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Abstract

The co-reaction of propene orn-butene and methanol over an H-ZSM-5 acidic zeolite catalyst has been investigated using isot
labeled reagents. The main objective has been to obtain kinetic data for the methylation of the propene andn-butene. This study is a
extension of our previous investigation of the co-reaction of ethene and methanol [S. Svelle, P.O. Rønning, S. Kolboe, J. Catal. 2
115]. At the very high feed rates employed here, the methylation products are dominating, and the isotopic composition is in ac
a methylation formation mechanism. Arrhenius plots have been constructed, and the activation energies, when corrected for the
heats of alkene adsorption, were∼110 kJ/mol for the methylation of propene and∼90 kJ/mol for the methylation ofn-butene. The result
are compared with recent computational studies of the methylation of alkenes. The origin of the products not formed via meth
briefly discussed. A short survey of the reactivity of propene andn-butene without methanol co-feed is presented. It has been found
alkene interconversion reactions are strongly suppressed by the presence of methanol.
 2005 Elsevier Inc. All rights reserved.
Keywords:H-ZSM-5; Propene methylation; Butene methylation; Methanol-to-hydrocarbons; Propene; Linear butenes; Isobutene; Isotopic labeling
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1. Introduction

The methanol-to-hydrocarbons (MTH) process rep
sents a possible route for the upgrading of natural ga
coal to higher value products. Natural gas may be tra
formed to synthesis gas (CO and H2), which is subsequentl
reacted to form methanol. The methanol may then be c
verted into a mixture of hydrocarbons using acidic zeolite
zeotype catalysts. Mobil was the first to discover and deve
this zeolite-based technology, resulting in the methano
gasoline (MTG) process; in which methanol is converted
gasoline over ZSM-5-derived catalysts. Later, Norsk Hy
and UOP jointly developed the methanol-to-olefins (MT
variant of the reaction, in which ethene and propene
the main products formed over SAPO-34 zeotype cata
systems. The latest addition to this field is the methano
* Corresponding author. Fax: +47-22-85-54-41.
E-mail address:stian.svelle@kjemi.uio.no(S. Svelle).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.06.028
propylene (MTP) alternative, currently offered by Lurgi. B
despite the apparently great potential for industrial appl
tion of the MTH reaction, the only full-scale commerc
operation to date was the MTG plant in New Zealand
which gasoline production was started in 1986 and l
shut down due to a falling price of oil relative to that
methanol[1]. However, an MTO plant is expected to com
onstream in Nigeria in 2006, as part of a natural gas to p
mers project[2].

In contrast to the maturity of the MTH reaction when
comes to practical applications, the present level of un
standing of the underlying reaction mechanism still lea
something to be desired. Initial research focused on
formation of carbon-carbon bonds directly from C1-units
(methanol, dimethylether, or trimethyloxonium ions), b
these efforts were all inconclusive, and this reaction is n

considered to be of little importance during steady state con-
version of methanol to hydrocarbons[3–6]. More indirect
mechanism types are currently favored, and experimental

http://www.elsevier.com/locate/jcat
mailto:stian.svelle@kjemi.uio.no
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and theoretical results in favor of the “hydrocarbon po
mechanism, originally proposed by Dahl and Kolboe[7–9],
are mounting. The hydrocarbon pool mechanism proce
via continuous methanol addition to a hydrogen-poor
sorbate inside the zeolite pores, from which lower alke
are split off at a later stage of the catalytic cycle. The ex
chemical nature of the hydrocarbon pool has been in
tigated by Kolboe et al.[10–14], Haw et al.[15–21], and
Hunger et al.[22,23] and may depend on catalyst type a
reaction conditions. Polymethylbenzenes, polymethylna
talenes, and polymethylated cyclopentadienyl cations h
all been shown to function as hydrocarbon pool species

In the early 1980s, Dessau et al.[3,5] proposed an indirec
reaction mechanism for the methanol conversion base
alkenes as the key intermediates. A considerable part o
hydrocarbons in the product stream are alkenes, and c
growth through via alkene methylation followed by cracki
to yield smaller alkenes might constitute a competing me
anistic scheme. Knowledge of the rate of alkene methyla
(and ultimately of other species present in the zeolite po
is therefore an essential step in discriminating between
various proposed mechanisms.

We previously investigated the methylation of ethene
methanol to form propene, at reaction conditions dire
comparable to those used in the present study[24]. A central
issue in the earlier study was to find the reaction con
tions best suited for measuring rate data for the meth
tion, suppressing any side reactions such as alkene d
ization, alkene cracking, cyclizations, and hydrogen tran
but still operating at a realistic reaction temperature and c
lyst acid site density. We found an intrinsic activation ene
for ethene methylation of∼135 kJ/mol; the reaction was
of first order with respect to ethene partial pressure an
zero order with respect to methanol. The apparent rate
stantk was 2.6 × 10−4 mol/(g hmbar) at 350◦C and the
pre-exponentialA was 3.5× 105 mol/(g hmbar).

In this paper we report new results on the kinetics of
methylation of propene and linear butenes by methanol.
used isotopically labeled methanol to follow the individu
reaction steps. In contrast to ethene, both propene an
linear butenes display nonnegligible activity when reac
without methanol co-feed even at the very high feed ra
used here. It was therefore necessary to address this iss
some detail to gain a better understanding of the results
the co-reaction experiments. Hence the first part of this
port concerns the reactivity of propene and the linear bute
alone, with the methylation reactions addressed in su
quent parts.

2. Experimental
The experimental setup and the calculation procedures
used have been described in detail previously[24]. We give
a brief summary here.
talysis 234 (2005) 385–400
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2.1. Catalyst, reagents, and catalytic testing

The H-ZSM-5 catalyst used was a gift from Süd-Chem
A.G. The Si/Al ratio was 45, and the sample consist
of very small crystals (∼50 nm). [13C]methanol was sup
plied either by ISOTEC or Cambridge Isotope Laborator
Natural isotope abundance propene was supplied by F
Gas chromatography (GC) analysis showed that prop
(∼0.07%) and 1-butene (∼0.05%) were the main impurities
1-Butene>99% (Fluka) was used for the co-reaction e
periments, and 2-butanol>99% (Fluka) was used to stud
the reactivity of linear butenes without methanol co-fe
2-Butanol is dehydrated immediately, forming linear bute
in situ. Regardless of the original butene source (2-butan
1-butene), the three linear butene isomers in the effluent
always in internal thermodynamic equilibrium, and thus
refer to this feedstock asn-butene in what follows.

A fixed-bed Pyrex microreactor (3 mm i.d.) was used
the catalytic experiments. Propene and 1-butene were
as gases, and methanol and 2-butanol were fed by pa
part of the carrier gas (He,>99.996%) through a vessel co
taining the desired alcohol, thus saturating the carrier
The feed rate [weight hourly space velocity (WHSV)] w
varied by varying the total gas flow through the reac
Typical reaction conditions for the co-reaction of prope
and methanol were as follows: methanol partial pressur=
50 mbar, propene partial pressure= 20 mbar, total gas
flow = 100 ml/min, reaction temperature= 350◦C, and cat-
alyst mass= 2.5 mg, resulting in a feed rate (WHSV)
237 h−1. The alkene partial pressure for was slightly low
for n-butene than for propene, typically 13 mbar. The
fects of varying the feed rate, reactant partial pressures
reaction temperatures have been investigated. A key f
has been on studying the catalytic system at low conver
(i.e., high feed rates) but with realistic reaction tempera
and catalyst acid site density.

