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Abstract

The synthesis, characterization, and catalytic properties of two high-silica zeolites IM-5 and NU-88, whose structures still remain
unresolved, are presented. When the 1,5Mis{ethylpyrrolidinium)pentane and 1,6-bdé{methylpyrrolidinium)hexane cations are used
as organic structure-directing agents, respectively, crystallization of pure IM-5 and NU-88 was possible only from synthesis mixtures with
a narrow range of SigYAl,O3 and NaOHSIO, ratios. The overall characterization results of this study strongly suggest that IM-5 is a
new multidimensional large-pore zeolite, whereas NU-88 is a nanocrystalline material that could be an intergrowth of several hypothetical
polymorphs in the beta family of zeolites. Despite its nanocrystalline nature, however, no detectable extraframework Al species were found
to exist in H-NU-88, revealing excellent thermal stability. H-IM-5 and H-NU-88 both exhibit a very high 1-butene conversion compared
to H-ZSM-35 over the period of time studied here, whereas the opposite holds for the formation of isobutene. This reveals that their pore
topologies are large enough to allow undesired side reactions such as 1-butene dimerization followed by cracking to light olefins. They also
show the initialn-octane cracking activity comparable to that on H-ZSM-5. However, a notable decreasetane conversion on these
two zeolites with increasing time on stream is observed. When the isomerization and cracking activities of all zeolites employed in this study
are correlated with their coke-forming propensities, it can be concluded that both materials present a shape-selective character falling within
the category of multidimensional, large-pore zeolites.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction chemical and catalytic properties of newly discovered zeo-
lites, together with their structure elucidation, is of funda-
Since the first introduction of zeolites as solid acid cat- mental importance in finding the successful industrial appli-
alysts by Mobil in the early 1960s, the use of this im- cation of these materials.
portant class of microporous materials has continued to  IM-5 and NU-88 are two new, high-silica zeolites that
grow remarkably in the petrochemical and refining indus- have recently been reported by Benazzi et al. [3,4] and
tries [1,2]. Indeed, the success of zeolites as commercial cat-Casci et al. [5], respectively. Although the framework struc-
alysts is largely due to the steady discovery of materials with tures of these synthetic zeolites still remain undetermined,
novel pore topologies and thus new shape-selective properrecent results from various catalytic test reactions have
ties that have offered valuable opportunities in developing suggested that both materials may either contain the two-
new process technologies, as well as in improving the exist- dimensional pore system with two intersecting 10-ring chan-
ing processes. Therefore, detailed knowledge of the physico-nels or the one-dimensional pore system consisting of 10-
ring channels with large internal cavities [4-8]. If such

*Corresponding author. is the. case, they s_hould be potentially useful as shape-
E-mail addresses: chshin@cbucc.chungbuk.ac.kr (C.-H. Shin), selective catalysts in many hydrocarbon conversions, es-
sbhong@hanbat.ac.kr (S.B. Hong). pecially in isomerization, alkylation, and/or cracking of
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hydrocarbons catalyzed by medium-pore zeolites. Accord- solution, Aldrich), AI(NGs)3 - 9H20 (98%, Junsei), fumed
ing to the initial patents for IM-5 and NU-88, on the silica (Aerosil 200, Degussa), and deionized water. The final
other hand, the synthesis of both materials include the composition of the synthesis mixture was 3.0RNayO -

use of diquarternary alkylammonium cations with formula yAl,0s3 - 30SiQ, - 1200H0, whereR is the organic SDA
(CsH11)NT(CHp),N*(CsH11) with n =5 and 6, respec- prepared here; is varied between.® < x < 15.0, andy is
tively [3,5], which are formed of two 1-methylpyrrolidinium  varied between & y < 2.0. When necessary, NaOH was
groups connected by the polymethylene bridging unit. It replaced by the equivalent amount of LIOH20 (98%,
has been repeatedly shown that the phase selectivity of ze-Aldrich) or KOH (45% aqueous solution, Aldrich). After
olite syntheses in the presence of such flexible, linear or- being stirred at room temperature for 24 h, the synthesis
ganic cations as structure-directing agents (SDAS) is sen-mixture was charged into Teflon-lined 45-mL autoclaves and
sitive not only to the length of the central alkyl chain heated to 160C under rotation (100 rpm) for 14 days. The
and the nature of the groups on the ammonium ion em- solid products were recovered by filtration, washed repeat-
ployed but also to the oxide composition of synthesis mix- edly with water, and then dried overnight at room temper-
tures [9-14]. This has stimulated us to investigate the syn- ature. As-synthesized zeolites were calcined under flowing

thetic details on how to prepare zeolites IM-5 and NU-88
using the 1,5-big{-methylpyrrolidinium)pentane and 1,6-

bis(V-methylpyrrolidinium)hexane cations from synthesis
mixtures having different oxide compositions, respectively.

air at 550°C for 8 h to remove the organic SDA occluded.
The calcined samples were then refluxed twice inyNB3
solutions for 6 h followed by calcination at 553G for 8 h to
ensure that they were completely in their proton form. If re-

In this paper we describe our attempts to synthesize quired, the resulting solids were subsequently heated under
pure IM-5 and NU-88 and their physicochemical proper- flowing air at 600—-800C for 4 h.
ties that have been extensively characterized by using a For comparison, ZSM-38SiO,/Al,03 = 27) and EU-1
number of analytical techniques including powder X-ray (SiOz/Al>,O3 = 40) were prepared and converted into their
diffraction, elemental and thermal analyses, transmissionproton form according to the procedures described else-
electron microscopy, Nand Ar adsorptiontH, 13C, 27Al, where [15,16]. In addition to these zeolites, NMZSM-5
and?°Si MAS NMR, IR, Raman, temperature-programmed (SiO,/Al,03 = 27), H-mordenite (SigYAl,03 = 33), and
desorption of ammonia, and IR measurements of adsorbed\Hs—beta (SiQ/Al,O3 = 25) were obtained from ALSI-
pyridine. In addition, we report the catalytic properties PENTA Zeolithe, Tosoh, and PQ, respectively.
of H-IM-5 and H-NU-88 for the skeletal isomerization
of 1-butene to isobutene and the cracking mbctane.
The catalytic results are compared to those obtained from
H-ZSM-5, H-ZSM-35, H—-EU-1, H—-mordenite, and H-beta Powder X-ray diffraction (XRD) patterns were collected
zeolites, which possess structural features considerably dif-on a Rigaku Miniflex or a Rigaku 2500H diffractometer with
ferent from one another, to gain a better understanding of Cu-K, radiation. Elemental analysis was carried out by the
their pore structures. Analytical Laboratory of the Korea Institute of Science and
Technology. Thermogravimetric analyses (TGA) were per-
formed in air on a TA Instruments SDT 2960 thermal an-
alyzer, where weight loss related to the combustion of or-
ganic SDA was determined from differential thermal analy-
ses (DTA) using the same analyzer. Approximately 15 mg
of sample was used at a heating rate of@onin—1. Crys-

The divalent 1,5-big{-methylpyrrolidinium)pentane tal morphology and size were determined by a JEOL JSM-
(MPP) cation was prepared by reacting 1,5-dibromopentane6300 scanning electron microscope (SEM) or a Carl Zeiss
(97%, Aldrich) with an excess of 1-methylpyrrolidine (97%, EM912 OMEGA transmission electron microscope (TEM).
Aldrich) in acetone as a solvent with rapid stirring at room The Ar and N sorption experiments were performed on a
temperature overnight. The excess amine was removed byMicromeritics ASAP 2010 analyzer.
extraction with diethyl ether and recrystallizations were per-  The?°Si MAS NMR spectra were measured on a Bruker
formed in methanol-diethyl ether mixtures. The 1,6-Nis( DSX 400 spectrometer at a spinning rate of 12.0 kHz. The
methylpyrrolidinium)hexane (MPH) dibromide salt was pre- operating?®Si frequency was 79.492 MHz, and the spectra
pared by using 1,6-dibromohexane (96%, Aldrich) instead of were obtained with an acquisition of ca. 800 pulse transients,
1,5-dibromopentane, respectively, with procedures similar to which were repeated with /5 rad pulse length of 2.0 us
the MPP preparation. Due to the hygroscopic nature, afterand a recycle delay of 60 s. TH&Si chemical shifts are
purification, these two diquaternary ammonium salts were referenced to TMS. Th&’Al MAS NMR spectra were
stored in a desiccator prior to their use as organic SDAs.  recorded on the same spectrometer with a spinning rate of

The synthesis of zeolites IM-5 and NN-88 in the pres- 13.0 kHz at &’Al frequency of 104.269 MHz. The spectra
ence of MPP and MPH cations was carried out using alumi- were obtained with an acquisition of 2048 pulse transients,
nosilicate gels prepared by combining NaOH (50% aqueouswhich were repeated witha/20 rad pulse length of 0.5 ps

