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ABSTRACT: SAPO-34 catalysts obtained after MTO conversion times of
0—30 min were investigated by PEG NMR spectroscopy for studying the
self-diffusivities of ethane and ethene. Furthermore, the catalysts were
investigated by in situ UV/vis, ">°C MAS NMR, and 'H MAS NMR spec-
troscopy, giving insights into the organic deposits and acid sites in different =—> ' ethane
periods of the catalyst lifetime. The ratio of the self-diffusivities of ethene Y ®
and ethane, D.,ene/Dethanes Used as a measure of the diffusion selectivity,
was found to increase to the benefit of the olefin compared to the alkane for

PFGNMR

\g” MAS NMR

D —> * ethene

SAPO-34
N /0N

in situ UV/vis

higher adsorbate loadings and increasing MTO conversion times. This
change of the diffusion selectivity is one of the reasons for the variation of the product selectivity during the catalyst lifetime.
Variable-temperature PEFG NMR studies gave a significantly larger apparent activation energy for the self-diffusivity of ethane

(E, = 7.6 kJ/mol) compared with ethene (E, = 4.2 kJ/mol).

1. INTRODUCTION

The rapid increase in the price of crude oil and the increasing
demands on light olefins require the search for new routes for the
production of hydrocarbons from non-oil sources, such as natural
gas and coal. Among these alternative reaction routes, the
methanol-to-olefin (MTO) conversion on microporous solid
acids is an imll)ortant step drawing more and more attention in
the past years."”” In the MTO process, methanol is dehydrated to
dimethyl ether (DME), and an equilibrium mixture consisting of
methanol, DME, and water is obtained, which is the feed for the
conversion to light olefins over acidic microporous catalysts, such
as aluminosilicate- and silicoaluminophosphate-type zeolites
(e.g, ZSM-5 and SAPO-34, respectively). According to an often-
discussed reaction mechanism, formation of first organic com-
pounds occurs during an induction period, leading to a hydro-
carbon pool consisting of large olefins and/or alkylaromatics
inside the catalyst pores or cages. The reactants methanol and DME
are repeatedly added to these hydrocarbon pool compounds,
while light olefins are split offin a closed cycle.”* The distribution
of reaction products depends on a number of parameters, such as
density and strength of Bronsted acid sites, diameters and shapes
of micropores and cages, and type of resistant organic deposits
being the catalytically active hydrocarbon pool compounds. As for
many heterogeneously catalyzed reactions, therefore, the pore
diffusion of reactants can strongly affect the reaction kinetics and
shape selectivity of the MTO reaction.>®

A variety of microporous catalysts with different acidities and
pore architectures have been studied as MTO catalysts.">”® The
silicoaluminophosphate SAPO-34 with CHA structure consist-
ing of large chabazite cages with 8-ring windows and character-
ized by Bronsted acid sites of moderate acid strength is reported

v ACS Publications ©2011 american chemical Society

to be a most promising catalyst giving yields of light olefins
(mainly ethene and propene) of up to 80%.” The mech-
anistic aspects of the MTO reaction on SAPO-34 have been
extensively studied,”'” and it is indicated that polyalkylaro-
matics are confined inside the chabazite cages of SAPO-34
(diameter of ca. 0.94 nm). They are the active hydrocarbon pool
compounds leading to the formation of light olefins.'® The 8-ring
windows with a diameter of ca. 0.38 nm restrict the diffusion of
large and branched hydrocarbons and, therefore, influence the
selectivity to the reaction products. Furthermore, the Bronsted
sites of SAPO-34, formed via substituting lattice phosphorus by
silicon atoms, are characterized by a moderate acid strength. This
property results in better resistance to coking and, therefore,
causes a longer catalyst lifetime in the MTO reaction in com-
parison with the aluminosilicate analogue SSZ-13."

