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Abstract

The conversion of butenes to isobutene was compared at atmospheric pressure and 250–350 �C over two commercial H-ferrierite cat-
alysts having different chemical compositions, crystal morphologies, and diffusional resistance (DR). The Si/Al ratio affects the number
of Brönsted acidic (BA) sites but not their intrinsic acid strength. These equally strong BA sites are thought to be active sites for the
skeletal isomerization. Catalyst selectivity seems mainly depend on the diffusional resistance of micropores and the reaction conditions.
The DR is affected by the presence of extra-framework species in the 10MR channels of the zeolite which might include charge compen-
sating cations, Al-containing species, and coke. To see their effect on the selectivity for i-butene versus oligomerization products we tested
zeolites with basic exchanged cations and removed Al-containing debris from the transport channels with EDTA solutions. A proper
balance of the extra-framework species and the reaction conditions allowed nearly 100% isobutene selectivity at relatively high branched
butene yield.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Isobutene is used in many important chemical processes
including the production of methyl-tert-butyl-ether
(MTBE) and alkylation of C4-hydrocarbons to boost the
octane number of gasoline. The current isobutene supply
seems not to be enough to satisfy the increasing interest
for introducing new, isobutene based technologies. This
supply can be increased by the skeletal isomerization of
butenes. The proton-exchanged ferrierite seems to be an
effective commercial catalyst for this process hence numer-
ous studies have been carried out to understand the origin
of its remarkable catalytic properties [1,2]. It has been
found that the micropore structure of this zeolite plays a
crucial role in the catalytic selectivity [3] but some authors
still emphasize the exclusive effect of acidity as a function
the Si/Al ratio [4,5]. There is only scarce information avail-

able in the literature how various steric factors affect the
intra-crystalline diffusional resistance and the selectivity
of this catalyst [1–3].

The exceptional selectivity and stability of ferrierite in
the butene skeletal isomerization was discovered by Shell
workers in the 1990s [6]. They showed that this catalyst
becomes selective only after reaching a certain degree of
deactivation. Most researchers agree that the increase in
selectivity and yield to isobutene are related to the forma-
tion of carbonaceous deposits (coke) on the zeolite
although the exact role of coke is heavily debated [2].
The observed product distribution over a fresh catalyst
points to bimolecular reaction mechanism involving suc-
cessive steps of dimerization, isomerization and cracking
whereas the high selectivity to isobutene over an aged cat-
alyst seems to be typical of a monomolecular reaction path-
way which has been confirmed with experiments with 13C
labeled n-butene [7,8]. The formation of carbonaceous
deposits coincides with the increase of selectivity. Since
after a short time-on-stream (TOS) the pore system of
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ferrierite is largely filled with coke it has been speculated
that this might play a role in boosting catalyst selectivity
[9] because it is believed that the production of isobutene
occurs at the pore mouth of the 10MR channels [2]. IR
spectroscopy showed that with TOS carbonaceous deposits
are slowly converted from hydrogen-rich alkyl-aromatics
into hydrogen-poor cyclopenta-fused-alkyl-aromatics,
which reduces by-product formation and therefore
enhances isobutene selectivity [9].

Meriaudeau et al. [10] tried to elucidate the role of coke
by varying the pore volume and number of protons with
lithium or cesium exchange-cations by ‘‘mimic’’ of carbo-
naceous deposits. The selectivity was found to be signifi-
cantly improved in cesium-exchanged zeolite due to the
restricted channel dimensions. However these results
obtained only with ‘‘bracketing technique’’ minimized the
role of aging cannot be extended and confirmed on the final
activity of the catalyst [11].

