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Abstract

The role of the acid site location in H-ferrierite (H-FER) on the skeletal isomerization of linear butenes was studied.
Assignment of OH groups observed in FTIR analysis is addressed taking into account previous NMR and computational
studies regarding the FER structure. Possible locations of alkali ions in the zeolite framework are discussed. Close structure
activity relationship has been observed between Brensted acid sites located in the 10 member ring (MR) channels and
selective isobutene formation. Molecular dynamics (MD) calculations of possible products observed during n-butene
transformation at reaction temperatures support the experimental findings. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Over the past decade, skeletal isomerization of
linear butenes has been intensively investigated [1].
Catalysts based on (halogenated) alumina, silica, sil-
ica—alumina and related materials were reported to
have limited lifetime during butene isomerization
[2,3]. Substantial coke formation and butene dimer-
ization were observed with these catalysts [4]. In
many cases, water has been cofed to increase catalyst
lifetime and isobutene selectivity.

Medium pore zeolites, however, show remarkable
performance allowing yields of isobutene close to
the thermodynamic limits even under severe operat-

* Corresponding author. Tel.: +49-89-289-13540; fax: +49-89-
289-13544.
E-mail address: johannes.lercher@ch.tum.de (JA. Lercher).

ing conditions [5-9]. At partia pressures of n-butene
close to 1 bar and relatively low temperatures, where
oligomerization of olefins is a favored side reaction
of skeletal isomerization, it was possible to achieve
close to 50 mol% vyield of isobutene at 350°C in a
single pass over H-ferierite (H-FER) [10]. Other
type of medium pores zeolites such as TON, AEL
were aso reported to be good catalysts for this
reaction [11-13]. In contrast to TON and AEL, FER
contains a two-dimensional pore system, where 8
and 10 member ring (MR) channels are perpendicu-
larly interconnected. Although it was early realized
that pore dimensions are crucial, it is unclear to
present, whether or not the additional eight MR
channels (side channels) in FER contribute to the
selective isomerization reaction [14].

It has been thoroughly demonstrated that skeletal
isomerization of linear butene is catalyzed by
Brensted acid sites [15]. It was also shown that
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Lewis sites do not have a significant influence on the
selective reaction, athough they might promote side
reactions, such as hydride transfer. Thus, the role of
Bransted acid sites distribution on the overall cat-
alytic performance has to be explored in detail to
obtain a fundamental understanding of the elemen-
tary steps in n-butene skeletal isomerization.

Although the structure of FER is well established
[16], the possible location and distribution of acid
sites in the framework is still debated. Several meth-
ods were applied in order to differentiate between
their locations. Based on theoretical calculations, it
has been proposed that Brensted acid sites in the 10
MR channels would be favored for sites in the eight
MR channels [17,18]. Sarv et al. [19] using *Na,
Al and *°Si solid state NMR showed that Na* ions
are preferably located in the eight MR channels of
FER, while Bragnsted acid sites are located in the 10
MR channels. Thus, in a partially ion-exchanged
HFER strong Brensted acidic hydroxyl groups are
preferentially located in the 10 MR channels, while
Na*® would be mostly located in the eight MR
channels [19].

Potassium-exchanged FER showed similar trends
[20]. Neutron diffraction showed that K* ions were
located preferentially in the side channels, athough
the distribution of potassium was different compared
to sodium. The size of the K* ion did not allow its
extensive packing in the side channels as in the case
of sodium, more K™ ions were located in the main
(10 MR) channd of FER.

Using infrared (IR) spectroscopy, molecular mod-
eling and kinetic analysis of butene isomerization
reaction, this paper aims at demonstrating how the
catalytic activity of acid sites in the 10 and 8 MR
channels in partially exchanged H-FER can be at-
tributed to their location. Implications on the struc-
ture—activity relation using results obtained will be
outlined.