2.2. Analysis and calculations

The effluent was analyzed using a Carlo Erba V
GC-FID equipped with a Supelco SPB-5 column (60 m×
0.53 mm× 3 µm); the lower response factors for oxyge
containing compounds were taken into account. C1–
alkanes/alkenes were separated on a Siemens Sich
2-8 (FID) equipped with a Chrompack PLOT colum
(Al2O3/KCl, 50 m × 0.53 mm× 10 µm) or a J&W GS-
GasPro column (60 m×0.32 mm). The isotopic distribution
were determined based on analyses made with an HP
GC-mass spectrometry (MS) unit, using a HP-5MS colu
(60 m× 250 µm× 0.25 µm) or a J&W GS-GasPro co

umn (60 m× 0.32 mm) combined with cryostatic cooling.
The computational method used for determining the isotopic
composition of the products was outlined previously[24,25].
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Fig. 1. Conversion of propene versus contact time. 20 mbar of propen
acted alone; total gas flow varied from 10 to 100 ml/min; 2.5 mg catalyst;
reaction temperature 350◦C.

3. Results

The main objective of the present work was to study
obtain kinetic data for the methylation of propene and
ear butenes by methanol. To obtain kinetic data, we nee
to operate at very high feed rates and correspondingly
conversions. At higher conversions, (i.e., lower feed rat
secondary reactions rapidly become dominant, and an
formation concerning the primary reaction steps beco
obscure. The feed rate is usually given as the WHSV
terms of gfeed/(gcath). The inverse quantity, the “conta
time” (CT = 1/WHSV) is better suited for the discussio
that follows. Using CT rather than WHSV allows extrap
lations of rates and selectivities to CT= 0 (or infinite feed
rate), thereby providing an estimate for the primary or intr
sic quantities.

Unlike our previously published results concerning
co-reaction of ethene and methanol[24], both propene and
n-butene display significant reactivity when fed alone, e
at the shortest contact times employed. Therefore, a s
survey of the reaction pattern of the alkenes alone will
given before the co-reaction data. As previously describ
the reactivity of methanol alone was insignificant[24].

3.1. Propene without methanol co-feed

The effects of varying the contact time on the prope
conversion were investigated by reacting 20 mbar of prop
over 2.5 mg of catalyst at 350◦C. The total gas flow throug
the reactor was varied from 10 to 100 ml/min, thus vary-
ing the contact time from 0.012 to 0.12 h (WHSV= 81.8–
8.2 h−1). The influence on the propene conversion, wh
increases from 4% to 28%, is displayed inFig. 1. The nonlin-
ear increase with CT agrees well with the equilibrium c
tent (C%) of propene in a C3–C6 alkene mixture, which
about 35% at an initial pressure of 20 mbar[26], correspond-
ing to 65% conversion. The level of reactivity is in sta

contrast to what was observed when ethene was investigate
in an analogous manner, the only difference being a higher
ethene partial pressure of 50 mbar instead of 20 mbar[24].
talysis 234 (2005) 385–400 387

t

Fig. 2. Conversion of propene versus propene partial pressure. 5–80 m
propene reacted alone; total gas flow 100 ml/min; 2.5 mg catalyst; reactio
temperature 350◦C.

The ethene conversion was<0.1% even at the longest C
The product distribution from propene was virtually un
fected by the changes in feed rate, and the effluent comp
47 C%n-butenes, 32 C% isobutene, 15 C% C5 (mainly pen-
tanes), and 4 C% C6 (mainly hexenes). Hexenes constitu
the expected outcome of a primary dimerization react
but this product fraction was detected in only small amou
Clearly, the propene molecules undergo several secon
reaction steps before the products leave the reactor, ev
such high feed rates. It is noteworthy that ethene constit
<1% of the products. Traces of butanes were detected.
rate of propene conversion, obtained by dividing the con
sion by CT, extrapolates to about 3.5 g/(gcath) at CT= 0 for
the chosen conditions.

The degree of conversion depends strongly on the pa
pressure. This is displayed inFig. 2, where the propene pa
tial pressure was varied from 5 to 80 mbar while the to
gas flow was held constant at 100 ml/min. The conversion
increases, apparently linearly, from<1 to 14% in this range
Because the reaction rate is given by conversion× (feed
rate), and both of these quantities are proportional to prop
partial pressure, a linear increase in the conversion with p
sure demonstrates a second-order reaction. Considerin
product formation from propene necessarily involves an
teraction of (at least) two propene molecules on the cata
surface, this behavior may be expected.

Significant changes in product distribution were obser
when the feed partial pressure was altered. At 5 m
isobutene andn-butene dominated, constituting about 40
and 50 C% of the products, respectively. Modest amo
of pentenes (7 C%) and ethene (3 C%) were also dete
At 80, mbarn-butene still dominated (39 C%) and C5 had
become the second largest fraction (24 C%), followed
isobutene (21 C%) and then C6+ (16 C%). Ethene occurre
in only trace amounts.

Table 1lists the propene conversion and product selec
ities as a function of reaction temperature. The most strik

dfeature ofTable 1 is the pronounced increase in conver-
sion with temperature decrease. This effect is not caused by
deactivation at high temperatures; there is hardly any deac-
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Table 1
Propene conversion and product selectivities (in C%) versus reaction
perature. 20 mbar of propene reacted alone; total gas flow 100 ml/min;
2.5 mg catalyst; reaction temperature varied from 250 to 425◦C

Reaction
temperature (◦C)

C2 n-C4 i-C4 C5 C6+ Conversion
(%)

250 0.1 41 14 35 9.8 12.8
275 0.1 49 19 26 5.8 12.1
300 0.2 53 23 22 2.6 8.9
325 0.4 53 27 18 2.5 6.2
350 0.9 49 31 14 5.1 3.1
350 0.8 50 33 14 3.1 3.8
375 2 47 32 13 6.0 1.9
400 5 45 30 12 8.3 1.2
425 11 42 24 12 11 0.8

tivation, and the experiments were carried out using ran
temperature settings. The result might seem counterintu
but it can be attributed to an increase in the surface cove
at low temperatures. We elaborate on this point in Sectio4.
The increase in conversion is smaller for the step of 27
250◦C than for the other steps inTable 1, indicating that the
conversion approaches a maximum value before it drop
as the temperature becomes too low for any reaction to
cur. Product formation is insignificant below about 200◦C.

