ReVieWS A. Corma et al.

. DOI: 10.1002/anie.200904016
Zeolite Structures /

Extra-Large-Pore Zeolites: Bridging the Gap between
Micro and Mesoporous Structures

Jiuxing Jiang, Jihong Yu, and Avelino Corma*

Keywords:
germanium - heterogeneous catalysis -
mesoporous materials - silicates -

zeolites

Angewandte
Chemie

3120 www.angewandte.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 3120-3145


http://www.angewandte.org

Zeolite Structures

The conditions required to produce zeolites with low frame-
work density and extra-large pores are discussed. Correlations
between framework stability and geometrical and topological
descriptors are presented. An attempt has been made to
rationalize the synthesis of extra-large-pore zeolites in terms of
the synthesis mechanism, the directing effect of the organic
structure directing agent (OSDA), the framework atoms, and the
gel concentration. Extra-large-pore zeolites, including the
recently discovered chiral mesoporous ITQ-37, are described
and their catalytic and adsorption properties discussed. Finally,
strategies are presented for the preparation of extra-large-pore
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zeolites with different pore topologies that can fulfill pre-es-

tablished catalytic and adsorption targets.

1. Introduction

Zeolite materials are an important class of crystalline
inorganic microporous solids formed by TO, tetrahedra (T=
Si, P, Al, Ge, Ga, etc) with a well-defined regular pore system.
The most interesting features of zeolites lie in the variable
chemical compositions of their pore walls, as well as the
tunable pore diameters and pore geometries. These excellent
characteristics make zeolites suitable for a wide range of
applications in the fields such as adsorption, separation,
catalysis,'"! microelectronics,*! metal diagnosis,”! and, gen-
erally speaking, in any field where the host-guest chemistry
defines the final behavior of the system. Zeolites are classified
as having small, medium, large, and extra-large pore struc-
tures for pore windows delimited by 8, 10, 12, and more than
12 T-atoms, respectively.™® In the field of zeolites, the
synthesis of materials with extra-large pores is still an
important driving force for the development of new struc-
tures.’! In this Review, we will focus on the synthesis and
applications of extra-large pore zeolites.

2. Extra-Large-Pore Crystalline Microporous
Molecular Sieves

2.1. Non-Zeolitic Crystalline Microporous Materials
2.1.1. Phosphates

The history of crystalline materials with extra-large pores
can be traced back to the mineral cacoxenite,” a hydrated
basic iron(III) oxyphosphate with a pore diameter of 1.5 nm.
However, cacoxenite can not be considered as a real zeolite,
or even a zeotype material, since it contains Fe™ ions
octahedrally coordinated with oxygen atoms. Meanwhile the
interest of this microporous crystalline material is limited
because the structure collapses after removal of the guest
water molecules by calcination. The first real zeotype material
with more than 12 T atoms in the rings is the aluminophos-
phate molecular sieve (AIPO,) VPI-5' with 18-membered
ring (18R) channels with a 1.2nm pore diameter. This
material, upon heating in the presence of moisture, was
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transformed into AIPO,-8M! with one-dimensional (1D) 14R
channel system. The work on VPI-5 encouraged researchers
to search for other phosphate-based molecular sieves with
extra-large pores. Along this line, researchers at Jilin Uni-
versity and the Davy Faraday Research Laboratory reported
the synthesis of a 20R channel aluminophosphate JDF-20.!
Since then a number of extra-large-pore crystalline micro-
porous metal phosphates have been prepared. Estermann and
co-workers!™®! reported the synthesis of a 3D 20R channel
gallophosphate molecular sieve named Cloverite. This mate-
rial has a framework density of 11.1 T atoms per 1000 A® and
could be calcined up to 700 °C while preserving the structural
integrity. A series of gallophosphates and fluorinated gallo-
phosphates with 14R to 24R channels has also been synthe-
sized.™?? Other crystalline metal phosphates (ZnPO, InPO,
VPO, FePO, CoPO, and NiPO) with up to 24R channels have
been reported in the last two decades, and a summary of their
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structures together with chemical
compositions, pore diameters, and

Table 1: Microporous phosphates with extra- Iarge pores.F!

Qoo A

A. Corma et al.

N NNH
HNT T NH,  HaN 2 HNTTNH, QNHQ

the  structure-directing  agents
(SDAs) used for the synthesis is 3 4 5 6
given in Table 1. Notice that many HoN
of the materials reported in Table 1 H2NN:‘ He A \/’(\ HQNNzN " HQNO
have very limited thermal stability. 7 8 9 10 1
Nevertheless some of them are
stable upon calcination and show Material Formula Max. Pore SDA Ref.
adsorption and even catalytic prop- Dimension
erties. For instance, two vanadium [DIPYR]o.57[PYR]o.25[G2a;(PO,)F3 (OH),]-2 H,O 14 1 [19]
phosphates®! with pores formed by [NH;(CH,);NH;L,[H;0][Ing (PO,) s (HPO,)F1]-3 H,0 14 5 (190]
16R and S8R windows can adsorb VCBJP2(7)- Na,[VB;P,0,,(0OH)]-2.92H,0 16 Na*ion [191]
. 24
water. Nickel phosphates VSB-1%7 [HIN (CH,CH),NHIK, 5[V505(PO,) 1 xH0 16 2@
and YSB-S with 24R channels Cs3[VsOy(PO,) - H,0 16 Cs'ion  [23]
remain stable upon removal of the [CaN3Hs]5[Cog (PO4) s (HPO,)s]-H,O 16 3 (192]
SDAs and show some catalytic =~ ULM-5  [H;N(CH,)¢NH;],[Gag(PO,),4(HPO,),(OH),F,]-6 H,0 16 4 4]
properties. ULM-15 [H5N (CH,)sNH;][Fe,F; (PO,) (HPO,)4(H,0)4] 16 5 [193]
However, in most of these mate- ULM-16 [NCsH12]1 5[H30]0.5[Ga, (PO4)4F1.33(OH)o67]-0.5 H,O 16 6 [15,16]
rials, and certainly in those with [NHB(CHz)leHé(cl_';'z())zN':gz[N"H|zp(gHz)22'\ll_||'|zéCHz)zNHz] 16 3 [194]
n .
18R, 20R, or 24R pores. the frame- 4, NLCoi G PO OO 240 18 )
works contain penta- and/or hexa- g6 [NCH, L [H:0lus[Gas (PO0)sF> (OH)osl 3.5 H,0 18 s [
coordinate atoms and can not be  miL-50 [N;CeHigls[RbLo[Gas (PO,)s (HPO,) (OH) Fe]- 7 H,O 18 4 [18]
considered as zeotype structures. Cloverite [RF]152[Ga765P76502076 (OH)162] 20 8 [13]
The higher coordination number of ~ JDF-20 [2Et;NH][Al;P¢O,,H]-2H,0 20 9 [12]
a framework atom can reduce the [NH;(CH2)6NH;][Zn, (PO,), (HPO,),]-3 H,O 20 4 [195]
geometric stress generated by four- ICL-T ['[\INH:'(fg_Z{);NNH:']Z][?Fa“(('_(gF;_'O)“)(i_({F;g‘);((gg))z?'GHHéo ;g 150 [[12902]
. . ss 3 2)3NHs]p[Fey 3 4)2(FO4)3]-x F
coordinate atoms n 2 traditional [N, (CH,)NH.L{Ga,(HPO.),(PO),(OH) Jy H,O 20 0 )
zeolite. As a result, the formation of  yp [H2DACH][Zn;(PO,),(PO;0H)]-2H,0 24 n (197]
these extra-large pore materials is [(CiNsHhe) (CNsHas)][FesF(H,PO,) (HPO,); (PO,)s]-H,0 24 3. [198]
facilitated by increasing the coordi- NTHU-1 [Ga,(DETA) (PO,),],-H,0 24 3 [22]
nation number of some framework  VSB-1 [(H;0,NH,),][Niig(HPO,)4(OH)Fs]- 12H,0 24 No tem-  [24]
cations. plate
VSB-5 [(OH)15(H20)¢][Niz(HPO,)5(PO,),]- 12 H,0 24 5° [25]

2.1.2. Phosphites and Organic
Phosphates

The phosphate tetrahedra in
metal phosphates can be replaced by pseudo-pyramidal
phosphite units, HPO4*", or organic phosphate groups, —
CPO,;, forming microporous phosphites and organophos-
phates (see Table 2). A series of microporous zinc phosphites
with 16R pores has been synthesized,”*? including FJ-14"*
which has interesting magnetic properties. Vanadium, cobalt,
and zinc phosphites with channels made of 14R, 16R, 18R,
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[a] DIPYR=4,4"-dipyridine, PYR =dipyridine, Rb =rubidium ion, RF = quinuclidinium fluoride, DACH=
1,2-Diaminocyclohexane, DETA = Diethylenetriamine. [b] Only one example.

24R, and 26R have recently been reported.**! For example,
the open framework of ZnHPO-CJ1 is made up of strictly
alternating ZnO, tetrahedra and HPO; pseudo-pyramids
forming parallel 24R and 8R channels extending along the
crystallographic c axis. The approximate size of the 24R
window is 11.0 x 11.0 A.P? Of the organic phosphates, a 24R
organic phosphate is worth mentioning as the only example of
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Table 2: Microporous phosphites and organic phosphates with extra-large pores.?!

NH,

__\_ /\/\NHz H2N/\/NH2
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Su-61" has a 1D 26R channel
system. Interestingly, if SU-M is

considered to be the counterpart
of MCM-48, then SU-61 would be

VAR )\ H
— _NH.
HN N ¢ NH HoN H 2 HzN/\/N\/\NHz N
12 13 14 3 15
Material Formula

(CsN,H1)[(VO-H,0);5(HPO3)]-H,0
(NCsH12),[Zns (HPO;) ]
[CN,H]; [Zn;(HPO;),]

Fj-14  Ni(DETA) Zn,(HPO,),(H,0)
[Zn(H;0)4][Zn;(HPO;) ]

CoHPO-  (H;0),[Cos(HPO,)4(CH;0H);]-2 H,0

2

ZnHPO-  (C,H,N),[Zn;(HPO;),]

an
[(NH;CH,CH,NH;) (btc)][Zn; (O;PCH,CO0),(0;PCH,COOH)]

NTHU-5 (C,HsNH,),[AIFZn,(HPO),]

16 17

the counterpart of MCM-41. SU-8
Max. Pore SDA Ref. and SU-44% have 16R and 18R
Dimension .

channels, respectively. More
14 12 [30] recently, Yu etall®”! reported a
16 13 (20 mesoporous crystalline germanate
e " Eg JLG-12 with 30R channels. It has a
16 15 29 mMmesopore of 1.3x2.2 nm in diame-
18 3 31 ter, which is comparable to those of

the 30R pores (1.0 x 2.2 nm) in SU-
24 16 [32] M. All these germanates with extra-

large pores (see Table 3) contain
24 7 B4 germanium atoms in mix coordina-
26 16 [33]

tion environments. None of the

[a] btc=1,3,5-benzenetricarboxylic acid.

an extra-large-pore species in the family.®” Unfortunately,
because of their poor stability, none of these materials retains
its pore structure when the guest is removed by calcination
and consequently their application is limited.

