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Abstract

Besides conventional MCM-68, Al-rich MSE-type zeolites with a 12-10-10-ring
micropore system were successfully synthesized in a remarkably short crystallization
period by some different synthetic methods: (1) hydrothermal conversion of an FAU-
type zeolite with the aid of the dipyrrolidinium-type organic structure-directing agent
(OSDA) and (2) hydrothermal synthesis without using any OSDA with the aid of seed
crystals. The dealumination behaviors during post-synthetic acid-treatments as well as the
properties of the products differed depending on the synthetic method. The dealuminated
version of each Al-rich MSE-type zeolite showed a high level of coking resistance in
addition to a significant yield of propylene in the hexane cracking reaction, and the MSE
synthesized under OSDA-free conditions showed the best catalytic performance among
three different MSE-type zeolites after post-synthetic modification. The Al-rich MSE
products obtained in this work are promising parent materials for industrial applications as

highly selective and long-lived catalysts.
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1. Introduction

The properties of zeolites depend on the method of preparation including starting gel
composition and synthesis conditions. For example, the synthesis using organic structure-
directing agent (OSDA) usually gives high-silica zeolites while OSDA-free synthesis gives
materials with much lower silica contents [1]. Even in the synthesis using an OSDA, Al-
rich (relatively low-silica) zeolite sometimes crystallizes under some conditions. In all
cases, some post-synthetic modifications are necessary for preparing catalysts that have
appropriate amount of active sites, proper hydrophobicity and stability. As pointed out by
Valtchev et al. [2], the widening window of post-synthetic options enables the preparation
of zeolites with application-specific properties. We have found that zeolites with MSE
topology (the “type material” is MCM-68) offer interesting examples of the OSDA-
assisted and OSDA-free syntheses, post-synthetic modifications, and catalytic applications.

MSE is a new type of three-dimensional zeolite framework with a 12x10x10-ring
(12x10x10R) channel system [3]. This framework has a characteristic structure in which a
straight 12R channel intersects with two independent tortuous 10R channels and, in
addition, possesses an 18Rx12R supercage which is accessible only through 10R channels
[4]. Zeolites with this type of framework (e.g. MCM-68) are known to exhibit unique acid
catalytic properties [5,6] and are potentially useful as shape-selective catalysts for the
alkylation of aromatics [7-9] as well as for the production of propylene by naphtha
cracking [10]. Their use as hydrocarbon traps has also been reported [11]. In addition, Ti-
substituted MCM-68 has demonstrated performance superior to that of TS-1 ([Ti]-MFI)
for the oxidation of phenol and olefins with H,O, as an oxidant [12].

MCM-68, a typical MSE-type zeolite, has been synthesized under hydrothermal
conditions using N,N,N’,N -tetraethyl-exo,exo-bicyclo[2.2.2]oct-7-ene-2,3:5,6-dipyrrolidin
-jum diiodide (TEBOP*'(I"),) as the OSDA [4,7,13-15]. The gel composition window for
the successful crystallization of pure MCM-68 is very narrow and the Si/Al molar ratio of
the product is limited to the range of 9 to 12. We have previously succeeded in
overcoming this limitation by utilizing the steam-assisted crystallization (SAC) [16-19] to
obtain a precursor of pure-silica version of the MSE topology (YNU-2P) or its stabilized
microporous version (YNU-2) [14,20]. Even so, the current requirement for a
crystallization stage spanning 14 days or more during the synthesis of MCM-68 had
remained an important unresolved issue. This has recently been solved in some ways,
parts of which are reported in this paper. It should be noted that the MSE-type zeolite has
also been synthesized as UZM-35 by charge density mismatch [21] with a simple OSDA,
dimethyldipropylammonium [22]. In addition, continuous efforts to avoid using TEBOP**

are being made by Exxonmobil researchers [23].



