JOURNAL OF CATALYSIS 157, 423435 (1995)

Isomerization of n-Butene to Isobutene by Ferrierite and Modified
Ferrierite Catalysts

R. J. Pellet, D. G. Casey, H.-M. Huang, R. V. Kessler, E. J. Kuhlman, C.-L. O’Young, R. A. Sawicki,
and J. R. Ugolini

Texaco Group Inc., P.O. Box 509, Beacon, New York 12508

Received February 15, 1995; revised July 12, 1995; accepted August 4, 1995

n-Butene was isomerized to isobutene over fresh and used
ferrierite catalysts. Activity and selectivity for skeletal isomer-
ization and biproduct formation were measured and changes
following extended use were related to changes in ferrierite’s
aluminum distribution. In its fresh form, ferrierite exhibited
high activity for n-butene conversion and high selectivity for
non-C, products with reduced selectivity for isobutene. With
time on feed, side-product formation decreased and isobutene
yields reached a maximum, then declined with further time on
feed. After several run/regeneration cycles, a marked drop-off
in the maximum achievable isobutene yield was observed and
selectivity for non-C, products increased. MAS-NMR of the
deactivated catalyst showed a decrease in zeolitic, tetrahedral
aluminum and an increase in octahedral aluminum. In order to
understand changes occurring following extended use, ferrierite
powders were modified by steam and by steam plus acid-wash
treatments. A steamed ferrierite catalyst exhibited lower initial
n-butene conversion; however, selectivity to non-C, products
increased relative to that of the fresh catalyst. XRD peak areas
and gravimetric adsorption data indicated excellent crystallin-
ity retention following steam treatment; XRD unit cell determi-
nation, and FTIR and NMR analysis suggested significant
framework dealumination and the creation of a nonframework
aluminum phase. TEM suggested that at least a portion of
this phase exists in mesopores created by steam treatment. A
steamed-acid-washed ferrierite catalyst also exhibited reduced
initial n-butene conversion but high isobutene selectivity
throughout the run. Biproduct formation was greatly reduced.
Characterization indicated that acid-wash treatment after
steaming had no effect on framework aluminum but partially
reduced the amount of nonframework aluminum. Steamed-
acid-washed ferrierite was much less sensitive to subsequent
hydrothermal treatments than was the starting ferrierite. The
study suggests a catalytic role for nonframework alumina, gen-
erated upon extended use of unmodified ferrierite and present
in steamed ferrierite. Catalytically active, nonframework sites
contribute to the production of non-C, products and reduced
isobutene selectivity. Steamed-acid-washed ferrierite with the
active nonframework phase removed exhibits excellent isobu-

tene selectivity and catalytic stability. © 1995 Academic Press, Inc.
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INTRODUCTION

Government legislation and environmental concerns
continue to change the compositional makeup of gasoline.
Current legislation has mandated the addition of oxygen-
ates to the gasoline pool in certain areas in order to reduce
carbon monoxide formation. MTBE (methyl r-butyl ether)
is the most widely used oxygenate for this purpose although
other oxygenates can contribute (1). As its use increases,
production (from methanol and isobutene) may become
limited by the availability of isobutene, currently supplied
by the catalytic cracking of petroleum. Skeletal isomeriza-
tion of linear butenes to isobutene represents a potential
route to supplement current sources.

The skeletal isomerization of olefins over acid catalysts
has been reviewed (2). Much of the early work employed
amorphous acids such as halogenated aluminas but more
recently, a number of papers and patents describe (3-8)
the use of zeolites and particularly 10-member (10-MR)
ring zeolites for skeletal isomerization because of their
enhanced ability to resist coking and inhibit the production
of unwanted side products by shape selectivity. Of all the
zeolites evaluated, ferrierite is reported to exhibit the high-
est selectivity for isobutene (9, 10). Its improved selectivity
has been related to its pore structure.

Ferrierite has an orthorhombic framework containing
one-dimensional channels of 10-member rings (4.2 X
54 A) and one-dimensional channels of 8-member rings
(8-MR) (3.5 X 4.8 A). These two kinds of channels are
perpendicularly intersected (11). High isomerization selec-
tivity has been attributed to spatial constraints at the inter-
section of the 8-MR and 10-MR channel systems which
restrict bimolecular reaction intermediates involved in
side-product formation (10). Alternatively, ferrierite’s se-
lectivity has been attributed to its channel dimensions.
Modeling studies reveal that ferrierite offers the highest
diffusion barrier for trimethylpentene migration and might
be expected to best resist the escape of branched Cj iso-
mers from the zeolite crystal; it has been proposed that Cy

0021-9517/95 $12.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.



424

olefins are intermediates in isobutene and side-product
formation (9).

Ferrierite’s selectivity in butene isomerization is affected
by coke formation (12). During isomerization, channels of
ferrierite are blocked by carbonaceous deposits formed
early in the run. Improved selectivity for isobutylene and
the repression of dimerization with time on stream were
attributed to coke poisoning of strong acid sites or alterna-
tively to increased spatial restrictions limiting bimolecu-
lar reactions.

Because deactivation is observed (12), it is likely that
any commercial process using ferrierite for butene isomer-
ization must include an oxidative regeneration step in order
to remove coke deposits responsible for deactivation. By
its nature, oxidative regeneration will subject the ferrierite
catalyst to hydrothermal treatment. Hydrothermal treat-
ment of ferrierites leads to formation of nonframework
aluminum (13, 14). Interestingly, acid treatment of steamed
ferrierites is only partially successful in removing this non-
framework aluminum. Steamed and acid-washed ferrier-
ites exhibited a decrease in catalytic activity for such reac-
tions as alkane cracking and methanol conversion (13).

