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ABSTRACT: SAPO-34 materials with comparable Bronsted
acid site density but different crystal sizes were applied as
methanol-to-olefin (MTO) catalysts to elucidate the effect of
the crystal size on their deactivation behaviors. '*C HPDEC
MAS NMR, FTIR, and UV/vis spectroscopy were employed
to monitor the formation and nature of organic deposits, and
the densities of accessible Bronsted acid sites and active
hydrocarbon-pool species were studied as a function of time-
on-stream (TOS) by 'H MAS NMR spectroscopy. The above-
mentioned spectroscopic methods gave a very complex picture
of the deactivation mechanism consisting of a number of
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different steps. The most important of these steps is the formation of alkyl aromatics with large alkyl chains improving at first the
olefin selectivity, but hindering the reactant diffusion after longer TOS. The hindered reactant diffusion leads to a surplus of
retarded olefinic reaction products in the SAPO-34 pores accompanied by their oligomerization and the formation of polycyclic
aromatics. Finally, these polycyclic aromatics are responsible for a total blocking of the SAPO-34 pores, making all catalytically

active sites inside the pores nonaccessible for further reactants.
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1. INTRODUCTION

As an alternative process for obtaining olefins, methanol-to-
olefin (MTO) conversion on microporous solid acid catalysts
has attracted extensive attention since it was disclosed in the
1970s.'~® During recent decades, a variety of molecular sieves
have been explored as possible MTO catalysts,®™"” and it is
generally acknowledged that the MTO performances of
molecular sieves are controlled both by their framework
structure and by their acidity.” The silicoaluminophosphate
molecular sieve SAPO-34 with Bronsted acid sites of moderate
acid strength and a well-defined framework with chabazite cages
connected via 8-ring windows is reported to be the most
promising catalyst, givin% a maximum light olefin (propene and
ethene) yield of ~80%." The catalytic and mechanistic aspects
of the MTO reaction on SAPO-34 have been extensively
studied (for an overview, see refs 3—5). According to the well
accepted hydrocarbon pool mechanism, polyalkyl aromatics
confined inside the cages of SAPO-34 are active reaction
intermediates leading to the formation of light olefins upon
activation by Bronsted acjd sites at the framework. The small 8-
ring windows of ~3.8 A restrict the diffusion of heavy and
branched hydrocarbons and, therefore, lead to a high selectivity
to the desired light olefins.

A key problem of SAPO-34 for its application as an industrial
MTO catalyst is the rapid deactivation of this material.'"* ' For
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clarifying the reasons of the deactivation, extensive attention
has been paid to controlling the Bronsted acidity of SAPO-34
to obtain a highly active catalyst with a long lifetime.>”**>* In
addition to the acidity, the crystal size of SAPO-34 is also an
important factor that may influence the catalytic performance,
especially the catalyst lifetime in the MTO, reaction due to
coke formation. SAPO-34 with small crystal size has been
reported to exhibit a prolonged lifetime in MTO conversion
due to its good resistance to deactivation by coke.**”°
However, to the best of our knowledge, detailed spectroscopic
investigations on the deactivation mechanisms of SAPO-34
catalysts in the MTO process in relation to dependence on the
crystal size and the Bronsted acidity have been missing until
now and are, therefore, the goal of the present work.

In this study, SAPO-34 materials with different crystal sizes
were synthesized and characterized by means of XRD, SEM,
and solid-state NMR spectroscopy. The MTO performances of
these materials were evaluated in a fixed-bed reactor, and the
organic intermediates formed during MTO reaction were
analyzed by in situ FTIR and UV/vis spectroscopy. Specifically,
the dynamic changes in the Brensted acid sites and benzene-
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type carbenium ions during the MTO reaction were monitored
by 'H solid-state NMR spectroscopy using ammonia-loaded
catalyst samples. On the basis of the catalytic and spectroscopic
results, the deactivation behavior of SAPO-34 with different
crystal sizes in the MTO reaction are revealed, and the
deactivation mechanisms of these catalysts are discussed.

2. EXPERIMENTIAL SECTION

2.1. Preparation and Characterization of the SAPO-34
Catalysts. The SAPO-34 catalysts were synthesized by a
hydrothermal method using the structure-directing agents
TEAOH (tetraethylammonium), TriEA (triethylamine), and
MOR (morpholine) following the procedures described in the
literature.”*"*> The chemical compositions of the synthesis
mixtures and the conditions for the synthesis of different
SAPO-34 samples are summarized in Table 1. Ortho

