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Skeletal isomerization of 1-butene on synthetic clinoptilolite zeolite
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A pure, highly crystaline clinoptilolite (CLI) zeolite with a Si/Al ratio of 5.8 has been synthesized using a small amount (1%) of
seed crystals and tested as a catalyst for the skeletal isomerization of 1-butene at 623-723 K at atmospheric pressure. The catalytic
results are compared to those obtained from a ferrierite (FER) zeolite with a Si/Al ratio of 7.6. It is found that selectivity for isobutene
is very high on CLI zeolite, but conversion was lower than for FER zeolite. The simulated distribution and calculated potential profile
of 1-butene molecules in CLI zeolite pore 10-ring channels show that the spatial constraints imposed by the pores are very severe.
The exceptional selectivity and the low conversion of CLI zeolite results from the strict restriction of adsorption to very specific sites,
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inhibiting dimerization, as well as from the high potential barrier which reduces mass transfer.
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1. Introduction

There are many examples where innovation in heteroge-
neous catalysis has been largely driven by industrial appli-
cations of zeolites and molecular sieves as shape-selective
catalysts[1]. Onerecent exampleis the successful commer-
cialization of anew catalytic processfor the skeletal isomer-
ization of linear butenes to isobutene based on the medium-
pore zeolite ferrierite (FER) that contains atwo-dimensional
channel system consisting of 10-rings (4.2 x 5.4 A) inter-
sected by 8-rings (3.5 x 4.8 A) [2,3].

Isobutene is a key component in the synthesis of methyl
tert-butyl ether (MTBE), which is under growing demand
as an ideal octane booster for gasoline. Thus, its avail-
ability has been a limiting factor in expanding the produc-
tion of MTBE. This has led to a renewed interest in the
skeletal isomerization of n-butenes, abundant feedstocks in
actual refinery schemes, as the most promising way to in-
crease the availability of isobutene [4]. To date, a wide
variety of solid acids including halogenated alumina, ze-
olites, and phosphate-based molecular sieves have been
studied as potential catalysts for this isomerization reac-
tion [2-16]. Among these solid acids, FER zeolite is con-
Sidered the best catalyst. As has been repeatedly shown
in the literature [3,8], however, FER zeolite does not ex-
hibit high selectivity for isobutene at the beginning of the
skeletal isomerization of n-butenes due to the heavy for-
mation of by-products (mainly propene and pentenes) via
the extensive dimerization of n-butenesfollowed by crack-
ing. The high selectivity for isobutene together with fairly
good stability is obtained only after partial deactivation by
carbonaceous deposits, i.e., coke. Thus, the initial isomer-
ization selectivity of FER zeolite is much lower than that
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of other medium-pore materials such as ZSM-23 (MTT),
SAPO-11 (AEL), and SAPO-41 (AFO), which possess a
one-dimensional 10-ring channel system [13]. This im-
plies that the pore structure of FER zeolite is not opti-
mal for selectively isomerizing n-butenes to isobutene, a-
though it plays a significant role in achieving high isomer-
ization selectivity. Apparently, pore size in zeolites and
related materials is crucial for the skeletal isomerization
of n-butenes since al of the microporous materials which
are succesful for this isomerization have 10-ring molecu-
lar sieves. The pore openings on 8-ring zeolites are too
smal to alow the free transport of isobutene. 12-ring
materials do not possess the shape selectivity to effec-
tively suppress side reactions, such as n-butene dimeriza-
tion followed by cracking to light hydrocarbons. There-
fore, the first step in finding a catalyst which is idealy
suited to steer the isomerization of n-butenes towards the
skeletal isomer rather than dimerization products should be
the continuous testing of new 10-ring microporous materi-
als.

