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Versatile Route to Zeolite Single Crystals with zeolites with larger porés!® and ordered mesoporous
Controlled Mesoporosity: in situ Sugar materialst*? The most common and successful approach
Decomposition for Templating of Hierarchical so far is to introduce an additional system of mesopores (sizes
Zeolites between 2 and 50 nm) into each individual zeolite crystal.
This is typically done by suitable posttreatments such as
Marina Kustova, Kresten Egeblad, Kake zZhu, and dealuminatiort3'4 and desilicatiot>*” Recently, it was
Claus H. Christensen* shown that mesopores can be introduced directly into the
Center for Sustainable and Green Chemistry, Department of Z€olite crystals, without a partially destructive posttreatment,
Chemistry, Technical Upnersity of Denmark, Kemitoet, simply by conducting the crystallization in the presence of

Building 206, DK-2800 Lyngby, Denmark  a mesoporous carbon mated&iThe carbon particles are
Receied April 30, 2007 ~ encapsulated by the zeolite crystals during growth. After
complete crystallization, the carbon is easily removed by
combustion to produce highly mesoporous zeolite single
crystals that combine some of the most desirable catalytic
properties of zeolites and mesoporous molecular sitves.

Zeolites are among the most widely used industrial
catalysts. Their superior performance can often be attributed
to the existence of a well-defined system of micropores (size
below 2 nm diameter) with uniform shape and size, typically
of molecular dimensions. However, for some applications, (7) Davis, M. E.; Saldarmiaga, C.; Montes, C.. Garces, 3. Crowder, C
the sole presence of such micropores can also result in an " \ e 1988 331, 698. 98 & n T T
unacceptably slow diffusion of reactants and products to and (8) Freyhard, C. C.; Tsapatsis, M.; Lobo, R. F.; Balkus, KNdture1996
from the active sites located inside the zeolite crystals. In o) 3\;\?;’5;32; T+ Baerlocher, C.; McCusker, L. B.: Creyghton, & 4,
such cases, a diffusion limitation is imposed on the reaction Chem. S0c1999 121, 6242.
rate2 To overcome this limitation, researchers have pursued (10) Corma, A.; Diaz-Cabanas, M.; Martinez-Triguero, J.; Rey, F.; Rius,

. . . L J. Nature2002 418 514.
several different preparative strategies. One possibility is t0 (11) kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J.

minimize the size of the zeolite crystals’, which is often 12 S.hNature1991 359, 710.Q ot srickson. G, . Chimelk
; ; ; 12) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chmelka,
in the range of 0.550um, and thereby shorten the diffusion B. F.; Stlicky, G. DScience1998 279, 548.

path. Another possibility is to increase the pore size of the (13) Donk, S.; Janssen, A. H.; Bitter, J. H.; Jong, K(Rtal. Re.. 2003

. ; ; 45, 297.
zeolite, and this approach has led to the discovery of novel (14) Dutartre, R.: De Menorval, L. C.: Di Renzo, F.; McQueen, D.: Fajula,

F.; Schulz, PMicroporous Mater.1996 6, 311.

* Corresponding author. E-mail: chc@kemi.dtu.dk. (15) Ogura, M.; Shinomiya, S. H.; Tateno, J.; Nara, Y.; Kikuchi, E.;

(1) Corma, A.Chem. Re. 1995 95, 559. Matsukata, M.Chem. Lett200Q 882.
(2) Hartmann, MAngew. Chem., Int. E2004 43, 5880. (16) Groen, J. C.; Peffer, L. A. A.; Moulijn, J. A.; Rez-Ranfmez, J.Colloids
(3) Jacobs, P. A.; Derouane, E. G.; WeitkampJ).JChem. Soc., Chem. Surf., A2004 241, 53.

Commun.1981 591. (17) Groen, J. C.; Peffer, L. A. A.; Moulijn, J. A.; Rez-Ranez, J.
(4) Camblor, M. A.; Corma, A.; Valencia, $4icroporous Mesoporous Microporous Mesoporous Mate2004 69, 29.

Mater. 1998 25, 59. (18) Jacobsen, C. J. H.; Madsen, C.; Houzvicka, J.; Schmidt, I.; Carlsson,
(5) Jacobsen, C. J. H.; Madsen, C.; Janssens, T. V. W.; Jakobsen, H. J.; A. J. Am. Chem. So200Q 122, 7116.

Skibsted, JMicroporous Mesoporous Mate200Q 39, 393. (19) Christensen, C. H.; Johannsen, K.; Schmidt, |.; Christensen, €. H.
(6) Tosheva, L.; Valtchev, V. RChem. Mater2005 17, 2494. Am. Chem. SoQ003 125 13370.

10.1021/cm071168n CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/22/2007



2916 Chem. Mater., Vol. 19, No. 12, 2007

1) Template
OH-, AP*
—_—
2) Crystallization

Call:lmtinnl
in air

é\_..()
S

Figure 1. New route for the preparation of mesoporous zeolite single
crystals using sucrose as the carbon template.

