2804 J. Am. Chem. So@000,122, 2804—2809

New Aluminosilicate and Titanosilicate Delaminated Materials Active
for Acid Catalysis, and Oxidation Reactions Usingdd

Avelino Corma,* Urbano Diaz, Marcelo E. Domine, and Vicente Forrie

Contribution from the Instituto de TecnolegQumica, UPV-CSIC, Uniersidad Politenica de Valencia,
Avenida de los Naranjos, s/n, 46022 Valencia, Spain

Receied October 26, 1999

Abstract: A new material of zeolitic nature, ITQ-6, has been obtained by delamination of a layered precursor
of ferrierite. XRD, Ar and N adsorption, and®Si and?’Al MAS NMR pyridine and 2,6-ditert-butylpyridine
adsorption show that a delaminated material with a very high external surface area has been produced. The
silicoaluminate is stable upon calcination and presents strong acid sites catalytically active and highly accessible
to bulky reactants. We have also obtained by direct synthesis the titanium silicate version of the laminar
precursor of ferrierite and ITQ-6. The Ti is demonstrated to be in framework positions, and in the case of the
TilITQ-6 is active and selective in the epoxidation of 1-hexene wig@XThe TilTQ-6 is stable and remains

active upon repeated reactionalcination processes.

Introduction larger moleculed! This involves the preparation of lamellar
zeolites whose structure is subsequently delaminated, making

processing molecules with sizes in the range-@4& nr# has accessible through the external surface all the potentially
pushed the development of new structures with larger pores ableCatalytic active site&? The main difference between these types

to process more bulky reactant molecules. In this sense ¥PI-5 ©f materials and the mesoporous materials of the MCM-41 type
and Cloverité molecular sieves with pores in the range of 1.5 is that in the delamlna_lted z_eolltes there |s_§hort-range order and
nm, were synthesized but, unfortunately, these structures wereconsequently the active sites are of zeolitic nature.
of little utility as catalysts. Recently, two new monodirectional ~ Up to now the only delaminated material reported has been
zeolite structures with channels formed by 14-member rings ITQ-2, which shows outstanding adsorption and catalytic
(MR), i.e., CIT-8 and UTD-15 have been obtained and they properties as an acid catalyst for large reactant moleétiés.
show good behavior as acid and redox catalysts when Al and Unfortunately, even though the external surface area of ITQ-2
Ti were introduced into the framewofK. Even though the  was above 700 fag %, not all acid sites were accessible from
maximum pore dimension occurring in UTD-1 is 0.%40.95 the external surface since a system of 10MR sinusoidal channels
nm it is still insufficient for processing the large molecules was still present. Furthermore, we fail in introducing transition
present in the heavier oil fractiofigs well as for reacting many  metals by direct synthesis and we could only produce redox
of the molecules involved in the production of fine chemicals. catalysts via secondary synthesis by anchoring Ti on the external
Therefore there is still the need for developing zeolites with silanol groups? The resultant materials were active and
larger pores. selective for epoxidation of olefins with organic peroxides but
MS-14 material$, of which MCM-41 is an example, have  they were not active when using the more desirabj®hs
shown the benefit of very large pores. However, these materialsoxidating agent.
do not show short-range order and consequently, from the point  \y/e have now developed a new delaminated zeolite structure
of view of the stability and catalyhg:_behawor, they are closer (ITQ-6) in the form of silicoaluminate (AIITQ-6) as well as in
to the amorphous than to the zeolitic materidls. the form of silicotitanate (TiITQ-6) where the acid and redox
Very.recently, a new approach has been u.ndert.aken.foractive sites were introduced by direct synthesis, and were
expanding the use of zeolites to catalyze reactions involving accessible from the external surface. Here we present the

The big success of zeolites as acid and redox catalysts for
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Results and Discussion

(200)

(400) ITQ-6: Preparation and Characterization. Ferrierite (FER)

d is a medium pore zeolite containing linked][polyhedral units
having intersecting channels outlined by 10MR with 043
0.55 nm and 8MR with 0.34 0.48 nm pore dimensions. This
zeolite presents very interesting acid characteridtidsjt the
reduced pore dimensions only allow the processing of linear
and monobranched olefins and paraffins. In this way it has found
commercial application for the isomerization of 1-butene to
isobutylené® and it may also have practical interest for
dewaxing and isodewaxing paraffinic feeds.