In the present study, the relationship of organic deposits, acid
site density, diffusion properties, and catalytic activity of SAPO-
34 in the MTO conversion has been investigated. The depen-
dence of the methanol conversion and product selectivity on the
Bronsted acid sites and organic deposits was already investigated
in our recent studies.">" For the investigation of the adsorbate
diffusion in microporous materials, IR spectroscopic tech-
niques,”® quasi-elastic neutron scattering,”' and dielectric spec-
troscopy>” are successfully utilized. Pulsed-field gradient NMR
spectroscopy (PFG NMR) is suitable for determining the intra-
crystalline self-diffusivity, D, of small hydrocarbons.**** With
this method, the effect of molecular self-diffusion on the signal
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attenuation of NMR echo experiments as a function of the dura-
tion or strength of pulsed magnetic field gradients is evaluated.*>**

To the best of our knowledge, there are only very few
PFG NMR self-diffusion studies of adsorbates in CHA-type
zeolites.”>%° According to Hedin et al, ¢ ethane and ethene give
PFG NMR self-diffusivities of D = 0.48 x 10 "> m*/s and D =
3.1 x 10" m?/s, respectively, in pure siliceous chabazite
(Si-CHA) upon loading with an adsorbate pressure of p = 101.2
Pa and at the temperature of T = 301 K. Assuming that the PFG
NMR self-diffusivity of ethene in SAPO-34 is in the order of
D~ 10 "* m?/s and using an observation time of A & 40 ms,
which is the experimental diffusion time, the Einstein equation®’

D = (x)*/6A (1)

allows to estimate the molecular displacement x of up to 0.5 um
for the above-mentioned molecule. For studying pure intracrys-
talline self-diffusion of ethane and ethene, therefore, the size of
zeolite crystals utilized for PEG NMR experiments have to be
significantly larger than 0.5 ym. Therefore, the synthesis of large-
crystalline SAPO-34 was an important prerequisite for the pres-
ent PEFG NMR study. Furthermore, application of a large-
crystalline SAPO-34 material as catalyst for the MTO conversion
gives an insight into the influence of the crystal size on the cat-
alyst property and lifetime.

2. EXPERIMENTAL SECTION

2.1. Preparation and Characterization of the Catalyst.
Large-crystalline SAPO-34 with the ng;/(na; + np + ng;) ratio of
0.15 was synthesized by the hydrothermal method following the
procedure described in the literature.”® The molar composition
for synthesis was kept at 1.0 Al,03:1.0 P,05:0.6 SiO,:2.0 Mor:
60 H,O. Orthophosphoric acid solution (85 wt %) and alumi-
num triisopropylate (ATI) were mixed with distilled water and
stirred for 2 h, followed by addition of morpholine (Mor) and
silica sol (30 wt % VPAC4083) dropwise. Then, the mixture was
stirred at room temperature for 6 h. Thereafter, the formed gel
was transferred into a Teflon-lined stainless steel autoclave and
crystallized at 463 K for 48 h. The solid product was washed four
times with demineralized water and separated by a centrifuge,
followed by drying at 353 K for 12 h. The as-synthesized sample
was then calcined in flowing synthetic air at 873 K for 4 h.

X-ray diffraction (XRD) patterns of the as-synthesized and
calcined samples were recorded on a Bruker D8 diffractometer
with Cu Ka radiation (4 = 1.5418 A) at 5°—50° with a scan speed
of 260 = 6.0°/min.

A Hitachi $-4700 scanning electron microscope (SEM) was
used for studying the crystal morphologies of the sample. The
SEM image was recorded after covering the sample with a thin
layer of gold, deposited by sputtering.

The chemical composition of the calcined sample was deter-
mined by ICP-OES. The surface area of the calcined SAPO-34
was obtained by means of nitrogen adsorption at 77 K on a
Quantachrome Autosorb 3B instrument. Before the nitrogen ad-
sorption, the sample was dehydrated at 473 K for 2 h. The total
surface area was calculated via the Brunauer—Emmett—Teller
(BET) equation.

2.2. Catalytic Investigations and Characterization of Oc-
cluded Organic Compounds on the MTO Catalysts. The
MTO reaction was performed in a fixed-bed reactor at atmo-
spheric pressure and the reaction temperature of 643 K. Typi-
cally, 0.4 g of sample (sieve fraction, 0.25—0.5 mm) was placed in

a stainless steel reactor (5 mm id.) and activated under flowing
nitrogen at 723 K for 2 h. A methanol flow of 0.5 mL/h cor-
responding to a weight hourly space velocity of WHSV = 1 h™*
was used. The reaction products were analyzed using an online
gas chromatograph equipped with a flame ionization detector
and a capillary column Plot Q to separate C; —Cg hydrocarbons.
At first, the temperature of the column was maintained at 313 K
for 15 min and then increased to 473 K with a rate of 10 K/min.
For detailed investigations of the nature of the organic deposits,
the fate of Bronsted acid sites, and the diffusion properties of ad-
sorbates in large-crystalline SAPO-34 used as MTO catalyst,
samples were taken from the fixed-bed reactor after times on
stream of TOS = 5 min (sample B), 10 min (sample C), and 30 min
(sample D). Sample A is the calcined SAPO-34 material, which is
obtained before starting the MTO conversion (TOS = 0 min).

