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Assemblies of Mesoporous FAU-Type Zeolite Nanosheets**

Alexandra Inayat, Isabel Knoke, Erdmann Spiecker, and Wilhelm Schwieger*

Hierarchical porous materials are of great scientific as well as
technological interest because the presence of porosity on
different scales has the potential to affect the transport
characteristics of molecules within the pore system. The
targeted design of the pore hierarchy in such materials will
result in improved performance in transport-based applica-
tions, such as adsorption, catalysis, and separation.-

Hierarchical materials containing zeolites, combine char-
acteristics of systems with pore sizes on at least two different
length scales>* Compared to the allover microporous
channels in conventional zeolite crystals, such hierarchical
pore systems, with wide transport pores intersecting the
micropore network like motorways linking a narrow road
system, are already proven to reduce diffusion limitations for
molecules within zeolitic catalysts.F'%) While for high-silica
zeolites, such as ZSM-5, several methods for incorporating
additional transport pores were developed during the past few
years,>*! such a substantial collection of approaches is not
available for low-silica zeolites. Herein, we present the
synthesis and characterization results of Faujasite (FAU)-
type zeolite X (Si/Al<1.5) grown as house-of-cards-like
nanosheet assemblies with intracrystalline mesoporosity.
The resulting pore system covers all three pore size levels
(micro-meso-macro) in a hierarchical interconnection.

The reduction of diffusion limitations in microporous
zeolites can be achieved by the creation of intracrystalline
transport pores (in the meso or macro pore range) or by the
reduction of the zeolite crystal dimensions itself."!! Zeolite
crystals with additional meso (or in few cases macro)'? pores
can be produced by different methods, ™™ for example,
desilication by an alkaline post-treatment"*!! or by the use
of hard!"®!'"! and soft"® ' templates during zeolite synthesis.

However, all the methods are usually limited to a certain
group of zeolites or just to a special zeolite type. For example,
for zeolites with a Si/Al molar ratio below about 15,
desilication is not an appropriate method for the introduction
of additional transport pores.® Thus, it is very challenging to
introduce transport pores into low-silica (high aluminum
content) zeolites. To date, only the low-silica zeolites LTA and
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SOD could be synthesized with intracrystalline mesoporosity
by soft-templating with organosilane surfactants such as 3-
(trimethoxysilyl)propyl hexadecyl dimethyl ammonium chlo-
ride (TPHAC).['"?! There are a few reports on the synthesis
of mesoporous FAU-type zeolite Y, either by using carbon
aerogel as a hard template,'”” by steaming,” or by a
combined acid-base post-treatment.”? With the acid-base
technique a threefold hierarchical pore system, combining the
zeolitic micropores and two ranges of mesopores, was
obtained with a resulting Si/Al molar ratio of around 20.
But owing to the underlying extraction mechanism, this
combined acid-base post-treatment is (as well as the single
alkaline post-treatment) not suitable for introducing meso-
pores into low-silica zeolites with Si/Al molar ratios close to 1.

Furthermore, all the examples reported for hierarchical
zeolites involve either a micro/mesol’>!*1"1%22 or a micro/
macrol'? pore size combination, but to our knowledge there is
no zeolitic material which combines pores of all three (micro-
meso-macro) size levels hierarchically interconnected within
one particle.

In fact, for Faujasite-type zeolite X, a highly hydrophilic
large-pore zeolite with a pore diameter of about 0.74 nm and
with a low Si/Al molar ratio of 1.0-1.5, a successful method for
the creation of additional transport porosity has not been
reported up to now. This limitation is a drawback, especially
from the viewpoint of using renewable feedstocks for the
production of so-called new platform chemicals. Such pro-
cesses usually involve the transformation of larger molecules,
such as fatty acids or sugars. In this area especially basic
catalysts such as zeolite X/**! are of high importance, for
example for transesterification reactions.?*! Thus it seems to
be an essential task to design the properties of such catalysts
according to the future demands. Consequently, our major
aim was to find a facile synthesis pathway for the implemen-
tation of additional transport porosity in Faujasite-type
zeolite X.