3.2. n-Butene without methanol co-feed

The reactivity ofn-butene was probed in experimen
analogous to those described above for propene. To a
rately control the reaction conditions, we used 2-buta
rather than gaseous 1-butene as the precursor forn-butene.
2-Butanol is virtually instantaneously transformed into w
ter and linear butenes. Separate experiments demons
that the presence of an equimolar amount of water d
not significantly affect butene conversion. There are th
isomeric linear butenes, but their interconversion is so
that an essential equilibrium is always observed. There
major difference in the possible reactions ofn-butene and
propene; the linear butenes may undergo a skeletal iso
ization, leading to the formation of isobutene, resulting
a slightly more complicated reaction pattern. Convers
and selectivities as a function of contact time are given
Fig. 3. In this figure,n-butene displays greater reactivity th
propene. The limiting rate of conversion (conversion divid
by CT) can be extracted from the data inFig. 3; it is about
10 g/(g h), that is, about 3 times that of propene or – if co
pared at equal partial pressures – a factor about 4.5.Fig. 3
shows only small changes in the product composition w
the CT is varied.

Analogously to the foregoing results for propene,
product distribution changes markedly with alteredn-butene
partial pressure (seeTable 2). At the lowest pressures
isobutene is dominant among the products, with selec

ity reaching nearly 70 C% atpn-butene= 1 mbar. As was the
case for propene, the fractional conversion decreases with
decreasingn-butene pressure. But although an almost linear
talysis 234 (2005) 385–400
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Fig. 3. Conversion ofn-butene and product selectivities (in C%) versus c
tact time. 13 mbar ofn-butene reacted alone; total gas flow varied from
to 125 ml/min; 2.5 mg catalyst; reaction temperature 350◦C.

Table 2
n-Butene conversion and product selectivities (in C%) versus partial p
sure. 1–16 mbar ofn-butene reacted alone; total gas flow 100 ml/min;
2.5 mg catalyst; reaction temperature 350◦C

Partial pressure
(mbar)

C3 i-C4 C5 C6+ Conversion
(%)

1 15 69 16 – 8.6
2 20 60 20 – 9.3
4 22 54 24 – 9.8
6 31 39 29 1.5 13

10 33 32 31 4.1 15
16 34 28 31 6.7 17

Fig. 4. Conversion ofn-butene and product selectivities (in C%) vers
reaction temperature. 13 mbar ofn-butene reacted alone; total gas flo
75 ml/min; 2.5 mg catalyst; reaction temperature varied from 300
500◦C.

dependence on pressure is apparent, it is not proportion
the butene pressure. Linear regression analysis demons
8.3% conversion atpn-butene= 0.

The conversion and product distribution at various re
tion temperatures are given inFig. 4. When the temperatur
rises above 350◦C, isobutene quickly dominates, constitu
ing 80 C% of the products at 500◦C. In the temperature
range 300–500◦C, the conversion is essentially constant,

though increasing when the temperature falls from 350 to
300◦C. Below about 200◦C the conversion is insignificant,
however.
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Fig. 5. Conversion (a) and rate of conversion (b) of feed mixture versus
tact time. 20 mbar of propene co-reacted with 50 mbar methanol; tota
flow varied from 10 to 100 ml/min; 2.5 mg catalyst; reaction temperatu
350◦C.

3.3. Co-reaction of propene and methanol

3.3.1. Influence of the contact time
A feed mix consisting of 20 mbar [12C]propene and

50 mbar [13C]methanol was reacted at 350◦C over 2.5 mg
of H-ZSM-5 catalyst. The contact time was varied fro
0.0042 to 0.042 h (WHSV= 237–24 h−1) by adjusting the
total gas flow. The conversion, determined by conside
propene, methanol, and dimethyl ether as unconverted
is shown inFig. 5a. It ranges from 3.2 C% to 27 C%, consi
erably higher than that observed when ethene and meth
were co-reacted at comparable conditions[24]. Then the
conversion ranged from almost 0 to about 7%. Divid
the conversion with CT yields the apparent rate of con
sion (seeFig. 5b). Extrapolation to CT= 0 yields a rate of
8.0 g/(g h). The corresponding limiting rate was 0.7 g/(g h)
when methanol and ethene were co-reacted at an et
partial pressure of 50 mbar[24]. The conversion increase
slightly less than linearly with increasing CT (the appar
rate decreases), as may be expected because the effect
actant concentrations decrease at high conversions. H
no autocatalysis is seen in the present case. The produ
lectivities are shown inFig. 6. If methylation of propene
were the only reaction occurring, thenn-butene selectivity
would reach 100%, but this is clearly not the case.n-Butene
is dominating at the shortest contact times, but other p

ucts can always be detected. Extrapolated to CT= 0, an
n-butene selectivity of about 70 C% is observed. The other
limiting selectivities appear to be 15% C5, 8% isobutene, and
talysis 234 (2005) 385–400 389
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Fig. 6. Product selectivities (in C%) versus contact time. 20 mba
propene co-reacted with 50 mbar methanol; total gas flow varied from 1
100 ml/min; 2.5 mg catalyst; reaction temperature 350◦C.

7% C6+. Ethene and alkanes (butanes) were always pre
in insignificant amounts.

Because of the quite high reactivity of propene alone,
needed to use isotopically labeled reactants to evaluat
data. The isotopomer distributions of the alkene produ
are given inFig. 7. For trans-2-butene, which is represent
tive of the linear butene isomers, the12C3

13C1 isotopomer is
clearly present in excess, demonstrating that methylatio
the main pathway forn-butene formation in the co-reactio
system. The othern-butene isotopomers are always prese
although in smaller amounts, and the extrapolated value
12C3

13C1 at CT= 0 is about 90%. The12C4 and12C2
13C2

isotopomers both extrapolate to around 5%. When C
increased, the methylation pattern becomes obscured by
ondary reactions, and the isotopomer distributions appro
randomness.

The isotopic distribution of 2-methyl-2-butene is strong
dominated by the12C3

13C2 species. The amount of this is
topomer greatly exceeds what would normally be expe
for a random distribution. Double methylation appears to
the main formation mechanism. The share of pentenes
composed of two13C and three12C atoms and thus appa
ently not formed via methylations was slightly greater th
that for then-butenes. In both cases the limiting amounts
the12C2

13C3 and12C4
13C1 isotopomers are slightly abov

10%, whereas that of12C3
13C2 extrapolates to about 65%

Isotopic data are available for one hexene isomer.
clear differences could be seen when comparing the m
spectrum of this isomer with other less prominent or l
well-separated isomers. The12C3

13C3 isotopomer, corre
sponding to triple methylation of propene, is domina
In addition, when ethene and methanol were co-reac
isotopic distributions indicating triple and even quadru
methylations were observed[24]. The second most abunda
hexene isotopomer is built up exclusively from12C atoms,

which can only be attributed to propene dimerization. Note,
however, that the relative content of hexenes becomes very
small at the shortest CTs, extrapolating to only 0–5%. Thus
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Fig. 7. Isotopic composition of alkene products versus contact time. N
gas flow varied from 10 to 100 ml/min; 2.5 mg catalyst; reaction tempera

propene dimerization is a rather unimportant reaction c
pared with methylation at the conditions maintained in th
experiments.

