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Skeletal isomerization of 1-butene over mesoporous materials
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On the skeletal isomerization of 1-butene, mesoporous materials with mesopores too large to expect any shape selectivity have
been used in order to investigate the effects of the concentration of acid sites on the conversion of 1-butene and the selectivity for
isobutene. The concentrations of acid sites can be varied through the control of the Si/Al ratio. The conversion of 1-butene increases
with increasing the aluminium content of mesoporous materials, while the selectivity for isobutene decreases. The results of ammonia
TPD, IR measurement of 1-butene adsorption, and TG analysis of used catalysts indicate that distant location of activated 1-butene
molecules induces the monomolecular reaction over the mesoporous materials with low aluminium content, resulting in high selectivity
for skeletal isomerization. On the mesoporous material with high aluminium content, however, the high concentration of activated
1-butene molecules accelerates the multimolecular oligomerization and, thus, reduces the selectivity.
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1. Introduction

Skeletal isomerization of n-butenes to isobutene over
acid catalysts is an attractive research topic because of
the distinct difference in the selectivity along catalysts, as
well as the economic value due to the effective use of C4-
raffinates. Though n-butenes can be converted to various
hydrocarbons through isomerizations and the oligomeriza-
tion followed by cracking, the high selectivities to isobutene
over FER zeolite [1–3], fluorinated alumina [3–7], tung-
sten oxide supported on alumina [8], and alkali-modified
silica–alumina [9] are very specific. Furthermore, it is also
interesting that MFI zeolite [2,3,10] and unmodified silica–
alumina [9,11] show very poor selectivity for isobutene. It
is generally acceptable to use zeolite catalysts to explain
the difference in the selectivity by pore structure, but it is
not proper for amorphous catalysts such as alumina, silica–
alumina and mesoporous material. Acidity is a plausible
explanation for the difference in the selectivity, but the
changes in the acidities of the FER and MFI zeolites do
not entirely influence the selectivity [10].

Since there is an equilibrium limitation to the conver-
sion of n-butenes to isobutene, the selectivity for the skele-
tal isomerization depends strongly on the extent of reac-
tions producing C2, C3 and C+

5 hydrocarbons. The high
selectivity for isobutene is possible when oligomerization of
butenes, followed by cracking, is highly suppressed. There-
fore, the suppression of the reaction forming dimer, trimer
or oligomer among activated butenes enhances the selec-
tivity. The lowering of the partial pressure of butenes, in
reactant stream or by shortening the contact time, is effec-
tive in increasing the selectivity for isobutene.

∗ To whom correspondence should be addressed.

Molecular simulations of 1-butene adsorption show that
the 1-butene molecules adsorbed in FER zeolite are dis-
tributed distantly in pores due to its specific pore structure,
while the 1-butene molecules on MFI zeolite are adsorbed
closely in MFI zeolite pores [10]. Based on the distribution
of 1-butene in zeolite, we suggested that the high selectivity
for isobutene on FER zeolite was due to the suppression of
dimerization of activated butenes. The exceptional selec-
tivity over fluorinated alumina with a low level of fluorine
loading is also explained by the suppression of oligomer
formation [7]. The fluorinated alumina with low fluorine
loading shows a considerably high selectivity, but the flu-
orinated alumina with high fluorine loading has poor se-
lectivity. The high concentration of a strong acid site on
the fluorinated alumina accelerates multimolecular reactions
and produces oligomers cracked to various hydrocarbons.

Mesoporous material has uniform pores too large to
show any shape selectivity in the skeletal isomerization of
n-butenes, but its acid site concentration can be easily con-
trolled by the aluminium content. The pore diameter is
about 40 Å, and thus the interaction between acid sites
on the other side wall is negligible compared to the case
of zeolite. Therefore, mesoporous materials with various
aluminium contents are useful in investigating the effect
of acid site concentration on the selectivity for isobutene.
Though there are several mesoporous materials with differ-
ent structures such as MCM-41 [12], MCM-48 [13] and
KIT-1 [14], KIT-1 mesoporous material, as reported by
Ryoo and Kim [14], is adequate for this study because of
its facility in the incorporation of aluminium in the frame-
work [14] and its high stability in the face of hydrothermal
treatment [15].