In this study, the catalytic behavior of modified ferrier-
ites has been investigated in order to better understand
factors that affect performance before and after regenera-
tion. The effect of steam and steam-acid-wash treatments
on butene isomerization activity and selectivity are ex-
plored. Changes in ferrierite’s physical characterization
caused by hydrothermal treatment are measured and re-
lated to changes observed in performance. The significance
of nonframework zeolitic alumina is inferred from the ef-
fect of acid-wash treatment on performance.

EXPERIMENTAL

Materials. Two ferrierite samples (provided by Tosoh
USA, Inc. of Atlanta, Georgia) were used for all charac-
terization, modifications, and catalyst performance evalu-
ations reported herein. An alumina-bound ferrierite ex-
trudate, commercially available as TSZ-720, contained
80% ferrierite and 20% alumina binder. This material
was ammonium exchanged in aqueous solution to give
a final potassium content of 0.19% and a sodium content
below 0.05%. The ammonium-exchanged ferrierite was
then calcined at 873°K in air for 4 h to generate hydrogen
ferrierite extrudates, designated H-FER-1. Following am-
monium exchange the chemical composition of the extru-
date was 31.27% Si, 13.6% Al, 0.19% K, and less than
0.05% Na.

A ferrierite powder, commercially available as HSZ-
720K0OA, was analyzed to contain 39.5% Si, 4.32% Al,
1.11% Na, and 4.7% K. This material was also ammonium
exchanged to achieve a potassium content of 0.22% and a
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sodium content of less than 0.05%. This powder was cal-
cined as above to prepare the hydrogen ferrierite powder
designated H-FER-2.

Ferrierite modifications. A steamed ferrierite sample,
designated S-FER-2, was prepared from ammonium fer-
rierite powder by heating in a 100% flowing steam atmo-
sphere at 873°K for 1 h. A steamed then acid-washed sam-
ple, designated SAW-FER-2, was prepared by slurrying
the S-FER-2 powder in 5% hydrochloric acid solution at
350°K for 1h, then washing in excess water to remove
chloride; this wash treatment was repeated two additional
times before finally drying and calcining in flowing air
at 870°K. A steamed-acid-washed then steamed sample,
designated SAWS-FER-2, was prepared from SAW-
FER-2 using the same steam procedure described for
S-FER-2.

Catalyst preparation. In order to evaluate the catalytic
properties of the fresh and modified ferrierites described
above, all powders were first formed into pellets by mixing
with alumina binder, Dispal (manufactured and sold by
Vista Chemical Co. of Houston, TX) in a physical mixer
with added water to form a paste suitable for extrusion.
The mixture was extruded to 15", dried at 390°K overnight
in air, and then calcined at 873°K for 2 h in a flowing air
atmosphere. Catalysts prepared from H-FER-2, S-FER-2,
SAW-FER-2, and SAWS-FER-2 were all prepared to con-
tain 40% binder. Prior to bench scale evaluation, all cal-
cined catalysts were ground and sieved to obtain a 20/40
U.S. Sieve Series mesh size fraction.

Bench scale catalyst evaluation. Butene isomerization
reactions were carried out in a microreactor loaded with
1.0 g of meshed catalyst at 14.7 psia (1.0133 X 10° Pa). The
reactor was heated from room temperature to 823°K at a
ramping rate of 15°K/min in a flow of nitrogen of 60
ml/min. The temperature of the reactor was maintained
at 823°K for 30 min. The reactor was cooled to 693°K and
the nitrogen flow was switched to a mixture of 1-butene
and nitrogen (1:1 molar ratio). The flow rate of butene
was controlled to 5.3 g per hour. Reaction products were
analyzed every hour with an on-line Hewlett-Packard 5890
Series II GC equipped with a capillary column capable of
separating all components of significance. Butene conver-
sion is defined as the weight percent change in linear butene
content (1-, cis, and trans) in the feed and product mixture.
A rate of conversion can be calculated as the number of
moles of linear butenes converted per hour per gram of
catalyst. Since all runs employed the same feed rate of 5.3 g
of 1-butene per gram of catalyst per hour, 100% conversion
would correspond to 0.57 mol/h-g catalyst. Yield; is defined
as the weight percent of a product; per weight of 1-butene
feed (i.e., weight percent on feed).

Pilot plant catalyst evaluation. Catalyst H-FER-1 was
evaluated at the pilot plant scale (400 cc catalyst load)
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using actual C4 raffinate feed obtained following MTBE
processing. The catalyst was tested for 26 cycles lasting 24 h
each at temperatures ranging from 623 to 753°K, pressures
from 20 to 45 psia (1.37 x 10° to 3.10 X 10° Pa) and at
feed rates ranging from 0.8 to 3.2 WHSV. Following each
test cycle, the catalyst was oxidatively regenerated in situ
using nitrogen-reduced air to obtain controlled coke burns
at temperatures ranging from 693 to 833°K. Following the
last regeneration, the catalyst was discharged and analyzed
to contain less than 0.4% coke. This used catalyst is desig-
nated as used-FER-1. Details of pilot plant evaluation will
be reported elsewhere.

Sorption experiments. Sorption experiments were per-
formed on a Kahn microbalance. Samples were first out-
gassed at 625°K overnight and then exposed to adsorbates
at P/P, = 0.1 pressure. Adsorbates used for this study
were n-pentane and carbon dioxide.

