst
lifetime. One of the reasons for this interesting catalytic prop-
erty may be the different composition of the hydrocarbon
pool, in which there is a higher content of dienes and a much
lower formation of large aromatics.

Experimental Section

SAPO-34 and low-silica AIPO-34 were synthesized by hydrothermal
methods following the procedures described in the literature,'®'
in the case of AIPO-34, by using pseudo-boehmite as aluminum
source containing traces of silicon. The as-synthesized materials
were heated with a rate of 2Kmin™' to 973K in an oven under
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flowing synthetic air (60 Lh™', 20 vol% oxygen) for 4 h to totally
remove the occluded organic structure-directing agents and to ex-
clude effects of organic impurities on the catalytic properties of
the materials under study.“”

X-ray diffraction patterns of the as-synthesized and calcined sam-
ples were recorded on a Bruker D8 diffractometer with CuK, radia-
tion (1=1.5418 A) at 5-50° with a scan speed of 20=6.0°min™". A
HITACHI S-4700 scanning electron microscope was used for study-
ing the crystal morphologies of the samples. The SEM images were
recorded on samples covered with a thin layer of gold, deposited
by sputtering. The chemical compositions of the calcined samples
were determined by inductively coupled plasma atomic emission
spectroscopy. 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 N, adsorption,
the samples were dehydrated at 473 K for 2 h. The total surface
area was calculated by using the BET equation.

The MTO reaction was performed in a fixed-bed reactor at atmos-
pheric pressure. Typically, 0.4g sample (sieve fraction, 0.25-
0.5 mm) was placed in a stainless steel reactor (internal diameter=
5mm) and activated under flowing N, at 723 K for 1 h. Methanol
was injected into the fixed-bed reactor with a flow of 0.5 mLh™'
(Weight hour space velocity=1 h). The reaction products were an-
alyzed utilizing an on-line gas chromatograph equipped with
a flame ionization detector and a capillary column Plot Q to sepa-
rate the C,-Cg hydrocarbons. The temperature of the column was
maintained at 313 K for 15 min and then increased to 473 K with
a rate of 10 Kmin™".

The nature of organic compounds formed on the catalysts during
the MTO reaction was monitored in situ by FTIR and UV/Vis spec-
troscopy. The FTIR spectra were recorded in diffuse reflection
mode on a Bruker Tensor 27 spectrometer, equipped with a liquid
N, cooled high sensitivity MCT detector and a DRIFT cell with
in situ reaction chamber. The catalyst samples of approximately
25 mg were finely ground and placed in the chamber. Prior to
each experiment, the samples were activated in flowing He at
723 K for 1 h and cooled to the desired temperature for a reference
spectrum. Then, the same space velocity of methanol as that in
the MTO reaction performed in the fixed-bed reactor was fed to
the chamber and time-resolved spectra were recorded with a reso-
lution of 4 cm™' and 128 accumulations. The UV/Vis spectra were
recorded with an AvaSpec-2048 Fiber Optic spectrometer with an
Avalight-DH-S deuterium light source by Avantes and a glass fiber
reflection probe HPSUV1000A by Oxford Electronics. Before 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 approxi-
mately 1.0 mm. Reference UV/Vis spectra of catalysts were record-
ed at reaction temperature prior to starting the methanol flow. The
in situ UV/Vis spectra were recorded in the range 200-600 nm by
using the diffuse reflection mode during the MTO reaction. The
amounts of occluded hydrocarbons after the methanol reaction
were determined by thermogravimetric analysis on a Rigaku stan-
dard type thermogravimetric analyzer. In a typical measurement,
0.1 g of sample was heated in an Al,O; crucible with a constant
heating rate of 10 Kmin~' and under air purging with a flow rate
of 30 mLmin~".

The organic compounds formed on the catalysts during the MTO
reaction were characterized by 'H and '*C MAS NMR spectroscopy,
which was performed on a Bruker Avance lll 400WB spectrometer
at the resonance frequencies of 400.1 and 100.6 MHz, with /2
pulse excitation, high-power decoupling in the case of
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3C MAS NMR, repetition times of 10 and 20s, and with 2.5 and
4 mm MAS NMR probes with sample spinning rates of 25.0 and
12.0 kHz, respectively. *C MAS NMR spectroscopy of '*C-2-acetone
adsorbed on the surface sites of the catalyst samples was used for
distinguishing Brensted and Lewis acid sites. Before the measure-
ments, the samples were dehydrated at 673 K in vacuum (pressure
below 1072Pa) for 12 h. After dehydration, the samples were
loaded with 30 mbar *C-2-acetone for 2 h, and evacuated at room
temperature for 5 h to eliminate physisorbed acetone. The Brgnst-
ed acid sites were characterized by means of 'H MAS NMR spec-
troscopy. The samples used for the "H MAS NMR studies were de-
hydrated as described above. After dehydration, the samples were
sealed and kept in glass tubes until they were loaded into the
MAS NMR rotors in a glove box purged with dry nitrogen gas. The
determination of the number of accessible Brgnsted acid sites was
performed upon adsorption of NH; at room temperature. After the
NH; loading, the samples were evacuated at 453 K for 2 h to elimi-
nate physisorbed ammonia. Quantitative 'H 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 H, Na-Y with the cation exchange
degree of 35%).
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