Owing to its acid properties it would be of interest to make

; : ' y : ' : ' the sites more accessible, at least indbglane, to large reactant
0 10 20 30 40 . . . .

20 molecules. At this point we thought of applying the preparation
Figure 1. X-ray diffraction patterns of (a) PREFER, the laminar methodology used for obtaining ITQ-2. However, to do this, it

precursor of ferrierite, (b) PREITQ-6, the expanded material, (c) I[TQ- Was necessary in a first st(?p to synthesize a laminar ferrierite,
6, a delaminated zeolite, and (d) FER, a ferrierite zeolite obtained after Which could then be delaminated. Schreyeck and co-watkers

Intensity (a.u.)

calcination of PREFER. Spectra reduced by a third for clarity. synthesized an aluminosilicate named PREFER, which is a
layered precursor leading, upon calcination, to a tectosilicate
Experimental Section that was proven to be a ferrierite type zeolite.

Materials. The ITQ-6 sample was prepared as follows: 10 g of Thus, the laminar precursor (PREFER) was synthesized here

silica (Aerosil 200, Degussa), 2.3 g of alumina (boehmite, Catapal B), as described in t_he experlmental part, and_ before dry_lng Itwas
9.2 g of NHF (Aldrich, 98% purity), 3.1 g of HF (Aldrich, 49.8%  ©€xpanded by using cetyl-trimethylammonium hydroxide (CT-
concentration), 26 g of 4-amino-2,2,6,6-tetramethylpiperidine (Fluka, MAOH) at pH 12, achieved by using TMAOH to get the
98% purity), and 27.9 g of MiliQ deionized water were mixed in an adequate charge balance between the layers. The XRD pattern
autoclave at 448 K for 5 days. The resulting product, after it was filtered, of the starting laminar material as well as that of the expanded
washed 3 times with water, and dried at 333 K (PREFER), had an material are given in Figure 1, parts a and b, respectively. It
X-ray _dilffraCtiO” (XRE)dpattern as Shfl’W_” in 'f:igur? la. Thh? PREFER can be seen there that CTMAOH was incorporated between the
material was suspended in a water solution of cetyltrimethylammonium |avers of the FER structure givingdaoo spacing of 3.6 nm. It
bromide (CTA' Br”) and tetrapropylammonium hydroxide (TPOH) appears then that the high bond density layers parallel tbdhe

and refluxed for 16 h at 368 K. The XRD pattern of the expanded | hich ted b hi G-T bond
material is shown in Figure 1b. Delamination was performed by placing plane, which are connected by a much lower on

the slurry in an ultrasound bath (50W, 40 kHz) for 1 h, maintaining a density in the interlayer, were taken apart.

pH of 12.5 and 323 K. Finally, the solid phase was washed thoroughly At this point the expanded material was subjected to an

with water, dried at 373 K, and calcined at 853 K fb h yielding ultrasound treatment that allows the delamination of the structure

ITQ-6 with an XRD pattern shown in Figure 1e. giving, after calcination at 853 K, ITQ-6 as a product. The XRD
A portion of PREFER was calcined at 853 K without previous pattern of ITQ-6 (Figure 1c) compared with that of the ferrierite,

'trea'tment to yield the ferrierite sample with an XRD pattern as shown obtained after calcination of PREFER at 85% KFigure 1d),