Besides the major alkene products, small amounts of
matics were always detectable in the effluent. The isoto
composition of the jointp/m-xylene product fraction could
be determined due to the simple mass spectrum, whic
dominated by the molecular ion peak. The distribution
broad, slightly broader than a random distribution based
the total13C content, in the sense that the shares of all12C
and all 13C isotopomers are excessive compared with
random distribution. The total content of labeled carb
was high, increasing from 61% at long CTs to 67% at
shortest CT.

No obvious pattern is seen in the isotopic distribution
the ethene molecules in the effluent; it is close to rand
Similarly to what was seen forp/m-xylene, the total13C
content is high, increasing from 62% at the long CTs to 7

at the shortest CT. The isotopic composition of isobutene is
strikingly different from that ofn-butene. The distribution
is close to random, and it may be concluded that isobutene
he scale differences. 20 mbar of propene co-reacted with 50 mbar metotal
350◦C.

is not formed through methylation of propene. Also, the
tal 13C content is considerably higher, ranging from 37%
CT = 0.0042 h to 47% at CT= 0.042 h, signifying thatn-
butene is an unlikely immediate precursor for isobuten
this co-reaction system.

Because the isotopic compositions of the products
known, it is possible to evaluate the degree of conver
of propene and methanol individually. By applying this a
proach to the data collected at the shortest contact
(CT = 0.0042 h), the propene conversion is determined t
3% and the methanol conversion 2%. Thus the propene
version is roughly the same as it was when propene wa
vestigated without methanol co-feed (4%, 20 mbar prop
in both cases). Even so, the isotopic data show that th
action steps by which propene is consumed are comple
different when methanol is present (methylation) and w
it is not (alkene interconversions).
3.3.2. Influence of propene partial pressure
We investigated the effects of varying propene partial

pressure on the reaction rates and isotopic compositions of
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Fig. 8. Rate of mono-labeledn-butene formation versus propene part
pressure. 5–100 mbar of propene co-reacted with 50 mbar methanol
gas flow 100 ml/min; 2.5 mg catalyst; reaction temperature 350◦C. Data
obtained in two separate, identical experiments (� and×).

the products formed in the co-reaction by conducting
following experiment. The propene partial pressures w
varied in the range 5–100 mbar. The methanol partial p
sure was kept at 50 mbar with a constant total gas flow
100 ml/min and 2.5 mg of catalyst. The total conversi
of the feed mixture depends on the propene partial p
sure; it increased from 1% at 5 mbar to 5% at 100 m
The rate of mono-labeledn-butene formation increases wi
the propene partial pressure up to about 50 mbar, as sh
in Fig. 8. At higher propene pressures, the methylation re
tion rate levels off and the reaction order approaches zero
evident from the isotopic distributions (see later), methy
tion becomes less predominant at higher propene press
whereas alkene interconversion reactions become more
nificant.

Significant effects on the product distribution were a
demonstrated in this experiment. The selectivity towardn-
butenes decreases with increasing propene pressure;
from 55 C% at 5 mbar to 39 C% at 100 mbar. The C6+ frac-
tion increased from 9 to 30 C% in the same interval. O
modest shifts were found for the other products, and the
lectivities toward C2, C5, and isobutene are nearly identic
to those presented for the shortest CT inFig. 6 throughout
the investigated range of propene pressures.

Isotopic data are given inFig. 9. The isotopic composi
tion of the products is dictated by the feed composition.
low propene pressures, the distributions are very simila
those described at the shortest CTs inFig. 7. But at 100 mbar
of propene, the all-12C isotopomer is the most abundant is
mer for all of the alkene products exceptn-butene, for which
greater pressure is needed to make12C4 the most promi-
nent isotopomer. Up to 100 mbar of propene, methylatio
the most prominent mechanism forn-butene formation. The
percent total content of labeled carbons in then-butenes de
creased as the pressure increased, from 29 to 17%. A sim

further enhanced trend can be seen for 2-methyl-2-butene
and the hexenes as the shares of13C atoms decreased from
54 to 16% and from 58 to 9%, respectively. Ethene is richer
talysis 234 (2005) 385–400 391
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in 13C than the other alkenes, with an essentially rand
isotopic distribution. The total13C content fell from 92 to
43% when the propene pressure was increased from
100 mbar. The isotopic distribution of isobutene was a
close to random. The total content of labeled atoms va
from 58 to 9% in the investigated pressure interval. The a
matics, exemplified byp/m-xylene (not shown), containe
mainly 13C atoms, falling from 85 to 46% as the prope
pressure increased from 5 to 100 mbar.

3.3.3. Influence of methanol partial pressure
The methanol partial pressure was varied from 10

90 mbar in an experiment analogous to that described
lier for the propene pressure effects. Varying the metha
partial pressure had considerably less pronounced ef
on conversions, product selectivities, and isotopic distr
tions than the propene pressure. The methylation reac
may be considered of zero order with respect to meth
at pressures>20 mbar. Below this level, the reaction ord
may be slightly positive. The product selectivities were v
tually unchanged in the investigated range, and thus the
displayed for the shortest CT inFig. 6. Modest effects on
the isotopic compositions can be seen. Decreasing meth
pressure resulted in decreased13C content of the product
and evidently made propene–propene reactions more li
The general isotopic pattern was usually not changed, b
the case of the hexanes, the share of the all-12C isotopomer
grew from about 20 to 41% when the methanol pressure
reduced from 90 to 10 mbar. This isotopomer correspond
a simple propene dimerization.

3.3.4. Influence of the reaction temperature
In an attempt to determine the activation energy

the methylation of propene, we investigated reaction t
peratures between 290 and 400◦C. Reaction conditions
were the same as before. The propene partial pressure
20 mbar, methanol pressure was 50 mbar, and total gas
was 100 ml/min, resulting in a contact time of 0.0042
(WHSV = 237 h−1). Reactant conversions, rates of pro
uct formation, and isotopic compositions were determi
as before. The conversion to products increased from 0
at 290◦C to 6.5% at 400◦C. A slight decrease in the sele
tivity toward n-butene was found at elevated temperatu
coupled with enhanced selectivity toward isobutene,5,
and C6+. Pronounced temperature effects were also s
when propene andn-butene were studied with no methan
present, as described earlier. We then found that the co
sion, and thus the extent of alkene interconversion react
increased when the temperature was lowered. This e
was not clearly seen in the co-reaction system, but the
topic data do reveal that alkene+ alkene reactions are o
greater relative importance at low reaction temperatu
For then-butenes, the12C3

13C1 isotopomer, indicative o

methylation, was always in excess. It constituted 72% of
then-butenes even at 290◦C. At the same temperature, the
12C4 isotopomer was the second most abundant, at 23%. As



392 S. Svelle et al. / Journal of Catalysis 234 (2005) 385–400
al pre tal gas flo

-

ater
-

ced
hex-
s at

the
bon

the

ine
fac-
ius

-

Fig. 9. Isotopic composition of alkene products versus propene parti
100 ml/min; 2.5 mg catalyst; reaction temperature 350◦C.