Table 1. Synthesis Parameters of the SAPO-34 Materials
under Study with Different Crystal Sizes

sample batch composition® temp/K time/h  ref
SAPO-34-S 1A1,0;/1P,05/0.6Si0,/ 473 24 29
0.5TEAOH/77H,0
SAPO-34-M  1ALO,/1P,0/0.65i0,/2THEA/ 473 24 31
SO0H,0
SAPO-34-L  1A1,0,/1P,0,/0.65i0,/2MOR/ 463 48 3
60H,0

“Molar ratios.

phosphoric acid solution (85 wt %) and aluminumtriisopropy-
late (ATI) were mixed with distilled water and stirred for 2 h,
followed by dropwise addition of the structure-directing agents
and silica sol (neutral, 30 wt %, Alfa Aesar). The mixture was
further stirred for 6 h at room temperature, and the formed gel
was transferred into a Teflon-lined stainless-steel autoclave for
static crystallization. After crystallization at the temperatures
and with the durations given in Table 1 (columns 3 and 4), the
solid products were separated by a centrifuge, washed four
times with demineralized water, and dried at 353 K for 12 h.
The as-synthesized samples were then calcined in flowing
synthetic air at 873 K for 6 h.

X-ray diffraction (XRD) patterns of the calcined samples
were recorded on a Bruker D8 diffractometer with Cu Ka
radiation (4 = 1.5418 A) at 5—50° with a scan rate of 20 =
6.0°/min.

A JEOL-JSM7500 field emission scanning electron micro-
scope (FESEM) was used to study the crystal morphologies.
The SEM images were recorded after covering the samples with
a thin layer of gold, deposited by sputtering.

The chemical compositions of the calcined samples were
determined by inductively coupled plasma atomic emission
spectrometer (ICP-AES, IRIS Advantage). The surface areas of
the calcined SAPO-34 materials were obtained by means of
nitrogen adsorption at 77 K on a Quantachrome Autosorb 3B
instrument. Before the nitrogen adsorption, the samples were
dehydrated at 473 K for 2 h. The total surface areas were
calculated via the Brunauer—Emmett—Teller (BET) equation.

Solid-state NMR investigations of the catalyst framework
were performed with hydrated samples on a Bruker Avance III
400WB spectrometer at resonance frequencies of 104.3, 79.5,
and 161.9 MHz for >’Al, #°Si, and 3!P nuclei, respectively. The
MAS spectra were recorded upon single pulse excitation of 7/6
for Al and 7/2 for *Si and *'P, with repetition times of 0.5 s
for Al, 20 s for Si, and 30 s for *'P and sample spinning rates
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of 8 kHz for ?’Al and *'P nuclei, and a rate of 4 kHz was used
for the study of *°Si nuclei. To avoid hydrolysis of framework
bonds, the hydration of the samples was performed not longer
than 1 day before the NMR characterization by exposing them
to an atmosphere saturated with the vapor of an aqueous
solution of Ca(NO;), at ambient temperature.

2.2. MTO Reaction over the SAPO-34 Catalysts. The
MTO reaction was investigated in a fixed-bed reactor at
atmospheric pressure. Typically, 0.4 g of the SAPO-34 catalysts
(sieve fraction, 0.25—0.5 mm) was placed in a stainless steel
reactor (S mm i.d.) and activated under flowing nitrogen gas at
723 K for 1 h. After cooling to the reaction temperature of 673
K, '2C-methanol or "*C-enriched methanol (see section 2.3.)
was injected at a rate of 0.5 mL/h, corresponding to the weight
hourly space velocity of WHSV = 1.0 h™". The products were
analyzed by an online gas chromatograph, HP5890/1I, with
flame ionization detector and a packed-column Porapak Q_to
separate the C,—Cg hydrocarbons. The temperature of the
column was maintained at 313 K for 15 min and then increased
to 473 K at a heating rate of 10 K/min. The methanol
conversions and the selectivities to the various reaction
products for different times on stream were calculated without
considering the coke contents of the catalysts, which was
exclusively determined at the end of the catalytic experiments.

2.3. Characterization of Entrapped Organic Com-
pounds on the Used SAPO-34 Catalysts. The nature of
organic compounds formed on the catalysts during the MTO
reaction was in situ monitored by FTIR and UV/vis
spectroscopy. FTIR spectra were recorded in the diffuse
reflection mode on a Bruker Tensor 27 spectrometer equipped
with a high sensitivity MCT detector cooled by liquid nitrogen
and an in situ reaction chamber. Prior to the FTIR studies, ~20
mg of the catalyst materials was finely ground and placed in the
chamber. The samples were activated in flowing helium gas at
723 K for 1 h and cooled to 673 K for taking a background
spectrum. Then, methanol was injected into the reaction
chamber at a flow rate of 0.025 mL/h (WHSV = 1.0 h™?), and
time-resolved spectra were recorded with a resolution of 4 cm™
and an accumulation of 128 scans. The UV/vis spectra were
recorded in the diffuse reflection mode in the range of 200—600
nm using an AvaSpec-2048 fiber optic spectrometer, an
AvaLight-DH-S deuterium light source by Avantes, and a
glass fiber reflection probe HPSUVI1000A by Oxford
Electronics. Before starting the MTO reaction, the glass fiber
reflection probe was placed in the fixed-bed reactor on the top
of the catalyst with a gap of ~1.0 mm to the catalyst bed.
Reference UV/vis spectra of the catalysts were recorded at
reaction temperature prior to starting the methanol flow.

