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Abstract

Butene skeletal isomerization over H-ferrierite (H-FER) is monitored in a catalysis set-up including a tapered element
oscillating microbalance (TEOM) and using in situ infrared (IR) spectroscopy. For the first time the location and number of
vacant Brønsted acid groups sited in the 10, 8, 6, and 5 membered rings (MRs) of the H-ferrierite framework are established
as a function of time-on-stream (TOS). By deconvolution of the acid site-band, it is determined that with proceeding reaction
the 8 MR channels are blocked and the available micropore volume and Brønsted acidity on the aged H-ferrierite will be
primarily located inside the 10 MR channels. When a maximum amount of hydrocarbons is deposited on the catalyst, vacant
Brønsted acid sites are still present. Additionally, IR spectroscopy shows that with TOS carbonaceous deposits are slowly
converted from hydrogen-rich alkyl-aromatics into hydrogen-poor cyclopenta-fused-alkyl-aromatics, reducing by-product
formation and therefore enhancing isobutene selectivity.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A growing demand for isobutene as a raw mate-
rial for methyl-tert-butyl-ether (MTBE), an octane
enhancing fuel additive, has brought about large
industrial and scientific interest for the skeletal iso-
merization of linear butenes to isobutene. The zeolite
ferrierite in its acidic form H-ferrierite (H-FER) con-
taining 10, 8, 6, and 5 membered rings (MRs)[1]
is an exceptionally selective and stable catalyst for
this reaction[2,3]. The initial isobutene selectivity is
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rather poor, but with longer times-on-stream (TOS)
very high selectivities and stabilities can be reached.
The alteration in catalytic behavior is often associ-
ated with a change in the prevailing reaction pathway
[4–8]. Evidence for this was provided by Meriaudeau
et al. [5], de Jong et al.[6], and Cejka et al.[8] us-
ing 13C-labelled butenes, demonstrating that over a
fresh H-FER scrambling of the13C-label occurred
whereas with prolonged TOS hardly any scrambling
was observed. This points out that initially isobutene
is formed via a non-selective dimerization–cracking
pathway while in the long run isobutene is produced
via either a monomolecular, pseudo-monomolecular
[7] and/or selective dimerization–cracking pathway.
Although there is an ongoing debate on which of
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these pathways will be the main route for isobutene
production[9–11], it is commonly established that the
selective performance of H-FER coincides with the
presence of carbonaceous deposits[4,6,7,12]. How-
ever, the role of these deposits and the importance of
the H-FER Brønsted acid sites are not straightforward
[9–15] and will be investigated in this study.

To correlate the amount of carbon deposited on
H-FER with its catalytic performance in butene skele-
tal isomerization, a catalysis set-up including a tapered
element oscillating microbalance (TEOM) is used. In
literature, data on the final amount of carbon deposited
on the catalyst as determined by ex situ methods are
available [6,16,17]. Additionally, the formation of
deposits with time has been monitored in conven-
tional microbalances[4,18]. In such measurements,
however, reactants are not forced to flow through the
catalyst bed like in a down-flow fixed bed reactor.
Consequently, the relation between the amount of
carbonaceous deposits and the catalytic action can not
be fully assessed. Chen et al.[19] clearly described
the advantages of the application of a TEOM over
conventional microbalances by studying the oligomer-
ization of ethene over ZSM-5. Since all properties
of a down-flow fixed bed reactor are maintained the
TEOM offers the possibility to quantitatively monitor
the formation rate and amount of carbonaceous de-
posits in situ[19–24], hence in real time, providing
valuable information with respect to catalysis.