seen inFig. 9, at 350◦C the share of12C3
13C1 was∼80%

and the share of12C4 was only about 4%. For 2-methyl-2
butene, double methylation dominated above 330◦C. Below
this temperature, other formation routes, resulting in gre
shares of the12C4

13C1 and12C5 isotopomers, become in
creasingly important. A similar but even more pronoun
trend was seen for the hexenes. More than 70% of the
enes were built up exclusively from unlabeled carbon
290◦C. Correspondingly, the total13C content was very low
(just 7%) at 290◦C, and increased to 54% at 400◦C. The
isotopic data for ethene differ markedly from those of
other alkenes; ethene contained almost 80% labeled car

throughout the investigated temperature range. Isobutene
contained between 15% (at 290◦C) and 56% (at 400◦C)
13C, similar to what was observed for the higher alkenes
ssure. 5–100 mbar of propene co-reacted with 50 mbar methanol; tow

s

(i.e., pentene and hexene). Little variation was seen in
isotopic composition of the arenes.p/m-Xylene contained
60–70%13C, broadly distributed.

A main motivation for the present work was to determ
the apparent activation energy and the pre-exponential
tor for the methylation reaction by constructing an Arrhen
plot. Such a plot, based on the rate of formation of12C3

13C1
isotopomer only, is given inFig. 10, and an apparent activa
tion energy of 69 kJ/mol can be extracted.

3.4. Co-reaction ofn-butene and methanol
3.4.1. Influence of contact time
The co-reactivity ofn-butene and methanol is rather anal-

ogous to that described earlier for propene and methanol and
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Fig. 10. Arrhenius plot for the formation of mono-labeledn-butene. 20 mba
propene co-reacted with 50 mbar methanol; total gas flow 100 ml/min;
2.5 mg catalyst; reaction temperature varied from 290 to 400◦C.

Table 3
Conversion of feed mixture and product selectivities (in C%) versus con
time. 13 mbar ofn-butene co-reacted with 50 mbar methanol; total gas fl
varied from 10 to 100 ml/min; 2.5 mg catalyst; reaction temperature 350◦C

CT
(h)

C2 C3 Isobutene Butanes C5 C6+ Conversion
(%)

0.0044 0.9 17 14 2 46 19 8.9
0.0044 0.9 17 14 3 47 19 10.5
0.0055 0.8 17 14 3 45 20 13.1
0.0074 0.9 19 14 3 43 21 15.9
0.0074 1 20 14 3 41 21 18.9
0.0110 1.1 21 14 4 38 22 24.4
0.0221 1.2 24 13 5 32 25 38
0.0221 1 24 14 5 32 24 40.2
0.0294 1.3 24 13 5 31 26 42
0.0442 1.4 25 13 6 29 26 49.7
0.0442 1.3 25 14 6 28 26 53.8

in previous work for ethene and methanol[24]. The follow-
ing reaction conditions were used: 13 mbar of [12C]n-butene
and 50 mbar [13C]methanol were co-reacted at 350◦C over
2.5 mg of H-ZSM-5 catalyst. The contact time was var
from 0.0044 to 0.044 h (WHSV from 226 to 23 h−1) by
adjusting the total gas flow between 10 and 100 ml/min.
Conversions, product selectivities (Table 3), reaction rates
(Fig. 11), and isotopic distributions (Fig. 12) were measured
as before. The conversion of the feed mixture ranged f
10 to 54 C% and was thus slightly higher than when prop
and methanol were co-reacted. As shown inFig. 11, extrap-
olating the rate of conversion to CT= 0 yields a value of
25 g/(g h). Pentenes dominated among the products (seTa-
ble 3), and the selectivity for pentenes extrapolates to ab
55 C%. At longer contact times, the amounts (C%) of3,
C5, and C6+ became about equal.

The isotopic data are analogous to those presented
lier for the methylation of propene. For 2-methyl-2-bute
the 12C4

13C1 isotopomer corresponding to methylation
n-butene, is by far the most prominent, and the abunda

of this isotopomer extrapolates to about 85% at CT= 0.
Double methylation is the prominent pathway for hexene
formation, as is evident from the large content of the double-
talysis 234 (2005) 385–400 393

-

Fig. 11. Rate of conversion of feed mixture versus contact time. 13 mb
n-butene co-reacted with 50 mbar methanol; total gas flow varied from
to 100 ml/min; 2.5 mg catalyst; reaction temperature 350◦C.

labeled isotopomer. Trace amounts of aromatics (met
benzenes) were also detected in this experiment. The
content of13C atoms inp/m-xylene fell from 58% at CT=
0.0044 h to 42% at CT= 0.044 h, and the isotopic distrib
ution was close to the random distribution. Ethene was
fairly rich in 13C; the total content dropped from 63 to 37
as the CT increased from 0.0044 to 0.044 h. The distribu
was close to random. Propene contained considerably f
labeled carbons than ethene, but in this case the dist
tion was fairly close to random. Overall, isobutene contai
only ∼15% labeled carbons over the investigated rang
feed rates. The isotopic distribution of isobutene was fa
close to random, although the12C3

13C was somewhat un
derrepresented (22 compared with 37%). We also anal
the isotopic composition oftrans-2-butene; as expected, th
n-butene fraction consisted mainly of unconverted react
The total content of13C in t-2-butene increased from 1.7
at CT= 0.0044 h to 5% at CT= 0.044 h.

3.4.2. Effect of butene partial pressure
We also investigated the effects of varying the but

pressure on reaction rates and isotopic composition of
products formed in the co-reaction. The experimental c
ditions were slightly different from the conditions appli
earlier. The temperature and amount of catalyst were id
tical, at 350◦C and 2.5 mg, but in this case the metha
partial pressure was 100 mbar rather than 50 mbar, an
total gas flow was 75 ml/min rather than 100 ml/min. The
butene pressure was varied in the range 3–200 mbar.

Also here, as in the methanol/propene co-reaction sys
the rates of conversion (Fig. 13a) and mono-labeled pen
tene formation (Fig. 13b) depended strongly on the alke
pressure. In analogy with the methanol/propene co-reac
system, the product selectivities showed some depend
on then-butene pressure, but the changes were modest
most prominent change was seen for the pentene selec
which fell from about 41% at very lown-butene pressures t

about 34% at ann-butene pressure of 200 mbar. The prod-
uct spectrum is therefore quite similar to that given inTa-
ble 3. The experiments were, like the preceding ones, carried
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Fig. 12. Isotopic composition of alkene products versus contact time. N
gas flow varied from 10 to 100 ml/min; 2.5 mg catalyst; reaction tempera

out with [13C]methanol and ordinary 1-butene. The isoto
composition of the products in the effluent could then be
termined. The results are displayed inFig. 14. Ethene and
isobutene were not analyzed.