The organic compounds formed on the MTO catalysts during
the methanol conversion were investigated by in situ UV/vis
spectroscopy using a fiber-optic UV/vis spectrometer. UV /vis
spectra in the range of 200—600 nm in diffuse reflection mode
were recorded with an AvaSpec-2048 fiber-optic spectrometer
using an AvaLight-DH-S deuterium light source by Avantes and a
glass fiber reflection probe HPSUV1000A by Oxford Electronics.
Reference UV/vis spectra of the silicoaluminophosphate were
recorded at reaction temperature prior to starting the methanol
conversion. The amounts of occluded hydrocarbons after the
methanol reaction were analyzed by thermogravimetric analysis
(TGA) on a SETARAM Setsys 16/18 analyzer. In a typical mea-
surement, 0.1 g of the sample material was heated in an Al,O;
crucible with a constant heating rate of 10 K/min and under
flowing synthetic air (30 mL/min).

The organic deposits occluded inside the pores and cages of
the MTO catalysts were characterized by *C MAS NMR spec-
troscopy utilizing a Bruker Avance III 400WB spectrometer at
the resonance frequency of 100.6 MHz, with 77/2 pulse excitation
and high-power proton decoupling, the repetition time of 20 s,
and using a 4 mm MAS NMR probe with the sample spinning
rate of 12.0 kHz. To avoid contact with air, all catalyst samples
studied by NMR spectroscopy were transferred into gastight
MAS NMR rotors or glass tubes in a glovebox purged with dry
nitrogen gas.

2.3. Solid-State NMR Characterization of Surface Sites and
Pulsed-Field Gradient (PFG) NMR Self-Diffusion Studies. The
Bronsted acid sites of the samples were characterized by means
of "H MAS NMR spectroscopy utilizing a Bruker Avance III
400WB spectrometer at the resonance frequency of 400.1 MHz,
with 77/2 single pulse excitation, the repetition time of 10 s, and
using 4 mm MAS NMR probes with a sample spinning rate of
8.0 kHz. The samples studied by "H MAS NMR spectroscopy
were dehydrated at 673 K in vacuum (pressure below 10~ > Pa)
for 12 h. After dehydration, the samples were sealed and kept in
glass tubes until they were transferred into MAS NMR rotors
inside a glovebox purged with dry nitrogen gas. The determina-
tion of the number of accessible Bronsted acid sites was per-
formed by adsorption of ammonia at room temperature. After
the ammonia loading, the samples were 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 the
cation exchange degree of 35%). The decomposition and simula-
tion of NMR spectra were carried out via the Bruker software
WINFIT.
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"H PFG NMR investigations of the self-diffusivity of ethane
and ethylene in SAPO-34 were performed using a Bruker Diff-30
diffusion probe with a S mm NMR coil insert and a z-gradient
unit with a 40 A amplifier. Via a three-pulse echo sequence, the
NMR self-diffusion was obtained by recording a series of 'H
NMR echoes with increasing magnetic field gradient strength up
to g=1200 G/cm. The calibration of the strength of the magnetic
field gradients was performed via the self-diffusion coeflicient of
liquid water at 298 K.

For the '"H PFG NMR experiments performed at 295 K, a
diffusion time of A = 40 ms was used. The variable-temperature

SAPO-34

Figure 1. SEM image of large-crystalline SAPO-34.

