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Ferrierite zeolites ion exchanged with alkaline earth cations (Mg2+, Sr2+, Ba2+) were prepared and examined as catalysts for
the skeletal isomerization of 1-butene. The samples were characterized by XRD, atomic absorption spectroscopy, ammonia TPD,
FT-IR, BET/pore size distribution and pyridine chemisorption. The acidity studies indicated that acid strength increases in the order
H+ > Mg2+ > Sr2+ > Ba2+ , therefore, the number of weak acid sites follows the opposite trend. At the same time, Brønsted acid
sites associated with protons disappear and the number of Lewis acid sites increases with metal content. The presence of bulky cations
like Mg2+, Sr2+, Ba2+ leads to a slight reduction of surface area and pore size. Ferrierites containing magnesium exhibit the highest
isobutene yield. Lewis acid sites are responsible for improvement in catalyst stability as well as suppression of coke formation.
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1. Introduction

Isobutene is an important raw material for the produc-
tion of methyl tert-butyl ether (MTBE) which is widely
used as a major octane-enhancer in reformulated gasoline.
However, the current supply of isobutene from the catalytic
cracking of petroleum is not sufficient to meet the increas-
ing demand of MTBE. Therefore, considerable interest has
been devoted to finding a new isobutene source via skeletal
isomerization of n-butene [1].

Monomolecular [2,3] and bimolecular [4,5] reaction
paths are considered to be possible ways for the conversion
of n-butene to isobutene. n-butene molecules activated on
acid sites can be solely isomerized through protonated cy-
clopropane rings [6] or carbenium ions [1] by monomolec-
ular reaction. In bimolecular reactions, dimerized butenes
isomerize to suitable octene isomers and are cracked to
isobutene and by-products according to figure 1. It should
be desirable to suppress or at least minimize side reactions;
this objective can be achieved by adjusting the pore size
and acid properties of the catalysts.

A number of catalysts such as halogenated alumi-
nas, zeolites and related molecular sieves [7] have been
tested for their effectiveness in n-butene skeletal isomeriza-
tion. These studies have shown that medium pore zeolites
(10 MR windows) like ferrierite are significantly more se-
lective than amorphous solids and large pore zeolites. One
of the reasons for the superior catalytic behavior of such ze-
olites comes from their constrained channel system which
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may depress side reactions such as oligomerization, crack-
ing and H-transfer enhancing the skeletal isomerization of
n-butene into isobutene [8].

Furthermore, if pore structure is an important parame-
ter for achieving high isobutene selectivities, there are other
factors, such as the acidity of the catalyst, that may strongly
influence the product selectivity. As mentioned above,
there are secondary reactions like n-butene oligomeriza-
tion which forms octenes that are prompt to crack lead-
ing to butylenes but mainly to propylene and pentenes [9].
It is generally accepted that the acid strength required
for these reactions decreases in the order: cracking ≈
oligomerization > skeletal isomerization [10]. Accord-
ing to this, strong acid sites will promote undesired reac-
tions, while weak acid sites will be more selective towards

Figure 1. Scheme of skeletal isomerization of n-butene through a
monomolecular and a bimolecular reaction mechanism. A: skeletal iso-
merization, B: dimerization or oligomerization, HT: hydrogen transfer,

C: cracking.

 J.C. Baltzer AG, Science Publishers
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skeletal isomerization [11]. Besides, Cheng et al. [12] and
Seo et al. [13] suggest that the selectivity to isobutene in
the skeletal isomerization varies according to type of acid
site. On fluorine-modified alumina, the reaction proceeds
on Brønsted acid sites through a bimolecular path, but the
monomolecular reaction proceeds on Lewis acid sites. The
increase in the selectivity of fluorine modification was ex-
plained by the increase of the number of Lewis acid sites
under the assumption of monomolecular skeletal isomeriza-
tion.