In Figure 1d. . ) shows that while the intensities of the reflections corresponding
Apparatus and Procedures.X-ray diffraction measurements were to planes Qkl) are basically unchanged, those corresponding to

performed with a Philips X'PERT (PN 3719) diffractometer (Ca. K ! . I
radiation provided by a graphite monochromator) equipped with an (h00) reflections have strongly decreased in ITQ-6, indicating

automatic variable divergence slit and working in the constant irradiated & rémarkable loss of order along ta@xis. If this is so, it will

area mode. Thé&®Si (spinning rate of 5.5 kHz at 79.459 MHz with a  indicate that the structure has been delaminated, and the resultant
48 pulse length of 3.%s and recycle delay of 20 s) aAth\l (spinning material is formed mostly by monolayers of the laminar
rate of 7 kHz at 104.218 MHz with a°9ulse length of 0.5:s and precursor (PREFER), as is illustrated in Figure 2. In this scheme
recycle delay of 0.5 s) MAS NMR spectra were recorded on a Varian we can see that calcination of PREFER vyields ferrierite zeolite
VXR 400SWB spectrometer. Infrared spectra were measured in ahile the swollen material can be pillared to give ITQX3&r
Nicolet 710 FTIR by using a Pyrex vacuum cell (Gafindows) and — yoaminated to produce ITQ-6. It is evident from this scheme
self-supporting wafers of 10 mgm~2. For acidity measurements, the that the ITQ-6 material should present a high ratio GfQE

samples were previously degassed at 673 K in a vacuun? 28) i h he3 | inl
overnight (background spectrum). Then pyridine X61(0? Pa) was type silicon atoms where the’@toms would mainly correspond

admitted at room temperature and degassed at 523, 623, and 673 K fot© terminal (S§SiOH groups pointing at the external surface
1 h. After each treatment spectra were recorded at room temperatureof the monolayer. This is seen in Figure 3, where®i8& MAS

and the background subtracted. Analogous experiments using 2,6-di-
tert-butylpyridine (DTBPy) as the probe molecule were also carried  (16) Corma, A.; Forig V.; Forni, L.; Maquez, F.; Mariez-Triguero,

out in the aim of determining the external acidity of the samffles.  J-» Moscotti, D.J. Catal. 1998 179, 451. .
9 y B (17) Blasco, T.; Camblor, M. A.; Corma, A.; Esteve, P.; Guil, J. M.;

U_Itraviole_t spec_tra were performed on a Cary 5 spectrometer Martinez, A.: Perdigon, J. A.; Valencia, S. Phys. Chem. B998 102,
equipped with a Diffuse Reflectance accessory. 75.

Catalytic Experiments. N-Decane and 1,3,5-triisopropylbenzene (18) Lewis, J. E.; Freyhardt, C. C.; Dayidl. E. J. Phys. Chem1996
(TIPB) were cracked following the experimental procedure described 100 5039-5049.

6 o ) (19) Powers, D. H.; Murray, B. D.; Winguist, B. H.; Callender, E. M.;
elsewherd® On the other hand, epoxidation of olefins was performed varner, J. H. European Patent 523,838, 1993,

on TilTQ-6, following the experimental procedure used in our previous (20) Schreyeck, L.; Caullet, P. H.; Mongenel, J. Ch.: Guth, J. L.; Marler

paper’ B. Chem. Commuril995 2187. Schreyeck, L.; Caullet, P. H.; Mongenel,
J. Ch.; Guth, J. L.; Marler, BMicroporous Mater.1996 6, 259.
(15) Chica, A.; Corma, A.; az, U.; Forns, V. EP Spanish Patent (21) Corma, A.; Forhg V.; Chica, A.; Diaz, U. EP Spanish Patent

9801689, 1999. 9802283, 1999.
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SWOLLEN FER
ITQ-6
Figure 2. Schematic representation of the different materials arising from the lamellar ferrierite (PREFER).
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Figure 3. 2°Si MAS NMR spectra of (a) ferrierite (calcined PREFER) by calcination of PREFER and (b) ITQ-6 obtained by delamination of
and (b) ITQ-6 (delaminated PREFER). PREFER.