To establish the nature of carbonaceous deposits
and the number of Brønsted acid sites and their lo-
cations as a function of TOS, in situ infrared (IR)
spectroscopy is applied. Zholobenko et al.[14] and
Domokos et al.[15] demonstrated for a fresh H-FER
that it is possible to deconvolute the band correspond-
ing to Brønsted acidity into separate contributions. In
that way, the OH groups sited at the different loca-
tions in the framework were identified. Zholobenko
et al. [14] applied computational and experimental
techniques (ammonia TPD and accessibility studies)
to interpret the IR spectra and reported five peaks that
correspond to bridging OH groups vibrating in (1) the
10 MR channels, (2) the intersections between the 8
MR and 10 MR channels, (3) the 8 MRs, (4) the 6
MRs and (5) the 5 MRs. Domokos et al.[15] could not
differentiate between the two different Brønsted acid
sites in the 8 MR channels as detected by Zholobenko
et al.[14]. However, they were able to distinguish the

differently located Brønsted acid sites as a function of
the extent of sodium-exchange. In this study, it will
be demonstrated for the first time that it is possible
to distinguish the differently located Brønsted acid
sites in the H-FER structure during butene skeletal
isomerization. The relative numbers of the vacant
Brønsted acid sites are determined as a function of
the amount of carbonaceous deposits. Furthermore,
when a maximum amount of coke is deposited on the
catalyst the location of the vacant Brønsted acid sites
is revealed, thus giving information on the location
of the carbonaceous deposits.

Combining the information provided by in situ IR
spectroscopy with the TEOM results, an overall image
is obtained reflecting the role of carbonaceous deposits
and the location and availability of Brønsted acid sites
during butene skeletal isomerization over H-FER.

2. Experimental

2.1. Ferrierite

Commercially available high silicon-NH4+ fer-
rierite (Zeolyst Int. Si/Al 30) was activated in a
dry nitrogen flow at 823 K for 12 h to obtain the
H+-ferrierite. The sample displayed an acid site
concentration of 0.53 mmol g−1, as determined by
temperature programmed desorption–thermogravic
analysis (TPD–TGA) usingn-propylamine. Nitrogen
physisorption/t-plot analysis shows an external sur-
face area of 42 m2 g−1 and a micropore volume of
0.132 ml g−1.

2.2. TEOM/catalysis

The catalytic experiments were performed in a ta-
pered element oscillating microbalance (1500 PMA,
Rupprecht & Pataschnick) in order to monitor the for-
mation of carbonaceous deposits in situ. The design of
the TEOM reactor is such that it consists of a packed
catalyst bed through which all the reactants are forced
to flow. Because of its excellent sensitivity (in the mi-
crogram range with a sample amount of 10–100 mg)
and stability, the TEOM reactor provides the possibil-
ity to study real-time catalyst deactivation by uptake
of carbonaceous deposits while performing cataly-
sis. The functioning of the TEOM is based on the
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relationship between natural frequency (f ) of the ta-
pered element holding the catalyst, and its mass (m):

m2 − m1 = K0

[(
1

f2

)2

−
(

1

f1

)2
]

(1)

whereK0 is the spring constant for the tapered ele-
ment used in the experiment and the subscripts 1 and
2 refer to the change of mass and frequency with time.
For a detailed description of the TEOM, we refer to
Chen et al.[19,21]and Hershkowitz and Madiara[20].

The tapered element was loaded with 53 mg of
H-FER particles (90–150�m). Quartz wool was used
on top and bottom of the catalyst bed to keep the parti-
cles firmly packed. Measurements were performed at
623 K and 1.3 bar. Mass flow controllers adjusted the
incoming gas flows. Reaction products were analyzed
on-line using a Shimadzu 17A gas chromatograph
with a Chrompack PLOT capillary column (fused
silica-Al2O3/KCL, 50 m × 0.32 mm) equipped with
a flame ionization detector. Prior to testing the sam-
ples were dried in situ in nitrogen at 623 K. All mass
changes were corrected for temperature and gas den-
sity differences by performing blank runs over inert
samples. The weight hourly space velocity (WHSV)
was varied from 4 to 27 gn-butenegH-FER

−1 h−1 by
adjusting the puren-butene gas flow (Hoek Loos,
1-butene,≥99.5%). Conversion is defined as the mo-
lar ratio of all products (�= n-butene) to all compounds
detected. Selectivities are calculated as the molar ratio
of a certain product to all products (�= n-butene).