The organic deposits entrapped inside the pores and cages of
SAPO-34 were characterized by C HPDEC MAS NMR
spectroscopy on a Bruker Avance III 400WB spectrometer at a
resonance frequency of 100.6 MHz, with /2 pulse excitation, a
repetition time of 20 s, a sample spinning rate of 12.0 kHz, and
high-power proton decoupling (HPDEC). *C-enriched meth-
anol (99%, Cambridge Isotope Laboratories, Inc., USA), mixed
with nonenriched methanol at a ratio of 1:1, was used for
performing the MTO reaction in a standard fixed-bed reactor
before taking samples of the SAPO-34 catalysts after times on-
stream of TOS = 30 min to 1 h. For this purpose, the MTO
reaction was quenched by stopping the methanol flow at
reaction temperature and cooling down within 1 h under
nitrogen flow (60 mL/min). Subsequently, all catalyst samples
studied by NMR spectroscopy were transferred from the fixed-
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bed reactor into gastight MAS NMR rotors inside a glovebox
purged with dry nitrogen gas to avoid contact with air.

The amounts of entrapped organic compounds after the
MTO reaction were analyzed by thermogravimetric analysis
(TGA) on a Setram Setsys 16/18 thermogravmetric analyzer.
In a typical measurement, 0.1 g of the used catalyst materials
was heated in an Al,Oj; crucible at a constant heating rate of 10
K/min under flowing synthetic air of 30 mL/min.

2.4. '"H MAS NMR Characterization of Surface Sites
and Benzene-Based Carbenium Species. The Bransted
acid sites of the fresh and used SAPO-34 samples were
characterized by means of "H MAS NMR spectroscopy utilizing
a Bruker Avance III 400WB spectrometer at a resonance
frequency of 400.1 MHz, with 7/2 single pulse excitation, a
repetition time of 10 s, and a sample spinning rate of 25.0 kHz
using a 2.5 mm MAS NMR probe. Before the 'H MAS NMR
studies of the fresh SAPO-34 catalysts, these materials were
dehydrated at 673 K in vacuum (pressure below 107> Pa) for
12 h. Subsequently, the materials were sealed and kept in glass
tubes until their transfer into MAS NMR rotors inside a
glovebox purged with dry nitrogen gas. The used SAPO-34
catalysts were obtained after stopping the MTO reaction and
transferring them into MAS NMR rotors without contact to air.
The determination of the number of accessible Bronsted acid
sites was performed upon adsorption of ammonia at room
temperature and by evaluating the 'H MAS NMR signals
caused by ammonium ions (6,3 = 6.5—7.0 ppm). For this
purpose, the catalyst samples were loaded with 100 mbar
ammonia and, subsequently, evacuated at 453 K for 2 h to
eliminate physisorbed ammonia. Quantitative '"H MAS NMR
measurements 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 a
cation exchange degree of 35%). The chemical shift values were
referenced to tetramethylsilane. The decomposition and
simulation of NMR spectra were carried out via the Bruker
software WINFIT.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of the SAPO-34
Catalysts. The XRD patterns of the as-synthesized materials
shown in Figure 1 are typical for the chabazite (CHA)
framework structure,” which indicates that pure SAPO-34
catalysts were obtained. In Figure 2, the FESEM images of the
crystal morphologies of the as-synthesized SAPO-34 materials
are shown. All three SAPO-34 materials consist of crystals with
a cubical shape, whereas their crystal sizes are quite different.
On the basis of their crystal sizes, the samples are assigned
SAPO-34-S (small: 2.5 um), SAPO-34-M (medium: 6.0 um),
and SAPO-34-L (large: 20.0 ym). The chemical compositions
and BET surface areas of the calcined SAPO-34 materials under
study are given in Table 2. The ng/(ng + ny + np) ratios and
surface areas of all three SAPO-34 materials are very similar and
occur in the ranges of 0.11—0.12 and 441-—471 mz/g,
respectively, indicating that the crystal size is exclusively the
deviating parameter.

