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Introduction

Zeolite molecular sieves are representative of crystalline
microporous solids. According to the pore size, zeolites are
classified into small-pore (pore size < 0.5 nm), medium-
pore (pore size 0.5-0.6 nm), and larger-pore (pore size 0.7-

0.8 nm) types. Typical representatives of the different
types are zeolite A, ZSM-5, and the faujasite (X and Y),
respectively. The main characteristic of zeolites is that the
tetrahedral primary building blocks are linked through
oxygens, producing a three-dimension network contain-
ing channels and cavities of molecular dimensions with
fixed geometry and size. The structural diversity of
zeolites is responsible for a wide range of interesting
zeolite properties such as ion-exchange capacity, specific
adsorption behavior, and catalytic activity due to acidity.
Zeolites are probably the most important heterogeneous
acid catalysts used in industry. The majority of the world’
s gasoline is produced by the fluidized catalytic cracking
(FCC) of petroleum using zeolite catalysts. However,
zeolites present a configurational regime of diffusion,” the
sole presence of micropores (width < 2 nm) restrict the
diffusion rates of reactant and product, limiting the activ-
ity of zeolite catalysts for certain reactions.?



As in a mesoporous media exposed to the gas phase
diffusivity is inversely proportional to the pore diameter,
donation of mesopores to zeolites are capable of increas-
ing diffusion coefficients more than two orders of magni-
tude.” Donating mesopores (width 2-50 nm) to zeolites
could lead to significantly improved properties as compar-
ed to conventional zeolite catalysts, which have very
recently been shown in the alkylation of benzene with
ethane using mesoporous zeolite single crystals.®> Even in
environmental catalysis, the NOx conversion over the Co/
MFI-type zeolite through structural transformation of
CTA*-MCM-41 was much higher than that over conven-
tional Co/ZSM-5 catalyst supports that presence of larger
pores in the zeolites is helpful for the mass transfer of
reactants and reaction products across the pores.*

In view of the intrinsic scientific interest and industrial
importance of mesoporous zeolites, considerable effort has
been directed into mesoporous zeolite synthesis.’~** Post-
synthesis treatments of present zeolites give certain
mesoporosity due to the presence of defect sites in the
zeolite framework upon post-treatment. It was reported
that this treatment did not provide zeolites having
mesopores uniform in size and lattice position.®*~” BJH
adsorption pore size distributions of ZSM-5 upon alkaline
post-treatment only showed a very diffuse broad peak.®’
Jacobsen et al. prepared ZSM-5 of a wide pore size
distribution of 10 nm to 100 nm and mesoporous ZSM-5
with pores of 12 ~ 30 nm diameters respectively by
macrotemplating with carbon black particles and by im-
pregregnating them with multiwall carbon nanotubes.®!
Kim et al. proposed nanocasting with colloid-imprinted
carbons as templates for preparing nanosized ZSM-5
crystals with some interparticle mesopores.*?)

Template synthesis has been realized for preparation of
new designed materials and recently there have been
active developments in the template synthesis for the
preparation of new nano-structured materials. Many
nanoporous carbons have been synthesized with the use of
ordered mesoporous silica as molds, and on the contrary,
nanoporous silica materials have been prepared using
porous carbons. This paper describes synthesis and charac-
terization of zeolites of uniform mesoporous channels
through templating method using carbon aerogels.

Experimental

Carbon aerogels. The carbon aerogels were prepared
using the Pekala method. They are the pyrolyzed version
of the resorcinol-formaldehyde aerogels derived from the
sol-gel polymerization of resorcinol and formaldehyde
with a slight amount of sodium carbonate as a basic
catalyst. The molar ratio of resorcinol to catalyst was 200.

The resorcinol-formaldehyde aerogels were dried under a
supercritical condition with CO,. After pyrolysis of resor-
cinol-formaldehyde aerogels under nitrogen flow at 1323
K, the carbon aerogels are obtained in a monolithic form.

Zeolites of Uniform Mesoporous Channels. The prepa-
ration of zeolites of uniform mesoporous channels is based
on established procedures.'?'® It consists of three steps:
(1) Preparing zeolite precursor of an aluminosilicate solu-
tion. (2) Introducing the zeolite precursor into the mesopor-
es of carbon aerogels. (3) Synthesizing zeolite in the inert
mesopores of carbon aerogels, and then separating the
zeolite crystals from carbon aerogels by heating the prod-
ucts in O, at 823 K for 18 h. An aluminosilicate solution
from tetraethyl orthosilicate (TEOS) and aluminum iso-
propoxide [Al(iPrO);], and NaOH, H,O, and tetra-
propylammonium bromide (TPABr) with composition
(molar basis) 10 Na,O: 200 SiO,: Al,Os;: 20 TPABr:
16000 H,O is used for preparation of ZSM-5 of uniform
mesoporous channels ; while a clear aqueous solution with
a mole composition of 1.00Al,0; : 4.35Si0, : 2.39(TMA),
O: 0.065Na,O : 248.00H,0 from Al(iPrO)s, silica sol (SiO,,
309%), tetramethylammonium hydroxide pentahydrate
(TMAOH-5H,0), NaOH, and H,O is used for preparation
of zeolite Y of uniform mesoporous channels.