(T = 303—353 K) "H PFG NMR experiments were carried out
with diffusion times of A = 10—40 ms. Under these conditions,
no unwanted signals of surface sites or occluded organic deposits
were observed in the echoes. The PFG NMR self-diffusivity
coefficients, D, were calculated using the Bruker BioSpin soft-
ware Diffusion Version 003. With this software, the decay of the
echo intensities, I(g)/1(0), as a function of the squared gradient
strength, gz, for constant gradient pulse duration and diffusion
time was fitted to obtain the self-diffusion coefficients, D.**

Upon transferring the catalyst samples used for the PEG NMR
investigations from the fixed-bed reactor into the 5 mm glass
tubes, ethane and ethene (both 99.95 vol. %, Westfalen AG,
Germany) were quantitatively adsorbed using a vacuum line after
evacuation of the samples at 293 K for 1 h. The adsorbate con-
centration on the MT O catalysts was controlled by evaluating the
signal intensities of single-pulse "H NMR spectra of the samples
used for the self-diffusion studies.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of Large-Crystalline
SAPO-34. The SEM image in Figure 1 shows the crystal mor-
phology of the as-synthesized large-crystalline SAPO-34. The
SAPO-34 crystals appear as cubes with sizes of 20—30 ym. Only
few significantly smaller crystals occurred with a size of ca. S ym.
The XRD pattern (not shown) agreed well with those of SAPO-34
materials described in the literature.'”*” The surface area of the
calcined sample was determined to 471 m?/ g, indicating the in-
tactness and accessibility of the pore system.
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Figure 2. "H MAS NMR spectra of large-crystalline SAPO-34 after MTO conversion with time-on-stream of TOS = 0 min (sample A) to 30 min

(sample D) recorded before (left) and after (right) adsorption of ammonia.
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Table 1. Numbers of Accessible Bridging OH Groups
(SiOHALI), ng;opnai, and Benzene-Based Carbenium Ions,
Mbenzeniumy 0N Large-Crystalline SAPO-34 Used as MTO
Catalyst for Different Times on Stream (TOS = 0—30 min)”

catalyst ~ TOS (min)  ngopal’ (mmol gl fipenzeniam. . (mMmol g )

sample A 0 0.91 0

sample B S 0.54 0.08
sample C 10 0.31 0.12
sample D 30 0.05 0.01

“These numbers were determined by quantitative 'H MAS NMR
spectroscopy after ammonia adsorption. * Experimental accuracy of £5%.

*?Si MAS NMR spectroscopy (not shown) was utilized to in-
vestigate the nature of silicon in the large-crystalline SAPO-34.
Only very weak signal intensities occurred at —100 to — 115 ppm,
hinting to a very small content of siliceous islands Si(4Si). The sig-
nificantly stronger *°Si MAS NMR signal with maximum at
—89 ppm indicated a nearly complete incorporation of silicon into
Si(4Al) sites by substitution of framework phosphorus atoms.
This substitution route is accompanied by the formation of neg-
ative framework charges, which are compensated by Brensted
acidic bridging OH groups (SiOHAI).*® The concentration of
these Bronsted acid sites was determined by quantitative 'H MAS
NMR spectroscopy. Figure 2a shows the spectra of the dehy-
drated large-crystalline SAPO-34 before application as MTO
catalyst (nonused sample A). The spectrum on the left-hand side
consists of signals at 3.7 ppm due to bridging OH groups and at ca.
2.4 ppm caused by SiOH, AIOH, and POH groups.”* Upon ad-
sorption of ammonia, ammonium ions are formed at the acces-
sible bridging OH groups, which leads to the signal at 6.4 ppm in
Figure 1a, right.31 Evaluation of the intensity of the ammonium
signal at 6.4 ppm gives the number of accessible Bronsted acid
sites, which is 0.91 mmol SiOHAl/g for the nonused SAPO-34
sample A (see Table 1, column 3).

3.2. Catalytic Performance of Large-Crystalline SAPO-34.
The time dependence of the methanol conversion and product
selectivity during the MTO conversion over the large-crystalline
SAPO-34 is shown in Figure 3. In former studies on MTO
conversion over small-crystalline SAPO-34 with particle sizes of
3—5 um, a methanol conversion of 100% and a selectivity to light
olefins of up to 85% were reached at 673 K for a time-on-stream
up to TOS = 10 h."® For the large-crystalline SAPO-34 in the
present study, rapid deactivation required a decrease of the re-
action temperature to 643 K. Under these conditions, a drop-
down of the methanol conversion from 100% at TOS = 5 min to
38% at TOS = 30 min was observed (Figure 3). At the same time,
the selectivity to light olefins decreased from 91% to 5%. Hence,
while the activity of large-crystalline SAPO-34 at TOS = 5 min is
slightly higher (lower reaction temperature and higher olefin
selectivity) in comparison with small-crystalline SAPO-34 in ear-
lier studies, the significant larger particle size of the former catalyst
causes a much stronger deactivation. This rapid deactivation may
be due to organic deposits leading to a blocking of cages or pores.

