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Abstract

Coreaction of 3C]methanol and ethene has been carried out over H-ZSM/R(Sk 45). The catalyst has very small crystals. Most
experiments were carried out at 380 employing the partial pressur@gethanol= 50 mbar antethene= 50 mbar. The reactor effluents
were analyzed using gas chromatography. Isotopic analysis was carried out using GC-MS. A range of feed rates has been used, up tc
WHSV = 292 L. This allowed extrapolation of results to zero contact time, giving information about the primary product distribution
and the primary isotopic compositiof the products. It also allowed the determinatidrihe rate of ethene mieylation by methanol. At
very high feed rates the dominant coreaction product is propene (approaching 90%). At the highest feed ¥a@<38g isotopomer
constituted abouB85% of the propene molecules. The reaction order for théhyfegion of ethene to fan propene has been found to be
one with respect to ethene and zero with respect to methanol. Meamisehave been carried out over an extended range of temperatures,
and an Arrhenius plot has been constructed. The apparent activation energy for the methylation of ethene was determined jorod 109 kJ
When corrected for the appropriate heat of adsorption for ethene, an intrinsic activation energy ofh8bwds found. Dimerization
of ethene was insignificant under the inveatag reaction conditions. Small amounts of arbasa(mainly xylenes) were always detected.
These compounds were very rich%#C, containing about 85% labeled carbons.
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1. Introduction considerable effort, theeaction mechanism of the MTH re-
action can still not be regarded a fully settled issue. Since
The ability of protonated ZSM-5 (H-ZSM-5) to convert there are extensive reviews, no attempt is made here to give
methanolto hydrocarbons (MTH) in the range;,EC;o and an overview of the large number of papers on the MTH re-
water was discovered and published in 1976. Later it has action and the various mechanistic proposals.
been found that also other protonated zeolites may have this QOver the last few years, the “hydrocarbon pool” mech-
ability, but they usually deactivate much faster. Industrial anism has gained acceptandes originally proposed by
processesnfethanolto gasoline; MTG, andnethanolto Dahl and Kolboe [4-6], the reaction proceeds via an ad-
olefins; MTO) utilizing this reaction have been developed.  sorbate that continually adds reactants and splits off prod-
Since the discovery of this reaction a very large number ycts, in particular -C, alkenes. Experiments where ben-
of papers have been published covering virtually every as- zene or toluene andjC]methanol were coreacted have been
pect of the reaction—a majority being devoted to clarify the performed, and it was clear that ethene, propene, and the
mechanistic aspects. During the years some 20-30 differentyrenes in the effluent had indistinguishable isotopic distri-
mechanisms have been proposed. An early comprehensivgyytions [7]. This strongly indicated that methanol conver-
review was given by Chang, the discoverer of the reaction gjon could proceed via repeatetkthylations and dealky-
system [1]. Recently, two quite comprehensive reviews have |ations of aromatic reaction centers. The specific nature of
been given by Stécker [2] and by Chang [3]. Despite the very the hydrocarbon pool has been clarified in a series of pub-
lications from Kolboe and co-workers [8-11], Haw and
* Corresponding author. Fax. +47 22 85 54 41. co-workers [12—-17] and Hunger and co-workers [18,19].
E-mail address: stein.kolboe@kjemi.uio.no (S. Kolboe). It has become clear that polymethylbenzenes, polymethyl-
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naphthalenes, and polymethylated cyclopentenylions are the We have also determined the apparent activation energy
main constituents of the hydrocarbon pool. for the methylation step and obtained an estimate for the
At the same time it is clear that alkenes, which are im- “true” activation energy. The results are compared with re-
portant components in the product stream, may be methy-cent theoretical reports on the zeolite-catalyzed methylation
lated by methanol, once or several times, thereby creatingof a wide range of alkenes [22] and methylbenzenes [23].
alkenes that are easily cracked to smaller alkenes that arg~urther experimental work with alkenes other than ethene is
again methylated. These reactions might constitute a com-in progress.
peting reaction pathway. Knowledge of the rate of alkene
methylation is therefore an important issue. The importance
of this alkene methylation/acking pathway was in particu- 2. Experimental
lar emphasized by Dessau and co-workers [20,21].
We have previously investigated the reaction system 2-1. Catalyst
where [3C]methanol is coreacted with ethene or propene . N :
over a SAPO-34 catalyst [4,5], the most promising system The H'Z.SM'S gample used was a g|ft. frqm Sud-Chemie
for an MTO process. This catalyst is very selective toward AG. The SyAl ratio is 45. The crystal size is very small,