Infrared studies. Fourier transform infrared (FTIR)
spectroscopy experiments were done on a Bio-Rad FTS-
40 spectrometer at a resolution of 4 cm™' using a diffuse
reflectance accessory. The samples were ground into a fine
powder using a mortar and pestle, and were then cut back
to approximately 5% in ground KBr.

X-ray diffractions. Powder X-ray diffraction (XRD)
scans were obtained using a Scintag PAD V diffractometer
with a copper target X-ray source and a high purity germa-
nium solid state detector to resolve the CuKa radiation.
Beam collimation was accomplished using a 2° divergence
slit and a 0.3-mm receiving slit. Data were collected in
0.02° steps in the range 2° < 26 < 70°. For determination
of unit cell parameters, peak positions of eight selected
hkl’s (200, 020, 101, 011, 411, 002, 510, and 202) were
corrected using silicon as an internal standard. Results
were calculated based on orthorhombic cell geometry using
Scintag’s lattice refinement software.

Aluminum MAS-NMR. The solid-state Al NMR
spectra were acquired at 78.3 MHz on a Varian Unity-300
wide bore spectrometer equipped with a 7-mm Chemag-
netics CPMAS probe. The reference standard was KAl
(SO,); - 10H,O (0 ppm). Magic angle spinning (MAS) was
utilized with typical spinning rates of 6-7 kHz. In order
to selectively observe the central *} quadrupolar transi-
tion, one can employ the selective solid-echo sequence
(15-17): (90°);—7—(180°);—r—acquire. In this sequence
the selective 90° pulsewidth is determined by dividing the
nonselective 90° pulse (obtained from an aqueous solution
of KAI(SO,),) by a factor of (I + 3), where I for YAl is §.
Thus, the nonselective pulse was found to be 5 us, and the
selective pulse width that was employed was 1.7 us; echo
delays () of 145 us were employed. The echo delays were
the inverse of the MAS spinning speed. In order to accentu-
ate the differences between samples we have utilized the
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differing relative responses of aluminum sites with large
and small quadrupole coupling constants to the nonselec-
tive solid-echo sequence, in which selective (1.7 us) pulses
are replaced by nonselective (5 us) pulses. Use of a non-
selective pulse in this manner serves to accentuate the sig-
nal observed from high symmetry sites (small quadrupole
coupling constant). This is particularly useful in accentuat-
ing the signal from high symmetry tetrahedral framework
aluminum, and octahedral extra-framework aluminum,
with respect to lower symmetry extra-framework alumi-
num. This allows a partial spectral editing of the spectra
so that signals arising from the binder alumina material
are reduced and differences in zeolite structure can be
observed more clearly. We have also obtained semi-
quantitative ?Al NMR spectra by a simple pulse-and-
acquire sequence in which a small tip angle of 6° is used.
Recycle delays of 0.2 s were used along with 5 ms acquisi-
tion times.

Modeling. Sorption at a fixed loading of one molecule
was used to study relative adsorption energy, siting, and
possible migration paths for the AI(O)OH and Al(OH),
at 873°K. Sorption studies at fixed pressure were carried
out under experimental conditions for pentane and CO,
to help understand experimental sorption results. The fer-
rierite model consisted of silicon and oxygen atoms with
a cell size of 1 by 2 by 3 unit cells. In all calculations the
ferrierite atom locations were fixed. Cerius (18) was used
for all modeling. The Burchart/Universal force field (19,
20), available in Cerius, was used. Burchart charges were
used for the ferrierite; charges for the aluminum com-
pounds were calculated by charge equilibration (21). In
the sorption runs Ewald summation with a cutoff of 9.5 A
was used for coulomb energy calculation.

X-ray photoelectron spectroscopy. XPS analysis was
performed on a VG Instruments ESCALAB 5, Mkl sys-
tem. XPS data were collected with MgKa X rays at 300 W.
Samples were prepared for XPS analysis by mounting on
powder sample stubs as a parallel array with silver paint.
The samples were oriented parallel to the X-ray beam in
order to eliminate beam shadowing. Photoelectron binding
energies were referenced to adventitious carbon at 284.7
eV. Relative areas for the Al 2p and the Si2p photoelectron
peaks were calculated after linear background subtraction.
VG-supplied sensitivity factors were used to calculate
atomic fractions.

Transmission electron microscopy. Zeolite crystal
changes following steam treatment were studied using a
Philips TEM 420 electron microscope using a 120-KeV
electron beam. Steamed zeolite crystals were first embed-
ded in araldite epoxy and thin slices (approximately 60 nm
thick) of the embedded sample were prepared by micro-
toming using a diamond knife. The slices were captured
on Cu TEM grids and carbon coated prior to inspection.
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RESULTS AND DISCUSSION