Clinoptilolite is one of the most abundant natural zeo-
lites and is isostructural with the zeolite heulandite [17].
Thus, it contains a two-dimensional pore system consisting
of 8-ring channels (2.6 x 4.7 A) that intersect two par-
allel 10-ring channels (3.0 x 7.6 A) and 8-ring channels
(3.3 x 4.6 A) [18]. This natural zeolite has been found
suitable for many potential applications in ion exchange,
gas separation, and catalysis[19-23]. In particular, arecent
study by Woo et al. [24] has shown that natural clinoptilo-
lite is an effective catalyst for the skeletal isomerization of
1-butene to isobutene. However, extensive investigations
of its physicochemical and catalytic properties are limited
by the presence of relatively large amounts of iron impuri-
ties, a-quartz, and/or other zeolitic phases that are difficult
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to remove compl etely from the zeolite. Therefore, much in-
terest has been directed toward the hydrothermal synthesis
of clinoptilolite using an alkali-metal aluminosilicate gel,
as a starting phase. Numerous papers on this topic have
been published [25-31] demonstrating that clinoptilolite can
be hydrothermally synthesized, both with and without seed
crystals present, although the crystallization conditions and
the composition of reaction mixtures leading to successful
clinoptilolite formation are restricted within narrow lim-
its. In contrast to the volume of work on the synthesis of
this zeolite, however, no investigations involving the uti-
lization of synthetic clinoptilolite as a separation medium
or as a catalyst have yet been reported. In this study, we
synthesized a pure clinoptilolite with a Si/Al ratio of 5.8
using a seeding technique, investigated its catalytic per-
formance for the skeletal isomerization of 1-butene under
various operating conditions, and compared the catalytic
results to those obtained from a FER zeolite with a Si/Al
ratio of 7.6. In addition, the influence of coke deposits
on the activity and selectivity of synthetic clinoptilolite is
discussed.

2. Experimental
2.1. Samples

A clinoptilolite zeolite with a Si/Al ratio of 5.8 was
synthesized using a seeding technique following a proce-
dure described in the literature [30,31]. In atypica synthe-
sis, 3.22 g aluminum hydroxide hydrate (Al(OH)3-0.5H,0,
Aldrich) was dissolved in a clear solution obtained by
combining 1.98 g NaOH (50% aqueous solution, Aldrich),
13.56 g KOH (45% aqueous solution, Aldrich), and 32.35g
of deionized water. After stirring this solution for 0.5 h,
50.0 g of aqueous colloidal silica (Ludox AS-40, DuPont)
were added. The gel composition of the resulting mixture
was 1.67Na0-7.34K,0-2.5A1,03-45SiO,-550H,0. To this
reaction mixture, 0.34 g (1 wt% of anhydrous raw ma-
terials) of seed crystals were added. The seed crystals
used here were synthetic clinoptilolite, which was previ-
oudly prepared by using natural clinoptilolite (Youngil, Ko-
rea) as a seed, following the method stated above. The
final reaction mixture was stirred at room temperature for
48 h, sedled in ateflon-lined autoclave and heated at 423 K,
without stirring under autogenous pressure, for 8 days. The
solid product was recovered by filtration, washed repeatedly
with distilled water, and then dried overnight at room tem-
perature. As-synthesized clinoptilolite was refluxed twice
in 1.0 NH4NO;3 solution and then calcined in air at 773 K
for 16 h in order to obtain the acid form. Here we de-
note the as-synthesized clinoptilolite and its acid form as
NaK-CLI and H-CL I, respectively. For comparison, a FER
zeolite having a Si/Al ratio of 7.6 was prepared and con-
verted to the acid form (H-FER) according to procedures
described elsewhere [15].
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2.2. Analysis

