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13C solid-state MAS NMR was used to probe the chemistry of a
number of species involved in the methanol-to-hydrocarbon process
over H-SAPO-34 molecular sieve at both high (573 K) and low (473-
563 K) temperature ranges and at very low conversion (<0.1%).
Isobutane was the only hydrocarbon product observed at 473 and
573 K. Evidence for the operation of a stepwise methylation reaction
via surface-bound species derives from, first, the treatment of sev-
eral samples with different loadings of methanol at 523-563 K and,
second, when either [*3C]methanol is coadsorbed with [*?CJethene
over the catalyst or [*?Clethene is reacted with pre-[**C]methylated
SAPO-34. The hydrocarbon products in these experiments were
mainly isobutane and isopentane as well as methane, ethene, and
propane. Based on these experimental findings, a number of mech-
anistic approaches concerning the very first stages of the reaction
are discussed. (© 1996 Academic Press, Inc.

INTRODUCTION

Methanol conversion over microporous molecular sieves
such as zeolites and zeotype materials is a remarkable re-
action which has been extensively studied in recent years
(1 -10). One objective of this considerable research effort
has been to attempt to elucidate the mechanism of forma-
tion of the initial products containing C—C bonds. Some of
these products can be observed at reaction temperatures as
low as 473-563 K (3), although industrial temperatures for
this conversion are normally in the range of 623-753 K (11).
A variety of techniques such as in situ Fourier transform in-
frared (12-14) (FT-IR), flow reactor/gas chromatography—
mass spectrometry (3, 4, 15, 16) (GC-MS), temperature
programmed desorption (14, 17, 18) (TPD), differential
scanning calorimetry (19, 20) (DSC), and in situ solid-state
13C magic-angle spinning nuclear magnetic resonance (8,
21-26) (MAS NMR) have been used in these studies. How-
ever, the complexity of reaction due to rapid secondary
reactions as well as limitations of available techniques for
monitoring this process have always been an obstruction for
chemists in providing conclusive evidence for the mecha-
nism. To date a number of mechanistic approaches have
been proposed for this conversion process mainly over
H-ZSM-5; however, only two, namely carbene (1, 27) and
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dimethyl oxonium methylide (28-30) proposals, have re-
ceived significant experimental support. The common fea-
ture of both approaches, which is the involvement of the
zeolite conjugate base which acts as a base toward a non-
bonded reactant species, has been questioned (31). A mech-
anism based on the intermediacy of surface-bound species
(methoxy groups), which have been observed spectroscop-
ically (12, 13, 32-35), has been proposed for methanol con-
version over H-ZSM-5 by Hutchings et al. (31). They con-
cluded that the surface bound species is deprotonated via
a nearby zeolite basic site (“adjacent Al-O site™) to a sur-
face bound carbene which in turn engages in C-C bond
formation. Itis also reported (36) that methane and ethene
are primary products since large amounts have been ob-
served as the reactivity of the methylating agent was re-
duced. Here we report on the use of 3C MAS NMR to fol-
low the course of methanol conversion over H-SAPO-34
using sealed capsules containing the catalyst with different
loadings of *C enriched methanol. Being isostructural with
the natural zeolite chabazite, SAPO-34 molecular sieve has
acage structure rather than a channel structure asin ZSM-5.
H-SAPO-34 also has lower acidity (37-38) than that of
H-ZSM-5. These two features have consequences (espe-
cially the former) with respect to the catalytic performance
of the molecular sieve (38) such that the catalyst is selective
for synthesis of light olefins, i.e., C,—C4 hydrocarbons. The
lower acidity and high selectivity of H-SAPO-34 in contrast
to H-ZSM-5 enable a better understanding of the conver-
sion reaction mechanism using 3C solid-state NMR.

EXPERIMENTAL

Preparation

SAPO-34 was prepared based on the method described
in the original patent (39) from a gel of composition
Al;0O3:P7,05:0.3Si0;,: (TEA),O:50H,0. The sources of
these elements were aluminum isopropoxide, 85% phos-
phoric acid, tetraethylammonium hydroxide as templat-
ing agent and aqueous solution of 30% SiO,. The prod-
uct was determined by X-ray Diffraction to be phase-pure
SAPO-34 molecular sieve. Calcination was carried out at
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823 K for 10 h to remove the organic template prior to cat-
alytic testing. 2°Si, 3P, and /Al NMR of the calcined sample
also showed it to be a pure SAPO phase with a very small
amount of octahedral aluminum.