2.3. IR spectroscopy

FT-IR spectra were recorded on a Perkin-Elmer
Spectrum One instrument during the skeletal isomer-
ization ofn-butene at atmospheric pressure and 623 K.
The H-FER sample was pressed into a self-supporting
wafer of approximately 3 mg and a diameter of 0.5 cm,
by applying a pressure of 200 MPa. The wafer was
placed in an in situ IR cell and heated up to 623 K in
He stream (10 ml min−1) to remove adsorbed water.
IR spectra during adsorption and reaction ofn-butene
on the sample were recorded using a 9 ml min−1

n-butene/helium flow (Pn-butene/Ptotal = 0.225). The
first 4 h TOS an MCT detector recorded the spectra
at a time interval of 5 min and during measurements
20 scans (22 s) were taken. After 4 h spectra were

recorded at a time interval of 5 h using a MIR-TGS
detector (100 scans,∼9 min). The spectra were mea-
sured in transmission mode from 4000 to 1000 cm−1

(4 cm−1 resolution) and after background subtraction
(spectrum of the empty cell) normalized to the over-
tone lattice vibration of the dried H-FER between
1880 and 1860 cm−1 (A = 0.3), which is a good
measure of the thickness of the wafer. The OH stretch
region (4000–3000 cm−1) was deconvoluted using
the Origin 6.1 software program, assuming Gaussian
bandshapes.

Check experiments have been performed taking
spectra of H-FER samples, aged ex situ in a normal
down-flow fixed bed reactor. For these samples, the
trend in the vacancy of Brønsted acid sites is very
similar to the results that will be reported here, which
confirms the present study to provide representative
insight in the number of vacant Brønsted acid sites
duringn-butene reaction.

3. Results

3.1. TEOM/catalysis

Fig. 1 displays the catalysis results for butene
skeletal isomerization over H-FER and the amount of
carbonaceous species monitored in situ by the TEOM
as a function of TOS. Already with short TOS a
large amount of deposits is present on the catalyst,
while the catalytic behavior is still liable to significant
changes. InTable 1, data are collected to exemplify
the numerical changes in carbon uptake and catalytic
performance of H-FER with TOS. Initially at 1 h
TOS, the catalyst contains 2.5 wt.% carbon and dis-
plays 81% conversion, however, isobutene selectivity
and yield are low, i.e. 20 and 16%, respectively. In
the region around 20 h TOS, the amount of deposits
levels off at 6.4 wt.% while conversion declines,
isobutene selectivity increases and the yield is slightly
enhanced. With proceeding reaction the carbon con-
tent slowly increases to a final value around 6.8 wt.%
at 300 h TOS. It is important to note that during this
slow weight growth, then-butene conversion largely
decreases to a final value of 25% at 300 h TOS and
isobutene selectivity increases to 87%. Hence, the
change in activity and selectivity can not be directly
related to the amount of carbonaceous deposits.
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Fig. 1. Catalytic performance and carbon uptake of H-FER during butene skeletal isomerization at 623 K, 1.3 bar and 4 gn-butenegH-FER
−1 h−1

monitored in a TEOM reactor.

Table 1
Effect of TOS on the carbon uptake,n-butene conversion, isobutene selectivity and yield during butene skeletal isomerization over H-FER
at 623 K, 1.3 bar and WHSV= 4 gn-butenegH-FER

−1 h−1

TOS (h) Carbon uptake (wt.%) ConversionnC4
= (mol%) SelectivityiC4

= (mol%) Yield iC4
= (mol%)

1 2.5 81 20 16
20 6.4 65 32 21

100 6.6 40 64 25
300 6.8 25 87 22

Due to the opposite trends in conversion and selectiv-
ity, the net isobutene yield is almost constant with all
TOS, although a shallow maximum is observed around
100 h TOS.

