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Abstract

The mechanism of propane conversion into butanes over H-MFI as catalyst has been investigated using controlled
atmosphere 13C MAS NMR spectrsocopy. The labelled reactant was propane 2-13C and the reactant loading was varied from
0.5 to 4 molecules per MFI unit cell. The nature of the primary labelled products was found to depend on the propane partial
pressure. A high pressure of propane enhances its bimolecular disproportionation to ethane and both butane isomers. At low
pressure, the formation of i-butane only is favoured. A detailed mechanistic pathway is proposed to account for both high
pressure and low pressure observations. The proposed mechanisms were ascertained by studying the effect of several

Ž 13 .additional probe molecules C H 2- C, C H , H , H O and CO . q 1999 Elsevier Science B.V. All rights reserved.3 6 6 6 2 2
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1. Introduction

The activation and functionalisation of light
Ž .C –C alkanes are current major challenges of1 3

catalytic chemistry. Innovation in this field
would open commercially attractive routes for
the replacement of olefinic reactants by more
economical alkane feeds. From a fundamental
point of view, the unveiling and understanding
of novel selective routes to activate C–H bond
and form new C–C bonds are problems which
have received and continue to attract the great-
est attention of both homogeneous and hetero-
geneous catalysis researchers.

) Corresponding author. Fax: q7-095-9328846

We have recently demonstrated that activa-
tion of propane on zeolite H-MFI occurs via a
monofunctional mechanism involving the proto-
nation of propane on the strong Brønsted sites
of H-MFI, to form carbonium-ion type transi-
tion states which can evolve further in four
different ways resulting in 13C scrambling in
propane, cracking, dehydrogenation and dispro-

w xportionation 1,2 . Our model is in line with the
non-classical carbonium ion mechanism pro-
posed for the activation of alkanes on acidic

w xzeolites 3–9 which relies on the formation of
pentacoordinated carbonium ions followed by
their cracking and dehydrogenation.

By tracing the fate of the 13C label in strate-
gically labelled propane, two additional mecha-
nistic pathways for the evolution of proponium
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ions were identified. They explain the scram-
bling of the 13C label in propane and its dispro-

w xportionation 1,2 . The first mechanism involves
the transient formation of C-ethanemethonium
along with C-proponium or H-proponium ions.
The second one provides an explanation for the
observation of ethane and butanes at the initial
stages of the reaction. These mechanisms ratio-
nalise the effect of reaction conditions, namely

w xthat of the propane partial pressure 2,10 , on
the formation and isomeric content of the bu-
tanes.

The present contribution focuses on the for-
mation of n- and i-butane in the early stages of
propane conversion, analyses in more detail the
effect of propane partial pressure, and substanti-
ates further the nature and role of the previously
proposed cationic transition states.

2. Experimental

2.1. Materials

Ž .MFI zeolite SirAls35 was prepared as
w xdescribed elsewhere 11 . The acidic form was

obtained by ion exchange with NH Cl 1 M,4

followed by calcination at 773 K for 5 h. The

catalyst was characterized using XRD, electron
microscopy, FTIR, solid state 27Al and 29Si MAS
NMR, and sorption of n-hexane. Propane 2-13C
Ž .99.9% enriched used as labelled reactant was
obtained from ICON Services Inc. Propylene

13 Ž . Ž 13 .2- C 99.9% enriched and benzene 5% C
were obtained from MSD isotopes. H and CO2

were provided by Alphagas.

2.2. Controlled-atmosphere 13C MAS NMR
measurements

Controlled-atmosphere experiments were per-
formed in sealed Pyrex NMR cells containing
catalysts and adsorbates, fitting precisely into
double-bearing Bruker zirconia rotors. The NMR

w xcells preparation is described elsewhere 12,13 .
13C MAS NMR measurements were carried out
on MSL-300 and MSL-400 Bruker spectrome-
ters operating at 75.15 and 100.6 MHz, respec-
tively. Quantitative conditions were achieved
using high-power gated proton decoupling with
suppressed NOE effect. In several cases, cross

Ž .polarization experiments contact time 5 ms
were performed to distinguish between species
with different mobilities. In a typical NMR
experiment, the sealed NMR cell is rapidly

Table 1
Conversion of propane 2-13C over H-MFI in the presence of various additives

Experiment 1 2 3 4 5 6 7 8

Reactants
Ž .Propane moleculesru.c.