Communications

0.25

o
N
L

0.15 1

o
=
L

0.05 1

Pore Volume [cm¥/g]

0

10 1000

100
Pore Diameter [A]
Figure 2. Controlled mesoporosity of zeolites prepared simply by varying

Here, we demonstrate a simp'e, new, and versatile methodthe amount of sugar in the silica (from top C£Sil1.75; 0.87; 0.58; 0.0).

for the preparation of mesoporous zeolites. This new method
applies in situ generation of the required carbon template
by decomposition of a carbohydrate directly onto the silica
raw material used for the zeolite synthesis. This method
significantly extends the scope of the carbon-templating
approach. Most importantly, it allows careful control of the

porosity of the mesoporous zeolite in a very simple manner
and it does not depend on the availability of specialized

carbon templates. The mesoporous zeolite single crystals

resulting from the carbon-templating method have already
shown promising catalytic properties in several reactiéres.

So far, these hierarchical zeolite structures have been reported

for the MF12° MEL,%° and MTW?S framework types and most
recently also for BEA, AFI, and CHA! Other synthesis

schemes for preparing hierarchical zeolites have been
presented as well, such as assembling zeolite seeds with

organic structure directors preséhtesin macrotemplatingy,
using carbon aeroget&3!recrystallizatior?? and templating
mesoporous zeolites from a mixture of small organic
alkylammonium salts and mesoscale cationic polyriers.

Figure 1 shows a schematic illustration of the new route
for preparation of mesoporous zeolites. In the first step, silica
gel is impregnated to incipient wetness with a concentrated
solution of sucrose. During calcination in an inert gas (Ar),
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Figure 3. Representative (a) SEM and (b) TEM images of mesoporous
ZSM-5 zeolite single crystals prepared by in situ carbon templating.

the auxiliary carbon particles are then formed by decomposi-
tion of sucrose inside the silica gel. After that, a zeolite
synthesis gel is formed from the resulting carbailica
composite by addition of the base and a suitable template.
Upon complete crystallization, the carbon is removed by
combustion and the mesoporous zeolite is formed.

The X-ray powder diffraction patterns for the mesoporous
ZSM-5 and ZSM-11 zeolites are shown in Figures S1 and
S2 of the Supporting Information. It is clearly seen that the
samples exclusively contain highly crystalline MFI- and
MEL-structured material, respectivelyThe mesopore size
distribution of the ZSM-5 zeolite after combustion of the
carbon is shown in Figure 2 and the effect of changing the

(34) Database of zeolite structures: http://www.iza-structure.org/databases/.
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carbon/silica ratio in the recipe is evident. Surface areas as The mesoporous zeolite crystals are unique in the sense
well as micro- and mesopore volumes are summarized inthat they contain interconnected micropores and mesopores
Table S1 of the Supporting Information. Thus, it is clear inside each individual single crystal. So far, the present meth-
that by introduction of more or less concentrated solutions od for the preparation of mesoporous zeolites is demonstrated
of sucrose during impregnation of the silica, the mesopore as a new, very simple route to these hierarchical zeolites.
volume can be tuned without altering the micropore volume. The method applies in situ generation of the carbon template
Hg intrusion experiments gives essentially mesopore from sucrose impregnated onto silica gel, and therefore the
volumes identical to those obtained from nitrogen phys- resulting material is readily available at low cost. The method
isorption. This shows that the mesopores are actually does not rely on the availability of special and expensive
accessible and distributed over the interior volume of the mesoporous carbons, only on the mesoporous silicas that are
zeolite crystals. This is also supported by the representativeused widely and can be obtained easily by precipitation.
images from scanning electron microscopy (SEM) and However, the most important attribute of the present ap-
transmission electron microscopy (TEM) for the mesoporous proach is that is allows careful design of the porosity. This
ZSM-5 zeolite shown in Figure 3. From the SEM image (a), is essential for catalytic applications, because this is the way
it can be seen that the sample is highly crystalline and thatthat efficient mass transport can be tuned to maximize
crystals of a quite uniform size are obtained. From the TEM catalyst performance. With this simple method, it is possible
image (b), it is easily possible to see the individual that mesoporous zeolites could be so easily and inexpensively
mesoporous zeolite crystals, which clearly features someavailable that they will find use in industrial applications.
brighter areas distributed all over. These brighter areas are .
thegmesopores created by removal of the ca?bon introduced Ack_nowle_dgment. The Center for S_ustamaple and Green
7 Chemistry is sponsored by the Danish National Research
as sucrose. The vast majority of the crystals are MeSOPOrous-q,ndation.
zeolite single crystals, but some less mesoporous zeolite
crystals can sometimes also be formed. The average crystal Supporting Information Available: Detailed synthesis proce-
size determined from SEM and TEM for the mesoporous durgs, X-ray diffraction, ar_ld pore analysis (PDF). This material is
zeolite crystals is aboutdm, and the typical shape of MFI- available free of charge via the Internet at http://pubs.acs.org.
type crystals is observed. CMO71168N