As in the corresponding co-reaction experiments w
methanol/propene, here the isotopic composition of all p
ucts underwent a marked change with changes in bu
pressure. The gaseous flow rate remained constant and
practically the same as the highest flow rate used in S
tion 3.4.1(75 vs. 100 ml/min). The isotopic composition in
that case was quite close to the extrapolated limiting c
position where isotopic scrambling due to secondary re
tions was essentially absent. It is therefore admissibl
assume that the observed isotopic composition in this
also closely reflects the primary composition.

It is therefore clear that at the highest butene pressu
alkene/alkene interconversion reactions are less succes
suppressed by methanol. The dominant reaction was fo

12 13
tion of pentenes, and at low butene pressures theC4 C1
isotopomer, obtained by methylation of butene, constituted
80% of the pentene molecules. The remainder of the pen-
he scale differences. 13 mbar ofn-butene co-reacted with 50 mbar methanol; to
350◦C.

s

,
y
-

tene molecules contained more than one13C atom. Up to
a butene pressure of 25 mbar, the content of the12C5 iso-
topomer was negligible. At high butene pressures, the
tent of 12C atoms increased strongly, and at 200 mbar
12C5 isotopomer constituted 50% of the pentene molecu
This isotopomer is formed by alkene/alkene interconvers
reactions.

Less directly,Fig. 15, which displays the separate meth
nol and butene conversion rates versus butene pres
suggests the same conclusions. The methanol conve
rate initially increased very strongly with increasing bute
pressure, but the increase soon tapered off, and above
60 mbar, the increase became quite moderate. The bu
conversion rate increased essentially linearly with but
pressure. These data were obtained from the known rat
product formation (Fig. 13) and the known isotopic compo
sition of the main products.

The hexene isotopic distribution exhibited an evolut

similar to that of pentene (Fig. 14). At the lowest butene
pressures, the12C4

13C2 isotopomer, corresponding to a dou-
ble methylation, constituted nearly 80%. At 50 mbar, this
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isotopomer still constituted about 60%, but now there w
>20% of the species with only one13C atom and>5% with
the all-12C species. At 200 mbar, only 20% of the doub
labeled isotopomer remained.

Propene, always an important product in this reac
system, with about 20 C% of the products, displayed
isotopic distribution rather close to a random distributi
With increasing butene pressure,12C atoms constituted a
Fig. 13. Rate of feed mix conversion (a) and rate of mono-labeled pentene

Fig. 14. Isotopic composition of alkene products versusn-butene partial pressur
75 ml/min; 2.5 mg catalyst; reaction temperature 350◦C.
talysis 234 (2005) 385–400 395

increasingly larger fraction. At 3 mbar, the propene c
tained 55%13C; at 100 mbar, only 10%. Propene is pro
ably a product of complex alkene interconversion reactio
as are the hexene isotopomers that do not contain two13C
atoms.

The n-butene that emerged from the reactor had mo
the natural isotope content (about 4.5%) of the12C3

13C1
isotopomer. However, at the lowest butene pressures (3
6 mbar), the analysis indicated the presence of about
of each of the isotopomers with two or more13C atoms,
demonstrating that some butene, like propene and pen
is formed in reactions involving methanol.

3.4.3. Effects of the methanol partial pressure
The influence of the methanol pressure was investig

by varying the partial pressure from about 5 to 105 mb
Fig. 15. Rate of conversion of the individual reactants 3–200 mbar of

formation (b). 3–200 mbar ofn-butene co-reacted with 100 mbar methanol;
total gas flow 75 ml/min; 2.5 mg catalyst; reaction temperature 350◦C.

n-butene co-reacted with 100 mbar methanol; total gas flow 75 ml/min;
2.5 mg catalyst; reaction temperature 350◦C.
e. 3–200 mbar ofn-butene co-reacted with 100 mbar methanol; total gas flow
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The resulting effects on the rate of methylation prod
formation were moderate. Again, the reaction order w
close to zero, but a slightly positive slope was definit
observed. The product selectivities and the corresp
ing isotopic compositions were measured, and no n
worthy shifts were observed in the investigated press
range.

3.4.4. Effects of temperature variations
Determination of the activation energy of a reaction i

central part of the reaction study. We have therefore s
ied the reaction system, particularly the rate of12C4

13C1

isotopomer formation, at the following conditions: 50 mb
of methanol, 13 mbar of butene, and a total gas flow rat
100 ml/min. The isotopic distributions and the effluent co
position were determined in two different experiments, sp
ning two slightly different temperature ranges, 235–450◦C
for the isotopic composition and 225–440◦C for the efflu-
ent composition. Product selectivities and conversions
given in Table 4. The conversion of the feed mixture i
creased with the reaction temperature, from around 0.
to 19%. Pentenes (i.e., the methylation products) were d
inant among the products, but less clearly so than for
methylation of propene, and the dominance decreased
increasing temperature. The isotopic distributions are sh
in Fig. 16. The pentene isotopomer with one labeled c
bon atom is always in excess and increases from a
tle above 60 to nearly 90% when the temperature is

◦
creased from 235 to 450C. Double methylation is always

Fig. 16. Isotopic composition of alkene products versus reaction temp
flow = 100 ml/min; 2.5 mg catalyst; reaction temperature varied from 235–4◦C
talysis 234 (2005) 385–400

All products except ethene exhibited marked increa
in content of the all-12C isotopomer at the lowest tempe
atures, indicating a growing relative importance of alke
interconversion reactions at these temperatures. The iso
distribution in ethene is always close to random, and the
content of labeled carbon atoms fluctuates around 70%.

We also constructed an Arrhenius plot based on the
served rate of mono-labeled pentene formation in this c
(Fig. 17). A clear deviation from linearity is seen. We cho
the extended temperature range because such behavio
suspected, and we address this issue in more detail in
following section.

Table 4
Conversion of feed mixture and product selectivities (in C%) versus r
tion temperature. 13 mbar ofn-butene co-reacted with 50 mbar methan
total gas flow 100 ml/min; 2.5 mg catalyst; reaction temperature var
from 225a to 440◦C

T
(◦C)

C2 C3 Isobutene Butanes C5 C6+ Conversion
(%)

225 0.2–0.3
250 0.6–0.8
275 0.5 13 22 1.0 52 12 1.6
295 0.7 15 17 1.4 51 15 2.9
325 0.9 16 15 3.1 47 18 5.1
350 1.0 18 14 3.5 43 20 7.2
350 1.0 19 14 3.5 42 22 8.8
375 1.0 21 13 4.1 40 22 10.5
400 1.1 24 11 3.9 36 23 16.8
440 1.5 26 10 4.2 36 22 19.1
a Accurate product selectivities could only be determined above 275◦C,
con-
the dominant pathway for hexene formation, particularly

above 300◦C.
due to poor chromatographic resolution of isobutene and 1-butene. The
versions at 225 and 250◦C are within the tabulated ranges.
erature. 13 mbar ofn-butene co-reacted with 50 mbar methanol; total gas
40.
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Fig. 17. Arrhenius plot for the formation of mono-labeled pentene. 13 m
n-butene co-reacted with 50 mbar methanol; total gas flow 100 ml/min;
2.5 mg catalyst; reaction temperature varied from 235 to 440◦C.