For comparison purpose, zeolite ZSM-5 and zeolite Y
were synthesized on the same conditions without carbon
aerogels.

Characterization methods. The nitrogen adsorption
isotherms were measured at 77 K using a gas adsorption
analyzer (Quantachrome Autosorb-1). Samples of zeolites
were preheated at 623 K for 12 h under a vacuum of 10~*
Pa prior to the adsorption measurement, while carbon
aerogels were evacuated at 107* Pa and 383 K for 2 h. The
powder X-ray diffraction patterns were acquired on a
MI18XHF X-ray automatic diffractometer (MacScience
Co.) using a monochromatized X-ray beam from nickel-
filtered CuKe (0.154050 nm) radiation and operated at 40.0
kV and 200.0 mA. The Fourier transform infrared (FT-IR)
absorption spectra in the zeolite framework vibration
region were obtained with FT/IR-410 spectrometer
(JASCO Co.) using the KBr pellet technique. The thermo-
gravimetric analysis (TGA) of the samples was performed
on TG/DTA 6200 (Seiko Instruments Inc.) upto 1273 K in
a mixture flow of oxygen and nitrogen of 200 mL/min.

Results and Discussion

Pore Structures of Carbon Aerogels. The structures of
carbon aerogels depend on the agglomerate structures of
uniform spherical carbon particles. Adsorption and desorp-
tion isotherms of N, on a carbon aerogel at 77 K show IV
type isotherms and clear hysteresis loops of type H1 (Fig-



ure 1). This feature is typical of mesoporous materials that
exhibit capillary condensation/evaporation and have large
pore sizes with narrow pore size distributions. The
mesopore size distributions are calculated with the Dol-
limore-Heal (DH) method of the N, adsorption isotherm
and the N, desorption isotherm, respectively, as shown in
Figure 2. The surface area of carbon aerogels was 1330 m?
g~! mesopore volume was 3.15 cm® g~! (the micropore
volume was 0.19 cm?® g71).

The carbon aerogels are usually studied as adsorbents
for hydrogen fuel storage, catalyst support, electric double
layer capacitors, and materials for chromatographic sepa-
ration. Since carbon aerogels have uniform nanopore
structures and great pore volume, they can be used as
template for the synthesis of mesoporous zeolites.
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Fig. 1 Adsoption/desorption isotherms of nitrogen on

zeolites, mesoporous zeolites and carbon aerogols
at 77 K. Upper: ZSM-5 and mesoporous ZSM-5
(meso-ZSM-5), Middle : zeolite Y (NaY) and meso-
porous zeolite Y (meso-NaY), and Lower : CA.

Crystal Structures of Zeolites of Uniform Mesoporous
Channels. The crystal structures of mesoporous zeolites
were examined using X-ray diffraction and the Fourier
transform infrared (FT-IR) absorption spectroscopy. The
X-ray diffraction pattern of ZSM-5 was in agreement with
that of mesoporous ZSM-5 (Figure 3), and in FT-IR spec-
trum of the framework absorption region (1500-300 cm™)
of mesoporous ZSM-5 absorption bands were observed at
1224 (shoulder), 1150-1050 (strong), 795 (weak), 550 (weak
to medium) and 455 (strong) cm™!, indicating the MFI-type
structures of the products. ?*Si-MAS nuclear magnetic
resonance spectroscopy showed the mesoporous ZSM-5
had the same number of acid sites as conventional zeolite
ZSM-5. To determine the best conditions for the removal

of carbon aerogel templates, TGA of the composites of
ZSM-5 and carbon aerogels were performed in a mixture
flow of oxygen and nitrogen, as shown in Figure 4. TGA
data showed that total weight loss occurred at 773 K after
water desorption, corresponding to the removal of carbon
aerogels. As neither weight loss nor DTG peak is observed
above 773 K, the TGA examination indicates the absence
of carbon aerogel in mesoporous ZSM-5 after removal of
template under the experimental burning conditions.