2.2. Characterization

2. Experimental

2.1. Synthesis
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and a recycle delay of 1 s. THEAl chemical shifts are (2.0 kPa) was passed over the same microreactor with 0.1 g

referenced to an Al(BD)s>t solution. ThetH MAS NMR of catalyst at 310-500C. In the absence of a catalyst, no

spectra at a spinning rate of 13.0 kHz were recorded at conversion ofr-octane was observed, even at 500 He

a proton Larmor frequency of 400.146 MHz withmg/5 was used as a carrier gas withoctane as a feed, and

rad pulse length of 2.0 ps, a recycle delay of 3 s, and anthe total gas flow was fixed to 50 émin—1. The cracked

acquisition of 32 pulse transients. TREI-13C CP MAS products were analyzed online in a Chrompack CP 9001 gas

NMR spectra at a spinning rate of 4.5 kHz were recorded chromatograph. Gaseous products witke, were separated

at a'3C frequency of 100.623 MHz with a/2 rad pulse  in a packed Porapak Q column/@& in. x 1.8 m) and

length of 5.0 ps, a contact time of 1 ms, and a recycle delay analyzed in a thermal conductivity detector (TCD). Gaseous

of 3 s. Approximately 6500 scans were accumulated. Both and liquid products with> C4 were separated in a capillary

1H and!3C chemical shifts are reported relative to TMS. PONA column (025 mmx 100 m) and analyzed in an FID.
The IR spectra in the structural region were measured Conversion and selectivity to each product were calculated

on a Nicolet Magna 550 FT-IR spectrometer using the KBr following the methods described elsewhere [13].

pellet technique. The IR spectra in the OH region were

measured on the same spectrometer using self-supporting

zeolite wafers of approximately 12 mg (1.3-cm diameter). 3. Resultsand discussion

Prior to IR measurements, the zeolite wafers were pretreated

under vacuum at 500 for 2 h inside a home-built IR 31, gynthesis

cell with Cak windows. For IR spectroscopy with adsorbed

pyridine, the activated self-supporting wafer was contacted  aple 1 lists the results from syntheses using MPP as
with a pyridine-loaded flow of dry He at room temperature, an organic SDA and aluminosilicate gels with different

evacuated (10° Torr) to remove physisorbed pyridine,  oxige compositions under the conditions described above.
and then heated at different temperatures. The Ramanp gach case, the zeolitic products listed were the only

spectra were recorded on a Bruker RFA 18@-T-Raman  oneq gbtained in repeated trials. The powder XRD patterns
spectrometer equipped with a Nd:YAG laser operating at of three IM-5 zeolites with different Si§JAl,O; ratios in

1064 nm. The samples were exposed to a laser power Ofihe a5.synthesized form, which were obtained from runs
200 mW at the spectral resolution of 2 ch Typically, 3, 1, and 5 in Table 1, respectively, are shown in Fig. 1.

1024 scans were accumulated for obtaining the RamanThg nositions and relative intensities of all the X-ray peaks

spectra and 256 scans for the IR spectra. Temperaturéf,om these IM-5 samples are in good agreement with those
programmed desorption (TPD) of ammonia was recorded on reported in the literature [3,6].

a fixed-bed, flow-type apparatus attached to a Balzers QMS
200 quadruple mass spectrometer, following the procedure

described in our previous work [13]. Tablel , , _ o
Representative products obtained using 1,5Mis{ethylpyrrolidinium)-

pentane (MPP) as an organic SBA

2.3. Catalysis
Run Gel composition Produtt
All the catalytic experiments were conducted under Si0p/Al203 NaOH/Si0,
atmospheric pressure in a continuous-flow apparatus with a 1 60 a3 IM-5
fixed-bed microreactor. Prior to the experiments, the catalyst 2 15 ar3 Analcime+ IM-5
. . : Ny 3 30 Q73 IM-5
was routinely activated under flowing He (50 €min—1) 4 0 a73 M5
at 500°C for 1 h and kept at the desired temperature 5 120 073 IM-5
to establish a standard operating procedure, allowing time 6 240 Q73 Mordenite
for the product distribution to stabilize. In the skeletal 7 o0 0.73 Le _
isomerization of 1-butene, a reactant stream with @ He 8 60 100 Analcime ,
1-butene molar ratio of 9.0 was fed into a quartz reactor > 60 asr Mordenite+- Analcime
T e 10 60 060 Analcime+ IM-5
containing 0.1 g of zeolite catalyst at 400. The total gas 13 60 047 ZSM-12
flow at the reactor inlet was kept constant at 56 amn—1. 12 60 033 ZSM-12
The reaction products were analyzed online in a Chrompack 13 60 o7 ZSM-12
CP 9001 gas chromatograph equipped with agO4)KCI 14 60 07 Mordenite
Plot capillary column (3 mm x 50 m) and a flame @ The oxide composition of the synthesis mixture is 4.8®0:

ionization detector (FID), with the first analysis carried YAl203:30Si0;:1200H0, whereR is organic SDA.x is varied between

out after 10 min on stream. Conversion was calculated in >0 < * < 150, andy is varied between & y < 2.0. All the syntheses
. were carried out under rotation (100 rpm) at 2&Dfor 14 days.

Ferms of the mole percent of 1.-k?u.tene, and selectlwty 0 b e phase appearing first is the major phase.

isobutene was calculated by dividing the isobutene yield ¢ ynknown, probably layered material.

by the 1-butene conversion. In the crackingmebctane, d |iOH/SiO, ratio.

a reaction stream with a fixed partial pressure:aictane € KOH/SIO; ratio.
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be prepared without using any organic SDA. This is not
unexpected because the strong influence of the type of alkali
metal cations on the product selectivity in zeolite syntheses
is frequently observed, even in the presence of organic
additives [12,13,17].

According to the original patent on the synthesis of
(d) IM-5 [3], on the other hand, this zeolite is claimed to
crystallize in the presence of MPH, as well as MPP. Thus,
we have carried out the synthesis using MPH, instead

of MPP, as an organic SDA, under the conditions where
(c) the optimized gel (Sig/Al203 = 60 and NaOHSIO, =
0.73) was employed. The powder XRD pattern of the solid

obtained from this synthesis run is given in Fig. 1d. Notice
that the positions and relative intensities of the observed
(b) X-ray peaks are notably different from those of any of
the three IM-5 zeolites prepared here. For example, several
peaks of medium intensity in the region©1Z 26 < 18°

are present in IM-5 but absent in product synthesized with
(a) MPH. In particular, all the X-ray peaks of this solid are
not well resolved compared to those of IM-5, despite the
fact that their XRD patterns were measured with identical

Intensity

10 20 30 40 scan parameters. A comparison with the XRD patterns of
zeolitic materials available in the literature reveals that the
2 Theta relative peak intensities and positions of the solid from the

Fig. 1. Powder XRD patterns of IM-5 and NU-88 zeolites prepared here: MPH'medlated synthesis is exactly the_ same as those of
() IM-5(1), (b) IM-5(1), (c) IM-5(lll), and (d) NU-88 in the as-synthesized ~ 2€0lite NU-88 recently patented by Casci et al. [5]. It should
form. also be noted that the XRD pattern of NU-88 is similar
to that of ITQ-10 with some differences, one of recently
It can be seen from Table 1 that the oxide composition reported intergrowths of several hypothetical polymorphs in
range yielding pure IM-5 in the presence of MPP is rather the beta family of zeolites [18]. This led us to speculate
narrow. When the NaOF8iO; ratio in the synthesis mixture  that NU-88 may fall into the structural regime of large-
was fixed to 0.73, for example, the SifAl 203 ratio leading pore materials, although additional information regarding
to the successful IM-5 formation was found to be in the its pore topology cannot be readily obtained from its XRD
range 30—120. When using sodium aluminosilicate gels with pattern due to the very broad nature of X-ray peaks. Like
SiO,/Al,03 < 30, however, we always obtained a mixture those to IM-5, the reported synthesis routes to NU-88 also
of analcime and IM-5, where the former material was the include the use of MPP and MPH as organic SDAs [5].
major phase from the gel with a lower SiQAlI,03 ratio. When MPP is used as a SDA, however, our attempts to
In addition, mordenite was the phase that crystallized from reproduce the synthesis of this zeolite under the reported
the synthesis mixture with SE)AI>O3 = 240 under the  conditions were not successful: a mixture of IM-5 and
conditions described above. When the initial $i@l,03 analcime, instead of NU-88, was produced. The same result
ratio in the synthesis mixture was fixed to 60, on the was observed from syntheses using aluminosilicate gels with
other hand, ZSM-12 with the one-dimensional 12-ring pore a wide range of Sig/Al,0O3 and NaOHSIO, ratios (see
system was the phase formed from synthesis mixturesTable 1). There is a large volume of work on the use of
with NaOH/SiO; < 0.5. In contrast, the synthesis using flexible diquaternary alkylammonium cations with aliphatic
aluminosilicate gels with NaO}F6iO, > 0.8 again yielded and/or cyclic moieties in the synthesis of zeolites and related
mordenite or analcime rather than IM-5. These results materials, and it has been repeatedly shown that the phase
indicate that the presence of Naons with a certain level  selectivity of the crystallization depends highly on the length
of concentration in the synthesis mixture, together with the of the spacing alkyl chain and on the size and shape of the
organic MPP, is the major factor determining the phase alkylammonium moieties [9—14]. We believe that this is the
selectivity of the crystallization. Therefore, it appears that case for the synthesis of IM-5 and NU-88.
the structure-directing ability of MPP itself is not strong A summary of products from syntheses in the presence of
enough to govern the crystallization of IM-5. We also note MPH as an organic SDA is listed in Table 2. These data re-
that the replacement of NaOH with the equivalent amount veal that the SiQ/Al>Os ratio range of synthesis mixtures
of LiOH under the conditions where the crystallization of leading to pure NU-88 formation is much narrower than that
IM-5 proved to be highly reproducible yielded ZSM-12, found in the crystallization of IM-5. However, the general
whereas the use of KOH gave mordenite that could also trend drawn from Table 2 is quite similar to that observed
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Table 2
Representative products from syntheses using 1,8vbiséthyl-pyrrolidi-
nium)hexane (MPH)