ethene and propene formation. The pronounced selectivityabom 50. nm as d?tem?i“eo' by X-ray line broaqleni.ng and
for Cp—C4 formation displayed by the SAPO-34 catalyst is TEM. This catalyst is quite resistant toward deactivation and

due to the narrow 8-ring pores, which prevent any branchedthe experiments have been performed to minimize and even

molecules to diffuse out of the catalyst particles into the sur- out any changes in activity over time. A 10 h experiment

rounding gas phase. This study gave no information on the 93V€ about a 15-20% decrease in catalyst activity. Conver-

rate of ethene methylation by methanol, and the very narrow Zlonst,. ar:_d thus alsg rat?s,trr: ave btﬁeg Cort:.eCtgdbfoerthr'ﬁ Sm;"
pore structure mightinfluence the reactions in a special way. eactivation according to the method outlined by Dahi an

For this reason we consider it necessary to extend the inves-KOIboe [5.6], but our conclusions do not depend upon this

tigation to include also the ZSM-5 catalyst where a much correction.
higher diffusivity is present; in addition it is the MTH cata- 2.2. Reagents
lyst archetype.
The rate of alkene methylatidy methanol in acidic zeo- Ethene with a stated purity 98% was purchased from

type catalysts is not easily monitored, and to our knowledge g ka. Gas chromatography (GC-FDghowed ethane to
no such measurements have been carried out. The reasope the main hydrocarbon impurity<(0.06%). No higher
for the difficulty of performing these measurements is that 5kenes could be detected (detection limit: 0.00296C]
alkene interconversion reactions (addition, metathesis andyethanol was supplied by ISOTEC at a stated chemical and
cracking) are not easily disguished from the reactions jsotopic purity> 99%. GC-MS analysfsshowed that traces
caused by methanol. The alkemealkene reactions might  of ethanol (about 2% v/v) were present in the methanol.
even eclipse the methanol methylation. In addition to this The jsotopic purity was investigated by converting the la-
difficulty it must also be kept in mind that the reactions pejed methanol to hydrocarbons over a zeolite catalyst (in
caused by the hydrocarbon pool might well be just as fast, orger to remove water and avoid the complications caused by
or faster than the methanélalkene reaction. the unknown and quite large content’80) and analyzing

By utilizing a reaction system consisting dfC]metha- e isotopic composition of the main products as described

nol and {“Clalkene, and choosing the conditions so that pelow, The average content HiC atoms was thus found to
only a minimal conversion to products take place, such infor- g ggos.

mation may be obtained. Measuring the rate of methylation

of ethene by methanol is the main objective of this paper. In 2.3. Reaction conditions

the present work, we have studied the coreaction of ethene

and'3C-labeled methanol. All catalytic reactions were performed in a fixed-bed
Preliminary experiments indicated that 3%Dis the op- Pyrex microreactor (3 mm i.d.). Ethene was fed as a gas,

timal temperature for extracting the desired information. Ex- using a needle valve flow regulator and a mass-flow me-

treme feed rates have been employed in order to investigateer. Methanol was fed by passing part of the carrier gas (He,

the primarily formed productand to explicitly study the in- > 99.996%) through a vessel containing the methanol, thus

dividual reaction steps that canaur. Methylation of ethene  saturating the carrier gas. The partial pressures of ethene and

to form propene was then by far the most prominent reac- methanol were individually varied from 10 to 100 mbar. To-

tion. Dimerization of ethene to form butenes was at best a tal pressure equaled atmospheric pressure. In order to reduce

very minor, and negligible, reaction. In addition to methyla-

tl'on,.a f:;eparate reaction pathway, .Ieadmg to produpts quite™ Analysis performed with a Siemens Sichromat 2-8 (FID) equipped

rich in =°C was found to be operative. In our experimental ... a Chrompack PLOT column (803/KCl, 50 mx 0.53 mmx 10 um).

range, the methylation is zero order with respect to methanol 2 anaiysis performed with a Thermoguest GC-MS equipped with a

and first order with respect to ethene. J&W DB-Wax column (30 mx 0.25 mmx 25 pm).
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the expenditure of'fC]methanol, the feed was admitted to 3. Results