2.1.3. Germanates

Extra-large-pore structures have been found in many
germanates. The germanium atom can be bound to four, five,
or six oxygen atoms forming various cluster building units. In
2001, Plevert et al.®® and Zhao et al.*® reported two 24R
channel germanates, ASU-16 and FDU-4, respectively. ASU-
16 has a very low framework density (8.6 Ge atoms per
1000 A%) and FDU-4 has an interesting 3D channel system, in
which each 24R channel is surrounded by six 12R channels,
and both are connected by alternating 8R pore windows.
Other germanates and nickel germanates with 14 x12x
12RP7 and 24RP®! pores have been reported. Deserving
special mention is a series of germanates of the SU family.
Among them, SU-M and its chiral derivative SU-MB,* both
have 30R pores and a maximum pore opening of 2.5 nm.
However, owing to the presence of cations in the pores, the
pore volume is low and the Brunauer-Emmett-Teller (BET)
surface area is approximately 300 m*g~'. The thermostability
of these materials is also very limited, and the structures are
only maintained up to 320°C.
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frameworks is stable, they collapse
when the guests are removed by
calcination.P?>36:343

2.2. Extra-Large-Pore Zeolites

UTD-1™! was the first high-silica zeolite to have 1D 14R
channels. Its discovery was followed by another 1D 14R pure
silica zeolite named CIT-5.1 Later, Cheetham et al. reported
the synthesis of beryllosilicates OSB-11! that has a system of
14R parallel pores that are chiral and formed by a double-
helix 3R chain. 14R extra-large-pore borosilicate zeolites
(SSZ-53 and SSZ-59) were reported by researchers at
Chevron and an 18 x 8 x 8R gallosilicate zeolite (ECR-34)
with a pore diameter of 1.08 nm for the 18R was reported by
Strohmaier and Vaughan."s! A germanosilicate zeolite with
very large pore volume was first reported in the patent
literature as ITQ-15,*) which has a channel system formed by
14 x 12R poresP**! and has been assigned as zeotype UTL.
Recently, Corma et al. reported a silicogermanate zeolite
(ITQ-33)P% with an 18 x10x 10R pore system that will be
discussed in Section 6. To date, the number of extra-large-
pore zeolites synthesized is rather limited and it would be of
interest to predict potential new structures, to study their
stability, and then to design organic structure-directing agents
(OSDAs) that can lead to the formation of such structures.

3. Attempts to Predict New Zeolite Structures

Early work directed to the prediction of potential extra-
large-pore zeolite structures was mainly based on intuitive
model building. Noticeable work was done by Breck™ who
predict the existence of the enigmatic “Breck structure 6”, the
twinned polytype of the FAU framework. This structure was
later synthesized and is now known as EMT. Barrer and
Villiger™ presented a series of hypothetical structures related
to zeoliteL (LTL), with 24R pores and a diameter of
approximately 1.5 nm. Some of these structures consist of
known building units that do not violate crystal chemistry
constraints. Smith and Dytrych®” illustrated several nets
constructed by 4R and larger rings with channels of unlimited

www.angewandte.org
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Table 3: Microporous germanates with extra-large pores.F!

Hy HoN NH,

A. Corma et al.

facilitated the process of the com-
plex zeolite framework genera-

NH, N
|) Ny (L'}‘”NH tion.! On the other hand, many
N HN=Ni—NH—  HN=Ni=NH— . . .
j \L HNk/ A H)N\/ A hypothetical zeolites have high lat-
N . . .
H NH, NH, HoN NH, tice energies that are not chemlcal}y
18 19 20 21 22 2 feasible. To date, there a‘re two mgm
databases of hypothetical zeolite
Material Formula Max. Pore Dimen- SDA Ref.  gtructures available online.[6367]
ston The database developed by
ICMM7  (C4N,Hs)[Ge13056(OH) ] (H,0)1 5 14 18 [37] Treacy® gives a huge number of
SU-8 (CeH16N2H,)5[Geg0,5(OH),][Ge; 015 (OH) L, [GeO(OH),], 16 19 [41] hypothetical structures and has
SU-44 (CsH16N2H3)10[Geg045X,][Ge;045X,]6[GeOXol 2 55 18 19 [41]  peen successful in predicting the
ASU-16  (H,dab);(dab)os[Ge1sOzF 416 H,0 24 20 [39] . )
FDU-4 [N (CH,CHaN )3l HCON (CHa) e 2 21 P e.Xlstence of ITQ-33. However, the
[GesOr (OH)d (H:0)11 5 size of the channel cannot be quer-
F)-1a [2Ni(en)s][Ni@Ge,,0,4(OH),] 24 22 [33) ledin this database. The other data-
FJ-1b [Ni(enMe);],[Ni@Ge,,0,,(OH);] 24 23 [38] base was built up by Li and Yu et al.
SU-61 [CeH16N2H2]2[Ges.75i1.3o16011/zOH][Geo.7wSio.zsoA/z]' 26 19 [40] in Jilin University with the aim of
[Gep2,Sio7303,,0H], collecting  hypothetical  zeolite
zﬂmB {Ezzmmgiz('(*éog)][ﬁéwoéos Eg:;ﬂ Ge.00f ;g :: Eg} frameworks with specified pores."”
) ’ 55 (M) €100 2ol 5€7 a5 This database allows pore informa-
JLG12 [CeNaH1glso[GegOrX,e[Ger004Xs]a[Ger 04 45X, sgls[GeXy)s 73 30 19 [42] b

(X=OH, F)

tion, such as accessible volume,

[a] dab=diaminobutane, en =ethylenediamine, enMe =1,2-diaminopropane, MPMD = 2-methylpenta-

methylenediamine.

diameter. Furthermore, Smith®® described a great number of
frameworks that were constructed using systematic methods.

In the last decade there has been significant progress in
the development of efficient computer methods for predicting
new hypothetical zeolite frameworks.””! Recently, Treacy
and co-workers!® used a symmetry constrained bond-search-
ing method and were able to generate over two-million
structures with ny <4 (ny: number of topologically independ-
ent vertices) for all the space groups, and 4 <n; <7 for some
high-symmetry space groups. Earl and Deem”’¥ used simu-
lated annealing to generate several-million hypothetical
structures, of which 450000 are potentially stable when their
calculated lattice energies are compared with those of known
zeolite structures. Based on recent advances on mathematical
tiling theory, Klinowski and co-workers*! established a way
to generate four-connected unimodal, bimodal, and trinodal
networks. Férey and co-workers predicted a series of not-yet
synthesized framework topologies with the AASBU (auto-
mated assembly of secondary building unit) method.”
Another approach to the prediction of hypothetical zeolite
frameworks has been proposed by Yu and co-workers® who
were able to generate a series of new zeolite frameworks with
specified pore geometries, by defining a forbidden zone where
the framework atoms cannot reside.

Though extensive work has been carried out to predict
new hypothetical structures, there are still many unsolved
problems in this area. Particularly, the generation of hypo-
thetical frameworks with multiple nodes as found in complex
zeolite structures, such as IM-5(IMF) and TNU-9(TUN) with
24 distinct T-atoms,* ! is a big challenge for current
computation facilities. However, the method of framework
generation in density maps (FGDM) developed recently by
researchers in Jilin University and ETH Zurich has recently

www.angewandte.org
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cavity type, channel dimension,
and channel orientation, to be quer-
ied. Currently 52 hypothetical zeo-
lite frameworks with extra-large
pores can be found in this database
(see Supporting Information) and one of them contains 42R
channels.

In summary, there are still many hypothetical extra-large-
pore zeolites with the potential to be synthesized. The
question is why only a small portion of theoretically feasible
structures can be synthesized? Is this due to the unavoidable
decrease in the stability when the pore volume of the zeolite is
increased ? Maybe more sophisticated synthesis methods and
novel SDAs are needed for experimental synthesis to catch up
with the theoretical prediction.

4. Preparation of Low-Framework-Density, Large-
Pore Zeolites

The framework density (FD), that is, the number of T-
atoms per 1000 A3 of the material, can be used as a descriptor
to distinguish zeolites from denser tectosilicates. While there
is a relationship between FD and zeolite pore volume in that
lower FD corresponds to a higher micropore volume, it does
not follow that a large micropore volume in a zeolite indicates
large pores. However, there is no doubt that zeolites with
extra-large pores and three-dimensional pore topologies will
certainly have large pore volumes. To date, FD values lower
than 12 have only been found for two frameworks in the [IZA
structure database,’® these are the interrupted framework
(CLO) and the chalcogenide UCR-201! (RWY); such values
have also been found for some hypothetical frameworks. This
situation is remarkable taking into account that 191 frame-
works have been synthesized to date. The question then is,
why zeolites with low FD and, moreover, zeolites with
multidimensional extra-large pores have been so elusive ?

Angew. Chem. Int. Ed. 2010, 49, 3120-3145
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In 1989, Brunner and Meier””! carried out a topological
analysis on over 70 natural or synthetic silicate and alumi-
nophosphate materials with four-connected frameworks.
They found that when the frameworks are grouped together
as a function of the smallest ring contained (Figure 1a), the
minimum FDg; (the framework density calculated for an
idealized SiO, composition) for each of the groups decreases
with the smallest ring size. This statistical work inspired the
researchers to switch the synthesis target from low-frame-
work-density zeolites towards structures with 3R or 4Rs. In
their work, Brunner and Meier considered only around 70
zeolite frameworks. The number of structures has increased
since then, and 191 structures (data taken from IZA
website)® are plotted in Figure 1b. It can be seen that the
same type of correlation still applies. Though the minimum
FD achieved is now from Tschortnerite (TSC) rather than
Faujasite (FAU), ITQ-26(IWS) rather than Beta, and ZSM-

Angewandte
intermationalaion . CEITIE

39(MTN) rather than ferrierite (FER) structures. Neverthe-
less the linearity is still maintained. The Nitridophosphate-
1(NPO) and OSB-1(0OSO) fill the earlier blank for the 3R
group, and the 3R-and-larger ring group has also been
enriched. Notably, ITQ-33 gives, for now, the lowest FD.
Furthermore, the linear extrapolation implies that ITQ-33
and OSB-1 are not the lowest FD zeolites that can be
obtained.

Data have also been plotted in Figure 1b for hypothetical
extra-large-pore structures taken from the database of Jilin
University (For more details see the Supporting information
and Ref. [67] In Figure 1b it can be seen that some extra-
large-pore zeolite structures can be very dense. For instance,
the FD value of H184-3 is 23.77 T atoms per 1000 A’
However, this feature does not prevent the structure from
having an extra-large-pore system (see Supporting informa-
tion). For every group the plot shows a random distribution,

b
a) ) .
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+ il .
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+
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Size of Smallest Rings

Size of Smallest Rings

Figure 1. Distribution of framework density (FD) versus size of smallest ring in the framework. The FD values are taken from the Atlas of Zeolite
Framework Types." CLO, RON, WEN, LIT, PAR, and CHI are excluded due to their interrupted structure. Framework types: a) + dense framework;
@ zeolite; O hypothetical. b) 0 normal zeolite; ® mineral; A real ELP structure; ¥ hypothetical ELP structure. ELP =extra-large pore. Dotted lines
indicate the linearity for real ELP zeolites and hypothetical ELP zeolites. Parallelogram indicates the gap between zeolite and dense framework.

Figure 1a taken from Ref: [70].
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indicating that there is not a correlation between FD and the
presence or not of extra-large pores in the structure. There-
fore, it can be concluded that a linear correlation between FD
and the size of smallest ring is not mandatory, and such a
correlation may change with the discovery of new structures.
Nevertheless, it appears, to date, that both synthesized and
simulated zeolite structures with lower FD have a large
number of 3- and 4-membered rings. Furthermore, Figure 1
clearly shows that a lower FD zeolite may contain multi-
dimensional channels (FAU (Faujasite) 3D 12R, IWS (ITQ-
26) 3D 12R) and/or cages (TSC (Tschortnerite) and (ZSM-
39(MTN)) but not necessarily extra-large pores. Therefore, a
low FD is not a necessary condition for making an extra-large-
pore zeolite, but three-dimensional extra-large-pore zeolites,
such as ITQ-33, will have a low FD. Consequently, one
feasible way to obtain extra-large-pore zeolites is to synthe-
size zeolite structures with a large number of 3- and 4-
membered rings giving rise to very low FD (Figure 2,
arrow 6). It is noted that the number of multidimensional
extra-large-pore zeolites synthesized to date is small, and the
number of zeolites synthesized with a large number of 4- and,
especially, 3-membered rings in the framework is very low.
This situation could be explained by the relative energy of the
structures with or without many 3 and/or 4-membered rings,
so that it has been possible to make extra-large-pore zeolites
with low FD without including the smallest rings in the
structure. Zwijnenburg and Bell”! recently carried out
theoretical work based on the hypothetical structures in the
databases. They have calculated the enthalpy of some extra-
large-pore frameworks with extra-low FD containing only 4R
and larger rings. The results show that there are no limits
either from topological or from geometric and framework

A / SDA
S = Intoraction\"'—‘*

‘concentration

SDA N
sizelchargqp"" = Fi(OH) = =
ratio /

Figure 2. The relationships between the synthesis parameters (blue
circle), structural parameters (orange circle), and thermodynamic fac-
tor (yellow circle). For (1)—(9) see text for details.
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energy aspects for preparing zeolite frameworks without 3
rings and giving extra-large-pore structures with extra-low
framework density. According to their hypothesis, the lower
limit of framework density given in Figure 1 is not an absolute
value but a consequence of the limiting factors in synthesizing
new materials. Nevertheless, their work mainly focused on the
presence of 4-membered rings in the structure. It is not clear
whether or not the density restriction exists for frameworks
that contain neither 3- nor 4-membered rings.