The carbon content of the final aged H-FER sample
is 6.8 wt.% as monitored by the TEOM. The depo-
sition of carbonaceous deposits reduces the catalyst
micropore volume to 0.013 ml g−1 and the external
surface area to 19 m2 g−1. Hence, part of the pores
of the aged and selective H-FER catalyst is still ac-
cessible for nitrogen. Since the kinetic diameters of
nitrogen andn-butene are in the same range[4,6], one
may assume that up to the same volume is accessible
for butene molecules.

Over aged and selective H-FER, i.e. at 300 h TOS,
the WHSV was varied. In theory, this would result in
net changes in conversion, selectivity and yield since
the rates of the (pseudo)monomolecular and/or bi-
molecular reactions are different[25]. Fig. 2 shows
that increasing the WHSV, thus decreasing the contact
time, enhances isobutene selectivity while both con-
version and yield are diminished in a similar manner.
These results are in good agreement with Byggnings-
backa et al.[26].

Fig. 2. Conversion, yield and selectivity determined for aged and
selective H-FER holding 6.8 wt.% C at varying WHSVs, 623 K
and 1.3 bar withPn-butene/Ptotal = 1.

3.2. IR spectroscopy

In Fig. 3, the IR absorption spectrum of H-FER
is shown. An intense band is found at 3580 cm−1,
which is assigned to the stretch vibration of the bridg-
ing Si–OH–Al hydroxyls, the Brønsted acid sites
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Fig. 3. IR spectrum of H-FER obtained atT = 623 K under 10 ml min−1 He flow, after background subtraction (spectrum of the empty cell).

[14,15,27,28]. The signal at 3740 cm−1 is assigned
to the stretch vibration of the terminal hydroxyls, the
silanol groups[14,15,27,28]. An additional band is
found at 3700 cm−1, which originates from Lewis
acidic non-framework aluminium species[28,29].
In the 2100–1500 cm−1 region, the overtones of the
H-FER lattice vibrations are found.Fig. 4 displays
the OH regions of H-FER for the in situ recorded
spectra at different TOS. With increasing TOS the
total intensity of the OH band decreases, i.e. the
number of acid sites reduces most likely because of
irreversible deposition of carbonaceous species. Ad-
ditionally, a broad band appears around 3300 cm−1,
which is assigned to Brønsted OH groups that are

Fig. 4. In situ IR spectra of the OH region of H-FER without reaction and duringn-butene reaction at various times-on-stream at 623 K,
1.0 bar andPn-butene/Ptotal = 0.225.

H-bonded to a C=C double bond. This band in-
creases in intensity until 5 h TOS and then reduces
again.

In order to establish the contribution of the OH
sites at different framework positions to the overall
Brønsted acid band, the OH region of the IR spec-
trum for the fresh H-FER was deconvoluted. An
excellent fit was obtained using the set of parameters
proposed by Domokos et al.[15], taking into account
the difference in experimental conditions.Fig. 5A
displays the deconvoluted OH region of the H-FER
spectrum and inTable 2 the matching assignments,
peak positions, half-height bandwidths and integrated
areas of the peaks are listed. At 3740 cm−1, the band
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Fig. 5. Deconvolution of the OH region of the H-FER IR spectrum (T = 623 K, under 10 ml min−1 He flow)—( ): experimental spectra;
( ): computed spectra; (—): single components. (A) fresh H-FER, 0 h TOS. (B) Aged H-FER at 1 h TOS (Pn-butene/Ptotal = 0.225).

of the silanol groups is found. The band assigned to
non-framework aluminium is composed of two con-
tributions, at 3715 and 3673 cm−1. The band corres-
ponding to the Brønsted acidity is composed of
four contributions. The first two bands at 3590 and
3580 cm−1 are assigned to the bridging OHs in the

Table 2
Parameters for the deconvolution of the OH region of the spectrum for fresh H-FER as shown inFig. 5A, bandshapes are assumed to be
Gaussian

Acid site Peak position (cm−1) Half-height bandwidth (cm−1) Integrated area

Silanol group 3740 11.8 1.58
Non-framework aluminum 3715 41.7 4.29
Non-framework aluminum 3673 55.1 3.58
Brønsted acid sites in 10 MR 3590 90.1 6.52
Brønsted acid sites in 8 MR 3580 31.6 3.37
Brønsted acid sites in 6 MR 3528 76.7 2.94
Probably Brønsted acid sites in 5 MR 3475 119.5 1.35