The X-ray diffraction pattern of zeolite Y was also in
agreement with that of mesoporous zeolite Y (Figure 3),
and in FT-IR spectrum mesoporous zeolite Y samples
contains bands at 570 and 470 cm™'. The band at 470 cm™!
is assigned to structure-insensitive T-O bending modes for
tetrahedral TO, units (T =Si or Al), while the band at 570
cm™! is attributed to the double ring external linkage peak
associated with the FAU structure. TGA data for the
composites of zeolite Y and carbon aerogels showed that
most of the weight loss occurred between 733 and 803 K in
a mixture flow of oxygen and nitrogen, corresponding to
the removal of carbon (Figure 4). At a temperature lower
than 733 K, a slight weight loss of the composites is
ascribed to water desorption and decomposition or volatil-
ization of TMA. TGA data confirm that no carbon aeogel
template is left in the samples.

Pore structures of Mesoporous Zeolites. The 77 K

1 -1

3

dv/dw[em’nm g |

0 20 40 60 80 100
w[nm]

Fig. 2 Mesopore size distributions of mesoporous zeolites
and carbon aerogels. Upper : mesoporous ZSM-5,
Middle : mesoporous zeolite Y, and Lower : CA. w=
pore width. The solid lines and the broken lines are
data respectively due to the adsorption and desop-
tion branches.
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Fig. 3 X-ray powder diffraction patterns of mesoporous
zeolites and corresponding zeolite references.
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Fig.4 TG/DTG curves in a mixture flow of oxygen and
nitrogen for the composites of ZSM-5 and carbon
aerogels (Upper), and the composites of zeolite Y
and carbon aerogels (Lower).

nitrogen adsorption isotherms of ZSM-5 and zeolite Y as
standards basically belong to IUPAC type I (Figure 1). The
predominant adsorption of each zeolite finishes below P/
P,=0.02, which is characteristic of uniform microporous
solids. By comparison of nitogen adsorption isotherms of
both mesoporous ZSM-5 and mesoporous zeolite Y with
those of corresponding standard zeolites (Figure 1), the
following features are noted : (1) The same steep uptakes
below P/P,=0.02, (2) Much larger adsorption amounts
near P/P,~1, (3) Hysteresis loops above P/P,=0.6. The
hysteresis loops at higher relative pressure evidence the
presence of mesopores. The nitrogen adsorption/desorp-
tion isotherms suggest the co-existence of micropores and
mesopores in the mesoporous zeolites. The mesopore size
distributions are calculated to be very narrow as shown in
Figure 2. The surface area of mesoporous ZSM-5 was 385
m? g~!, mesopore volume was 0.2 cm® g~!, and mesopore
size was 11 nm calculated from adsorption isotherm (9 nm
from desorption isotherm); while the surface area of
mesoporous zeolite Y was 581 m? g~!, mesopore volume
was 1.37 cm® g7!, and mesopore size was 10 nm calculated
from adsorption isotherm (8 nm from desorption isotherm).
The micropore sizes (Saito-Foley analysis) and volumes of

these mesoporous zeolites are calculated to be comparable
to those of corresponding standard zeolites. The micropor-
e size and volume of zeolite originate from the intrinsic
crystalline structure. Since these mesoporous zeolites have
almost the same high crystallinity as corresponding stan-
dard zeolites, they should have roughly the same micropor-
e volume as their standard zeolites. The mesopore size
distributions of these zeolites are very narrow with max-
ima at ca. 10 nm, which almost corresponds to thickness of
the pore wall width of carbon aerogel template, indicating
rigid-structure casting.

Conclusions

Zeolite ZSM-5 and zeolite Y of uniform mesoporous
channels have been synthesized by use of the template
route method with carbon aerogel template. Characteriza-
tion with X-ray diffraction and FT-IR spectroscopy com-
bined with ?°Si-MAS nuclear
spectroscopy indicate that the basic cell structures are

magnetic resonance
invariant within the mesoporous zeolites, hence they must
have the same number of acid sites as conventional
zeolites. Analysis on N, adsorption/desorption isotherms
show that they have very narrow mesopore size distribu-
tions, thus the mesoporous zeolites have bimodal pore size
distributions with micropores and mesopores. Due to the
upgrading performances of mesoporous molecular sieves
and zeolites, zeolites of uniform mesoporous channels are
receiving considerable attention towards their use in many
commercial applications such as cracking of heavy oil
fractions, cumene production and alkane hydoisomeriza-
tion, and the novel framework compositions of the zeolites
of uniform mesoporous channels allow applications in
non-traditional fields. Finally, this methodology is not
limited to preparation of the discussed mesoporous
zeolites; we can also extend this mesopore templating
method to other zeolites. NaA of mesopores can be prepar-
ed by use of aerogels as the template.
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