A main target product in this work is propylene (propene), which is an important
synthetic intermediate for petrochemicals and functional organic materials. Currently,
worldwide propylene production comes from steam cracking (ca. 70%), refinery fluid
catalytic cracking (FCC) (ca. 28%), and other deliberate processes (ca. 2%) such as
propane dehydrogenation and metathesis [24,25]. It is well known that propylene yield in
the fluid catalytic cracking (FCC) processes has been enhanced using zeolite Y (FAU
topology [3]) and ZSM-5 zeolite (MFI topology [3]) catalysts by the control of the
synthetic parameters, post-synthetic treatment such as steaming, and further modification
with alkaline-earth or rare-earth metals. Over the past decade, new types of zeolite
materials with large (12-ring; 12R) or extra-large (>12R) micropores have been
synthesized and tested as FCC catalysts or as their additives [10]. Based on the various
results, zeolite frameworks with multi-dimensional 10R or 12R micropores would be
suitable for propylene production in the FCC process, and the zeolite catalyst with MSE
topology is a promising candidate. The cracking of n-alkane, especially n-hexane, is often
examined as a model reaction for the FCC catalytic test [26-30].

In this study, we focus on the remarkable enhancement of catalytic properties of some

different versions of MSE-type materials for hexane cracking by post-synthetic treatments.

2. Experimental
2.1 Chemicals and materials
The commercially available reagents were used as received without further purification.

The suppliers and cautions are described in each section when necessary.

2.2 Synthesis of MCM-68 as a conventional MSE-type zeolite

MCM-68 zeolite was synthesized as follows: colloidal silica (Ludox HS-40, DuPont, 40
wt% Si0O;, 6.01 g, 100.0 mmol), de-ionized water (40 mL) and Al(OH); (Pfaltz & Bauer,
780 mg, 10.0 mmol) were mixed in a 180-mL Teflon beaker, and stirred for 10 min.
Aqueous KOH solution (5.93 mmol g, 6.32 g, 37.5 mmol) was added to the solution, and
stirred for further 30 min. Then, TEBOP*"(I'), (10.0 mmol) was added as an OSDA, and
the mixture was stirred for another 4 h. The resulting mixture with a molar composition:
1.OSiOZ—O.1TEBOP2+(17)2—0.375KOH—O.1A1(OH)3—30H20 was taken into a 125-mL
Teflon-lined autoclave, and kept statically at 160 °C for 16 days in a convection oven.
After cooling the autoclave to room temperature, the obtained solid was separated by
centrifuging, washed several times with de-ionized water, and dried overnight. The as-

synthesized MCM-68 zeolite was obtained as white powder (6.04 g).



To remove the OSDA occluded in the pore, the as-synthesized MCM-68 was kept in a
muffle furnace, and heated stepwise as follows: the temperature was raised from room
temperature to 650 °C under 1 °C min™ of the ramping rate, and maintained at the same
temperature for 10 h. Finally, the sample was cooled to room temperature to give a

calcined sample as white powder (Si/Al = 11-12).

2.3 Synthesis of MSE-type zeolite (YNU-3) via hydrothermal conversion of FAU-type
zeolite [15]

A typical synthetic procedure of the hydrothermal conversion of FAU-type zeolite
(Tosho, HSZ-360HUA; Si/Al = 6.7) is as follows: de-ionized water (40 mL) and aqueous
KOH solution (5.93 mmol g, 6.32 g, 37.5 mmol) were mixed in a 125-mL Teflon beaker.
To this mixture, TEBOP, (I') (5.58 g, 10.0 mmol) was added and stirred for 30 min, and
then as-synthesized [Al]-MCM-68 (0.30 g, 5.0 wt% of FAU-type zeolite) was added as the
seed crystal. Finally, FAU-type zeolite (6.01 g) was added and the mixture was stirred for
another 4 h. The resulting mixture with a molar composition: 1.0(Si0,—ALO3)—
0.1TEBOP*(I )—0.375KOH—-30H,0 was taken into a 125-mL Teflon-lined autoclave, and
kept statically at 160 °C for 5 days in a convection oven. After cooling the autoclave down
to room temperature, the precipitated solid was separated by centrifugation, washed
thoroughly with de-ionized water, and dried overnight to give the as-synthesized MSE-
type zeolite (6.38 g) as a white powder. This material is denoted as-synthesized YNU-3
[15] to distinguish from conventional MCM-68 because of its unique properties. After
removing the OSDA occluded in the pore from the as-synthesized YNU-3 in the same way
as that for MCM-68, a calcined YNU-3 sample was obtained as white powder (Si/Al = ca.
7).