10 MR channels, and in the 8 MR channels, respec-
tively. The third band at 3528 cm−1 is assigned to the
Brønsted acid sites in the 6 MRs, pointing towards
the 10 MR channels. The assignment of the band at
3475 cm−1 is ambiguous, but might be attributed to
the OH groups in the 5 MRs[14,15].
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Fig. 6. Number of vacant Brønsted acid sites on H-FER with TOS (T = 623 K, Pn-butene/Ptotal = 0.225). (A) Total number, normalized
on the number of Brønsted acid sites on fresh H-FER. (B) Number in the 10 MR channels (�), in the 8 MR channels (�) and in the 6
MRs pointing towards the 10 MR channels (�). The relative numbers of sites are normalized on their respective initial number of sites.

The OH regions of the spectra obtained with TOS
were also deconvoluted such that the peak posi-
tions and half-height bandwidths were similar as for
the fresh H-FER (Table 2), with exception of the
non-framework aluminium bands, which merge into
one band at 3698 cm−1. Fig. 5B shows the deconvo-
luted OH region after 1 h TOS. Until 5 h TOS, the
deconvolution resulted in good fits, after that only
the total number of Brønsted acid sites could be
determined.

All the molar extinction coefficients of the Brønsted
acid sites are assumed to be identical[15]. As a con-
sequence, the relative number of vacant Brønsted acid
sites in the different channels as a function of TOS can
be determined using the results obtained by deconvo-
lution of the OH regions of the aged H-FER samples.

The total number of Brønsted acid sites as a function
of TOS is represented inFig. 6A. In Fig. 6B, the rel-
ative band areas, i.e. the concentrations of the acid
sites at the different locations relative to their respec-
tive initial concentration are shown as a function of
TOS. After 20 h TOS, there is no significant further
change in the number of acid sites. At this stage al-
most all (97%) silanol groups have been consumed,
while around 15% of the non-framework aluminium
(Lewis acid sites) and 5% of the Brønsted acid sites
are still free (Fig. 4). CombiningFig. 6A and B, it is
implied that vacant Brønsted acid sites are still present
in the 10 MR channels, in the 8 MR channels and in
the 6 MRs pointing towards the 10 MR channels.

The in situ infrared spectra, displaying the region
that characterizes carbonaceous species deposited on
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Fig. 7. In situ IR spectra of carbonaceous deposits formed duringn-butene reaction over H-FER at various times-on-stream at 623 K,
1.0 bar andPn-butene/Ptotal = 0.225. The IR spectrum of the dried H-FER without deposits is subtracted.

H-FER are displayed inFig. 7. The absorption at
1514 cm−1 corresponds to the carbon–carbon bond
vibration of aromatics, at this stage such species are
hydrogen rich, i.e. non-condensed[30,31]and already
moderately present after 1 h of exposure ton-butene.
This band rapidly increases with longern-butene
contact. After few hours, additional signals around
and 1580 and 1616 cm−1 appear that in combination
with the band at 1514 cm−1 indicate the presence
of hydrogen-poor carbonaceous deposits[30,31].
Moreover, the peak around 1420 cm−1 indicates the
presence of cyclopentane ring structures attached to
aromatics. Also two contributions can be distinguished
at 1438 and 1352 cm−1, induced by the bending
modes of CH2- and CH3-aliphatic groups, respec-
tively [30–32]. Combination of these results suggests
that with prolonged TOS cyclopenta-fused-aromatic
ring structures with alkyl-groups are present on
the catalyst, as was also demonstrated by Andy
et al. [30].