Labelled 0.5 4 – 4 0.5 4 1 0.5
Non-labelled – – 4 – – – – –

13Ž .Probe molecule moleculesru.c. – – C H 2- C C H COqH O COqH O C H H3 6 3 6 2 2 6 6 2

0.5 0.5 0.5q0.5 4q4 9 1

Ž .Reaction temperature K 573 573 523 523 473 473 548 573

Ž .Initial product selectivity %
Methane – 3 – – – – 21 20
Ethane – 10 – – – 10 18 80
n-Butane – 55 30 18 – 70 – –
i-Butane 100 32 45 65 – 20 – –
i-Pentane – – 25 16 – – – –
i-Butyric acid – – – – 100 – – –
Toluene – – – – – – 19 –
Ethylbenzene – – – – – – 22 –
Propylbenzenes – – – – – – 10 –
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heated to a selected temperature at which it is
maintained for a given time. The NMR spec-
trum is recorded after quenching of the sample
cell down to 293 K. After collecting the NMR
data, the cell is returned to pre-determined reac-
tion conditions and heated for progressively
longer periods of time. Propane 2-13C was the
labelled reactant. In some experiments, the reac-
tion was performed in the presence of additional

Ž 13molecules propylene 2- C, benzene, H , H O2 2
.and CO to probe the nature and behaviour of

reaction intermediates with a short life time.
The experimental conditions are reported in
Table 1.

2.3. Treatment of data

The conversion of propane at time t is de-
Ž .fined as Xr,ts 1y Ir,trIr,o , where Ir,t is the

sum of the integral intensities of the resonances
corresponding to propane in the NMR spectrum
after heating for t minutes, Ir,o is the integral
intensity of the propane resonance in the initial

Ž . Ž .NMR spectrum ts0 . Selectivity % to prod-
uct p at time t is calculated as Sp,ts
Ž .Ip,trS Ip,t )100 where Ip,t is the integral in-
tensity of the resonance lines of product p in
the NMR spectrum after heating for t minutes.
Initial selectivities were obtained from plots of
selectivity vs. conversion by extrapolation to
zero conversion.

3. Results and discussion

3.1. Effect of propane partial pressure on the
formation of butanes

13C MAS NMR spectra observed after ad-
sorption and reaction of various amounts of

13 Ž .propane 2- C see Table 1 over zeolite H-MFI
are shown in Figs. 1 and 2. The initial spectra
show resonances at ca. 17–20 ppm, correspond-
ing to the labelled methylene group of propane.
The number of resonance lines, their chemical
shifts and their linewidths depend strongly on
propane coverages. At low surface coverage by

Fig. 1. 13C MAS NMR spectra for the propane 2-13C reaction at
Ž .573 K with low loading of propane Sample 1, Table 1 .

Ž .propane Fig. 1 , strong adsorption sites are
preferentially populated, resulting in a broad
resonance shifted relative to solution data and a
narrow resonance corresponding to more mobile
propane species. As the propane surface cover-

Ž .age increases Fig. 2 , adsorption sites of weaker
energies also become populated and the result-
ing resonance is narrower and only slightly
shifted.

Activation and reaction of propane begin at
573 K. The labelled products observed in the
13C NMR experiments are listed in Table 2. A
comparison of the 13C MAS NMR spectra rep-
resented in Figs. 1 and 2 shows that propane
coverage indeed influences the nature of the
products which are formed and thus the reaction
mechanism. The main NMR lines observed in
experiments at high propane coverage corre-

13 Ž .spond to propane 1- C 16 ppm , n-butane
Ž . Ž .13 and 26 ppm , i-butane 24 ppm , ethane
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Fig. 2. 13C MAS NMR spectra for the propane 2-13C reaction at
Ž .573 K with high loading of propane Sample 2, Table 1 .

Ž . Ž .6 ppm , and methane y7 and y11 ppm . A
more detailed discussion of these line assign-

w xments is given elsewhere 10,13 . At low
propane coverage, the major product is i-butane;
small amounts of ethane and methane appear
only at longer reaction times.

The stoichiometry of paraffin cracking re-
quires the formation of 1 mol of olefin for each
mole of lower paraffin or hydrogen produced.
However, olefinic products are usually not ob-
served in NMR experiments of the type de-

w xscribed in the present work 12–16 , probably
because they undergo rapid secondary reactions
leading to heavier products with low mobility
and interacting strongly with the zeolite. These
products are oligomers and carbonaceous
residues. Indeed, 13C carbon balances indicate
that, in some experiments, up to 20% of 13C
labels are not detected. The resonances of
oligomers and polymeric species appear to be

broadened beyond detection limit. Although the
identification of such olefinic products would
not give information on the reaction mecha-
nism, paraffins are diagnostically useful at low

w xconversion 3 since they undergo only few
secondary reactions.