4.1. The Intrinsic Stability of the Zeolite—Template System

Generally speaking, the interaction between the frame-
work and the SDA template will stabilize the organic—
inorganic composite of zeolitic material and, consequently,
the stability of the whole system has to be considered first.
Helmkamp and Davis™ and Piccione et al.”®! measured the
interaction energies of SDAs and several zeolites which were
synthesized in fluoride media. To do this Equation (1) was
considered where SDAF-MS represents the crystalline molec-
ular sieve with enclathrated SDA*F~. No stoichiometric
coefficients are given because they can be different for each
synthesis, and the silica is assumed to be completely
consumed.

SiO, (glass) + SDAF + HF + H,0 — SDAF-MS + SDAF + HF + H,0

1)

An analysis of the thermodynamics shows that the process
consist of three steps: 1) transformation of silica glass to a
silica molecular sieve; 2) the partitioning of the SDA from the
aqueous solution into the open framework; and 3)the
dilution of the remaining SDAF and HF in solution during
the synthesis. Piccione et al. showed that each of these steps
contributed to the overall thermodynamics, and that no single
factor dominated the overall Gibbs free energies.” Addi-
tionally, the interaction energies have comparable contribu-
tions from enthalpy and entropy. For example, when tetra-
propylammonium (TPA) and tetraethylammonium (TEA)
were used to synthesize ZSM-5 (MFI) and Beta (*BEA),
respectively, AH for TPA/MFI and TEA/*BEA were both
—3.2kJ (mol SiO,) !, whereas TAS for TPA/MFI and TEA/
*BEA were 1.7 and 2.2 kJ (mol SiO,) !, respectively. The
small differences in the thermodynamic value for the different
zeolites indicates that the self-assembly process depends upon
the delicate interplay between a large number of weak
interactions (as is often observed in biological systems), and
this could be the driving force to the synthesis of a particular
zeolite.>

4.2. Stability of Template-Free Zeolite Structures

Since zeolites can only be used without the SDA guest, the
stability of a structure after removal of the organic species is
very important for its potential applications. Petrovic et al.”
first investigated the enthalpy of formation of various SiO,
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polymorphs (microporous zeolites and some dense phases)
taking a-quartz as a reference, and Piccione et al.["”! extended
this work to include more zeolites. Their results show that
when increasing the zeolite molar micropore volume (or
when decreasing the framework density), the enthalpy of the
zeolites increases (Figure 2, arrow 1). Relative to quartz the
microporous silicas are metastable by 6.8-14.4 kJmol™', and
have similar stabilities to amorphous silicas and silica
glasses.™”! The energetic trends observed for pure-silica
materials are also obtained for aluminophosphates. However,
ordered mesoporous materials that are not crystalline show
energy-independent behavior with increasing pore size (ca.
15 kJ (mol SiO,)~" for pore sizes above 2 nm)."! Since the
less-dense microporous crystalline materials give enthalpy
values that are nearly the same as those of the ordered
mesoporous materials, it would appear that thermodynamics
do not necessarily limit the minimum FD that can be achieved
with crystalline TO, frameworks.

4.3. Stability of Strained Structure Units: Correlation between
Framework Stability and Geometrical and Topological
Descriptors

Piccione et al.”™ have correlated the effect of the presence
of 3R and 4R in the structure on the enthalpy of the
framework of pure-silica molecular sieves. According to
calculations, 3R, 4R, and 5R are less stable than 6R by
approximately 2.8, 1.1, and 0.08 kImol™!, respectively™""
(Figure 2, arrow 0). If this could be extrapolated to the zeolite
structure, it would be expected that zeolites with 3R and 4R
are less stable than zeolites with SR and 6R. This situation
would explain why a relatively small number of structures
containing a large number of 3R and 4R have been
synthesized. On the basis of these results a linear regression
was established [4H;=e,+Ze;f; (i#0)] where f; is the
fraction of ring type i present in structure j, and e; is the
energy contribution of ring type i (to be determined). As
there were no pure silica materials with 3R prepared by direct
synthesis available, only the effect of 4R was examined. The
correlations found were no better than the energy correla-
tions based on the framework density.

When the influence of a framework heteroatom (germa-
nium) on the enthalpy of the of structures containing 4R was
compared with those of the corresponding pure silica
polymorphs,”™ it was found that the germanosilicate zeolites
were more metastable than the corresponding pure silica
ones. All the zeolite frameworks examined became energeti-
cally less stable with increasing Ge content but the extent of
the effect was different for each structure. This relationship
can change completely when other structures compete as the
synthesis product. In a further investigation” of strained
structure units, the zeolite framework was separated into face-
sharing polyhedra, from which average face size and variance
of the face-size distribution could be calculated. It was
demonstrated that a correlation exists between viable zeolite
structures and variance of the face-size distribution for a fixed
average face size. This result represents a major advance that
links the energy stability of framework structures to topo-
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logical descriptors without an explicit consideration of geo-
metric details. Nevertheless, the simple tiling prerequisite
limits the possibilities and, furthermore, a considerable
number of tile isomers (which correspond to non-viable
structures) exist that do not follow the observed correlation.
This situation indicates that it is necessary not only to
consider strained structure units but also to consider the way
they are connected to the framework. Sastre and Corma'®”!
have investigated by means of theoretical calculations, what
makes a structure stable or unstable and thus develop a more
exact selection of variables. In their work, strained units (3R,
cubic D4R) were inserted in real frameworks, and the results
obtained were quite surprising. For instance, the Si sites
corresponding to the 3R in ZSM-18®! are not the most
strained, in fact the most unstable location in the framework
for Si atoms corresponds to the positions in the 7R. The effect
of strained D4R secondary building units was also evaluated.
The results show that the energy contributions of D4R are
different for different frameworks. For example, the energy
contribution is high for BEC and LTA, and low for AST
structures. Through the analysis of germanates with TgO,,
units and the related silicates, O’Keeffe and Yaghi®! found
that there are some topologies that are suitable for silicates
but not for germanates, while others are suitable for
germanates but not for silicates, and some are suitable for
both types of materials. The results also explain why some
zeolites with D4R units are easily prepared as a pure-silica
form and others are not.

5. Producing Extra-Large-Pore Zeolites

When the field of zeolite synthesis started, the main
objective was to find macroscopic correlations between the
synthesis parameters and the formation of crystalline struc-
tures. Synthesis parameters mainly include crystallization
time, temperature, and gel composition (T-atom source, SDA,
mineralization agent, solvent, and concentration). When
OSDAs were introduced to achieve zeolites with higher Si/
Al ratio,® ¥ it was found that the characteristics of the
OSDA, which contributed to charge balance and pore filling,
played a central role in determining the zeolite structure
synthesized. These observations opened an intensive research
in zeolite synthesis. The number of synthesis parameters
increased and their influence on the structure established (see
Figure 2).

5.1. The Role of OSDA in Zeolite Synthesis

It was soon intuitively predicted that the formation of a
specific zeolite structure will be determined the self-assembly
of the silica and the OSDA. Continuing in this direction, Gies
et al.l®%) established a series of conditions that an organic
molecule has to fulfill to be a successful OSDA to form
clathrasil structures:

1) The molecule must be stable under the synthesis con-
ditions.
2) The molecule should fit into the desired cage.
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3) The molecule should form as many Van der Waals contacts
as possible with the inner surface of the cage but with the
least deformation.

4) The molecule should have only a weak tendency to form
complexes with the solvent.

5) The molecule should be rigid because rigid molecules will
tend to form clathrasils more easily than flexible mole-
cules.

6) The tendency to form a clathrasil will increase with the
increase in the basicity or polarizability of the guest
molecule.

Clearly, most of these characteristics of OSDAs also apply
for their use in the synthesis of zeolites. The decisive
parameters are polarity (hydrophobicity/hydrophilicity),
size, charge, and shape of the OSDA.

5.1.1. Polarity

Since high-silica hydrophobic zeolites are synthesized in
water with the aid of OSDAs, the OSDA must be moderately
hydrophobic while being water soluble and have only a weak
tendency to form complexes with the solvent. On this basis,
organic molecules with quaternary ammonium are suitable
candidates. Zones et al.’] have discussed the effect of the
carbon to nitrogen ratio (C/N*) of organic molecules on the
crystallization of zeolites. They concluded that a C/N*
between 11 and 16 is optimum for the synthesis of high-
silica porous materials, and moderately hydrophobic OSDAs
are the most suitable. To study the polarity effect, Zones et al.
have determined the distribution of organic molecules in an
aqueous solution and an organic chloroform phase. The
molecules that distribute well in both phases have an
adequate polarity to function as good OSDAs.[*!

To make extra-large-pore zeolites, it may seem logical to
use large OSDAs. However, it should be taken into account
that as the size of the organic molecule increases, its
hydrophobicity also increases (polarity decreases), something
which limits its solubility in aqueous media and its ability to
form solvated cations. To be soluble in water, a certain
polarity (adequate C/N*) is needed. In addition to quaternary
ammonium, other species that can also be used as OSDAs are
macrocyclic ethers,® metal complexes, and more recently,
quaternary phosphonium ions. 14!

5.1.2. Size and Charge

The OSDA plays an important role in zeolite synthesis by
pore filling and for charge balance. The total guest volume
must be smaller than or, at most, equal to the free volume of
the host framework. Furthermore, the total positive charge
carried by all the SDAs must compensate the negative charge
of the framework, at least when the synthesis is performed in
media containing OH™ ions.

Itis possible to define the target zeolite framework so that
guest volume will be fixed. Clearly, an OSDA with a large
size-to-charge ratio, will introduce a small number of charges
and thus control the charge of the framework. This principle
was used first by Barrer and Denny,® Aiello and Barrer,*!
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and Kerr,®™ who found that, by partially introducing TMA™*
ions (TMA = tetramethylammonium ion) instead of alkali-
metal cations into the synthesis gels of zeolite A and sodalite
it was possible to increase the Si/Al ratio of the framework,
without changing the structure of the zeolite. They recognized
that TMA™ ions with a larger size/charge ratio than alkali-
metal cations dictated a lower incorporation of Al atoms into
the framework. This effect can be generalized as by control-
ling the size/charge ratio of the OSDA it is possible to control
the TV/T™ framework ratio, and to synthesize high-silica or
even pure-silica zeolites.”>*'*! Since the synthesized pure-
silica zeolites have to be electrically neutral, the charge of the
OSDA must be compensated by the presence of framework
defects (Si-O~) when the synthesis is carried out in OH™ ion
containing media. However, when using F~ ions as a
mineralizing agent, the charge of the SDA can be compen-
sated by F~ ions encapsulated in the secondary building units,
and even by F~ ions present in the main channels. This
situation implies that in F~ based synthesis, no framework
defects are required to compensate the charge of the OSDA
and consequently highly hydrophobic, pure-silica zeolites will
be produced. This relationship can be seen in Figure 2 in the
“framework charge density” triangle.

It can be summarized that, for a specific zeolite, the final
framework charge density is determined by a compromise
between the size/charge ratio of the OSDA, and the presence
of F~ and T™ (T™) atoms. Each OSDA has a fixed size/charge
ratio, thus the total guest volume is determined by the number
of guest molecules that will correspond to the framework
charge density. This effect was pointed out by Burton and
Zones,”*? who showed that, when the same OSDA was used,
the framework density decreases (or the pore volume
increases) when increasing the level of T™ framework
substitution (Figure 3). The relationship between framework
density, guest volume, and level of T™ framework substitution
can be seen in Figure 2 arrow 5.