Catalysis and MAS NMR Spectroscopy

Methanol (MeOH) 99% enriched in *C (MSD
ISOTOPES) was purified by the freeze—-pump-thaw
method. Catalysts (typically 50 mg) for *C MAS NMR
were placed in specially designed pyrex microreactors (26),
in which they were activated under vacuum (ca. 10~* mb)
at 673 K overnight. They were loaded with MeOH (0.5, 1,
and 3 molecules/acid site) and ethene (BOC) (0.5, 1, and
1.89 molecules/acid site) and sealed under liquid nitrogen.
These capsules were heated at various reaction tempera-
tures for a period of 2.5 min (in the case of prolonged)
heating the time is indicated on the spectra). All *3C proton
decoupled {H} MAS, *H MAS, and ?H static NMR spectra
were recorded at ambient temperature on a Bruker MSL
400 (61.42 MHz for D, 100.613 MHz for *C, and 400.13
MH?z for *H) spectrometer using Chemagnetics APEX 400
pencil, 4 mm, 7 mm, and static probes. High-power decou-
pling experiments were carried out with 45° *C pulse and
5 s repetition time which were found to be adequate to
yield quantitatively reliable spectra. *H MAS NMR spec-
trum was recorded using the Hahn-echo pulse sequence
(40) to eliminate background signals from outside the coil.
The sample for this experiment was prepared by reaction of
CH30OH over H-SAPO-34 (1: 1 reactant molecule per acid
site) at 473 K for 15 min followed by pumping the sample for
one more hour at the same temperature under high vacuum.
The sealed sample was then transferred into a glove box and
purged four times with dry, pure Ar to ensure that no water
vapor was introduced. Subsequently it was transferred into
an air-tight 4-mm Bruker rotor and immediately capped.
D-Methylated catalyst for static deuterium NMR was pre-
pared by reaction of CD3;OH over H-SAPO-34 (1: 1) under
the same conditions mentioned above and finally sealed in
a 9-mm (i.d.) glass ampoule under liquid N, while attached
to a vacuum line. The ?H static spectrum was obtained us-
ing the composite multiple pulse sequence described by
Siminovitch et al. (41). This permits even excitation of very
broad NMR resonances allowing static powder patterns
even up to 180,000 Hz to be observed. Both *CH;OH
(0.5:1) and *?C,H, (0.5: 1) were coadsorbed, respectively,
over a measured amount of the dehydrated catalyst via
a gas-handling vacuum line followed by sealing at lig-
uid N, temperature in order to examine the effect of
ethene on methanol conversion. A similar sample was
also prepared with the adsorption of ?C,H, (1:1) onto
the pre-[**C]methylated catalyst in the same vacuum line
at room temperature when the first step, i.e., methyla-
tion of H-SAPO-34 as mentioned above, was completed.
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13C CPMAS NMR spectra were performed with 2 ms
contact time and 5 min recycle time. Magic-angle spin-
ning (2.7-5 kHz for *C and 10 kHz for 'H) was used
in all experiments. Depending on product concentration
200-15000 transients were performed in this study.

Catalysis and Gas Chromatography (GC)

Catalytic tests were performed in a flow reactor at tem-
peratures of 623 and 673 K using two separate reactants
(MeOH and ethene). Catalyst pellets (40/60 mesh) or pow-
der (0.1 g) were used with ethene (weight hourly space ve-
locity WHSV = 0.7 and 10.48 h~!) and methanol (WHSV =
6 h™1). In the case of ethene, products were analyzed using
agas chromatograph (Varian 3600) with a DB-1 fused silica
capillary column (60 m x 0.32 mm i.d.) and flame ionization
detector. In the methanol conversion the spent catalyst was
packed into a 7-mm zirconia MAS rotor under argon gas
after the GC experiment for 5 min time on stream (TOS).
Argon was also used as a carrier gas (38 ml/min) for the
flow reaction system to convey reactant/products into a gas
sample valve setup for on-line injection.

RESULTS

In the course of this investigation several experiments re-
lated to methanol-to-hydrocarbons chemistry on H-SAPO-
34 were performed. All the 3C MAS NMR spectra are pre-
sented in this section and assignments of all resonances are
listed in Table 1. Figure 1 shows the *C MAS NMR spec-
tra recorded after reaction at different temperatures. The

TABLE 1

13C Chemical Shift Assignments for Reactants and Products

No Product Observed **C chemical shift®
1 CH3;OH 49.8-50.7
2  DME/Methoxy group 53-60
3 Methane® —4.2,-8,—11
4  Ethane 3.27
5 Ethene 119-124
6  Propane 15.8-16.50
7  lIsobutane 24.5-25
8 Butane 13.22, 25

22.68, 30.08, 32.03, 11.04
13.58, 22.68, 34.3
27.54,32.03

11.04, 30.08, 38, 19.53
13.58, 22.44, 32.03

9  Isopentane
10 Pentane
11  2,2-Dimethylpropane
12 3-Methylpentane
13 Hexane

14  Carbondioxide 125.45
15  Aromatics (methyl substituted) 126-140, 15.04, 19.53
16  Carbonmonoxide 183-184

Note. Based on literature and multiplicity patterns obtained by proton
coupling (for a few of them) (8, 43).