The X-ray diffraction patterns of the zeolites thus pre-
pared were recorded on a Rigaku D/Max-I11A diffractome-
ter using Ko radiation. Chemica analysis was performed
by a Jarrell-Ash Polyscan 61E inductively coupled plasma
(ICP) spectrometer. The nitrogen BET surface areas were
measured on a house-built volumetric adsorption unit. Ad-
sorption of n-hexane on CLI and FER zeolites was ex-
amined by a quartz-spring balance at 298 K to compare
the gpatial constraints of their pores. The acidic proper-
ties of the zeolites were determined by the temperature-
programmed desorption (TPD) of ammonia using a TPD
apparatus described previously [15]. Thermogravimetric
analyses of the zeolite catalysts after the skeletal isomer-
ization of 1-butene were carried out on a DuPont 950 ther-
mogravimetric analyzer, where weight loss related to the
combustion of deposited coke was determined from differ-
ential thermal analyses (DTA) using a Shimadzu differential
thermal analyzer [16]. Approximately 20 mg of sample was
heated in air to 1073 K with a ramping rate of 5 K min~1.
The color of al zeolite samples changed from dark gray
or black to white after thermal analyses, indicating that the
weight loss attributable to the combination of TGA and
DTA can be regarded as a measure of the coke deposited
on the catalyst.

The preferred locations of 1-butene and isobutene mole-
culeson CLI and FER zeolites were determined by Monte
Carlo simulation and energy minimization techniques. The
Burchart-Universal force field implemented in the Cerius?
sorption software was used for both the docking and energy
minimization calculations [32]. These calculations were
performed using 2 x 2 x 3 unit cells of CLI and FER zeo-
lites with an additional 6.6 A shell of structure surrounding
them, and iterated 10° times to obtain a clear distribution
file. The zeolite framework was held fixed during the ssim-
ulation, while sorbates were mobile. The change in the
potential energy of 1-butene moleculesin the CLI and FER
zeolites 10-ring channels was also calculated. 1-butene
molecule moved by 0.1-0.2 A aong the channel, and the
lowest energy was determined.

2.3. Catalysis

A conventional continuous flow microreactor was used
to conduct the skeletal isomerization of 1-butene over ze-
olite catalysts at atmospheric pressure. A reactant stream
with an Ar/1-butene molar ratio of 0.3-5.3 was fed into a
stainless steel reactor containing the catalyst at the desired
reaction temperature, in order to study the influence of the
partial pressure of 1-butene on isomerization. The catalyst
was activated under flowing Ar (50 cm®min—?) at 673 K
for 1 h before the feed was introduced, and the 1-butene ve-
locity, WHSV, was fixed at 3.0 h~1. The reaction products
were analyzed on-linein a Varian 1420 gas chromatograph
equipped with a sebaconnitrile column and a thermal con-
ductivity detector, with the first analysis carried out after
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10 min on stream. The conversion of 1-butene was cal-
culated on the hypothesis that the three n-butene isomers
(i.e., 1-butene, cis-2-butene, and trans-2-butene) were act-
ing as reactants. Selectivity for isobutene was calculated
by dividing the isobutene yield by the 1-butene conversion.

3. Results and discussion
3.1. Physicochemical properties of synthetic clinoptilolite

Figure 1 shows the X-ray diffraction patterns of NaK-
CLI and H-CLI zeolites, i.e., the as-synthesized and acid
forms of CLI zeolite prepared in this study. All reflection
from NaK-CL| zeolite was understood to arise from a zeo-
lite with a heulandite structure, indicating that it is of pure
phase. The chemical composition data given in table 1
reved that NaK-CL| zeolite has a Si/Al ratio > 4 and con-
tains no Ca?* ions, within experimental error. Therefore,
this sample must be referred as clinoptilolite rather than as
heulandite. Table 1 also showsthat the K+ ionis highly en-
riched in the NaK-CLI sample, which is consistent with the
trend found in typical syntheses of heulandite-type zeolites
in the literature [28-30]. As seen in figure 1, on the other
hand, the X-ray diffraction pattern of H-CLI zeolite is es-
sentialy identical with that of NaK-CL| zeolite except that
the relative peak intensities are somewhat different. This
clearly shows that CLI zeolite prepared here maintains its
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Figure 1. X-ray powder diffraction patterns of (a) NaK-CLI and (b) H-CLI
zeolites.
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structural integrity during the NH; ion exchange and cal-
cination step. Further evidence to support the above specu-
lation can be obtained from the nitrogen BET surface area
measurements. As shown in table 1, the BET surface area
of H-CLI zeolite was found to be 386 m?g—1, revealing
that this sample is highly crystalline. In contrast, NaK-CLI
zeolite exhibited a surface area of only 11 m?g~!. Thisis
most likely due to the steric effects caused by the blocking
action of inorganic cations (mainly K+ ions) present in the
inner pores of the NaK-CLI zeolite. The fact that nitrogen
is not adsorbed in the pore of NaK-CLI zeolite indicates
that the spatial constraints of CLI zeolite are more severe
than those of FER zeolite, although the main channels for
both zeolites are 10-ring channels.