@
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Framework Density o
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Figure 3. Changes in phase selectivity observed with varying Si/Al ratio
for a polycyclic SDA molecule examined in Ref. [96].

5.1.3. Size and Shape

Intuitively, it is expected that the size and shape of an
organic guest will affect the phase selectivity. Davis and
Lobo™ suggested that the OSDA can play three different
roles: 1) space-filling agents, 2) structure-directing agents,
3) templates. There are two cases of the OSDA acting as a
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true structure-directing agent: the N,N,N-trimethylammoni-
um derivative of 1-adamantanamine in the synthesis of SSZ-
241 and 1,4,7,10,13,16-hexaoxacyclooctane ([18]crown-6) in
the synthesis of hexagonal Faujasite (EMT).['" Additionally,
they that there may only be one example in all the literature
on zeolites and molecular sieves that qualifies as a true
templating. A specific C;gH3N;" triquaternary amine (tri-
quat) is necessary for the synthesis of ZSM-18 owing to its
symmetry being a perfect match.”®!! The fact that, ZSM-5 and
ZSM-48 can be synthesized with at least 22 and 13 different
organic molecules, respectively, indicates that these OSDAs
are not acting as a structure directing agents but rather as
space fillers. As mentioned in Section 5.1.1, organic molecules
that are effective for crystallizing high-silica phases tend to
have a C/N" ratio between 11 and 16. Furthermore, the most
selective SDAs are those composed of more than 16 atoms,
have two or three charges per molecule, and have very low
flexibility.®”) When the SDA is increased to a certain
dimension, the product formed changes from a clathrasil to
microporous molecular sieve (Figure 4 and Figure 5).10-104

Clathrasil
a \ T
A7 — &)
ZSM-12,S8Z-31

@ 7

o) "ﬂ(D

—» SSZ-35

Figure 4. Three guest molecules generated by extensions of the Diels—
Alder reaction and the types of zeolites generated as spatial features of
the guests change. a) The norbornyl derivative is still small enough to
generate cage-centered clathrate structures, such as nonasil (NON).

b) The tricyclic derivatives with a long, central axis produces one-
dimensional, large-pore zeolites, such as ZSM-12 (MTW structure) and
SSZ-31. c) The pseudo-propellane guest leads away from one-dimen-
sional large-pore zeolites and generates zeolites with cavities such as
SSZ-35. Taken from Ref. [101].
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Figure 5. Clathrate versus open framework formation. Numbers in
parentheses indicate how many results contribute to this graph point.
Taken from Ref. [104].
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To discover new zeolites, more complex OSDAs have
been synthesized by means of Diels—Alder,!'""1%:1% Beckman
rearrangement,'”” and other multistep synthesis reactions
among which the reduction of alkyl nitriles and the amination
of acyl halides have allowed the synthesis of the extra-large-
pore 14R SSZ-53 (SFH) and SSZ-59 (SFN), respectively.”

5.1.4. The Flexibility of the OSDA and the Possibility of
Self-Assembly

A true template is a molecule that can fit perfectly within
the framework and maximize Van der Waals interactions with
the (in the case of zeolites, inorganic) walls. Thus by
considering the OSDAs as isolated molecules, researchers
have synthesized bigger and more rigid OSDAs and used
them to obtain large- and extra-large-pore zeolites. However,
this direction was limited by the organic synthesis and the
requirement of size, shape, and polarity. So it is reasonable to
consider making larger OSDAs by self-assembling smaller
organic molecules with the adequate polarity to form the
corresponding “dimer”. This approach requires that the
supramolecular OSDA, formed by the self-assembly of the
two moieties, remains stable under synthesis conditions.

5.1.4.1. -7 Interactions between Rigid OSDAs

An example of the formation of large and rigid OSDAs by
supramolecular self-assembling of two smaller molecules in
the synthesis gel has been reported for the preparation of the
pure silica LTA (ITQ-29).5 In this case it is not possible to
make use of hydrogen-bonding interactions to achieve the
supramolecular self-assembling because the synthesis is
carried out in aqueous media, and thus other types of
interactions need to be exploited, such as for instance m—mn-
type interactions, to assemble the two starting organic
molecules (Figure 6). Two OSDA cation molecules self-
assemble to a dimer during the gel formation, and fill the
spherical a cage of the LTA to direct the synthesis towards the
production of the high-silica zeolite A (Figure 6, see also
Figure 2 arrow 3).

In addition to m—m-type interactions, hydrophobic inter-
actions can also be a driving force for supramolecular self-
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Figure 6. Formation of the LTA structure through the supramolecular
self-assembly of the OSDA molecules. Taken from Ref. [95].
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assembling OSDAs in zeolite synthesis, as will be shown
below.

5.1.4.2. Hydrophobic Interactions between Flexible Linear OSDAs

One of the most fruitful OSDAs is hexamethonium, which
can be used to synthesize EU-1,0% ZSM-48,1*! ITQ-13,1
ITQ-17,M" IM-10," 1TQ-22,"* ITQ-24," EMM-3,'"l and
ITQ-33.5% Clearly, the linear and flexible hexamethonium
should pack in different ways to fill up the channel of various
zeolites. Unfortunately, owing to the lack of single-crystal
structure data (except ITQ-13) the packing of the OSDA in
the channels is not known exactly. Hopefully, computer
simulation will help us to understand how the OSDA
molecules in the zeolite cavities interact. Unlike surfactants,
they do not come together forming a micelle, also they are not
packed like rigid OSDAs in large-pore- and extra-large-pore
zeolites, such as in SSZ-53") and SSZ-59.7 Thus, to properly
fill the pores they must interact through hydrophobic
interactions. Apparently, linear and flexible OSDAs favor
interactions with each other in extra-large-pore zeolites
(Figure 2 arrow 4). Moreover, the gel concentration will
greatly affect the packing model, and more concentrated
gels should favor this type of interaction.

5.2. Synthesis under Concentrated and Diluted Conditions

Zeolite synthesis is usually performed in an aqueous
medium that contains dissolved reagents and solid species
suspended in solution. Following on from conventional
hydrothermal synthesis, several improved methods have
been developed. For instance, the dry-gel-conversion'!®
synthesis methods, in which the solid species are kept
separated from the aqueous phase, and vapor-phase trans-
portation (VPT),!"" or steam-assisted conversion (SAC),['*!
have been used to synthesize various zeolites.''*'2!l The
combination of F~ ions with highly concentrated gels has
allowed a number of low-framework density zeolites to be
prepared in their purely siliceous form.'”!%! Different from
the dry-gel method, in this later method the gel is not
separated from the aqueous phase and the H,0O/SiO, ratios
are lower than 10.

Fluoride was first applied in molecular-sieve synthesis by
Flanigen and Patton,"?" and it was later widely studied by
Guth et al."® The use of F~ ions as a mineralizer allows the
synthesis to be performed at lower pH values than in media
containing OH™ ions, and opens new possibilities for zeolite
synthesis. For instance, compared to OH™ ions, the presence
of fluoride produces high-silica zeolites with fewer of the
defects that arise from the charge-balance effect (Figure 2).
The use of F~ ions also allows framework cations that are
insoluble in alkali medium to be incorporated. Furthermore,
OSDAs that are not stable under higher pH values and
temperatures can be used when working in F~ ion containing
media. Finally, F~ ions tend to occupy small cages and
stabilize them, especially D4R. The relationship can be seen
in Figure 2 arrow 8.
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The effect of the H,O/SiO, ratio on synthesis products was
studied by several authors, and Camblor et al.'?*'?"l have
reviewed the synthesis of a number of high-silica zeolites
synthesized from concentrated gels in fluoride media. It was
shown (Figure 7) that the synthesis under different H,O/SiO,

| Micropore Volume of Product =—————y

032cm’g™ 0.23cm* g™’ 0.11cm’g™

Figure 7. Synthesis under different H,0/SiO, ratios can produce
different zeolites. Taken from Ref. [103].

ratios in the presence of the same type of OSDA can produce
different zeolites and, in general, lower H,O/SiO, ratios in the
synthesis gel produce zeolites with lower framework densities.
Lower H,O/SiO, ratios should also increase the rate of
nucleation and facilitate the incorporation of F~, and OSDAs
with the corresponding effect of favoring the synthesis of
structures with larger micropore volumes.

By studying the effect of gel concentration, Zones et a
have found that the highest F~ ion and OSDA uptakes occur
at the lowest H,0O/SiO, ratio, together with a transformation
from more dense to more open phases. By working with a
series of piperidinium derivatives as OSDAs in concentrated
and diluted F~ ion media, it was found,!™ that the products
with the highest framework density (either clathrasil or the
zeolite MTW with a 1D channel system and 19.3 T atoms per
1000 A3) are mostly found in diluted media, whereas as the
previously reported,?*'?7] “default structure” zeolite Beta
(15.1 T atoms per 1000 A3) is obtained in concentrated media.
The statistical work shown in Figure 8 clearly demonstrates
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Figure 8. Frequency of framework-density types versus synthesis
concentration. Taken from Ref. [104].

Angew. Chem. Int. Ed. 2010, 49, 3120-3145


http://www.angewandte.org

Zeolite Structures

that synthesis in concentrated-media favors the formation of
low framework-density zeolites and vice versa.

In summary, for producing zeolites with a lower frame-
work density (or larger micropore volume), the use of larger
and rigid OSDAs with the correct polarity, or the use of
smaller rigid or flexible OSDA molecules that can undergo
self-assembly or make compatible interactions is required.
The use of concentrated gels can increase the chance of
synthesizing zeolites with lower framework density, which is a
feasible strategy towards the synthesis of extra-large-pore
zeolites with multidimensional system of channels.

5.3. Isomorphous Substitution: The Heteroatom Effect
5.3.1. Influence of T" and T" Atoms

Different trivalent and divalent metals have been intro-
duced in larger or smaller amounts in various zeolite frame-
works. It is clear that the introduction of T" or T" elements in
framework positions will generate negative charges that will
have to be balanced by cations. Thus, in fluoride media, the
sum of charges derived from the isomorphous substitution
together with the F~ ion present in channels and/or within
secondary building units, will determine the amount of OSDA
within the pores and, as a consequence, it will have an impact
on the micropore volume of the synthesized zeolite. On the
other hand, elements other than Si will have different T-O
bond lengths and T-O-T angles to Si and thus be able to
stabilize other secondary building units and induce the
formation of new structures. For instance in the case of Ga,
an extra-large-pore gallosilicate ECR-34 (ETR) has been
synthesized by Strohmaier and Vaughan!*! using Na*, K*, and
TEA" ions as the SDA. This zeolite with 18R pores has no
aluminosilicate analogue yet, and it is built from SBUs never
seen in aluminosilicate frameworks. However, another gallo-
silicate CGS is synthesized with K* ions,"*® showing that the
formation of that particular SBU is a result of the structure-
directing effect of K* ions and Ga.

Another T"™ element, such as B, can form B-O-Si angles in
zeolites which are, on average, smaller than Si-O-Si, Al-O-Si,
or Ga-O-Si angles. During the past decade, a series of new
zeolite structures has been successfully synthesized in the
form of borosilicates.[*12>1%]

The divalent beryllium cation can be tetrahedrally coor-
dinate and there are several beryllium-containing natural
zeolites, such as Lovdarite and Nabesite, that have 3R in their
structures. In addition, two 3R-containing zeolites, OSB-1
(OSO) and OSB-2 (OBW) have been prepared with beryl-
lium. ! OSB-1 has 3D arrangement of 14 x 8 x 8R pores and
with a very low framework density (see Figure 1b). Davis®!
addressed the challenge of building zeolite frameworks based
on 3R, and has developed extensive work on environmentally
friendly Zn zeolites since postulating that Zn can promote the
formation of 3R. Indeed three zincosilicates (VPI-7
(VSV),[3 VPI-9(VNI),l™ and RUB-17 (RSN)*) have
been synthesized that have 3-membered rings, though in
these cases no extra-large pores are present.

It appears that the introduction of T and T" elements
can direct the formation of new zeolites, and more specifically
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of zeolites with 3R- and 4R-containing frameworks. However,
in these cases framework charges are also introduced which
also influence the zeolite synthesis and, consequently, it is
difficult to separate both effects. Based on the above factors
we thought of expanding the range of T-O-T angles in zeolites
without introducing framework charges and proposed that
this could be done by synthesizing germanosilicates.