For a better understanding of the textual properties of
SAPO-34 after calcination, »Si, 3'P, and A1 MAS NMR
spectroscopy (see Figure S1 in the Supporting Information)
was employed to investigate the local structure of the
framework silicon, phosphorus, and aluminum atoms, respec-
tively, in the SAPO-34 samples under study. The *’Si MAS
NMR spectra with signals occurring exclusively at —92 to —89
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Figure 1. XRD patterns of the as-synthesized SAPO-34-S (top),
SAPO-34-M (middle), and SAPO-34-L (bottom) materials.

ppm indicate the presence of tetrahedrally coordinated
framework silicon atoms with four aluminum atoms in the
next-nearest coordination sphere of T atoms (Si(OAl),) and
the absence of silicon islands.>*** The domination signal of the
P MAS NMR spectra appearing at —28 ppm hints at
tetrahedrally coordinated phosphorus atoms in the alumino-
phosphate framework.> In the Al MAS NMR spectra, strong
signals were observed at 30—44 ppm, which are caused by
tetrahedrally coordinated framework aluminum atoms, whereas
the much weaker signals at —14 to —11 ppm are due to
octahedrally coordinated aluminum atoms formed by coordi-
nation of two additional water molecules to tetrahedrally
coordinated framework aluminum atoms or by extraframework
aluminum species.*® On the basis of the results of the solid-
state NMR characterization, it could be concluded that the local
structures of the framework atoms in all three SAPO-34
materials are very similar and maintained the textual properties
of intact silicoaluminophosphates after their calcination.

3.2. Catalytic Performances of the SAPO-34 Catalysts
in the MTO Reaction. In Figure 3, the methanol conversion
and product selectivity curves of the SAPO-34 catalysts in the
MTO reaction are shown. It is obvious that the crystal size has
a great impact on the lifetime of the MTO catalysts under
study. For SAPO-34-S, a methanol conversion of 100% and a
selectivity to light olefins of more than 90% were obtained at
673 K and maintained for a time-on-stream (TOS) of up to 10
h. After TOS = 10 h, the selectivity to C,—C, olefins gradually
decreased and dropped to ~5% at TOS = 16 h, while the
methanol conversion decreased from 100% to ~75%. For
SAPO-34-M, a methanol conversion of 100% and a selectivity
to light olefins of ~90% was maintained only up to TOS =4 h.
After TOS = 10 h, the selectivity to light olefins rapidly
decreased to ~5% while dimethylether (DME) became the
dominant product (~90%). In comparison with SAPO-34-S
and SAPO-34-M, the deactivation rate of large-crystalline
SAPO-34-L is much more rapid. Typically, 100% methanol
conversion could be only maintained for TOS = 10 min.
Afterward, the methanol conversion decreased dramatically to
40% after TOS = 30 min.

3.3. TGA Analysis and '3C HPDEC MAS NMR
Investigations of Organic Deposits on the Deactivated
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Figure 2. SEM images of the as-synthesized SAPO-34-S (left), SAPO-34-M (middle), and SAPO-34-L (right) materials.

Table 2. Chemical Compositions and Surface Areas of the
Calcined SAPO-34 Materials under Study

elemental analysis? (mmol/g)

Bronsted acid

ng/(ng; + BET surface sites®
sample 1y np ng  ny +np) area’ (m?/g) (mmol/g)
SAPO- 6.6 4.9 1.5 0.12 441 1.25
34-8
SAPO- 6.1 4.6 1.4 0.12 464 1.15
34-M
SAPO- 6.0 4.1 1.1 0.11 471 1.00
34L

“Determined by ICP-AES. “Determined by N, absorption “Deter-
mined by '"H MAS NMR

SAPO-34 Catalysts. The total weights of organic deposits
formed on SAPO-34-S, SAPO-34-M, and SAPO-34-L after
their deactivation in the MTO reaction were analyzed by TGA
in the temperature range of 293—1073 K. According to Figure
4, all samples showed a similar weight loss of ~1.9 wt % at
temperature up to 473 K due to the escape of volatile
compounds. In the high-temperature range of 473—1073 K, the
weight losses for the deactivated SAPO-34-S (TOS = 16 h),
SAPO-34-M (TOS = 16 h), and SAPO-34-L (TOS = 30 min)
were 6.0, 11.5, and 9.0 wt %, respectively. Hence, the amount of
organic deposits formed on SAPO-34-S during the MTO
reaction is obviously lower than that on SAPO-34-M and
SAPO-34-L, which should be a very important reason for the
prolonged lifetime of SAPO-34-S. The amount of organic
deposits formed on SAPO-34-L after TOS = 60 min is only
slightly lower than that on SAPO-34-M after TOS = 16 h,
indicating the much more rapid accumulation of organic
compounds on SAPO-34-L.