Unmodified ferrierite characterization and perfor-
mance. Alumina-bound hydrogen ferrierite has been
evaluated for butene isomerization activity and selectivity
at the bench and pilot scale. A description of the pilot
plant study is provided under Experimental; details will
be presented elsewhere. Typical results obtained in bench
scale isomerization of 1-butene with catalyst H-FER-1 are
presented in Fig. 1. From the figure it can be seen that initial
ferrierite conversion as measured by the disappearance of
linear butenes is quite high (about 70%). This conversion
is due in part to isomerization to isobutene (about 25%)
but to a greater extent due to the formation of non-C,
products, consisting largely of C; and Cs olefins (over 40%
conversion). The C, olefin distribution is close to that pre-
dicted by thermodynamic equilibrium (22). Formation of
side products has been attributed to dimerization of
n-butene feed or isobutene primary product to form octene
intermediates; these intermediates are then cracked to
yield the secondary non-C, olefinic products (9, 10). With
time on feed, H-FER-1 loses its high initial activity; all of
this loss is due to a decrease in the nonselective reactions.
The C, olefin distribution remains relatively constant dur-
ing this stage of reaction and near equilibrium, and conver-
sion to isobutene actually increases. The improvement in
isobutene selectivity with time on feed has been observed
elsewhere and attributed to blocking or modification of
nonselective sites by coke deposition (12). At about 20 hon
feed, isobutene yield reaches a maximum, which thereafter
declines. In the latter portions of the run, nonselective
reactions are minimal and isobutene selectivity is very high,
approaching 95%. Similar results were obtained in pilot
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FIG. 1. Unmodified ferrierite catalyzed conversion of linear butenes:
total conversion (circles), conversion to isobutene (diamonds), and to
non-C, products (triangles).
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FIG. 2. Ferrierite selectivity before (circles) and after extended pilot
plant evaluation (diamonds) and after acid-wash treatment (triangles) of
the used catalyst.

plant tests, which also showed that initial high activity
could be largely restored by oxidative regeneration sup-
porting coke involvement in the initial activity attenuation.

In an effort to assess longer term trends and optimize
processing conditions, H-FER-1 was evaluated for butene
isomerization over 26 deactivation/regenerations cycles in
the pilot reactor. Following a final oxidative regeneration,
a portion of this used catalyst, used-FER-1, was recovered,
analyzed to contain less than 0.4% carbon and then evalu-
ated at the bench scale as described above. An additional
portion of used-FER-1 was acid washed and also tested in
the bench scale reactor. Results of these evaluations are
presented in Fig. 2. Here product yields are plotted against
linear butene conversions in order to allow comparisons
to be made between catalysts at similar conversion levels.
From Fig. 2, it can be seen that the used catalyst has
increased selectivity for the production of non-C, products
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and reduced selectivity toward isobutene. For example at
50% conversion, the fresh H-FER-1 yielded about 15%
non-C, products and about 35% isobutene. By comparison,
the used catalyst yielded about 28% non-C;’s and only
22% isobutene. Following acid-wash treatment, the used
catalyst performance was almost entirely restored, yielding
about 18% non C,’s and 32% isobutene.

Figure 3 presents Al nonselective-echo MAS spectra
of (a) fresh and (b) used ferrierite catalysts containing
binder. Both spectra are plotted on the same vertical scale.
The fresh catalyst shows a strong signal at about 58 ppm,
indicative of aluminum in a tetrahedral environment, as
expected for aluminum contained in the ferrierite crystal
framework. In addition, a resonance at O ppm is observed,
which can be attributed to aluminum in an octahedral
environment. This signal at 0 ppm is due largely to the
alumina binder used in catalyst preparation. While NMR
does not allow us to quantify the relative amounts of alumi-
num in each form for each catalyst, comparisons between
fresh and used catalyst spectra indicate a significant de-
crease in the relative amount of framework tetrahedral
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alumina for the used catalyst when compared to the fresh
catalyst. This suggests that following multiple use and oxi-
dative regeneration cycles, there is significant framework
dealumination and the creation of a nonframework alu-
mina phase in the used sample. The dealumination is most
probably caused by the hydrothermal steaming conditions
created by the oxidative coke burn step. The reason for
the difference in signal-to-noise ratio is probably due to
the loss of much of the aluminum NMR signal for the
regenerated catalyst during the dead time of the echo ex-
periment. As the sample becomes dealuminated the alumi-
num assumes a variety of distorted symmetries which have
large quadrupole interactions. These large quadrupole in-
teractions are directly related to short T2 relaxation times
for these aluminum sites. In the 260-us dead time of the
echo delays the signal from these distorted aluminums
is lost. Thus, in the regenerated sample, as framework
aluminum is lost from the ferrierite framework, it assumes
a lower symmetry and is lost from the spectrum, yielding
a lower signal-to-noise spectrum than the fresh catalyst.
The nonselective-echo experiment was used here to re-
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FIG. 3.

ZTAl nonselective-echo MAS spectra of (a) fresh and (b) used ferrierite containing binder.
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move large quadrupole aluminum sites from the spectrum
as binder is present in these two catalyst samples.

The creation of nonframework aluminum after extended
use could account for the reduction in catalyst selectivity
in two ways. First, nonframework aluminum, if deposited
in the zeolite channels would make egress of primary prod-
ucts more difficult, increasing the chances for secondary,
nonselective reactions. Alternatively, nonframework alu-
mina might be itself catalytically active but not particularly
selective for butene isomerization. In either case dealumi-
nation upon use would result in reduced selectivity and in
either case acid washing would be expected to remove the
nonframework aluminum and restore selectivity.

Isothermal gravimetric adsorption studies using
n-pentane as an adsorbate indicate no loss in adsorption
capacity following extensive use. The fresh catalyst adsorbs
about 5.5 wt% n-pentane based on catalyst zeolite content.
On the same basis the used catalyst adsorbs 5.7%
n-pentane. Adsorption studies do not suggest pore
blockage following use. Tentatively, it might be concluded
that the nonframework aluminum produced during regen-
eration contributes significantly to the production of non-
C, products and that acid washing removes this aluminum
and restores selectivity.