5.3.2. Germanium as a Key Atom to Control D4R

A series of germanates with D4R structures has been
reported. " It appeared then that the presence of D4R is
quite common in germanates. In the case of pure silicious
structures, the average Si-O-Si bond angle is about 148°.
However in a pure-silica zeolite structure the D4R intera-
tomic bond angles tend to be smaller because of the 90° Si-Si-
Si angle of the D4R cube. The presence of Ge in the zeolite
synthesis could increase the possibility of forming D4R-
containing frameworks because of the smaller Ge-O-Ge or Si-
O-Ge angles compared to Si-O-Si angle. This feature,
together with the fact that F~ ion can also stabilize the
formation of D4R, inspired us to introduce Ge during the
synthesis of zeolites in concentrated gels and with F~ ions as a
mobilizing agent. Theoretical energy calculations showed that
the introduction of up to three Ge atoms in the D4R unit
stabilizes this secondary building unit."*'* Furthermore, when
small amounts of Ge were introduced during the synthesis of
ITQ-7"*! (a pure silica zeolite with D4R!!¢l) the crystal-
lization time decreased from seven days for the pure silica to
less than one day for a sample with Si/Ge =20. Interestingly,
and as predicted by theory, Ge was preferentially occupying
positions at the D4R units.'"*¥! Furthermore, a strong direct-
ing effect of Ge towards structures containing D4R, also in
the absence of F~, has been demonstrated by performing the
synthesis of the polymorph C of Beta (BEC) with a large
variety of OSDAs. When the synthesis was carried out only
with SiO, and in F~ media, different structures were obtained
depending on the OSDAs. However, when Ge was introduced
only the BEC structure was obtained regardless of the OSDA
used (see Table 4).'"" In fact, the BEC structure has been
obtained before as a germanate within a mixture of FOS-5
(BEC) and ASU-9,"" though the structure-directing role of
Ge was not reported. In our case, pure BEC could be obtained
as a silicogermanate with a large variety of OSDAs thus
demonstrating the directing effect of Ge towards structures
with D4R, and we could determine that the location of Ge in
the framework corresponds to that predicted by theoretical
calculations.'*?! Recently, the pure-silica BEC structure has
been synthesized with an optimized OSDA that strongly
stabilizes this structure.!'"*)

In summary, the introduction of Be, Zn, and Ge can lead
to structures with 3R and 4R. Since 3R and 4R are necessary
for zeolites with low framework density, the introduction of
these heteroatoms will facilitate the synthesis of extra-large-
pore zeolites
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Table 4: Synthesis conditions and zeolitic structures obtained by using different SDAs with and without

germanium in the crystallization gel (taken from Ref. [117]).
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A. Corma et al.

be adequate for the synthesis of a
1D 14R channel zeolite CIT-5.11 By
using methylsparteinium (35) and
working with concentrated gels in
fluoride media and using Si and Ge
as T', a factorial design for defining
the synthesis of ITQ-21 was estab-
lished. ITQ-21 has a framework
density of 13.5T/1000 A3.14%1 A

SDA H,0 [wt%)] Si/Ge T[°C] t[h] Ge zeolite SiO, zeolite ~ sample with a Si/Ge ratio of 20
2 3 1-10 150 15120 polymorph C TQ4 could.be prepare.d. ITQ-21 zeolite
25 8-24 05-30 135175 15-120  polymorphC  ITQ-4 contains D4R units and Ge prefer-
26 8 5 150 16-96 polymorph C Beta entially occupies this unit until
27 7.5 2 140 96 polymorph C Beta three Ge atoms have been intro-
28 7.5-15 2-10 175 24-96 polymorph C Beta, ZSM-12  duced into each D4R. Then, in
29 15 2-20 175 24-96 polymorph C ZSM-12 agreement with theoretical predic-
30 7.25 5 135-175 15-96 polymorph C ZSM-12 . .

tions, Ge starts to occupy vicinal
31 7.25 5 135-175 15-96 polymorph C Beta

positions to the D4R.[*" This

6. Synthesis of Extra-Large-Pore Zeolites

Of the 191 frameworks identified by the Structure
Commission of the International Zeolite Association only
10 correspond to extra-large-pore zeolites. In addition to
these 10, there are other structures containing extra-large
pores in their frameworks, including ITQ-33, ITQ-37, and
ITQ-40. In Table 5 the structures and OSDAs used for the
synthesis are listed.

Taking into account all the con-
clusions on the influence of syn-
thesis parameters described above,
the following strategies have been
applied for the synthesis of extra-
large-pore zeolites:

1. Large and rigid three-dimen-
sional OSDAs with the required

structure is of much interest since

it is formed by three 12R (0.73 nm

in diameter) linear channels that cross perpendicularly. In

some ways it is reminiscent of the channel structure of

zeolite A (LTA), but with the distinct difference that the
channels in ITQ-21 are 12R instead of 8R.

The successful synthesis of a D4R-containing zeolite with

a very large micropore volume has motivated further syn-

thesis work using new OSDAs. By working with rigid and

even bulkier OSDAs (such as 39 in Table 5) in concentrated

Table 5: Extra-large-pore zeolites.
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34

35 36 37

£

N
polarity to produce materials 27 < 38 © 39
with larger micropore volume
and a multidimensional system
of channels. Structure Material ~ Year Channel Framework Framework Template Ref.
2. Concentrated gels and fluoride <% dimension atoms density
media to increase the probabil- [Tatoms nm ]
ities for producing structures VFI VPI-5 1988 1D 18 R Al, P 14.5 32,33 [10]
with lower framework density. AET AIPO-8 1990 1D 14 R Al, P 18.2 33 [
3. Synthesis of frameworks con- -CLO Cloverite 1991 3D 20R Ga, P 1.1 8 [13]
. DON UTD-1 1996 1D 14 R Si 17.1 34 [44]
taining 3R and 4R, and more CIT-5 1997 1D 14 R Si 16.8 35 [45]
specifically D4R, to give struc-  sfy SSZ-53 2003 1D 14R B, Si 16.5 36" [47]
tures with low framework den- SFN SSZ-59 2003 1D 14 R B, Si 16.6 370 [47]
sity. [oNe} OSB-1 2001 3D 14x8x8 Be, Si 13.3 K [46]
4. High-throughput (HT) synthesis R
techniques to explore a wide ETR ECR-34 2003 ;D 18x8x8 Ga(Al), Si  15.4 27 and Na*, K*  [48]
synthesis space. uTL IM-120r 2004 2D 14x12R Ge, Si 15.6 38 (for IM-12), 50,51]
ITQ-15 39(for ITQ-15)
Corma et al. selected the OSDA ITQ-33 2006 3D Ge, Si 12.301 40 [52]
35 (Table 5) for the synthesis of a 18x10x10
new 3D large-pore zeolite ITQ- R
21,/ which accomplished strat- ITQ-37 2009 3D 30R Ge, Si 10.39 4 [158]

egy (1) and was already known to
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[a] Only one example with this SDA. [b] Taken from Ref. [52]. [c] Taken from Ref. [158].
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gels, fluoride media, and Ge, a new extra-large-pore zeolite
(ITQ-15) with 2D 14 x 12R channels was prepared,® as
well as some new extra-large-pore zeolites with 3D pore
systems, including ITQ-37, the first 3D mesoporous silicate
zeolite with 30R channels. It has the lowest framework
density (10.3 Tatoms/1000 A®) of all reported zeolites, and its
structure and properties will be described in Section 7. This
structure contains 3R and D4R units demonstrating again the
positive effects of Ge and large rigid OSDAs for the synthesis
of extra-large-pore zeolites.

In 1995, Strohmaier and Vaughan™* reported the gallo-
silicate zeolite ECR-34 with a 18 x 8 x 8R channel system.*!
Interestingly, the SDAs were Na®, K*, and TEA™ ions. Large
OSDAs were not required because the high framework
charge (Si/Ga about 3) requires a large amount of cations and
water enclosed within the pores, generating a large micropore
volume. This work suggested that it could be possible to
produce low framework-density materials using smaller and
flexible OSDAs. Along this line, Corma et al. opened a
synthesis direction working with Ge and using the smaller and
flexible trimethonium, tetramethonium, and hexamethonium
dications as OSDAs (see Figure 9). With this type of organic

\ / &
AN TNO AN \@
\ / N\
\
@\N/\/\/\/N®
N

Figure 9. Three smaller and flexible dicationic OSDAs.

species, a large number of positive charges were introduced to
compensate the presence of a large number of F~ ions in D4R
cages, and in addition the organic species were able to fill the
pores.

While trimethonium could produce octadecasil (AST)
and nonasil in OH™ and F~ media, respectively, hexameto-
nium produced a zeolite structure with a D4R-containing
structure, namely ITQ-24"4 with 12R, when working in OH~
media with Ge and B, and ITQ-22 with 12x10x 8R pores
when working in OH™ media with Si and Ge.

Hexamethonium is a dicationic template which generated,
when working with HT synthesis techniques under unusual
synthesis conditions (OH/T"=0.1 and H,O/TV=5, T/
T =20), a new zeolite named ITQ-33.F7 Besides this new
material, other known structures, such as EU-1, SSZ-31, ITQ-
22, and ITQ-24 were also obtained. Furthermore, by means of
an optimized HT experimental design, ITQ-33 was crystal-
lized as a pure silicogermanate material and the structure was
solved (Figure 10).5% This material has 3R and D4R units in
the structure, and exhibits a unique topology with an extra-
large-pore channel with circular openings of 18R (diameter
12.2 A) along the c-axis interconnected by a two dimensional
system of 10R channels. ITQ-33 was the silicate zeolite with
the lowest framework density at that time (12.3 T/1000 A%).
However the most interesting structural feature is the
combination of 18R and 10R interconnected channels that
showed excellent and unique gas oil cracking properties to
maximize diesel and olefin production (see Section 9).°214]
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Figure 10. View along the c-axis showing the 18R channel in the
structure of ITQ-33.

It should be noticed that the synthesis of extra-large-pore
zeolites are not restricted to the use of organoammonium
templates, other templates, such as phosphonium ions which
do not suffer from the Hoffman decomposition in basic
environment can also be used. With the phosphonium
templates three new structures ITQ-26 (TWS),” 1TQ-27
(IWV),P! and ITQ-34 (ITR)!"*! have been obtained.

7. Synthesis of a Mesoporous Chiral Zeolite

The synthesis of mesoporous materials with long-range
order and different pore dimensions and topologies has
opened many potential applications in, for example, cataly-
sis, ™7 electronics,'**! controlled delivery of chemicals,41>]
adsorption,™ and light harvesting."™” Representative exam-
ples of the ordered mesoporous materials are the M41S series
(e.g., MCM-41 and MCM-484":19152l) from Mobil and the
SBA family from Santa Barbara University."*" These
materials have no short-range order and resemble amorphous
silicates with uniform pores rather than crystalline molecular
sieves in terms of the local structure, bonding, and physico-
chemical properties.""™*% There have been many research
efforts aimed at producing mesoporous materials with
crystalline walls. Unfortunately, none of these efforts has
been successful to date. Even though mesoporous materials
with walls containing zeotype secondary building units of the
type found in zeolites could be prepared,!'*'™" short-range
order has not been observed.

To produce inorganic mesoporous crystalline materials,
one option could be to start from crystalline microporous
molecular sieves and try to increase their pore diameters. As
shown in Section 2, germanates SU-M and SU-MB and JLG-
12 with 30R channels and pore openings over 2.0 nm can be
considered as mesoporous crystalline materials. The discov-
ery of these mesoporous crystalline materials, although they
are not stable upon removing the template, and they are not
zeolites in the strict sense, indicates that it could be possible to
synthesize mesoporous zeolites.

Our efforts to obtain extra-large-pore zeolites following
the synthesis strategies using large, rigid three-dimensional
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OSDAs, concentrated gels, fluoride media, and Ge, gave ITQ-
37, the first mesoporous material with an interrupted zeolite
framework.™ ITQ-37 was synthesized using the bulky
diammonium ion 41, which contains chiral centers, as the
OSDA (Table 5). ITQ-37 has a very open framework
consisting of one unique lau cage[4?6*] and two unique D4R
units. The structure has 30R pores (2.2 x0.7 nm diameter)
which result in a large accessible volume (see Figure 11). The

Figure 11. Tiling of the srs net for a large cavity defined by three 30R
channels. Taken from Ref. [158].