NMR spectra of ITQ-6 and ferrierite are compared. The spectra filled at P/P, ~ 5 x 107, are negligible in ITQ-6. Furthermore,
show the presence of*@pecies and also the formation of Q  from N isotherms, the external surface area was calculated to
geminal groups at the vertexes of the ITQ-6 layers, and which be 60 n¥-g~* for ferrierite (calcined PREFER), while that of
are produced by the rupture of some of the original layers during the delaminated material is-10 times higher (Table 1).
sonication. The formation of Qand & silicon atoms is also ~ Meanwhile, micropores have practically disappeared in this
consistent with the large amount of silanol groups present in sample of ITQ-6.
ITQ-6 and detected by IR spectroscopy (bands at 3740-@60 Acidity and Catalytic Activity of AlITQ-6. It is important
cm™1) (Figure 4). to notice that the structure of the ITQ-6 is stable after calcination
As a consequence of its structure, a delaminated material suchat 823 K, and an important part of the aluminum is still present
as ITQ-6 should present a very large external surface area, withat tetrahedral zeolite framework positions as demonstrated by
practically no microporosity. The Ar isotherms for ITQ-6 and 27Al MAS NMR (Figure 6). These Al generate strong acid sites
the corresponding ferrierite are given in Figure 5 and they show as shown by adsorptierdesorption of pyridine followed by
that the 10MR pores present in the FER structure, which are IR spectroscopy. Indeed, the IR spectra given in Figure 7, show
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Figure 5. Argon isotherms represented as a function of Rig, of wavenumber (cnr) wavenumber (cn-1)

(a) ferrierite (calcined PREFER) and (b) ITQ-6 (delaminated PREFER). Figure 7. Acidity of ITQ-6 measured by adsorption/desorption of
pyridine: (a) hydroxyl region samples calcined at 673 K (1) and after
adsorption of an excess of pyridine and desorptiorifh at 523 K (2)
and (b) pyridine region after adsorption of pyridine and desorption at
523 (1), 623 (2), and 673 K (3).

b Table 2. Acidity Measurements by AdsorptierDesorption of
Pyridine and DTBPy Followed by IR Spectroscépy

total acidity gzmol-g~? of pyridine)

523K 623 K 673 K
sample Lewis Briosted Lewis Brosted Lewis Brasted
ferrierite 2.7 19.3 2.7 16.9 14 5.6
2 ITQ-6 8.5 9.0 6.4 6.0 5.6 5.4
L ] 1 1 —_ 1 I 1 1 1 J . g
250 200 150 100 50 0 50 100 -150 external acidity (DTPBy)
A(ppm) intensity (3365 cm?) % accessibility
Figure 6. 27Al MAS NMR spectra of (a) ferrierite (calcined PREFER) ferrierite <0.05 <5
and (b) ITQ-6 (delaminated PREFER). ITQ-6 1.6 90
Table 1. Textural Characteristics: Specific Surface Area of the aIntegrated molar extinction coefficients of adsorbed pyridine from
° : iq28
Different Samples from Nisotherms Emeis:
sample Srot(BET) Suicro (t-plot) Table 3. Catalytic Activity of AlITQ-6 and AIFER
ferrierite 270 210 k(s x 1
ITQ-6 618 <10 sample n-decane 1,3,5-triisopropylbenzene
AIFER 0.25 3.5
not only that the sample has Brsted acid sites able to protonate AlITQ-6 0.21 14.0

pyridi_ne giving pyridinium ions, but_ furthermore the pyridine 2 Reaction conditions: 773 K, time on stream (TGSF0 s, 1 bar
remains adsorbed at some of the sites even after heating at 673 hydrocarbon.

K under vacuum over 1 h. It has to be pointed out that when
comparing the IR spectra of pyridine for PREFER and ITQ-6, when a bulkier reactant such as TIPB, which can only react at
it becomes apparent that during the delamination process somene external surface, is cracked ITQ-6 gives a higher activity
Qealumination has {also. occgrred resulting in a lower concentra- (see Table 3). It is clear that through a delamination process
tion of Bronsted acid sites in ITQ-6 (Table 2). we have generated a new zeolitic material with acid sites in the
However, as mentioned before, even if the total number of structure which are accessible to large reactant molecules owing
acid sites is somewhat lower for the ITQ-6, they should be more tg the very high external surface area of ITQ-6. Taking this
accessible to bulky molecules than in ferrierite. This has been into account it would be of interest to expand the possibilities
demonstrated by measuring the adsorption of 2, of this material by introducing, via direct synthesis, other
butylpyridine (DTBPy) that certainly cannot penetrate in the ca¢aivtic functions. A good candidate is titanium that, when
10MR pores of ferrierité® The results obtained are displayed ny dispersed in the structure with tetrahedral coordination,

in Table 2 and show clearly that a much higher amount of : : : ; .
. 2 can introduce catalytic properties for carrying out selective
DTBPy is adsorbed on ITQ-6 (90% accessibility) than on oxidelltionsu ylc propert ying ou W

ferrierite (~5% accessibility).
(5% ) Ti Containing ITQ-6 Prepared by Direct Synthesis. Up