In a previous work [14], ZSM-22 type zeolite was ion
exchanged with various cations and examined as catalyst
in the skeletal isomerization of 1-butene to isobutene. The
order of the catalysts with respect to the yield for isobutene
was proportional to the ratio of Lewis acidity to Brønsted
acidity, as well as suppression of coke formation. The sam-
ple with the best catalytic behavior was Mg-ZSM-22. Fur-
thermore, Li et al. [15] verified the decrease in the Brønsted
acidity and a slight increase in the number of Lewis acid
sites in Mg-ZSM-5 type zeolite prepared via a solid-state
reaction of HZSM-5 with magnesium chloride at 327 ◦C.

In this work, the strength of the Brønsted acid sites of
the ferrierite zeolite with a given Si/Al ratio is decreased by
exchanging part of the protons associated with the frame-
work aluminium (Si–OH–Al bridges) with other divalent
cations such as Mg2+, Sr2+, Ba2+. Thus, we have been
able to compare the isobutene yield and selectivity in the
skeletal isomerization of n-butene over ferrierite zeolites
having different type, number and strength of acid sites. In
addition, the presence of cations with larger size than H+

will reduce the free space in the pores and in the channels
of the ferrierite.

2. Experimental

2.1. Catalyst preparation

The ferrierite sample (Si/Al = 20) was prepared by hy-
drothermal methods using piperidine as a structure-directing
template according to [16]. H-FER was obtained by con-
ventional ion exchange with 1 M NH4Cl aqueous solution
two times (80 ◦C for 12 h), dried and calcined at 550 ◦C
for 12 h.

The H-FER zeolite was then back exchanged with cat-
ions such as Mg2+, Sr2+, Ba2+ in 0.5 M aqueous metal
chloride solutions at 80 ◦C for 12 h several times, in or-
der to obtain different metal content. Finally, the resultant
metal–FER was filtered, washed with deionized water until
free of chloride ions, dried and calcined at 550 ◦C.

2.2. Characterization of catalysts

The crystallinity of the prepared catalysts was confirmed
by XRD (Philips PW-1700 powder diffractometer) analysis
using a monochromatic Cu Kα radiation and a nickel filter.

In order to quantify the metal (Mg2+, Sr2+, Ba2+)
content of the ferrierite samples, atomic absorption spec-

troscopy (AAS) measurements were made using a Varian
220 FS spectrophotometer. The samples were previously
dissolved in hydrofluoric acid and diluted to the interval
measurement.

Fourier transform infrared (FT-IR) spectra were recorded
on a Perkin–Elmer 16-PC spectrophotometer at a resolution
of 4 cm−1 by using either KBr pellets or self-supporting
wafers. Pyridine chemisorption experiments were done on
self-supported wafers in an in situ IR cell. The sample
was dehydrated under vacuum at 400 ◦C for 16 h followed
by adsorption of pyridine vapor at room temperature for
15 min. After reaching equilibrium, the samples were out-
gassed at 150 ◦C under vacuum and the FT-IR spectra were
recorded in the 1400–1600 cm−1 region.

Pore size distribution was determined by nitrogen ad-
sorption and desorption data acquired on a Micromeritics
ASAP 2010 adsorptive and desorptive apparatus. The sam-
ples were evacuated under a vacuum of 10−5 Torr at 350 ◦C
for over 10 h before measurement. The Horvath–Kawazoe
method was used to determine the distribution of micro-
pores.

Temperature-programmed desorption (TPD) experiments
were done on a Micromeritics TPD/TPR 2900. The sample
was first heated from room temperature to 550 ◦C at a rate
of 15 ◦C/min and then soaked at 550 ◦C for 30 min under a
flow of 100 ml/min ultrapure helium. The system was then
cooled to 180 ◦C and maintained for 30 min. Ammonia
was then flowed over the sample for 15 min. The sample
was then purged with helium for 1 h in order to elimi-
nate physisorbed species. The temperature was ramped at
15 ◦C/min from 180 to 560 ◦C and TPD data were acquired.