In summary, it is possible to achieve high selectivity and
yields of isobutene with unmodified ferrierite but initial
selectivity, prior to partial coke deactivation, is not high.
In addition, degradive change occurs following extended
use, rendering selectivity even lower.

Characterization of modified ferrierites. In an effort to
reduce the high initial activity observed with unmodified
ferrierite as well as to better understand changes that occur
in ferrierite under hydrothermal conditions, a sample of
unbound, hydrogen ferrierite powder, H-FER-2, was
steamed at 873°K in a 100% steam atmosphere and desig-
nated S-FER-2. This steam treatment should simulate the
effect of many cycles of use/regeneration. (In the pilot
plant study, typical regeneration temperatures were kept
below 813°K and steam partial pressures were calculated
to be below 1%.) A portion of this steamed sample was
given a subsequent hydrochloric acid-wash treatment and
designated SAW-FER-2. Finally, a portion of this
steamed-acid-washed ferrierite was given an additional
steam treatment and designated SAWS-FER-2. The
S-FER-2 and SAW-FER-2 samples were extensively char-
acterized; all samples were also alumina bound and evalu-
ated at the bench scale for butene isomerization perfor-
mance.

Results of X-ray diffraction studies are summarized in
Table 1. Unit cell parameters and cell volumes are pre-
sented for fresh, steamed, and steamed-acid-washed fer-
rierite. In addition, relative crystallinities are presented
using the fresh ferrierite, H-FER-2, as a basis for compari-
son. It can be seen that the steam treatment causes a
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TABLE 1

X-Ray Diffraction Analysis: Unit Cell Parameters and
Relative Crystallinity

Unit cell parameters (A) Normalized

integrated

Samples a b ¢ Cell volume peak areas
H-FER-2 18897  14.161  7.4489 1993 100%
S-FER-2 18.862  14.081  7.4489 1978 105%
SAW-FER-2 18.869  14.084  7.4498 1980 119%

significant contraction in the b-axis of the unit cell, a lesser
contraction in the g-axis, and has almost no effect on the
c-axis. No loss of crystallinity was observed. Results are
consistent with a steam-induced partial dealumination of
the zeolite crystal. Subsequent acid washing produces no
significant effect in the unit cell parameters.

Zeolite dealumination upon steaming is also evidenced
by the diffuse reflectance infrared analysis presented in
Table 2 for the same three samples. Bands at 1066 and
780 cm™!, associated with asymmetric and symmetric
stretching of H-FER-2 T-O groups, respectively, are found
to shift upon steam treatment. Results are consistent with
those reported in the literature (13) and attributed to
framework dealumination. As with XRD analysis, infrared
data suggest that subsequent acid washing causes no addi-
tional framework dealumination.

The extent of framework dealumination caused by
steaming is suggested by aluminum MAS-NMR spectra
plotted in absolute intensity for the three samples in Fig.
4. In this figure ’Al short pulse MAS-NMR spectra are
presented for (a) unmodified ferrierite, H-FER-2, (b)
steamed ferrierite, S-FER-2, and (¢) steamed-acid-washed
ferrierite, SAW-FER-2. Note that with the unbound
H-FER-2 powder, there is only a small resonance due to
octahedral aluminum at 0 ppm. Most aluminum is in the
tetrahedral form in the fresh sample. The tetrahedral alu-
minum resonance at 58 ppm observed with the fresh sample
is greatly reduced for both the steamed and the steamed-
acid-washed samples, consistent with framework dealumi-
nation. A slight increase in the octahedral resonance is
observed but does not correspond to the decreased inten-
sity of tetrahedral aluminum. The signal to noise is lower

TABLE 2
IR Band Frequencies of T—O Stretching Modes (in cm™Y)

Sample v Asymmetric T-O v Symmetric T-O
H-FER-2 1066 780
S-FER-2 1083 820
SAW-FER-2 1082 819
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washed ferrierite, SAW-FER-2.

on the fresh ferrierite sample because it was accumulated
for only 3 of the number of pulses under the same condi-
tions as the two treated ferrierites. The figure demonstrates
the loss of aluminum from the ferrierite framework and
the increased asymmetry of the extraframework aluminum
formed in the dealuminated samples. This increasing asym-
metry is shown by the loss of the signal from certain asym-
metric extra-framework sites, owing to their short T>'s, and
subsequent nonobservation. owing to the 10-us dead time
before acquisition of the signal in the short pulse-and-
acquire sequence.

While XRD, IR, and AI-MAS-NMR suggest significant
changes following steam treatment, zeolite compositional
changes are small. Silicon/aluminum atom ratios as deter-
mined by chemical and X-ray photoelectron spectroscopy
(XPS) analysis are summarized in Table 3. Data are pre-

TABLE 3

Silicon/Aluminum Ratios as Determined
by Chemical Analysis and by X-Ray Photo-
Electron Spectroscopy (XPS)