Differences in the total acidity and the number of accessible to now the only Ti-zeolites prepared by direct svnthesis and
Bronsted acid sites should be reflected by the catalytic activity "~ . y 1es prep y ct sy .
which show good catalytic performance for oxidation reactions

of the catalysts for cracking-decane and 1,3,5-triisopropyl- . :
Y 9 propy are TS-1, TS-2, and Ti-Bef&-24 Ti-ZSM-48 was also suc-

benzene (TIPB). In this way, thedecane molecule, which can . s
diffuse into the 10MR pores of ferrierite, is able to interact with C€SSfully prepared but showed no catalytic activity due to pore

all acid sites regardless of their location in micropores or external (22) Taramaso, M.; Perego, G.; Notari, B. US Patent 4,410,501, 1983.

surface and, in agreement with the pyridine measurements, (23) Reddy, J. S.; Kumar, K.; Ratnasamy,Appl. Catal.199q 58, L1.
ferrierite shows a higher catalytic activity than ITQ-6. However, (24) Corma, A.; Esteve, P.; Maniz, A.J. Catal. 1996 161, 11.
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Table 4. Catalytic Activity of Ti Zeolites for 1-Hexene
Epoxidatiort
Xi-hexene? selectivity selectivity
sample ofmax toepoxide ofH,O, TON
TiIFER 3.2 85.2 23 6
TiITQ-6 19.7 95.5 73 23
Ti—Beta 18.0 97.2 77 20
~ TilTQ-6 (two 17.7 93.2 56 21
) d regeneration cycles)
E aReaction conditions: 16.5 mmol of olefin; 11.8 g of acetonitrile;
. 4.5 mmol of HO,; 300 mg of catalyst; 323 K, 5 h.
c
_% Table 5. Catalytic Activity of Ti Zeolites for Norbornene
g \ Epoxidatiort
\! Xa-norbormene?0 Of max  selectivity to epoxide TON
sample 2h 5h 7h 2h 5h 7h (at5h)
a TiFER 130 215 278 907 86.2 855 100
N\ TiTQ-6 165 352 46.7 881 86.1 84.0 159
Ti-Beta 13.3 242 331 905 857 821 74
e aReaction conditions: 16.5 mmol of olefin; 11.8 g of acetonitrile;
200 250 300 350 400 450 500 e Ut '
wavelength (nm) 4.5 mmol of HO,; 100 mg of catalyst; 333 K.
Figure 8. Diffuse reflectance spectra (UWis region) of TilTQ-6: copy and tested catalyticaly. The results in Figure 8d show that

(T??Teg_gy;é*;fsn';g‘:éggggszgrfgzgﬁré'egl';es' (€) TITQ-6, and (d)  after reaction and calcination the UV spectrum still shows the
ycles. band at~210 nm characteristic of isolatedTjibut it also shows

a small shoulder at 256270 nm that is characteristic for the

formation of some T+O—Ti pairs. In principle, one could

expect that if some Ti comes out from the structure and

constraint$> Recently® it has been proposed that the presence
of Ti** ions tends to impede or to lower the nucleation rates in