Figure 2 shows the results of the ammonia TPD ob-
tained from the H-CLI and H-FER zeolites that are used
as catalysts for the skeletal isomerization of 1-butene in
this study. Both TPD curves in figure 2 are characterized
by two desorption peaks with maxima in the temperature

Table 1
Physical properties of zeolites used in this study.
Sample  Structure Anhydrous unit Si/Al  BET surface
type cell composition ratio area® (m?g—1)
NaK-CLI HEU  Na&y1Ks2Al53Si37072 5.8 11
H-CLI HEU Hs.3Al5.3Si30.7072 58 386
H-FER FER Hg.2Al4.2Si31.8072 7.6 364
aBET surface areas caculated from nitrogen adsorption data.
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Figure 2. Ammonia TPD profiles from (a) H-CLI and (b) H-FER zeolite
catalysts.
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regions of 460480 and 680-730 K, which correspond to
weak and strong acid sites, respectively. Total areas of
ammonia desorption from H-CLI and H-FER zeolites are
similar to each other. The temperature maximum of the
second desorption peak from the H-CLI zeolite is dlightly
higher than that from the H-FER zeolite. The difference
in the temperature maxima may be due to acidic strength.
Otherwise, the readsorption of ammonia during TPD shifts
maximum temperature higher for zeolites with a great num-
ber of acid sites[33]. It iswell known that acidity and pore
size are the two important parameters affecting the activ-
ity and selectivity of zeolites and related materials during
1-butene skeletal isomerization [34,35]. However, the fact
that the differenceis not large, as shown in figure 2, reveals
that the H-CLI and H-FER zeolites prepared for this study
have similar acidic properties. Therefore, the catalytic re-
sults obtained from these two zeolites should illustrate the
effects of the geometrical constraints imposed by the par-
ticular pore structure of the catalysts.

3.2. Catalytic isomerization of 1-butene

Table 2 lists the conversions and product distributions
from the skeletal isomerization of 1-butene on H-CLI and
H-FER zeolites measured at 623-723 K, 3.0 h—1 WHSV,
31 kPa 1-butene pressure in the feed and 70 min time on
stream. The most appropriate way to compare different ze-
olite catalysts is to examine their isomerization selectivity
a nearly the same level of conversion, since the selectivity
of microporous materials for isobutene differs significantly
according to the 1-butene conversion [3,12,13]. Table 2
shows that at 623 K and conversion levels near 15%, the
selectivity for isobutene was 74.6 and 58.5% for H-CL | and
H-FER catalysts, respectively. It was also observed that the
H-CLI catalyst produces a smaller amount of propene and
pentenes compared to the H-FER catalyst. Due to the pres-
ence of a high concentration of reactants inside the zeolite
pores, dimerization of 1-butene moleculesis a serious com-
peting reaction where the dimerized products (octenes) are
further cracked into two major by-products, namely propene
and pentenes. Obvioudly, the excellent performance of the
10-ring medium-pore molecular sieves for the skeletal iso-
merization of 1-butene comes from their shape selectivity,

Table 2
Conversion and product distribution from 1-butene skeletal isomerization
on H-CLI and H-FER zeolites at different temperatures.2