155

the surrounding inorganic species at the crystallization tem-
perature in these two synthesis mixtures. The synthesis re-
sults in Tables 1 and 2 demonstrate that there is a reasonable

Run Gel composition Produtt amount of lattice charge in the synthesis mixture, together
Si0y/Al>03 NaOH/SiO» with a certain level of N& concentration, in the crystalliza-

15 60 Q73 NU-88 tion of IM-5 and NU-88 using MPP and MPH, respectively.
16 15 Q73 Mordenite In our view this may make it possible to considerably differ
17 30 Q73 Mordenite the conformation of MPP or MPH from that in the synthe-
18 40 Q73 Mordenite : : : : ; i

. sis mixture with a particular range of oxide compositions
19 120 073 Mordenite+ NU-88 s "
20 240 073 ot yielding the other zeolitic phase because the number of con-
21 00 0.73 D¢ formations available to such flexible organic SDAs and their
22 60 100 Mordenite geometric differences must be much larger than those for
23 60 087 Mordenite ethylene glycol or rigid polycyclic molecules with similar
;g gg 8?13 ;gmg C/NT values. In this regard, the synthesis results presented
26 60 033 ZSM-12 so far support our recent proposal [14,19] that the control of
27 60 073 D¢ conformations of flexible, hydrophilic organic SDAs such
28 60 a73° D¢ as linear diquaternary alkylammonium ions with aliphatic

@ The synthesis conditions and oxide composition of the synthesis
mixtures used are the same as those in Table 1.

b The phase appearing first is the major phase.

¢ Unknown, probably dense material.

d LiOH/SiO, ratio.

€ KOH/SIO; ratio.

for the MPP-mediated synthesis of IM-5 in that MPH can

and/or cyclic moieties by varying the concentrations of in-
organic components in zeolite synthesis mixtures may be an
area of considerable possibility for finding new materials.

3.2. Characterization

The powder XRD patterns (not shown) of the proton
form of three IM-5 zeolites with different SKJAI>O3

also produce more than one zeolite structure (i.e., mordenite ratios and one NU-88 zeolite (i.e., the materials obtained
ZSM-12, and NU-88), depending on the oxide composition from runs 3, 1, and 5 in Table 1 and run 15 in Table 2,
of synthesis mixtures. The TGA/DTA curves (not shown) respectively) agree well with those of the as-synthesized
of as-synthesized mordenite and ZSM-12 clearly show the form of the corresponding materials given in Fig. 1, except
existence of MPH in their pores, where the decomposition the minor change in relative X-ray peak intensities and

pattern of the occluded organic SDA differs significantly ac-
cording to the zeolite structure. A similar result was also ob-
tained from IM-5, mordenite, and ZSM-12 prepared with
MPP. This implies that the flexible organic cations (i.e.,
MPP and MPH) occluded within the voids of these three
different products may adopt conformations distinctly dif-
ferent from one another, due to the difference in geometri-
cal restrictions imposed by the particular framework topol-
ogy of each zeolite. Very recently, we performed variable-
temperaturéH combined rotation and multiple-pulse spec-
troscopy (CRAMPS) anédH NMR measurement on the eth-
ylene glycol molecules in two sodalites with Si@A\lI203
ratios of oo and ca. 10 [19]. The conformations of the en-

positions. This reveals that all IM-5 and NU-88 zeolites
prepared here maintain their structures during the initial
calcination at 550C to remove the organic SDAs occluded
and the subsequent NH ion exchange and calcination
steps, which can be further supported by theadsorption
data (vide infra). The powder XRD pattern of the H-IM-
5(I) sample was found to be successfully indexed on an
orthorhombic cell, withy = 19.972(2) A, b =19.0733) A,

and ¢ = 14.1722) A, as given by Le Bail [20] profile
matching in the space groupnnm, which satisfactorily
accounts for the systematically absent reflections. It is
interesting to note here that these values are quite similar
to those of ZSM-5 with theb and ¢ parameters a little

capsulated ethylene glycol molecules in these two materialsshorter and longer, respectively [21], although this does

were maintained even at 20Q, which is higher than the
crystallization temperature (17&) of the zeolite host, be-

not mean that the framework topology of IM-5 is closely
related to that of ZSM-5. We are carrying out the structure

cause the intermolecular hydrogen bonds between the framedetermination of IM-5 using synchrotron powder XRD
work oxygens and the OH groups of the encapsulated ethyl-and high-resolution TEM data, and the results will be
ene glycol, which appear only in the Al-substituted zeolite, described elsewhere. Due to the very broad feature of the
are strong enough to overcome the thermal energy avail-X-ray peaks of NU-88, on the other hand, we were not
able at 200C. This strongly suggests that both conforma- able to reasonably index its XRD pattern. The chemical
tions of ethylene glycol are actually relevant ones acting as compositions of IM-5 and NU-88 zeolites prepared here,
SDAs at the nucleation stage in aluminosilicate and pure- which were determined from a combination of elemental
silica gels, respectively, which cannot happen without no- and thermal analyses, are given in Table 3. A considerable
table differences in the hydrogen-bonding interactions we dissimilarity between the amount of Al and the sum of
proved, and more likely in the electrostatic interactions with organic and alkali cations compensating for framework
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0.30
Table 3 130
Chemical compositions of IM-5 and NU-88 zeolites prepared in this 8tudy Q ~ (@ ,,..-/
0.251 oy I
Zeolite RuR  SiOy/ RS/ NapO/  (R®+ NapO)/ \ §w .,.:O/yoc*’
Al,03 Al,03 Al,03 Al,03 o £ -
020+ L A
IM-5(1) 3 18.8 084 041 125 o
IM-5(11) 1 25.3 124 028 152 o Q 2 §
IM-5(111) 5 32.2 128 017 145 & 0157 \ R
NU-88 15 256 165 015 180 L o % Relative pressure (P/P,)
. . 2
a Determined from a combination of elemental and thermal analyses. = 0.10 ..
b The same as the run numbers in Tables 1 and 2. % 0 o\
¢ Doubly charged MPP and MPH cation. i o e
o0 (b) % 0 (@)
°N .\.
. . TS0 @-e—c-gQ—
charges is observed for all four zeolites. It thus appears 0.00 - : — == =
5 6 7 8 9 10

that part of the N-methylpyrrolidinium moieties of the 4
organic SDAs occluded within these materials exists in
the form of bromide or hydroxide to serve as space-filling
species rather than as charge-compensating cations. Theig. 3. Pore size distribution curves for (a) H-IM-5 and (b) H-ZSM-5
data in Table 3 also show an enrichment of Al in all calculated from their Ar adsorption isotherms using the Horvath—Kawazoe
products with respect to their synthesis mixtures. This trend formalism. ‘The |n§et shows the adsorption branch isotherms of the
. : . ._ corresponding zeolites.
is more apparent to IM-5 zeolites obtained from synthesis
mixtures with higher Si@Q/Al,O3 ratios, which allowed
us to obtain IM-5 as a pure phase only at a very narrow content (21.0 wt%) in NU-88 is approximately one and
range [19-32] of Si@/Al,Oz ratios under the synthesis half times as large as that (14.7 wt%) in IM-5. The
conditions described above. Because the,® D03 ratio TGA/DTA curves (not shown) of both H-IM-5 and H-NU-
(25.3) of the IM-5(Il) sample is essentially the same as 88 gave no detectable exothermic peaks in the temperature
that (25.6) of NU-88, on the other hand, we have mainly region higher than 55T0C. This indicates that their high-
used the characterization results from this IM-5 sample in temperature weight loss is not due to dehydroxylation of
comparison with the physicochemical properties of NU-88. Brgnsted acid sites, but is probably due to oxidation of
For convenience sake, therefore, we will refer to the IM- products arising from incomplete combustion of organic
5(11) sample simply as IM-5 from now on (unless otherwise SDAs below 550C.
stated). The pore size distribution (PSD) curves of H-IM-5 and
Fig. 2 shows the TGADTA curves for as-synthesized H-NU-88 calculated from their Ar adsorption isotherms
IM-5 and NU-88. Zeolite IM-5 gives four stages of weight using the Horvath—Kawazoe (HK) formalism [22] are shown
loss: 25-250, 250-440, 440-550, and 550-°T00T he first in Figs. 3 and 4, respectively. Included for comparison
loss is endothermic and can be assigned to the desorption ofire the curves for H-ZSM-5 and H-beta with a similar
water. The other losses are accompanied by three exotherm§&iOz/Al 03 ratio (~ 25). The PSD curve for H-ZSM-5
around 420, 490, and 62C, respectively. Thus, they must with two intersecting 10-ring channels is characterized by
be from the thermal decomposition of MPP. As seen in one sharp maximum at 5.2 A. As seen in Fig. 3, however,
Fig. 2, by contrast, the decomposition of MPH in NU-88 the curve for H-IM-5 shows signs of two components in
is characterized by four weight losses at 250-340, 340—the micropore size region: one feature around 5.3 A and
440, 440-530, and 530-700 that have distinct exothermic  the other component around 5.9 A. Notice that these values
peaks in the DTA. We note here that the overall organic are quite similar to the effective sizes observed for the
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Fig. 2. TGA/DTA curves for as-synthesized (a) IM-5 and (b) NU-88.
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(a) . Table 4
= M N2 sorption data for various zeolites studied here
0.10 :‘0\ :f 100 55:5&"" Zeolite Ruf  SiOy/ BET Micropore  Mesopore
/ e (a) g (b) Al,O3 surface area  volunfe  volumé
= /. 2 vf& raio (Mg 1) (migl) (Emig Y
fb ﬁb) go g , H—IM-5(1) 3 188 375 014 006
r“‘E ;) P'e] 10°% 10+ 103 102 10t H—IM-5(I) 1 25.3 460 018 011
2 0.054 / \8 Relaiive pressurs (P/P,) H—IM-5(1I1) 5 32.2 559 022 026
g ® As-syn.NU-88 15 2% 97 Q04 034
% 9\}9\ H-NU-88 15 256 622 024 050
\Qiq\ H-ZSM-5 270 398 014 002
QTQ‘QT_& H-beta 25 571 022 029
0.00 . . : . : . : . : . @ The same as the run numbers in Tables 1 and 2.
4 5 6 7 ) 9 10 b |n the diameter range 20 A.
¢ In the 20- to 500-A diameter range. Calculated using the BJH
Pore diameter (A) formalism.