the catalyst for 15 min prioto each analysis. After taking

a sample of the effluent for analysis, the feed was stopped The main objective for the present work wheté(me-
(maintaining the carrier gas flow) and the conditions ware thanol and}2Clethene are coreacted is to collect kinetic data
adjusted to those desired for the next analysis. Separate testfor the methylation of ethene by methanol and to further
indicated that admitting methanol for 15 min prior to analyz- monitor the role of ethene in the MTH reaction. Attention
ing the effluent was sufficient to reach steady-state activity. will focus on experiments where high feed rates have been
The reaction temperature was measured with a thermocou-employed, leading to very low conversions to products. At
ple (0.5 mm diameter) placed in the catalyst bed. Most ex- lower feed rates where higher degrees of reactant conver-
periments were done at 35Q, but reaction temperatures ~Sions are obtained, secondaepctions will eventually dom-
between 305 and 4F@ were investigated. Total gas flow inate, thus making information about the primary processes
through the reactor was 10-100 prhin giving feed rates ~ unavailable. By using a very small amount of catalyst and
(WHSV) in the range 18-2921. 2.5 mg of catalyst was high gas flows, it was possible to achieve such low conver-
used to reach the extremely high feed rates necessary to obsions at reaction temperatures and a catalyst acid site density
tain information about the priary reaction products and to  that are quite similar to thosesually employed for practical
minimize secondary reactionBespite having only a thin ~ MTH purposes.

layer of catalyst on the glasinger in the reactor, reactant The reactivities of the individual reactants were investi-
bypass was negligible. Control experiments carried out at gated prigrto the Cofeeding _experiments. Both methanol and
the highest feed rates with 2-butanol as feed, resulted in€thene displayed low reactly when fed alone, and prod-
complete dehydration of the alcohol to form butenes, thus Uct formation was negligible compared to the coreaction

verifying that bypass was indeed insignificant. experiments except at the lowest feed rate. The conversion
rate of methanol increasesryemarkedly with increasing
2.4. Analysis conversion (the well-known autatalysis effect). The ratios

between the amount of propene formed in the coreaction
experiments and that formed when neat methanol was fed

Product analysis was performed using gas chromatogra~ s mpar methanol and 2.5 mg catalyst in both cases) were
phy. Quantitative effluent composition was determined us- -, 400, 250, and 3.1 for the carrier gas feed rates: 30, 20

ing an on-line Carlo Erba GC6000 Vega with flame ion- 54 10 mymin, Propene was the main product. At still
ization detector (FID) equipped with a Supelco SPB-5 col- |g\yer feed rates (lower total gas flows) the conversion of

umn (60 mx 0.53 mmx 3 pm). Additional analyses were  poat methanol appears to approach the conversions observed
performed on a Siemens Sichromat 2-8 or an HP 6890 the coreaction experiments. Measurements at the high-
equipped with a Chrompack PLOT column ¢8k/KCl, est feed rates may be rendered invalid by the most minute
50 mx 0.53 mmx 10 um), both with FID. This setup al-  yraces of arene impurities in the methanol. A somewhat more
lowed separation of all -Ce alkenes and alkanes. Products  getajled treatment of methanol conversion is given in Sec-
up to G are eluted, if present. tion 3.5.

Isotopic composition of the pducts was determined us-
ing an HP 6890 GC with an HP 5973 mass-sensitive detec-3.1. The effect of feed rate (contact time)
tor (GC-MS). Using cryostatic cooling the HP-5MS column
(60 mx 250 umx 0.25 um) gave adequate separation ofall A feed mix consisting of 50 mbar-{C]methanol and
the compounds of interest in this work. Ethene was always 50 mbar [?Clethene was coreacted at a constant reaction

dominated by thé’C,H, isotopomer from unconverted feed
10

and not amenable for further analysis. <
e

2.5. Calculations g # I
£ 6

The computational method used for determining the iso- 2

topic composition of the products has been outlined previ- S 4 "

ously [4,24]. In order to extract the isotopic composition of a 5 "

compound it is necessary to know the mass spectrum of the g 2 "

ordinary?C compound (correction for natural 1.184C is 5 -

easily carried out). Standardesgra were obtained by react- © o wm® : : :

ing ordinary methanol over the catalyst. To ensure reliable 0.00 0.01 0.02 0.03 0.04

isotopic analysis of the products new standard mass spec- 1AWHSV = CT (h)

tra were re_9°rded at |n.tervals.. The GC-MS system showed Fig. 1. Conversion of feed mixture: 50 mbar ethene coreacted with 50 mbar
grea.t _S'tab"'t)’: and variations in the standard spectra Werémethanol; reaction temperature 350°C; WHSV varied from 29.4 to
negligible. 2941,
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Fig. 2. Conversion rate: 50 mbar ethene coreacted with 50 mbar methanol;
reaction temperature: 350°C; WHSV varied from 29.4 to 294 . The
dotted curve shows the extrapolation to €T0.
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Fig. 3. Product selectivities: 50 mbar ethene coreacted with 50 mbar meth-
anol; reaction temperature 350°C; WHSYV varied from 29.4 to 294ht.
The dotted curve shows the extrapolation to€7D.

temperature of 358C. 2.5 mg catalyst was used, and the to-
tal gas flow was varied from 10 to 100 minin, thus varying

the WHSV between 29.4 and 294 The “contact time”
(CT), defined as AWHSYV, is a quantity better suited for the
further discussion, and it will be used throughout. The space
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0.034-0.0034 h.

