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Due to its use in the synthesis of methyl
tert-butyl ether (MTBE) which is an important
component of the gasoline pool, there is a re-
newed interest in the selective isomerisation of
n-butene into isobutene. Many patents and liter-
ature papers relative to the selective skeletal
isomerisation of butene over medium pore zeo-
lites have been published recently [1-6]. In
particular, H-FER (ferrierite) was found to give
high yield of isobutene. However, the high
isobutene efficiency was obtained only after the
H-FER was contacted with the feed for several
hours [3-6].

On protonic sites, it was proposed that the
isomerisation n-butene to isobutene could occur
via two different mechanisms [5]:

(1) A monomolecular pathway via the forma-
tion of secondary and primary carbenium ions
giving 100% selectivity in isobutene.

(2) A bimolecular pathway via the formation
of secondary—secondary carbenium ions giving
a Cy intermediate, followed by its cracking into
propene and pentenes and into butene and
isobutene. Recently, it has been shown that the
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monomolecular pathway is prevailing on deacti-
vated ferrierites which have high selectivity to
isobutene [7]. The skeletal isomerisation of n-
butene according the monomolecular pathway
involves the formation of a cyclopropane carbe-
nium ion intermediate followed by the highly
energetically and thermodynamically un-
favourable ring opening to form the primary
carbenium ion (CH,),—~CH-CH; [8]. To over-
come such a difficult and unfavourable step it
was proposed recently [9] that the active site,
for the selective isomerisation of butene into
isobutene on coked H-FER, was a carbenium
ion residue (R,)(R,)R;)-C*. n-Butene would
adsorb on this site to form a secondary carbe-
nium ion:

[
| +
(R)) (Re) (Rs)-C* + C-C=C-C - (R(Re)(Rs) -C - C-C-C

which rearranges by methyl and hydride shifts
into

c

|
(R) (Rz)(Ry)-C-C-C-C

+
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B-scission of this intermediate would lead to
isobutene and regenerate the active site. Accord-
ing to this mechanism the isomerisation reaction
can proceed only via secondary—tertiary carbe-
nium ions. This type of ‘carbonaceous’ active
site which is not frequently invoked to explain
such catalytic properties would permit a more
facile transformation of n-butene to isobutene
relative to a protonic acid site (see (1) above).
Coke formation, on H-FER has two effects [3]:
(1) a decrease in the number of protonic acid
sites and (2) a partial pore blockage.

We have tried to ‘mimic’ the role of the coke
by decreasing the number of protons by ion
exchange of H-FER with lithium ions or ce-
stum ions. Thus, we have been able to compare
the initial selectivities of zeolites having differ-
ent number of acid sites and having cations of
different sizes which block to different extents
the space available in the pores and in the
channels of the ferrierite. For this purpose we
have used a commercial ferrierite material from
TOSOH (Atlanta, USA, batch 720 KOA).

This starting material has been described in
the literature [3] and has a Si/Al ratio of 9. The
starting material contains Na® and K* as bal-
ancing cations. It was exchanged twice with a 1
M NH ,CI solution at 363 K over night to obtain
the ammonium form.

Part of this batch was then back-exchanged
with a lithium solution in order to decrease the
number of NH ions (1 M Li solution at 353 K
for different times, see Table 1). Another por-
tion of the batch was exchanged with a cesium
solution (1 M Cs solution, see Table 1).

AU NH} /Li* or NH} /Cs™ exchanged sam-
ples were then calcined in a flow of oxygen at
773 K in order to transform the ammonium
form of the zeolite into its protonic form. We
used IR spectroscopy (OH vibrations at 3600
cm ™! corresponding to protonic sites) to check
that the number of remaining protons decreased
when the lithium or cesium content increased. A
series of solids having decreasing numbers of
acid sites was obtained as shown in Table 1.

The location of Li* or Cs* exchanged cations

Table 1
Exchange level and hydroxyl group relative concentration in
H-FER exchanged with lithium or cestum

Sample %Exchange Absorbance of the
level IR OH vibration
at 3600 cm ™!
(A-U)
H-FER 0 100
H-Li-FER 23 75
82 15
94 S
H-Cs-FER 46 55
55 43
80 18

* From elemental chemical analysis. In percentage of exchange-
able protons.

is at this stage unknown but, due to the experi-
mental procedure used for Li* or Cs* ex-
change, it is very likely that for high exchange
levels the protons present at the outer surface of
the zeolite crystallites have been completely
removed by ion exchange. This assumption has
been confirmed by using IR spectroscopy and
2,5-dimethylpyridine adsorption: for Li* and
Cs™ samples exchanged at 82 and 80%, respec-
tively (see Table 1) no change was observed in
the OH absorbances at 3600 cm™' after pyri-
dine adsorption at 323 K [10].

These materials were tested in dynamic con-
ditions for the n-butene isomerisation reaction
(T=673K, P¢ u, = 26 kPa, the complement to
atmospheric pressure being nitrogen). Different
WHSYV were used to reach nearly similar con-
versions which is necessary to compare selectiv-
ities quantitatively and in a meaningful manner.