Fig. 4. Pore size distribution curves for (a) H-NU-88 and (b) H-beta
calculated from their Ar adsorption isotherms using the Horvath—-Kawazoe ~ Table 4 shows the Nadsorption data for the proton form
formalism. The inset shows the adsorption branch isotherms of the of all IM-5 and NU-88 zeolites prepared here. The H—IM-
corresponding zeolites. 5(1) sample, which has the highest Al content among the
three IM-5 zeolites prepared in this work, exhibits a BET
medium-pore H-ZSM-5 and the large-pore H-beta zeolites, surface area of 3754y 2. This value agrees well with that
respectively. This led us to first postulate that IM-5 could reported for this zeolite [7]. As seen in Table 4, however,
contain a dual-pore system of two different sizes, one type of the measured BET surface area increases remarkably with
micropores with an effective size virtually identical to either decreasing Al content in the zeolite. As a result, the BET
the straight 10-ring or the sinusoidal 10-ring channels in surface area (559 gy 1) of the H-IM-5(111) with the lowest
ZSM-5 and the other type of pores whose size may rank this Al content was found to be approximately one and half times
new zeolite in the structural regime of large-pore (i.e., 12- as large as that of the H—IM-5(I) sample. The same trend can
ring) materials. If such is not the case, the other possibility be observed from the micropore volumes of these three IM-5
could be that the IM-5 structure has two types of 12-ring zeolites. Even in zeolites with the same framework structure
pores in which one of them is very elliptical. The presence and composition, on the other hand, their micropore volumes
of two types of pores with different effective sizes in H— can differ considerably according to the procedure employed
IM-5 can also be achieved by comparing the Ar adsorption in the calculation [23]. Because the lddsorption isotherms
isotherm of this zeolite with that of H-ZSM-5. As seen in of all IM-5 and NU-88 prepared here is not flat at high
Fig. 3, the pores in both materials start to fill up at a relative relative pressures, we calculated their micropore volumes
pressure of?/Pg ~ 5 x 10°. Unlike H-ZSM-5, however,  from the volumes of the adsorbed,Nat P/Py = 0.1,
H-IM-5 gives a second inflection point in the vicinity of corresponding to the pore diameter of ca. 20 A. Table 4
P/Py =5 x 10~*, which can be assigned to the filing shows that the H-IM-5(I) sample has a micropore volume
of large 12-ring pores. On the other hand, H-NU-88 has of 0.14 cn?g~!, which is quite similar to the reported
essentially the same PSD curve as that of H-beta (Fig. 4).value (0.13 crig—1) [7], whereas the H-IM-5(Il) and H—
Also, no detectable differences in the Ar adsorption isotherm IM-5(111) samples exhibit considerably higher micropore
are observed for these two zeolites. Recent studies on thevolumes (i.e., 0.18 and 0.22 ém1, respectively). The
catalytic properties of IM-5 and NU-88 have suggested that 2’Al MAS NMR spectra of all H-IM-5 zeolites prepared
both materials may contain either the two-dimensional pore here show a resonance around 0 ppm (vide infra), indicating
system with two intersecting 10-ring channels or the one- the formation of extraframework Al species during the
dimensional pore system consisting of 10-ring channels with calcination and exchange steps. Because’thisresonance
large internal cavities [4-8]. Taking into account the PSD did not appear in the spectra of their as-synthesized form,
curves in Figs. 3 and 4, however, it is clear that these however, the observed increase in micropore volume for
two zeolites with unknown framework structures cannot be lower Al contents cannot be due to differences in the
regarded as medium-pore 10-ring materials. In our view, crystallinity. Furthermore, no noticeable differences in the
IM-5 may contain a multidimensional large-pore system intensity ratio of the tw@’Al resonances due to tetrahedral
with intersecting 12- and 10-ring windows, although the and octahedral Al species for the three H-IM-5 zeolites
presence of strongly elliptical 12-ring pores, instead of 10- were found. Then, it can be expected that the amount of
ring pores, in this zeolite cannot be completely ruled out. extraframework Al species formed should be smaller for the
In addition, it appears that NU-88 is a large pore material zeolite with a lower Al content, leading to a less serious
that could belong to the beta family of zeolites, as suggestedpore blockage and thus to an increase in micropore volume.
above. This seems to be a sensible hypothesis, if the IM-5 structure
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Fig. 5. TEM photographs of as-synthesized (a) IM-5 and (b) NU-88.

is not a three-dimensional 12-ring pore system but a dual- because of potential crystal size effects on many important
pore system of intersecting 12- and 10-ring windows. On properties of these highly porous materials, most notably
the other hand, the micropore volume of H-NU-88 was their adsorption and catalytic properties. However, only
calculated to be 0.24 chg—! which, in principle, makes a handful of fullycrystalline but nanometer-sized zeolites
this zeolite to fall into the microporosity range of large- (sodalite, A, X, ZSM-5, L, and beta) have thus far been
pore zeolites. Table 4 also lists the micropore volumes of reported [26—29].
H-ZSM-5 and H-beta obtained from the adsorbed volumes  To further investigate the nanocrystalline nature of NU-
at P/Py = 0.1. The values obtained in this work are in 88, we have performedNadsorption measurements on its
good agreement with those typically reported for these two as-synthesized and proton forms. Here, the as-synthesized
zeolites [6,24], supporting the reliability of the micropore NU-88 material was outgassed at P@under vacuum to
volumes of the H—IM-5 and H-NU-88 zeolites measured in a residual pressure of 1B Torr for 4 h before measure-
this study. In parallel with the PDS data from Ar adsorption ment. This outgassing treatment, selected upon considering
experiments, therefore, it is clear that both materials are the TGA/DTA results in Fig. 2, yielded no noticeable re-
large-pore materials rather than medium-pore ones. moval of the occluded organic SDAs from the pores of NU-
Fig. 5 shows the TEM pictures of IM-5 and NU-88 88 because a negligible microporous adsorption capacity
zeolites synthesized in this study. IM-5 consists of needle- (0.04 cn? g~!) was observed from the as-synthesized NU-
like crystallites approximately 0.6-1.0 um in length and 88 crystallites. The Nadsorption—desorption isotherms for
less than 0.1 um in diameter. It should be noted here thatthe as-synthesized and proton forms of NU-88 are shown in
the aspect ratio of IM-5 crystallites considerably decreasesFig. 6. The isotherms of both materials possess a steep step
with decreasing Al content in the zeolite, although IM-5
can be obtained as a pure phase only in a narrow range
of SiOz/Al»03 ratios (vide ante). As a result, most of the 0.008 -
H-IM-5(111) crystallites with the lowest Al content among ] / \
the three IM-5 zeolites prepared here are not elongated 0.006 7) Q
' (a) \
(@]
O
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but appear to be cuboids of.Dx 0.2 x 0.2 umP. Of

particular interest is the extremely small crystal size (20— - ] [ Jo8)
0.004 4

200

1A-1)

Volume adsorbed (¢ cm’ g)

0.0 0.2 04 0.6 0.8 1.0
Relative pressure (P/P,)

