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Zeogrids and Zeotiles are hierarchical materials built from assembled MFI zeolite precursor units.
Permanent secondary porosity in these materials is obtained through self assembly of nanoparticles
encountered in MFI zeolite synthesis in the presence of supramolecular templates. Hereon, the aggregated
species are termed nanoslabs. Zeogrids are layered materials with lateral spacings between nanoslabs
creating galleries qualifying as supermicropores. Zeotiles present a diversity of tridimensional nanoslab
assemblies with mesopores. Zeotile-1, -4 and -6 are hexagonal mesostructures. Zeotile-1 has triangular

IZ?(; ‘gg;ds" and hexagonal channels; Zeotile-4 has hexagonal channels interconnected via slits. Zeotile-2 has a cubic
Zeotile-1 structure with gyroid type mesoporosity. The behavior of Zeogrids and Zeotiles in adsorption, mem-
Zeotile-2 brane and chromatographic separation and catalysis has been characterized and compared with zeolites
Zeotile-4 and mesoporous materials derived from unstructured silica sources. Shape selectivity was detected via
Zeotile-6 adsorption of n- and iso-alkanes. The mesoporosity of Zeotiles can be exploited in chromatographic sep-
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aration of biomolecules. Zeotiles present attractive separation properties relevant to CO, sequestration.
Because of its facile synthesis procedure without hydrothermal steps Zeogrid is convenient for membrane
synthesis. The performance of Zeogrid membrane in gas separation, nanofiltration and pervaporation is
reported. In the Beckmann rearrangement of cyclohexanone oxime Zeogrids and Zeotiles display a cat-
alytic activity characteristic of silicalite-1 zeolites. Introduction of acidity and redox catalytic activity can
be achieved via incorporation of Al and Ti atoms in the nanoslabs during synthesis. Zeogrids are active
in hydrocracking, catalytic cracking, alkylation and epoxidation reactions. Zeogrids and Zeotiles often
behave differently from ordered mesoporous materials as well as from zeolites and present a valuable
extension of the family of hierarchical silicate based materials.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction zeolite has been successfully applied in many instances, the per-

formance of compacted micron sized zeolite crystals in sometimes

The conventional hydrothermal synthesis of aluminosilicate
zeolites typically leads to the formation of micrometer sized zeo-
lite crystals. Traditionally, for operation in adsorptive separation
and heterogeneous catalysis these zeolite powders are formed into
pellets, tablets and extrudates thus generating macroporosity in
between compacted zeolite crystals. While this physical form of
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can be sub optimal because of inefficient mass and heat transfer.
Over the last decade the scientific community has invested heavily
in alternative structuring of zeolite matter [ 1-5]. Limiting the size of
the zeolite particles to the nanometer range is an obvious approach
to shorten the intracrystalline diffusion path length. Nanosize ver-
sions of many types of zeolites have already been synthesized [6].
However, the retention of nanozeolite in a reactor is problematic,
and shaping of the nano material in larger bodies is needed for sep-
arating the nano zeolite from reaction products. While compaction
and fixation of zeolite nanopowder in a random manner similar
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Table 1
Overview of synthesis of hierarchical materials based on MFI nanoslabs.
Material Secondary template Vimeso (M1/g) Viicro (M1/g) Pore shape/size (nm) Symmetry Reference
Zeogrid CTAB in Total micropores: 0.69 Slit like pores: 1.4 Layered structure [14,15,38,42,43]
EtOH Ultra micropores: 0.14
Super micropores: 0.55
Zeotile-1 CTAB aqueous 0.76 0.15 Hexagonal pores: 3.5 Hexagonal [14,16]
Triangular pores: 1.4
Zeotile-2 CTAB powder 0.89 0.09 Gyroid: 2.7 Cubic [16,46]
Zeotile-4 P123- 1.27 0.11 Hexagonal channels: 7.5 Hexagonal [14,16,47]
aqueous Slit like pores: 3.3
Zeotile-6 CTAB powder 0.9 0.01 Hexagonal Hexagonal

to the micron size powder is an option, the design of hierarchical
materials with optimization of porosity at different length scales is
an appealing concept. Several approaches are available for generat-
ing mesopores in zeolite crystals such as steaming and acid leaching
to remove aluminum [7] or desilication with basic solution [8] or
the synthesis of the zeolite on hard template which upon removal
generates the mesopores [9]. Yet another option is the supramolec-
ular assembly of zeolite nanoparticles. Proto-zeolitic nanocrystals
obtained in the nucleation phase of a zeolite synthesis have been
assembled into ordered mesoporous materials [10].

Zeolites with MFI topology and especially silicalite-1 have been
among the first zeolites for which the synthesis of nanoparticles
has been realized [11-13]. The possibility of synthesizing sta-
ble suspensions of uniform embryonic zeolite particles via the so
called clear solution approach offered a unique opportunity for
attempting hierarchical structuring [14]. The design of hierarchical
materials from MFI zeolite nanoparticles contained in clear solu-
tions over the past 10 years has been an important research topic
in Flanders and resulted in over 20 publications out of collabora-
tive research in the frame of interuniversity attraction poles and
strategic basic research programs. The building units of the investi-
gated hierarchical materials are nanoparticle aggregates of uniform
size having emerging MFI zeolite type connectivity on a local scale.
At the second structural level, these aggregates, referred to as
nanoslabs, are linked through their corners, edges or faces follow-
ing patterns imposed by supramolecular chemistry [15,16]. After
evacuation of the molecular and supramolecular templates, micro-
porosity inside and precise mesoporosity between the nanoslabs
are obtained. Depending on the nanoslab fixation conditions the
mesostructural organization and corresponding mesoporosity can
be tuned. With this self-assembly concept the generation of porous
bodies is much better controlled compared to the conventional
zeolite crystallization methods involving solubility driven nucle-
ation and crystal growth followed by physical shaping. Here we
present a review of our publications on the nanoslab approach to
hierarchical materials and achievements in the area of materials
science, adsorptive separation, membranes and catalysis comple-
mented with new data.