The coke content of the catalysts was determined by
combustion in a thermogravimetric analyzer Perkin–Elmer
TGA-7. Samples were first heated from 20 to 150 ◦C in a
flow of 20 Nml/min of helium until no weight loss occurred.
Then a stream of oxygen was passed through the samples
and the temperature was raised to 700 ◦C at 10 ◦C/min. The
weight loss between 350 and 700 ◦C was attributed to coke.

2.3. Catalytic experiments

Butene isomerization reactions were carried out in an
Autoclave Engineers (BTRS-Jr) microreactor loaded with
250 mg of zeolite catalyst. The reactor was heated from
room temperature to 400 ◦C and maintained during 12 h in a
flow of nitrogen of 10 ml/min. Then the nitrogen flow was
switched to a mixture of 1-butene and nitrogen (1 : 1 molar
ratio). Flow rates of both 1-butene and nitrogen were con-
trolled for obtaining the desired weight hour space velocity
(WHSV). Reaction products were analyzed every hour af-
ter 10 min time on stream (TOS) by gas chromatography
with a Hewlett–Packard 5890 Series II GC equipped with
an alumina/KCl capillary column and a flame ionization
detector (FID). The results from several experiments show
that conversion and isobutene selectivity had an error of
±5%.
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Under the whole range of reaction conditions studied,
1-butene isomerizes suddenly to the cis- and trans-2-butene
isomers, so the three linear butenes were considered reac-
tants. Thus, the total conversion (X), selectivity to isobuty-
lene (Si) and isobutene yield (Yi) are defined in terms of
numbers of carbon atoms:

X =

∑
Ni (except linear butenes)∑

Ni
× 100 (%),

Si =
Ni∑

Ni (except linear butenes)(ni/4)
× 100 (%),

Yi =XSi (%).

In these equations Ni and ni represent the mole percent-
age and the number of carbon atoms of each compound,
respectively.

3. Results and discussion

3.1. Catalysts characterization

3.1.1. Metal (Mg, Sr, Ba) content and textural properties of
ion-exchanged ferrierites
The parent catalyst, H-FER, was ion exchanged with

alkaline earth cations (Mg2+, Sr2+, Ba2+). Samples are
designed as Me-FER-n, which means that H-FER has been
ion exchanged n times with MeCl2 (Me = Mg, Sr, Ba)
aqueous solution.

Table 1 shows that the amount of metal measured in
the zeolites increases with the number of ion exchanges.
By assuming a charge balance between Me2+ and AlO−4 ,
the atomic ratio Me/Al should be 0.5 at an exchange de-
gree of 100%. As can be seen, for a given number of
ion exchanges, for example nine, lower exchange level is
achieved in the magnesium sample. This fact can be ex-
plained since magnesium has the highest hydrated ratio, in
this case solvated water molecules compete with the zeolite
framework for magnesium ions. On the opposite, complete
replacement of H+ is achieved after nine ion exchanges
with barium chloride solution.

Table 1
Metal (Mg, Sr, Ba) content and textural properties of cation-exchanged

ferrierite zeolites.

Sample Me Exchange BET Pore vol. Pore
(Mg, Sr, Ba) level surf. area (cm3/g) sizea

(wt%) (%) (m2/g) (Å)

H-FER – – 492.4 0.19 5.40

Mg-FER-7 0.20 17.6 490.0 0.19 5.24
Mg-FER-9 0.27 23.6 481.2 0.18 5.23

Sr-FER-6 0.90 21.3 480.7 0.18 5.18
Sr-FER-9 1.35 31.6 463.1 0.17 5.15
Sr-FER-11 1.83 42.8 444.0 0.17 5.13

Ba-FER-2 1.34 19.4 476.8 0.18 5.17
Ba-FER-6 1.90 27.4 469.6 0.18 5.15
Ba-FER-9 6.02 100.0 404.5 0.17 5.10

a Micropore diameter determined using the Horvath–Kawazoe method.