30 nm) of NU-88, although we were unable to determine
its accurate crystal morphology. This strongly suggests that
the very broad nature of its X-ray peaks (Fig. 1d) may 0.002 4
originate from particle size effects rather than from poor | ® S
crystallinity. In fact, we have found that no detectable line N O
narrowing in the XRD pattern of NU-88 is caused by an %9097 S =0=—=0—0—0—
additional 2 weeks of heating in the crystallization medium.
When the Scherrer equation witk = 1 is applied to
six different reflections in the @ region 7—45 [25], the Pore diameter (A)

ave,rag_e C,ryStaI Slzeé was CaICUIa,‘ted to be about _30 nm’Fig.6. Pore size distribution curves for the (a) as-synthesized and (b) proton
which is in good agreement with the value estimated forms of NU-88 calculated using the BJH formalism from thedésorption
from TEM measurements. There is growing interest in branch isotherm. The inset shows the &tisorption—-desorption isotherms
the direct synthesis of uniform, nanocrystalline zeolites of the corresponding zeolites.
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at high relative pressures, together with a clear hysteresisnanocrystalline nature of NU-88 would be of considerable
loop, typical of mesoporosity. The corresponding parame- advantage for other important applications, for example, the
ters of the pore structure are summarized in Table 4. Note synthesis of ultra-thin zeolite films [32] and the use as pho-
that the as-synthesized NU-88 exhibits a mesopore volumetochemical hosts [33].

of 0.34 cn? g1, suggesting significant interparticle adsorp- ~ Fig. 7 shows thé H-13C CP MAS NMR spectra of as-
tion. Barrett—Joyner—Halenda (BJH) analyses [30] show that synthesized IM-5 and NU-88. For the sake of compari-
this uncalcined material has an average pore size tf0 A. son, the liquid*®*C NMR spectra of RO solutions of the

An important result is that the mesoporous capacity of NU- MPP and MPH bromide salts are also given in Fig. 7.
88 increases to a very large extent during the initial calci- These data clearly show that both the MPP and MPH
nation at 550C for 8 h to remove the MPH cation and cations are occluded intact in IM-5 and NU-88, respectively.
the successive Nyt ion exchange and calcinations steps: When the MPP cation is trapped in the IM-5 pores, how-
H-NU-88 has a mesopore volume of 0.50%@gn?, which ever, the splitting of the methyl carbon resonanceNof

is approximately twice as large as its micropore volume. methylpyrrolidinium moieties into two peaks around 48 and
Comparison of the mesopore distribution of H-NU-88 with 53 ppm is observed. It thus appears that the considerable
that of its as-synthesized form reveals a large increase inchange in conformation is imposed on MPP upon occlusion
mesopore size together with a broadening of the distribu- into the IM-5 pores, which must be closely related to the
tion, which can be attributed to sintering effects during the structural aspects of the zeolite host. By contrast, the MPH in
calcination of NU-88 and subsequent treatments. We noteNU-88 gives only one methyl carbon resonance at 49.0 ppm
here that several other H-NU-88 samples obtained from dif- that is shifted slightly downfield relative to that of free MPH.
ferent synthesis batches gave a similar mesopore volumeThe same trend is also observed for the ofR&rNMR res-
(0.50+ 0.03 cn? g~ 1). Because H-NU-88 presents both a onances of the occluded MPH. It thus appears that unlike
large interparticle mesoporosity and a relatively large ze- the organic in IM-5, the MPH occluded in NU-88 does not
olitic microporosity, and an excellent thermal stability (vide experience severe geometric constraints and van der Waals
infra), therefore, this nanocrystalline material could have in- interactions with the zeolite framework. This can be further
teresting applications in some shape-selective reactions suctsupported by the fact that all the carbon resonances observed
as gas oil cracking where the reactant diffusivity depends for NU-88 are considerably narrower than those from IM-5.
highly on both the crystal size and mesoporosity of the zeo- Additional evidence for the conclusion given above can be
lite catalyst employed [31]. In addition, we believe that the obtained from théH MAS NMR spectra of as-synthesized
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Fig. 7.13C NMR spectra of organic SDAs, (a) MPP and (b) MPH, showing the assignment of each resonance. The bottom traces are the Blé€h decay
NMR spectra of BO solutions of the bromide form of MPP and MPH, and the top traces arHRE’C CP MAS NMR spectra of as-synthesized IM-5 with
MPP and MPH occluded in their pores, respectively.
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Al are observed for these materials. However, tHal
MAS NMR spectrum of H-IM-5 gives a small resonance
around 0 ppm, indicating that a minor part of framework
Al atoms has been extracted from the IM-5 framework
during the calcination and exchange steps. The same result
was also observed for the other two IM-5 zeolites prepared
here, i.e., the IM-5(I) and IM-5(lll) samples. An interesting
result obtained from Fig. 9 is that, unlike H-IM-5, H-NU-
88 exhibits no additional line around 0 ppm. In fact, we
found that H-NU-88 gives only orAl resonance around
55 ppm, even after heating at 800 for 4 h, revealing its
remarkable thermal stability. This result is important in that
the nanocrystallinity has little effect on the thermal stability
of NU-88, despite its relatively high Al content. As shown
in Fig. 10, on the other hand, tHéSi MAS NMR spectra
of as-synthesized IM-5 and NU-88 are characterized by a
broad resonance arounedl10 ppm, which is indicative of
40 20 ] 0 20 40 the existence of multiple T-sites in these zeolite structures.
H 8 (ppm) Fig. 10 also shows that the subsequent calcination and
exchange treatments caused no significant changes in the
295j MAS NMR spectra of IM-5 and NU-88, whereas some
dealumination in IM-5 may have occurred according to the
IM-5 and NU-88 in Fig. 8. The intensities between 1.0 and 2’Al MAS NMR results.
3.5 ppm are due to the resonance of the protons of organic Fig. 11 shows the IR spectra in the structural region for
SDAs; the signals are relatively sharp for NU-88, whereas the as-synthesized and proton forms of IM-5 and NU-88
they reveal one broad peak for IM-5. This suggests that the prepared here. One significant difference between these two
mobility of the occluded organic SDAs is higher in NU-88  zeolites appears in the 500- to 650-chregion. According
than in IM-5. to the IR investigations of zeolite frameworks reported thus
Fig. 9 shows the?’Al MAS NMR spectra of the as-  far, the bands appearing in this region are attributed to
synthesized and proton forms of IM-5 and NU-88. The external linkage vibrations [34—36]. As seen in Fig. 11,
spectra of the as-synthesized IM-5 and NU-88 exhibit one H-IM-5 exhibits one single band at 555 c#) typical of
resonance at 51-53 ppm, typical of tetrahedral Al in the 5-ring subunits for pentasil zeolites [36]. Unlike H—IM-5,
zeolite framework. No signals corresponding to octahedral however, H-NU-88 gives two bands at 536 and 570°tm
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Fig. 8.1H MAS NMR spectra of as-synthesized (a) IM-5 and (b) NU-88.

Fig. 9.27Al MAS NMR spectra of (a) IM-5 and (b) NU-88 in the as-synthesized (bottom) and proton (top) forms. Spinning side bands are marked by asterisks.
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Fig. 10.295i MAS NMR spectra of (a) IM-5 and (b) NU-88 zeolites in the as-synthesized (bottom) and proton (top) forms.
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Fig. 11. IR spectra in the structural region of (a) IM-5 and (b) NU-88 zeolites in the as-synthesized (bottom) and proton (top) forms. IR bands from the
occluded organic SDAs are marked by asterisks.

suggesting that IR spectroscopy, as well as powder XRD, canof most of these changes cannot be done without normal-
be regarded as a means to distinguish between both zeolitescoordinate calculations. However, some of them provide
Fig. 12 shows the Raman spectra of the as-synthesizedclear evidence for the existence of host—guest interactions
and proton forms of IM-5 and NU-88 in the 200- to occurring within zeolites prepared here. When compared
1600-cnT ! region. The Raman spectra of MPP and MPH in  with the Raman spectra of various tetraalkylammonium salts
aqueous solution are also compared in Fig. 12. In agreementind pyrrolidine derivatives in the literature [37,38], for ex-
with the 1H-13C CP MAS NMR data given above, Raman ample, the band appearing at 731 chin the Raman spec-
spectroscopy reveals that both organic SDAs remain intacttrum of MPP in aqueous solution can be tentatively assigned
upon their occlusion into the pores of IM-5 and NU-88, re- to the C—N stretching mode. As seen in Fig. 12, however,
spectively. It can also be seen from Fig. 12 that many spec-as-synthesized IM-5 gives this vibration at 726 ¢mThe
tral changes take place as the organic cation is trapped insidesame trend can be observed for the C-N stretching mode
the zeolite pores. The exact assignment and interpretationof MPH (733 cm! for free MPHBp; 728 cnt! for oc-
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Fig. 12. Raman spectra in the 200- to 1600-dntegion of (a) IM-5 and (b) NU-88 in the as-synthesized (middle) and proton (top) forms. The bottom traces
are 0.5 M aqueous solutions of MPREBd MPHBp, respectively.