Catalyst Reaction Conversion Selectivity (%)
temp. (K) (%) C; C CF nC i-C; Csi
H-CLI 623 15.9 04 00 100 61 746 88
673 16.1 00 35 70 54 807 34
723 16.0 00 00 48 26 895 31
H-FER 623 16.5 00 19 185 79 585 132
673 331 06 10 106 34 742 102
723 38.1 09 03 91 105 716 76

aData are reported as the average values of 70 min time on stream at
WHSV = 3.0h~1.
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so that they can suppress undesired bimolecular processes
for which large spaces are required. However, the extent of
suppression is greatly influenced by the shape of the 10-ring
pores, as well as by their size [13]. Recall that the 10-ring
channels (3.0 x 7.6 A) of H-CLI zeolite are much more
elliptical than those (4.2 x 5.4 A) of H-FER zeolite despite
the similarity in pore dimension. This suggests that the
spatial constraints suppressing 1-butene dimerization inside
the 10-ring channels may be higher for H-CLI zeolite than
for H-FER zeolite. Therefore, we speculate that the reason
the H-CLI catalyst is more selective for isobutene forma-
tion than the H-FER catalyst is that the oval-shaped H-CLI
10-ring channels are too narrow for bimolecular transfor-
mation of 1-butene.

Another interesting observation obtained from table 2
is that the selectivity of the H-CLI catalyst for isobutene
was enhanced by elevating the reaction temperature, while
the degree of 1-butene conversion remained almost un-
changed. This trend exists at least over the temperature
range studied here and suggests that the highly elliptical
10-ring channels of H-CL | zeolite do not allow the free dif-
fusion of isobutene. Table 2 also shows that selectivitiesfor
propene and pentenes, which must be produced through the
dimerization—cracking process, are continuously decreased
on both H-CL I and H-FER catalysts at higher reaction tem-
peratures. This is not surprising because 1-butene dimer-
ization becomes thermodynamically unfavored at high tem-
peratures [11]. As stated earlier, however, the selectivity
of the H-CLI catalyst for isobutene increases while crack-
ing decreases. Therefore, it is most likely that the skeletal
isomerization of 1-butene to isobutene on H-CLI proceeds
through a monomolecular mechanism rather than a bimo-
lecular mechanism, in the same fashion as for the H-FER
catalyst [9,13-16].

Figure 3 shows 1-butene conversion and selectivity for
isobutene as a function of time on stream in skeletal isomer-
ization over H-CLI and H-FER zeolites at 723 K, 3.0 h—?
WHSV, and 31 kPa 1-butene in the feed. For an initid
10 min time on stream, 1-butene dimerization followed by
cracking to light olefins was found to be a very serious side
reaction that may decrease the selectivity for isobutene.
As time on stream increases, however, these bimolecular
processes are significantly suppressed. Thus, 1-butene con-
version decreases with increasing time on stream. In partic-
ular, sharp decreases in 1-butene conversion are observed
at early times on stream. In contrast, the selectivity for
isobutene increases rapidly at 70 min time on stream and
remains amost unchanged over the period of time stud-
ied. These results have also been observed during 1-butene
isomerization on other 10-ring medium-pore materials such
as TON and MTT zeolites [8,9]. It is well established
that the origin of a remarkable increase in selectivity for
isobutene of these 10-ring zeolites with time on stream is
coke formation inside the zeolite channels, which would re-
duce the free space around the acid sites and thus suppress
the dimerization reactions. In addition, poisoning of the
exterior acid sites by coke deposition may contribute to the
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Figure 3. 1-butene conversion and selectivity for isobutene as a function of time on stream in skeletal isomerization over H-CLI and H-FER [15]
zeolites at 723 K, 3.0 h—1 WHSV, and 31 kPa 1-butene pressure.

increased isobutene selectivity since they favor dimeriza-
tion over isomerization. On the basis of these speculations
therefore, one can explain why fresh H-CLI zeolite pro-
duces a large amount of by-products in the beginning of
the reaction and becomes more selective for isobutene for-
mation only after a certain period of induction time. The
drastic change in the conversion and the selectivity of the
H-CLI catalyst suggests that the spatial constraint of H-CLI
zeolite is more severe than that of H-FER zeolite, resulting
in the higher selectivity and lower conversion.

