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Abstract: ZSM-5 zeolite nanofibers with a size of 90 nm and lengths up to several micrometers were
prepared via in-situ silicon carbide support self-transformation. The morphology and aggregation degree
of these zeolite nanofibers could be modified by adjusting the pH conditions, the nature of the mineralizer
(OH~ or F7), or the synthesis duration. The novelty consists of the preparation of zeolite nanowires without
the use of any organogelating agent, along with controlled macroscopic shapes (extrudates, foam monolith)
for direct use as a structured reactor. Finally, these materials are catalytically active in the conversion of
methanol to gasoline range hydrocarbons (MTG process) and hence exhibit the typical solid acidity of
zeolitic materials.

Introduction The synthesis of nanocrystalline ZSM-5 zeolite has been
Zeolites are among the most used heterogeneous catalyst§€cently reported by several grous:® However, it is quite

for the petrochemical industry, especially for cracking and difficult to separate zeolite nanocrystals {00 nm) from the

alkylation processes3 Recently, zeolites became valuable r€action medium, and thus specific filtrationentrifugation

catalysts for the synthesis of fine chemicals like fragrances and devices need to be used. Indeed, the small size of these zeolites
pharmaceuticals with low waste release compared to the Ninders their use in a fixed-bed configuration because of the

homogeneous mode® In addition, the zeolite catalyst can be Pressure drop created along the catalyst bed. The powdered
recovered by means of filtration which represents a cost 2&0lite could also be coated on a macroscopic shape by addition
effectiveness compared to liquidiquid separations in the case of an inorganic binder (clay, silica, alumina), following extrusion

of a homogeneous medium involving Bisted and Lewis acids. to yield cylindrical pellets. The main drawbacks are the loss of
In general, zeolites contain a large amount of micropores ( the effective surface area of the zeolite because of the presence

nm) which can induce diffusion limitations. Hence, secondary of the binder and diffusion I?mitati_ons. In some cases, the binder
reactions can be promoted if the diffusion of reactants and could also undergo reaction with the reactants or products
products throughout the zeolite channels and cavities controls'€@ding to a decrease of the overall selectivity.

the kinetics of the process. Generally, the acidic condensation 1€ use of structured reactors in catalysis has become a major

of the products, leading to the formation of carbon deposits field in catalysis during the past decadén combination with
inside the zeolite channels, is the most frequent case of Studies devoted to find new active phase formulations, numerous

deactivation. To overcome diffusional limitations, several works research has also been focused on the development of structured
have been devoted to the reduction of the zeolite crystal’size, COMPOSites (catalyst support) to improve the reactor hydro-

introduction of mesoporosifjincrease of the zeolite pore size, dynamics and, hence, the catalytic performance for several
or the use of an inert support to decrease the layer of reactionst’~1° Thus, structured zeolitic catalysts were prepared

diffusion 12 via a binderless hydrothermal synthesis on métafs2> or
ceramics3-28 In spite of a reduced pressure drop, and improved
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heat and mass tranfers when compared to extrudated pellets o
powdered microgranules, the industrial applications of these
structured materials remain limited. This is either due to the

lack of support inertness or to a nonsufficient mechanical and
chemical stability.

Silicon carbide exhibits the intrinsic properties which are
required to become a valuable candidate as zeolite support: higr
thermal conductivity and mechanical strength, high resistance
toward oxidation, chemical inertness, and ease of shafittg.

All these advantages tend to indicate that SiC support can
replace classical supports such as alumina, silica, or carbon,
especially in highly endothermic or exothermic reactighs!

The aim of the present article is to report the synthesis of
ZSM-5 crystals directly grown from the silicon carbide surface
as a catalyst for petrochemical applications. Several different
strategies have been employed to allow the zeolite to grow
including direct growtt¥2 template-assisted methotfr self-
assembly*35Recently, silicalite-1 nanocrystals have been used
as building blocks to prepare organized zeolite structures, such
as thin films and fibers.One can expect that the formation of
films or fibers will improve the efficiency of zeolites in many
current applications and will open the door to new kinds of
investigation. Moreover, it is expected that the combination of
the high thermal conductivity of silicon carbide and the one-
dimensional zeolite network could give rise to a new kind of
nanomaterial with interesting catalytic properties. The methanol-
to-gasoline (MTG) reaction was chosen as a test reaction, since
the size and shape of the zeolite crystals, together with the
methanol partial pressure and the residence time, govern the
selectivity toward light olefins or saturated hydrocarbéhs.

Experimental Section

p-SiC Support Characteristics. Silicon carbide was prepared by
the gas-solid reaction between solid carbon and SiO vapors in the
temperature range 1260400 °C according to the shape memory
synthesis developed by Ledoux et?al’* This method allows the
synthesis of silicon carbide with different sizes and shapes, depending

LI

. "“ :
Figure 1. [3-SiC macroscopic shapes: extrudated pellets and different open-
cell foams (a). High-resolution SEM image of the SiC surface (b).

on their subsequent uses, and having specific surface areas (SSA) ugnacroscopic shapes used: extrudated pelletg @ mm in size) or

to 150 n¥/g. SiC was used in it§-crystalline structure since the SSA
is higher than the one from-SiC3° Figure 1 presents thg-SiC
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open-cell foams (2% 40 mm in size). Prior to the synthesis, the support
was calcined at 900C for 2 h toform a nanoscopic layer of Si®n

its surface (10 wt %). This layer will provide the reservoir of nutrient
SiO;, for the zeolite synthesis. Figure 1 also presents a scanning electron
microscopy (SEM) micrograph of the silicon carbide surface.