cluded MPH). Fig. 12 also shows that a strong band ap- relatively poor resolution. Although the unequivocal assign-
pearing at 558 cm! in the Raman spectra of free MPP and ment of the structural Raman bands of H-IM-5 and H-NU-
MPH, assignable to the C-N bending mode, is nearly miss- 88 cannot be made at this time, due to the lack of the re-
ing in the Raman spectra of as-synthesized IM-5 and NU-88. liable theoretical correlation between the specific structural
In addition to perturbations on the C—N bond, the Raman units in zeolites and their Raman band positions, it is in-
signature of occluded organic molecules includes notable teresting to note that the general feature of the spectrum in
differences in the band position and intensity of the C—C the structural region of H-NU-88 is similar to that reported
stretching mode of the polymethylene bridging unit at 1040— for H-beta [39], whereas there are notable differences in the
1080 cnt!. These observations indicate that the mirror sym- humber and position of structural Raman bands of H-IM-5
metry of flexible organic SDAs has been removed upon their and H-ZSM-5 [40].

occlusion into the resultant zeolite pores and thus the two  Fig. 13 shows the NKITPD profiles obtained from H-
halves of the molecules occluded are no longer equal to eactM-5 (i-€., H-IM-5(Il) sample) and H-NU-88. The TPD
other. It is thus clear that organic SDAs in zeolites prepared Profiles of the proton form of both zeolites are characterized
here adopt conformations distinctly different from those of PY two desorption peaks with maxima in the temperature
the corresponding, free molecules. However, we note that

the ring breathing vibration band of-methylpyrrolidinium 10
groups, which appears as a strong band at 900'cdmthe _
Raman spectra of both IM-5 and NU-88, is essentially un- & 8
changed relative to that of free MPP or MPH. This led us ;

to speculate that changes in the conformation imposed ong |

these doubly charged cations upon occlusion into the zeo-5
lite pores occur mainly in the flexible central alkyl chain :,“f
rather than in the puckered pyrrolidiniumrings, whichmight & 4t
be sufficient to cause the considerable reduction of geomet-z
ric constraints and van der Waals interactions with the par- 4 )
ticular zeolite structure formed. When the Raman spectrum & (b)
of H—-IM-5 is compared with that of H-NU-88, finally, no- |
table differences in the number and position of structural Ra- o
man bands were found. H-IM-5 exhibits four well-resolved 100 200 300 400 500 600 700
bands at 301, 362, 425, and 487 ThAs seen in Fig. 12, Temperature (°C)

however, the Raman spectrum of H-NU-88 is characterized

by three main bands around 340, 390, and 467 tmith Fig. 13. NH; TPD profiles from (a) H-IM-5 and (b) H-NU-88 zeolites.
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regions 1700-190 and 360—4D. Despite the similarity in 500°C. This indicates that the IM-5 framework contains
their SiG/Al,03 ratios, the total area of NHdesorption very strong acid sites. The IR spectra of H-NU-88 before
(i.e., the density of acid sites), especially the area of the and after pyridine adsorption followed by desorption at
high-temperature desorption peak, was found to be muchdifferent temperatures are shown in Fig. 15. The spectrum
higher for H—IM-5 than for H-NU-88. Also, the temperature of dehydrated H-NU-88 in the OH stretching region is
maximum of the high-temperature desorption peak from characterized by two weak and broad bands around 3655 and
H-IM-5 is slightly higher than that from H-NU-88. This 3570 cnt?, as well as by one strong band at 3745¢m
suggests that the number and strength of strong acid sitegypical of surface SiOH groups not involved in hydrogen
are higher in H—IM-5 than in H-NU-88. However, we cannot bonding. When compared to the spectrum of dehydrated H—
exclude the effects of the nanocrystallinity of H-NU-88 on IM-5, therefore, there are notable differences in the position
its TPD profile because the extent of blk¢-adsorptionfrom  and intensity of OH bands appearing below 3700-¢ém
one acid site to another acid site during the TPD experimentFig. 15 also shows that pyridine adsorption gives rise not
is greatly influenced by the crystal size of zeolites [41]. only to the notable decrease in intensity of the weak band
Fig. 14 shows the IR spectra of H-IM-5 before and around 3655 cm! but also to the disappearance of the
after pyridine adsorption followed by desorption at different very broad band around 3570 ch) which is indicative
temperatures. Three well-resolved bands at 3745, 3666, andf interaction of these OH groups with pyridine. Because
3608 cnt! in the OH stretching region can be observed the 2’Al MAS NMR spectrum of H-NU-88 shows no
from the IR spectrum of dehydrated H-IM-5. The first band noticeable band around 0 ppm, even after heating at 800
is attributed to silanol groups on the external surface of H- for 4 h, as described above, the weak OH band around
IM-5 crystallites, and the other two bands can be assigned to3655 cnt! can be attributed to bridging OH groups in Si—
hydroxyl groups belonging to extraframework Al and those (OH)™—Al Brgnsted acid sites rather than to hydroxylated
of the Brgnsted acid sites, respectively [42]. The presenceextraframework Al species. In contrast, assigning the broad
of a weak band around 3666 chin the IR spectrum of  band around 3570 cmt simply to bridging Si—(OHy—
dehydrated H-IM-5 indicates that partial dealumination has Al species appears to be unreasonable because its position
occurred during the SDA removal and successiveyNibn does not fall into the known range (3660—3600¢mof
exchange and recalcination steps, as evidencéwAS stretching for bridging OH groups in zeolites [42]. Although
NMR measurements. After pyridine adsorption the broad the exact origin of this band is not clear at this time, one
band at 3608 cm! disappears completely and two bands possible explanation is that it could be due to hydrogen-
associated with the pyridinium ion adsorbed at Bransted acid bonded Si—(OHj—Al bridges with SiOH groups. It should
sites and pyridine coordinated to Lewis acid sites appearbe noted here that a similar OH band appearing below the
at 1545 and 1455 cnt, respectively. With the increase typical stretching region< 3600 cntl), which disappears
of desorption temperature the intensity of the two bands upon adsorption of pyridine, has also been observed for
at 1545 and 1455 crt is reduced, but some fraction of other zeolites such as SSZ-24 and ITQ-4 [43,44]. As seen
both pyridinium ion and pyridine still remains adsorbed at in Fig. 15, on the other hand, the two bands at 1545 and
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Fig. 14. IR spectra of H-IM-5 in the (A) 3300- to 3800-ctand (B) 1400- to 1700-cm* regions (a) before and after pyridine adsorption followed by
desorption at (b) 200, (c) 300, (d) 400, and (e) 3QCfor 2 h.
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Fig. 15. IR spectra of H-NU-88 in the (A) 3300- to 3800-chand (B) 1400- to 1700-cm! regions (a) before and after pyridine adsorption followed by
desorption at (b) 200, (c) 300, (d) 400, and (e) 3Q0for 2 h.

Table 5 be further confirmed by the data in Table 5 where the
Amounts of pyridine still retained on Brgnsted and Lewis acid sites in H- gmounts of Brgnsted and Lewis acid sites in H-IM-5
IM-5 and H-NU-88 after desorption at different temperatfires and H-NU-88 zeolites as a function of temperature were
Desorption Amount (umolg) of pyridine retained determined from the intensities of the IR bands at 1545
temperatureC) H-IM-5 H-NU-88 and 1455 cm?, respectively, by using the molar extinction
Brgnsted Lewis Brgnsted Lewis  coefficients reported by Emeis [45].

200 160 47 121 16

300 133 33 57 5 3.3. Catalysis

400 97 28 25 4

500 31 3 7 1

Table 6 lists the physical properties of all zeolites em-
2 Determined from the intensities of the IR bands at 1545 and pjoyed in the skeletal isomerization of 1-butene to isobutene
éﬁ;sc[Ts]’ respectively, by using the extinction coefficients given by and the cracking of-octane. Fig. 16 shows 1-butene con-
' version and selectivity to isobutene as a function of time
on stream in the skeletal isomerization of 1l-butene on
1455 cnt! due to pyridine species adsorbed on Brgnsted H-IM-5, H-NU-88, H-ZSM-35, H-ZSM-5, H-EU-1, H-
and Lewis acid sites in H-NU-88, respectively, become mordenite, and H-beta zeolites measured at°@@&nd
considerably weak after desorption, even at 3DPunlike 10.1 kPa 1-butene in the feed. Here, we have considered the
the trend observed for H—IM-5. Therefore, it is clear that results obtained at 5 min on stream as the intrinsic activi-
the number and strength of both Brgnsted and Lewis acidties of zeolite catalysts, to minimize the well-known effect
sites are higher in H-IM-5 than in H-NU-88. This can of coke deposition within the zeolite pores on the selectiv-

Table 6
Physical properties of zeolite catalysts used in this study
Zeolite 1ZA Pore topology Sig/AlI,03 Crystal shape and size (um) BET surface
code ratio aréa(m2g—1)
H-ZSM-5 MFI 2D, 10-rings 27 Spherulites, 1-3 398
H-ZSM-35 FER 2D, 10- and 8-rings 27 Oval platess 3 435
H-EU-1 EUO 1D, 10-rings- side pockets 40 Rice-grains, 0.5-1.0 352
H—beta BEA 3D, 12-rings 25 Spherical agglomerates, 3—4 667
H—mordenite MOR 2D, 12- and 8-rings 33 Small rod4, 9 0.3 532
H—IM-5(1) - - 19 Rods, L x 0.5 375
H—IM-5(I1) - - 25 Rods, @ x 0.7 460
H—IM-5(11I) - - 32 Cuboids, 0.1-0.2 559
H-NU-88 - - 26 Very small spheres,0.05 571