Figure 4 shows coke formation for the fresh H-CLI cata-
lyst during the skeletal isomerization of 1-butene at 723 K,
3.0 h~ WHSV, and 31 kPa 1-butene pressure, as a func-
tion of time on stream. As seen in figure 4, coke forma-
tion on this zeolite is initially fast but slows down rapidly
with time on stream. Thus, the level of coke deposited
on the H-CLI catalyst during the 5 h on stream which we
studied was found to be ~7%. At this coke level, how-
ever, the H-CLI catalyst was highly active and selective for
the skeletal isomerization of 1-butene (see figure 3). This
clearly shows that the high isomerization selectivity of the
H-CLI catalyst can be achieved only after partial deactiva-
tion by coke, which is consistent with the trend found in
the H-FER catalyst [3,36]. Most likely, the increased spatial
congtraints by coke deposition limiting n-butene dimeriza-
tion may be responsible for the enhancement of selectivity
for isobutene. Also, it should be noted that the level (7%)
of the coke formed in H-CLI catalyst is dightly lower than
that (8-10%) of properly used H-FER catalyst, producing
high isobutene selectivity [3,36]. This can be rationalized
by considering that the 10-ring pores of H-CLI zeolite are
much narrower than those of H-FER zeolite.

Figure 5 shows plots of 1-butene conversion and
isobutene selectivity on the H-CLI catalyst versus partia
pressure of 1-butene. Both 1-butene conversion and selec-
tivity for isobutene were found to decrease with increased
partial pressure of 1-butene. Thus, the highest degree of
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Figure 4. Coke formation for fresh H-CLI zeolite during the skeletal
isomerization of 1-butene at 723 K, 3.0 h—1 WHSV, and 31 kPa 1-butene
pressure as a function of time on stream.

1-butene conversion and the best selectivity for isobutene
was achieved at the lowest partial pressure of 1-butene in
the pressure range studied here. In particular, selectivity
for isobutene decreases sharply when the partial pressure
of 1-butene in the feed is 90 kPa. This result does not
accord with the catalytic results for H-FER reported previ-
oudly [15]. Since dimerization reaction is accelerated with
increased 1-butene pressure, it is natural that conversion
increases and selectivity decreases with increasing partial
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pressure. Therefore, the sharp decrease of conversion over
the H-CLI catalyst at high 1-butene pressure is due to pore
blocking by coke deposition. Since the entrance of CLI
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Figure 5. 1-butene conversion and selectivity for isobutene as afunction of
partial pressure of 1-butene in skeletal isomerization over H-CLI catalyst
at 723 K, 3.0 h—1 WHSV, and 130 min time on stream.
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zeolite pore is narrow, ion exchanges of akali meta ions
to protons are required for the adsorption of nitrogen. This
means that even a small amount of carbon deposited on the
external surface hampers the diffusion of reactant into the
pores, resulting in very low conversion.

Although the sorption simulation results of reactant
and/or product guest molecules in zeolites are somewhat
altered according to the force field and the calculation
method used, they can provide valuable information about
the spatial location and dynamic behavior of adsorbed mole-
cules which are difficult to ascertain by experimental meth-
ods [32,37]. Figure 6 shows the simulated distributions
of 1-butene molecules adsorbed at 300 K and 100 kPa
on CLI and FER zeolites. A recent simulation study on
the butene isomers in H-FER zeolite with a SI/Al ratio
of 8 have revealed that coulombic interactions have almost
no influence on the diffusion properties [37]. Thus, our
calculations were restricted to the pure-silica framework.
The distribution probability of the preferred locations of
these two butene isomers was obtained from 10° iterated
calculations and each center of mass of adsorbed mole-
cules was indicated by a dot for clarity. Figure 6 clearly
shows that 1-butene molecules are mainly located in the
intersections of 10- and 8-ring channels of CLI and FER
zeolites, and are thus far apart from each other. There-
fore, it is most likely that the collision probability between
the molecules adsorbed on CLI and FER zeolites may be
low enough to suppress side reactions such as the dimer-
ization of 1-butene followed by cracking to propene and
pentenes.