Zeolite Coating Preparation. The SiC support (6 g, extrudates or

foams) was placed in a Teflon-lined stainless steel autoclave (70 mL)
filled with 50 mL of the synthesis mixture.

Hydroxide-Mediated Route. The synthesis mixture was prepared
by mixing deionized water and template (TPAOH 1M, Sigma-Aldrich)

and by stirring for 10 min. The precursor solution was achieved by
stirring the mixture after an addition of sodium hydroxide (NaOH, 98%,

Fluka) for 15 min. Then, sodium aluminate (NaAl®iedel de Han)

was added and the solution was stirred for another 15 min. The reactants
were mixed according to the following composition: NaAITPA-

OH:NaOH:H0 =1:56:14:7714, respectively. Then, {BeiC support

was placed in the solution. The nanoscopic layer of silica ofpH®C
support provides the silicon source, thus inducing a substrate self-
transformation following the strategy developed elsewR&teThe
synthesis was performed at 17CG under autogenous pressure. The
synthesis duration was varied between 72 and 670 h. After hydrothermal
synthesis, the solid material was dried at 200 The organic template
was removed by treating the material in air at 5@ for 5 h. The
composite was then ion-exchanged with an aqueous 1 mdNH,CI
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solution (100 mL) for 16 h at 86C and was subsequently calcined at Results and Discussion
500 °C for 5 h toproduce the H-form of the zeolite.

Fluoride-Mediated Route. The synthesis mixture was prepared by ] . . . .
dissolving the organic template (TPABr, 98%, Aldrich Chemie) in of as-synthesized materials gASIC extrudates as a function

deionized water and by stirring for 10 min. The precursor solution was of the syr'1the3|s duration are presented in Elgure 2. The color
achieved by stirring the mixture after an addition of ammonium fluoride ©f the/-SiC substrate changed from gray to light gray after the
(NHJF, 98%, Fluka) for 15 min. Then, sodium aluminate (Naglo  Synthesis, indicating a modification of the surface, probably via
Riedel de Han) was added and the solution was stirred for another 15 the coverage by a new material. By elemental analysis of this
min. The reactants were mixed according to the following composi- new material with Energy-Dispersive X-ray Analysis (EDAX),
tion: NaAlO,: TPA-Br:NHsF:H,O = 1:6:184:6538, respectively. Afew  a Si/Al ratio of 30 was found, thus confirming Al introduction.
drops of hydrofluoric solution (40 wt %) were added to decrease the  The low-magnification SEM micrograph of this alumino-silica
alkalinity of the solution to pH= 5. Then, the8-SiC support was placed  material clearly evidenced the formation of a dense weblike

in the solution, and the solution was aged for 3 h. The silica nanoscopic network of nanowires after synthesis duration of 140 h (Figure
surface layer of3-SiC support serves as a nutrient for the silicon source. 2a and 2b)

The synthesis was performed at 165 under autogenous pressure for L . .
147 h. After hydrothermal synthesis, the solid material was dried at Statistical SEM analysis showed that the formed nanowires

100°C. Afterward, the organic template and ammonia were removed have an extremely high hpmogeneﬂy in cﬁameter, 90 nm, with
by treating the material in air at 50T for 5 h. lengths up to tenths of micrometers leading to a high surface-

Characterizations. Specific surface areas (SSA) of the different to-volume r_at'o' The presen_ce of a few crystals Car_] also be
materials were determined bys Bidsorption-desorption measurements ~ detected (Figure 2c). According to the SEM observations, one
at 77 K by employing the BrunaueEmmet-Teller (BET) method could state that a peculiar zeolite morphology was obtained,
(Micromeritics sorptometer Tri Star 3000). Prior te ddsorption, the while using a Si source chemically attached on the macroscopic
sample was outgassed at 3W for 4 h todesorb water and moisture  host structure, indicating a different nucleation and growth
adsorbed on the surface and inside the porous network. mechanism.