4. Discussion

4.1. On the location of the Brønsted acid sites

Fig. 1 and Table 1 demonstrate that the skeletal
isomerization ofn-butene over H-FER is accompa-
nied by the formation of large amounts of carbona-
ceous deposits. Combining the results ofFigs. 1, 4

and 7, it is clear that the initial deposition of carbon
lowers the amount of Brønsted acid sites, resulting
in a decrease of the overalln-butene conversion.
The enhancement in isobutene selectivity shows
that the conversion-drop is due to a suppression
of non-selective dimerization–cracking reactions,
which dominate the catalytic action with short TOS
[5,6,8].

With respect to the alteration in the catalytic perfor-
mance, discussion is focused on the role of carbona-
ceous deposits and the importance of the Brønsted acid
sites and their locations[9–15]. Concerning this last
aspect, this study demonstrates for the first time that
deconvolution of spectra recorded in situ, thus during
n-butene reaction, resulted in good fits (Fig. 5B) us-
ing the set of parameters obtained for fresh H-FER
(Fig. 5A andTable 2). In this way, the contributions
of the silanol groups, the non-framework aluminum
and the different Brønsted acid sites have been distin-
guished, in good agreement with Domokos et al.[15].
Brønsted acid sites in the 10 MR channels, in the 8
MR channels, in the 6 MRs pointing towards the 10
MR channels and those that are assumed to be in the
5 MRs, are identified.Figs. 4 and 6Aindicate that
with short TOS there is a reduction in the overall num-
ber of Brønsted acid sites.Fig. 6B shows that in the
first 3 h TOS, a fast decrease of the sites in the 8 MR
channels occurs. This agrees with nitrogen physisorp-
tion results[12] that revealed that with low coke con-
tent (short TOS) there is a fast decrease in micropore
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volume attributed to a blockage of the 8 MR chan-
nels. As a result of such pore blocking effects not all
the Brønsted acid sites in the 8 MR channels are con-
sumed, hence there are still vacant sites present but
most likely not accessible forn-butene. At the same
time, Fig. 6B shows that the acid sites located in the
10 MR channels and 6 MRs are deactivated at a lower
rate. This again correlates with nitrogen physisorption
results[12] showing that there is a slow linear decrease
in micropore volume with higher coke contents, i.e.
with longer TOS.

The TEOM results inFig. 1 show that the amount
of deposits on H-FER levels off around 20 h TOS.
From the IR results inFig. 6A, it is clear that after
20 h TOS no large changes in the total number of
vacant Brønsted acid sites are observed. Furthermore,
Fig. 4 reveals that when a maximum amount of de-
posits is present on the catalyst, almost all silanol
groups are consumed, although some non-framework
aluminum is still available. In the end, the catalyst
micropore volume is 0.013 ml g−1 indicating that
part of the pores of the selectively operating cata-
lyst is still accessible. CombiningFig. 6A and Bit
is suggested that at this stage vacant Brønsted acid
sites are still present in the 10 MR channels, the 6
MRs pointing towards the 10 MR channels and in
the 8 MR channels. Although it seems likely that
the latter sites are inaccessible for the reactant when
carbonaceous deposits are present on the catalyst,
which implies that the available micropore volume
and Brønsted acid sites will be mainly located inside
the 10 MR channels. Domokos et al.[15] reported
on the correlation between acid site locations in
sodium-exchanged H-FER samples and their catalytic
performance. A clear structure–activity relationship
was observed between the Brønsted acid sites located
in the 10 MR channels and the selective formation
of isobutene. This agrees very well with the results
reported in this study and with studies by other
groups, implying that the 10 MR channels provide
shape selectivity towards the formation of isobutene
[7,13,33].

In the future, the accessibility of acid sites on aged
H-FER catalysts will be further investigated using
d3-acetonitrile, which has proven to be a highly suit-
able probe molecule for the investigation of the acces-
sibility of acid sites in H-FER with IR spectroscopy
[34].