In order to minimize the aging of the cata-
lysts with time on stream, the conversions were
maintained at values lower than 40% and the
bracketing technique was used: the reactor was
fed for 2 min with the mixture butene +
nitrogen, the reactant and products being ana-
lyzed and then the reactor was purged with
nitrogen and then with oxygen for 30 min and
again purged with nitrogen until the next run.
For such experimental conditions, no deactiva-
tion was observed and the results can be consid-
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ered as being obtained on a catalyst containing
no carbon deposits.

Table 2 indicates that the isobutene selectiv-
ity is low on the non-modified and non-coked
material, the major products being propene and
pentenes. For Li modified samples, it is ob-
served that the selectivity (at constant conver-
sion) does not increase much when the density
of the acid sites is decreased. In contrast, for
cesium modified samples, it is noted that the
selectivity is greatly improved. For the solid
having the highest cesium loading, a isobutene
selectivity as high as 85% was obtained. A
comparison between Li and Cs based samples
having only 20% of the initial concentration of
acid sites also indicates that the more bulky
cation, Cs, causes a dramatic change in selectiv-
ity compared to the less bulky cation. For H-
Cs—-FER containing almost no carbonaceous
residues, the skeletal isomerisation of n-butene
occurred with a relatively high selectivity. Over
such materials one could not invoke that car-
bonaceous carbenium ion residues are responsi-
ble for the isomerisation reaction as suggested
in Ref. [9]. Thus one has to accept that the
energetically non-favourable monomolecular
mechanism may occur over these H-Cs—FER
materials without the necessity of
(R (R,HR;)-C™, active sites.

One remaining question is how the presence
of cesium enhances so remarkably the isobutene
selectivity whereas Li is of little influence. As
mentioned above, the size of the cation and its

Table 2

location have to be considered. It has been
shown that the K™ cation is located at the
intersection of the 10 and 8-ring channels of
FER [i11]. In such a case, the diffusion of
molecules in the 10-ring channels will be hin-
dered and thus K*-FER should behave like a
one dimensional system. Cs™ having a larger
size (1.67 A for Cs* and 1.33 A for K*) will
most probably cause such diffusional limitations
to a larger extent. Furthermore Cs™ may also
block intersecting channels. Thus the volume
available at the intersection will be too limited
in size to allow the formation of the bulky
branched C;~ dimers and the bimolecular
mechanism generating, propene and pentenes
will be thus considerably decreased. The selec-
tive monomolecular mechanism will thus pre-
vail.

This model, the transformation of FER (3-di-
mensional pores system) into a mono-dimen-
sional pore system by Cs™ exchange, nicely fits
the results of the literature [12] indicating that
zeolite MTT (monodimensional pore, 5.2 X 4.5
A) exhibits a high selectivity for n-butene skele-
tal isomerisagion. In contrast, the smaller Li*
cation (0.68 A) allows still enough space for the
oligomerisation-cracking reaction as the im-
provement in isobutene selectivity is not en-
hanced compared to non-modified ferrierite.

It is suggested that on coked H-FER, the
intersections of the 8-ring and 10-ring channels
are preferentially blocked by the carbonaceous
residues. The result is that the formation of

Catalytic properties of the non-modified and modified ferrierites. n-Butene reaction at 673 K, Pc u, = 26 kPa, complement to atmospheric
pressure: N,. Isobutene selectivity, (C basis) calculated by considering all normal butenes as reactant. Time on stream: 2 min. WHSV

adjusted to have nearly identical conversions

Sample H-FER H-Li-FER H-Cs—FER

Me exchange level Me exchange level

23 94 45 55 80
Butenes conversion * (%) 40 36.7 40.8 43 41 36 37
Isobutene selectivity ® (%) 49 51.7 56 68 78 845

* Conversion is defined as (C,, — C,,)/C;, X 100, where C,, is the number of moles of 1-C,H,, C,, = X(1-C,H + 2-cis-C,H, + 2-
trans-C 4 Hy). Contact times were adjusted to have a conversion close to 40% for all samples.
® Carbon basis, all linear butenes (1-butene, 2-cis and 2-trans butene) are considered as reactants.
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branched C3~ dimers, formed initially within
the space available at the intersecting channels,
becomes inhibited over coked H-FER. As in
H-Cs-FER, the selective monomolecular
mechanism is proposed to prevail in this situa-
tion.

1. Conclusions

The non-selective skeletal isomerisation of
butene normally occurs via a bimolecular mech-
anism where n-butenes are forming, by
oligomerisation, an iso Cg carbenjum ion, fol-
lowed by the non-selective B-scission of this
intermediate giving iC,_, C,_, C,;_ and C,._.
The non-selective isomerisation occurs on the
external surface of H-FER as well at (or near)
the intersecting channel cavities where the space
available is large enough to accomodate the C,
carbenium ion. The monomolecular selective
isomerisation occurs in the channels of H-FER
where the space is not large enough to accomo-

date C; carbenium ions independently of the
nature of the species restricting the channel
dimensions (Cs™ or carbonaceous deposit).
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