The extra-framework aluminum (EFAl) species can also
control the available space around the active centre and
affect the mass transport dynamics in the 10MR transport
pores [12]. It is well known that EFAL species can easily
form in zeolites during the hydrothermal synthesis or dea-
lumination of zeolites, however the literature did not
focused on correlation between different EFAl contents
and catalytic behaviors.[5,13,14]. Therefore we investigate
in this paper the effect of the EFAl species in the zeolite
channel, which change the pore dimensions but only
slightly affect the Bronsted acidity. We study and compare
here two commercial synthetic ferrierites with significantly
different EFAl contents to contribute to the understanding
of the most important governing factors for the isobutene
selectivity.

2. Experimental

2.1. Sample preparation

NH4-ferrierites with 10.0 (CP 914C) and 27.5 (CP 914)
nominal Si/Al ratios were obtained from Zeolyst Interna-
tional and denoted in this paper as FER(10) and
FER(28), respectively. Some of their characteristics are
shown in Table 1. The extra-lattice nature of a significant
part of Al in FER(10) was also confirmed by 27Al NMR

and nearly the same framework Si/Al ratio was obtained.
Note that Zeolyst ferrierites have been studied in the liter-
ature before but their EFAL content has not been consid-
ered in those studies [9,4,15,16].

Five grams ammonium-exchanged FER(10) was boiled
twice in 100 mL 5 M hydrochloric acid under reflux for
8 h to remove EFAl. After the first step EFAl decreased
to 0.51 mmol/g and further decrease was not observed dur-
ing the second treatment. Three grams FER(10) was also
refluxed in a solution of 0.33 g EDTA (ethylenediaminetet-
raacetic acid) and 100 cm3 water for 8 h three times. This
procedure reduced its EFAl content to 0.29 mmol/g. An
identical EDTA treatment reduced the EFAl of FER(28)
to 0.10 mmol/g.

Li- and Cs-exchanged ferrierite samples were made by
conventional aqueous ion-exchange from 5 g of the ammo-
nia-exchanged zeolites at room temperature for 8 h with
0.1 M aqueous solutions of the corresponding alkaline
chlorides. By calculating from the residual ammonium con-
tents of zeolites, the exchange level was around 75% for
both ions and both zeolites (in the case of the Li-form
repeated process was needed). Solid state ion-exchange
[17] was also carried out with calculated amounts of LiCl
resulting in 25%, 50% and 75% exchange level on proton-
exchanged FER(10). At 450 �C in nitrogen flow for an
hour the proposed exchange could be attained.

2.2. Characterization

The morphology of zeolite powders was examined using
a Hitachi SEM-570 type scanning electron microscope.
Transmission infrared (IR) spectroscopic measurements
were made on self-supporting wafers in a stainless steel
home-made UHV cell using a Nicolet Impact 300 type
spectrometer. Spectra were recorded at room temperature
after in situ heat treatments for 20 min in nitrogen flow at
various temperatures from 100 �C to 550 �C. The diffu-
sional resistance of degassed ferrierite crystals was tested
with adsorbing pyridine probe molecule and after heat
treatment at <10�5 mbar at different temperatures.
Adsorbed N2 was studied at room temperature and 9 bar
pressure in a SpectraTech type DRIFT spectroscopic cell
in a Nicolet 5PC FT-IR spectrometer. The intrinsic acid
strength of Brønsted acidic sites was characterized by the

Table 1
Characterization of the ferrierite samples

Product designationa Si/Al ratiob bulk CECc (mmol/g) Ald (mmol/g) EFAle (mmol/g) Si/Al ratiofframework

FER(10) [CP 914C] 10 0.92 1.56 0.64 17
FER(28) [CP 914] 27.5 0.40 0.55 0.15 38

a Zeolyst’s commercial names are given in brackets.
b Zeolyst’s nominal values.
c Cation exchange capacity (CEC) calculated from the NH3 released up to 630 �C during the calcination of the NH4-exchanged zeolite; CEC can be

considered to measure the number framework aluminum atoms.
d Total Al, determined by chemical analysis.
e Extra-framework aluminum (EFAl), obtained as difference of total and framework Al.
f True values calculated from framework Al.
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