BET surface area of the silicogermanate ITQ-37 of 690 m?g~",
allows a value of 900 m’g~! to be extrapolated for the pure
silica polymorph and a micropore volume of 0.38 cm®g~'.
Interestingly, ITQ-37 has the lowest framework density
(10.3 T atoms per 1000 A®) of all four-coordinate crystalline
oxide framework materials. It can be calcined at 600°C while
maintaining the structure. Since ITQ-37 was synthesized with
Al, it has Brgnsted acidity and can be used as a crystalline
mesoporous catalyst™! (see Section 9).

ITQ-37 is also a chiral zeolite in which the framework
represents the SrSi, (srs) minimal net and forms two unique
cavities, each of which is connected to three other cavities to
form a gyroidal channel system.'”® These cavities comprise
the enantiomorphous srs net of the framework.

The discovery of ITQ-37 shows that zeolites can reach
pore dimensions on the order of the mesoporous scale, and
provides new insight towards targeting chiral crystalline
frameworks with extra-large pores. However a question
arises as to how large a pore size is possible? This question
was addressed by Davis® who discussed that for zeolites
synthesized in water it is unlikely that materials can be
synthesized when the density of the crystals is less than that of
water. However he also pointed out that “the bound on void
volume may only apply to those preparations not involving
thick gels” as has been in the case of the extra-large-pore ITQ
materials.
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8. Germanium-Containing Zeolites: Limitations
and Potential Solutions

To date a large number of germanosilicate structures have
been synthesized. However, there are two main drawbacks for
the practical use of Ge containing zeolites, the hydrothermal
stability and the price of germanium. In fact, hydrothermal
and thermal stability is not a limitation for materials with a Si/
Ge ratio above 20, or even lower than 20 for samples with
higher framework density. Zeolites should be synthesized
with Si/Ge ratios over 200 to meet economic considerations.
However, when samples with Si/Ge ratios above 20 are
synthesized, a large part of the residual Ge can recovered by a
post synthesis treatment.® Furthermore, the synthesis
procedures have been further developed in our group so
that the same structures can be obtained but free of Ge.
Theoretical energy minimization methods are considered to
find OSDAs that could better stabilize the structures, together
with a search for optimum synthesis conditions. Table 6 shows
the germanosilicate zeolites of the ITQ-family and their
respective minimum Ge contents achieved to date. The results
show that there is still a possibility that by combining the use
of optimized OSDAs, optimized synthesis conditions, and
postsynthesis methods, the Ge/Si ratio in germanosilicates
could be significantly reduced, even to zero.

9. Adsorption and Catalysis

Extra-large-pore zeolites have been highly desired for a
long timef! for their potential ability to process bulkier
molecules. In the case of, VPI-5 and AIPO,-8, owing to the
absence of potential active sites, their use as catalysts could
only be attempted after isomorphous substitutions by other
elements, such as, Ti, Co, Cu, Mg, V, in framework positions to
generate acid, basic, or redox-active sites.'®'%! In the case of
Cloverite, the catalysis work has been concentrated on the
acidity of the terminal P-OH groups."®7*! Unfortunately, the
low thermal stability of this material greatly restricts its
applications as a catalyst.

Also silica-based zeolites with extra-large pores including
CIT-5, UTD-1, SSZ-53, and SSZ-59 have been considered.
Though all of them have a 1D 14R channel system, the pore
shapes and effective pore diameters for catalytic reactions are
quite different and these differences should affect their
adsorption and catalytic properties.

Chen and Zones!™'™! have measured the adsorption
properties of these extra-large-pore zeolites (see Table 7). It
can be seen that all those zeolites can easily adsorb small
sorbates, such as n-hexane, cyclohexane, and 2,2-dimethylbu-
tane. But for more bulkier sorbates, such as 1,3,5-triisopro-
pylbenzene with a kinetic diameter of about 0.85 nm, only the
14R zeolites UTD-1, SSZ-53, and SSZ-59 with pore diameters
over 0.80 nm, the 18R aluminophosphate VPI-5, and the 3D
12R NaY zeolite are able to adsorb significant amounts. They
also studied the catalytic performance for isomerization and
disproportionation of 1,3-diisopropylbenzene over 12R and
14R zeolites (see Table 8). It can be seen there that when the
pore size decreases, more isomerization to 1,4-diisopropyl-
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Table 6: Germanosilicate zeolites of the ITQ series, and the minimum Ge content achieved.

N SN é_) R
5 OF ¢ BT e O AR
Jﬁ RN =l =
42 43 24 39 44 45 46 40 35
N
eI e O R
49 50 51 52
Name Code Pore system Si/Ge ratio Si/Ge ratio SDA Ref.
first reported minimum achieved
ITQ-1 MWW 2D 10x10R Ge free 42 [92]
ITQ-3 ITE 2D 8x8R Ge free 43 [199]
ITQ-4 IFR 1D 12R Ge free 24 [200]
ITQ-7 ISV 3D 12R Ge free 39, 43, 44 [141]
ITQ-9 STF 1D 10R Ge free 43 [207]
ITQ-12 ITW 2D 8x8R Ge free 45, 46 [202]
ITQ-13 ITH 3D 10x10x9R Ge free 40 [110]
ITQ-15 UTL 2D 14x12R Si/Ge=10 39 [49,50]
ITQ-17 BEC 3D 12x12x12R Si/CGe=2 Ge free (ITQ-14) 44 R"R=H [111,142]
ITQ-21 - 3D 12x12x12R Si/Ge=20 Si/Ge=40 35 [143]
ITQ-22 IWW 3D 12x10x8R Si/Ge=20 40, 47 [113]
ITQ-24 IWR 3D 12x10x10R Si/Ge=5 Ge free (seed) 40, 41 [94,114]
ITQ-26 IWS 3D 12x12x12R Si/Ge=4 48 [90]
ITQ-27 [\WAY 2D 12x12R Ge free 48 [91]
ITQ-29 LTA 3D 8x8x8R Ge free 49 [95]
ITQ-32 IHW 2D 8x8R Ge free 50, 51 [203]
ITQ-33 - 3D 18x10x10R Si/Ge=2 40 [52]
ITQ-34 ITR 3D 10x10x9R Si/Ge=10 52 [146]
ITQ-37 - 3D 30R Si/Ge=1 4 [158]

Table 7: Adsorption property of various zeolites, taken from Ref. [175].

that the diisopropylbenzenes can

also be dealkylated during the reac-

Zeolite  Pore Size [A]  Pore system Adsorption capacity [mLg™]

n-hexane cyclohexane  2,2-dimethyl-  1,3,5-triiso- tion. Then, if one of the alkyl groups

butane propylbenzene is dealkylated, propylene and

(0=4.4 ¥ (0=6.0A)F (0=62A)F  (0=8.5 A)¥ cumene should also be detected.
NaY 7.3 12R, 3D 0.28 0.25 0.25 0.18 When the pore size of the zeolite
SSz-24 73 12R, 1D 0.10 0.11 0.13 0.01 decreases, the monomeric dealkyla-
CIT-5 7.5x7.2 14R, 1D 0.09 0.09 0.09 0.041 tion becomes more pronounced,
UTD-1  8.2x8.1 14R, 1D 0.12 0.1 0.12 0.11 resulting in a higher ratio of
SSZ-53 8.7x6.4 14R, 1D 0.13 0.10 0.12 0.13 cumene to triisopropylbenzenes.
SSZ-59 8.5x6.4 14R, 1D 0.16 0.13 0.12 0.11 Catalytic test reactions are val-
VPI-5 12.1 18R, 1D 0.20 0.16 0.15 0.12

uable tools for the characterization

[a] o=Kinetic diameter.

benzene and less disproportionation to triisopropylbenzenes
occurs. Since no 1,2-diisopropylbenzene was detected, the
ratio of 1,4-diisopropylbenzene to triisopropylbenzenes rep-
resents the relative selectivity for isomerization versus
disproportionation. This ratio increases as the effective pore
size of the zeolite decreases, and the results can be explained
by transition-state shape selectivity because isomerization
proceeds via a monomolecular mechanism while dispropor-
tionate involves bulkier bimolecular intermediates. The yield
ratio of 1,3,5- to 1,24-triisopropylbenzene decreases with
decreasing the pore size, because of the product shape
selectivity. These results correlate well with the adsorption
data of 1,3,5-triisopropylbenzene. It should also be considered
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of molecular-sieve structures since

they provide crucial insights into
the pore architecture and catalytic activity of new molecular-
sieve materials whose structures are unknown and/or poorly
characterized. Using deuterated para-xylene as a reactant,
Corma et al.'"”®! have found that more than 20 % of the meta-
and ortho-xylenes, obtained when using HY zeolite as a
catalyst, are formed via a bimolecular mechanism. This route
involves, as an intermediate complex, a molecule of trime-
thylbenzene and another of xylene. The bimolecular process
does not occur in the case of ZSM-5.7% m-Xylene isomer-
ization and disproporationation have also been used as test
reactions'"’”! to probe the pore architectures of a series of 1D
12R and 1D 14R pore zeolites. It was found that, unlike
multidimensional zeolites with 12R pores that give a para/

www.angewandte.org

3135


http://www.angewandte.org

Reviews

3136

A. Corma et al.

Table 8: Selectivities of isomerization and disproportionation of 1,3-diisopropylbenzene in various zeolites. Taken from Ref. [175].

Zeolite Pore Size [A] Structure feature Selectivity [mol %] Molar Ratio
1,4-DIPBH TIPBs®! Cumene Propylene 1,4-DIPB/ 1,3,5-/1,2,4- Cumene/
TIPBs TIPB TIPBs

SSZ-53 8.7x6.4 14R, 1D 33.2 14.2 325 19.6 2.3 12.8 2.3
SSZ-59 8.5x6.4 14R, 1D 334 13.3 31.2 21.4 2.5 12.0 23
UTD-1 8.2x8.1 14R, 1D 29.9 20.0 343 15.8 1.5 11.7 1.7

CIT-5 7.5x7.2 14R, 1D 39.0 0.0 31.7 29.3 o] 00

Y 7.3 12R, 3D 334 8.8 33.9 239 3.8 8.0 3.9
SSZ-24 7.3 12R, 1D 384 0.6 315 29.3 69.7 0.0 56.9

[a] DIPB: diisopropylbenzene. [b] TIPBs is the isomers of triisopropylbenzene.

ortho (p/o) selectivity of > 1, zeolites with 1D pores bounded
by 14R or large 12R give a p/o only slightly higher than one, as
a result of the influence of the bimolecular isomerization
mechanism between a xylene and trimethylbenzene.”

The data in Figure 12a show an interesting trend of the
initial p/o selectivity for the 1D, large-/extra-large-pore
catalysts, such as CIT-5, SSZ-24, SSZ-31, and UTD-1.
Under the conditions used, these catalysts gave a p/o ratio
below 1 presumably because of the influence of the ortho-
selective bimolecular isomerization mechanism."'”! Although
some work demonstrated that the i/d (isomerization/dispro-
portionation) ratio cannot be used to accurately distinguish

a)  3.00q
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Figure 12. For the conversion of m-xylene: a) initial para/ortho selectiv-
ity versus pore diameter of the largest pore in the zeolite. Conver-
sion=(10+2) %. b) Initial i/d selectivity versus pore diameter of the
largest pore in the zeolite. Conversion= (10£2) %. Taken from

Ref. [177].
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zeolites of various pore sizes,® in this case it was possible. As
presented in Figure 12b, the largest pore zeolites have the
lowest selectivity to isomerization, in agreement with pre-
vious studies on the reactions of m-xylene over zeolitic
catalysts.'” UTD-1 has the lowest i/d value of 0.9. Under the
conditions used, the zeolites can be divided into three groups
based on their i/d ratio: 04, for large-pore and extra-large
pore zeolites; 8-14 for zeolites with both 12R and smaller
pore openings; and > 20 for zeolites with 10R openings. The
three exceptions are SSZ-42, Beta, and ZSM-12. The peculiar
internal pore architecture of SSZ-42 makes this zeolite quite
selective for isomerization. In the case of ZSM-12, although it
is a 12R zeolite, the pores are similar in size to those of 10R
zeolites.