Initial selectivities to the labelled paraffinic
products are listed in Table 1. At high propane
loading, both butane isomers and ethane are
found to be the major primary reaction prod-
ucts, suggesting that the main reaction pathway
at high partial pressure of propane is the bi-
molecular disproportionation of propane:

2C H ™C H qC H 1Ž .3 8 2 6 4 10

The initial ratio of labelled products, C H r4 10
Ž .C H , is about 9 Table 1 , much higher than2 6
Ž .expected from Eq. 1 . This may be due to the

fact that non-labelled ethane and double-labelled
butanes are preferentially formed at the initial
stages of the reaction when 13C scrambling in

Table 2
Assignments of the resonances observed during propane 2-13C
reaction over H-ZSM-5

v Indicates 13C labelled carbon atoms.
)Assignments confirmed in separate experiments with correspond-
ing model compounds adsorbed on the same zeolite.
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propane is low. Another possible explanation is
the competitive adsorption of products by the
zeolite when the NMR cell is quenched to ambi-
ent temperature for spectra acquisition. Indeed,
the adsorption energy of alkanes in zeolites
increases in the following order: CH -C H4 2 6

w x-C H -C H 17 . Hence, when initial sur-3 8 4 10

face coverages are high, butanes should be pref-
erentially adsorbed while ethane may largely
remain in the gas phase and only be partially
detected in our experimental conditions.

At low surface coverage of propane, neither
ethane nor n-butane are observed at the initial
stages of the reaction; i-butane is the only pri-
mary product. The formation of i-butane only
can hardly be explained by disproportionation
Ž Ž ..Eq. 1 . To account for the low pressure obser-
vations, we proposed earlier another mechanis-

w xtic pathway 2 which is consistent with an
oligomerization–cracking mechanism via carbe-

w xnium ion-type intermediates 18–21 . It involves
the formation of polymeric hydrocarbon chain
intermediates by classical cationic polymeriza-
tion of propylene formed upon decomposition
of proponium ions. These polymeric intermedi-
ates are known to give mainly i-alkanes by

w xcracking 18,19 . In our case, i-butane should
preferentially be formed:

� 4nC H ™ polymeric species ™iC H3 8 4 10

� 4q polymeric species qH 2Ž .2

Ž .As discussed earlier, polymeric olefinic species
cannot be observed under our experimental con-
ditions and i-butane therefore appears as a
pseudo-primary reaction product.

The latter mechanistic pathway was investi-
gated further by carrying similar experiments in
the presence of small amounts of propylene. In

Ž .a first experiment sample 3, Table 1 , unla-
Ž .belled propane 4 moleculesruc. was reacted

13 Žin the presence of propylene 2- C 0.5
. Žmoleculesruc. . In the second experiment sam-
.ple 4, Table 1 , the reactants were propane

13 Ž2- C and unlabelled propylene same loadings
.as for sample 3 .

The 13C MAS NMR spectrum of sample 3
Ž .Fig. 3 taken immediately after adsorption
shows two narrow NMR lines at 17 and 16
ppm, corresponding to the methyl and methy-

Ž13lene groups of unlabelled propane C in natu-
.ral abundance , and a broad line at about 32

ppm corresponding to CH groups in polymericx

species formed as a result of the rapid oligomer-
ization and polymerization of propylene on H-

w xMFI 14 . Heating of this sample at 523 K leads
to isomerisation and 13C label scrambling in
these long chain hydrocarbon species, followed
by their cracking and formation of isobutane
Ž . Ž .line at 24.1 ppm , n-butane 13.4, 26.0 ppm

Ž .and isopentane 21,9 ppm . i-Butane is the ma-
Ž .jor primary product Table 1 as predicted by

w xclassical carbenium ion chemistry 18,19 .

Fig. 3. 13C MAS NMR spectra for the propane 2-13C reaction at
Ž .523 K in the presence of propylene Sample 3, Table 1 .
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Ž .For sample 4 Fig. 4 , the initial spectrum
shows only a resonance at 17 ppm, correspond-
ing to the methylene group of propane 2-13C;
non-labelled propylene-derived species are be-
yond the detection limit due to their small abun-

Ž .dance only 0.5 moleculesruc. and line broad-
ening. Heating at 523 K leads to the formation

Ž .of i-butane as the main initial product Table 1 ,
confirming thereby that the observation of i-
butane as a pseudo-primary product at low load-
ing in propane is due to the formation and
oligomerisation of propylene followed by the
cracking of the oligomers.