2.4 Synthesis of MSE-type zeolite under OSDA-free conditions [25 31]

Aqueous solutions of NaOH (6.32 mmol g'; 12.68 g, 84.06 mmol) and KOH (5.96
mmol g'; 996 mg, 5.94 mmol) were mixed with distilled water (43.84 g, 3.00 mol) in a
Teflon cup and sodium aluminate (Al/NaOH = 0.77; 443 mg) was dissolved in the mixture.
The resulting clear solution was transferred to a mortar and calcined MCM-68 seeds (901
mg) were added. After the entire mixture was homogenized using a mortar and pestle for
10 minutes, Cab-O-Sil M5 (9.01 g, 150 mmol) was added and the combined ingredients
were again homogenized in the same manner for 20-30 minutes. The mixture was then
transferred to a 60-mL stainless steel autoclave and subjected to hydrothermal treatment at

140 °C for 48 h under static conditions and autogeneous pressure. The product was



subsequently filtered, washed thoroughly with hot distilled water and dried at 60 °C to
obtain pure MSEospar (2.16 g). The yield was 21% (see Section 3.7).

2.5 Ion-exchange of MSE-type materials into their ammonium-forms

Ion exchange from the calcined sample to its NH4-form was carried out using NH4NO3
solution as follows: NH4NO; (4.0 g) and the calcined sample (2.0 g) were suspended in
H,O (100 mL) in a 250-mL polypropylene bottle. The bottle was capped tightly and
allowed to stand at 80 °C for 24 h with occasional purge of pressure and careful shaking.
After cooling down, the sample was separated by filtration, and washed with de-ionized
water. This process was repeated twice. The sample was filtered, washed thoroughly with
water, and dried overnight at room temperature to give MCM-68 in NHy-form (MCM-
68 cal IE), YNU-3 in NHy form (YNU-3 cal IE), and the NHy-form of MSEogspar
(MSEospar_IE). Then, the NHs-form zeolites were again calcined in a muffle furnace.
The temperature was raised from room temperature to 550 °C over a period of 4 h, and
kept at the same temperature for 6 h to give MCM-68 in H-form (MCM-68 cal IE cal,
Si/Al=11), YNU-3 in H-form (YNU-3 cal IE cal, Si/Al = 7.4), and MSEospar IE cal
(SVAL=17.3).

2.6 Direct dealumination of MCM-68 and YNU-3 by acid-treatment

The dealumination of the samples obtained in the Sections 2.2 and 2.3 were carried out
by treating with appropriate concentrations between 0.5 and 6.7 mol L' HNOs solution
(3060 mL (g-sample)’) under the reflux conditions in a 200-mL round-bottom flask
immersed in an oil bath (130 °C) for 2-24 h. After filtration, thorough washing with water,
and drying at 80 °C, the dealuminated sample was obtained. For example, the treatment
with 0.5 mol L' HNO; solution for 2 h gave MCM-68 with Si/Al ratio 64.5, and the
dealumination of the calcined YNU-3 (Si/Al = 7.8) was carried out by treating with 6.7
mol L™ HNOj; solution (60 mL (g-sample) ™) for 24 h gave the dealuminated YNU-3 (Si/Al
= 69.4), which were employed in the catalytic reaction.

Direct acid-treatment of MSEospar caused no dealumination when the acid-treatment
conditions are too mild while severe conditions resulted in the framework collapse along

with dealumination [25] (see Section 3.2).



2.7 Steaming of MSEospar in NH4+—f0rm

Steaming of the NHa-form of MSEospar samples was carried out utilizing the equipment
similar to down-flow quartz tube reactor. Steam (7.3—12.3 kPa) was supplied at 700 °C for
24 h and the resultant MSE-type material was denoted MSEospar IE ST.

2.8 Dealumination by acid treatment after steaming

The dealumination of the MSEospar IE ST was typically carried out by treatment with
a 6.0 mol L™ HNOjs solution (60 mL (g-sample)”) in a 200 mL round bottom flask under
reflux conditions in a 130 °C oil bath for 2-24 h. The acid-treated sample was denoted
MSEospar IE_ ST AT. As a typical example, the MSEospar IE ST AT (Si/Al = 66.9)

was employed in the catalytic reaction.