In addition to xylene, ethylbenzen and n-
decane!™1%! can also be use to probe the effective pore
width of acid zeolites. Ernst et al.'®!l have tested the catalytic
performance of SSZ-53 for the disproportion of ethylben-
zene, a test reaction that was introduced by Karge et al.,'® to
distinguish between medium- and large-pore zeolites, based
on reaction selectivity.'* Figure 13a shows the results of
ethylbenzene disproportionation over HSSZ-53. Conversion
of around 15 % is achieved even at a reaction temperature as
low as 150°C. After an induction period the conversion
increases and then levels-off into a quasi-stationary state. This
behavior is typical for large-pore zeolites. With increasing
reaction temperatures, ethylbenzene conversion increases
and the induction period shortens or disappears completely.
Figure 13b shows the conversion of ethylbenzene and the
observed product yields as a function of time-on-stream at a
reaction temperature of 200 °C. Rather than the ideal ratio 1:1
of benzene:diethylbenzenes, a slightly higher one is found,
there is a small diethylbenzene deficit which is a result of the
formation of triethylbenzenes. Ernst et al.'*! also explored
the isomerization and hydrocracking of n-decane over the
bifunctional form of SSZ-53 (0.27Pd/HSSZ-53; Pd content:
0.27 wt%). This reaction has been frequently used for
probing the effective pore width of zeolite catalysts. The
conversion of n-decane and the yields of isomers and hydro-
cracked products as a function of the reaction temperature
are depicted in Figure 14a. As is usually observed, skeletal
isomerization of n-decane to branched isoalkanes is the sole
reaction occurring at very low conversions. Noticeably, a large
amount of monobranched isomerization products with side
chains longer than methyl groups, that is, 3-, 4-ethyloctane (20
to 30%) and 4-propylheptane (up to ca. 1% ) were observed

e’[18(),181]
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Figure 13. a) Disproportionation of ethylbenzene over HSSZ-53 at
different temperatures. b) Conversion and product yields in the dis-
proportionation of ethylbenzene over HSSZ-53 at 200°C. Taken from
Ref. [181].

in isomerization product. This product mix could be advanta-
geous for dewaxing by isomerization. At higher temperature/
conversion, hydrocracking also occurs (Figure 14b). The C,
and G, as well as Cg and C, hydrocarbons are absent which
suggests that hydrogenolysis, namely hydrocracking at the
noble metal, is absent and the predominating reaction
mechanism is really a bifunctional one.'" From the slightly
asymmetric shape of the distribution of the hydrocracked
products, it can be deduced that there is a some minor
contribution from secondary cracking. Moreover, branched
isomers predominate in the C, to C; fractions, which indicates
that hydrocracking starts from highly branched intermediates.
This reflects the large space available in the channels of the
extra-large-pore zeolite SSZ-53.

There is another test reaction called the spaciousness
index (SI)."® It documents the ratio of isobutane to n-butane
formed during the hydrocracking of a C,,-cycloalkaane, such
as n-butylcyclohexane, over the bifunctional zeolites men-
tioned above. In this test, the ratio of isobutane to n-butane
increases with increasing the zeolite pore size. Burton et al.*”
have compared the SI index of SSZ-53 and SSZ-59 with other
zeolites (Figure 15). According to these results, the effective
void sizes of SSZ-53 and SSZ-59 are smaller than the effective
diameter of the largest voids in zeolite Y and ZSM-20, but
larger than those of 12R zeolites, such as Beta and L.
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Figure 14. a) Influence of the reaction temperature on the conversion
of n-decane (n-De), as well as on the yields of the isomers and
hydrocracked products over 0.27Pd/HSSZ-53 as catalyst. b) Distribu-
tion of cracked products from n-decane over 0.27Pd/HSSZ-53 at
Xp.0e 43 % and Y., =33 %. Taken from Ref. [181].
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Figure 15. A comparison of the spaciousness indices (SI) of SSZ-53,
SSZ-59, and other representative zeolites. Taken from Ref. [47].

Corma et al.™®! have compared the acid and catalytic
performance of 14R channel zeolite CIT-5 and UTD-1 with
the 12R channel SSZ-24 zeolite. First the acid sites of the
zeolites were characterized. The IR spectrum in the hydroxy
region shows that CIT-5 contains two crystallographically
distinct bridging hydroxy groups, while UTD-1 has only one
(Figure 16a). The relative intensity of the IR band at
1550 cm ™, after pyridine adsorption on the different zeolites,
was used to compare the relative number of acid sites. The
spectra in Figure 16b show that, in agreement with the
framework Si/Al ratio, the number of acid sites decreases in
the order SSZ-24 > CIT-5 > UTD-1. Results for the temper-
ature programmed desorption of NH; (Figure 16¢) show a
NH; desorption maxima for SSZ-24, CIT-5, and UTD-1 at
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Figure 16. a) Infrared spectra in the OH region of 1) SSZ-24, 2) CIT-5,
3) UTD-1. b) IR spectra of pyridine remaining adsorbed after desorption
in vacuum at A) 523 K and B) 673 K. c) Normalized NH; temperature
programmed desorption of 1) SSZ-24, 2) CIT-5, 3) UTD-1. The spectra
are offset for clarity. Taken from Ref. [186].

595, 623, and 610 K, respectively. These temperatures are
significantly lower than those of Mordenite (745 K) and ZSM-
5 (683 K), but comparable with those of Y-type zeolites (Si/
Al=15-50) (maximum at ca. 623 K), indicating similar acid
characteristics of 14R and USY zeolites but weaker acidity
than that observed for ZSM-5 and Mordenite.

The cracking activities of the three 14R zeolite samples
for a relatively small molecule (n-decane), a larger one (1,3,5-
triisopropylbenzene), and light vacuum gas oil are presented
in Figure 17. The reactivity of n-decane, which can easily
diffuse through the pore of the three zeolites, should indicate
the relative number of acid sites in the zeolites. Indeed, the n-
decane cracking reactivity (Figure 17a) follows the same
order as the acidity measured by pyridine adsorption, SSZ-
24> CIT-5 > UTD-1. For comparison purposes, the 3D 12R
zeolite Beta, which has a higher number of acid sites, was also
measured, as expected its cracking activity was found to be
higher. The larger 1,3,5-triisopropylbenzene molecule with a
dynamic diameter of 0.85nm can pass through the 14R
openings, and penetrate into the elliptical pores of UTD-1.
However, it is excluded from the pores of CIT-5 and SSZ-24
(see Figure 17b), resulting in a much higher catalytic activity
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Figure 17. a) First-order kinetic rate constants (k,) for n-decane crack-
ing over Beta, SSZ-24, CIT-5, and UTD-1. b) First-order kinetic rate
constants for 1,3,5-triisopropylbenzene cracking over Beta, SSZ-24,
CIT-5, and UTD-1. c) Second-order kinetic rate constants (k,) for gas
oil cracking over SSZ-24, CIT-5, and UTD-1 and other zeolites. Taken
from Ref. [186].

of UTD-1 compared with SSZ-24 and CIT-5. The catalytic
activity of UTD-1 is even higher than for zeolite Beta which
forms smaller crystallites than UTD-1, thus an important
contribution to the observed catalytic activity of zeolite Beta
comes from the external surface area.

The results given in Figure 17 ¢ clearly show that the gas
oil cracking activity is much higher for the 3D USY and Beta
zeolites than for any of the other three 1D zeolites. This
situation could be the result of the 3D system of pores in the
USY and Beta zeolites that will not be blocked by coke as
easily as the 1D pore zeolites. Apparently, the extra-large-
pore size of UTD-1 is limited to convert only the largest
molecules present in the vacuum gas oil feed and, further-
more, does not improve its resistance to coke formation. Thus,
1D extra-large-pore zeolites are of limited interest for fluid
catalytic cracking, but could be of interest for processes where
coke formation is lower, such as dehydrocyclization, hydro-

Angew. Chem. Int. Ed. 2010, 49, 3120-3145


http://www.angewandte.org

Zeolite Structures

isomerization, and hydrocracking of n-paraffin, or even
naphthalene alkylation.

It is becoming apparent that 1D extra-large-pore zeolites
have advantages in selective transformations in the fields of
petrochemical and chemicals. Indeed, Sugi et al.'®” have
investigated the alkylation of biphenyl with 1D 12R (Mor-
denite, ZSM-12, SSZ-24, SAPO-5, SSZ-31, SSZ-42) and 1D
14R (UTD-1, CIT-5, SSZ-53) zeolites as shape selective
catalysts. Herein, we will concentrate on their work with 14R
pore zeolites.'"”® In their work, several acid forms of CIT-5,
UTD-1, and SSZ-53 were used as catalysts, and their
behaviors were compared with that of the 1D 12R Mordenite.
Three reactions, including isopropylation, sec-butylation, and
tert-butylation of biphenyl (BP) were examined over these
zeolites between 150-350°C. As seen in Figure 18, the highest
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Figure 18. The influence of reaction temperature on the isopropylation
of biphenyl over Mordenite CIT-5, UTD-1, and SSZ-53. Bulk product

m 4,4-DIPB; @ 3,4-DIPB; 0 3,3'-DIPB; A 2,X-DIPB; & conversion.
Encapsulated products 00 4,4"-DIPB, A =2,x-DIPB; DIPB =diisopropyl-
biphenyl. Taken from Ref. [187¢].

selectivity for the least-bulky of the diisopropylbiphenyl
(DIPB) isomers was 85-90 % over Mordenite (below 250°C),
and 50-60 % for CIT-5 (up to 300°C). These results show that
shape selective catalysis occurs inside Mordenite and CIT-5
channels and that bulky DIPB isomers are excluded from the
channels by steric restrictions. The decrease in selectivity to
4,4-DIPB in Mordenite and CIT-5 after a certain temperature
value, is due to the isomerization of 4,4’-DIPB on the external
acid site. If only the encapsulated products are considered
then the selectivity of 4,4'-DIPB in Mordenite remains high,
even for temperatures as high as 350 °C. The selectivity for the
linear DIPB isomer was less than 20 % in the isopropylation
of biphenyl over UTD-1 and SSZ-53. Over these zeolites the
predominant products were the bulky and thermodynamically
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unstable 2,2-DIPB, 2,3'-DIPB, and 2,4-DIPB (2.x'-DIPB)
which are the kinetically controlled products at the lower
temperature, while the yields of the thermodynamically more
stable 3,4’-DIPB, 3,3’-DIPB, and 4,4'-DIPB isomers, increase
when increasing the reaction temperature. The low yield of
the linear isomer with both zeolites implies that the channels
of UTD-1 and SSZ-53 are too large to select the less-bulky
linear product. The reaction with bulkier alkylation agents,
for example, 1-butene and 2-methylpropene were also studied
and a similar tendency was found. Nevertheless, and as can be
seen in Figure 19, the selectivity for all four zeolites increases
when bulkier alkylation agents are employed.
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Figure 19. The selectivity for DABP (dialkylbiphenyl) isomers in the
alkylation of biphenyl over zeolites. Reaction condition: temperature:
250°C. gray bar 4,4-DABP; white bar 3,x-DABP (3,40-, 3,30-, and 3,5-);

dotted bar 2,xX-DABP (2,20-, 2,30-, and 2,40-); o 4,4'-DABP (encapsulated

products). Taken from Ref. [187¢].

CIT-5, UTD-1, and SSZ-53 have 14R pore entrances with
different channel structures: CFI(CIT-5) has slightly corru-
gated 1D channels with 16R cavities (pore entrance: 0.72 x
0.75 nm),** DON(UTD-1) has straight 1D channels (pore
entrance: 0.74 x 0.95 nm),***) and SFH(SSZ-53) has largely
corrugated 1D channels with 22R cavities (pore entrance:
0.66 x 0.88 nm).["-¢I The differences between the 14R zeolites
indicate that the reaction space inside the channels increases
in the order CFI < DON < SFH, and the size of pore entrance
increases in the order: CFI < SFH < DON. These differences
suggest that the steric restriction within the channels
decreases in the order CFI>DON >SFH. These factors
should account for the differences in the exclusion of the
bulky DABP isomer from the channels during the alkylation.