In this paper, we report the variation of the selectiv-
ity for the skeletal isomerization with the concentration of
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acid sites on MCM-41 and KIT-1 mesoporous materials
with various aluminium contents. The differences in the
coke deposition and the adsorption–desorption behavior of
1-butenes along the aluminium content relating to the se-
lectivity for isobutene are also discussed.

2. Experimental

2.1. Catalyst preparation

The hydrothermal syntheses of MCM-41 mesoporous
materials with various aluminium contents were carried
out at 373 K using the gel with the molar composition
of 6.0SiO2 : xAl2O3 : 1.5Na2O : 0.15(NH4)2O : 1.0C16H33

(CH3)3NCl (HTACl) : 220H2O, following the procedure of
Ryoo and Kim [16]. HTACl (Aldrich, 25%) was used as a
template and Ludox HS40 (Du Pont, 39.5% SiO2) as a sil-
ica source. Sodium aluminate (Junsei Chemical Co., 80%)
was added to the reactant mixture as an aluminium source,
and the added amount was varied to get proper Si/Al ratios
of synthesized mesoporous material. The reaction mixture
was heated to 373 K for 24 h and then cooled to room tem-
perature. Acetic acid was added by drops under vigorous
stirring until the pH became 11.0. This mixture was heated
again to 373 K for 24 h. The pH adjustment and subsequent
heating were repeated two more times. The crystallized
product was filtered, washed and dried. To remove surfac-
tant, the dried mesoporous material was calcined at 823 K
for 8 h. Ammonium ions were exchanged with a 0.5 N
ammonium nitrate (Junsei Chemical Co., 98%) solution.
H-form MCM-41 mesoporous materials were obtained by
the calcination in air stream at 823 K for 8 h.

KIT-1 mesoporous materials with various aluminium
contents were synthesized following the method devel-
oped by Ryoo and Kim [14] from gel compositions of
6.0SiO2 : xAl2O3 : 3.5Na2O : 0.15(NH4)2O : 1.0HTACl :
4.0Na2EDTA : 350H2O at 373 K. H-form KIT-1 meso-
porous materials were prepared by a method similar to that
for H-form MCM-41 mesoporous materials, except that the
pH was adjusted to 10.2 by acetic acid.

2.2. Characterization of mesoporous material

The Si/Al ratios of synthesized mesoporous materials
were determined by ICP (inductively coupled plasma, Jobin
Yvon Co., JY. 38 plus) after digestion of the samples using
aqueous hydrofluoric acid. The Si/Al ratios of the three
MCM-41 catalysts were 102, 124 and 223 and were denoted
as MCM-41( ). The ratio was written in the parentheses.
Four KIT-1 mesoporous materials were obtained with Si/Al
ratios of 14, 40, 54 and 97.

X-ray diffraction patterns were recorded using a X-ray
diffractometer (Rigaku, D/MAX-1200) with Cu Kα X-ray
and Ni filter at 35 kV and 15 mA.

Nitrogen adsorption isotherms on samples were ob-
tained using a conventional volumetric adsorption system

at liquid-nitrogen temperature after evacuation at 573 K for
2 h under vacuum.

27Al magic-angle spinning (MAS) NMR spectra were
obtained by using a Brucker AM 300 instrument with a
relaxation delay of 5 s. Samples were spun with 3.5 kHz.

Temperature-programmed desorption (TPD) profiles of
ammonia from mesoporous materials were recorded from
423 to 873 K with ramp rate of 10 K/min under a helium
flow of 200 ml/min after activation in a He stream at 823 K
for 2 h. Ammonia was fully adsorbed on the sample at
423 K by adding pulse of ammonia. The sample was then
purged in a He stream at the same temperature for 2 h in
order to eliminate physisorbed ammonia. The amount of
ammonia desorbed from the sample was determined with a
thermal conductivity detector (TCD).