2.9 Characterization

The crystallinity and phase purity of the zeolite catalysts were examined by powder X-
ray diffraction (XRD) on an Ultima-IV (Rigaku) using CuKa radiation at 40 kV and 20
mA. The Si/Al molar ratios in the bulk were measured by means of inductively coupled
plasma, atomic emission spectrometer (ICP-AES, ICPE-9000, Shimadzu). The coke
contents on the used catalysts were determined by thermogravimetry (TG, Thermo plus
EVO 1II TG8120, Rigaku). The weight loss from 400 to 800 °C in the used catalyst was
defined as the amount of coke formed during the catalytic reaction. The morphologies and
particle sizes of zeolite catalysts were observed by field-emission scanning electron
microscope (FE-SEM) on a JSM-7001F (JEOL) or an S-4800 (Hitachi). Nitrogen
adsorption and desorption isotherms at —196°C were measured for the samples pre-treated
at 400°C for 2-6 h on a Belsorp MAX gas adsorption instrument. The specific surface area
(Sser) and micropore volume (Vicro) Were calculated using the BET method and the #-plot
method, respectively. The number of acid sites was measured by using the temperature-
programmed desorption (TPD) of ammonia on a BELCAT-B (Japan Bel Inc.). The
catalyst employed was preheated at 500 °C prior to the measurement. The TPD data were
collected at a ramping rate of 10 °C min™'. The number of acid sites was determined from
the area of A-peak [32,33] in their profiles.

2.10 Catalytic reaction

An appropriate amount of each zeolite catalyst was pelletized without any binder,
roughly crushed and then sieved to obtain particles 500—600 pum in size. Hexane cracking
was performed under atmospheric pressure in a down-flow quartz-tube microreactor with

an 8§ mm inner diameter. Prior to running the reaction, 100 mg of catalyst pellets were



packed in the fixed bed of the reactor and preheated at 650 °C for 1 h in a stream of air.
The reaction was performed at 650 °C for 305 min in a stream of helium containing an
appropriate amount of hexane (W/F = 19.6 g-cat. h (mol-hexane) ). Following the reaction
at 650 °C, the system was cooled to room temperature in a helium stream and the used
catalyst was recovered. The reactants and products were analyzed on an HP-PLOT Q
capillary column (i.d. 0.53 mm; length 30 m; Agilent Technology) using a GC-14B
(Shimadzu) with a flame ionization detector. The conversion of hexane and the selectivity

of each catalyst were calculated on a carbon basis relative to the initial amount of hexane.

3. Results and discussion
3.1 Synthesis of parent MSE-type zeolites

Powder XRD patterns of the MSE-type zeolites synthesized by different techniques are
shown in Fig. 1. The Si/Al ratios of the conventional MCM-68 are quite reproducible and
within the range of 11-13 for as-synthesized and calcined samples. The conventional
MCM-68 was readily dealuminated by a treatment with diluted nitric acid at 80 °C for 2-
24h. In this paper, the dealuminated MCM-68 (Si/Al = 64.5) was used as a representative
dealuminated sample.

Fig. 1b shows the XRD patterns of the products resulting from syntheses at 160 °C for 5
days using FAU-type zeolite (Si/Al = 6.7) as the Si0,—Al,O3 source. In our previous study,
it has been speculated that aluminosilicate oligomers formed by the hydrolysis of FAU-
type zeolites require Si/Al molar ratios with a specific range to avoid the formation of
other zeolite phases. In addition, no crystallization takes place if the concentration of
aluminate species is insufficient. Fig. 2 shows the crystallization curve associated with the
hydrothermal conversion of FAU into MSE to give [Al]-YNU-3 as well as that with the
normal synthesis of typical MCM-68, as determined by XRD peak intensities
(approximately 21.7° 26, indexed to 420 in the MSE framework) of the products
crystallized during the time span of 1 to 16 d. It should be noted that an MSE phase
appeared after only 1 d of hydrothermal crystallization, and that extending the
crystallization time to 3 d gave a pure MSE phase with a high degree of crystallinity,
whereas the induction time is more than 9 d and the crystallization period as long as 14 d is
necessary to guarantee the sufficient crystallization when starting from amorphous SiO>—
Al,O3 source. The crystallization kinetics has been discussed in detail in our previous
paper [15], in which it was suggested that the FAU-type zeolite is acting as a Si0,—Al,03
source dissolved rapidly in the alkaline medium and the FAU-originated precursor may