2. Results and discussion
2.1. Building hierarchical materials from nanoslabs

The MFI framework structure is built out of 4-, 5-, 6- and
10-membered rings of T-atoms [17]. The microporosity of MFI
framework is characterized by straight channels running in the
crystallographic b direction and zigzag channels in the a direc-
tion intersecting with the straight channels. Both channel types
are delineated with 10-rings, offering minimum free dimensions of
0.53 nm by 0.56 nm along the straight channels,and 0.51 by 0.55 nm
along the zigzag channels (Fig. 1).

Tetrapropylammonium (TPA) is a powerful structure directing
agent for the synthesis of MFI type zeolites [ 18-20]. In the final, fully
crystalline, zeolite TPA is located at channel intersections with its
four propyl groups residing in different channels. The analysis of the
molecular steps leading to formation of the complex MFI topology
with 12 different T-atom positions in the orthorhombic unit cell is
challenging but understanding is in progress [21,22]. The formation
of silicalite-1, the siliceous MFI zeolite, has been intensively inves-
tigated under synthesis conditions with varying TPA concentration.
Also on theoretical level special graphical tools (ZEOBUILDER) have
been developed to build geometries of these nanoparticles and
to assist in interpreting the experimentally observed phenom-
ena regarding the nanogrowth process [23-25]. The hydrolysis of
tetraethyl orthosilicate (TEOS) in the presence of tetrapropylam-
monium hydroxide (TPAOH) gives rise to the formation of a stable
suspension of nanoparticles [26]. Initial nanoparticle formation is
driven by the tendency of the template to form micelles, which
leads to aggregation of small silica oligomers in solution encapsu-
lated in a shell of TPA* [27-31]. Soon after nanoparticle formation
the connectivity of silica within these nanoparticles starts to devi-
ate from oligomers in solution and successively approaches the
connectivity found in MFI [31,32]. Over long periods of time at room
temperature or at much shorter times during hydrothermal treat-
ment the protozeolitic particles improve their internal ordering to
such a degree to become fit for aggregation into crystalline zeolite
particles [33-36].

Spreading of the nanoparticles on carbon grid and observation
in TEM revealed the formation of slab shape particles with dis-
crete dimensions such as 4nm x 4nm [37,38]. Heights of these
nanoslabs estimated by AFM correspond to ca. 1.3 nm and its mul-
tiples [12]. A theoretical study furthermore revealed the template
molecule shows a strong affinity for forming a fragment of the 10R
channel of the final zeolite [39]. As within the nanoparticles the

Fig. 1. Pore architecture of MFI zeolite. Straight 10R channels along the b-direction
are intersected by 10R zigzag channels along a. Failure to complete a zigzag channel
can result in large openings in the terminating surface.
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Fig. 2. Representation of idealized precursor and two aggregates (both assembled
from 12 precursors). Straight channels are indicated in red, zigzag channels in green.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

template molecules reside in intimate contact with silica, even-
tual formation of such silica-template species appears feasible.
Indeed, a solid state NMR study of freeze dried nanoparticle sus-
pension revealed the distances between template and silica species
agreed well with such a model of a precursor [40]. Comparison of
this precursor structure with the experimentally derived dimen-
sions indicated the observed nanoslabs could result from side by
side precursor-aggregation enforced by the sample preparation
[33]. Idealized atomic models of the nanoslab containing 3 straight
channels and 4 zigzag channels have been presented [13]. Depend-
ing on the TPAOH-water-TEOS composition, temperature, pH and
presence of secondary mesostructuring template, half nanoslabs,
nanoslabs, tablets, staples of tablets and nanozeolite particles have
been prepared [13,41,42]. Idealized representations of precursors,
and typically encountered aggregates derived therefrom are pre-
sented in Fig. 2.

The availability of concentrated suspensions of embryonic zeo-
lite nanoparticles invited the attempt to synthesize hierarchical
materials. Concepts adapted from the synthesis of ordered meso-
porous materials involving the use of supramolecular templates
were adopted. A first type of material coined Zeogrid [15,42,43]
was synthesized by precipitation of the precursor suspension upon
addition of a saturated solution of cetyltrimethylammonium bro-
mide (CTAB) in ethanol. In Zeogrid the nanoparticles aggregate
into layers which then are stacked concentrically, intercalated by
surfactant molecules. The final porous structure is obtained after
burning out the TPA and CTAB through calcination (Fig. 3, bottom).
InaZeogrid the layer repeat distance is ca. 3.0 nm. Zeogrid has a dual
microporosity. Ultramicropores typical of MFI zeolite framework
are located inside the nanoslabs, while the spacing between slabs
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Fig. 3. Tiling patterns of nanoslabs in Zeogrid (bottom) and Zeotile materials top:
Zeotile-4, middle: Zeotile-1. Images are superimposed on TEM and optical micro-
graphs.

qualifies as supermicroporosity. The height of the galleries esti-
mated by modeling of N, adsorption isotherms was ca. 1.4nm, in
agreement with the thickness of an individual layer height [44,45].
Representative ultramicropore and supermicropore volumes are
reported in Table 1.