2 ppm from external TMS.

b Three different chemical shifts correspond to different environ-
ments: —11 ppm is gas phase and —4.2 and —8 ppm are adsorbed phase.
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FIG.1. BC MAS NMR spectra, with high power proton decoupling,

of the sample with 0.5:1 (MeOH to acid site): (a) after adsorption of
methanol (no thermal treatment) and after heating to (b) 373 K, (¢) 423 K,
(d) 523 K, (e) 573 K (the high field region is expanded to show the for-
mation of methane and isobutane), and (f) 598 K. The asterisks denote
spinning sidebands.

loading of the catalyst in this series of spectra was 0.5:1
MeOH molecules: acid site. After adsorption of methanol
(no thermal treatment) a single broad signal at 50 ppm is ob-
served (Fig. 1a). On heating to 373 K a spectrum consisting
of two signals, one at 50 ppm and the other at 56.54 ppm as-
signed to both dimethyl ether (DME) and surface methoxy
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groups is obtained (Fig. 1b). It is worth noticing that sur-
face methoxy groups, as reported (24), cover ranges of 53—
59 ppm. Figure 1c corresponding to a temperature of 423 K
clearly shows three signals, two small shoulders at 56.54 and
60 ppm on the main signal at 50 ppm ascribed to adsorbed
MeOH. After exposure of the sample at 523 K (Fig. 1d) the
signal at 60 ppm increases noticeably, whereas the one at
50 ppm decreases markedly. The spectrum from the sample
at 573 K (Fig. 1le) exhibits methane, ethene, and isobutane,
while the signals at 50 and 60 ppm are still quite intense
(very low conversion in terms of hydrocarbons). On heat-
ing to 598 K a spectrum (Fig. 1f) with a multitude of narrow
resonances is obtained; no signals at 50 and 60 ppm are ob-
served. There are also no signs of any unsaturated hydro-
carbons at this stage of the conversion. The relatively strong
intensity of the signal at 24.5 ppm is from the contributions
of butane (C;, and Cj3 positions), hexane (C; and Cg), and
2-methylpentane (C;) in addition to isobutane. It seems,
however, that the largest contribution is from the isobu-
tane in the adsorbed phase. Figure 2 shows the C MAS
NMR spectra of the sample with 1: 1 MeOH molecule : acid
site at a range of temperatures. In the spectrum correspond-
ing to 423 K (Fig. 2¢) two resonances, one at 50 ppm and
the other at 60 ppm, are observed. No more resonances are
observed by raising the temperature to 548 K (Fig. 2d), but
after heating to 573 K one resonance in the region of light
aliphatics (—10 to 42 ppm) (Fig. 2e) is observed. This sig-
nal is assigned to isobutane (24.5 ppm). On heating to 598
K (Fig. 2f) the signals from other species such as isopen-
tane and ethene appear. Further treatment to 623 K for
5 min reveals that the signals at 50 and 60 ppm are fully
consumed to yield products (Fig. 2g). Of great interest in
this spectrum is the appearance of aromatics, which are
most clearly evidenced by the CP MAS NMR spectrum
(Fig. 2h). Again, Csz and isobutane are most abundant bear-
ing in mind that hexane and 2-methylpentane, as mentioned
above, contribute to the signal corresponding to isobutane.
The sample loaded 3:1 methanol: acid site gave the same
spectrum at temperatures 473-598 K (Figs. 3d and 3e), al-
though this spectrum was different from the samples loaded
with 0.5:1and 1:1 methanol : acid site. It is very interesting
that prolonged heating (10 min) at 598 K produces a num-
ber of C;~C{ hydrocarbons and CO (184 ppm), whereas the
peaks at 50 and 60 ppm still exist (Fig. 3f). The spectrum
at 623 K (10 min) reveals full conversion while CO, CO,,
and aromatics start emerging (Fig. 3h). The peaks from
methanol and both DME and methoxy groups are no longer
observed.

In the next stage of this study (low reaction temperatures)
five more samples with the same loading as those men-
tioned above were treated mildly to achieve low conver-
sion. Asshown in Figs. 4-6, excluding the spectra from load-
ing 3:1, the rest show hydrocarbon products in the range
of C—Cs.
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To ascertain the exact nature of the species giving rise to
the 53-60 ppm resonance the following experiment was per-
formed. A sample with methanol to Brgnsted acid site 1: 1
loading was heated at 473 K for 15 min. Any physisorbed
species were then pumped off for ca. 1 h at the same tem-
perature under high vacuum. The sample was then sealed
for NMR measurements. The CP MAS spectrum (Fig. 7a)
of the sample revealed a signal centered at 56.9 ppm with
three small shoulders, one at low and the two others at high
chemical shifts. A static *C NMR experiment of the same
sample was performed in order to measure the chemical
shift anisotropy of the surface species. The spectrum corre-
sponding to this experiment (Fig. 7b) shows that the main
signal at 56.9 ppm (Fig. 7a) has a powder pattern shape with
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FIG.2. 3C MAS NMR spectra, with high power decoupling, of the
sample with 1:1 methanol : acid site: (a) at room temperature (no thermal
treatment) and after heating to (b) 373 K, (c) 423 K, (d) 548 K, (e) 573 K,
(f) 598 K, and (g) 623 K for 5 min. (h) 3C CP MAS NMR spectrum of the
sample heated to 623 K. The asterisks denote spinning sidebands.

an asymmetric chemical shift tensor with principal compo-
nents 8§13 =91.8, 8,2 =67.7, and 833 =11.4 ppm determined
experimentally (42). Line simulation (not shown) for the
spectrum in Fig. 7b gives approximately the same values
for these components.