Beside Brgnsted acid sites, a Lewis acid Ti*" site, able to
catalyze oxidation reactions using peroxides, was introduced
in UTD-1. For instance, Balkus et al. reported that Ti-UTD-1
can be an effective catalyst for the oxidation of alkanes,
alkenes, and phenols using either hydrogen peroxide or the
bulkier tert-butylhydroperoxide as the oxidant. The 14R
channel structure also allows the conversion of larger
substrates, such as 2,6-di-tert-butylphenol.'®®!

When considering zeolites with large pore diameters and
the possibility to support catalytically active sites, the catalytic
results obtained with ECR-34 merits special mention.*! A
bifunctional metal-acid catalyst was prepared, showing
interesting hydroisomerization—hydrocracking properties for
n-alkanes owing to its pore dimensions and mild acidity.
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The synthesis of a 3D extra-large-pore zeolite, such as
ITQ-15 (IM-12) and ITQ-33, can open new possibilities for
catalysis, especially in the domain of oil refining and fine
chemicals. Thus, the catalytic cracking process (FCC), cur-
rently based on zeolite Y, converts bulky hydrocarbons into
more valuable fractions, such as light olefins and liquid fuels.
It would be of interest for the field to find new zeolites with
larger pores and stable structures. Preliminary results®? have
shown that ITQ-33 has an activity for conversion of a vacuum
gas oil that is comparable to that of a USY zeolite. Another
remarkable fact is that ITQ-33 is simultaneously highly
selective to diesel (LCO) and propylene (Table 9), a feature

Table 9: Catalytic cracking of Arabian light vacuum gas oil at 500°C and 60 s time on-stream. Taken

from Ref. [52].

A. Corma et al.

pyridine coordinated to Lewis acid sites. More specifically, the
band at 1622 cm ' should correspond to pyridine coordinated
to extra-framework aluminium as a Lewis acid, and the band
at 1610 cm™', which is detected exclusively in germanium-
containing zeolites, indicates sites of weaker Lewis acidity and
should be associated with pyridine coordinated to Ge. Notice
that after evacuation at 523 K (Figure 20b, middle), all the
pyridine molecules bound to Brgnsted (bridging hydroxy
groups) and Lewis acids remained, except for those pyridine
molecules that were associated with the weaker Lewis acidic
Ge centers. The relative intensity of the 1545 cm™ pyridine
band after desorption at 423 and 523 K (Figure 20b) clearly
shows that an important fraction of
the Brgnsted acid sites cannot
retain the pyridine adsorbed at the

higher temperatures, indicating that

Catalyst Conversion [%)] Yields [%)] Molar ratio ITQ-33 presents medium to strong
diesel li | P | Isobut .1

esel gasolne - propylene p:ggz::e/ iSZbSt::eE/ Brgnsted acidity. Indeed, at a

" desorption temperature of 623 K,

USYC talyst/oil=0.62  92.5 15.7  40.4 4.7 1 0.1 only a very small amount of pyri-

atalyst/oil =0. . . . . . . .

Catalyst/oil =0.47  88.3 195 395 4.4 13 0.1 d”,‘g r.emami’ld pmtonateld (,’nstrhong

ITQ-33 acid sites. When the catalytic behav-

Catalyst/oil=0.70  89.2 226 345 42 1.9 0.4 ior of ITQ-33 is compared with that

Beta of UTD-1 and Beta zeolites for

Catalyst/oil=0.70 84 14.1 323 7.5 1.9 0.5 dealkylating  diisopropylbenzene

USY + 20%ZSM-5 87 17 33.2 7.2 1.5 03 (DIPB), the results (Figure 21) indi-
ITQ-33 + 20% ZSM-5 86.1 233 25.1 9 3.7 1.1

[a] For the USY catalyst, unit cell size is 2.432 nm. The higher catalyst-to-oil ratio used with USY is close
to that used for ITQ-33 and Beta, and gives an comparison of catalyst activity. The lower ratio allows us
to achieve a level of conversion similar to other catalysts; this ratio is much better for comparing
selectivities. The conversion is to diesel + gasoline + gases 4 coke. For diesel the boiling point is 216.1—-

359.0°C and for gasoline it is 36.0-216.1°C.

which is related to the combination of 18R and 10R channels
in the same structure.

Since ITQ-33 is a germano-aluminium-silicate, its acidic
properties could be unusual and worth studying. To do that, a
self-supporting wafer of AI-ITQ-33 (TY/T™=20) was cal-
cined in the IR cell at 673 K and 102 Pa. When all the OSDA
molecules were removed, the IR spectrum in the OH
stretching region showed the presence of three bands at
3740, 3675, and 3608 cm ' (Figure 20a, upper spectrum)
associated with the presence of silanols, germanols, and
bridging hydroxy groups, respectively. After pyridine mole-
cules were adsorbed at room temperature and then desorbed
at 423 K in vacuum to remove the physically adsorbed ones
(see Figure 20a, lower spectrum), some changes in the IR
spectrum were visible. The intensity of the bands associated
with silanol and germanol groups (3740 and 3675cm™)
increased, indicating that the introduction of pyridine and
subsequent desorption causes some hydrolysis of Si-O-Ge
bonds. The adsorption of pyridine also causes the disappear-
ance of the band associated with bridging OH groups, as a
result of the protonation of the base. Indeed, the IR spectrum
of the pyridine remaining adsorbed after evacuation at 423 K
clearly showed the presence of bands at 1545 and 1638 cm™!,
which are associated with protonated pyridine (see Fig-
ure 20b, lower spectrum). The same spectrum also shows IR
bands at 1452, 1610, and 1622 cm™ that can be associated with
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cate that the intrinsic activity, that
is, the activity per A1, is higher for
the aluminosilicate Beta(Si/Al=30)
and UTD-1(Si/Al1=80) than for
ITQ-33(TV/T"=20). This is
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Figure 20. Acid properties of Al-ITQ-33 zeolite determined by IR
spectroscopy of pyridine adsorption/stepwise desorption at different
temperatures. a) Stretching hydroxy region of the IR spectra upon
thermal treatment at 673 K under vacuum (upper spectrum) and after
adsorbing pyridine and subsequent desorption by heating at

423 K (lower spectrum). b) C—C stretching region of the adsorbed
pyridine upon desorption at 423 (lower), 523 (middle), and

623 K (upper). The spectra are offset for clarity. Taken from Ref. [145].

because of the higher electronegativity of the UTD-1 and
Beta zeolites. However in the case of the bulkier 1,3,5-
triisopropylbenzene(TIPB), UTD-1 with 14R pores gave a
higher activity than Beta despite having the much higher Si/
Al ratio (Si/Al=80). Finally, ITQ-33 with 18R pores gave the
highest activity for the cracking of the bulkiest molecule.
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Figure 21. First-order kinetic rate constants for 1,3-diisopropylbenzene
(DIPB) and 1,3,5-triisopropylbenzene (TIPB) cracking over zeolite Beta,
UTD-1, and ITQ-33. Taken from Ref. [145].

It appears then that ITQ-33 can be an excellent catalyst
for processes requiring mild acidities and extra-large pores.
The benefit of these two properties is shown by the results
obtained for benzene alkylation with propylene. Figure 22
shows that ITQ-33 is not only very active, but it is also more

0 ‘ -
0 100 200 300 400 500 600
TOS / min

Figure 22. Propylene conversion for zeolite ITQ-33 (squares) and
Beta (circles) at 398 K, 3.5 MPa, mol ratio benzene/propylene=3.5
and weight hourly space velocity (WHSV) of 12 (black symbols) and
24 h™' (open symbols). TOS =time on stream. Taken from Ref. [145].

resistant to deactivation than zeolite Beta. Although com-
mercial processes deal with this problem by combining
reaction/regeneration cycles, there is a need to minimize
olefin oligomerization and coking so as to increase catalyst
life. The special microporous structure of ITQ-33 favors the
formation and diffusion of the alkylation products while
reducing the undesired propylene oligomerization.

Besides its high activity, ITQ-33 is highly selective for
alkylation products. Nevertheless, the large 18R pores allow
the formation of polyalkylated products, such as diisopropyl-
benzene and triisopropylbenzene, in larger proportions than
with zeolite Beta (Table 10).

Table 10: Conversion X and product selectivity S [wt%] for the alkylation of benzene with propylene

using zeolites ITQ-33 and Beta. Taken from Ref. [145]."
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Al-ITQ-37 zeolite with the largest pore reported to date
has Brgnsted acidity upon pyridine adsorption. Acetalyzation
reactions require catalysts with mild acidity, and the acetals
formed can be of interest for fine chemical industries."*
Thus, we have performed acetalyzation of aldehydes of
different molecular sizes with triethyl orthoformate using
ITQ-37 as a catalyst to show the benefits of the extra large
pores. The activity of ITQ-37 was compared with that of
zeolite Beta (Si/Al=150) with a similar crystallite size. For the
smaller aldehyde (heptanal) that could diffuse in the pores of
Beta, both materials gave a similar initial activity. However
for a larger aldehyde (diphenylacetaldehyde), the initial
activity of ITQ-37 was almost three times that of Beta
(Table 11). This result indicates the presence of larger
exploitable pores in ITQ-37 than in zeolite Beta. Further-
more, the selectivity for acetal at high conversion is much
better for ITQ-37 when using the bulkier aldehyde.

Table 11: Catalytic re-acetalyzation of aldehydes of different molecular
sizes with triethyl orthoformate, using zeolites Beta and ITQ-37. Taken
from Ref. [158] .

R' o

<

—
R? H R?

R'  OCH,CH; R’

o +.)=

OCH,CH; R? OCH,CHs

Zeolite Heptanal  Diphenylacetaldehyde

TOF®! TOF® X (6h) S (6h)
Beta (Si/Al =50) 276 18 30 55
ITQ-37 ((Si,Ge)/AI=70) 270 53 49 87

[a] Heptanal: R'= CH;(CH,),, R*=H; Diphenylacetaldehyde: R'=R?=
Ph. [b] mol converted/(mol Alh). [c] S,=selectivity for acetal.

10. Summary and Outlook

It appears that there is not a thermodynamic limitation to
the synthesis of extra-large-pore zeolites. Advances in the
understanding of the role of the different synthesis variables:
OSDA, gel concentration, mineralizer, and framework iso-
morphous substitutions has allowed silica-based zeolites with
extra-large pores to be synthesized. However, for synthesizing
zeolites with the largest pores to date, the presence of cations
such as Ga, Be, and Ge, has been required. This situation
shows the important structure-directing effect played by
framework cations, and new structures will be achieved
working along this direction. For practical purposes, the
challenge remains in synthesizing 3D extra-large-pore zeo-
lites and mesoporous zeolites, such
as ITQ-37, in the form of alumi-
nosilicates or borosilicates. For

doing this it is possible to use the

Cat. X S(cumene) S(DIPB) 5(TIPB)  zeolite database for hypothetical

WHSVEI=12h™" structures, select the theoreticall
ITQ-33 98.6 76.5 17.3 3.7 4 y
Beta 95.7 90 6.9 <0.1 most feasible structures, and then

WHSVE =24 b~ design templates by maximizing
ITQ-33 98.7 63.8 23 7.8 the Van der Waals interactions
Beta 78.2 86.9 9 0.7 between the template and the

[a] T=398 K, P=3.5 MPa, mol ratio benzene/propylene=3.5, time on stream 1 h. [b] WHSV =weight

hourly space velocity.
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framework. This, which is logical
and is easily said, it is not easy to do
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in practice. However, we believe more research should be
done in these directions.

To date, the potential catalytic applications of 1D and with
3D extra-large-pore zeolites, such as ITQ-33 and ITQ-37 have
already been demonstrated. We hope that many researchers
who have gained experience working with structured meso-
porous materials will apply their accumulated knowledge in
field of zeolites and zeolitic materials. More creativity and the
help of high-throughput synthesis techniques should allow
many new and potentially useful zeolites to be harvested.
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