Zeotiles [16,46,47] are another class of materials in which the
aggregation of nanoparticles and subsequent linking of nanoslabs
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is fully ordered (Fig. 3, top and middle). When water is used as
solvent for CTAB, Zeotile-1 is obtained by precipitation from a pre-
cursor suspension. In the structure of Zeotile-1 the dimensions of
the resulting nanoslabs agree with units composed of face-sharing
double precursors measuring 2.6 nm x 2.0 nm x 4.0 nm. The assem-
bly of these building blocks in a hexagonal pattern imposed by the
CTAB gives rise to hexagonal and triangular channels. Triangular
channels are unique in mesoporous materials science. Their forma-
tion in the presence of CTAB is a natural consequence of the tiling
of the formed monodisperse aggregates of 12 nanoslabs (Fig. 2,
right) under these conditions. The hexagonal channels have a free
diameter of 3.5 nm and the triangular channels of 1.4 nm.

Yet two further ordered tiles, Zeotile-2 and -6 are obtained by
adding CTAB powder to the nanoslab suspension, while essentially
retaining the pH of the native nanoparticle suspension. As no rapid
aggregation of the precursor particles is initiated by lowering pH,
nanoparticle arrangement now was observed to follow topologies
typical for CTAB as the mesostructuring agent, also encountered
when using unstructured silica sources. Zeotile 2 obtained at high
temperatures has a body centered cubic symmetry and contained
mesopores having an average diameter of ca. 2.7nm. Zeotile-
6, obtained at lower temperatures, shows the typical hexagonal
ordering observed for a number of mesoporous materials derived
from CTAB. The quality of the ordering can be appreciated from
the TEM images and XRD patterns presented in Figs. 4 and 5 and
from the narrow mesopore size distribution in Fig. 6. Even though
these two materials at first sight resemble traditional mesoporous
silica they still retain characteristics of local MFI connectivity as
separation studies demonstrated (vide infra).

The synthesis of Zeotile-4 was inspired by SBA-15 prepara-
tion. A clear suspension of precursor nanoparticles was acidified
to pH 0 using concentrated HCI and then combined with acidified
triblock copolymer Pluronic P123 solution followed by hydrother-
mal ageing at 90°C. The templates were removed by calcination.
The structure at the meso scale has been determined using elec-
tron tomography. In Zeotile-4 a 3D mesoporosity is achieved
via stapling and annealing of precursor aggregates measuring
ca. 8nm x 4nm x 1.7nm. The specific nanoslab organization in
Zeotile-4 creates about 7.5nm wide hexagonal parallel channels
connected in four directions via 3.3 nm wide slits [16,47].

The introduction of aluminum atoms in the tetrahedral net-
work of MFI zeolite precursor composing the nanoslab has been
demonstrated [40] and the position of the heteroatom has been
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Fig. 5. Reflection powder XRD pattern of calcined Zeotile-6. Pattern can be indexed
in the P6Emm hexagonal space group, with a=4.5nm and c=oco.

speculated about [48]. Nanoslabs and materials derived thereof
with Si/Al ratio of 50 are conveniently prepared. Reichinger et al.
composed a hexagonal Zeotile out of titanosilicate nanoslabs [49].
The IR signature of MFI framework [32] was detected. The pres-
ence of microporosity was deduced from the presence of TPA in the
walls of the mesopores and the presence of specific surface areas
that were significantly larger than expected if mesopore walls were
dense.

2.2. Adsorption properties of Zeogrids and Zeotiles

The molecular sieving properties of Zeogrids have been demon-
strated using pulse gas-chromatographic separation of alkane
mixtures. In binary mixtures of alkanes of different branches such
as n-octane and 2,2,4-trimethylpentane, and of n-heptane and 2,3-
dimethylpentane, the linear molecule is preferentially adsorbed.
Preferential adsorption of the slender molecule is a manifesta-
tion of molecular shape selectivity in ultramicropores [15], and
normally absent in traditional mesoporous silica. Micron size MFI
zeolites separate branched from normal alkanes irrespective of car-
bon number. On Zeogrids, when the branched alkane is heavier

Fig. 4. TEM images of Zeotile-6. (Left) Overview and (right) detail. Inset in left image: ED pattern.
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pore size distribution (mL/g nm)

Fig. 6. BJHK]JS pore size distributions of (a) Zeotile-6 from which CTAB was removed
by template extraction and (b) calcined Zeotile-6.

than the linear one, the branched alkane is selectively adsorbed.
This behavior different from the MFI zeolite is due to contribu-
tions of the supermicropores in the adsorption of mixtures. The
supermicropores discriminate among molecules based on molec-
ular weight, while in ultramicropores the discrimination is based
on branchiness. The presence of two adsorption environments in
ultramicropores and supermicropores, the contribution of which
can be tuned by the size of the zeolite building blocks composing the
Zeogrid, enables fine-tuning of adsorption behavior. An important
observation was that mass transfer resistances in Zeogrid columns
were much lower than in conventional ZSM-5 columns [15]. The
presence of supermicroporosity in Zeogrid is at the origin of the
reduced mass transfer resistance.