Figure 7cillustrates the 'H NMR spectrum of apremethy-
lated H-SAPO-34, showing a signal at a chemical shift of
3.96 ppm; this resonance is assigned to methyl protons.
No signal was observed in the region of 9-10 ppm which
might be assigned to methoxonium ion protons (44, 45).
A further sample was prepared by treating H-SAPO-34
with CD3;OH at the same reaction condition as that which
was utilized for the methylated sample mentioned above.
?H wide-line NMR of the sample was recorded show-
ing that there is a single Pake doublet with a splitting of
ca. 36,250 Hz (Fig. 7d).

In order to show what influence ethene can have on the
methanol conversion reaction we performed several NMR
(batch system) and GC (flow reactor system) experiments.
The spectrum (Fig. 8b) recorded from a coadsorbed sample
of *C-enriched methanol and non enriched ethane heated
at 523 K for 5 min clearly shows hydrocarbon product
(mainly iCsand iCy) in contrast with Fig. 8a where methanol
was reacted alone. A marked increase in reactivity is ob-
served (Figs. 8c and 8d) when they are allowed to react at
573 K for 2.5 and 2 min, respectively. The effect of ethene
on the conversion can also be observed by adsorption of



METHANOL-TO-HYDROCARBONS OVER H-SAPO-34

3 MeOH/acid site

backg. JL
(a)

(b)

423K

rw
hat
w
~

©

473K

(d

598K

€)

598K

| =—

100
PPM

nonenriched ethene onto the pre-*C-enriched methylated
SAPO-34 when it is compared to ethene over the bare cata-
lyst (H-SAPO-34). Their corresponding **C CP MAS NMR
spectra are shown in Figs. 9a and 9b. Again a marked in-
crease in reactivity is observed in the presence of ethene.
Reactivity of ethene over premethylated SAPO-34 was
compared with that over H-SAPO-34 using a flow reactor
system. To do this, methanol was first passed (WHSV =
4 h~1) over the catalyst at 533 K for 1 h in order to prepare
methylated SAPO-34. The carrier gas (Ar) was allowed to
continue over the catalyst for one more hour at the same
temperature to remove any physisorbed species. The tem-
perature was then increased to 673 K rapidly. The column
outlet was checked showing negligible amount of product
and following that, ethene was immediately fed into the re-
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FIG.3. 3C MAS NMR spectra, with high power decoupling, of the
sample with 3: 1 (methanol to acid site): (a) after adsorption of methanol
(298 K) and after heating to (b) 373 K, (c¢) 423 K, (d) 473 K, (e) 598 K
(5 min), (f) 598 K for 10 min (the downfield region shows a weak signal at
184 ppm assigned to CO) and (h) 623 K for 10 min (the highlighted region
(g) shows the component numbers as elucidated in Table 1). The asterisks
denote spinning sidebands.

actor. In the next experiment ethene was reacted over the
bare catalyst under the same reaction conditions. The re-
sults of these two experiments are given in both Table 2 and
Fig. 10 and show that the conversion of ethene increases by
a factor of ca. 8 in the presence of surface methoxy groups
compared to that over the bare catalyst.

Figure 11la from the sample loaded with ethene (1.89
molecules; acid site) clearly shows two signals assigned to
ethene in both gas and adsorbed phases. No more signals
appear from its CP MAS spectrum (Fig. 11b). Table 3 lists
the various products at temperature of 623 K in the flow re-
action system measured by a gas chromatography; ethene
and methanol were separately used as reactants. A com-
parison between two product distributions yielded in these
experiments is depicted in Fig. 12. Finally, Fig. 13 recorded
from a sample after reacting in the flow system with nonen-
riched (**C) methanol (WHSV =6 h™1) for 5 min time
on stream demonstrates three relatively strong signals as-
signed to isobutane (24.5 ppm), C{ (22 ppm), and aromatic
side chains (19.16 ppm). The broad signal in the aromatic
region is probably due to carbon atoms in species such
as methyl-substituted polyaromatics within a coke deposit
(46-48).
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FIG.4. 3C MAS NMR spectra of three samples with 1: 1 methanol : acid site obtained at room temperature after heating to 473 K (a, and a;) (ay
was recorded using *C CP MAS), 523 K (b), and 563 K (c) for 180, 30 and 10 min, respectively. The asterisks denote spinning sidebands.

DISCUSSION

There are two approaches which have been utilized in the
mechanistic studies of methanol-to-hydrocarbons conver-
sion over acidic microporous catalysts. The first approach
is to study the reaction at very low conversion and high
temperature ranges, 573-743 K. The second is a novel
approach (performing the reaction at low temperatures
< 573 K) which has received considerable attention in re-
cent years (5, 19, 20) for gaining a better understanding of
the mechanism of the formation of primary products which
are involved in the first C—C bond formation.

High Temperature Experiment (Short Heating Time)

In3C MAS NMR experiments conversion can be well in-
vestigated using enriched methanol (99% **C). The primary
products observed at these conditions can indeed give very

indicative information concerning the mechanism of the
conversion reaction. In the experiment with 0.5 : 1 methanol
molecules: acid site stoichiometry the dehydration reac-
tion (Fig. 1) commences at 373 K whereas at loadings of
3:1and 1:1 methanol: acid site the dehydration begins at
423 K (Figs. 2c and 3c).