The *C HPDEC MAS NMR spectra of the used SAPO-34
catalysts obtained after the MTO reaction for TOS = 1 h and
30 min are shown in Figure S. For all samples under study,
strong signals of aromatic carbon atoms (125—133 ppm) and
alkyl carbon atoms bound to aromatic rings (12—30 ppm)
occur.” These signals indicate the formation of polyalkyl
aromatics as dominant organic species over the SAPO-34
catalysts during the MTO reaction. Interestingly, the number of
methylene carbon atoms (—CH,—) in the alkyl groups of
polyalkyl aromatics on SAPO-34-S (Figure S, top), reflected by
the signals at 24—30 ppm, is significantly lower than that of
SAPO-34-M (Figure S, middle) at TOS = 1 h and SAPO-34-L
(Figure S, bottom) at TOS = 30 min. On the basis of this
observation, it can be concluded that polyalkyl aromatics with
long alkyl groups (C,, C;, etc. instead of C,) are more rapidly
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Figure 3. Methanol conversion and product selectivities during the
MTO conversion over the SAPO-34 catalysts under study at 673 K.

accumulated on SAPO-34 samples with larger crystal sizes
(SAPO-34-M and SAPO-34-L) during MTO reaction and vice
versa.

3.4. In Situ FTIR and UV/Vis Studies of the MTO
Reaction over the SAPO-34 Catalysts. In situ FTIR and
UV/vis spectroscopy were utilized to investigate the nature of
organic compounds formed during the MTO reaction on the
catalysts under study. Figure 6 shows the in situ FTIR spectra
of the species adsorbed and entrapped on the different SAPO-
34 catalysts during the MTO reaction at 673 K and in steps of
30 min. For all three SAPO-34 catalysts under study, strong

dx.doi.org/10.1021/cs400007v | ACS Catal. 2013, 3, 588—596



ACS Catalysis

Research Article

100 4 !
|
|
O I
) | SAPO-34-S
® 957 |
o |
= b
=] |
> ! SAPO-34-L
3 |
901 !
|
: SAPO-34-M
: 11.5 wt.%
85 |

373 473 573 673 773 873 973 1073
temperature / K

Figure 4. TGA curves of the SAPO-34-S (top), SAPO-34-M
(bottom), and SAPO-34-L (middle) materials obtained at 673 K
after TOS = 16 h for SAPO-34-S and SAPO-34-M and after TOS = 60
min for SAPO-34-L.

13C HPDEC MAS NMR
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Figure 5. °C HPDEC MAS NMR spectra of the MTO catalysts under
study obtained at 673 K after TOS = 1 h for SAPO-34-S (top) and
SAPO-34-M (middle) and after TOS = 30 min for SAPO-34-L
(bottom).

bands at 2873—2948 cm™' due to C—H stretching vibrations
and weak bands at 1608—1621, 1503, 1461—1463, and 1380
cm™! due to skeletal C=C vibrations of aromatics and the
bending vibrations of C—H bond could be observed.**™*' The
intensities of these bands increased with the progress of the
MTO reaction. In addition, negative bands at 3610 cm™ due to
Bronsted acid sites interacting with adsorbate molecules
occurred for all SAPO-34 under study upon starting the
MTO reaction (see insets in Figure 6). This indicates that the
Bronsted acid sites were gradually covered by methanol or
reaction products. Furthermore, with increasing reaction time,
two very narrow bands due to the C—H stretching and methyl
bending vibrations appeared at 3017 and 1304 cm™'. These
bands reached their maximum intensities for the deactivated
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Figure 6. In situ FTIR spectra recorded during the MTO reaction at
673 K over the calcined SAPO-34-S (top), SAPO-34-M (middle), and
SAPO 34-L (bottom) catalysts up to TOS = 30 min.

SAPO-34-L. The wavenumber of 3017 cm™' hints at C—H
stretching vibrations involving carbon atoms with double bonds
(=CH or =CH,), which are typical for olefins and dienes.*
Considering this assignment and the small width of the bands
at 3017 cm™, their observation hints at the presence of light
olefins with a retarded desorption from the SAPO-34 catalysts
with increasing reaction time. The presence of light olefins with
long residence time inside the SAPO-34 pores and cages leads
to an accelerated formation of oligomerization products, such
as aromatics acting as coke deposits, which indicates the end of
the catalyst lifetime. Because of the weak integral intensities of
the FTIR bands caused by entrapped light olefins with retarded
desorption properties, their number is too low for an
observation by '*C HPDEC MAS spectroscopy.