2. Experimental
2.1. Catalyst preparation
FER sample was obtained from Tosoh with a

nomina Si /Al ratio of 8in Na/K form. Si /Al ratio
of 8.1 was reconfirmed by SEM-EDX. The catalyst

was transformed into its ammonium form by succes-
sive ion exchange with 1 M NH,NO, solution at
room temperature. The particle size was measured
with scanning electron microscopy and platelet-like
particles with a diameter of 1 pm and a cross-section
of 0.05 wm were observed. BET surface area of the
sample was 202 m?/g with an apparent micropore
surface area of 165 m?/g.

Total acid site concentration determined by tem-
perature programmed desorption (TPD) with NH}
exchanges samples (liquid ion exchange) was 2.05
mmol /g. A single desorption peak of ammonia was
observed between 250°C and 450°C. “Al MAS NMR
did not show the presence of extra framework alu-
minum in the parent sample. Using pyridine adsorp-
tion, AI®* induced Lewis acid sites were not de-
tected in an in situ activated sample (for more details
see Ref. [21)).

For preparing partialy ion-exchanged FER, the
concentration of NH ,NO, was varied and the proce-
dure was performed in one step with the parent
catalyst in order to gain low ammonium content. The
samples were successively washed with deionized
water and dried at room temperature in air. The
chemical composition determined by XRF analysisis
compiled in Table 1.

2.2. TPD

TPD was carried out in vacuo using a temperature
increment of 10°C/min in the range of 150—700°C.
In a typical experiment, 45-50 mg of the sample
were evacuated to the base pressure of the system
(1072 Pa) at 150°C for 60 min to desorb the majority
of physisorbed molecules and heated to 700°C with

Table 1
Chemical composition of ion-exchanged samples in wt.% deter-
mined by XRF analysis

Samples Composition (mol %)

Al Si Na K Si/Al
H-FER-100 10.8 89.1 0.0 0.1 8.2
H-FER-65 10.6 86.8 0.1 26 8.2
H-FER-30 9.9 815 04 81 8.2
H-FER-16 9.8 80.0 0.9 9.3 8.2
H-FER-7 9.7 79.3 14 9.5 8.2

Parent material 9.6 79.0 19 9.6 8.2
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10°C/min. The desorption curves obtained were
normalized to the weight of the samples. The reactor
was a quartz glass tube connected with a vacuum
pump and a quadrupole mass spectrometer (Balzers
QMG 420) for detection of the desorbed species.

2.3. IR spectroscopy

The activation of partially ion-exchanged samples
was monitored in a vacuum IR cell, which was
placed in a BRUKER VECTOR22 IR spectrometer.
The stainless steel cell with CaF, windows was
evacuated to a base pressure of 107® mbar. The
samples were pressed into self-supporting wafers of
approximately 3 mg/cm? and activated in situ at
500°C. Spectra presented here are recorded at 350°C
in transmission absorption mode. Detailed informa:
tion on the experimental procedures can be found in
Refs. [22,23].

2.4. Catalytic measurements

The catalytic tests were conducted in a tubular
continuous flow system equipped with quartz reac-
tor. All measurements were carried out with 20 mg
of zeolite catalyst at temperature range of 250-450°C
with total pressure between 1.1 and 1.3 bars. The
catalyst without binder was held by quartz wool
plugs in the isothermal part of the oven. During
reaction a feed of 10 vol.% 1-butene (Scott Specialty
Gases, 99%) in argon (Praxair, 5.0) was used. The
weight hourly space velocity of butene was varied in
order to obtain conversions of 1-butene below 10
mol %.

The catalyst was activated in situ in the reactor in
dry argon (99.995%) flow of 60 ml/min with a
ramp of 2°/min to 400°C. The temperature was
maintained for 1 h at 400°C and subsequently low-
ered to reaction temperature. Then, the pure Ar flow
was switched to a mixture of 1-butene and Ar. More
details of the procedure during kinetic analysis can
be found in Ref. [24].