For quantifying these organic deposits formed on large-crys-
talline SAPO-34 after MTO conversion times of TOS = §, 10,
and 30 min, the weight loss of the catalyst samples B, C, and D,
respectively, were determined by TGA under flowing synthetic air
in the temperature range of 293—1073 K. According to Figure 4,
all samples show a similar low-temperature weight loss of ca. 2%
up to 573 K due to volatile compounds. In the high-temperature
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Figure 3. Methanol conversion and product selectivity over large-
crystalline SAPO-34 at 643 K up to the time-on-stream of TOS =

30 min. On top, the time-on-stream for taking the catalyst samples A to
D is marked.
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Figure 4. TGA curves of large-crystalline SAPO-34 determined after
MTO conversion with time-on-stream of TOS = S min (sample B) to
30 min (sample D).

range of 573—1073 K, a weight loss of up to 9.0% for the de-
activated catalyst sample D (TOS = 30 min) was determin-
ed. Interestingly, this weight loss is only 1.6% larger than the
weight loss of the highly active SAPO-34 sample C obtained after
TOS = 10 min. This finding indicates that only few coke deposits
are required to cause a significant deactivation of large-crystalline
SAPO-34.

3.3. In Situ UV/vis and '*C MAS NMR Studies of Organic
Deposits Formed during MTO Conversion on Large-Crystal-
line SAPO-34. For studying the nature of olefinic and aromatic
compounds formed during the MTO conversion, in situ UV /vis
spectroscopy was performed using a fiber-optic installed on top
of the fixed-bed reactor.>* The in situ UV /vis spectra in Figure 5
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sample

Alnm

Figure S. In situ UV/vis spectra recorded during MTO reaction on
large-crystalline SAPO-34. On the right-hand side, the time-on-stream
of the catalyst samples A to D is marked.

show arapid increase of bands at 240, 270, and 390 nm in the first
S min of the MTO reaction. This duration corresponds to the in-
duction period of the MTO reaction leading to the formation of first
hydrocarbons. For longer MTO reaction times (TOS > S min),
additional broad bands occur at 330 and 450—475 nm. Based on
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 polyalkylaromatics, while the band at
390 nm is explained by benzene-type carbenium ions. Often,
broad bands at 330 and 450—475 nm are a hint for the presence of
dienylic and trienylic carbenium ions, respectively. On the other
hand, these UV/vis bands can be also explained by polycyclic
aromatics.

The '*C MAS NMR spectra in Figure 6 consist of characteristic
signals in the range of polyalkylaromatics of 125—137 ppm.”®
Signals at 126, 129, and 133 ppm accompanied by signals at
19—21 ppm indicate the formation of polymethylbenzenes with
different numbers of methyl groups. Signals at 25—32 ppm are a
hint for ethyl groups bound to aromatic rings.** It should be men-
tioned that also polycyclic aromatics, such as naphthene, anthra-
cene, and pyrene, may cause >C MAS NMR signals with typical
relative intensities in the chemical shift range of 125—133 ppm.*®
However, the relative intensities of the **C MAS NMR signals at
125—137 and 19—32 ppm of the MTO catalyst obtained after
TOS = 30 min (sample D) agree very well with those of samples
B and C (TOS = S and 10 min, respectively). Therefore, a
significant formation of polycyclic aromatic compounds on the
SAPO-34 sample D can be excluded, since a large content of these
compounds would cause additional characteristic signals, which
were not observed in the >C MAS NMR spectrum of this MTO
catalyst (sample D). This finding agrees very well with the small
difference of 1.6 wt % in the weight loss of samples C and D as
determined by TGA after MTO catalysis (vide supra).