@ BET surface areas calculated from nitrogen adsorption data.
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Fig. 16. (a) 1-Butene conversion and (b) selectivity to isobutene as a function of time on stream in skeletal isomerization of 1-butene orllijj—IM-5 (
H-NU-88 (o), H-ZSM-35 @), H-ZSM-5 @), H-EU-1 (), H—mordenite &), and H-beta¥) at 400°C and 10.1 kPa 1-butene pressure.

ity to isobutene [13,46-51]. On the other hand, the acidity size exhibits an excellent stability in time for the skeletal
and pore size of zeolites and related materials are the twoisomerization of 1-butene, regardless of its Hi8I,03
important factors determining their activity and selectivity ratio [13,52]. The isomerization activities of the three H—
during this isomerization [46-51]. Because there are no sig- IM-5 zeolites with different Si@/Al,O3 ratios [19-32]
nificant differences in the SKJAI,O3 ratio of zeolite cata-  prepared here are compared in Fig. 17. A trend of decreasing
lysts employed in this study (see Table 6), however, the cat- 1-butene conversion with increasing time on stream is
alytic results in Fig. 16, particularly those obtained at 5 min clearly observed for all the H-IM-5 zeolites. This led us to
on stream, could be mainly regarded as a reflex of geomet-speculate that the pore topology of H-IM-5 is substantially
rical constraints imposed by the particular pore structure of different than that of H—-ZSM-5. Fig. 17 also shows that
each zeolite. H-IM-5 with a lower Al content gives a higher selectivity
ZSM-35 is the high-silica analog of ferrierite, which to isobutene, although the change in isobutene formation
contains a two-dimensional pore system consisting of 10- on H-IM-5 with its Al content is not so high. This is
ring (4.2 x 5.4 A) channels intersected by 8-ring.§3x not unexpected because the extent of successive reactions
4.8 A) channels [21] and is known as the best catalyst for this leading to by-products such as propene and pentenes should
reaction [46-51]. When H-IM-5 is compared with H-ZSM- decrease with decreasing the density of acid sites in the
35 under the same reaction conditions, the former zeolite zeolite framework [48,49].
gives a much higher initial 1-butene conversion (85% vs It is well-established that due to the inherently shape-
42%). However, H—IM-5 produces a much larger amount of selective nature of zeolites and molecular sieves, coke for-
by-products (mainly propene and pentenes) than H-ZSM-35mation on these microporous materials is also a shape-
from the beginning of the reaction, revealing its nonselective selective process that depends highly on their pore architec-
behavior for isobutene formation. This indicates that the free ture [31,53]. After the skeletal isomerization of 1-butene at
diameter of pores in H-IM-5 is considerably larger than 400°C for 8 h, therefore, the amounts of coke deposited on
that at the H-ZSM-35 intersection, giving rise to a more all zeolites employed in this study have been determined by
efficient accommodation of twe-butenes for side reactions TGA/DTA and are given in Table 7. No significant differ-
such as their dimerization followed by cracking to light ences in the amount (9—10%) of coke formed are observed
hydrocarbons. Fig. 16 also shows that 1-butene conversionfor H-ZSM-5 and H—IM-5(1) with the highest Al content (or
on H-IM-5 decreases continuously with increasing time the lowest Si@/Al>Os ratio) among the H-IM-5 zeolites
on stream, whereas the opposite holds for selectivity to prepared here. As seen in Table 7, however, the amount of
isobutene. This trend is somewhat different from that found coke deposited on H-IM-5 increases significantly with de-
in H-ZSM-5 with an intersecting 10-ring pore system creasing Al content in the zeolite. As a result, the amount
between the straight (8x 5.6 A) and the sinusoidal (% x (14.9%) of coke formed on H—IM-5(111) with the lowest Al
5.5 A) channels because the extent of changes in 1-butenecontent was found to be approximately one and half times
conversion or selectivity to isobutene with time on stream is larger than that (9.8%) on H-IM-5(1). Notice that this coke
higher on H-IM-5 than on H-ZSM-5. In fact, it has been level is much higher than the amount (10.6%) of coke on
repeatedly reported that H-ZSM-5 with the uniform pore H-mordenite, a two-dimensional pore system consisting of
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Fig. 17. (a) 1-Butene conversion and (b) selectivity to isobutene as a function of time on stream in skeletal isomerization of 1-butene on Htd&vitheoli
different SiG/Al,0O3 ratios: 19 W), 25 (A), and 32 @®). The reaction conditions are the same as those given in Fig. 16.

intersecting 12-ring (& x 7.0 A) and 8-ring (34 x 4.8 A) Table 7
channels and is even higher than that (10.8%) observedAmounts of coke deposits formed on various zeolite catalysts during the
for H—beta with mutually perpendicular intersecting 12-ring 1-Putene skeletal isomerization ancbctane crackirfy

(5.6 x 5.6 and 66 x 6.7 A) channels [21], despite the sim-  Catalyst SiQ/Al203 Amount (wt%) of coke depositéd
ilarity in their Al contents. As described earlier, the amount ratio 1-Butene skeletal n-Octane cracking
of Al atoms removed from IM-5 framework sites during the isomerization
calcination step is smaller for the zeolite with a lower Al H-ZSM-5 27 0 32
content. Thus, if IM-5 is not a three-dimensional large-pore H-2SM-35 21 4 =

- o . H-EU-1 40 44 22
material like beta but a zeolite with intersecting 12- and 10- |, .. o5 18 78
ring pores, the possibility of blockage of the inner pores by H-mordenite 33 16 113
extraframework Al species should be lower for the H-IM- H-IM-5(1) 19 9.8 28
5(111) zeolite. This appears to be reasonable because theré™M-5(1) 25 111 35
is a notable increase in the amount of coke formed on H- E:m?ég') 3226 11‘;2 138

IM-5, as well as in its N BET surface area, with increas-

. . . - a After 8 h on stream. The reaction temperatures for 1-butene skeletal
Ing the SIQ/AI 203 ratio (See Table 7)' It is well known isomerization an@-octane cracking are 400 and 500, respectively. The

that the coke-forming propensity of medium-pore zeolites qher conditions for both reactions are the same as those stated in the text.
such as H-ZSM-5 and H-ZSM-11 is lower than that of zeo- P Determined from TGADTA.
lites with large 12-ring windows, due to the geometric con- ¢ Not reacted.
straints imposed by 10-ring pores [31,53]. Although coke
formation during the skeletal isomerization of 1-butene oc- sjon and selectivity to isobutene were found to be 67 and
curs on the exterior surface of zeolite catalysts, as well as 209 for this one-dimensional medium-pore zeolite, respec-
within their inner pores, therefore, the TGBTA resultsin  tively, which are in good agreement with the results reported
Table 7 strongly suggests that IM-5 may belong to the struc- by Guisnet et al. [54]. Thus, the initial 1-butene conversion
tural regime of large-pore materials rather than of medium- on H-EU-1 is considerably lower than that on H—-IM-5, and
pore zeolites. the opposite is observed for the selectivity to isobutene. As
Based on their results from several test reactions andseen in Fig. 16, this trend remains unchanged during the pe-
adsorption of hydrocarbons with different sizes, Corma riod of 8 h on stream. Further support for the speculation
et al. [6] considered the possibility that IM-5 could possess that the IM-5 structure is not formed by unidirectional 10-
a pore system of unidirectional 10-rings with large internal ring pores with large lobes can be obtained from the fact
cavities. However, this can be ruled out by comparing the that the amount (4.4%) of coke formed on H—EU-1 is much
1-butene isomerization activity of H-IM-5 with that of H— smaller than that observed for any of the three H-IM-5 ze-
EU-1, whose structure consists of one-dimensional 10-ring olites studied here (see Table 7). Like H-IM-5, on the other
(4.1 x 5.4 A) pores in the main channel bounded by 12-ring hand, H-NU-88 exhibits the initial 1-butene conversion sim-
pores leading to large side pockets3(& 5.8 A in cross sec- ilar to that of H-ZSM-5, revealing its nonselective behav-
tion and 8.1 A in depth) [21]. The initial 1-butene conver- ior for isobutene formation. However, this zeolite shows a
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large decrease in 1-butene conversion during the first 1 h ondifferent from those for the other four zeolite catalysts with
stream. As seen in Table 7, in addition, the amount (12.2%) known structures in that H-IM-5 and H-NU-88 give a higher
of coke on H-NU-88 is comparable to that formed on H- initial selectivity to propane, although the amount of propane
mordenite or H-beta. Therefore, it appears that H-NU-88 produced becomes lower at higher times on stream. We also
may meet the catalytic behavior of large-pore zeolites, which note that the production of aromatic hydrocarbons such as
is in contrast to the proposal of Lacombe et al. [8]. benzene, xylenes, and toluene is negligible for all zeolite
Table 8 lists the conversions and product distributions catalysts studied here. To investigate the effect of reaction
from the catalytic cracking oi-octane on H—IM-5 and H-  temperature on product selectivities, on the other hand, we
NU-88 with a similar SiQ/Al,03 ratio (~ 25) measured  have carried out th@-octane cracking reaction on H—IM-
at 500°C, 2.0 kPan-octane pressure in the feed and 500 5 and H-NU-88 in the temperature region 310-500
s on stream. For comparison, the catalytic results from Selectivities to ethylene and propylene on both zeolites were
H-ZSM-5, H-EU-1, H—-mordenite, and H-beta are also enhanced at higher temperature, whereas the opposite was
given in Table 8. These data reveal that theoctane observed for the selectivities to longer hydrocarbons, mainly,
conversion (89%) on H-IM-5 is almost the same as that n-butane and butenes. This is not unexpected because the
(90%) on H-ZSM-5, serving as a prime example of the extent of secondary cracking activity of zeolites normally
unigueness of medium-pore zeolites in the cracking of linear becomes larger at a higher temperature.
paraffins [31,55,56]. Thus, no severe spatial constraints Fig. 18 showsnz-octane conversion and selectivities to
for the free diffusion ofn-octane molecules appear to ethylene and propylene as a function of time on stream in
exist within the pores of IM-5. This may also be the octane crackingon H-IM-5, H-NU-88, H-ZSM-5, H-EU-1,
case of H-NU-88 because it yields aroctane conversion = H-mordenite, and H-beta zeolites at 3@and 2.0 kPa-
of 91% that is very close to that on H-ZSM-5 but is octane pressure in the feed. It can be seen that all the zeolite
considerably higher than the value observed for H—-EU-1, H— catalysts except H-ZSM-5 exhibit a continuous decrease in
mordenite, or H—beta. The catalytic data in Table 8 also shown-octane conversion during the period of 8 h on stream,
that ethylene, propane, and propylene are the three mostlthough their initial conversions are different from one
dominant products observed for H-IM-5 and H-NU-88. The another. A similar result was observed when selectivities
other major products include ethanebutane, isobutane, to ethylene on these five zeolites are plotted with time
and butenes. These product distributions are somewhaton stream. As shown in Fig. 18, however, differences in