The effluent stream was analyzed on-line by gas
chromatography using a 50-m HP-PLOT /Al203 col-
umn (“S” deactivated). Data was analyzed by Chro-
matography Station for Windows (DataApex version
1.7). Initial rates are taken from 3 min time on

stream over a fresh catalyst. Carbon balance was
close to 98% throughout the experiments.

2.5. Forced molecular dynamics (MD)

Calculations were performed on a Silicon Indigo?
workstation running Insight |1 program package from
MSI using the Discover, Solids Builder and Solids
Diffuson modules. These calculations alowed a
constant directional external force to be imposed on
a guest molecule in a zeolite framework during an
MD calculation. Guest molecules were diffused in
the direction of the force aong the 10 and 8 MR
channels of FER. The MD calculations were per-
formed at 623 K using the Discover package. Molec-
ular interactions between the hydrocarbon molecules
and the zeolite pore were calculated with the cffol
czeo force field. Displacement of 0.5 A with 4000
dynamic steps (real time simulation of 4000 fs)
ensured multiple passes of molecules into channel
intersections and pore openings with good repro-
ducibility in the energy profiles. During simulation,
molecular conformations were stored periodically to
an archivefile for analysis. The stored conformations
including the overall energy of the cluster were used
to calculate the average energy barrier for diffusion
in and out from cages present in FER.

3. Results
3.1. TPD

The TPD profiles of ammonia from liquid phase
ion-exchanged FER samples are given in Fig. 1.
Annotation of the samples is based on the relative
acid site concentration (Table 2). NaH-FER-65,
therefore, denotes as a sample containing 65% of the
total exchange sites in acidic form and 35% of the
sites exchanged with alkali ions. During TPD a
single peak of desorbing ammonia between 200°C
and 450°C was observed. Repeating the experiment
on a preactivated sample (activated at 400°C for 1 h
in vacuum) with subsequent ammonia adsorption at
room temperature and evacuation at 150°C for 1 h
resulted in the same TPD spectrum indicating that
only the decomposition of NH} contributed to both
experiments.
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Fig. 1. TPD of ammonia after liquid ion-exchanged at room
temperature. Parent material: Na-FER with Si/Al ratio of 8,
evacuation at 150°C for 1 h prior to experiment.

3.2. IR spectroscopy

The values of acid site concentration obtained
from TPD were in good agreement with the inte-
grated areas assigned to the Bronsted acid sites at
3593 cm™! acquired using in situ IR spectroscopy
(Table 2). The band corresponding to the terminal
OH groups (silanol groups) was found at 3741 cm™?
(Fig. 2). The overtones of the lattice vibrations were
found in the region of 2500—-1550 cm™*.

As it was reported earlier [25—27], the main peak
has an asymmetric shape, being extended to lower
frequencies with a less pronounced shoulder at 3550
cm~ L. In order to evaluate the possible contribution
of acid sites at different location in the FER structure

Table 2

HFER-100

HFER-65
1 HFER-30
0 HFER-16

3500 3000 2500 2000 1500
Wavenumber (cm™")

Absorbance (arb.u.)

Fig. 2. In situ IR spectra of activated partially ion-exchanged
H-FER samples. Notation is based on the integrated TPD curves
of ammonia desorption. Spectra recorded at 350°C in vacuum
(base pressure of 10~® mbar) after activation at 500°C for 1 h.

to this complex peak, a deconvolution procedure was
performed on the experimental spectra. Curve fitting
of the spectra using a set previously proposed by
Ref. [28] did not give satisfactory results. Although a
good fit could be obtained over the fully acidic
sample, with decreasing acid site concentration the
relative intensities of the peaks did not reflect the
expected qualitative change in acid site location
demonstrated by NMR.