already have some minimum-sized host structures that could incorporate the OSDA as a



guest, probably due to the enhanced crystallization rate by the presence of a large number
of 4R precursors.

Fine tuning of starting gel including alkaline contents enabled the seed-assisted, OSDA-
free synthesis of MSE-type zeolite, and the typical XRD pattern is shown in Fig. 1c. The
optimal ratio of K/[Na+K] was 0.067 as described in Experimental Section (2.4). Quite
reproducible synthesis was possible even when the synthetic scale was increased such that
the quantities involved were five times larger than our initial investigations (from 30
mmol-SiO; to 150 mmol-Si0,), affording pure MSE phases in constant yields. The product
yields (defined here as the mass of dried product per a total mass of starting silica, sodium
aluminate, and seed) are within the range of 20-21% and quite reproducible under the
current synthesis conditions.

It should be noted that the MSE frameworks are stable during simple calcination
regardless of the synthesis technique. However, only MSEospar Was not always stable

during the dealumination by acid-treatments (see Section 3.2).

3.2 Dealumination behaviors of MSE-type zeolites synthesized with and without using an
OSDA

In the case of conventional MSE hydrothermally synthesized by the OSDA-assisted
technique (typical Si/Al is around 11, corresponding to 9—10 Al sites/unit cell), framework
aluminum atoms are readily removed by liquid phase nitric acid treatment at 80—100 °C to
give dealuminated sample (denoted MCM-68 AT). With the MSEospar (Fig. 3a; typical
Si/Al is 67 corresponding to 14—16 Al sites/unit cell), however, the framework exhibits
significant collapse during dealumination (Fig. 3b).

The steaming of an NHs-form was found to be an effective means of avoiding this
collapse. The MSEpspar underwent ion exchange with an NH4NO; solution at 80 °C to
give the NHs-form (MSEospar IE; Fig. 3¢). During steaming of this NHy-form, the steam
(7.3-12.3 kPa) was typically supplied at 700 °C for 24 h and the resulting material was
designated as MSEpspar IE ST (Fig. 3d), as noted in Section 2.7. No framework collapse
was observed during this steaming, while the Si/Al ratio (as per ICP data) of the sample
did not increase. Subsequent HNO; treatment resulted in a remarkable increase in the Si/Al
ratio (Fig. 3e) even though the MSE framework remained intact. The acid treatment
procedure consisted of heating the steamed sample at 80 °C for 2 h in a 6 mol L™ HNOs
solution. In this manner, dealuminated samples were obtained and denoted as
MSEospar IE_ ST AT.

There is a reason for the framework stabilization of MSEqspar which was observed to

result from steaming. We believe that the migration of Si(OH)s takes place during



steaming to repair site defects by condensation reactions between Si(OH)s and silanols
[17,31].

Table 1 lists some representative results regarding dealumination behaviors of various
MSE-type zeolites. The conventional MCM-68 (initial Si/Al = 11.0) was quite readily
dealuminated with dilute HNO; (see Experimental Section 2.6), whereas the dealumination
of YNU-3 (an MSE analogue with initial Si/Al = 7.8, see Experimental Section 2.6) and
MSEospar IE_ST (initial Si/Al = 7.3) required much more concentrated nitric acid and
moreover the maximum Si/Al ratio did not exceed 80 even when using 6.0 mol L! HNO;
(see Experimental Section 2.8). Based on our previous investigations and a general
knowledge of catalysis, the appropriate Si/Al ratio for catalytic use is very often in the
range of 50-100. The fact that the YNU-3 and MSEpspar materials exhibit durability
during additional dealumination is therefore highly desirable and promising with regard to
future catalytic applications. There may be both microscopic (such as ‘siting’ of Al in the
framework) and macroscopic (related to particle size and morphology) reasons for the
observed dealumination resistance.