In conclusion, controlled atmosphere NMR
results suggest that high partial pressures of
propane favour the bimolecular disproportiona-
tion of propane to ethane and both butanes,
whereas monomolecular propane dehydrogena-
tion is preferred at low partial pressures of
propane; the latter is followed by propylene

Fig. 4. 13C MAS NMR spectra for the propane reaction at 523 K
13 Ž .in the presence propylene 2- C Sample 4, Table 1 .

oligomerization and cracking of the oligomers
to yield i-butane as the main reaction product.

Proponium ions are the most probable tran-
sient species in the former pathway while for
the latter, propenium ions as transient state and
propylene as the first product are key intermedi-
ates. Hence, confirming further the nature and
the behaviour of these intermediates and tran-
sient species in the initial steps of the reaction
becomes of key importance for a more detailed
understanding of propane activation and butanes
formation.

3.2. Trapping of highly reactiÕe intermediates
by Õarious probe molecules

It has been demonstrated that highly reactive
carbenium ions formed on zeolite catalysts can
be trapped in the presence of various additives

w x w xsuch as CO, H O 22,23 or benzene 24,25 .2

When carbenium ion chemistry is suspected to
operate, such experiments provide additional in-
formation on the nature and mechanistic role of
these ions.

3.2.1. Effect of CO and H O2

The reaction of CO and H O with olefins2
Ž .Koch reaction is known to proceed easily at

w xambient temperature over acidic zeolites 23 .
The first step of this reaction is the protonation
of the olefin on a Brønsted site leading to a
carbenium ion. The latter reacts with CO and
H O to yield the corresponding carboxylic acid.2

If propenium ions or propylene are indeed inter-
mediate species for the low pressure mechanis-

Ž Ž ..tic pathway Eq. 2 , one expects the formation
of some isobutyric acid when the reaction is
carried out in the presence of CO and H O.2

To confirm this hypothesis, sample 5 with
low loadings of propane 2-13C, CO and H O2

was prepared as described in Table 1. Since
isobutyric acid decomposes on H-MFI at 573 K,
the reaction was carried out at a lower tempera-

Ž . 13ture 473 K and longer contact times. C CP
MAS NMR spectra obtained immediately after
adsorption and in the beginning of the reaction

Žare presented in Fig. 5. The only resonance 36
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Fig. 5. 13C CP MAS NMR spectra for the propane 2-13C reaction
at 473 K in the presence of equimolar amounts of CO and H O2
Ž .Sample 5, Table 1 .

.ppm detected in the beginning of the reaction
corresponds to the methyne group of isobutyric

13 Ž .acid 2- C Table 2 . It is very broad and slightly
Ž .shifted with respect to solution data 34.1 ppm ,

and is only observed in CP conditions. It corre-
sponds therefore to strongly bound species with
low mobility. At longer reaction times, the NMR
resonances of the butanes and ethane are also
detected. The observation of isobutyric acid,
labelled at its methyne group as the only pri-
mary product confirms our proposal of a mecha-
nistic pathway involving the preferential dehy-
drogenation of propane and the formation of
2-propenium species at low partial pressures of
propane.

At high partial pressures of propane 2-13C,
CO and H O, a quite different picture was2

Ž .obtained Table 1, experiment 6 . No isobutyric
acid was detected at 473 K and the reaction

carried out at 573 K gave butanes and ethane as
in the case of propane alone. These experiments
confirm our proposals about the nature of the
intermediate species and reaction pathways.

3.2.2. Effect of benzene
The formation of transient carbenium ion

species at low propane partial pressures was
confirmed previously by reacting propane with

w xbenzene on H-MFI catalysts 24,25 . The obser-
vation of cumene and n-propylbenzene as pri-

Žmary reaction products Table 1, propylben-
.zenes in experiment 7 evidenced the role of

propenium ions. It should be noted however that
propylbenzenes are not stable under our experi-

w xmental conditions 24 . Therefore the initial se-
Ž .lectivity towards propylbenzenes was low 10%

and thermodynamically favoured species,
toluene and ethylbenzene, were preferentially
observed. The formation of butanes was inhib-
ited in the presence of benzene due to the
trapping of highly reactive propene carbenium
ions by benzene and the subsequent formation
of alkylbenzenes.

3.2.3. Effect of H2

As dehydrogenation was proposed to be the
major reaction pathway at low propane cover-
age, one may expect that addition of hydrogen
will inhibit dehydrogenation and enhance the
contribution of parallel reactions.