Modification of the position and width of peaks
used resulted in full convergence at different acid
site concentrations (Fig. 3) with less peaks and mini-
mal solutions in residuals. The first three bands at
3743, 3601 and 3591 cm™! are assigned to the
terminal OH, the bridging OH located in the 10 MR
channels, and in the cages in the eight MR channels,
respectively. The fourth peak at 3561 cm™! is tenta-
tively assigned to the Bransted acid sites in the six

Acid site concentration determined by TPD of ammonia and IR spectroscopy over partially ion-exchanged samples

Sample Acid site concentration
Relative (%) Absolute (mmol /@)
From temperature From From temperature
programmed desorption infrared programmed desorption

H-FER-100 100 100 2.05

H-FER-65 65 69 133

H-FER-30 30 25 0.61

H-FER-16 16 15 0.33

H-FER-7 7 8 0.14
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Fig. 3. Deconvolution of IR spectra of

MRs, pointing towards the 10 MR channels[20]. The
assignment of the remaining two bands are ambigu-
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ous, the fifth band at 3540 cm™?! could be attributed
to the OH groups in the five MRs [29].
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Fig. 4. Areas of deconvoluted bands from Fig. 3 in a function of acid sites concentration determined by ammonia TPD. Plot A: curve fit
based on Zholobenko et al. [28]. Plot B: modified set of curve fit used, shown in Fig. 3. Legends: @ terminal OH groups, ¥ Bransted acid
sites in the 10 MR channels, B Brgnsted acid sites in the eight MR channels, ¢ Bronsted acid sites in the six MR channels.
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Comparison of the relative areas of fitted bands is
graphically represented in Fig. 4. All the molar
extinction coefficients of the deconvoluted peaks
were assumed to be equivalent. This implies a uni-
form relation between the concentrations of sites to
peak abundance contrary to what can be expected
from the different properties (peak position and half
width) of the corresponding bands. Nevertheless, it
still provides a good indication of the variation in the
relative concentration of different type of acid sites
with increasing overall acid site concentrations.

The relative areas of different OH groups ob-
tained from the deconvolution according to Ref. [28]
are shown in Fig. 4A. Although wide fitting parame-
ters were kept during deconvolution, only low accep-
tance in the convergence criteria could be achieved
on samples with low Brensted acid site concentra-
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0O 20 40 60 80 100
Acid site concentration (%)

1e-5

Propene
8e-6 |

6e-6
4e-6

2e-6

Rate of formation (mol/s)

0 20 40 60 80 100

Acid site concentration (%)

tions. A linear decrease in intensity with decreasing
overall acid site concentration can be observed for
all OH groups. When the deconvolution was carried
out with the modified set of parameters (Fig. 4B),
the OH group assigned to the 10 MR channels shows
saturation above 65% overall acid site concentration
in line with expectations from *Si and *Al MAS
NMR [19]. Similar discrepancy from the linearity is
not observed with the other OH groups.

3.3. Catalytic performance

The rates of formations of ethene, propene,
isobutene and pentenes in the function of acid site
concentration are presented in Fig. 5. As it can be
seen, the rate of propene, pentene and ethene forma-
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Fig. 5. Initial rate of formation of isobutene, ethene, propene and pentenes as the function of acid site concentration. Data collected at 3 min
TOS at various temperatures with 1-butene pressure of 100 mbar and WHSV of 160 h™!. Legends: @ 250°C, O 300°C, v 350°C, v

400°C, m 450°C.
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tion is a linear function of acid site concentration in
a wide range of temperatures over FER. However,
the rate of isobutene formation reached its maximum
at approximately 65% of acid sites. Further increase
in acid site concentration did not improve the
isobutene production in the whole temperature range.
At lower temperatures (below 350°C), the maximum
was reached at already 30% of acid sites available.
This shows that for an optimum concentration of
isobutene, not all the acid sites are required in the
pore structure. Oligomerization and subsequent
cracking resulting in propene and pentenes, on the
other hand, were further enhanced by increasing acid
site concentration at all the temperatures.

3.4. Molecular modeling

The average energy barrier, the lowest energy and
the position of the molecule in the framework ob-
tained at 350°C during forced MD of selected
molecules are given in Table 3. The calculations
were performed in the direction of the 8 or 10 MR
channelsin order to estimate the threshold a molecule
has to pass while entering or leaving a channel.