The adsorption–desorption behaviors of 1-butene on
mesoporous material with various aluminium contents were
examined by FT-IR (ATI Mattson, Genesis series) with
an in situ quartz cell at a resolution of 4 cm−1. A self-
supporting wafer of a 10 mg catalyst was evacuated under
a vacuum of 2×10−4 Torr at 823 K for 1 h and exposed to
10 Torr of 1-butene at 723 K for 30 min. The sample was
then evacuated at 723 K before recording the IR spectra.

The weight loss of the used catalyst was recorded un-
der an oxygen flow with a thermogravimetric analyzer (TA
Instruments, TGA 2050) to compare the amount of carbon
deposit. The temperature was increased from 303 to 873 K
with a ramp rate of 5 K/min.

2.3. Catalytic reaction

The skeletal isomerization of 1-butene was carried out
using a conventional continuous-flow microreactor loaded
with 0.2 g of mesoporous material at atmospheric pres-
sure [2]. The sample was heated to 823 K for 2 h under
an argon flow to activate the catalyst. Reaction temper-
ature was set at 723 K and the reactant stream, with an
argon/1-butene molar ratio of 4.9, was passed over the cat-
alyst (1-butene partial pressure of 31.5 kPa). The reaction
products were analyzed by an on-line gas chromatograph
(Varian Aerograph 1420) equipped with a sebaconnitrile
column and a thermal conductivity detector. Conversion
was calculated in terms of mole-percent of 1-butene con-
sumed and selectivity for isobutene in terms of the yield of
isobutene divided by the conversion of 1-butene. 2-butenes
were not considered as products, since the isomerization be-
tween 1-butene and 2-butene is much faster than the skele-
tal isomerization and 2-butenes can also be converted into
isobutene.

3. Results and discussion

3.1. Characterization of MCM-41 and KIT-1 mesoporous
materials

The skeletal isomerization of 1-butene to isobutene is an
acid-catalyzed reaction [11], so the conversion and the se-
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lectivity depend considerably on the acidity of the catalyst.
Since the acid site of mesoporous material is formed at a
Si–O–Al bond, the aluminium content corresponds to the
amount of acid sites, unless there is a lack of nonframe-
work aluminium. Therefore, a wide variance of the alu-
minium content is desirable to investigate the effect of the
concentration of the acid site on the selectivity, but there
is a limited range of aluminium content, because a large
amount of aluminium incorporation to the mesoporous ma-
terial framework weakens the structure stability [17,18].

Figure 1 shows the XRD patterns of the calcined MCM-
41(102) and KIT-1(97) samples. The diffraction patterns,
consisting of one major peak along with three small peaks
on MCM-41(102), agreed well with those reported previ-
ously [13,16]. Also, the XRD patterns of the KIT-1 meso-
porous material were in agreement with that reported by
Ryoo and Kim [14]. The distinct peaks assigned to the
(100) plane were observed clearly at 1.9◦ of 2θ. Small and
broad peaks related to the short-range structure order were
also observed at 3–5◦ of 2θ. As KIT-1 mesoporous mater-
ial has a high stability compared to MCM-41 mesoporous
material, we can easily synthesize the KIT-1 mesoporous
materials with the wide range of Si/Al ratio from 14 to
97. On the other hand, the Si/Al ratios of MCM-41 meso-
porous materials were very high, as much as 102, 124 and
223. The MCM-41 and KIT-1 samples prepared here ex-
hibited similar XRD patterns to those MCM-41(102) and
KIT-1(97) samples, as shown in figure 1.