In Figure 7, the in situ UV/vis spectra recorded during the
MTO reaction over the SAPO-34 catalysts under study at 673
K and with a TOS of up to 30 min are shown. For all three
SAPO-34 catalysts, similar organic species were formed during
the MTO reaction, leading to a series of UV/vis bands at ~240,
270, 330, 390—400, and 450—475 nm. During the first 3 min,
that is, in the induction period of the MTO reaction, a rapid
increase in the UV/vis bands at 240, 270, and 400 nm was

dx.doi.org/10.1021/cs400007v | ACS Catal. 2013, 3, 588—596
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Figure 7. In situ UV/vis spectra recorded during the MTO reaction at 673 K over the calcined SAPO-34-S (left), SAPO-34-M (middle), and SAPO-
34-L (right) catalysts up to TOS = 30 min.
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Figure 8. '"H MAS NMR spectra of the MTO catalysts under study obtained at 673 K for TOS up to 16 h in the case of SAPO-34-S (a), up to 10 h
in the case of SAPO-34-M (b), and up to 30 min in the case of SAPO-34-L (c).

observed which was due to the formation of initial compounds reaction (TOS > 3 min), additional bands occurred at 330 and
of the hydrocarbon pool. With further progress of the MTO 450—475 nm, and the band intensities at ~400 nm increased.
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On the basis of earlier UV /vis studies of organic compounds on
acidic zeolite catalysts,">**~*" the bands at 240 and 270 nm
were assigned to UV/vis-sensitive dienes and polyalkyl
aromatics, respectively, and bands at 390 nm were explained
by benzene-type carbenium ions.*’” Bands at ~400 nm hint at
the formation of polycyclic aromatics,**** for example, with
two to three condensed aromatic rings at lower wavelengths
and with four condensed aromatic rings at slightly higher
wavelengths than 400 nm.*® Broad bands occurring at 330 and
450—475 nm can be due to dienylic and trienylic carbenium
ions, respectively.*® The in situ UV/vis spectra reveal that with
increasing time-on-stream and for larger crystal size, the band at
270 nm due to alkyl aromatics becomes dominating in the high-
frequency region (see, e.g., Figure 7, right). Simultaneously, the
bands at ~400 nm due to polycyclic aromatics are increasing in
the low-frequency region.

A direct comparison of the different SAPO-34 catalysts
allows the UV/vis spectra recorded at TOS = 1 min, which are
marked in red (Figure 7). These spectra demonstrate that the
large-crystalline SAPO-34-L is characterized by a very rapid
formation of alkyl aromatics (270 nm). Already at TOS = 10
min, polycyclic aromatics appearing at ~400 nm dominate the
low-frequency region of the UV/vis spectra of SAPO-34-M and
SAPO-34-L. These large organic species block the cages and
pore entrances of the SAPO-34 catalysts, which leads to a
masking of Brensted acid sites and a retarded desorption of
reaction products, both of which accelerate the deactivation, as
proved by the strong decrease in the methanol conversion
curves in Figure 3.

3.5. 'TH MAS NMR Study of the Fate of Brgnsted Acid
Sites and Carbenium Species during MTO Reaction. To
investigate the fate of Brensted acid sites and active
hydrocarbon pool species on SAPO-34 samples, the calcined
and used catalyst samples taken from the fixed-bed reactor after
different TOS were analyzed by "H MAS NMR spectroscopy
without and after loading of ammonia (Figure 8, left and right,
respectively).

The "H MAS NMR spectrum of calcined SAPO-34-S (TOS
= 0) is dominated by a signal at 3.7 ppm, corresponding to
bridging OH groups, that is, Brensted acid sites (Figure 8a, top,
left). Adsorption of ammonia on the accessible Bronsted acid
site leads to the formation of ammonium ions, causing a 'H
MAS NMR signal at 6.4 ppm (Figure 8a, top, right). Evaluation
of this ammonium signal gave 1.25 mmol/g accessible Bronsted
acid sites in the calcined SAPO-34-S before its catalytic
application. After TOS = 1 h, strong signals at 1.0—2.3 and
7.4—8.5 ppm corresponding to hydrogen atoms bound to
carbon atoms in saturated and unsaturated compounds,*
respectively, can be observed in the '"H MAS NMR spectrum
recorded before and after ammonia loading. Meanwhile, the
intensity of signal at 3.7 ppm corresponding to Brensted acid
site in SAPO-34 strongly decreased. On the basis of the signal
intensities in the spectrum of the ammonia-loaded sample, the
Bronsted acid site density was calculated to be 0.32 mmol/g. In
this spectrum of the ammonium-loaded sample, a new signal at
5.1 ppm assigned to phenylammonium ions occurred,” which
is caused by the ammoniation of benzene-type carbenium ions.
The benzene-type carbenium has been recognized as the key
hydrocarbon pool species for MTO reaction using SAPO-34 as
catalyst. According to the evaluation results summarized in
Table 3, the number of benzene-type carbenium ions in SAPO-
34-S increased to a value of 0.69 mmol/g after TOS = 6 h,
while the number of accessible Bronsted acid sites decreased to
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Table 3. Numbers of Accessible Bronsted Acid Sites
(SiOHAI groups), ngopay and Benzene-Based Carbenium
Ions, Nyeyenium 0N the Calcined and Used SAPO-34 Catalysts
under Study as Determined by '"H MAS NMR Spectroscopy
for Different Times on Stream (TOS) after Ammonia
Adsorption