Table 3

Estimated diffusion properties of selected molecules in FER structure

153

Since in the direction of the side channels 8 and 10
member cages are aternating, a separate number was
obtained for entering or leaving an eight MR cage
for every molecule. This alows to detach diffusion
barriers in this direction, when molecules are formed
inside of the cage or forced to enter it.

In the direction of the 10 MR ring channels, all
linear molecules showed very low energy barriers
during forced diffusion except cis-2-butene. The bar-
rier cis-2-butene undergoes is much higher due to its
nonlinear shape inducing large intermolecular repul-
sion during diffusion. As expected, the branched
molecules exhibit higher energy barriers in the 10
MR channels compare to the linear structures.
Isobutene and 2-methyl-2-butene showed relatively
smaller barrier compare to 2,2,4-trimethyl-pentane
(2,2,4-TMP), which was above 100 kJ/mol. The
variation of approximately 20 kJ/mol in the ob-
served energy barriers is mainly due to the change in
the conformation of the molecules passing through
the pore. It should be noted that the calculations
were performed at 350°C, which already induces
several conformational isomers in larger molecules.

The diffusion pathway in the direction of the eight
MR channels is more complicated. Since in FER

Molecule Eparrier (kJ/mol)
8 Member ring 10 Member ring
Entering the cage® Leaving the cage® Across the window
Ethene 8 9 —2°
Propene 20 29 4
1-Butene 71 80 10
trans-2-Butene 12 24 2
cis-2-Butene 59 59 48
Isobutene 250 360 30-50¢
1-Pentene 75 103 17
trans-2-Pentene 64 100 6
2-Methyl-1-butene 160 140 58-80¢
2-Methyl-2-butene 200 210 25-50¢
2,2,4-TMP® 550 800 110

Forced MD were performed in the direction of the 8 and 10 MR channels at 623 K with rigid framework. Simulation time: 4000 fs.
Numbers are taken after a periodic pattern in the energy profile was reached.

#Energy barrier when the molecule enters the eight MR cages from the 10 MR channels.

bEnergy barrier when the molecule leaves the eight MR cages to the 10 MR channels.

“Stabilized at the window.
dDependi ng on the local conformation of molecule.
2,2,4-TMP.
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aternating cages and 10 MR channels in the direc-
tion of the eight MR channels exist, diffusing guest
molecules will undergo two different transitions.
They can enter the eight MR cages only from the 10
MR channels, and they will leave the eight MR
cages into a 10 MR channels.

Considerable higher diffusion barriers were found
for linear and branched molecules in the direction of
the eight MR channels. Branched molecules, such as
isobutene, methylbutenes and 2,2,4-TMP showed re-
markably high barrier (see Table 3) in entering or
leaving the 8 member cages. It is interesting to note
that that pentene isomers showed slightly lower bar-
riers compared to isobutene.

4, Discussion

Among the suitable zeolite catalysts for n-butene
skeletal isomerization reaction, only FER has a two-
dimensional pore system. Interestingly, FER is the
only catalyst that was shown a significant variation
in selectivity vs. time on stream. This raises the
question whether the pore structure is related to the
unusua catalytic behavior, and furthermore, if the
arrangement and location of acid cites in FER have
any effect on the catalytic performance.

Molecular modeling of the FER structure led to
the conclusion that among the existing locations,
acid sites are preferably formed in the 10 MR chan-
nels. Additionaly, it was concluded that alkali cations
prefer the exchange positions in the eight MRs due
to higher stabilization offered by the smaller zeolite
pore in these channels. The experimental findings of
Sarv et al. [19] based on ®Na, Al and *°Si showed
that indeed Na* is located in the eight MR channels
of partialy ion-exchanged FER samples. Further-
more, it was shown before [20] that akali ions
located in the side channels block the transport of
molecules.

