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The catalytic conversion of methanol to olefiris a major
emerging chemical technology and the key step in the conversion
of natural gas to polyolefins using otherwise mature chemistry.
The most promising catalysts for commercial trials are solid acids
based on silico-aluminophosphates of the chabazite (CHA)
structure, most simply HSAPO-34The acid function in this
materiall is similar to that in aluminosilicate zeolites, but it is
imbedded in an aluminophosphate lattice. The CHA topology
features cages of ca. 1.0 nm by 0.67 nm diameter that are
interconnected through windows of ca. 0.38 nm diameter. Thus,
reactants such as methanol and dimethyl ether and products suc
as ethylene and propene may freely diffuse through active
catalysts, but products with larger kinetic diameters, even isobu-
tylene, are trapped within the cages.
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Figure 1 report$°C MAS NMR spectra of HSAPO-34 samples
that were exposed to identical pulses of metha#olfor between
2 and 7200 s in a flowing He stream at 673 K prior to a rapid
thermal quencH.In this experiment, the product gases were also
analyzed by GC. At the shortest reaction times, the conversion
of methanol and dimethyl ether was low, and @& NMR spectra

reveal both adsorbed methanol (50 ppm) and a shoulder at 56

ppm that we assign to the chemisorbed methoxy (methoxonium)
specie in agreement with previous NMR studies of catalysts,
and in particular, to account for the time-course of this resonance
in Figure 1.
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Figure 1. 75 MHz 13C CP/MAS NMR spectra of samples from a pulse-
quench study of methanol conversion on HSAPO-34 at 673 K. Each
sample was prepared by injecting 20 of methanol*3C onto a freshly
activated catalyst bed (0.3 g) while He was flowed at 600 mLin
and reaction occurred for the times shown followed by a rapid thermal
quench. All spectra (4000 scans) were measured at 298 K using a 2-ms
contact time.

After 4 s ofreaction there is a dramatic reduction in the amount
of methanol on the catalyst and methyl-substituted aromatics form
as signaled by the aromatic resonance at 129 ppm (with a shoulder
at 134 ppm due to substituted ring carbons) and methyl groups
at 20 ppm. Other upfield signals are accounted for by alkane
products trapped in the cages. The average number of methyl
groups per ring reaches a maximum of ca. 4 between 30 and 120
s of reaction, but this decreases to ca. 1.4 after the catalyst ages
for 7200 s at 673 K without injection of additional feed. GC
analysis confirms tharacesof olefin products exit the catalyst
bed even 7200 s after methanol injection. The 56 ppm resonance
persists in catalyst samples for at least several minutes, and a
small amount is present after ev@ h at 673 K.This evidence
of strong adsorption supports the assignment of this resonance
to the framework methoxonium specigs

Figure 2 reports GC traces that compare the activity of a
completely fresh catalyst exposed to a single pulse of methanol
with that of a second catalyst that was first treated with a methanol
pulse 360 s prior to a second, identical pulse. With fresh catalyst
the conversion was only 14%, but the catalyst pretreated to form
methylbenzenes achieved nearly 100% conversion of the second
methanol pulse. A control experiment in Figure 2 shows that the
products from the second pulse vastly overwhelm those from the
first pulse after 360 s of reaction. Experiments such as those in
Figures 1 and 2 provided very strong evidence that in order for
HSAPO-34 to be active for MTO chemistry, it must have
methylbenzenes trapped in some of its cages.

We performed a number of experiments using methai®l-
in a first pulse to synthesize methylbenzenes followed by a smaller
pulse of natural abundance methanol. In a typical result, we found
that the ethylene sample8 s after the second (natural abundance)
methanol pulse had the following carbon isotopomer distribu-
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MeOH and propyl groups to form the primary olefinic produtt$SAPO-
x4 I /DME 34 is a weaker acid than HZSM-5 and it is used at a higher
A k \ a temperature. Also, the topology of HZSM-5 permits methylben-
zenes, which are synthesized through cyclopentenyl cation
“— C3Hg intermediates$,to readily desorb from the catalyst and enter the
product stream. Indirect evidence of the “cocatalytic” role of
CoHy C3Hg toluene in methanol conversion on HZSM-5 includes the work
P of Mole.” Dahl and Kolboe have previously suggested that
4 CerC methanol conversion on solid acids passes through a phenom-
\ 56 b enological “carbon-pool” mechanistn.
A.A A N | We also discovered that the deactivation of HSAPO-34 is the
' | ) x20 c result of the conversion of methylbenzenes to polycyclic aromat-
FT T T[T T T T TTTT] T ics. For example, with continuous injection of methanol at a
20 25 30 WHSYV of 33 h'%, catalyst deactivation occurred after ca. 40 min,

at which time the catalyst was 16.2% C by weight. This
deactivated catalyst had negligible methanol uptake at 298 K.
Figure 2. GC (flame ionization) analyses of the gases exiting the 13C solid-state NMR shows that as the catalyst deactivates, there
HSAPO-34 catalyst bed operated as in the previous figure, except as ajs not only an increase in carbon content, but also a structural
“double-pulse” experiment. Identical, 20 methanol pulses were applied change in the organic component to polycyclic aromatics typified
at 0 and 360 s: (a) 4 s after the first pulse the total conversion of methanol by methylnaphthalene. Indeed, the observed carbon content of

and dimethyl ether (DME) to hydrocarbons was only ca. 14%. (b) 364 s na deactivated catalyst is consistent with, on averagesoa C
after the first pulse ah4 s after the second pulse, the conversion was species in every cage

essentially 100%. (c) This control experiment shows that only traces of In conclusion, the active site for olefin synthesis on HSAPO-

roducts exit the reactor 358 s after the first methanol pulse; hence, the, , . ! ) 2 -
Broducts observed at 364 s reflect conversion of the gecond methanoI?’4 IS a comp_osne_ of a We”'d.Emed °f9"?‘”'° species and one or
pulse. more inorganic ac!d sites, which can activate methanol and hold
methyl cation equivalents. All of this takes place in a nanocage
that preserves the organic component and regulates selectivity
tion: 43% 13C,, 47% 13C,;, and 10%13C,. The formation of through steric constraints. The HSAPO-34 active site then is no

ethylenel®C; is consistent with side-chain alkylation followed less elegant than those praised in enzyme chemistry, and if it
by elimination. Competing reactions including ring methylation Operates at far higher temperatures it also self-assembles with
and de_methylation and exchange of methoxonium Sp@ies little to Work with. The detalled m.ech.anlsm by which this site
account for the formation of other isotopomers. Propene was alsoOPerates is under intensive investigation.
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