3.4. 'H MAS NMR Studies of the Fate of Surface Sites
during the MTO Reaction. Quantitative evaluation of the 'H
MAS NMR spectra of large-crystalline SAPO-34 recorded after
loading with ammonia give the number of accessible Bronsted
acid sites and benzene-based carbenium ions existing on the
MTO catalysts after TOS = 0—30 min (Figure 2 and Table 1,
columns 3 and 4). After adsorption of ammonia on the catalyst
samples, bridging OH groups responsible for 'H MAS NMR
signals at 3.7 ppm are transformed into ammonium ions causing

13C MAS NMR
sample B oo s

a) TOS = 5 min &

b) TOS = 10 min
sample C

c) TOS =30 min
sample D

S 13c / pPM

Figure 6. >*C MAS NMR spectra of large-crystalline SAPO-34 re-
corded after MTO conversion with time-on-stream of TOS = S min
(sample B) to 30 min (sample D).

signals at 6.4 ppm. In the presence of benzene-based carbenium
ions, additional signals occur at 5.1 ppm due to the formation of
phenylammonium ions.'® Quantitative 'H MAS NMR spectros-
copy of the above-mentioned ammoniated species has the advan-
tage of evaluating exclusively signals of accessible surface species.

The densities of accessible Bronsted acid sites are interest-
ing for the correlation with the catalytic property of the SAPO-34
materials under study. According to Figure 2 and Table 1,
column 3, a rapid decrease of the density of accessible bridging
OH groups by 40% (comparison of samples A and B) occurs after
TOS = 5 min of the MTO conversion on large-crystalline SAPO-
34. After TOS = 10 min, an additional 25% of the accessible bridg-
ing OH groups are lost (comparison of samples B and C), which
has, however, no significant influence on the MTO activity as
shown in Figure 3. This indicates that only few Bronsted acid sites
are required for highly active SAPO-34 catalysts in the MTO con-
version. At the same time (TOS = S min), a significant number
(0.12 mmol/g) of benzene-based carbenium ions were detected,
which may play a role as catalytically active hydrocarbon pool
compounds (Table 1, column 4). On the other hand, after TOS =
30 min (sample D), the density of accessible bridging OH groups
dropped down to ca. 5% of the initial value, which agrees well with
the strong decrease of the MTO activity (see Figure 3). This
strong decrease of the density of accessible bridging OH groups
indicates their covering or blocking by hydrocarbons and coke
compounds.

3.5. PFG NMR Self-Diffusion Studies of Ethane and Ethene
in Large-Crystalline SAPO-34 after Different MTO Conver-
sion Times. Ethane is an often used molecule for studying PFG
NMR self-diffusion in microporous materials (see refs 24, 26, 36,and
37 and references therein). In zeolites with 10-ring pores, such as in
MFI-type zeolites, also the self-diffusivities of propane and propene
were determined, but there is a strong limitation for PFG NMR self-
diffusion studies of these molecules in 8-ring zeolites.”***** In a
siliceous zeolite A (Si-LTA), Hedin et al.* determined a PFG NMR
self-diffusivity of propene of D =4.7 x 10~ **m*s ™", which is about
4 orders of magnitude smaller in comparison with the self-diffusivity
of ethene of D = 2.1 x 10~ "' m* s~ " determined under same
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Table 2. PFG NMR Self-Diffusion Coefficients, D, of Ethene and Ethane Loaded on Large-Crystalline SAPO-34 Used as MTO
Catalyst for Different Times on Stream of TOS = 0 (Sample A) to 30 min (Sample D) Determined at 295 K

D/m*s ™

loading/cage sample A TOS = 0 min sample B TOS = S min
1 ethene 13 x 10 M 8.0 x 1072
1 ethane 6.7 x 102 49 x 107"
2 ethene 13 x 107" 92 x 1012
2 ethane 5.7 x 10712 44 x 10712
3 ethene 1.6 x 1071 1.1x 10"
3 ethane 44 x 1012 41 x 10 "2

sample C TOS = 10 min sample D TOS = 30 min

7.7 x 10712 5.8 x 10"
24 x 10" 22 x 102
87 x 10712 a
23 x 1012 a
9.9 x 1012 a
23x10 "2 a

“ These loadings of ethene and ethane could not be performed because of the decreased adsorption capacity of the deactivated sample D (TOS = 30 min).

conditions (T = 301 K). For a siliceous chabazite (Si-CHA),
these authors obtained a self-diffusivity of ethene of D = 3.1 X
10~ m?* s}, which is about 1 order of magnitudes smaller than
in siliceous zeolite A (Si-LTA).>® Based on these data, a self-
diffusivity of propene in CHA-type zeolites in the order of
10" m*/s has to be expected, which is not available for the ex-
perimental technique used in the present work. Therefore, the
present study focused on the investigation of the smaller C,-
hydrocarbons ethane and ethene in large-crystalline SAPO-34,
also because ethene is one of the most important reaction pro-
ducts of the methanol-to-olefin conversion on this catalyst material.