When Na' ions are replaced by K* ions, a
different distribution occurs regarding the location of
ions due to the larger size of potassium. Aluminum
was found to be evenly distributed among the T sites
(our sample is the same as the FER studied by Sarv
et a. [19] and Wichterlova et a. [26]). Due to the
configuration of T sites in FER (Fig. 6 and Ref.
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Fig. 6. Wt.% of sodium and potassium content of ion-exchanged
samples in the function of acid site concentration. Circles corre-
spond to K, O, triangles to Na,O content.

[30D), it is expected that duminum at the T1 and T5
sites is compensated from the 6 MRs by potassium.
Aluminum at the other T sites, T2, T3 and T4 is
compensated from the 10 MR channels, either by
Na* or K* ions.

Quantitatively, it means that two thirds of the
exchange sites, approximately 60—65%, are compen-
sated from the 10 MR channels by potassium, and
the rest is from the eight MR cages. Practically, a
larger variation of acid site concentration can be
achieved in the 10 MR channels, when potassium is
present instead of sodium.

The potassium and sodium content of the ion-ex-
changed samples are compared in Fig. 7. In genera,
sodium is exchanged preferentially. Sodium is nearly
completely removed at already 30% NH} exchange
level, as it is most likely located in the 10 MR
channels, while potassium is found to be more stabi-
lized in the eight MR channels.

Thus, we concluded that at low acid site concen-
trations, acid sites are most probably located in the
10 MR channels, while the exchange positions in the
eight MR channels are occupied by Na* or K* ions.
With increasing exchange degree, al the sites in the
10 MR channels are transformed to acidic hydroxyl
groups.

Deconvolution of the bands of the Bragnsted acidic
hydroxyl groups leads to an independent insight over
the possible locations of acid sites in the framework
[31,32]. The deconvolution produced results very
similar to those obtained with solid state NMR and
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Fig. 7. FER framework projected on ab plane. Tetrahedral sites
are numbered as in Ref. [30].

kinetic measurements (Fig. 3). Due to the different
locations of akali counter ions, the Brgnsted OH
groups assigned to the T4 sites cannot be differenti-
ated from the other 10 MR channel acid sites, con-
trary to what has been suggested in Ref. [28]. There-
fore, the three major Bransted acidic peaks can be
assigned directly to the bridging OH groups in the
10, 8 and 6 MR channels, respectively. The satura-
tion observed in the abundance of the 10 MR chan-
nels OH groups at 65% of total acid site concentra-
tion (see Fig. 4) is in perfect agreement with the
modeling studies, the kinetic results of this study and
the NMR results of Sarv et al. [19].

When the relative abundance of the various
Bronsted acid sites is compared to the rates of
formation of different products (see Figs. 4 and 5), a
remarkable similarity between isobutene formation
and the abundance of acid sites in the 10 MR
channels is observed. This strongly suggests that the
rate of isobutene formation is a direct function of the
Bransted acid site concentration in the main chan-
nels. Since the presence of these acid sites in the
eight MR channels did not increase the rate of
isobutene formation, we conclude that the Bransted
acid sites in the side channels of FER do not play a
significant role for this reaction.

Consecutive reactions starting from isobutene
cannot be excluded in the fully acidic sample. The
rate of isobutene formation reached its top at 65% of
acid site concentration, and dlightly decreased at

100%. This suggests that isobutene might have re-
acted further by for instance oligomerization and
cracking leading to by-products over the acid sitesin
the eight MR channels. Nevertheless, it is clearly
shown that acid sites in the eight MR channels do
not improve the overal rate of isobutene formation
in FER.

In contrast to isobutene, the formation of by-prod-
ucts, such as ethene, propene and pentene increased
with increasing concentration of acid sites in the
eight MR channels. The relative ease of diffusion of
ethene and propene out of these channels supports
this finding. Pentene formation is also improved by
acid sites present in eight MR cages.