Itis notsurprising that the amount of reactantin the pores
of the catalyst (loading) affects the onset of reaction. In the
case of low loading (0.5:1 methanol: acid site) the pores
are not full and dehydration proceeds freely, whereas with
a loading of 1:1 and 3:1 (methanol to acid site) it is clear
that the rate of the dehydration process is limited since re-
actant molecules themselves sterically inhibit each other to-
ward dehydration or overcrowding of the active sites makes
the catalyst less active. The spectral differences with signals
for dimethylether or surface methoxy groups, at this stage
of the reaction, could be the result of the difference in
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FIG.5. 3C MAS NMR spectra of the sample with 0.5: 1 methanol to
acid site after heating to: (a) 523 K for 30 min, and (b) 553 K for 10 min.
Asterisks denote spinning sidebonds.

environment of the active sites of the catalyst. The next
stage of the conversion reaction starts at 573 K with the for-
mation of ethene, isobutane, and methane ataloading 0.5:1
(Fig. 1e) and only isobutane at aloading 1: 1 (Fig. 2e). Once
again it is observed that the loading influences the onset of
hydrocarbon formation (Fig. 3e). Our observations from
the sample with low loading (0.5: 1) at 573 K (Fig. 1e) and
higher loadings (1:1 and 3:1) (Figs. 2f and 3f) at 598 K
(which clearly show ethene, propane, isobutane, isopen-
tane, and a small concentration of other hydrocarbon prod-
ucts) imply that a type of stepwise methylation processis in
progress. This mechanism will also operate at higher tem-
peratures, e.g., the sample with 0.5:1; loading (reactant to
acid site) at 598 K (Fig. 1f) and bogh 1:1 and 3:1 load-
ings at 623 K (Figs. 2g and 3h) although, at this stage of the
conversion, secondary reactions will become pronounced.
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Low Temperature Experiments (Long Heating Time)

Following these observations a series of experiments
were carried out at temperatures 473-563 K on separate
samplesto find out how the conversion reaction commences
at low temperatures. Interestingly, it appeared that the re-
action produces the same products as those at higher tem-
peratures. For instance, at 473 K again only isobutane is
observed (Fig. 4a;) which is evidenced by its CP spectrum
(Fig. 4ay1), whereas at 523-563 K C;—Cs hydrocarbons are
formed.

Mechanism

The main results which need to be accounted for when
formulating a reaction mechanism are the following ob-
servations: (i) surface methoxy groups are formed at low
temperatures; (ii) ethene is the smallest hydrocarbon with
a C—C bond observed; (iii) under the right conditions
isobutane is the first hydrocarbon observed by NMR; (iv)
it appears that methane is a primary hydrocarbon prod-
uct formed at the very first stage of conversion. These

3 MeOH/acid site
2
—_——
backg !
@ * * 523K
553K
(b)
L 1 1
100 0
PPM
FIG.6. 3C MAS NMR spectra of the sample with 3: 1 methanol to

acid site after heating to: (a) 523 K for 30 min, and (b) 553 K for 10 min.
The asterisks denote spinning sidebands.
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(a) °C CP MAS NMR spectrum of the catalyst (1:1 MeOH-to-acid site loading) which reacted at 473 K (15 min) and pumped off at

the same temperature (1 h), (b) **C CP static NMR of methylated H-SAPO-34 (prepared as the sample in (a), () *H MAS NMR of methylated
H-SAPO-34 using the Hahn-echo pulse sequence, and (d) ?H static NMR of D-methylated H-SAPO-34 (CD3;OH as a reactant) using quadrupolar
echo sequence with composite pulses (37). The asterisks denote spinning sidebands.

observations first suggest that a common C; intermediate
(i.e., a surface methoxy group) is involved in the formation
of all hydrocarbon products. This stable surface intermedi-
ate has previously been observed by infrared spectroscopy
over acidic zeolite ZSM-5 prior to the onset of hydrocarbon
formation (12, 13). It has also been reported that the *C
NMR signal corresponding to the surface methoxy species
formed from methyl halides appears at a chemical shift
range of 53-59 ppm (24, 49). We have performed a range
of NMR experiments in order to confirm that these sig-
nals correspond primarily to surface methoxy groups rather
than either adsorbed dimethylether or methoxonium ion
(these three species would all have an isotropic **C signal
in the same region of the spectrum). To this end we first
performed a static 1>*C NMR experiment which revealed an
anisotropic chemical shift (CS) tensor with principal com-
ponents 813 =91.8, §,,=67.7, and 833 =11.4 ppm. By com-

parison gas phase dimethylether has an axially symmetric
chemical shift tensor with principal components §1; =88,
822 =88, and 833 = 6 ppm (50). Consequently, dimethylether
is unlikely to yield such an anisotropic CS tensor even in the
adsorbed phase. Furthermore, we have performed ab initio
calculations on the chemical shift tensor for methoxy groups
and find values in close agreement with the experimental
values reported here (51).