the organothermal Hferrierite system, but by seeding with 5400 merates producing small Tirystallites, this should
Si—ferrierite it was possible to prepare a Ti-containing ferrierite. otoct in a decrease of the catalytic activity. Indeed, the
Unfortunately, no catalytic activity of the sample was dete€ted. oqenerated catalyst shows a small decrease in activity (Table
In our case, we succeeded in synthesizing directly and without 4y "Lys\wever, when the catalyst sample was reused and calcined,
adding seeds the laminar PREFER. The ultraviolet (UV) the yv spectra remained practically unchanged, and cor-
spectrum of the sample shows a single absorption barn@ 20 respondingly the catalytic activity observed in the third cycle
nm corresponding to isolated framework Ti in tetrahedral \yas practically the same. It can be said then that TilTQ-6 is a
coordination (Figure 8a). This band was maintained after reasonably stable material which is able to perform the selective
calcination (TIiFER) (Figure 8b) and after delamination and epoxidation of olefins using #D, as oxidating agent. In this
calcination (TilITQ-6) (Figure 8c). However, in an analogous sense, it presents a clear advantage over Ti-MCM-41 catalysts
way as it occurred with the AlITQ-6, we have observed that a that are not able to work properly and are not stable whed,H
certain extraction of Ti from the framework has occurred during is used as the oxidagt.

the delamination process. Nevertheless, we have prepared As an additional test, we have considered the epoxidation of
samples of TIFER and TilTQ-6 both with similar Ti content, norbornene on the Ti-containing catalysts. This larger reactant
i.e., 1.3 and 1.0 wt %, respectively. The samples were used asmolecule, though it has access to the pores of Ti-Beta, should
catalysts for the epoxidation of 1-hexene withQd and the  present stronger restrictions to diffusion than with TiITQ-6. If
results, given in Table 4, show that TilTQ-6 is an active and this is so, TilTQ-6 should give a higher activity than Ti-Beta
selective olefin epoxidation catalyst using® as oxidant.  for the epoxidation of norbornene. The results from Table 5
Moreover, its activity is much higher than that of TIFER owing  show that indeed the ratio of activity for norbornene epoxidation
to the higher accessibility of Ti sites as a consequence of on TilTQ-6 and Ti-Beta from the turnover number (TON) at 5
delamination of the TIPREFER structure. h reaction time is 2.2, while in the case of 1-hexene epoxidation

To compare the activity of TilTQ-6 with that of a Ti- the same ratio was 1.1. It appears then, that while TilTQ-6
containing large pore tridirectional zeolite, we have synthesized shows an intrinsic epoxidation activity similar to that of Ti-

a Ti-Beta with 1.3 wt % of Ti, following the procedure described Beta using HO, as oxidating agent, the former presents a benefit
previously?’ It can be seen from the catalytic results in Table when reacting bulky molecules owing to high accessibility of
4 that Ti-Beta and TilTQ-6 show similar activities and selectivi- the active sites in the delaminated zeolite.

ties.

At this point, we were interested in the study of the stability
of the framework Ti sites in TiITQ-6. Then, the sample used A new zeolitic material, ITQ-6, has been obtained. This has
for the epoxidation of 1-hexene with,8,, was calcined at 773 peen produced by delamination of a layered precursor of
K and the resultant sample was characterized by UV spectros-ferrierite. This material is of zeolitic nature as demonstrated by

25) Serrano, D P L, F. X, Davis, M. B). Chem. Soc.. Chem the different characterization techniques, and consequently is
Communi992 745. R ‘ N " stable upon calcination and presents acid sites of zeolitic nature.

(26) Ahedi, R. K.; Kotasthane, A. Nl. Mater. Chem1998§ 8 (8), 1685~ It presents a very high external surface area and reactant
1686.

(27) Camblor, M. A.; Constantini, M.; Corma, A.; Gilbert, C.; Esteve, (28) Emeis, C. AJ. Catal. 1993 141, 347.
P.; Martnez, A.; Valencia, SChem. Commurl996 1339. (29) Chen, L. Y.; Chuah, G. K.; Jaenicke,Gatal. Lett.1998 50, 107.

Conclusions
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accessibility and, consequently, is able to convert bulky cally. Moreover, the sample is stable and remains active after
molecules much better than the ferrierite counterpart. repeated reactioncalcination cycles.
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Titanium has been introduced for the first time in the
framework of the ferrierite precursor to give-Tlierrierite and
TilTQ-6 by direct synthesis. TiITQ-6 is an active and selective
catalyst for the epoxidation of 1-hexene with®4. The benefit
of site accessibility by delamination has been shown catalyti- JA9938130