Zeotile-2 enabled the pulse chromatographic separation of n-
octane and iso-octane [50]. n-Octane was longer retained in the
Zeotile-2 column compared to iso-octane. The selective adsorption
of the linear alkanes was ascribed to adsorption in ultramicropores.
Ina more extensive investigation of Cs—Cg n-and iso-alkane adsorp-
tion, it was demonstrated that whereas MCM-48 did not show
any shape selectivity, Zeotile-2 exhibited shape selective discrim-
ination among n- and iso-alkanes. The preferential adsorption of
n-alkanes in Zeotile-2 is an entropic effect. Iso-alkanes in adsorbed
state were found to have limited freedom explained by adsorp-
tion in the confined environment of a micropore. Thus Zeotile-2
was interpreted as a hierarchical variant of MCM-48, presenting
microporosity in the walls of the gyroid type mesostructure [46].

In another application, spherical bi-porous Zeotile-4 particles
were synthesized and used as stationary phase in high perfor-
mance liquid chromatography for the separation of biomolecules.
Although it has been shown that zeolites are good candidates for
the purification of nucleic acids and proteins [51], they suffer from
slow diffusion inside their small pores (<10A), certainly in liquid
phase applications where mass transfer often plays a crucial role.
Mesoporous materials such as MCM-41 have already been used
in chromatography applications, but use of hierarchically ordered
materials with micro and mesoporosity has not been reported so
far [52-58].

We used the nanometer sized zeolite slabs as silicon source
to generate spherical particles with well-defined mesoporosity,

Fig. 7. SEM images of spherical Zeotile-4 particles for HPLC applications.

suited for HPLC applications. Retention characteristics of the pre-
pared materials were studied by using a group of brain peptides in
hydrophilic interaction chromatography (HILIC). HILIC provides an
alternative approach to effectively separate small polar compounds
on polar stationary phases. Similar to normal phase liquid chro-
matography (NPLC), polar compounds are more strongly retained
in HILIC, but the non-aqueous mobile phase in NPLC is replaced
with an aqueous-organic mixture with water being the stronger
solvent [59].

Spherical Zeotile-4 particles were prepared under acidic
conditions, starting from large nanoslabs with dimensions
of 1.3nm x4.0nm x 8.0nm, obtained through acidification of
nanoslab suspension. Triblock copolymer and CTAB served as tiling
agent for Zeotile-4 materials. The TPA, copolymer and CTAB were
evacuated from the solid material through calcination. SEM images
for the Zeotile-4 product show spherical particles (Fig. 7), with a
diameter between 3 and 10 pwm. N, porosimetry showed a pore size
profile with narrow pore size distribution, centered on 7.15 nm. The
BET surface area and total pore volume of the spherical Zeotile-4
were determined to be 970 m2 g~! and 1.35cm3 g1, respectively.
The large capacity and surface area could be beneficial for chro-
matographic separation.

In order to study the performance of spherical Zeotile-4 as sta-
tionary phase in HPLC, a slurry packed column (300 mm x 4.6 mm)
was tested in HILIC experiments. Fig. 8 illustrates the HILIC chro-
matographic profile for a group of tyrosine-containing peptides
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Fig. 8. Chromatogram of a mixture of six brain peptides separated on a Zeotile-
4 column (300 mm x 4.6 mm); mobile phase: acetonitrile (0.2 vol.% trifluoroacetic
acid, TFA) and water (0.2 vol.% TFA). Peptide separation gradient for 2-60 min with
acetonitrile (0.2 vol.% TFA) changed from 99% to 60%. The model peptides have the
following structure: (1) Tyr-Ala-Gly-Phe-Met, (2) Tyr-Gly-Gly-Phe-Met, (3) Tyr-Ala-
Gly-Phe-Met-o, (4) Tyr-Met-Gly-Phe-Pro-NH,, (5) Tyr-Ala-Arg-CH3COOH and (6)
Tyr-Ala-Gly-Phe-Met (O)-ol.
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Fig. 9. Adsorption isotherms of CO,, CH4, N, and H; on Zeotile-2 at 25°C. The
adsorption isotherm of CO; on 13X zeolite is added as a reference.

(1-6) in the effluent fraction. Four of the six brain peptides contain
met-enkephalin peptides. A 60-min linear gradient of acetonitrile
(99-60%) and water (1-40%) with 0.2 vol.% trifluroacetic acid (TFA,
as the acid modifier) was used for the separation of brain peptides.

Six well-resolved peaks in the chromatographic trace are
observed (Fig. 8), demonstrating that the brain peptide mixture has
been separated very well on the Zeotile-4 HPLC column. Each com-
ponent of the mixture shows an almost symmetrical peak (Fig. 8). It
seems that the hydrophilic/hydrophobic character of the analytes is
the most important factor in their separation. The met-enkephalin
peptides (1, 2 and 6) with a different functional group elute at
very different elution times, although they have the same amino
acid sequence. The presence of different functional groups attached
to the peptides of same amino acid sequence leads to change the
hydrophilicity of the peptides.

Thus, spherical Zeotile-4 is a promising stationary phase for pep-
tide separation in liquid chromatography, and is expected to be of
use in the separation of various biomolecules. The material is very
stable and could be used repeatedly without losing any activity.

Given the large pore volumes of the hierarchical materials built
from nanoslabs, we further studied adsorption of CO, and other
gases on Zeotile-2. There is great interest to develop technologies to
sequester CO; and limit its effect on climate. The separation of CO,
from natural gas, landfill gas or biogas is important to obtain a CHy4-
enriched stream since CO, not only reduces the energy content of
the gas but can corrode pipelines as well. Development of successful
separation technologies for removal of CO, from a variety of gas
streams is still a challenging research topic. Adsorption processes
have been suggested as an alternative to conventional processes
such as amine absorption, amine scrubbing, and distillation [60].