The existence of mesopores in MCM-41 and KIT-1
mesoporous materials can be confirmed from the adsorp-
tion isotherm of nitrogen. As shown in figure 2, the ni-
trogen adsorption isotherms, with the characteristic stepped
shape, indicate capillary condensation of nitrogen at meso-
pores on KIT-1 mesoporous materials. The nitrogen ad-
sorption isotherms of MCM-41 mesoporous materials are

Figure 1. XRD patterns of MCM-41(102) and KIT-1(97) mesoporous
materials.

similar to those of KIT-1 mesoporous materials. The ad-
sorption amount of nitrogen on KIT-1(14) is low compared
to other mesoporous materials prepared in this study. It
is well known that the incorporation of a large amount of
aluminium lowers the crystallinity of mesoporous mater-
ial [17], so a piece of amorphous material including alu-
mina or silica was involved in this sample.

27Al MAS NMR spectra show the existence of amor-
phous alumina in KIT-1 mesoporous material. Two peaks
at 55.6 and −1.5 ppm of the chemical shift were observed.
The peak at 55.6 ppm is attributed to aluminium in a
framework tetrahedral position. On the other hand, the
peak at −1.5 ppm is characteristic of an octahedral coor-
dination (figure 3). The fractions of nonframework alu-
minium are about 19, 15 and 7% for KIT-1(14), KIT-1(40)
and KIT-1(54) mesoporous materials, respectively. Though

Figure 2. N2 adsorption isotherms of KIT-1 mesoporous materials.

Figure 3. 27Al MAS NMR spectra of KIT-1 mesoporous materials.
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the content of amorphous material due to nonframework
aluminium in KIT-1(14) mesoporous material is not high,
about 19%, the coexistence of amorphous alumina is a plau-
sible reason to reduce the crystallinity and the adsorption
amount of nitrogen.

However, most of the aluminium in KIT-1 mesoporous
material is incorporated in the framework and forms acid
sites. This can be confirmed by the finding that the de-
sorption amount of ammonia, indicating the number of
acid sites, decreases with the increase in the Si/Al ratio,
as shown in the ammonia TPD profiles of figure 4. The
temperature at peak maximum does not change with the
molar ratio of Si/Al ratio indicating no meaningful differ-
ence in acid strength. It is not completely correct to discuss
the acidity of mesoporous material from TPD results only,
but the increase in the concentration of acid sites with the
increase in aluminium content is clear.

Figure 4. Ammonia TPD profiles from KIT-1 mesoporous materials.

3.2. Catalytic properties of MCM-41 and KIT-1
mesoporous materials

The skeletal isomerization of 1-butene over acid cat-
alysts usually occurs accompanying oligomerization, fol-
lowed by cracking and coke deposition. The conversion of
1-butene decreases according to the time on stream over fer-
rierite, while the selectivity for isobutene increases [2,19].
Based on this observation, Guisnet et al. suggested the alkyl
radical on coke could work as an active site for the skele-
tal isomerization [20]. On the fluorinated aluminas, the
lower selective catalyst to isobutene shows a faster deac-
tivation due to coke deposit, indicating the selectivity for
isobutene is not essentially related to the degree of deacti-
vation [7]. Coke deposits enhance the selectivity of FER
zeolite because of the increase of pore restriction, but it
is not a fundamental factor in determining the selectivity.
The preference to dimer formation, due to the high con-
centration of strong acid sites on the alumina with a high
level of fluorine loading, is responsible for the coke de-
posits, rather than the skeletal isomerization, lowering the
selectivity.

The decrease of the conversion and the increase of the
selectivity according to the time on stream were observed
on the KIT-1(14) catalyst, as shown in figure 5. But the
KIT-1(54) and KIT-1(97) catalysts did not show any change
in the conversion and the selectivity according to the time
on stream, indicating that the deactivation is strongly related
to the concentration of acid sites. The other observation
deduced from figure 5 is the trend of the conversion and
selectivity with the aluminium content. The selectivity for
isobutene becomes high over KIT-1 catalysts with low alu-
minium contents, while the conversion becomes low. KIT-1
catalysts with a low concentration of acid sites show high
selectivity and negligible deactivation. This means that se-
lectivity and deactivation behaviors are strongly related to
the concentration of acid sites.

