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Since the initial discovery in 1976 that methanol may be 012345867 012345673
converted to hydrocarbons over H-ZSM-5 various aspects of the
reaction mechanism have been important issd&espite a very
considerable effort no general agreement on the mechanism has
been reached. However, during the past few years evidence for a
mechanism based on a pool of adsorbed hydrocarbons that is all
the time adding methanol and splitting off ethene and propene
has been presentéd® This pool mechanism differs markedly
from the prevailing views on the methanol-to-hydrocarbons
(MTH) reaction during the first 20 years or so after its discovery.
The results to be presented here lend further strong support for
the hydrocarbon pool mechanism, and suggest that the reaction
mainly proceeds via penta- and hexamethylbenzene. Pentamethylbenzene
The MTH reaction is also catalyzed by other zeotype catalysts.
The product spectrum varies strongly with the pore size of the
catalytic material (shape selectivity), and when the small pore
SAPO-34 (chabasite structure) is used as catalyst the hydrocarbon 104 104
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products are mostly ethene and propene, the only product
molecules small enough to escape with ease through the narrow 5]
pores. The reaction is in this case most often referred to as a
methanol-to-olefins (MTO) reaction. The fundamental mechanism .
is likely to be the same over all catalysts based on protonated 0123456789101 0123456788101112
zeotype materials. 13
anfj)r(()er\(/jI?r\l;SryV\tlglrlﬂ(e(l’:gr\l;:/i?eocucf-;(relacc):ltj(; dg(r)(\)/léfn\:\?d}éfn gﬁéqugoel poreFigure 1. Isotopic analysis of the trapped organic material in SAPO-
. : L . = 34. The catalyst was first exposed to ordinary methanol for 6 min,
Ze(.)“te.s pointed to arenes ad.sorbed within the .ZeO“t.e cavities 8Sthereafter to3C-methanol for 60 s. WHSV= 10 hl Reaction
being important participants in the MTH reactibiGuided by temperature 325C
the results in ref 7 we decided to extend the work by studying ] ' .
the molecules that are retained within the catalyst cavities when zenes in the SAPO-34 cavities stayed constant or even appeared
SAPO-34 is used as catalyst in the MTO reacfidine rationale to increase. This observation showed that the aromatics are not
for choosing this catalyst being that only small linear hydrocarbons the rather inert pore-filling and deactivating compoundst
may escape the pores, all other hydrocarbons are retained!@king part in the main reactierthey are often tacitly supposed
Knowledge about which molecules are present inside the working to be!* The observation also suggested that PMB and HMB
catalyst might give valuable information about the reaction. In- might split off G, and G alkenes (possibly also.L
addition SAPO-34 is easily dissolved in dilute acids, so detailed ~We decided that valuable detailed information about the
analysis of the trapped molecules by gas chromatography mayreactions taking place might be obtained by using isotopic labeling
be carried out. The mixture of organic molecules trapped in the and performing the experiments in such a way that at a given
cavities is very Comp|ex] ranging from th% @olecule propane time on stream the feed mlght be SWltChe.d from ordlnz_ary metha_nol
to C;;—Cys molecules. Polymethylbenzenes are, however, strongly t0 **C-methanol. By carrying out a series of experiments with
dominating? It was found that if methanol feeding was stopped Varying times of exposure t&°C-methanol before cutting the
and the catalyst flushed with carrier gas, hexamethylbenzeneexperiment, the rate of incorporation'd€-atoms might possibly
(HMB), one of the major retained products, was evidently unstable be monitored. This knowledge might then give quite detailed
and disappeared within a couple of minutes. The amount of information about the processes taking place in the interior of
pentamethylbenzene (PMB) also decreased rapidly, but not soworking catalysts, vital information that until now was unavailable

fast. Simultaneously, the content of di-, tri-, and tetramethylben- for this kind of catalytic chemistry. .
We used the same catalyst batch as before and the experiments
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polymethylbenzenes constitutes nearly one-half of the trapped 100 7
products under the chosen reaction conditions. In this specific **1 Dimethyl-ether o] Ethene
experiment the catalyst was exposed to ordinary methanol for 6 . 5

min before switching over t&*C-methanol for 60 s. After 60 s o0

the catalyst mass was rapidly transferred to a room-temperature
glass vial, thus freezing the reaction. The catalyst and its contents
were thereupon dissolved in dilute HCI (1 M) so that the confined
organic compounds became available for analysis. The procedure
has been described earlfer.