The conversion to hydrocarbon products obtained in this
experiment is displayed in Fig. 1. The degree of conversion
is obtained by taking all C atoms in hydrocarbons, except
ethene, and then dividing by the total number of C atoms
in a given analysis; i.e., ethene, methanol, and dimethyl

ether are considered to be unconverted reactant. Note that

the maximum conversion in Fig. 1 is about 7.5%. Know-

ing the conversion and the feed rate, the rate of hydrocarbon

formation (C atoms) is obtained by dividing the conversion
by CT. The result is displayed in Fig. 2. A clear increase in
reaction rate with increasing CT is observed, showing the
well-known autocatalysis effect [1-3]. The data in Fig. 2 al-
low extrapolation to infinite feed rate, or zero contact time.
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not the only one. Fig. 3 shows the selectivities for the main
products. The propene dominance is clearly seen. Extrap-
olated to zero CT a propene selectivity of nearly 90% is
observed.

Since the experiment was carried out withg]methanol
and [°Clalkene, the isotopic composition of the hydrocar-
bon products is of interest. The distribution of the various
isotopomers of propene when the contact time is varied is
shown in Fig. 4. The isotopomer with ofh&C and twol?C
atoms is always dominating, and at the lowest CTs it reaches
about 85%, which may also be the value obtained by ex-
trapolation to zero CT. It is noteworthy that the second most
common isotopomer is thHeCs species. Fig. 4 suggests that
the amount of this isotopomer may be extrapolated to about
8% at CT= 0. The figure also shows that when the contact
time is increased, the amount of this isotopomer increases
strongly, and that at the highest contact time,€0.034 h,
it is present in nearly the same amount as 4@,3C;
species. Other experiments rdiscussed here, and carried
out at considerably higher contact times, have shown that
this increase continues until the larger part of the methanol
has reacted. Under slightly diffent conditions the following
isotopomer distribution was found at a feed rate correspond-
ing to CT~ 0.1 h: 12C,13Cy; 22%, 12C113C,; 22%, 13Cs;
55%. In this case 96% of the ethene in the effluent still had
the original (natural) isotopic composition, but 69% of the
methanol was converted to hydrocarbons [24]. The exper-
iment shows that under conditions with a rather high con-
version the larger part of the methanol conversion does not
involve the ethene.
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Fig. 4. Isotopic composition of alkene products in the effluent: 50 mbar
[120]ethene coreacted with 50 mba@{:]methanol; reaction tempera-

Even though propene was the dominating product, it was ture= 350°C; WHSV varied from 29.4 to 294 H'.
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Fig. 7. Rate of propene formation vs ethene partial pressure: 10-105 mbar
350°C,; total gas flow= 100 mL/min.

ethene coreacted with 50 mbar methanol; reaction temperat880°C;
total gas flow= 100 mL/min.

3.2. The effect of methanol partial pressure

way for product formation, leading to alkenes with higher
contents of labeled atoms is also operative. The jpint-
xylene product fraction was always very richlffC.

The effect of varying the methanol concentration in the
feed mix was investigated by employing the following re-
action conditions: Methanol partial pressure was varied be-
tween 20 and 100 mbar (WHS¥ 199-448 h'l); ethene
partial pressure was fixed at 50 mbar; 2.5 mg catalyst was
used; total gas flow through the reactor was held constantat The effect of varying the ethene partial pressure was
100 mL/min; the reaction temperature was 3%0 probed in an experiment analogous to that described in Sec-

The product distribution was independent of the methanol tion 3.2: Ethene pressure was varied between 10 and 105
partial pressure, i.e., the same as shown in Fig. 3 a=CT mbar (WHSV = 183-442 h!); methanol partial pressure
0.0034 h, and will not be described further. The concentra- was fixed at 50 mbar; 2.5 mg catalyst was used; total gas flow
tion of hydrocarbons in the effluent was independent of the through the reactor was held constant at 100/min; the
methanol partial pressure. With a constant gas flow rate thisreaction temperature was 350. Again, no significant sys-
implies that the rate of hydrocarbon formation was indepen- tematic trend in product distribution was found. The concen-
dent of the methanol pressure, i.e., the reaction order withtration of product hydrocarbons in the effluent was propor-
respect to methanol is zero. This is shown in Fig. 5. tional to the ethene partial pressure. Hence, with a constant