To illustrate the preference in adsorption, Fig. 8 shows the
adsorption isotherms of CO,, CHy, N, and H; at 25°C on Zeotile-2.
Carbon dioxide is definitely adsorbed the strongest with a capac-
ity 3-4 times larger of that of methane. Methane from its part
is still adsorbed stronger on Zeotile-2 compared to nitrogen and
finally hydrogen. Although Zeotile-2 adsorbs significantly less CO,
than 13X zeolite at low pressure (see Fig. 9), its capacity at higher
pressure is significantly larger. The separation power of Zeotile-2
was tested by performing breakthrough experiments using a col-
umn packed with Zeotile-2 pellets. From Fig. 10, it can be clearly
observed that Zeotile-2 allows separation of CO, from its mixture
with CH4, Hy, CO and N,.

2.3. Zeogrid membranes

Zeolite membranes are of interest to gas separation, pervapora-
tion and nanofiltration. Currently there is also a renewed interest
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Fig. 10. Breakthrough profile of a gas mixture containing CO,, CH4, N2 and H;
separated on a column packed with Zeotile-2 pellets, at 25°C and 1 atm.

in catalytic membrane reactors for coupling reaction and prod-
uct separation such as in Fischer-Tropsch synthesis. Traditional
synthesis of zeolite membranes via hydrothermal crystallization
often leads to inter-crystalline defects in the membranes, a prob-
lem that is encountered especially at large scale production [61].
Inter-crystalline defects, pinholes and cracks inevitably deteriorate
the molecular sieving properties of the zeolite membrane. The dif-
ficulty to produce defect-free membranes is a major reason why
only a small number of zeolite membranes became commercially
available.

The synthesis of a Zeogrid does not involve any hydrothermal
step. The interposed stapling of nanoslabs to create a top layer of an
asymmetric membrane is an attractive approach for synthesizing
a zeolite-membrane (Fig. 11). The challenge consists in achieving
perfect nanoslab stacking with sufficient adhesion to the porous
support after removal of the surfactant molecules.

Provided the perfect stacking of nanoslabs sketched in Fig. 11
can be achieved, any molecule approaching the membrane will
need to diffuse through a zeolite micropore of a nanoslab, sim-
ilar as in standard zeolite membranes. Consequently, defect-free
new membranes are estimated to have a similar selectivity as the
standard zeolite membranes. However, the presence of the super-
micropores in the top layer can lead to membranes with a much
higher permeability. Moreover, the Zeogrid approach can enable
the preparation of ultra-thin membrane top layers. Therefore, the
Zeogrid approach of membrane preparation presents the potential
to combine high separation power with extra high permeation.

Preliminary experiments for evaluating the feasibility to form
Zeogrid top layers were performed on silicon wafers. Hereto a solu-
tion of silicalite nanoslabs was mixed with CTAB, as done in the
synthesis of Zeogrid powder. A droplet of this mixture was spread

Support

Fig. 11. Zeogrid top layer on a porous support forming a composite zeolite mem-
brane.
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Fig. 12. (a) Adsorption isotherms of a two-layer silicalite nanoslab membrane on silicon wafer (3SiB,) and of a bare silicon wafer, and (b) low-angle XRD of a two-layer
silicalite nanoslab membrane on silicon wafer (upper curve), a one-layer silicalite nanoslab membrane on silicon wafer (middle curve), and a bare silicon wafer (lower curve).

out on a small piece of polished silicon wafer, dried and calcined at
the appropriate temperature to remove the surfactant. Sometimes
this procedure was repeated in order to increase the thickness of
the layer. The Ny-adsorption isotherm of Zeogrid deposited in two
layers on silicon wafer is shown in Fig. 12a. Nitrogen uptake in
ultramicropores occurs at very low P/Po values below 10~%. The
upswing of the isotherm starting around P/Po of 0.1 is due to the
filling of supermicropores. A similar isotherm shape was observed
on Zeogrid powder. Low-angle XRD (Fig. 12b) of single and double
Zeogrid layers revealed a reflection maximum near 26=3° cor-
responding to a repeat distance of ~3 nm. This ~3 nm repeat is
characteristic of Zeogrid and is linked with the thickness of two
nanoslabs.

Zeogrid coatings were deposited on porous alumina supports
(flat and tubular, support pore size 50-100 nm). In order to prevent
intrusion of the nanoslabs into the pore system of the supports, all
supports were first coated with one or two intermediate colloidal
titania sol-gel layers [62]. These intermediate layers decrease the
pore size to about 2 or 3 nm corresponding to a molecular weight
cut-off value of ~4kDa. Zeogrid coatings were applied via dip-
coating of flat or tubular supports. Coatings were carefully dried
and calcined at the appropriate temperature to remove the surfac-
tant. Typical SEM pictures of these membranes (Fig. 13) confirmed
the formation of a continuous top layer.

The Zeogrid membranes were evaluated in nanofiltration of
mixtures of small PEG molecules with molecular weights of 200,
600 and 1500 Da, respectively. Provided a defect-free Zeogrid layer
was present, very low water permeability was expected due to the

silicalite

Fig. 13. SEM picture of the cross section of a typical silicalite nanoslab membrane
on a porous support. The bar measures 1 pm.