Silicon/aluminum ratios by

Sample Chemical analysis XPS
H-FER-2 8.9 8.8
S-FER-2 8.9 11.1
SAW-FER-2 9.2 11.8
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“7Al short pulse MAS-NMR spectra of (a) unmodified ferrierite, H-FER-2, (b) steamed ferrierite, S-FER-2, and (c) steamed-acid-

sented for fresh, steamed, and steamed-acid-washed sam-
ples. As expected, steam treatment does not change the
overall silicon/aluminum ratio as determined by chemical
analysis. The steamed-acid-washed ferrierite shows that
only minor dealumination has occurred following the acid-
wash step. This agrees with literature reports on steamed-
acid-washed ferrierite (13) and contrasts sharply with ef-
fects observed in other zeolites such as faujasite where
steam-acid-wash treatment was used to achieve high de-
alumination (23, 24). Apparently the nonframework alumi-
num formed by steam treatment of ferrierite is only par-
tially soluble in aqueous acid solution. According to X-ray
photoelectron spectroscopy, which provides surface chemi-
cal analysis, both modified ferrierites are partially silicon-
enriched by treatment. The increase in surface silicon upon
steaming is unexpected; literature studies with Y zeolite
(25) indicate that steam treatment causes aluminum depo-
sition on the zeolite surface, resulting in a decreased
silicon/aluminum ratio. Apparently with ferrierite, the
nonframework aluminum created by steam treatment does
not migrate to the zeolite surface. This fact plus the inabil-
ity of acid treatment to significantly lower zeolite aluminum
content suggests that nonframework aluminum may be
trapped within the zeolite crystal.

Adsorption capacities for the fresh and treated samples
were gravimetrically determined using n-pentane and car-
bon dioxide as adsorbates at a P/P;, of 0.1. n-Pentane with
an estimated kinetic diameter of 4.3 A (26) should access
ferrierite’s 10-MR channels (5.4 X 4.2 A) but be excluded
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from its 8-MR channels (3.5 X 4.8 A), whereas carbon
dioxide with a kinetic diameter of 3.3 A should access both
channel systems. Results are reported on a volumetric basis
in Table 4, assuming liquid densities for adsorbates. The
data show increased n-pentane capacity upon steaming;
this is consistent with results obtained with the used ferrier-
ite catalyst sample, used-FER-1. A further increase is ob-
served upon acid treatment. Using carbon dioxide as an
adsorbent, uptake is similar to that observed with pentane
for both the fresh and steamed ferrierites. Constant pres-
sure sorption modeling of n-pentane and carbon dioxide
at experimental temperature and partial pressures were
conducted to calculate ideal loading and help interpret the
experimental results. n-Pentane was adsorbed in the 10-
MR channels and the calculated adsorption capacity is
similar to experiment. Carbon dioxide was adsorbed in
the 8-MR channels as well as the 10-MR channels. The
calculated results are considerably larger than the experi-
mental results and imply that in actuality, CO, does not
have clear access to the 8-MR channel. Based on the similar
experimental results obtained with the two adsorbates, it
appears that carbon dioxide does not access ferrierite’s
8-MR channel system and so adsorption studies cannot
determine the state of the smaller channels following steam
treatment. However, based on the increased capacity of
S-FER-2 for both n-pentane and carbon dioxide, it does
not appear that nonframework aluminum created by steam
treatment is located in ferrierite’s 10-MR channels.
There are two potential locations for the nonframework
aluminum species within steamed ferrierite that are consis-
tent with the characterization described above. First, alu-
minum species might be located in the 8-MR channels. This
possibility is supported by modeling studies, conducted to
determine preferred sites and mobility of aluminum species
within the ferrierite crystal. Constant loading sorption
modeling was conducted at 873°K to mimic steaming condi-
tions and as a first guess AI(OH)3 and Al(O)OH were

TABLE 4

Gravimetric Adsorption Capacities for Ferrierite and
Modified Ferrierites at P/P, = 0.1

Adsorbate (wt%) Adsorbate (cc/100g)“

Carbon Carbon
Sample n-Pentane dioxide n-Pentane  dioxide
H-FER-2 5.7% 11.5% 9.1 10.4
S-FER-2 6.7% 10.5% 10.7 9.5
SAW-FER-2 71% 11.2% 11.3 10.2
Model 5.0% 15.4% 8.0 14.0
prediction

2 Assuming an n-pentane density of 0.626 cc/g and a carbon dioxide
density of 1.105 cc/g.
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selected as likely products of framework dealumination.
Results for AI(O)OH sorbate modeling are graphically
displayed in Fig. 5, which shows the energetically preferred
positions by plotting the AI{O)OH center of mass as points
in the ferrierite framework. Model sorption studies show
that AI(O)OH and AI(OH)3 can be located throughout
the length of 10-MR ring channel but can only occupy
isolated locations in the 8-MR channel at the intersections
of the 6- and 8-MR channels. Energy minimization at low
loading shows that siting in the 6-8 intersection is about
the same energetically as siting in the 10-MR channel. If
aluminum species formed at the intersection of the 6- and
8-MR channels during steam treatment, they would be as
stable as in the 10-MR channel; however, because of energy
barriers they could not move away from this location.
These modeling results are consistent with our observa-
tions that aluminum debris does not block the 10-MR chan-
nel and is very difficult to remove by subsequent acid-
wash treatment.

However, there is also a second possible location for
framework aluminum. Conceivably it might be located at
the site of defects or voids within the zeolite crystal created
by steam treatment. The presence of these voids in steamed
Y zeolite is well documented (27-29). These mesoporous
cavities form as a result of the coalescence of individual
vacancies created by the loss of alumina tetrahedra under
steaming conditions. The coalescence is driven by a reduc-
tion in surface tension as microvoids combine. Transmis-
sion electron microscopy of thin sections of steamed fer-
rierite, S-FER-2, are presented in Fig. 6. Ferrierite is
composed of micrometer-sized platelets, about 0.2-0.3 um
in thickness. TEM of ferrierite provides views from either
the edge or face of these platelets. The presence of voids
or mesopores within the steamed crystal is apparent both
in Fig. 6a, a face view, and in Fig. 6b, an edge-on view,
Voids range in size from 20 to 200 A. Obviously, aluminum
debris deposited in these voids would not block adsorption
in the crystal channel system. Furthermore, the creation
of these voids upon hydrothermal treatment may explain
the improved adsorption capacity observed with S-FER-2
and the used-FER-1 samples. It is interesting to note that
the voids created by steaming ferrierite appear to be struc-
tured. When viewed from the face of a ferrierite crystal
platelet (as in Fig. 6a), voids present a rectangular to square
appearance but when viewed from the edge of a sectioned
platelet, voids appear elongated and slit-like (as in Fig.
6b). This contrasts with the nonstructured, spherical voids
observed in steamed faujasite samples. The structured
voids suggest that with ferrierite there are crystal planes
with enhanced lability under hydrothermal conditions.