Results of the nitrogen adsorption study over H-FER and
ion-exchanged samples are resumed in table 1. The surface
area and pore volume of the catalysts decrease with increas-
ing Me content. Futhermore, the adsorption capacity of the
Me-FER samples, with similar exchange level, increases in
the order Ba-FER-2 < Sr-FER-6 < Mg-FER-7, because the
more bulky cation Ba2+ (1.34 Å) will most probably cause
diffusional limitations to a higher extent than magnesium
and strontium ions. Moreover, the introduction of alkaline
earth metal ions instead of protons, even with very small
ionic radii such as Mg2+ (0.66 Å), may also block the in-
tersecting channels leading to a reduction in pore volume
and size as expected.

3.1.2. Acidity measurements
FT-IR studies were based on the characterization of

Brønsted acid sites by studying the hydroxyl group bands in
the 3800–3500 cm−1 region with self-supported wafers in
an in situ IR cell. The sample was previously outgassed un-
der vacuum at 400 ◦C for 16 h. Ferrierite exhibits two prin-
cipal bands at ca. 3730 and 3600 cm−1 and another one at
ca. 3650 cm−1 (figure 2). The 3600 and 3650 cm−1 bands
are assigned to strong and weak acidic hydroxyl groups,
respectively [17], while the 3730 cm−1 band corresponds
to non-acidic silanol groups (terminal groups). We use the
3600 cm−1 band corresponding to protonic sites to check
that the number of remaining protons decreased when the
metal (Mg2+, Sr2+, Ba2+) content increased. A series of
solids having decreasing number of acid sites was obtained,
as shown in figure 2.

The nature and change of the acid sites of the samples
have been examined by chemisorbed pyridine IR studies.
For the parent zeolite, H-FER, there were peaks at 1540
and 1490 cm−1 and a small peak at 1450 cm−1. This is

Figure 2. FT-IR spectra of hydroxyl groups for H+-, Mg2+-, Sr2+- and
Ba2+-exchanged ferrierites.
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Table 2
Acid properties of cation-exchanged ferrierite zeolites.

Sample FT-IR Ammonia TPD

Brønsted/ Total acid sites (mmol NH3/gcat) Desorption temperature (◦C)

Lewisa Weak Strong Weak acid sites Strong acid sites

H-FER 5.01 0.40 0.55 270 460

Mg-FER-7 2.23 0.45 0.43 270 460
Mg-FER-9 1.96 0.45 0.39 270 442

Sr-FER-9 1.58 0.43 0.37 250 428
Sr-FER-11 1.00 0.44 0.33 250 400

Ba-FER-6 1.82 0.64 0.19 250 390
Ba-FER-9 0.60 0.72 343

a Brønsted/Lewis acid sites ratio was calculated by measuring the peak area at 1540 and
1450 cm−1, pyridine desorption temperature 150 ◦C.

evidence of a very high concentration of Brønsted acidity
and a small amount of Lewis acidity. With addition of
alkaline earth ions (Mg2+, Sr2+, Ba2+) to the zeolite, the
bands at 1540 and 1490 cm−1 reduced, while the band at
1450 cm−1 increased due to the existence of (–Al–O–Me)+

species.
Results over H-FER and ion-exchanged samples are pre-

sented in table 2. Substitution of protons for divalent cati-
ons (Mg2+, Sr2+, Ba2+) causes a decrease of the Brønsted/
Lewis acid sites ratio, that is the peak area related with
Brønsted acidity is reduced largely while Lewis acidity in-
creases little by little with metal loading.

Temperature-programmed desorption of ammonia allows
quantitative determination of the amount and strength of
acid sites. Table 2 shows ammonia TPD results for the
parent (H-FER) and Me-FER (Me = Mg, Sr, Ba) catalysts.