100nm

Fig. 14. TEM picture of the cross section of a typical Zeogrid membrane on silicon
wafer.

hydrophobicity of the silicalite type micropores, and a membrane
molecular weight cut-off <200 Da due to the size of the silicalite
pores of ~0.5 nm. Typical water permeabilities on tubular mem-
branes were 51/hm?2 bar with molecular weight cut-offs of about
1000 Da. This result revealed that the deposited Zeogrid was not
perfect. Investigation with TEM of a piece of Zeogrid layer sample on
silicon wafer prepared using FIB (Fig. 14) confirmed the imperfect
nanoslab stacking.

The performance of the membranes in pervaporation of differ-
ent organic solvent/water mixtures was evaluated (Table 2). The
performance of standard silicalite membranes, measured in the
same mixtures is also given (between brackets). From the table it is
clear that our new type of silicalite membrane, despite their non-
ideal quality, shows a clear organophilic behavior, like the standard
silicalite membrane. This means that the permeating stream def-
initely experiences the zeolitic micropores inside the nanoslabs,
and that the non-zeolite pores are probably small (order of 1 to
a few nm). Indeed, the stacking pores in between the nanoslabs
are hydrophilic in nature (see Section 2.1) and would rather lead
to non-selective or de-watering behavior. This conclusion is also
subscribed by comparing the results of a homemade nanoporous
hydrophilic titania nanofiltration membrane with a molecular

Table 2

Pervaporation performance of aZeogrid membrane at room temperature in different
alcohol/water mixtures. The results between brackets show the performance of a
standard silicalite membrane under similar conditions.

Mixture Selectivity o Organic concentration Flux

Feed — permeate (kg/m? h)
Ethanol/water 2.9(25) 6% — 15% 20(1)
Isopropanol/water 2.7 (25) 2.5%— 6.5% 20(0.1)
Acetone/water 4.8 (100) 2.5%—11% 15
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Table 3

Mixed gas separation performance of a silicalite nanoslab membrane at room tem-
perature in different gas mixtures. Trans membrane pressure was low (1-2 bar). The
results between brackets show the Knudsen selectivities.

Gas mixture Selectivity o Permeability
(m3/hm? bar)

N,/CO, 88/12 0.6 (1.25) 3

H,/CO, 40/60 1.7 (4.7) 9

weight cut-off of 200Da (pores <1 nm). This membrane showed
no selectivity in any of the mixtures. Compared to the standard
silicalite membranes, the new type of membranes showed lower
separation values (due to the non-zeolite pores) and much higher
fluxes.The new type of membranes was also tested in gas separa-
tion measurements. Single gas measurements of Ny, H, and CO,
showed high permeabilities, proportional to the transmembrane
pressure, and increasing with temperature (measured between
room temperature and 200°C). The permselectivities were close
to the Knudsen selectivities, as could be expected due to the exis-
tence of small non-zeolite pores. However, as can be seen in Table 3,
mixed gas separation tests revealed selectivities clearly different
from Knudsen (Knudsen values shown between brackets in the
table). The values show that in a mixture of N, and CO,, this new
type of membrane, in contrast to standard silicalite membranes,
selectively removes the CO, from the gas stream. This is a conse-
quence of the strong CO, adsorption of the Zeogrid-type of material,
as was previously shown in Section 2.2, and is due to the high
amount of hydrophilic stacking pores in between the nanoslabs.
The effect of CO, adsorption was also seen in the H,/CO, gas mix-
ture. This feature could make these membranes, when optimized,
interesting in post-combustion CCS (carbon capture and storage)
schemes.

2.4. Catalytic properties of Zeogrids and Zeotiles

2.4.1. Hydrocracking

The isomerization and hydrocracking, or in short the hydro-
conversion of model long chain n-alkanes such as decane is an
attractive catalytic test reaction for probing zeolite pore archi-
tectures. At the same time the evaluation of a new material for
this reaction is relevant to large scale industrial catalytic processes
such as dewaxing through skeletal isomerization and hydrocrack-
ing processes.

The decane hydroconversion reaction has been performed on
Zeogrid materials [44,45] with aluminosilicate composition and
spiked with a trace of platinum metal to achieve bifunction-
ality. The bifunctional Zeogrids were less active than reference
ZSM-5 catalysts. Nevertheless, distinct selectivity patterns were
obtained. ZSM-5 zeolite is a medium pore zeolite with pronounced
shape selectivity. In hydroisomerization of long n-alkanes Pt/ZSM-
5 shows an enhanced selectivity for methyl branching at the C,
position, and suppresses the formation of skeletal isomers with
ethyl branching and with more than one branching [63]. The hydro-
cracking product distribution of decane on Pt/ZSM-5 is peculiar
as it presents a minimum at Cs [64]. The suppressed cracking of
Cio molecules in their middle is a manifestation of cage and win-
dow effects [65]. Zeogrid do not show the shape selectivity typical
of ZSM-5 zeolites. The methyl branching selectivity is typical of
large pore zeolites, with kinetic suppression of 2-methylnonane
formation. Ethyloctane isomers are formed in significant amounts.
Furthermore, there was no suppression of hydrocracking in the
middle of the C;g molecule. In a comparative study an MFI crystal
was composed of aluminosilicate nanoslabs. A selectivity patternin
decane hydroconversion similar to that obtained with the Zeogrids
was observed. Materials composed of MFI nanoslabs offer catalytic
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Fig. 15. Product distribution over ZG (50) and H-USY in the isopropylation of
naphthalene. Batch type reaction in 50 ml stainless steel Parr autoclave; 2.5 mmol
naphthalene, 5.0 mmol 2-propanol, 25 ml of cyclohexane solvent and 500 mg of
catalyst heated 24 h at 200°C.

environments devoid of the shape selectivity of conventional MFI
type zeolites.