4. Discussion

4.1. Conversion of alkenes in the absence of methanol

Substantial research efforts have been devoted to the
version of light alkenes over acidic zeolites[27,28]. How-
ever, most of this work has focused on either oligomeriza
to produce larger hydrocarbons or, in the case ofn-butene,
the skeletal rearrangement reaction leading to isobut
Hence very little literature data have been obtained at co
tions comparable to those used in the present study.

The key observations from our experiments in wh
propene andn-butene were reacted alone can be summar
as follows. The propene conversion decreased with incr
ing temperature. The yield of products other than isobut
from n-butene also decreased when the temperature
raised. At constant temperature (350◦C), alkene intercon
version reactions displayed a reaction order slightly be
two.

Quite clearly, the formation of products with more
less carbons than the original alkene reactant requires
initial interaction of (at least) two propene orn-butene mole-
cules. This consideration may explain both the observed
crease in conversion at increasing alkene partial press
and the increased yields at lower reaction temperatu
Lower temperatures and higher partial pressures inevit
lead to greater surface coverage, which will favor bimol
ular events. The decrease in propene conversion at ele
temperatures could also be the result of thermodynamic l
tations, as suggested by Bandiera and Ben Taarit[29], but the
equilibrium content of propene in a C2–C6 alkene mixt
at 425◦C, is around 35%[26], corresponding to 65% con
version. The observed conversion at this temperature
20 mbar propene in the feed) is only 1% (Table 1). We there-

fore consider the kinetic reasoning outlined earlier to provide
a more satisfactory rationalization of the observed degree of
conversion of propene and also for the decrease in yield of
talysis 234 (2005) 385–400 397
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products other than isobutene fromn-butene at elevated tem
peratures.

The skeletal isomerization ofn-butene to form isobuten
has been a subject of considerable debate, particularl
garding whether isobutene is formed in a monomole
lar, pseudomonomolecular, or bimolecular manner[28].
Isobutene displays a behavior opposite to that of the o
major products; the yield increases at elevated temp
tures, and the selectivity increases markedly at low alk
pressures. Hence our results indicate that this is main
monomolecular reaction under appropriate conditions,
is, very low n-butene pressures or elevated temperatu
However, at butene pressures>10 mbar, there are no indica
tions that the monomolecular mechanism overshadows
bimolecular reactions; the product distribution is very mu
as would be expected from a series of cracking reaction

We emphasize that even though the degree of alkene
version is similar with or without the presence of methan
the isotopic analysis demonstrates that the reactions in w
the alkenes are consumed differ greatly. Thus data for al
conversion collected without a methanol co-feed cannot
vide a direct measure of the alkene reactivity when meth
is present.Alkene interconversions are evidently stron
suppressed by the presence of methanol.

4.2. Methylation of alkenes

This report is an extension of our previous study
the kinetics of the methylation of ethene[24]. The experi-
mental conditions in that case were essentially the sam
those used in the present work. The main part of the
periments was carried out at 350◦C. Ethene and methano
pressures were varied from 10 to 100 mbar. The appa
energy of activation was obtained by varying the tempe
ture from 305 to 410◦C. The reaction was found to be
zero order with respect to methanol and of first-order w
respect to ethene. Based on this information, the rate
stant 2.6 × 10−4 mol/(g hmbar) was determined at 350◦C
with apparent activation energy of 103 kJ/mol. After cor-
recting for the appropriate adsorption enthalpy of ethene
“true” activation energy was estimated as∼135 kJ/mol.

Extrapolation of the rates of conversion to CT= 0
(Figs. 5b and 12) gave 8 and 25 g/(g h) in the propene
and n-butene co-reaction systems, respectively. The r
of methylation are obtained by multiplying these valu
by the respective limiting fractional values for the prod
and isotopic selectivities. This procedure yields 5.0 g/(g h)
and 11.7 g/(g h) for the methylation of propene andn-
butene, respectively.Figs. 8 and 14show that the propen
andn-butene methylation rates may be taken as first o
with respect to alkene pressure up to 30–40 mbar, altho
a clear leveling off is seen at higher pressures. The
limiting rates were obtained using different alkene par

pressures and are given on a weight basis. More compara-
ble data are thus obtained by dividing by the partial pres-
sures used and finally converting to molar units. The val-
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ues then becomekpropene= 4.5 × 10−3 mol/(g hmbar) and
kn-butene= 1.3 × 10−2 mol/(g h mbar), and the following
ratios may be obtained:kethene:kpropene:kn-butene= 1:17:50.
These rate constants are apparent rate constants that in
the alkene adsorption constants, and the ratios do not st
apply to the intrinsic rates of methylation.

The apparent activation energy for the methylation
propene (69 kJ/mol) was derived from an Arrhenius plo
(Fig. 10) through linear fitting. The results obtained on t
temperature dependence of the methylation ofn-butene by
methanol (Fig. 17) indicate that determining an apparent a
tivation energy for the methylation is not simple, beca
there is considerable deviation from linearity. But this figu
may be interpreted in a fairly straightforward way. With t
rather low partial pressures of methanol and butene used
to be expected that at high temperatures (well above 350◦C),
the coverage by both butene and methanol becomes sp
so the reaction becomes first order with respect to both r
tants. The apparent activation energy then will eventually
Eapp= Etrue+ �Hads,methanol+ �Hads,butene. At the lowest
temperatures, it is quite likely that the coverage by but
also will be high. In the case of noncompeting reactio
one might then expect to be able to measure true activa
energy. But in the present case there are three competin
actions: methylation, alkene interconversions, and dime
ether formation. The three reactions are likely to, at le
in part, involve the same sites, so clear-cut conclusions
hardly warranted. The strongly increasing relative amou
of all-12C isotopomers at the lowest temperatures sup
this point (Fig. 16). Deviation from linearity is seen also i
the Arrhenius plot for methylation of propene (Fig. 10), al-
though here it is considerably less pronounced, becaus
temperature range is narrower. To obtain the best esti
for the apparent barrier, we submitted the data points in
range 295–400◦C in Fig. 17to linear fitting. This tempera
ture range is nearly identical to that used for propene
previously for ethene[24] and covers the range in whic
the methylation reaction is closest to first order with
spect to the alkene pressure and zero order with respe
methanol. This approach yields an apparent activation
ergy of 45 kJ/mol.

Assuming that the methylation reactions are appro
mately first order with respect to the alkene partial press
and zero order with respect to methanol in a limited te
perature interval around 350◦C, the corresponding heat o
alkene adsorption should be added to these values to
tain the intrinsic activation energies. Pascual et al.[31] used
Monte Carlo simulations and force field methods to calcu
adsorption isotherms for several alkenes and found hea
adsorption of 39 kJ/mol for propene and around 45 kJ/mol
for the linear butenes on silicalite[31]. Hence the activa
tion barriers become∼110 and∼90 kJ/mol. The differences
between these activation energies are much larger tha

differences in the measuredapparent rates (1:17:50). Of
course, this is caused by the increased adsorption enthalpie
as the alkenes become larger, which in turn leads to increase
talysis 234 (2005) 385–400
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in the surface coverage. These considerations illustrate
need to compare reaction rates at identical degrees of su
coverage or to apply the appropriate corrections for such
ferences in reaction conditions.