The usual temperature for running an MTO reaction is-400
450°C. Our experiments were performed at 3Z5to slow the
reaction enough to allow us to follow the changes in isotopic
composition of the confined molecules. Even at the low reaction
temperature employed here the rate of incorporatiofdi®fatoms 40 40
in HMB, and consequently also splitting offC-atoms, is a0 30
dramatically fast. After 60 s of exposure f#C-methanol HMB
has changed from being'#-atom based compound to containing
about 50%'3C. In addition, at least 40% of the HMB molecules
contain one or moré®C incorporated in the benzene ring. A 01 2 3 o1 2 3 4
corresponding amount &fC-atoms must have left the HMB pool.
Before exposure td3C-methanol, HMB exhibits the natural ) ) N ) )
carbon isotope distribution where 87% of the molecules contain Figure 2. Isotopic composition of dimethyl ether and the three main
no 13C. After 60 s of exposure to the labeled methanol only 3% hydroqarbon products in gaseous effluent samples taken 25 en_qd 50 s after
are free fromt3C. The isotopic distribution in HMB as given in replgcmg ordinary methanol feed BSC-methanol. Same conditions as
Figure 1 is essentially random. The other arenes do not displaym Figure 1.
random isotopic distributions. However, after longer exposure to were inert and nonreactive after being formed we would get an
13C-methanol they gradually approach randomness. isotopic distribution dominated by either & or all-*3C, and

HMB represents a very reactive arene species. The otherinsignificant amounts of isotopically mixed molecules. Combining
extreme among arenes is represented by toluene. In the same timt¢he earlier finding that PMB and HMB are unstable and loose
only half of the molecules have acquired one or mdgzatoms. methyl groups (without producing methane) with the results
But also toluene is evidently a reactive molecule. If it were un- obtained here, which show rapid incorporation of methyl groups,
reactive one should observe a distribution where the moleculeswe have a virtual proof that polymethylbenzenes are the “catalytic
would be either alF’C or all-*3C. It is furthermore seen that at engine” in the MTO reaction, and probably also in the MTH
least two-thirds of the toluene molecules that have acquii@d reaction in general. HMB and PMB appear to be particularly
atoms have one or moréC in the ring. The other arenes lay active. A cycle where HMB and PMB split off ethene or propene
between the two extremes and there is a quite smooth and steadynd are turned into di-, tri-, or tetramethylbenzene that may again
transition toward a more rapid incorporation'd€-atoms as we be methylated is appealing. Very recently Song et al. have also
proceed from mono- to hexamethylbenzene. obtained clear indications that polymethylbenzenes are of vital

Isobutane is the most common alkane trapped in the catalyst.importance for the MTH reactiof#:!* By combining NMR
The rate of*3C incorporation appears to be lower than was found spectroscopy and gas chromatographic analysis they obtained a
for toluene. Branched £and G alkanes were also observed. The high level of integration of volatile product analysis and NMR
corresponding alkenes were absent. Linear alkenes can leave theharacterization of products confined within the solid catalyst.
cavities fairly easily, and were only observed in minute quantities The NMR/GC integration showed that the highly methylated
among the retained products. They appear as products in thebenzenes lost methyl groups fairly easily, and that formation of
effluent. ethene and propene took place simultaneously. Rgnning et al. in

Analysis of the gaseous products formed in the MTO reaction, 1998 pointed out a remarkable similarity between the isotopic
ethene, propene, and linear butenes, have also been carried out.omposition of ethene and the arenes xylene(s) and trimethyl-
Analysis results for samples taken 25 and 50 s after replacing benzene(s) whe#®C-methanol and ordinary propene were co-
12C- by 13C-methanol are seen in Figure 2. In the same figure the reacted over an H-ZSM-5 cataly$t-urther work on mechanistic
isotopic composition of unconverted @s dimethyl ether) isalso  details and a more detailed mapping of the kinetics of the various
shown. All three hydrocarbon product molecules show about 50% reactions taking place inside the catalyst cavities are in progress.
13C content 25 s after the switch and are strongly dominated by
13C-atoms after 50 s. It should, however, be noticed that the Acknowledgment. Our SAPO-34 sample is a gift from Norsk Hydro
isotopic composition of the feed molecules (represented by ASA. B.A. thanks the Research Council of Norway for financial support.
dimethyl ether) changes much faster than the product isotopic jao010668T
composition. Even though the isotopic composition of the products i
changes rapidly there is a considerable time delay relative to thesg(cl%g(?’l%'g"‘%?fé”’léﬁé Nicholas, J. B.; Heneghan, Cl. &m. Chem.
feed composition. The alkene products are, however, richer in ™" (13) song, W.: Fu, H.; Haw, J. B. Am. Chem. So@001, 123 4749

13C than is, e.g., HMB. The isotopic distribution in the alkene 4754.

products is in all three cases fully random. (14) Renning, P. O.; Mikkelsen @.; Kolboe, S.MPnoceedings of the 12th
. . . . International Zeolite Conferencdreacy, M. J., Marcus, B. K., Bischer M.
Contrary to what might be expected there is evidently a rapid g higgins J. B., Eds.; Baltimore, 1998; Materials Research Society, pp-1057

incorporation of*C atoms in the trapped arenes. If the aromatics 1064.
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