The common property of the freshly assembled nanozeolites
and Zeogrids is the exposure of faces exposing openings giving
access to zigzag channels not confined. Molecular models revealed
these pockets are not confined by 10-rings and offer significantly
more free space to reacting molecules compared to openings of the
straight pore system (Fig. 1). In this respect the nanoslabs resem-
ble MCM-22 zeolite, in which surface pockets are loci of catalytic
activity [44,45] in the bifunctional conversion of decane, isomeriza-
tion and hydrocracking are consecutive reactions. The yield of the
skeletal isomerization of the feed n-alkane being an intermediate
reaction product is always limited. The isomerization yield from
Zeogrids and the nanozeolite assembled from nanoslabs was up to
70%, which is among the highest values reached with large pore
zeolites [66]. The peculiar morphology of nanozeolite composed
of stapled nanoslabs transformed into conventional crystal shape
upon ripening in the synthesis medium. The nanozeolite exhib-
ited shape selectivity typical of ZSM-5, confirming the framework
termination mode to be critical [44].

2.4.2. Naphthalene diisopropylation

Selective  diisopropylation of naphthalene to 2,6-
diisopropylnaphthalene (2,6-DIPN) is an important step in
the synthesis of 2,6-naphthalene dicarboxylic acid. Zeolites, and
especially ultrastable Y (USY) and mordenite have been reported
to be the best catalysts for this reaction [67]. Zeogrid turned out to
be an even superior catalyst for this reaction. A comparison with
one of the best known catalysts, viz. USY, is presented in Fig. 15.
The diisopropylnaphthalene (DIPN) isomer distribution obtained
on the two catalysts is presented in Table 4. Both catalysts showed
a similar conversion, but Zeogrid yielded significantly more

Table 4
Experimental DIPN isomer distribution over USY and Zeogrid in the isopropylation
of naphthalene at 200°C after 24 h.

Compound usy Zeogrid
1,3-DIPN 3.8 8.9
1,7-DIPN 49 6.4
2,3-DIPN 0.4 0.8
2,6-DIPN 40.3 384
2,7-DIPN 429 38.1
1,6-DIPN 7.6 7.1
1,5-DIPN 0.1 0.4
1,4-DIPN 0.1 n.d.

n.d., not detected.
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Table 5

Selectivities of saturated and unsaturated products, linear and branched prod-
ucts and of cracked products per carbon number obtained on USY zeolite (FAU;
Si/Alpyk = 2.6), ZSM-5 zeolite (MFI; Si/Alpyx =40) and Zeogrid (Si/Alpy = 50) at 748 K,
7 kPa iso-octane partial pressure and 2 mol% iso-octane conversion.

FAU MFI Zeogrid
Saturated 88 83.5 82
Unsaturated 147 180 162
Linear 94 210 102
Branched 141 53.5 106
G 17 39 14
C 1 40 7
Cs 31 100 45
Cy 177 68 134
Cs 9 16.5 7

diisopropylated (DIPN) and polyisopropylated (PIPN) products,
and the desired 2,6-DIPN in particular. Apparently, the Zeogrid
with its large volume of supermicropores (Table 1) and the wide
surface pockets revealed in decane hydroconversion presented
in previous section allows over-alkylation more easily than USY
zeolite presenting ultramicropores and mesopores.

2.4.3. Catalytic cracking

Crude oil refiners are faced with the need of upgrading ever
heavier feedstock. The diffusion of the heavy molecules in the cat-
alyst pores is more and more a limiting factor in achieving the
desired conversion and selectivity levels. The paradigm in FCC cat-
alyst design is that mesoporosity is needed to achieve a precracking
of large molecules, while the zeolites develop the highest cracking
activity and govern the selectivity. The ultra-stable Y zeolite (USY)
presenting unordered intracrystalline mesoporosity is the refer-
ence catalyst in fluid catalytic cracking (FCC). It is assumed to be
lacking molecular shape selectivity meaning that the access to and
reaction at the active sitesis, in principle, not restricted by the shape
and size of the molecules. In catalytic cracking, such behavior leads
to a rather wide product distribution, i.e., ranging from products as
light as LPG (C3-Cy4), over gasoline to middle distillates. The addition
of medium pore zeolites, and especially medium pore zeolites such
as ZSM-5 to the FCC catalyst formulation is practiced for tuning the
product distribution towards to market demand. The addition of a
shape selective zeolite has a positive effect on the gasoline octane
number and propylene yield.

Potential shape-selective effects in catalytic cracking catalysts
have been investigated by reaction of 2,2,4-trimethylpentane, also
denoted as iso-octane, and methylcyclohexane on Zeogrid and ref-
erence ultrastable Y zeolite (FAU) and ZSM-5 (MFI) zeolite [68,69].
With bulky iso-octane significantly lower site time yields were
obtained on the MFI zeolites compared to the FAU zeolites, whereas
with methylcyclohexane site time yields on both types of zeolites
were in the same range. Slow diffusion of iso-octane in the MFI pore
structure has been identified to be at the origin of these observa-
tions, whereas the diffusion of methylcyclohexane through the MFI
pores is not limiting its conversion rate. Site time yields obtained on
Zeogrid were significantly lower. In this demanding reaction, the
absence of long range framework ordering in Zeogrid was assumed
to be responsible for weaker acid strength and lower catalytic activ-
ity.