The isotopic compositions of the products in the efflu- gas flow, the rate was proportional to the ethene pressure.
ent were analyzed as abovedathe results are displayed The reaction is first order with respect to ethene, as is seen
in Fig. 6. Evidently, the isotopic distributions of the vari- in Fig. 7.
ous products are virtually unaffected by the changes in the Isotopic analysis of the products was also carried out
methanol pressure. The isotopic distributions that are seenhere. No striking effect of varying the ethene pressure was
from the histograms in Fig. 6 closely resemble those re- observed, but the fraction of isotopomers with odfC
ported for high feed rates in Fig. 4. Methylation reactions declined slightly with increasing ethene partial pressure. In
are again dominating, but a second, less dominating path-the case of propene, there was almost 10% of-#® iso-

100

3.3. Theéeffect of ethene partial pressure

Methanol partial pressure (mbar)
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Fig. 6. Isotopic composition of alkene products ie &ffluent vs methanol partial pressure. 50 mB%@]ethene coreacted with 20-100 mb%ﬁ(p]methanol;
reaction temperature 350°C; total gas flon= 100 mL/min. Additional data points omitted.
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topomer atpethene= 10 mbar. Whenpethene= 105 mbar 3.5. The minor products
this fraction fell to about 6%. The minor products displayed

a similar trend. It was shown above in Fig. 3 that propene is the main
product, which at the lowest CT values constitutes nearly
3.4. The effect of reaction temperature 90% of the products. The remaining 10% comprise many

products. They all contain mof€C than propene, but their

The reaction temperature was varied in order to investi- Imiting behavior when CT 0 appears rather diverse and
gate whether different temperatures would lead to changes inMerits a short discussion. For this reason a part of Fig. 3 is
product selectivities or isotopcendistributions, and to con- ~ '€Produced with a much expanded ordinate scale in Fig. 9.
struct an Arrhenius plot and determine the apparent activa-BUtenes are se;parated in two groupdutenes are '“mpeo_'
tion energy for the methylation of ethene to propene. A feed separate from isobutene because the two groups have widely
mix consisting of 50 mbarfC]methanol and 50 mbar different isotopic distributions. £molecules are lumped,
[12CJethene was coreacted over 2.5 mg catalyst at a tota|but isotopic data have been obtained only for 2-methyl-2-
gas flow of 100 mymin (WHSV = 292 1), The tempera- butene. G; molecules are lumped. Isotopic data are avail-

ture was varied between 305 and 400 This range covers able for one hexene isomer. The isotopic distributions of
realistic and practical MTH conditions the minute amounts gi-xylene and 1,2,4-trimethylbenzene

Reactant conversions, rate$ products formation, and present in th? effluent_ could be inyestigated down to:€.T
isotopic compositions were measured. The effect of increas-o‘0067 h. This analysis was possible becausel of the 3|mplle
ing the temperature, while keeping the contact time constc’;mt,rm’lsS spectra of the polymethylbenzenes, which are domi-
on product and the isotopic distributions was much the samenated bydt?e mcilebcular on. I”sobu'Fene waz not a_deq_uatelfy
as that of increasing the contact time at 3680 The product sr(]apgrate from - gtgne ;O allow rigorous etermlrllgttl)on 0
distribution and conversion at 40C was virtually identical the isotopic composition. However, an estimate could be ex-

to the one obtained at 35C at CT values somewhere in the tracted and th|§ is listed in Table 1 together W't.h t_he r_esults
for the aromatics at CE 0.0067 h. Random distributions
range 0.017-0.022 h.

for the observed total contents iC atoms are included
for comparison. The experimental distributions are seen to
be fairly close to randomness. The & isotopomers are,
however, in all cases in clear excess relative to the random
distribution. For all three hydrocarbot?C atoms constitute
more than 80% of the carbon atoms. Measurements at the
longer CTs indicated little variation when CT was changed.
In the CT— 0 limit the n-butenes, in particular, and also
the pentenes remain a sizable fraction of the product hydro-
carbons, whereas thesC fraction is reduced to insignifi-

fj] exltracteg frot:n tthe Arrr}e?rllus plgt '?, then some\{vhat ?n cance. The isobutene and alkdractions are also reduced,
e low side, but even if the activation energy is esti- . perhaps less clearly so thag,C

mated on b_aS|s of the total amount of propene,.the estimate Fig. 4 shows that at all but the longest contact times
does not rise beyond 114 kdol. The best estimate for
the apparent activation energy might be the mean value