For the synthesis of the mesoporous zeolite X nanosheets
the organosilane template TPHAC was used. The as-synthe-
sized material was designated NaX-T, and after template
removal by calcination as NaX-T-cal. For comparison purpose
a conventional microporous zeolite X (NaX-R, NaX-R-cal)
was synthesized using the same synthesis conditions and
composition but without TPHAC. As can be seen from the
powder X-ray diffraction (XRD) patterns in Figure 1, the
reflections of both synthesis products could be attributed to
the Faujasite structure and were indexed accordingly.*®!

Competing crystalline phases such as zeolite LTA and
zeolite P (GIS structure) were not observed. Furthermore,
the absence of a halo between 20=25-30° in the XRD
patterns as well as the absence of sponge-like material in the
SEM pictures in Figure 2 indicate the absence of amorphous
material. Elemental analysis gave a Si/Al molar ratio of 1.2

Angew. Chem. Int. Ed. 2012, 51, 1962-1965



1 23 3 54 65 56 785869 6
1 21 3 14 23 54 325461 6
1 01 1 10 03 12 3250 43 6
150 ’ ‘ ‘ ‘ |
T 100 MJMM—A—/ NaX-R
/

50 JMW NaX-T
0 ? LMWMN NaX-T-cal

5 10 15 20 25 30 35 40
2 thetal®° —>

Figure 1. X-ray diffraction patterns of the reference zeolite X sample
(NaX-R) and the nanosheet sample, as-synthesized (NaX-T) and
calcined (NaX-T-cal).

Figure 2. SEM pictures with different magnifications of a—c) calcined
conventional (reference) zeolite X (NaX-R-cal) and d—f) hierarchical
zeolite X (NaX-T-cal).

for both NaX-R-cal and NaX-T-cal, which is in the expected
range of 1.0-1.5 for Faujasite-type zeolite X.

The SEM images in Figure 2 show a morphological
comparison between the conventional zeolite X crystals
(NaX-R-cal) and the zeolite X sample synthesized in the
presence of TPHAC (NaX-T-cal). NaX-R-cal crystals have a
compact octahedral shape which is typical for zeolite X.”” In
contrast, NaX-T-cal consists of ball-shaped house-of-cards-
like nanosheet assemblies. These nanosheet balls have a
larger diameter (ca. 9 um) than the conventional zeolite X
crystals (ca. 4 um), but the triangular form of the crystal faces
is still recognizable in the triangular arrangement of the
zeolitic nanosheets (see Figures 2b,e).
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Note that the formation of zeolitic nanosheets induced by
the use of TPHAC has not been observed with any other
zeolite type.'s 2" In these other cases the presence of TPHAC
led to the formation of quite compact zeolite crystals (SOD,
MFI, or LTA) with intracrystalline mesoporosity.'*?! Nano-
sheet assemblies similar to those observed herein for zeoli-
te X (Figure 2) but without intracrystalline mesoporosity
were only reported for MFI-type zeolite syntheses using the
diquaternary ammonium-type surfactant C,,H,s-N*(CHj;),-
C¢H,,-N*(CHj;),-C¢H,;.”) The reason for this different behav-
ior in the case of zeolite X might be an interplay between the
surface activity of the TPHA" molecules and the charge-
balancing effects of the inorganic cations in the given
synthesis composition, which respectively, lead to the for-
mation of micellar assemblies and direct the zeolite crystal-
lization into a twinned crystal growth. Such twinning is known
from various crystal types, for example, gismondine (zeoli-
te P).1%®!

Nitrogen physisorption isotherms and pore size distribu-
tion curves of the calcined nanosheet assemblies (NaX-T-cal)
and of the reference zeolite X sample (NaX-R-cal) are
depicted in Figure 3.
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Figure 3. Nitrogen physisorption isotherm (top) and derived pore size
distribution curves (bottom) of conventional zeolite X (NaX-R-cal, m)
and the nanosheet assemblies (NaX-T-cal, 0).