Based on data obtained from MD calculations, it
was possible to estimate the average energy barrier a
molecule has to overcome, when it migrates in the
channels of FER at reaction temperatures. In general,
under dynamic conditions linear molecules showed
consistently lower diffusion barriers compared to
branched ones. The dlight increase in energy of the
molecules containing a double bond at the end of the
chain is mainly due to their less symmetric shape.
The double bond at the end of the chain induced
torsion in the structure during interaction with the
pore wall. The same reasoning can explain the higher
barrier for cis-2-butene as pointed out earlier.

In the direction of the eight MR channels, the
differences between linear and branched molecules
were plausibly larger. It is interesting to note that
amost al of the molecules exhibited higher diffu-
sion barrier leaving the eight MR cages compared to
entering. Our observation showed that most of the
molecules found very stable conformations in the
eight MR cages. This can be attributed to the close
interaction between the guests and the pore wall.
Although the confined space allowed great stabiliza-
tion, it also induced large repulsion with small dis-
placements. This resulted in higher energy barriers
during diffusion: the extensive repulsion forces
brought significant torsion in the structure of hydro-
carbon guests.

Under these circumstances, any additional stabi-
lization can dramatically reduce the energy barrier.
Indeed, pentenes showed somewhat lower energy
barrier in diffusion in and out from these cages
compare to isobutene, they were in the range of the
linear butenes. Our calculations showed that when
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these molecules were leaving the cage, significantly
higher van der Waals attractive forces were present
due to the extra carbon atom in their skeleton induc-
ing further stabilization, and therefore reducing the
overall barrier. Contrarily, in the case of the 2,2,4-
TMP considerable relaxation in the cage was not
observed. It can be rationalized as follows. Firgt, the
molecule did not stabilize in the cage because of the
high repulsion forces present due to its bulkiness. In
addition, the extensive branching of this molecule
necessitated very high intramolecular torsion during
diffusion resulting in extreme energy barriers.

Highly branched octenes, such as 2,2,4-TMP were
proposed in the literature to be intermediates in
butene isomerization. Our simulations showed that
their formation is possible inside FER, but their
diffusion is hindered in both the main and side
channels. It implies that the adsorption of these types
of molecules would be very difficult under reaction
conditions, which is in excellent agreement with
adsorption studies where branched octanes were
found to have very low coverage [33]. Furthermore,
it suggests that octenes involved in intracrystalline
by-product or isobutene formation most probably
rarely leave the zeolites particle if they are formed
inside. This supports our previous finding, where
kinetic data showed no correlation between octene,
propene and pentene formation [24].

5. Conclusions

Using NH} liquid phase ion exchange of NaK-
FER at ambient temperatures, it was possible to
obtain FER samples with Bransted acid sites exclu-
sively in the 10 MR channels. The preferential ad-
sorption of alkali ions made it possible to differenti-
ate between acid sites located in the 10 and 8 MR
channels (main channels and side channels, respec-
tively). Comparison of the catalytic performance of
samples having acid sites only in the main channels
or in both main and side channels revealed that only
the acid sites in the main channels are involved in
the selective isomerization reaction leading to
isobutene. Acid sites in the side channels (eight MR
channels) are concluded to contribute to side reac-
tions resulting in the formation of by-products, such

as propene and pentenes. Thus, we conclude that
only 10 MR channels are effective for n-butene
skeletal isomerization, and the presence of additional
eight MR pores does not improve the selectivity to
isobutene. With respect to the fact that H-FER cata-
lysts improve remarkably their selectivity to
isobutene with time on stream, we speculate that in
this process the acid sites in the eight MR cages
deactivate.

Molecular modeling of alkanes in FER showed
that the diffusion of highly branched hydrocarbonsis
somewhat hindered in the 10 MR channels. The
diffusion barrier in the eight MR channels is, in
contrast, so high for the same molecules that at
reaction temperature directed motion cannot occur.
In contrast, the energy barrier for monobranched
pentenes was found to be in the range of butenes.
This confirms the conclusions from experiments that
the eight MR channels do not contribute to the
selective isomerization reaction leading to isobutene,
but might be involved in propene and pentene forma-
tion.
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