Our primary interest is to determine the activation energy
for methylation of ethene by menol, i.e., the activation
energy for formation of the propene isotopomer with one
13C atom. An Arrhenius plot showing the rate of formation
of this isotopomer is given in Fig. 8. Even at 44D, this
isotopomer still constitutes more than 60% of the propene
molecules, but at this high temperature one might expect
that part of the propene molecules take part in secondary
reactions. The apparent activation energy 108l that

the12C,13C, n-butene isotopomer, corresponding to double
'methylation, is clearly dominating. The second most com-

109 kymol. mon species is thé3C,4 isotopomer, which at the longest
25
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Fig. 8. Arrhenius plot for the formation of singly labeled propene: 50 mbar o _ _ _ _
ethene coreacted with 50 mbar methanol;-€0.0034 h; reaction temper-  Fig. 9. Product selectivities with expand&daxis. Propene is outside the
ature varied from 305 to 410C. scale. Reaction conditions as described in Fig. 3.
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Table 1
Isotopic composition of isobuteng,/m-xylene, and trimethylbenzene

Number of Isobutene p/m-Xylene  Trimethylbenzene
13¢C atoms

0 2 () 0 0) 0 0
1 3 2 1 0) 0 0)
2 13 (14 1 0 1 0)
3 33 (40) 2 D 1 0)
4 49 43 6 3 2 D
5 12 12 6 4
6 22 27 13 1%
7 24 (36) 22 (29
8 33 (21 26 (3%
9 29 (18
Total13C content: 81 82 82

Random distributions for the given total label contents are displayed in
parentheses. 50 mbarClethene coreacted with 50 mbaPC]methanol;
reaction temperature: 350°C; CT = 0.0067 h.

121

and propene, but no kinetic data were given, and their ap-
proach only permitted the determination of the total label
content. Iglesia et al. [31] combinetPC]methanol with or-
dinary propene over H-ZSM-5 and did find a large share of
singly labeled butenes, but again the kinetics was not in-
vestigated. Fairly recently, Rgnning et al. [32] published an
investigation of the J2Clethene/t3C]methanol system, but
the conversions were fairly high and the reaction conditions
were thus not well suited for kinetic studies.

The results described in the previous section show that by
choosing the appropriate reaction conditions, methylation of
ethene may be made, by far, the most prominent reaction,
and that the rate of methylation can be measured. The lim-
iting rate of formation of the propene isotopomer with one
13C atom gives the rate of methylation. Remembering that
the reaction is of zero orderith respect to methanol and
first order with respect to ethene, the kinetic equation de-
scribing the methylation of ethene with methanol is given by

contact times becomes the most prominent. Other experi-EQ. (1).

ments that are not discussed here at still longer contact times

have shown that molecules with 4 and¥C atoms even-
tually become completely dominating at higher methanol
conversions [24].

The G molecules show a similar behavior, but this time
the most common isotopomer at small CTs is th@,13C3
species. At slightly longer contact times molecules with 5
and 413C atoms dominate.

Except at the longest contact time, i.e., €70.034 h,

0 1
I = kPmethanoPethene 1)

The extrapolated total reaction rate was shown in Fig. 2
to be 0.70 Qroduct/(gcatalysth) at 350°C and pethene=
Pmethano= 50 mbar. The limiting selectivity propene was
shown in Fig. 3 to be 0.90, and the limiting isotopic selec-
tivity to the 12C,13C isotopomer was 0.85; thus the rate of
formation of the clean methylation product isg0 x 0.85 x
0.70= 0.5355) 0.54 g(gh) or 0.013 mol(g h). The value

the sum of all products formed when methanol was the only of k then is 26 x 10~# mol/(g h mbar).

reagent was smaller than any of the products discussed in

Fig. 9.

4, Discussion

By varying the reaction temperature an apparent activa-
tion energy of 109 kdmol was found. Assuming that the

reaction orders are unchanged over the investigated tem-
perature range, this observed activation energy should be
equal to the sum of the true activation energy and the
ethene adsorption enthalpy. We have previously published