Fig. 4 shows the FE-SEM images of MCM-68, YNU-3, and MSEqspar in the same
magnification. (The images in different magnifications are reported elsewhere [25].) The
particle size of MCM-68 (50—100 nm) is much smaller than those of YNU-3 (0.5-1.0 um
as aggregates) and MSEogspar (ca. 200 nm), which is consistent with the particularly facile
dealumination from MCM-68.

Fig. 5 shows nitrogen adsorption-desorption isotherms of MCM-68, YNU-3, and
MSEospar. All isotherms are type-I of IUPAC classification. The high-pressure regions of
the isotherms for MCM-68 (Fig. 5a) indicate prominent sign of inter-particle voids, which
is consistent with the particularly small particle size. Furthermore, the largest external

surface area of MCM-68 is also consistent with the smaller particle size.

3.3 Hexane cracking over various MSE-type zeolite catalysts

Fig. 6 shows the variation over time in both hexane conversion and product yield during
the cracking of n-hexane at 650 °C over various MSE-type zeolite catalysts. The result of
thermal cracking is also shown for comparison. Although the system composed of MCM-
68 cal IE cal (Si/Al=11) or YNU-3 cal IE cal (Si/Al = 7.4) exhibited catalytic activity
sufficient for the hexane cracking process, it was quite rapidly deactivated such that the
reaction rate obtained was equal to the thermal cracking rate of n-hexane at 650 °C (Fig. 6a,
6b, and 6¢). This deactivation was likely caused by the large amount of coke (>100 mg-
coke (g-catalyst)”! after 305 min of the reaction at 650 °C over MCM-68 and YNU-3)

formed on the catalyst. In contrast, the rapid deactivations were significantly suppressed



by dealumination of MCM-68 and YNU-3. In particular, dealuminated YNU-3 (Si/Al =
69.4) maintained its initial catalytic activity after 305 min and showed a minimal amount
of coke formation (1.8 mg-coke (g-catalyst)”’ after 305 min of reaction). Although the
system composed of dealuminated MCM-68 (Si/Al = 64.5) exhibited catalytic activity
sufficient for the hexane cracking process, it was significantly deactivated such that the
hexane conversion at the point of 305 min was below 50%. Again, this deactivation was
likely caused by the relatively large amount of coke (33.4 mg-coke (g-catalyst)” after 305
min of reaction) formed on the catalyst. Looking at the product selectivity in Fig. 7 at the
point of 50% hexane conversion at 650 °C, the dealuminated YNU-3 showed higher
propylene selectivity (ca. 44 %) and lower BTX selectivity (less than 1 %) as compared to
dealuminated MCM-68 (ca. 38 % and ca. 3 %, respectively), indicating that dealuminated
YNU-3 may be a candidate for practical applications.

It was quite surprising that the dealumination of MSEqspar IE ST led to much more
improved catalytic activity and comparatively reduced coke formation (3.3 mg-coke (g-
catalyst)" after 305 min of reaction). Hexane conversion was always much higher than that
over dealuminated YNU-3. Looking at the product selectivity in Fig. 7 at the point of 70%
hexane conversion at 650 °C, the dealuminated MSEospar (= MSEospar IE ST AT)
showed higher propylene selectivity (ca. 44%; the same level as less active dealuminated-
[Al]-YNU-3) and lower BTX selectivity (1 %) as compared to dealuminated MCM-68 (ca.
41% and ca. 3%, respectively).

As far as propylene yield is concerned, the reaction over MSEospar IE ST AT gave
propylene in much higher yields than that over the other MSE-type catalysts at any time-
course (Fig. 6), indicating that dealuminated-[Al]-MSEospar may be a viable candidate for
application as a long-lived paraffin-cracking catalyst for the selective production of

propylene.