Ž .Sample 8 Table 1 , comprising co-adsorbed
propane 2-13C and H , was prepared to verify2

this proposal. The only primary products ob-
served after reaction at 573 K are ethane and
methane, confirming that in the presence of
hydrogen cracking is favoured at the expense of
dehydrogenation.

3.3. Mechanism proposal

Two routes are proposed for the formation of
Ž .butanes from propane: 1 monomolecular dehy-

drogenation followed by oligomerization and
Ž .cracking, at low partial pressure of propane, 2
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bimolecular disproportionation to butanes and
ethane at high partial pressure of propane.

The identification of the primary labelled
products observed in experiments carried out at
either high or low loading of propane, the
mechanistic analysis of possible reaction inter-
mediates, and the confirmation of the nature of
these intermediates through the effects of vari-
ous probe molecules substantiate these propos-
als.

The scheme shown in Fig. 6 rationalizes and
integrates further these mechanisms. Propane
interacts with strong Brønsted sites of H-MFI
via direct protolytic attack of C–H or C–C
bonds, leading to isomeric C Hq carbonium3 9

ions previously proposed to explain the activa-
w xtion of propane by H-MFI catalysts 1,2 . These

C Hq carbonium ions evolve to yield butanes3 9

via two different pathways depending on
propane partial pressure. It is expected that a
bimolecular pathway should be favoured at

Ž .higher propane pressure coverage .
The monomolecular dehydrogenation of

C Hq carbonium ions leading to dihydrogen3 9

and 2-propenium ions is preferred at low
Ž .propane coverage pressure . 2-Propenium ions

can further rearrange to propylene, restoring the
Brønsted acid sites. Propylene then undergoes

w xrapid cationic polymerization on H-MFI 14
followed by isomerization and cracking of inter-
mediate carbenium ions, yielding preferentially

w xi-butane 21 . The reaction intermediates leading

to i-butane cannot be observed under our exper-
imental conditions, which explains why i-butane
is observed as a pseudo-primary product at low
propane loading.

At high propane pressure, C Hq carbonium3 9

ions react with other propane molecules to give
ethane and butonium ions. The latter ions evolve
to yield n-butane or i-butane via deprotonation
and regeneration of the zeolite Brønsted acid
sites. Consecutive or concerted mechanistic
pathways can be proposed to explain the forma-
tion of butanes as shown in Fig. 7. The consecu-
tive route is initiated by the attack of a zeolite
proton on the C–C bond of propane. The tran-
sient proponium ion is stabilized by two basic
oxygens in the vicinity of the framework Al site
Ž .Fig. 7a . Cleavage of the three-center and O–H
bonds results in the formation of ethane and of a
CHq carbenium ion bound to the zeolite frame-3

Ž .work methoxy group . In the second reaction
step, this CHq carbenium ion attacks the C–C3

bond of another propane molecule similarly to
the attack of a zeolite proton. The butonium ion
which is formed and stabilized by zeolite frame-
work can rearrange further to butanes and re-
store the Brønsted acid site. Both n-butane and
i-butane can be formed depending on the struc-

Ž .ture of transition state Fig. 7a .
In contrast, only one reaction step is involved

in the concerted reaction pathway: the direct
attack of the C-proponium ion on the C–C bond

Ž .of propane Fig. 7b . The possible transition

Fig. 6. Effect of the partial pressure of propane on the mechanism of butanes formation over H-MFI catalysts.
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Ž . Ž .Fig. 7. Consecutive a an concerted b mechanisms for the disproportionation of propane on H-MFI catalysts.

state includes two basic oxygen anions of the
zeolite framework. As for the consecutive
mechanism, both isomers of butanes can be
formed depending on the structure and evolu-
tion of the transition state.

The mechanisms proposed in Figs. 6 and 7
account for our experimental observations.
Quantum mechanical calculations are however
required to confirm the possibility of achieving

such transition states, establishing their role, and
to support our proposals.

4. Conclusions

It is proposed that the propane conversion,
yielding n-butane and i-butane on H-MFI cata-
lysts, occurs via two reaction pathways of which
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the relative importance depends on the propane
Žpartial pressure. Low propane pressure cover-

.age favours the monomolecular dehydrogena-
tion of propane followed by the oligomerisation
of propylene, the formation of polymeric hydro-
carbons, and their cracking. This pathway leads
preferentially to i-butane. High propane pres-

Ž .sure high coverage leads to bimolecular dis-
proportionation which yields ethane and the two
butane isomers.
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