Table 2 gives a survey on the PEG NMR self-diffusivities of
ethene and ethane in large-crystalline SAPO-34 for loadings of
1—3 molecules per chabazite cage and determined at 295 K.
Considering the diffusivities of ethane in the nonused SAPO-34
sample A (TOS = 0 min), self-diffusivities of D = 6.7 X
107 "2—4.4 x 107" m” s~ " for loadings of 1—3 molecules per
cage were determined. These values as well as their variation with
increasing adsorbate loading are in reasonable agreement with
literature.***® For the SAPO-34 samples obtained after TOS =
0—30 min and upon loading of 1 adsorbate molecule per cage,
the systematic decrease of the self-diffusivity, D, of ethane with
increasing MTO conversion time indicates a growing hindrance
of molecular diffusion by organic deposits. A similar observation
was made for the ethene self-diffusivity in the SAPO-34 samples
obtained after TOS = 0—30 min.

Comparing the absolute self-diffusivities of ethene and ethane
under same conditions (same TOS values and adsorbate loadings),
significant higher D values were determined for ethene than for
ethane. Similarly, in a very recent PEG MAS NMR study of self-
diffusivities of ethene and ethane in the microporous metal—
organic framework ZIF-8, a diffusion selectivity of Degmene/
Dethane = 5.5 was found.”” In the present study of ethene and
ethane self-diffusivities in large-crystalline SAPO-34, this diffu-
sion selectivity increases from Degene/Dethane = 1.9 for sample A
(TOS = 0 min) loaded with 1 molecule per cage to Dehene/
Dethane = 3.6 upon loading with three molecules. Hence, with
increasing adsorbate concentration, the diffusion selectivity changes
to the benefit of the smaller olefin.

Very interestingly, there is also a change of the diffusion
selectivity for ethene and ethane with increasing MTO reaction
time. Comparing the catalytically active SAPO-34 samples A
(TOS =0min) to C (TOS = 10 min), the diffusion selectivity in-
creases from Degene/Dethane = 1.9 t0 Deghene/Dethane = 3.2 for an
adsorbate loading of the catalyst with 1 molecule per cage and from
Dethene/Dethane = 2.3 t0 Deghene/ Dethane = 3.8 for an adsorbate

2474

2.0 X10"

1.8 X101

a) ethene b) ethane

1.6 X10™"
1.4 X10™" 1

1.2 X107

E;=4.210.4kJ
1.0 X 10" .

D/ m2s1

9.0 X 1012 b

E,=7.6 £0.8kJ
8.0 X102 7

7.0 X 10712 7

6.0 X1012 1

5.0 X102 = - . . . . .
28 29 3.0 31 32 33 28 29 3.0 31 32 3.3

10°8xKIT 108xKIT

Figure 7. Arrhenius plots of the PFG NMR self-diffusivities, D, of ethene
(a) and ethane (b) on large-crystalline SAPO-34 sample A (TOS = 0 min)
loaded with 2 molecules per cage and determined in the temperature range
of 303—353 K.