Performance of modified ferrierite catalysts. The fresh
and modified ferrierite powders were alumina bound and
formed for catalytic testing at the bench scale with 1-butene
feed. The conditions of the test were the same as described
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FIG. 5.
by molecular modeling experiments.

above. Total linear butene conversions are plotted as a
function of time on feed in Fig. 7. Data are presented for
the fresh H-FER-2 as well as for the steamed (S-FER-2)
and the steamed-acid-washed (SAW-FER-2) ferrierites.
As seen before, the fresh, unmodified ferrierite has high
activity for butene conversion. This initial hot activity is
lost as the catalyst undergoes coke deactivation. Steaming
very significantly reduces initial conversion relative to the
fresh catalyst. The steamed—acid-washed ferrierite also ex-
hibits reduced initial activity. Both the steamed and the
steamed-acid-washed samples exhibit a reduced deactiva-
tion rate relative to the unmodified ferrierite so that after
several hours on feed the fresh and modified catalyst all
exhibit similar n-butene conversions.

It is not readily apparent from Fig. 7 how catalyst selec-
tivity is affected by the modifications described. In order
to evaluate selectivities it is best to compare catalyst yields
at equivalent conversion levels and with comparable coke
deposition since catalyst coking may be expected to alter
selectivity. The effect of coke deposition on the selectivity
of modified ferrierites will be described in a future publica-
tion. For the present study product yields were obtained
at varying conversion levels as the catalysts underwent
deactivation by coking. The product yields obtained in this
fashion are compared in Fig. 8 where yields of isobutene
and non-C, products are plotted against conversion. Data
are provided for H-FER-2, S-FER-2, SAW-FER-2, and
SAWS-FER-2. From the figure it can be seen that steaming
significantly decreases isobutene yields relative to unmodi-
fied ferrierite when both are compared at equal conversion.
Decreased isobutene selectivity is accompanied by an in-
creased production of non-C, products relative to the fresh
catalyst. It should be recalled that a similar but even larger
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Possible center-of-mass distributions for A1(O)OH species in (a) 8-MR channel and in (b) 10-MR channel of ferrierite as calculated

effect was observed following extended use/regeneration
in the pilot plant evaluation. Acid-wash treatment of the
steamed ferrierite greatly enhances isobutene yield to a
level slightly greater than that achieved with the unmodi-
fied ferrierite. Simultaneously, the steam—acid-wash treat-
ment lowers non-C, product yields to a point slightly lower
than that obtained with unmodified ferrierite. With SAW-
FER-2, reduced initial activity (Fig. 7) with improved iso-
butene selectivity (Fig. 8) result in excellent start-of-run
isobutene yields, as can be seen in Fig. 9 where isobutene
yields for all samples are plotted as a function of time.

Based on the data in Fig. 7, it may be concluded that
steaming removes some of the catalytic sites involved in
butene conversion. However, from Fig. 8 the catalytically
active sites remaining show an increased tendency to form
non-C, products relative to the fresh catalyst. NMR, X-ray
diffraction, and infrared characterization all indicate a sig-
nificant framework dealumination following steam treat-
ment. Together the results suggest that nonframework alu-
mina created by steam treatment may be less active than
framework aluminum for butene conversion but that this
nonframework alumina is also significantly less selective
for isobutene, catalyzing the production of non-C,
products.

Also from Fig. 8 it is apparent that acid treatment of
the steamed ferrierite improves selectivity for isobutene
while reducing selectivity for non-C, products. NMR,
X-ray diffraction, and infrared characterization all indicate
that acid washing has no detectable effect on framework
composition. However, chemical and XPS analysis do show
a small but reproducible aluminum removal by acid treat-
ment. It thus appears likely that acid washing partially
removes some of the nonframework alumina formed dur-
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FIG. 6. Transmission electron micrograph of S-FER-2, showing the presence of mesoporous voids in the ferrierite crystal structure created by
steaming as viewed from (a) the face and (b) the edge of ferricrite platelets.

ing steaming. The improved selectivity observed following
acid washing is consistent with elimination of nonselective
catalytic activity associated with the nonframework alu-
mina created by steam treatment.

It can also be hypothesized that the catalytically active,
nonframework aluminum is most likely deposited in the

intracrystalline mesopores described above. Increased
space within these voids permits the nonselective reactions
observed. Aluminum in these voids is easily removed by
acid treatment, resulting in improved selectivity. Appar-
ently, most nonframework aluminum, not removed by
acid washing, is deposited in the 8-MR channels; this alumi-
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FIG. 6—Continued
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FIG.7. Total n-butene conversion catalyzed by unmodified ferrierite.
H-FER-2 (circles). steamed ferrierite, S-FER-2 (diamonds), and
steamed-acid-washed ferrierite, SAW-FER-2 (triangles).

num is inaccessible and does not contribute to catalytic ac-
tivity.