Desorption of ammonia via increasing the temperature
showed two peaks at 270 and 460 ◦C for H-FER; these
peaks correspond to ammonia eluted from weak and strong
acid sites, respectively. When H-FER is ion exchanged
with alkaline earth metal aqueous solutions, the intensity of
the strong acidity peak decreases more and more with in-
creasing metal content, but the weak acidity peak somewhat
increases and both peaks shift toward lower temperatures.
In other words, the presence of Mg2+, Sr2+ and Ba2+ ions
in cationic positions of ferrierite zeolite instead of protons
produces an increase in the weak/strong acid sites ratio,
lower acid strength and a decrease in the total number of
acid sites. These circumstances lead to important changes
in the TPD curves profiles shown in figure 3 corresponding
to H-FER and samples exchanged with Mg2+, Sr2+ and
Ba2+.

These results obtained from catalyst characterization are
in agreement with those reported by Kwak et al. [18].

3.2. Catalytic activity of ion-exchanged ferrierites

Ferrierite zeolite in its protonic form was ion exchanged
with several cations (Mg2+, Sr2+, Ba2+) and their cat-
alytic activities for the skeletal isomerization of n-butene to
isobutylene were examined. Because cation-exchange level

increased with the number of ion exchanges (see table 1),
all FER zeolites tested in this work were ion exchanged
several times with MeCl2 solutions.

Reaction parameters for H-FER and Me (Mg, Sr, Ba)-
FER zeolites at the initial stage, (X ,S,Y )initial, and after 7 h
on stream, (X ,S,Y )final are shown in figure 4. All cation-
exchanged samples have higher initial isobutene selectivity
than H-FER. The initial selectivity increases with exchange
level especially in Mg-FER samples. On the opposite, final
selectivity decreases with metal content and all Me-FER
samples have values very close one to another.

The Ba-FER-9 sample, with 100% of exchange level,
is the most selective at the initial stage of reaction (65.2
versus 55.5% for H-FER). This sample has a NH3-TPD
spectrum without strong acid sites and where Ba2+ may
limit the space available around the acid sites. Therefore,
the formation of bulky branched oligomers and the bimo-
lecular mechanism will be considerably reduced. These
facts indicate that initial selectivity is mainly governed by
acid strength and space around acid sites and less by the
total number of acid sites (see table 2).

Figure 4 also shows an important enhancement in
isobutene yield for samples containing strontium and mag-
nesium ions (Mg-FER and Sr-FER). The isobutene yield
firstly increases and then passes through a maximum at
20 and 30% of exchange level for Mg-FER and Sr-FER
samples, respectively. According to table 1, this exchange
percent corresponds to samples designed as Mg-FER-7 and
Sr-FER-9, respectively. In contrast, in Ba-FER catalysts the
isobutene yield and n-butene conversion are below H-FER
and both decrease with exchange percentage. This behavior
may be related with lower surface area, acid density and
acid strength of barium samples.

From the above paragraphs, we can conclude that the
substitution of H+ ions for divalent cations such as Mg2+,
Sr2+ and Ba2+ in the ferrierite framework, increases the
number of Lewis acid sites, while the number of Brønsted
acid sites and the acid strength are decreased. Moreover,
a slight reduction of pore size is observed. In these sense,
by-products development through butene dimerization is
more difficult and isobutene formation is favored.
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Figure 3. Temperature-programmed desorption of ammonia for H-FER and ferrierite exchanged with alkaline earth metals.

It is known that n-butene conversion decreases with time
on stream, while there is a substantial increase in the selec-
tivity to isobutene caused by coke deposits. This enhance-
ment is especially important over H-FER while samples
exchanged with alkaline earth cations experiment lower se-
lectivity increase and conversion decrease with coke deposi-
tion. These facts are evident since samples exchanged with
Mg2+ and Sr2+ have the same values of initial n-butene
conversion as H-FER, but at the end of the run conversion
for Mg-FER and Sr-FER catalysts is higher than for H-FER.