Table 8
Conversion and product distribution from catalytic cracking afctane on various zeolite catalysts at 309

H-IM-5 H-NU-88 H-ZSM-5 H-EU-1 H-mordenite H-beta
Conversion (mol%) 83 910 8938 831 643 761
Selectivity (mol%) to
Methane » 36 27 24 28 6.0
Ethane M 32 6.9 43 - 41
Ethylene 216 183 273 201 210 152
Propane 2B 184 140 178 163 108
Propylene 23 239 277 280 260 254
n-Butane 65 7.7 58 6.0 6.6 73
Isobutane i) 88 15 45 83 6.2
1-Butene c?) 50 43 6.3 6.9 81
cis-2-Butene 2 22 19 27 31 35
trans-2-Butene 14 15 13 19 22 26
n-Pentane a 0.2 01 0.2 0.3 0.3
2-Methylbutene ® 0.9 0.2 0.3 0.9 0.8
1-Pentene [0 0.2 0.2 0.2 0.3 04
2-Pentene 3 15 20 17 16 32
cis-2-Pentene a 0.1 0.1 0.1 0.2 0.2
trans-2-Pentene () 04 0.3 05 0.8 0.9
n-Hexane oL - 01 - - -
2-Hexene - a 0.2 0.2 0.2 04
3-Methylpentane a 01 0.2 0.1 0.1 0.1
Benzene 3 0.9 0.7 05 04 0.9
Toluene 14 19 14 11 0.7 21
2-Methyheptane a - 02 0.2 04 -
o-Xylene 01 02 01 0.2 0.2 0.3
m-Xylene - - 02 0.2 0.1 0.1
p-Xylene 04 06 05 05 04 10
Cg > 0.6 0.3 01 - 02 0.1

a Data are reported as the values of 500 s on stream at a total gas flow oPBicnt .
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Fig. 19. (a)n-Octane conversion and selectivities to (b) ethylene and (c) propylene as a function of time on streactaime cracking on H-IM-5 zeolites
with different SiQ /Al,Og ratios: 19 W), 25 (A), and 32 ®). The reaction conditions are the same as those given in Fig. 18.

the initial selectivities to propylene on these zeolites and higher N0 BET surface areas) deactivate continuously during
changes with time on stream are not so large as thosethen-octane cracking. This is significantly different than the
observed for the selectivity to ethylene. Therefore, itis again trend found in four H-ZSM-5 zeolites with a SiQAI2O3
clear that both IM-5 and NU-88 are not multidimensional ratio ranging from 27 to 170 in that there is no noticeable
medium-pore zeolites because they are much less stable thadecrease im-octane conversion on these H-ZSM-5 zeolites
H—ZSM-5 with a similar SiQ@/Al 203 ratio (~ 25). It should with time on stream up to 8 h, although the level of
also be noted here that the deactivation pattern and productonversion depends highly on their Si@\l203 ratio [57].
distribution of H-NU-88 with time on stream are quite The TGA/DTA results in Table 7 reveal that the amount
similar to those observed for H-beta. The cracking activities of coke formed on H-IM-5 after the-octane cracking
of three H-IM-5 zeolites with different Sig£)Al2O3 ratios at 500°C for 8 h increases with increasing Si\l203

are shown in Fig. 19. When the IM-5(1) zeolite with ratio in the zeolite, which is also opposite to the trend
the lowest SiQ/Al»03 ratio is compared with H-ZSM-  found in a series of used H-ZSM-5 zeolites with different
5, n-octane conversions and selectivities to ethylene and SiO,/Al203 ratios [57]. These arguments taken in total led
propylene on both zeolites remain almost constant over theus to believe that the cracking behavior of IM-5 cannot
period of time studied here. However, the other two IM- be represented by a multidimensional, 10-ring system with
5 zeolites with higher SigYAl,Os ratios (and hence with  the uniform pore size like ZSM-5. Due to the similarity
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in the deactivation behavior of all zeolites employed in 4. Conclusions
this study, except H-ZSM-5, however, it is very difficult to
reasonably infer the pore structures of IM-5 and NU-88from  Two new zeolites IM-5 and NU-88 were found to crys-
the catalytic results in Figs. 18 and 19. As stated earlier, thetallize over a narrow range of SipAl,03 and NaOH SiO,
pore structure of zeolites exerts a very large effect on the rateratios when the flexible, doubly charged ammonium cations
of coke formation in a number of acid-catalyzed reactions. 1,5-bis(V-methylpyrrolidinium)pentane and 1,6-bié{me-
Therefore, we focused on the relationships between thethylpyrrolidinium)hexane are used as organic SDAs together
structural features of H-mordenite, H-EU-1, and H-beta, with Na* ions, respectively. The physicochemical proper-
and their amounts of coke formed after threctane cracking  ties of IM-5 and NU-88 prepared here are investigated by
at 500°C for 8 h. Based on the relationships drawn, we then powder XRD, elemental and thermal analyses, TEM, Ar and
attempted to estimate the most probable pore topologies ofN, adsorption, multinuclear solid-state MAS NMR, IR, and
IM-5 and NU-88 from their coke-forming propensities. Raman, NH TPD, and IR spectroscopy of adsorbed pyri-
Mordenite has a two-dimensional pore system consisting dine. The overall characterization results suggest that IM-5
of 12-ring channels intersected by 8-ring channels. However, is a new multidimensional large-pore zeolite that probably
this zeolite should be effectively a one-dimensional 12-ring consists of intersecting 12- and 10-ring windows, whereas
material as far as the-octane cracking is concerned because NU-88 is a nanocrystalline material that is closely related
its small 8-rings may slow down the overall diffusivity. to the beta family of zeolites. In addition, the strength of
Fig. 18 shows that H-mordenite exhibits a much lower hoth Brgnsted and Lewis acid sites was found to be stronger
n-octane conversion than H-IM-5 or H-NU-88 from the in H-IM-5 than in H-NU-88. Despite its nanocrystallinity,
beginning of the reaction, revealing a much more severe however, NU-88 exhibits a very high thermal stability. The
diffusional limitation in the former zeolite. As seen in catalytic properties of these two zeolites are evaluated for
Table 7, in addition, the amount of coke deposited on H- the skeletal isomerization of 1-butene to isobutene and the
mordenite is considerably higher than that not only on any cracking ofr-octane and compared to those from various ze-
of H-IM-5 zeolites studied here but also on H-NU-88. olites with known structures. A combination of the catalytic
When H-EU-1 is compared with H—mordenite, on the other results from all zeolites studied here with their coke-forming
hand, the former zeolite exhibits a much higheoctane  propensities allowed us to provide further evidence that both

conversion over the period of time studied here. Because|m-5 and NU-88 are multidimensional, large-pore zeolites.
the 10-ring (41 x 5.3 A) pores in EU-1 are considerably

smaller than the 12-ing (6 x 7.0 A) channels in mordenite,

however, the diffusion of-octane molecules should be less  Acknowledgments
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