As expected, the calcined reference zeolite X sample
(NaX-R-cal) shows a type I isotherm according to the [IUPAC
classification, typical for completely microporous materials.
In contrast, the isotherm of the calcined zeolite X nanosheets
(NaX-T-cal) shows a significant increase of the adsorption
branch between 0.4 and 0.8 p/p, and a pronounced hysteresis
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loop. This type IV isotherm is typical for mesoporous
materials. Accordingly, the pore size distribution curve of
the zeolitic nanosheets exhibits mesopores with a most
frequent pore diameter of around 7 nm. The texture data of
both samples are summarized in Table 1. It can be seen that

Table 1: Texture data (pore volume V, specific surface area S, most
frequent mesopore diameter d,) from nitrogen physisorption.

Sam Ple Vmicro Vmeso Vtotal sBET/ sDR sext dP
[cm’g™] [em’g™] [em’g™] [m’g”] [m’g’] [nm]

NaX-R-cal 0.32 0.04 0.36 812/853 11 -

NaX-T-cal  0.26 0.20 0.50 724/763 130 7.0

the calculated micropore volume of the mesoporous nano-
sheets is lower than that of the compact zeolite X crystals
(NaX-R-cal) whereas their external surface area S.,, meso-
pore, and total pore volume are much higher, which is in
agreement with the observations made by other authors after
the introduction of mesoporosity into microporous zeo-
lites.[®?)

To specify the location of the mesopores in the calcined
nanosheets (NaX-T-cal), this sample was investigated by
means of transmission electron microscopy (TEM). In
Figure 4, images of the samples NaX-T-cal (Figure 4a-c)
and NaX-R-cal (Figure 4d-f) are shown. Special care was
taken to keep the electron dose low to avoid amorphization of
the samples.

Figure 4. TEM images of the mesoporous zeolite X nanosheets (NaX-
T-cal, top row a—c) and of the conventional non-mesoporous zeolite X
(NaX-R-cal, bottom row d—f): a) overview, b) enlarged area of a nano-
sheet showing mesopores, c) high-resolution image with Fast Fourier
Transform (FFT) inset ([111] zone axis), d) overview, e) enlarged area,
f) high-resolution image with FFT as inset ([110] zone axis). Squares in
one image show the area enlarged in the next image.

The overview images Figure4a and 4d confirm the
morphology of the zeolites as seen by SEM (Figure 2).
NaX-T-cal shows mesopores in the nanosheets (Figure 4b).
The image has been taken with objective aperture and a slight
underfocus to enhance the bright contrast of the mesopores.
The mesopores show a rather narrow size distribution with
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pore diameters of about 8 nm which is in good agreement with
the nitrogen physisorption results of approximately 7 nm
(Figure 3, bottom). The arrangement of the mesopores in the
nanosheets can be seen from the high-resolution image
Figure 4c taken in [111] zone axis. This image also shows
the hexagonal array of the zeolitic micropores. Hence, it can
be concluded that the zeolitic nanosheets contain intracrystal-
line mesopores. The TEM images of the conventional
zeolite X sample NaX-R-cal (Figure 4e,f) were taken to
ensure that the observed mesoporosity in the nanosheets
was not caused by the electron beam during measurement.
Comparison of the high-resolution image Figure 4 f taken in
the [110] zone axis with that of sample NaX-T-cal (Figure 4c)
confirms that both samples have the same crystal structure,
but that the conventional zeolite X (NaX-R-cal) does not
have any mesopores.