NSioHAI Mhenzenium’ nsi0HAI t Mhenzenium
sample TOS (mmol/g) (mmol/g (mmol/g
SAPO- 0 1.25 0 1.25
34-S 1h 0.32 0.38 0.70
6h 0 0.69 0.69
16 h 0 0 0
SAPO- 0 115 0 1.15
M 5 min 046 0.15 0.61
1h 0.24 0.36 0.60
10h 0 0 0
SAPO- 0 1.00 0 1.00
34L S min 0.48 0.09 0.57
10 min 0.38 0.17 0.55
30 min 0.02 0 0.02

“Determined by '"H MAS NMR after ammonia absorption

0 mmol/g. Interestingly, SAPO-34-S still exhibited a good
MTO activity at this TOS (compare Figure 3). After
deactivation of SAPO-34-S at TOS = 16 h, neither accessible
Bronsted acid sites nor benzene-based carbenium ions could be
detected (Table 3, last column).

According to the spectra in Figure 8b and ¢ and considering
the data summarized in Table 3, the SAPO-34-M and SAPO-
34-L catalysts showed similar trends in the changes of the
number of accessible Bronsted acid sites and benzene-based
carbenium ions, such as SAPO-34-S; however, in a significantly
accelerated manner. Also for these catalysts, the total
consumption of accessible Bronsted acid sites and benzene-
based carbenium ions led to their strong deactivation.

The above-mentioned findings agree with the observations in
our earlier work focusing on the fate of Brensted acid sites in
SAPO-34 during the MTO process.** Upon regeneration of the
used SAPO-34 catalysts in synthetic air at 873 K, the "H MAS
NMR signals of bridging OH groups occurred again with nearly
the same intensities as observed for the fresh material; hence,
the MTO reaction does not lead to a dehydroxylation of
SAPO-34 catalysts. But during the MTO reaction, these
hydroxyl groups are involved in the formation of adsorbate
complexes of different nature (e.g., alkoxy groups, protonation
of aromatics, hydrogen bondings to deposits etc.), which is
accompanied by a shift and broadening of their 'H MAS NMR
signals initially appearing at 3.6 ppm.

3.6. Deactivation Mechanisms of SAPO-34 Materials
Applied as MTO Catalysts. The different spectroscopic
methods utilized in the present work for investigating the
deactivation of SAPO-34 catalysts during the MTO conversion
gave a very complex picture. This picture consists of a number
of elements obtained by in situ UV/vis, FTIR, and solid-state
NMR spectroscopy being complementary methods, sensitive
for very different aspects of the deactivation process.

Considering the Bronsted acidity as a key property of SAPO-
34 materials for their application as MTO catalysts, 'H MAS
NMR spectroscopy has shown that all three SAPO-34 materials
under study—SAPO-34-S, SAPO-34-M, and SAPO-34-L—
have a similar number of accessible Bronsted acid sites before
starting the MTO reaction. However, the number of accessible
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Bronsted acid sites decreased after a short reaction time,
especially for the large-crystalline SAPO-34-L material.
Interestingly, before the strong deactivation of the SAPO-34
catalysts occurred, no accessible Bronsted acid sites could be
detected by 'H MAS NMR spectroscopy. On the other hand,
although the number of accessible Brensted acid sites
decreased, the number of benzene-based carbenium ions
increased during the highly active reaction period of the
SAPO-34 catalysts. The above-mentioned observation indicates
that benzene-based carbenium ions play a key role as
catalytically active hydrocarbon pool compounds in the MTO
conversion over SAPO-34. This statement is supported by the
absence of accessible benzene-type carbenium species in the
strongly deactivated SAPO-34 catalysts.

As demonstrated by UV/vis spectroscopy, the reaction
period characteristic of the formation of benzene-type
formation is the same as that of the formation of alkyl
aromatics in general (UV/vis band at 270 nm). In the case of
the large-crystalline SAPO-34-L material, *C HPDEC MAS
NMR spectroscopy indicated that these alkyl aromatics have
longer alkyl chains consisting of more methylene carbon atoms
(**C HPDEC MAS NMR signals at 24—30 ppm) on the used
SAPO-34-L and SAPO-34-M catalysts in comparison with
those formed on SAPO-34-S. At first, these larger alkyl
aromatics may have the advantage of increasing the selectivity
to ethene. After longer time-on-stream, however, the increasing
organic deposits influence and hinder the reactant diffusion,
which was also demonstrated in our recently published PFG
NMR study on reactant diffusion in SAPO-34 used as MTO
catalysts.**