3.4 Correlation between acidic properties and catalytic perdormances

Fig. 8 present the ammonia temperature-programmed desorption (NH3-TPD) profiles for
the MSE materials. The quantity of acid sites (or acid amounts) estimated from the NH3-
TPD data, based on the area of the so-called A#-peak [32,33] in each profile, were 0.238,
0.106 and 0.076 mmol g"' for MCM-68 AT, YNU-3 AT and MSEospar IE_ST AT. It is
interesting to note that the acid amounts of the modified and optimized high-performance
catalysts as determined by NH;-TPD were especially small for MSE materials and were
only one-half to one-third of the amounts expected from the elemental analysis values
derived from ICP data. This indicates that these materials contained significant quantities

of undetectable acid site and that the activities per detectable acid site (corresponding to

10



the actual turnover numbers) of the optimized MSEospar materials are quite large
compared to the other lower-performance materials investigated in this work, including
OSDA-assisted MSE.

In order to explain these findings, further investigations regarding the distribution of Al
sites based on microscopic and macroscopic studies are required.

The acidity in connection with accessibility and diffusivity has been studied by Zilkové
et al. [5], in the case of toluene disproportionation as well as toluene and p-xylene
alkylation over zeolites with one- to three dimensional 10R and 12R channels with and
without cages, and those with 12-12-10R and 12-10-10R channel systems (SSZ-35, MCM-
58, mordenite, ZSM-5, beta, SSZ-33, and MCM-68). They concluded that channel
architecture and acidity have to be always considered in parallel. The 1-D zeolites
possessing cages such as SSZ-35 and MCM-58 were emphasized to have high stability
against deactivation by limiting formation of bulky organic deposits while not significantly
hindering the transport of reactants and products. Conversely, the faster deactivation of
multi-dimensional channel structure including MSE topology by coke formation is pointed
out. Since the MCM-68 catalyst in their paper has not been dealuminated, the rapid
deactivation is consistent with our result (Fig. 6b and 7b) [34]. Gil et al. [6] investigated
acid properties of MCM-58 and MCM-68 very carefully by means of IR spectroscopy
using probe molecules, and compared with other 12R zeolites such as ZSM-12 and beta.
Based on their results, the number of Breonsted and Lewis acid sites per unit cell of MCM-
68 (Si/Al = 13) is 4.41 and 0.65, respectively. The corresponding characterizations for

YNU-3 and MSEospar are under investigation.

4. Conclusions

MSE-type zeolites, with a 12-10-10-ring micropore system, were synthesized by three
different methods. Conventional hydrothermal synthesis had a drawback of too long
crystallization time as long as 12-16 days. This drawback has been overcome and Al-rich
MSE-type zeolites were successfully synthesized in a remarkably short crystallization
period by some different synthetic methods: (1) hydrothermal conversion of an FAU-
type zeolite with the aid of the dipyrrolidinium-type organic structure-directing agent
(OSDA) and (2) hydrothermal synthesis without using any OSDA with the aid of seed
crystals. The MSE-type materials without dealumination treatments resulted in rapid
deactivation during the hexane cracking reaction mainly due to heavy coke formation.
Dealumination by post-synthetic acid treatment was thus effective to realize enhanced
catalytic performance. The dealumination behaviors during post-synthetic acid-treatments

as well as the properties of the products differed depending on the synthetic method. The

11



dealuminated version of each Al-rich MSE-type zeolite showed a high level of coking
resistance in addition to a significant yield of propylene in the hexane cracking reaction,
and the order of catalytic performance after post-synthetic modification was “conventional
MCM-68 < MSE synthesized by hydrothermal conversion of an FAU-type zeolite (YNU-
3) < MSE synthesized under OSDA-free conditions (MSEospar)”. The Al-rich MSE
products obtained in this work, especially YNU-3 and MSEospar, are promising parent
materials for industrial applications as highly selective and long-lived catalysts. In
addition, the achievements reported in this paper also demonstrate the catalytic
applicability of aluminum-rich zeolites that have been synthesized without using an OSDA

and which are post-synthetically stabilized.
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Table 1

Dealumination behaviors of various MSE-type zeolites during nitric acid treatments *

Concentration of aqueous MSE-type o
HNO; solution / mol L™ zeolite ° Si/Al
2.0 MCM-68 92.9
2.0 YNU-3 37.5
2.0 MSEospar 22.7