?H wideline NMR of H-SAPO-34 methylated with
CD3;OH shows a single Pake doublet with a quadrupole
splitting of ca. 36,250 Hz consistent with a CDj3 rotation
about the threefold axis, again consistent with a surface
methoxy group. By contrast, absorbed dimethylether would
be expected to exhibit more complex rotation which would
be closer to isotropic. Finally, in order to examine the pos-
sibility of the existence of adsorbed methoxonium ions the
'H highresolution spectrum was recorded. This revealed
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3¢ MAS NMR obtained (a) and (c) after the conversion of *3C-enriched methanol (0.5:1 reactant molecules per acid site) at 523 K

(5 min) and 573 K (2.5 min), respectively; (b) and (d) after the conversion of **CH3;OH (0.5:1) 4+ *2C,H, (0.5: 1) at 523 K (5 min) and 573 K (2 min),

respectively. The asterisks denote spinning sidebands.

only a resonance in the region of 3.96 ppm consistent with
—CH3 group protons. No resonance was observed at ca.
10 ppm consistent with the hydroxyl protons of CH;O1 H,
(44, 45). Consequently, we are confident that the *3C res-
onance at 56.9 ppm is due to surface methoxy groups.
The nonaxially symmetric CS tensor mentioned above of
the surface methoxy group is consistent with a configura-

a: 13CH; 493K

memwmw'mw

| L Il

b:  (13C)methylated SAPO-34+

1 . 1 .
150 100 50 0
PPM

FIG. 9.

tion previously suggested from theoretical considerations
whereby one methyl C—H bond is slightly elongated and
points toward a neighboring framework oxygen (52). Re-
cently it has been reported (53) that there is an appar-
ent consensus on surface methoxy groups as the initial
step in the reaction sequence of methanol over H-ZSM-
5 with this species forming via the interaction of a Brgnsted

12C,H, 493K

. I ! . |
150 100 50 0
PPM

3C CP MAS NMR obtained (a) after the reaction of *C,H, over H-SAPO-34 (1: 1) at 493 K (3 min) and (b) after the reaction of **C,H,

over pre-13C-methylated H-SAPO-34 (1:1) at the same condition (temperature and heating time). Both spectra were plotted in an absolute mode.
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TABLE 2

Production Distributions Obtained from the Flow Reactor System at 673 K

Product (wt%b)
- (temperature 673 K)
Experiment WHSV  TOS?
No. Reactant/Catalyst (h™h  (min) Cy C, Cs Cy cs DME MeOH
1 C,H4/H-SAPO-34 0.7 2 0.0078 98.3068 1.1442 0.2755 0.2657 — —
2 C,Hy/methylated SAPO-34 0.7 2 0.068 87.0482 85518 2.0216 2.3104 — —

8 TOS =time on stream.

acid site with MeOH/DME. Our results concur with this
hypothesis.

We consider three possible routes for the formation of
C,—C4 (>Cy) products via a surface methoxy intermediate.
The crucial step of all routes is the formation of ethene as
a primary hydrocarbon. In accord with theoretical studies
(52) which indicate that the alkyl group itself is noticeably
inclined toward neighboring oxygen, polarization of the
methyl C-H bond via interaction of its proton with an
adjacent bridging oxygen is more likely. This has been used
by Kazansky and Senchenya (52) to explain the formation
of the first C—C bond via a concerted reaction of the surface
methoxy group with a methanol molecule that is closely
affiliated, through hydrogen bonding, with the C-H bond
proton:

H,C R=H, CH,

PN
/0 Cor /s or
H\(':'—H) CH, H/ H
+({ / + | 1
_,0 O\_ ,0 liminati YO _ 0
si7 NN g Wy Np Belimination /NGO N\p 4 cec 4 HOR

[1]
Ethane formed form this reaction can easily be methylated
by reaction with surface methoxy species via the intermedi-

100

80.0°

60.0°

Wt%

20.07

Product distribution

FIG. 10. Product distribution of (&) C,H, reaction over H-SAPO-34
and (O0) C,H, reaction over premethylated H-SAPO-34 at 673 K.

acy of an alkoxy group to yield propene (route 1). Further
reaction can occur with the methoxy groups to form Cy,
Cs, and so on, in a process analogous to the formation of
propene.

+methylated SAPO-34
ethene

[carbenium ion] =—

[ alkoxy SAPO-34]

Route 16159

This route accompanies secondary processes at high
temperature (623 K) to form light hydrocarbons (mainly
C, and C3) and aromatics. Dahl and Kolboe (6, 7) in a
recent paper discuss the role of methylation processes
in the conversion of methanol over H-SAPO-34. They
conclude, based upon isotopic tracer studies, that methy-
lation of ethene is very slow process compared to the
conversion of methanol to hydrocarbons. In this work,
however, we have shown that the addition of ethene,
either to methanol feed or to a premethylated SAPO-34

1.89 C=Cfacid site

}m

backg.

w
@

5

FIG.11. (a)**C and (b) CP MAS NMR spectra of the sample loaded
with ethene (1.89 molecules/acid site) at room temperature (no thermal
treatment).
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TABLE 3

Results of the Conversion C,H4 and Methanol Separately over H-SAPO-34 at 623 K

. Product (wt%b)
Experiment WHSV  TOS
No. Reactant (h™h (min) C: C, C3 Cy C; DME MeOH
1 C=C 10.48 5 0.002 95.50 2.35 1.048 1.10
30? + 97.56 1.434 0.503 0.502
2 MeOH 6 15 0.75 22.88 38.79 13.40 14.80 481 457

@ Cumulative time on stream.

surface, results in enhanced hydrocarbon formation with
incorporation of ethene into the products. Consequently,
we believe that methylation is still an important process.
At the long reaction times discussed by Dahl and Kolboe,
diffusion considerations must also be taken into account.
Ethene supplied as a reactant (either as neat ethene or
as ethenol) will not necessarily have access to the active
sites in a SAPO-34 catalyst already filled with hydrocarbon
molecules. Our results reflect reaction conditions quite
different from those reported previously and shed light on
the system in the absence of diffusion limitations.