There are, however, different opinions regarding the
mechanism by which coke deposits might promote the se-
lective formation of isobutene. Poisoning of non-selective
acid sites (strong Brønsted acid sites of those located on
the external surface) and a reduction of the free space
around the acid sites limiting the competitive dimeriza-
tion reaction have been proposed to explain the effect of
coke [19,20]. Moreover, Guisnet et al. [21] proposed that
the change from a non-selective to a selective behavior
is due to the development of a new isomerization mech-
anism (pseudo-monomolecular) involving the alkylation of
n-butene with a tert-butyl cation (formed from isobutene
diffusing slowly from the zeolite pores) and cracking of
the resulting trimethylpentyl cation in order to explain the
increase of isobutene yield observed in ferrierite at short
times on stream.

In fact, coke deposits inside the cavities of H-FER were
most likely needed in order to produce high selectivity to
isobutene. In contrast, since Me-FER samples contain less
strong Brønsted acid sites and narrower channels, the mod-
ifications by the coke deposits were not as dramatic as for
H-FER.

From table 3, it is also observed that catalytic sta-
bility was greatly improved by exchanging H-FER zeo-
lite with magnesium and strontium cations. As we have
said, it is evident that n-butene conversion decreases with
time on stream as a consequence of coke deposition de-
scribed in the above paragraphs. The amount of coke de-
posited and TG,max decrease according to H-FER > Mg-
FER > Sr-FER > Ba-FER, pointing to the presence of
heavier species in the coke formed on the catalyst with
strong acid sites. Elsewhere, TG,max is related to coke lo-
cation [22]; when TG,max is lower, external coke probably
increases.

These results are probably related to a reduction in
strong Brønsted acid sites, as confirmed by TPD and FT-
IR analyses. The strong acid sites of zeolites lead to, not
only side reactions, but also rapid coke formation which
may be important factors in the deactivation of zeolites
in hydrocarbon-related processes. The behavior of barium
samples is noticeable since they have less coke amount than
the rest of the catalysts but their percentage of deactivation
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Figure 4. Initial (TOS = 10 min) and final (TOS = 420 min) reaction parameters over H-FER (WHSV for H-FER was adjusted in order to obtain similar
levels of conversion) and Me (Mg, Sr, Ba)-FER samples. Influence of the cation nature and exchange level. (T = 400 ◦C; N2/n-butene = 1 (v/v);

WHSV = 5 h−1.) (�) Mg-FER, (◦) Sr-FER and (M) Ba-FER.

is as high as H-FER. This fact may be explained taking
into account that on Ba-FER zeolites smaller amounts of
coke can produce high deactivation if they are deposited on
external acid sites producing pore blocking or topological
isolation of the channel structure.

Based on the above results, we have chosen the sample
with the best catalytic behavior of each group in order to
compare isobutene yield as a function of n-butene conver-
sion (figure 5). Clearly the nature of Me2+ cations has a
strong influence on isobutene formation. Magnesium sam-
ples with surface area as high as H-FER but where part of
the strong Brønsted acid sites associated with H+ has been
transformed into weaker Lewis acid sites (see characteri-
zation section), are good catalysts for the skeletal isomer-
ization of n-butene. In contrast, barium samples have acid
strength and Brønsted acid sites that are so reduced that

Table 3
Coke amount, percentage deactivation and surface area for cation-

exchanged ferrierites after 7 h of reaction.

Sample Coke amount TG,max
a Deactivationb

(wt%) (◦C) (%)

H-FER 5.84 636.5 40.5

Mg-FER-7 5.80 635.2 24.0
Mg-FER-9 5.71 636.9 25.9

Sr-FER-9 5.70 620.6 30.5
Sr-FER-11 5.45 619.2 27.8

Ba-FER-6 5.31 610.5 42.7
Ba-FER-9 4.76 611.0 45.9

a Temperature of the differential curve maximum for coke burning.
b Ratio of the drop in conversion by deactivation after a 7 h reaction to

the initial conversion.
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the skeletal isomerization reaction is disfavored and lower
isobutene yields are obtained.