The results described above indicate that two routes for a theoretical report on the mechanism of zeolite-catalyzed
product formation are operative when ethene and methanolmethylation of alkenes, using a cluster consisting of four

are coreacted over H-ZSM-5. @eiclearly, ethene is methy-
lated to form13C;12C, propene. Multiple methylations to

tetrahedral atoms (three Si and one Al) to model the cata-
lyst and utilizing density-functional theory (DFT) to carry

higher alkenes are also observed. In addition, another meCh-out the quantum chemical calculations [22]_ According to

anism is operative, leading to products very rich3@.
4.1. Methylation of ethene

Homologation of alkenes via methylation was fairly

the calculations the reaction takes place when a methanol
molecule is adsorbed end-on onto an acidic site while the
alkene is adsorbed in close proximity on a siliceous part of
the zeolite, and it proceeds in a concerted one-step process.
The same mechanism has been proposed for methylation

early proposed to be key reaction steps when methanol isof arenes by methanol [23]. Hence, the theory suggests
converted to hydrocarbons over acidic zeolites [20,21,25]. that the methylation reaction takes place by a Langmuir—
Several reports on the coreaction of methanol and variousHinshelwood—Hougen-Watson (LHHW) reaction mecha-
alkenes exist, verifying that such reactions may occur. Wu nism type. Based on this mechanism, the experimentally
and Kaeding [26] coreacted wtleled ethene and methanol determined adsorption enthalpy of ethene in silicalite-1,
over H-ZSM-5, and an enhanced propene production wasthe completely siliceous MFI polymorph, may be used as
observed, indicative of ethene methylation. Behrsing et a correction in order to obtain the true activation energy.
al. [27] coreacted unlabeled hexenes witiQJmethanol Choudhary and Mayadevi [33] found an isosteric heat of
over H-ZSM-5 and found considerable amounts of mono- adsorption of 25 kdmol for ethene on silicalite-1, and this
labeled G products. Tau and co-workers [28-30] usé@ value was found to be virtually independent of the ethene
labeled reactants to investigathe methylation of ethene coverage. Assuming that the heat of adsorption is unaffected
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by the presence of methanol as a coadsorbate, the intrin- To what extent does the reaction proceed via ethene
sic activation barrier for thél-ZSM-5-catalyzed methyla-  methylation when ethene is not added as a coreactant? The
tion of ethene by methanol should be135 kJmol. This data presented here show that although the methylation of
is substantially lower than the value reported in our DFT ethene does proceed at a nonnegligible rate, it was eclipsed
study [22], where an activation barrier of 183/kibol was by other pathways once there was an appreciable amount of
found for methylation of ethene. This discrepancy is, how- hydrocarbon products. It was shown (Sections 3.1 and 3.5)
ever, quite expected. It is weknown that the DFT/cluster  that although the number 6fC atoms in the feed was dou-
approach severely overestimates the energies of transitiorple that of:*C, there was a large excess'd€ atoms in the
states and charged species, in some cases by as much d¥drocarbon products when the CT was increased.
100 kJ¥mol [34,35]. Bearing this in mind, the agreement be- When methanol alone is reacted over a ZSM-5 catalyst,
tween experiment and theory is acceptable. ethene is usually a relatively small product. Using the same
Equation (1), as written, is not a LHHW kinetic equa- catalyst at 350C, as here, and a methanol partial pressure
tion. The adsorption terms are missing. The experimentally 100 mbar only 6% of the products were ethene at 40% con-
found zero and first-order behavior with respect to methanol Version [24]. The ethene partial pressure in the effluent was
and ethene means that in our experimental range, methanofhen 1.2 mbar. Since the methylation rate is first order with
is adsorbed on all acid sites,chethene is extremely sparsely '€SPect to ethene pressure, the methylation rate was then
adsorbed. Equation (1) can only be expected to describe@ly 2.5% of the rate obtained wh@thene= 50 mbar. It
the reaction as long as this is valid; i.e., the equation may M&Y therefore be concluded that ethene methylation is only

break down whemmetanol < 20 mbar, and whepethene> a minor pathway in the MTH reaction. However, if the re-
100 mbar. actant concentrations are increased by one or two orders of

The rate constant of Eq. (1) is given by the Arrhe- maghnitude this conclusion may be less valid.

nius expressiott = Aexp(—Eapparenf RT). The value ofk
at 350°C is 26 x 104 mol/(ghmbar); hence A has the 42 Butenesand pentenes
value 35 x 10° mol/(ghmbar) andk(T) = 3.5 x 10° x
exp(—13100' 7 K—1) mol/(g h mbar).

The SyAl ratio of the catalyst used here is 45, which
means that the stoichiometric formula of the zeolite may be
written (SiQ)as5(AlO2)H, giving a molar mass 2760/gol;

i.e., there is 3 x 10~4 mol/g. There is one proton per
molecular unit, so this is also the molar content of active
sites per gram catalyst. The preexponential fagtdhere-
fore has the value (8 x 10°/3.6 x 1074 = 9.7 x 1(®)

A =9.7 x 108 mol/(mol h mbar)= 9.7 x 10® (hmbar)y 1 =

2.7 x 10° (smbary™.