While steam-acid-wash treatment has important impli-
cations for the start-of-run performance, it should also
have a very beneficial effect on long-term catalyst life (i.e.,
regenerability). This is suggested by the performance of
SAWS-FER-2, shown in Figs. 8 and 9. The second steam
treatment, applied to the already steamed-acid-washed
ferrierite has little effect on selectivity. At comparable
conversion levels, the SAWS ferrierite exhibits isobutene
yields equivalent to those of the SAW and fresh ferrierites.
Non-C,4 product yields remain relatively low. As already
suggested by the catalyst characterization, the alumina de-
bris formed by steaming is only partially removed by the
acid-wash treatment. Framework aluminum remaining
after steaming is not affected by acid washing. Thus both
the remaining framework aluminum as well as the non-
framework alumina must be relatively inert. That subse-
quent steam treatment has little effect on performance is
consistent with a nonlabile, inert alumina phase, probably
trapped in the 8-MR channels.
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FIG. 8. Isobutene and non-C, product yields at varying conversion
levels obtained with unmodified ferrierite, H-FER-2 (circles), steamed
ferrierite, S-FER-2 (diamonds), steamed-acid-washed ferrierite, SAW-
FER-2 (triangles), and steamed-acid-washed-steamed ferrierite, SAWS-
FER-2 (boxes).

As a consequence, SAW ferrierite should not only have
good start-of-run performance but should be much less
sensitive to hydrothermal degradation caused by multiple
regenerations. In an effort to assess longer term trends,
SAW-FER-2 was evaluated for butene isomerization over
26 deactivation/regenerations cycles in the pilot reactor
under a set of conditions very similar to those used in the
pilot plant evaluation of FER-1. Following a final oxidative
regeneration, a portion of this used catalyst, designated
used-SAW-FER-2, was recovered, analyzed to contain less
than 0.4% carbon, and then evaluated at the bench scale
as described above. Results of these evaluations are pre-
sented in Fig. 10. Here product yields are plotted against
linear butene conversions in order to allow comparisons
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FIG. 9. Isobutene yields near the start-of-run: unmodified ferrierite,

H-FER-2 (circles), steamed ferrierite, S-FER-2 (diamonds), steamed-
acid-washed ferrierite, SAW-FER-2 (triangles), and steamed-acid-
washed-steamed ferrierite, SAWS-FER-2 (boxes).

to be made between catalysts at similar conversion levels.
Data obtained with used-FER-1, described earlier, are also
presented for comparison. From Fig. 10, there is a small
decrease in conversion (i.e., activity) for used-SAW-FER-2
compared to the fresh SAW-FER-2; however, the yield of
isobutene at comparable conversion remains almost unaf-
fected by the 26 cycles of use and regeneration in the pilot
plant. For example, at 45% conversion, fresh SAW-FER-2
yields 42% isobutene (93% isobutene selectivity) while
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FIG. 10. Catalyst isobutene selectivity before extended use
(SAW-FER-2, circles) and after extended pilot plant evaluation (used-
SAW-FER-2, diamonds) and (used-FER-1, triangles).



FERRIERITE CATALYZED BUTENE ISOMERIZATION

used-SAW-FER-2 yields 40% isobutene (89% isobutene
selectivity). By comparison and as noted earlier, used-
FER-1 shows a drastic loss in isobutene yield after similar
extended treatment, producing only 23% isobutene at the
45% conversion level (51% isobutene selectivity). The dra-
matic improvement in long-term stability of steamed-acid-
washed ferrierite is attributed to the removal of labile
alumina present in untreated H-FER-1. The aluminum
remaining, both framework and nonframework, following
SAW treatment is much less likely to migrate during use
to cause a decrease in performance.

CONCLUSIONS

Fresh. unmodified ferrierite possesses active sites in ex-
cess of those required for isomerization of butenes to equi-
librium (under the conditions of the present study). The
excess activity is observed as additional butene conversion
to non-C, products and reduced selectivity to isobutene.
Deactivation by coke deposition reduces this initially high
activity, resulting in an increase in isobutene yield with time
on feed. The deactivation effect could be due to blocking of
sites by carbon deposition or to spatial restrictions caused
by carbon sterically limiting the nonselective reactions.
Unmodified ferrierite’s decrease in activity and isobutene
selectivity following multiple run/regeneration cycles is ac-
companied by a loss of active framework sites and the
creation of an amorphous aluminum phase, as indicated
by aluminum MAS-NMR results.

Characterization of steamed as well as steamed-acid-
washed ferrierites provides insight into changes occurring
during extended use. Steam treatment eliminates some of
the active sites responsible for the high initial n-butene
conversion but creates other nonframework alumina sites
which catalyze oligomerization and cracking. Subsequent
acid washing of steamed ferrierite greatly reduces nonse-
lective reactions by removing a fraction of this amor-
phous phase.

The characterization and performance data are consis-
tent with the creation of two types of nonframework alu-
mina. One type is located in the 8-MR channels, is rela-
tively inert, and is resistant to extraction by acid treatment.
The second type is located in mesoporous voids created
by steam. This type of alumina is catalytically active but
nonselective for isomerization. Fortunately, this type of
alumina is easily removed by acid washing.

The steamed-acid-washed ferrierite exhibits greatly re-
duced sensitivity to subsequent steam treatment in compar-
ison to unmodified ferrierite. This improved hydrothermal
stabiliy is attributed to the removal of the labile aluminum
sites present in unmodified ferrierite.
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