Within a zeolite framework topology, the acid properties were
found not to impact the selectivities obtained in the cracking of
iso-octane nor of methylcyclohexane [68,69]. Differences in iso-
octane selectivity between FAU and MFI frameworks have been
identified that allow interpreting the observed cracking behavior
on the Zeogrid material in terms of importance of elementary reac-
tion families and location of the active sites (Table 5). The large
pore network of a FAU zeolite does not impose any constraints
on bimolecular reactions such as hydride transfer and, hence, the

Table 6
Catalytic properties of titanosilicate Zeogrid and reference materials in the liquid
phase epoxidation of (cyclo) hexene with tert-butylhydroperoxide in decane.

J

Catalyst M

X (%) 5epoxide (%) X (%) Sepoxide (%)
Zeogrid 17 95 11 95
TS-1 0.3 95 1 -
TiMCM-41 6 95 7 -

Reaction conditions: 0.9 M (cyclo)hexene in decane, 0.45 M tert-butylhydroperoxide,
90°C, 24 h, 30 mg catalyst.

product distribution obtained on a FAU zeolite exhibits the typi-
cal features of the corresponding reaction network, i.e., relatively
high yields of branched and saturated products [70,71]. On the
MFI zeolite, on the contrary, higher selectivities towards linear and
unsaturated products were observed. Moreover, the selectivities
towards products in the range C;-C3 was much higher on the MFI
than on the FAU zeolite. Due to the confined structure of the nar-
rower ultramicropores of the MFI structure, bimolecular hydride
transfer reactions are sterically hindered by transition state shape
selectivity and, correspondingly, protolytic scission is taking over
as the most dominant reaction inside the MFI pores. The Zeogrid
exhibits a product distribution resembling that of a FAU zeolite,
e.g., a high selectivity to C4 products as well as a relatively high
selectivity towards branched products. As aresult, it can be inferred
that the active sites of Zeogrid are situated in the supermicropores
and, hence, that the iso-octane conversion should not be limited by
diffusion limitations. The fact that the iso-octane cracking activity
on Zeogrid is, nevertheless, similar to that on the benchmark MFI
zeolite indicates the weak acidity of the active sites, as observed
already in the methylcyclohexane cracking results, see above.

2.4.4. Partial oxidation reactions

Ti doped Zeogrid and Zeotile-2, -4 and -6 showed high activity
and high epoxide selectivity (Table 6) in the reaction with 1-hexene
and cyclohexene, using tert-butylhydroperoxide (TBHP) in apolar
solvent (decane) [49]. Using H,0, in the polar solvent methanol,
activity and epoxide selectivity in (cyclo) hexene epoxidation were
lower, and Ti leaching into the reaction medium was observed. The
catalytic activity in hydrophilic medium was only a little better than
that of Ti doped MCM-41, and much lower than with TS-1 [72,73].

Zeotiles and Zeogrids have been evaluated as catalysts for the
vapor phase Beckmann rearrangement of cyclohexanone oxime.
The nanoslab based materials typically afforded >99% conversion
with a selectivity to e-caprolactam of 82-89%, which is equivalent
to the performance of reference silicalite-1 catalyst [74]. The shape
selectivity of the MFI zeolite pore architecture has been thought
to be essential for achieving high selectivity in this particular reac-
tion. After 36 h on-stream the conversion was still >90%. Zeotile and
Zeogrid catalysts could be regenerated by oxidation in a stream
of O, at 350°C. In this reaction, the MFI zeolite properties of the
Zeogrids and Zeotiles were exploited.

3. Conclusions

In adsorption and diffusion Zeogrids and Zeotiles display a
combined effect of ultramicroporosity in nanoslabs and supermi-
croporosity and mesoporosity in interstitial spaces. The presence of
micropores gives rise to molecular shape selectivity in the separa-
tion of mixtures of linear and branched alkanes. The hydrophobicity
of the micropores is evident from pervaporation experiments with
alcohol/water mixtures. The ultramicropores and mesopores lower
the mass transfer resistance compared to zeolite materials in chro-
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matographic packings and membranes. The precise mesoporosity
and the availability of micron size spherical particles enabled chro-
matographic separation of peptide mixtures. Removal of CO, from
gas mixtures using Zeotile-2 or Zeogrid membrane is an attractive
feature.

Aluminosilicate and titanosilicate versions of Zeogrids and
Zeotiles are active in heterogeneous catalysis. In the hydroisomer-
ization of decane and selective diisopropylation of naphthalene to
2,6-diisopropylnaphthalene Zeogrids are more selective than ultra-
stable Y zeolite reference. In these acid catalyzed conversions of
relatively large molecules the wide surface pockets of nanoslabs
composing the Zeogrid are thought being the responsible for the
superior catalytic behavior. A weaker acidity in nanoslab based
materials compared to fully grown zeolite crystals revealed in cat-
alytic cracking can be tentatively explained by a relaxation of bonds
in zeolitic particles measuring hardly 1.4nm in one dimension. In
epoxidation reactions of 1-hexene and cyclohexene with tertiary
butyl peroxide in hydrophobic media, titanosilicate Zeogrids are
active catalysts. In the Beckmann rearrangement of cyclohexanone
oxime Zeotiles and Zeogrids exhibit activity and selectivity simi-
lar to silicalite-1. In most of the investigated molecular separations
and catalyzed reactions, Zeogrids and Zeotiles behave differently
from reference zeolites and ordered mesoporous materials. The
dual porosity of Zeogrids and Zeotiles presents particular advan-
tages.
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