It was shown in Section 3.5 thatbutenes and pentenes
remain a sizable fraction of the product hydrocarbons in
the CT— 0 limit. The most common isotopomers have
two, respectively three!3C atoms, as one should expect
if they are obtained by methylation once or twice of the
propene. A question arises. Are these products primary prod-
ucts, or are they secondary products formed by methylation
of propene after its desorption from the site where it was
formed?

From the3C atom contents in butene and pentene it

o is tempting to conclude that they are formed by secondary
Somewhat simplistically one may say that the preexpo- . tertiary methylations. This may, however, be wrong.

nential factor expresses the rate that would be obtained if|, 5 series of consecutive (irreversible) first-order reactions

the activation energy were negligible, and it expresses thep _,g_,c_,p (ethene> propenes butene pentene), it is
maximum rate that might be observed for a given reaction. \ ,o\wn that in the limit of short reaction time, [B] is pro-

The maximum rate that may be imagined for this reaction is portional tor, [C] is proportional tar2, and [D] to£3. In the
given by the rate by which the ethene molecules hit an ac- jimit of  — 0 one will therefore have the concentration ra-
tive site. It is therefore of interest to compare the value of {jo5[C]/[B] — 0 and[D]/[C] — 0. The observed ratios did

A, given above, with this collision frequency. According to  pot display this limiting behavior.

simple kinetic theory of gases, the number of collisions per |t however, the subsequent methylations of propene take
unit time and unit area is given B, = p/(2rmkT)Y/2. If place before the propene molecules can leave the zeolite
the area of an active site is taken to be 0.5 nthe formula crystal where they were formed and join the bulk gas phase
gives that at 350C, i.e., 628 K antpethene= 1.00 mbarthe  the concentration ratios become independent of the contact

collision frequency per active site isQlx 10° s1, which  time, CT, because the mean dsice time within a crystal
compares very well with the value= 2.7 x 10° (s mbary ™. is independent of the flow rate.

The values obtained above for the rate constant as a func-  Alternatively, parts of the butenes and pentenes might be
tion of temperaturek(7T), and the preexponentiali, ex- primary products formed from the hydrocarbon pool. Such a

pressed per acid site, should in principle be transferable toformation mechanism would also be in concordance with the
other H-ZSM-5 catalysts operating at different partial pres- finding that the alkene metules appear to come from two
sures, reaction temperatures, andA$iratios. However, it sources. The fraction of propene isotopomers with two or
should be kept in mind that these rate parameters might notthree3C atoms would also fit in with this explanation, see
be valid for other catalyst frameworks than MFI. Fig. 4. Their composition is in agreement with the known
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isotopic composition of the arenes, Table 1. No conclu-
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Under ordinary MTH reaction conditions, formation of

sion is presently warranted on this issue. Fig. 4 shows thathigher alkenes via homologation, starting with ethene, is not

linear extrapolation to the G O limit indicates that the
two n-butene isotopomers?C;1°Cz and 13C4, constitute
20-25% of then-butenes. The two 2-methyl-2-butene iso-
topomers2C,13C4 and13Cs, constitute about 45% of the

2-methyl-2-butene. These isotopomers could not be formed
by repeated methylations of ethene. Fig. 9 shows that the

limiting value of the fraction of g, products is zero, so the
13¢C atom richn-butene and 2-methyl-2-butene isotopomers
are not cracking products ofeC. Fig. 4 suggests that the
real isotopomer limiting fractions are not obtained correctly
by linear extrapolation; th&3C content is even higher. We
do not know if this is an artifact, whose origin is unknown,
or if it is true. Even if it is a real effect, the conclusions ar-
rived at above become still more valid.

Interestingly, the isotopic composition of isobutene was
completely different from that of the linear butenes. The
content of13C atoms is much higher, and the isotopomer
distribution is random. It seems probable that isobutene is
formed through the hydrocarbon pool mechanism. This is in
excellent accord with data reported by Bjgrgen et al. [11,36],

which show that isobutene/isobutane is the most prominent

product formed when polymiegylbenzenes are reacted over
zeolite H-beta.
5. Conclusions

The coreaction of ethene and'3C]methanol over
H-ZSM-5 has been studied at extremely high feed rates.

By using a microreactor, it has been possible to collect data

at very low conversions, but at a realistic reaction temper-
ature and catalyst acid site density. The isotopic labeling
showed that methylation of ethene to form singly labeled

propene was dominating at the lowest conversions. Further

methylations to form doubly labeled butenes and triply la-

an important reaction.
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