Simultaneous with first indications of a catalyst deactivation,
narrow bands of olefinic species (FTIR bands at 3017 cm™)
occurred in the FTIR spectra. Their observation by FTIR
spectroscopy hints at an enhanced residence time of these
reaction products in the SAPO-34 cages and pores, which may
be caused by their retarded desorption due to large alkyl
aromatics. Because of the high reactivity of the olefinic reaction
products, a surplus of these species in the SAPO-34 cages and
pores is accompanied by their rapid oligomerization, such as the
formation of polycyclic aromatics, as indicated by UV/vis
spectroscopy (UV/vis bands at ~400 nm). Finally, these
polycyclic aromatics cause a total blocking of the SAPO-34
pores, which strongly hinders the diffusion of reaction products
and makes all catalytically active sites and species nonaccessible
for further reactants. Since especially the latter deactivation
steps are accompanied by a hindering of the reactant diffusion,
the total decrease in the olefin formation over the large-
crystalline SAPO-34-L occurred after a significantly shorter
MTO reaction time and is much more rapid than that observed
for SAPO-34-S and SAPO-34-M, with significantly smaller
crystal sizes. Furthermore, the accelerated blocking of cage
pores in the large-crystalline SAPO-34-L material is the reason
for the lower total coke formation in SAPO-34-L in comparison
with SAPO-34-S (see TGA data). In the case of SAPO-34-L,
the pores and cages of the outer sphere of the SAPO-34
particles are already blocked, before organic deposits can be
formed in the inner spheres. On the other hand, the weakly
acidic terminal OH groups located at the outer surface of the
SAPO-34 particles keep their accessibility for the reactant
methanol, which is converted, in this situation, with high
selectivity to DME (see Figure 3 for large TOS).
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4. CONCLUSIONS

In the present work, SAPO-34 materials with comparable
Bronsted acid site densities, but different crystal sizes (2.5 ym
(SAPO-34-S), 6.0 um (SAPO-34-M), and 20.0 ym (SAPO-34-
L)) were prepared and applied as catalysts in the MTO
conversion. Catalytic investigations demonstrated that the
lifetime of the above-mentioned SAPO-34 catalysts in the
MTO reaction strongly depend on the crystal size: SAPO-34-S
> SAPO-34-M > SAPO-34-L. Thermographimetric analysis
indicated that the deactivation of the SAPO-34 catalysts under
study is accompanied by the formation of coke deposits. For
elucidating the mechanism of this catalyst deactivation, '*C
HPDEC MAS NMR, FTIR, and UV/vis spectroscopy were
employed to monitor the formation and nature of organic
deposits during the MTO conversion. By 'H MAS NMR
spectroscopy, the nature and density of accessible Bronsted acid
sites and active hydrocarbon-pool species were determined as a
function of the time-on-stream (TOS).

The picture of the deactivation mechanism obtained by the
above-mentioned spectroscopic methods was found to be very
complex and consists of the following elements:

(i) Already in the active period of the catalyst lifetime, a
rapid and strong decrease of the density of accessible
Bronsted acid sites occurs, while the number of benzene-
base carbenium ions increases (‘"H MAS NMR).

The appearance of benzene-based carbenium ions is
accompanied by the formation of alkyl aromatics (UV/
vis).

More pronounced for SAPO-34 catalysts with large
crystal sizes and longer reaction time, these alkyl
aromatics have longer alkyl chains with methylene
carbon atoms (*C HPDEC MAS NMR), which improve
at first the selectivity to light olefins, but also hinder the
diffusivity of reaction products for longer reaction times.
Simultaneously with the formation of large alkyl

(i)

(iii)

(iv)
aromatics, olefinic reaction products with enhanced
residence time inside the SAPO-34 cages and pore
were observed (FTIR).

(v) Because of the high reactivity of the olefinic reaction

products with enhanced residence time, the formation of

polycyclic aromatics occurs (UV/vis), which causes a

blocking of the catalyst pores.

Finally, because of the pore blocking by the large

aromatic deposits, neither Bronsted acid sites nor

catalytically active carbenium ions are accessible for
further reactants ("H MAS NMR). This leads to a strong
decrease in the olefin formation over the SAPO-34
materials in the MTO reaction. In this situation,

(vi)

methanol is preferentially converted to DME at terminal
OH groups located at the outer surface of the zeolite
particles.

Because of the high significance of the reactant diffusion for
the last steps of the above-mentioned deactivation mechanism,
the total deactivation of the large-crystalline SAPO-34-L
material studied in the present work occurred after a much
shorter MTO reaction time and is much more rapid than
observed for SAPO-34-S and SAPO-34-M with significantly
smaller crystal sizes.
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