loading with 2 molecules per cage. Hence, also for increasing
MTO reaction time, the diffusion selectivity changes to the benefit
of the smaller olefin in comparison with the larger alkane. This
finding indicates that the hydrocarbon pool compounds formed
during the active lifetime of SAPO-34 used as MTO catalyst lead to
a change of the effective pore diameter, which influences the self-
diftusion of adsorbate molecules with different sizes in a different
manner. First for the deactivated SAPO-34 sample D (TOS =
30 min), a total blocking of a significant content of pores occurs, as
indicated by the strong dropdown of the density of the accessible
acid sites (Table 1, column 3) and the strong decrease of the ad-
sorption capacity (see footnote of Table 2). For the remaining
accessible pores of the deactivated SAPO-34 sample D (TOS =
30 min), however, self-diffusivities of ethene and ethane with only
slightly lower D values were determined than for the SAPO-34
samples A to C after TOS < 10 min (Table 2, column $).
Initiated by the above-mentioned observation of the diffusion
selectivity for ethene and ethane in SAPO-34, the apparent acti-
vation energies, E,, for the self-diffusion of these molecules were
investigated in the temperature range of 303—353 K. At these
temperatures, a chemical conversion of ethene over SAPO-34
can excluded. In Figure 7ab, the Arrhenius plots, D = Dy
exp{—(E./kT)}, of the PFG NMR self-diffusivities D of ethene
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and ethane as a function of the inverse temperature T are shown.
These D values were obtained for an adsorbate loading of the
large-crystalline SAPO-34 sample A (TOS = 0 min) with
2 molecules per cage. Evaluation of the slopes of the Arrhenius
plots gave apparent activation energies of E, = 4.2 kJ/mol and
E, = 7.6 kJ/mol for the self-diffusion of ethene and ethane,
respectively. Similarly, for the self-diffusion of ethene and ethane
in the metal—organic framework ZIF-8,>’ apparent activation
energies of E, = 4.9—6.6 kJ/mol and E, = 8.6—9.6 kJ/mo],
respectively, were determined for loadings of ZIF-8 differing by a
factor of 2.

4. CONCLUSIONS

A large-crystalline SAPO-34 catalyst with particle sizes of
20—30 um was prepared and used for first studies of ethene
and ethane self-diffusivities in MTO (methanol-to-olefin) cata-
lysts after different methanol conversion times. Simultaneously
with the catalytic investigations, in situ UV/vis spectroscopic
studies of organic compounds formed during the MTO conver-
sion over SAPO-34 were carried out. After TOS = 0—30 min of
the MTO reaction, catalyst samples were taken from the fixed-
bed reactor for detailed solid-state NMR studies of organic de-
posits and active surface sites. Furthermore, the catalyst samples
obtained after MTO conversion times of TOS = 0—30 min were
utilized for PFEG NMR investigations of the self-diffusivities of
ethane and ethene.

Comparing the performance of the large-crystalline SAPO-34
catalyst in the MTO reaction with that of small-crystalline SAPO-
34 catalysts in the literature, a significant shortening of the cat-
alysts lifetime was found due to the large particle size and,
therefore, long pores. On the other hand, typical organic deposits
were formed on the working large-crystalline SAPO-34 catalysts,
such as polymethylaromatics being the catalytically active hydro-
carbon pool compounds of the MTO reaction. The formation
of a large content of polycyclic aromatics acting as coke deposits
on the deactivated MTO catalyst could be excluded by '*C MAS
NMR spectroscopy. Hence, only few organic deposits cause a
reasonable blocking of pores in large-crystalline SAPO-34,
making this material inactive after a MTO conversion time of
TOS = 30 min. This finding agrees with the strong decrease of
accessible Bronsted acid sites determined by 'H MAS NMR
spectroscopy for the deactivated SAPO-34 catalyst obtained after
TOS = 30 min.

In the PFG NMR self-diffusion studies on large-crystalline
SAPO-34, a systematic decrease of the self-diffusivity, D, of
ethene and ethane with increasing MTO reaction time was
found. This observation indicates a growing hindrance of mo-
lecular diffusion by organic deposits, which do not block the
pores in a total manner but modify the effective pore diameters
and cage sizes. These organic deposits are probably hydrocarbon
pool compounds, such as polymethylaromatics contributing to
the MTO conversion, and not polycyclic aromatics leading to a
total blocking of the SAPO-34 cages and pores.

Using the ratio of the self-diftusivities of ethene and ethane,
Dethene/ Dethanes s @ measure of the diffusion selectivity of these
adsorbate molecules, an increase of the diffusion selectivity to-
ward the smaller olefin in comparison with the larger alkane was
found, if the adsorbate loading of nonused and used SAPO-34
catalysts becomes higher. Similarly, an increase of the diffusion
selectivity to the benefit of the smaller olefin was observed with
increasing MTO reaction time. This change of the diffusion

selectivity of SAPO-34 during the MTO reaction may be one of
the reasons for the variation of the product selectivity of this
catalyst during its lifetime. In agreement with the experimentally
observed diffusion selectivity of ethene and ethane in SAPO-34
catalysts toward to smaller olefin, a significantly larger apparent
activation energy for the self-diffusion of ethane than for ethene
was determined.
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