4.2. On the role of carbonaceous deposits

After the initially fast deposition of carbon, the
TEOM results in Fig. 1 and Table 1 reveal that
with proceeding reaction a very slow increase in the
amount of deposits from 6.4 wt.% at 20 h TOS to a fi-
nal value of 6.8 wt.% takes place.Fig. 7 indicates that
in the beginning the deposits mainly consist of hy-
drogen rich alkyl-aromatic compounds. This suggests
that at this stage, i.e. when carbonaceous deposits
block large part of the acid sites, butene reaction with
these alkyl-aromatic deposits and subsequent crack-
ing is the origin of smaller amounts of by-products.
Simultaneously with the slow growth in carbon con-
tent of H-FER, a relatively large decline inn-butene
conversion occurs. Additionally, isobutene selectivity
is enhanced, which indicates that parallel to the reac-
tions running over the deposits a selectively operating
isomerization pathway becomes prevailing.

The variations in conversions and selectivity co-
incide with a change in the nature of carbona-
ceous deposits as displayed inFig. 7, revealing that
the initially present hydrogen rich alkyl-aromatic
species are slowly converted into hydrogen-poor
cyclopenta-fused-aromatic ring structures, which is
in agreement with observations by Andy et al.[30].
These species are much less reactive resulting in
less reaction with butenes, which mainly lead to
by-product formation. Accordingly, a further enhance-
ment in isobutene selectivity with prolonged TOS is
induced.

Over the aged and selective operating H-FER
catalyst, the WHSV has been varied. Based on the
results presented inFig. 2, it is suggested that the
conversion-drop observed with increasing WHSV,
can be ascribed to a reduction of non-selective reac-
tions running over the deposits and/or Brønsted acid
sites. Consequently, by-product formation but also
part of the isobutene production is reduced. This last
aspect induces the simultaneous decrease in isobutene
yield although it is clear that with prolonged TOS
larger part of the isobutene will be formed via a se-
lectively operating reaction pathway. Therefore, the
slight selectivity enhancement observed by raising
the WHSV, is explained by the increase of the ratio
of the selective over the non-selective operating path-
way(s). From this it is inferred that both secondary,
i.e. bimolecular reactions over Brønsted sites and/or
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reactions running over the deposits, as well as pri-
mary reactions may lead to the overall production of
isobutene. Although it is evident that the latter reac-
tion pathway displays much higher selectivity and is
prevailing with prolonged TOS.

Overall, it is revealed that at prolonged TOS a
selective isomerization pathway directly producing
isobutene fromn-butene is operating over an aged
H-FER catalyst, containing 6.8 wt.% of condensed
aromatic deposits. The selective operation of H-FER
coincides with the availability of some micropore
volume and Brønsted acid sites, which will be mainly
located inside the 10 MR channels. The present study
can not completely clarify whether the latter sites are
directly involved in the catalytic action, although it
is evident that the sites for isobutene production over
aged and selective H-FER are not very liable to deac-
tivation, since very high lifetimes have been reported
[3,6].

5. Conclusions

Monitoring butene skeletal isomerization over H-
FER in a catalysis set-up including a TEOM proves
that large amounts of carbonaceous deposits are al-
ready present with short TOS. In combination with in
situ IR spectroscopy it is inferred that initial deposition
of butenes lowers the amount of Brønsted acid sites,
suppressing non-selective dimerization–cracking re-
actions and therefore decreasing the overall activity.
Deconvolution of the IR acid band establishes for the
first time the number of vacant Brønsted acid sites
at different locations in the H-FER framework as a
function of TOS. Four types of Brønsted OH groups
located in 10, 8, 6 and 5 MRs can be distinguished.
With initial n-butene reaction, the 8 MR channels are
rapidly blocked and the available micropore volume
and Brønsted acidity on the aged H-FER will be
primarily located inside the 10 MR channels. With
proceeding TOS, when the amount of carbonaceous
deposits is stabilized, butene reaction with these de-
posits and subsequent cracking is the origin of smaller
amounts of by-products. IR spectroscopy indicates the
deposits to be slowly converted into hydrogen-poor
coke, reducing reactivity and concomitant appearance
of by-product formation. In the end, isobutene will
be produced via a selectively operating reaction path-

way over a stable H-FER catalyst holding 6.8 wt.%
deposits.
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