In summary, it was shown that Faujasite-type zeolite X
crystals can be synthesized with a unique, threefold hierarch-
ical pore system. This pore system is constructed of zeolitic
nanosheets in a house-of-cards-like assembly with wide
macroporous interstices between the nanosheet stacks.
Within each nanosheet there are intracrystalline mesopores
with diameters of around 7 nm from which the zeolitic
micropores (0.74 nm wide pore openings) can be accessed
(Figure 5). This hierarchical pore arrangement connects the
zeolitic micropores through the mesopores and macroporous
channels (interstices between the nanosheets) with the out-
side medium. The accessibility of the micropores and the
zeolite surface from and to the outside (see arrows (a) and (b)
in Figure 5) has been greatly improved. Thus, this new zeolitic
material might have great potential for use as an adsorbent or

e ———————>p
~200 nm

~7nm

Figure 5. Schematic representation of the three different hierarchy
levels in the pore structure of the mesoporous zeolite X nanosheet
sample (NaX-T-cal), 200 nm =macropores; 7 nm =mesopores;

0.74 nm = micropores; arrows on the right hand side: possible flow
paths within the hierarchical pore system: route a) macro-meso-micro,
route b) macro-micro.
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a catalyst in processes involving diffusion-limited steps for a
wide variety of larger molecules.

Experimental Section

For the synthesis of zeolite X sodium silicate solution (mass%:
26.5S8i0,, 8.3Na,0, 65.2H,0, Merck), NaOH (97 %, Merck) and
distilled water were mixed at room temperature before sodium
aluminate solution (mass%: 19.1 AL,O;, 19.8Na,0O, 61.1H,0, Siid-
Chemie AG) was added under vigorous stirring. After the mixture
was stirred for 1h at 1300 rpm, TPHAC (50 mass% methanolic
solution, synthesized according to Ref. [30]) was added. The obtained
gel with molar composition 1AL O; : 3.5Na,O : 3SiO, : 180H,0 :
0.06 TPHAC was aged for 1 day at room temperature and statically
crystallized in polypropylene bottles at 75°C for 4 days in a
convection oven. Afterwards the product was isolated by vacuum
filtration, washed with distilled water until pH 8 and dried at 75°C
(sample denoted as NaX-T). The organic template was removed by
calcination in a muffle furnace at 650°C in 80 mLmin™" air flow with a
heating ramp of 2 Kmin™' and an isothermal step of 8 h. White
powders were obtained (NaX-T-cal). A reference sample (NaX-R,
NaX-R-cal) was produced in the same way as described above, but
without TPHAC.

Powder XRD patterns were recorded in a Philips X'pert Pro
diffractometer operated at 40 kV and 40 mA using CuK,, radiation in
steps of 0.02° with a sampling time of 1 s per step.

SEM pictures were recorded with the electron microscope
ULTRASS (Carl Zeiss MST AG). TEM measurements were per-
formed with a Phillips CM300-UT transmission electron microscope
operating at an acceleration voltage of 300kV. Samples were
dispersed with isopropanol on a lacey carbon film and dried over
night at 110°C.

Nitrogen physisorption was conducted at 77 K in a Quantach-
rome Quadrasorb SI instrument. Prior to the measurements the
samples were outgassed for 12 h at 300°C under vacuum. Pore size
distribution curves were calculated from the adsorption branch of the
isotherm according to the Quantachrome DFT kernel for nitrogen at
77 K in cylindrical silica pores. Micropore volumes were determined
as the DFT cumulative pore volume for pores below 2 nm pore
diameter. The mesopore volume was obtained as the DFT cumulative
pore volume for pores between 2 and 50 nm pore diameter. The total
pore volume was calculated from the adsorption point at 0.99 p/p,.
Specific surface areas were obtained from the Brunauer-Emmet—
Teller (BET) equation in the linear range between 0.01 and 0.20 p/p,
and from the Dubinin—-Radushkewich (DR) method. The external
surface area is regarded as the difference between total surface area
(Sger) and micropore surface area and was calculated using the t-plot
method (t-plot in the linear statistical thickness range between 0.5 and
0.7 nm).

For elemental analysis inductively coupled plasma optical
emission spectroscopy (ICP-OES, instrument Plasma 400, Perki-
nElmer, USA) was used.
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