FER

Figure 6. Simulation results of 1-butene molecules adsorbed at 300 K and 100 kPa on pure-silica CLI and FER [32] zeolites. The presented structure
covers 2 x 2 x 3 unit cells along [001]. For clarity, each center of mass of adsorbed molecules is indicated by a dot.
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Figure 7. Potentia energy profiles of 1-butene molecule moving in 10-ring
channels of pure-silica CLI and FER zeolites at 300 K and 100 kPa.

The concentrations of dots denoting 1-butene molecules
on CLI zeolite pores differ notably from those on FER zeo-
lite. The dots on CLI zeolite make small circles, while the
dots on FER zeolite are dispersed in intersections forming
élipses. This means the preferable position of 1-butenein
a CLI zedlite is very specific, while 1-butene molecules in
FER zeolite are dispersed in the pore with more freedom.
This result can be confirmed by calculated potentia energy
profiles for 1-butene molecules on CLI and FER zeolites,
as shown in figure 7. The extremely high potentia barrier
for the movement of 1-butene moleculesin the CLI zeolite
10-ring channels indicates that there is a specific position
where the 1-butene molecule must be located. Although
there is also a potentia barrier for FER zeolite, it is very
small compared to that of CLI zeolite. The low potentia
barrier for FER zeolite can also be surmised from the dis-
persed distribution of 1-butene (figure 6) and the relatively
low selectivity for isobutene (figure 3) compared with CLI
zeolite.

The high potential barrier in CLI zeolite results in the
slow diffusion of the reactant as well as the specific distrib-
ution of molecules in the pore. n-hexane was adsorbed on
H-FER zeolite very fast at 303 K and the adsorption amount
reached 0.14 g/g zeolite at 30 min under a 1-butene pressure
of 30 kPa. By contrast, no meaningful uptake of n-hexane
on the H-CLI zeolite was observed until 30 min. This
clearly shows that there is a high spatial constraint in CLI
zeolite pores for 1-butene molecule. This suggests that the
extent of suppression of 1-butene bimolecular processes is
more strict for H-CL | zeolite than for H-FER zeolite, which
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may be responsible for its high selectivity for isobutene and
low conversion.

In conclusion, the catalytic results presented in this study
demonstrate that synthetic CLI zeolite is a highly selec-
tive catalyst for the skeletal isomerization of 1-butene to
isobutene. It was found that at nearly the same level of
conversion, selectivity for 1-butene is higher for CLI zeo-
lite than for FER zeolite with the major difference being that
CLI zeolite produces smaller amounts of cracked products
(mainly propene and pentenes). In addition, synthetic CLI
zeolite shows a noticeable increase in isobutene selectivity
within a very short reaction time, which can be attributed
to the masking of acid sites on the external surface and
the increased spatial constraints inside the pores by coke
deposition that restrict undesired side reactions, especially
the dimerization—cracking process. The potential energy
profile of 1-butene molecules in CLI zeolite pores shows
that there is a large potential difference along the 10-ring
channel. Thus, the preferable sites for 1-butene molecules
adsorbed in the pores are very specific, and they are held
far enough apart from each other to decrease the possibil-
ity of dimerization. Since the spatial constraint CLI zeolite
pores impose on 1-butene is exceptional, the selectivity for
isobutene is exceptional, but the conversion is low due to
the dower diffusion restricted by the high potential barrier.
Although the low potential barrier of 1-butene molecules
in FER zeolite is responsible for the lower selectivity com-
pared to that in CLI zeolite, it is most likely that the main
reason FER zeolite is used as an industrial catalyst for the
skeletal isomerization of n-butenes is the fast mass transfer
of reactants in the pores of this zeolite, giving a high yield
of isobutene.
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