There may be other sources of error besides the ass
tion concerning the reaction order around 350◦C. At high
temperatures, when the conversion is appreciable, som
the alkene originally formed through methylation may
consumed in further reactions, causing the measured
to be too low. Moreover, it seems to some extent unrea
able to assume that the entire amount of the mono-lab
isotopomers has been formed through methylation at
temperatures. At low temperatures, alkene interconvers
are nonnegligible relative to methylation, as is evident fr
the considerable share of the all-12C isotopomers<300◦C
(Fig. 16). Considering the total content of labeled atoms
the higher alkenes (exemplified by the hexenes), it is rea
able to assume that cracking of these would produce som
the mono-labeled isotopomers. These effects also caus
activation energy estimates to be too low. In addition, the
sorption enthalpies used to correct the apparent barrier
measured or calculated for the purely siliceous MFI fram
work. The presence of aluminum leading to acidic sites
methanol adsorbed onto these sites might affect the stre
of the alkene–catalyst interaction to some extent.

We have previously investigated alkene methylation w
theoretical methods, using a cluster consisting of four te
hedral atoms to represent the zeolite combined with
B3LYP/6-31G(d)+ZPE computational scheme[30]. The
calculated barriers were 183, 169, and 164 kJ/mol for the
methylation of ethene, propene, andn-butene, respectively
The value forn-butene is the average of the calculated val
for 1-butene (168 kJ/mol), trans-2-butene (162 kJ/mol), and
cis-2-butene (161 kJ/mol). Gratifyingly, the experimentally
observed trend in reactivity is reproduced by the calc
tions, even though the differences in barriers between
alkenes are slightly smaller in the calculations than in the
periments. The absolute values differ considerably, but
is to be expected, considering the fairly simple cluster u
to model the zeolite catalyst[30].

4.3. The minor co-reaction products

When propene orn-butene was co-reacted with methan
nonnegligible concentrations of products other than the s
ple methylation products were always detected. Moreo
the selectivities toward some of these products did not
trapolate to zero at CT= 0. With respect to the mechanis
of the MTH reaction, it is of interest to evaluate possi
routes of formation for these minor products. However
should be kept in mind that the reaction conditions used
are quite different from those usually used during stea
state conversion of methanol to hydrocarbons. This me
s
s

that even though methylation of alkenes proceeded at ap-
preciable rates in the current experiments, alkenes are not
necessarily important reaction intermediates during regular



of Ca

nd-
jor

typ-
t for
and
r
e
ze-
se.
cen-
ight

case
on.

the

tes
rom
car-
ght

be-
hen
ism

ata-
and
co-

e the

his
usi-

and
rved
so-

for
ugh
iso-
ll-
the

ng)
two
a-
ro-
s
ar-
ion

ing
unts

ther
ents
o at

ary
re-
the
ved
-
re-

what
par-

e

e-
ys-
nol
e of
eas-
res
ed

er-
anol.

ner
ress,

tml

m.

s.),
tury,
S. Svelle et al. / Journal

MTH conditions. At much lower feed rates and correspo
ingly greater conversions, aromatics will constitute a ma
share of the products in the effluent. Furthermore, the
ical adsorption enthalpy of arenes is greater than tha
small alkenes, because of both a larger molecular size
the easily perturbed conjugatedπ -electrons. Also, the large
aromatic molecules will exhibit much less diffusivity in th
fairly small zeolite pores, so the concentration within the
olite pores will be much higher than in the bulk gas pha
This means that at higher conversions, the internal con
tration of arenes and their importance as intermediates m
completely overshadow the alkenes, but in the general
both reaction pathways should be taken into considerati

4.3.1. Ethene
Ethene was always detected in trace amounts in all

co-reaction experiments. It was always fairly rich in13C, and
the isotopic distribution was close to random. Three rou
can be envisaged for ethene formation: direct formation f
methanol/dimethylether, alkene cracking, and the hydro
bon pool mechanism. Direct formation from methanol mi
seem reasonable considering the high share of the13C2 iso-
topomer detected, but this possibility may be discarded
cause no detectable amount of ethene was formed w
methanol was reacted alone. A direct formation mechan
will not depend on the presence of products in the c
lyst pores (i.e., not show any autocatalytic behavior),
the yield of ethene should be unaffected by an alkene
reactant. Alkene cracking also may be ruled out, becaus
discrepancy between the total content of13C in ethene and
the higher alkenes (exemplified by hexene) is too large. T
leaves the hydrocarbon pool mechanism as the only pla
ble route for ethene formation. The total label content
the isotopic distribution of ethene matched those obse
for p/m-xylene, which may be taken to represent the i
topic composition of the pool species reasonably well.

4.3.2. Propene and isobutene
The total label content of the propene formed in then-

butene+ methanol system was considerably lower than
ethene and the aromatics and more in line with (altho
higher than) that observed for the higher alkenes. The
topic distribution is fairly close to random, however, the a
12C and -13C isotopomers are overrepresented relative to
mixed isotopomers. This indicates complex (equilibrati
formation pathway, and the data suggest that there are
formation pathways under our operating conditions: form
tion through alkene cracking and formation through the a
matic hydrocarbon pool. The13C content of isobutene wa
less than for propene, indicating that it was formed prim
ily via alkene cracking and/or monomolecular isomerizat
of then-butene feed.
4.3.3. Hexene
In the propene+ methanol system, two pathways for

hexene formation were easily discernible: propene dimeriza-
talysis 234 (2005) 385–400 399

tion and triple methylation. The isotopomers correspond
to these formation routes were present in greater amo
relative to the other isotopomers. Whenn-butene was the
co-reactant, double methylation was dominant. But the o
isotopomers were always present as minor compon
in both systems and did not easily extrapolate to zer
CT = 0. This behavior has been discussed previously[24].

5. Conclusions

[13C]Methanol and [12C]propene or [12C]n-butene have
been co-reacted over an H-ZSM-5 catalyst. The prim
concern was to obtain kinetic data for the methylation
actions, and methylation and multiple methylations are
main modes of product formation. The previously obser
(for ethene methylation[24]) zero-order behavior with re
spect to methanol pressure and first-order behavior with
spect to the alkene pressure were retained, though some
weakened as deviations were seen over the investigated
tial pressure ranges. Activation energy estimates of∼110
and∼90 kJ/mol were found for the methylation of propen
andn-butene, respectively.

At elevated propene orn-butene partial pressures, alk
ne+ alkene reactions were not insignificant for these s
tems, and the reactivity of the alkenes without metha
present was briefly evaluated. Interestingly, the degre
alkene interconversion reaction increased with decr
ing reaction temperature. At high reaction temperatu
and low n-butene partial pressures, isobutene was form
through monomolecular isomerization. Alkene interconv
sions were strongly suppressed by the presence of meth
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