Table 4 shows the product distribution in the skeletal
isomerization of n-butene over parent (H-FER) and cation-
exchanged ferrierites at a time on stream of 10 min. The
modification mainly decreases cracking and hydrogen trans-
fer reactions. As just mentioned above, less carbonaceous
deposits are formed over Me-FER zeolites, accordingly the
formation of hydrogen drops and the selectivity toward

Figure 5. Yields of isobutene over ion-exchanged ferrierites versus
n-butene conversion. (�) H-FER, (N) Mg-FER-7, (∗) Sr-FER-9 and

(◦) Ba-FER-6. Reaction conditions as in figure 4.

alkanes – mainly methane, ethane and propane – is strongly
reduced. Since cation-exchanged samples have higher se-
lectivity to C4 paraffins than to light paraffins (C1–C3) it is
reasonable to think that strong Brønsted acid sites present
on H-FER give cracking reactions in a higher extent than
weak Lewis sites belonging to Me-FER samples.

Comparing Ba-FER-6 with the other catalysts, there is
an enhancement in pentenes selectivity to the detriment of
ethylene and propylene which also confirms that cracking
reactions require strong Brønsted acid sites [13,23].

Finally, in order to check the catalytic stability of mod-
ified samples, reaction parameters at long times on stream
(27 h) for Mg-FER-7 and H-FER are plotted in figure 6.
Yields of isobutene for Mg-FER-7 are significantly en-
hanced compared to those for H-FER. However, only initial
selectivity for H-FER is below Mg-FER-7, but as time on
stream increases, isobutene selectivity is very close for both

Table 4
Products selectivity (mol%) for n-butene skeletal isomerization over

cation-exchanged ferrierites.a

Product Sample

H-FERb Mg-FER-7 Sr-FER-9 Ba-FER-6

C1–C3 paraf. 10.7 6.2 5.0 2.6
Isobutane 0.8 0.9 1.0 2.5
n-butane 5.0 4.4 4.2 4.5
Ethylene 3.9 3.1 3.8 2.8
Propylene 18.0 16.3 20.1 18.9
Isobutene 55.5 62.0 59.0 59.1
Pentenes 6.1 7.1 6.9 9.6

a Reaction conditions: T = 400 ◦C, N2/n-butene = 1 (v/v), WHSV =
5 h−1, TOS = 10 min.

b WHSV for H-FER was adjusted to achieve a similar level of conversion.

Figure 6. Yield and selectivity for n-butene skeletal isomerization at long times on stream: catalyst stability: (�) H-FER and (◦) Mg-FER-7. Reaction
conditions as in figure 4.
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catalysts. Finally, we can conclude that H+ exchange for
Mg2+ improves catalyst stability since the isobutene yield
remains almost constant for times on stream higher than 1 h.

4. Conclusions

A series of Me-FER samples was prepared by ion ex-
change of H-FER with alkaline earth metals such as Mg, Sr
and Ba, and tested as catalysts for the skeletal isomerization
of 1-butene into isobutene.

The incorporation of alkaline earth cations into ferrierite
considerably changes the acidity distribution of the zeolite:
total acid sites decrease in number as strong acid sites while
weak acid sites are increased. At the same time there is a
reduction in the ammonia desorption temperature from both
sites, indicating lower values of acid strength. On the other
side, Me2+ cations generate Lewis acidity with an impor-
tant reduction in Brønsted acid sites. Textural properties
are also modified with decreasing values of BET surface
area and pore volume, together with lower values of pore
size.

Magnesium-containing samples have the highest isobuty-
lene yield. These catalysts contain acid sites of medium
strength and the adequate balance between Brønsted and
Lewis acid sites. These acid properties together with a
reduction in the space around the acid sites enhanced cata-
lyst stability, decreasing the amount of coke deposited and
percentage of deactivation.

As a consequence of weaker acidity, secondary reactions
like cracking and hydrogen transfer are impeded and light
paraffins selectivity drops while the pentenes/propylene ra-
tio slightly increases.
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