Figure 5. The time dependences in the conversions and the selectivities to isobutene in the skeletal isomerization of KIT-1 mesoporous materials.
Reaction temperature = 723 K, P1-butene = 31.5 kPa, WHSV = 3.1 h−1.
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Figure 6. The time dependences in the conversions and the selectivities to isobutene in the skeletal isomerization of MCM-41 mesoporous materials.
Reaction temperature = 723 K, P1-butene = 31.5 kPa, WHSV = 3.1 h−1.

Figure 7. The variations of the conversions and the selectivities to
isobutene in the skeletal isomerization of 1-butene with various amounts
of catalyst loadings. Reaction temperature = 723 K, P1-butene = 31.5 kPa,

WHSV = 3.1 h−1.

On the other hand, the selectivities for all MCM-41 cata-
lysts used here have almost the same high value of 85%, as
shown in figure 6. In the case of the MCM-41 catalyst, it is
difficult to control the concentration of acid sites, because
a small amount of aluminium is incorporated in the MCM-
41 mesoporous material framework. Thus, we will discuss
only the catalytic property of KIT-1 mesoporous material,
because its Si/Al ratio varies in a wide range from 14 to 97,
inducing differences in the selectivity and the conversion
which are apparent.

The high selectivities of KIT-1(54) and KIT-1(97) cata-
lysts are not ascribed to the low conversion. As shown in
figure 7, the conversion increases with the loading amount
of the catalysts, while the selectivities remain high. On
the other hand, the KIT-1(14) catalyst with high aluminium
content shows the decrease in the selectivity, with an in-
crease in the loading amount of the catalyst. This means

Figure 8. TG curves of used KIT-1 mesoporous materials for 5 h at 723 K.

that the selectivity is determined essentially by the alu-
minium content, not by the conversion level of 1-butene.

Negligible change in the selectivity of KIT-1(54) or
KIT-1(97) catalyst with time on stream is distinct from that
of FER zeolite, which is a well known catalyst showing a
high selectivity for isobutene [2,19]. The coke deposit on
FER zeolite improves the selectivity, while the selectivity
of the KIT-1 catalyst is not influenced by the coke deposit.
However, the coke deposit on the KIT-1 catalyst varies with
the aluminium content. The weight loss of used catalyst in
oxygen flow above 673 K is significant on the KIT-1(14)
catalyst, as shown in figure 8. The coke deposit is severe
on KIT-1(14) catalysts with a high aluminium content, but
it is negligible on KIT-1 catalysts with a low aluminium
content.

The adsorption–desorption behavior of 1-butene was
investigated using IR measurement. Figure 9 shows the
IR spectra in the O–H and C–H region of the catalysts
evacuated at 723 K for a given time followed by ex-
posure to 10 Torr of 1-butene at 723 K for 30 min.
1-butene is desorbed quickly, even by evacuation for 5 min
over KIT-1(97) catalyst. The absorption bands of 1-butene
on KIT-1(54) catalyst were diminished by evacuation for
30 min. On the other hand, some 1-butene is retained even
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Figure 9. IR spectra of KIT-1 mesoporous materials before and after exposure to 1-butene vapor at 723 K.

after evacuation for 90 min over the KIT-1(14) catalyst.
The variation of 1-butene retention with aluminium content
of the KIT-1 catalysts reflects differences in the adsorbed
states of 1-butene on KIT-1(14), KIT-1(54) and KIT-1(97)
catalysts. These findings indicate that 1-butene may be ad-
sorbed on a KIT-1(14) catalyst of considerable strength or
in an oligomerized state with low vaporizability, resulting
in slow desorption.