Route 2 involves the methylation of surface ethoxy
groups by the clustering of methanol molecules around an
adjacent active site via a concerted interaction to form a
surface isopropoxy group (route 2)*. Subsequently this sur-
face species could react either via g-elimination/hydride-
abstraction to give propene/propane or by reaction with
another methanol molecule in a similar faschion to yield a
surface tert-butoxy group. This surface species must then
follow route 1 to form hydrocabons larger than C4 or
finally react via B-elimination/hydride abstraction to give
isobutene/isobutane (route 2):

via alkoxy
methylated SAPO-34 + methanol —————— = alkene/alkane [3]

Route 262 15)

Route 3 involves the oligomerization of ethene over the
active site of the catalyst:

i ICHZCH3 ICHZCHZCH2CH3
Al/ NSi +C=C = Al/ i € KJ/ Si—<=— CH,CH=CHCH,
s |
GH, [4]
CHs CH3CH2CCH3 CH3CH2|CHCH3
CH,
CH3CH26—CH3_A1/ Nsil=C_ Al/ i el .
Route 3

1 This mechanism is aided by two neighboring active sites. With a Si/Al
ratio of 0.17 for our SAPO-34 sample there is a greater than 50% proba-
bility that adjacent sites are active for catalysis.

This route has been proposed by Datema et al. (55) us-
ing ethene alone as reactant over H-ZSM-5. However,
this mechanism requires that ethene is relatively reactive.
We have checked the reactivity of ethene on H-SAPO-34
in experiments with only ethene as reactant and with
methanol/ethene as coreactants. The results show the fol-
lowing.

() Ethene alone over the catalyst at room temperature
in the NMR static reactor is unreactive; two *C resonances
are observed, which are assigned to ethene in gas and ad-
sorbed phases (Figs. 11a and 11b). It is also clear that in
the presence of methanol or DME, which are strong bases
compared to ethene, the possibility for route 3 reduces by
several orders of magnitude.

(I1) Ethene reaction over the catalyst using a flow-
reaction system at 623 K with WHSV =10.48 h™! reveals
that the conversion is less than 5% by weight (Table 3 and
Fig. 12). On this basis route 3 is considered less likely to be
an important mechanism on H-SAPO-34.

The mechanism outlined in route 2 implies that C,, Cs,
and C4, being primary products, should have concentrations
C, > C3> C4 at the very early stages of reaction (very low

100

80.07

60.01
Wt%

40.07

20.01

C,” DMEMeOH

Product distribution

FIG. 12. Product distributions of two different reactions over
H-SAPO-34at 623 K: (O0) ethene conversion and () methanol conversion.
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FIG.13. ¥C CP MAS NMR spectrum of the sample collected af-
ter reacting with methanol at 623 K using flow reactor system (time on
stream =5 min).

conversion). This is because C; and C4 products are the
results of a second and third concerted interaction of a sur-
face alkoxy species and gas phase methanol and the rate
of formation of the isopropoxy and tert-butoxy groups is
slow. Clearly, the results of our NMR experiments do not
show such a concentration profile. Isobutane is always seen
with the highest concentration. However, the conditions of
our static microreactors must be considered. In this case we
have an approximately infinite contact time and a pressure
of slightly greater than 1 atm. These two factors play a sig-
nificant role in shifting the equilibrium to the first stable
product, i.e., isobutane (see below). Although the concen-
tration profile of C,, C3, and C4 should be different for route
1 the first stable product under static conditions should also
be isobutane, Consequently, our NMR data are consistent
with both route 1 and route 2.

The stability of isobutane in both route 1 and route 2
arises from the relative stability of the various alkoxy
groups formed as intermediates. Methoxy groups are very
stable and we have shown that these are easily observable
by NMR even after heating the sample at 473 K. All other
alkoxy groups, on the other hand, are very unstable and are
not observed in our NMR experiments. The order of stabil-
ity is as follows: ethoxy < isoproposy < tert-butoxy. Conse-
quently, the concerted reactions of either route 1 or route 2
will readily form tert-butoxy groups under static conditions
which will then react via hydride abstraction or beta elimi-
nation to form isobutane or isobutene, respectively.

The presence of ethene in our NMR spectra at the early
stages of reaction will be due both to the high concen-
trations formed by decomposition of ethoxy groups (evi-
denced by the high concentration of ethene observed in
flow conditions) and to the relative unreactivity of ethene.
This means that even under static reactor conditions at
very low conversions a small concentration of ethene will
be retained. Propene, on the other hand, which is also
formed in quite high concentration under flow conditions
is highly reactive and will become methylated under static
conditions.