6.0 MCM-68 335.9
6.7 YNU-3 69.4
6.0 MSEospar 66.9

a. The procedure is described in the Experimental Section (2.5 and 2.7).
b. Parent materials are MCM-68(11), YNU-3(7.8), and MSEospar ST (Si/Al =7.3).

c. Si/Al ratio determined by ICP analysis after acid-treatment.
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Fig. 1

XRD patterns of as-synthesized (a) MCM-68 (Si/Al = 11), (b) YNU-3 (Si/Al=7.4),
and (C) MSEOSDAF (SI/AI = 67)

15




100

] 0]
o o
P P

Relative crystallinity / %
£
PR

20

- ———
5 10 15 20
Crystallization period / d

Fig. 2

Crystallization curves of (a) YNU-3 and (b) conventional MCM-68 at 160 °C under
static conditions. The relative crystallinity was determined by using the intensity of the
XRD peak at around 21.7 degrees in 26 indexed to 420 in the MSE framework.
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Fig. 3 Effects of post-synthesis treatments. XRD patterns and Si/Al ratios of
(a) as-synthesized MSEospar; Si/Al = 6.8, (b) sample (a) treated with 6 mol L™
HNOj3 under reflux for 2 h, (¢) MSEospar_ IE; Si/Al= 6.5,
(d) MSEOSDAF_IE_ST; Si/Al = 6.8 and (e) MSEOSDAF_IE_ST_AT; S1/Al = 66.9.
Abbreviations are explained in the text.
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Fig. 4 Typical FE-SEM images of (a) MCM-68, (b) YNU-3, and (c) MSEospar in the
same magnification. Abbreviations are explained in the text.
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Fig. 5 Nitrogen adsorption-desorption isotherms at —196°C of (a) MCM-68, (b) YNU-3, and
(c) MSEospar IE_ST AT. The isotherms (a) and (b) are offset vertically by 400 and 200
cm’® (S.T.P.) g, respectively. Filled and unfilled symbols indicate adsorption and
desorption, respectively. The BET surface areas, corresponding micropore volumes and
external surface areas estimated by the #-plot method were (a) 522 m? g', 0.19 cm®, 59 m?
g', (b) 445 m* g, 0.18 cm’, 30 m* g, and (c) 430 m*> g, 0.18 cm’, 44 m* g,
respectively.
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Fig. 6 Conversion and yield from the cracking of hexane (a) without catalyst and

catalyzed by (b) MCM-68 (Si/Al =

11), (c) YNU-3 (Si/Al

7.4), (d)

dealuminated MCM-68 (MCM-68 AT, Si/Al=64.5), (e) dealuminated YNU-3
(YNU-3_AT, Si/Al = 69.4), and (f) MSEospar IE ST AT, Si/Al =66.9.
Reaction conditions: catalyst, 100 mg; temperature, 650 °C;
W/F, 19.6 g-cath (mol-hexane)'l; p(hexane), 5.0 kPa;

He gas flow rate, 40 cm® (N.T.P.) min™".
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Fig. 7 Conversion and product distribution from the cracking of hexane
(a) without catalyst and catalyzed by (b) MCM-68 (Si/Al=11),
(c) YNU-3 (Si/Al = 7.4), (d) dealuminated MCM-68 (MCM-68 AT,
Si/Al = 64.5), (e) dealuminated YNU-3 (YNU-3_AT, Si/Al = 69.4), and
(f) MSEospar IE ST AT, Si/Al = 66.9.
Reaction conditions: catalyst, 100 mg; temperature, 650 °C;
W/F, 19.6 g-cat h (mol-hexane)'; p(hexane), 5.0 kPa;
He gas flow rate, 40 cm® (N.T.P.) min™",
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Fig. 8
NH;-TPD profiles of (a) MCM-68_AT; Si/Al = 64.5, Al amount/mmol g” = 0.245 (ICP),
(b) YNU-3_AT; Si/Al = 69.4, Al amount/mmol g™ = 0.237 (ICP), and
(c) MSEospar_IE_ST_AT; Si/Al=66.9, Al amount/mmol g = 0.254 (ICP).
Abbreviations are explained in the text.
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