3.3. Cause for the high selectivity for isobutene over
KIT-1 catalysts with low aluminium content

The selectivity for isobutene depends on the aluminium
content of KIT-1 catalysts. The conversion increases with
an increase in the aluminium content, but the selectivity de-
creases, as shown in figure 10. The deactivation behavior
varies with the aluminium content, as does the selectivity
for isobutene. The conversions and selectivities are con-
stant with a given reaction time over the KIT-1 catalysts
with low aluminium contents, as shown in figure 5. On the
other hand, over KIT-1(14) catalyst with high aluminium
content, the conversion decreases and the selectivity in-
creases with time on stream. Furthermore, the selectivity
becomes low upon increasing the amount of KIT-1(14) cat-
alyst. The result of increasing conversion with decreasing
selectivity is observed on the catalyst with high aluminium
content, indicating that the oligomerization followed by
cracking to produce C2, C3 and C+

5 hydrocarbons is ac-
celerated on the catalyst with a high concentration of acid
sites.

The variations of the conversion and selectivity with the
loading amount of catalysts also support the above men-
tioned difference due to the aluminium content. The selec-
tivity is constantly high over the KIT-1 catalysts with low
aluminium contents, irrespective of the catalyst amount,

Figure 10. The variations of the conversions and the selectivities to
isobutene in the skeletal isomerization of 1-butene with Si/Al ratio of
KIT-1 mesoporous materials. Reaction temperature = 723 K, P1-butene =

31.5 kPa, WHSV = 3.1 h−1.

while the selectivity is low over the KIT-1(14) catalyst with
high aluminium content.

The adsorption–desorption behavior of 1-butene from
the IR absorption spectra over the KIT-1 catalysts with var-
ious aluminium contents is considerably different with alu-
minium content, as shown in figure 9. On the KIT-1(97)
catalyst with low concentration of acid sites, 1-butene
molecules desorb easily and completely by an evacua-
tion for 5 min. However, 1-butene molecules adsorbed
on a KIT-1(14) catalyst with a high concentration of acid
sites cannot desorb completely. Since the boiling point of
1-butene is 267 K, the slow desorption of adsorbed 1-butene
by the evacuation at 723 K for a time as long as 90 min
suggests that 1-butene is not adsorbed solely but is ad-
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sorbed in an oligomeric form or in an aggregated state with
intermolecular interaction.

The results of TG analysis support this suggestion (fig-
ure 8). The amount of carbon deposition is considerably
high on the KIT-1(14) catalyst with a high aluminium con-
tent. Negligible amounts of carbon deposition on the KIT-1
catalysts with low aluminium content indicate the low pos-
sibility of the formation of oligomers, thus, the high selec-
tivity for skeletal isomerization.

We suggested already that the high selectivity for skele-
tal isomerization is due to the distant location of adsorbed
butene molecules by restriction of the pore structure from
the simulated distribution of butene molecules in the pores
of FER and MFI zeolites [9]. Furthermore, the result of
FER zeolite is very similar to that for the alumina catalyst
with low levels of fluorine loading reported previously [7].
The monomolecular skeletal isomerization is preferable on
the alumina catalysts with low levels of fluorine loading,
due to their low concentration of acid sites. Accordingly,
the solely adsorbed 1-butene due to the low concentration
of acid site is a plausible reason for the high selectivity of
KIT-1 catalysts with low aluminium content. This sugges-
tion is in nice accord with Houzvicka’s work describing the
role of density of acid sites [21].

From these findings, we conclude as follows: On KIT-1
catalysts with low aluminium content, the high selectiv-
ity for isobutene is observed, because the dimerization is
suppressed by the distant location of 1-butene which is acti-
vated due to the low concentration of acid sites. This distant
location of activated 1-butene molecules is responsible for
the selectivity of the catalyst in the skeletal isomerization of
1-butene, regardless of whether it has uniform pores or not,
such as zeolite, amorphous catalyst or mesoporous material.
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