SALEHIRAD AND ANDERSON

Isopentane is not formed under the mildest conditions
probably because the direct route via methylation of a tert-
butoxy group is no longer available. Isobutene must desorb
followed by methylation with methoxy groups and subse-
quent hydride abstraction. Nevertheless, isopentane is the
next stable species observed by NMR after isobutane which
again lends support to the idea of a methylation processes
through surface methoxy groups.

The Next Stage of the Conversion Reaction

As the reaction temperature is raised (623 K) all
methanol is converted to product (mainly C4, C3, and Cs)
(Figs. 3h and 2g). By comparison with flow experiments it
is expected that more C, and C3 should be produced (see
Table 2 and Fig. 10). A similar situation was observed previ-
ously (22) on H-SAPO-34 which was loaded with a satura-
tion coverage of methanol. The main differences between
flow conditions and the NMR experiments is due to the
shape selectivity of SAPO-34 which severely restricts diffu-
sion of molecules C,4 or greater. In the static NMR cell the
long residence time results in secondary reactions such as
addition, cyclization, and aromatization (Figs. 2h and 3h).
However, the high abundance of C4 and aromatics are not
unique to the static system since they are also observed in a
sample collected after methanol conversion in the flow sys-
tem (see Fig. 13). The signal at 24.5 ppm is mainly from C,,
whereas the signals at 22 and 19.16 ppm are from C{ and
aromatic side chains (methyl group), respectively. These
compounds, due to their large size in comparison to the
catalyst aperture size, would be confined within the cages.

The formation of CO, and CO in the case of high loading
reaction (Fig. 3h) could be from the reaction of surface
methoxy species via hydride abstraction from methanol to
give formaldehyde. This species could easily decompose to
CO while some of the formaldehyde reacts with another
molecule of methanol to yield CO..

Methane Formation

Based on NMR experiments performed at low tempera-
tures, the observation of methane at very low conversion of
methanol (Figs. 1e, 5b, 4b, and 4c¢) suggests a direct catalytic
pathway for methane formation as a primary product. A
mechanism with intermediacy of surface methoxy species
seems to be most applicable to this formation. It has been
suggested (56) that methane can form from the reaction
of surface methoxy species with methanol (Reaction [5a]).
This route is not entirely in agreement with our experimen-
tal findings since an equimolar amount of CO and methane
should be formed. In our experiments, no CO is observed
in the early stages of reaction (Figs. le, 5b, 4b, and 4c).
However, it has also been reported (3) that coke molecules
can be formed from polymerization of the formaldehyde
produced via hydride donation from methanol to surface
methoxy intermediate. Consequently, this may account for
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the absence of CO at temperatures 598-623 K (Figs. 1f, 2g)
in this study (Reaction [5b]). Reaction [6] is another
possible route to methane formation. In this case, the
hydride source comes from large molecules deposited on
the surface of the catalyst as coke, the chemical nature
of which is still not fully understood. Such a scheme is
possibly operative at a later stage of the conversion and
methane formed via this mechanistic approach cannot be
considered as a primary product:

CH, H

0 0 2
A” Si + CHy0H —» A \Si+CH4t{ . }—-i“—>c0+ﬂ2

CH; H
I I

5t —
— /O\ ~ H abstraction _ /d\
Al Si ——— Al Si + CH4 + Coke [6]
Large molecule

CONCLUSION

Methoxy groups formed on the surface of the acidic
SAPO-34 via reaction of methanol with acid sites are con-
sidered to play a crucial key role in the formation of the first
C-Cbond in the methanol conversion process. Clustering of
methanol around the acid environment via hydrogen bond-
ing coupled with polarization of one of the C—H bonds of
the surface methoxy groups accounts for ethene formation
as the primary hydrocarbon via a concerted methylation
interaction.

The presence of isobutane as the first species at very
low conversion of methanol at both low and high tem-
peratures suggests that a stepwise alkene methylation via
surface methoxy groups accompanied by rearrangement
of secondary butoxy to a tert-butoxy group is involved.
It is, however, possible that a competitive sequential sur-
face methoxy group methylation pathway (analogous to
ethene formation) via a concerted interaction also exists
for isobutane formation since the clustering of methanol
may be a significant factor in the rapid formation of isobu-
tane. The observation of isopentane at a very early stage of
the conversion must result from methylation of isobutene
via surface methoxy groups. This once again supports the
mechanism of alkene methylation through surface methoxy
species. Carbon monoxide and carbon dioxide which are
observed at high temperature with high loading of the re-
actant seem to form via hydride abstraction of the sur-
face methoxy groups from gas phase methanol to yield
formaldehyde which in turn either reacts with methanol
leading to CO,, decomposes to CO, or both. The forma-
tion of methane at very low conversion and essentially at
low temperature supports a mechanism with the intermedi-
acy of surface methoxy groups. The intermediates abstract
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hydride ions from methanol at the very early stage of the
conversion and possibly from large molecules deposited on
surface of the catalyst at later stages of the conversion to
yield methane as a product.
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