X-ray diffraction patterns (XRD) were recorded on a Brucker D8 These alumino-silica nanowires are extremely straight which
Advance diffractometer with a VANTEC detector side and Ni filtered  indicate a preferential direction during the nucleation and growth
Cu Ka radiation (1.5406 A) over arange of 5-50° and a position  process. A longer synthesis duration (335 h) led to the formation

sensitive detector using a step size of 0.82d a step time of 2 s. of some alumino-silicate nanoparticles on the top of the former
Scanning electron microscopy (SEM) micrographs were recorded nanowire network (Figure 2d).

on a JEOL FEG 6700F microscope working at 9 kV accelerating In some regions, numerous nanowires were found to be

voltage. Before observation, the Sar.nple was Cover.ed by a carbon. Ia.yerencapsulated within a crystal (Figure 2e). A further prolongation
to decrease the charge effect during the analysis. For transmission

; - of the synthesis, up to 670 h, led to the transformation of the
electron microscopy (TEM) measurements, the sample was first . . . .
ultrasonically dispersed in an ethanol solution and a drop was depositednanov\”r,eS into rectangular f||msu(§cale). Thege films are
on a copper grid with a perforated carbon film and was rapidly Presentin the form of large plates (Figure 2f), which result from
transferred to a Topcon UHR 002B microscope and was operated atthe€ aggregation of individual nanowires (Figure 2f inset) as
200 kV with a point-to-point resolution of 0.17 nm. The Si/Al ratio  already observed by Song et?al.
was determined by elemental analysis coupled with the TEM chamber.  These results indicate that the zeolite nanowires, observed
27pl (1 = 5/2) magic-angle spinning nuclear magnetic resonance after a short synthesis time (140 h), consist in a metastable phase
(MAS NMR) was carried out on a Brucker DSX 400 spectrometer and slowly merge together to yield a more stable phase such as
operating aBo = 9.4 T (Larmor frequency, = 104.2 MHz). A single crystallites with a lower surface energy constraint. Figure 3 also
pulse of 0.7us with a recycle delay of 300 ms was used for all  evidenced the self-assembly of individual nanocrystals into 1D
expgriments. The spinning frequer_lcy was 10 kHz. Measurements Werenanowires, thus playing the role of starting building blocks for
carried out at room temperature with [Alf€)e]*" as external standard 5 icroscale organization. The self-assembly into nanofibers
reference 2°Si MAS NMR w_als carried out on a Brucker MSL 300 can be due to a thermoconvective instability of nBe-
spectrometer operating By = 7.04 T. . . . .
he Brinsted acidity of the materials was evaluated by using an Marangoni type, induced by a higher ratg of solvent evaporation
T compared to the rate of crystal formati#hHence, the local

H/D isotope-exchange technique, which counts the number-afi O dit t t " trient trati
groups, as reported elsewhéfeThis technique also allows the conditions (temperature, water pressure, nutrient concentrations)

determination of the chemical composition of the as-synthesized Probably induced an isothermal heating-evaporation-induced
composite material (Si/Al ratio, unit cell formula). Self-assembly effect (IHEISA® .

Catalytic Test. The sample of as-grown zeolite nanofibers (140 h) ~ 1he TEM Image fu'rther supports the regular 'nanoflbrou.s
has been tested in the reaction of methanol to gasoline (MTG). The Structure (90 nm in diameter) of the as-synthesized material
reaction was performed at atmospheric pressure and®@0@sing a (Figure 4). The nanowire appears to be extremely thin, taking
fixed-bed quartz reactor packed Wi g of catalyst and a mixture of  into account the clear density contrast observed in the TEM
0.5 mL min* methanol and 60 mL mirt argon. The methanol was  image. Combination of SEM and TEM analyses led to a
fed by means of high-performance liquid chromatography (HPLC) statement that the 1D material synthesized belongs to a
pump, followed by vaporization at 15€ in argon flow. The analyses  nanoribbon rather than a nanowire, owing to its low thickness.
were performed by gas chromatography to quantify the concentration te presence of holes inside the material could also be related
of hydrocarbons with an Fib detector and DB-1 column (30-m long 1 ¢ competitive process of dissolution by holes nucleation.
and 0.53-mm internal diameter). The temperature was controlled by . ; !

The preparation of zeolite BEA nanofibers has already been

means of two thermocouples placed inside and outside the reactor . L .
system. performed via epitaxial growth on preshaped SSZ-31 nanofi-

Zeolite Nanofibersf3-SiC Composite.The SEM micrographs

(38) Wong, S.; Kitaev, V.; Ozin, G. Al. Am. Chem. So2003 125 15589~
(37) Louis, B.; Walspurger, S.; Sommer,Jatal. Lett.2004 93, 81—84. 15598.
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Figure 2.  SEM images of alumino-silica nanowires grown on SiC as a function of the synthesis duration 146)h335 h (d, e); 670 h (f).

bers® The following question then arises: are these as- materials. Since a powdered MFI-type zeolite prepared with the

synthesized self-assembled nanofibers zeolitic material? same gel composition possess a SSA820 nt/g, the layer of
The SSA was increased from 1$/gfor the bargs-SiC foam alumino-silicate deposited was estimated to 12 wt %.
support to 55 rflg for the nanofiberg-SiC composite (after The crystallinity of the different alumino-silica coatings was

140 h of synthesis). Moreover, this increase in the SSA values jhyestigated by means of powder XRD technique. Figure 5
was connected with the generation of micropores, which are presents the diffraction patterns after synthesis durations ranging
absent in the barg-SiC support, but are typical for zeotype petween 72 and 335 h. It appears that the alumino-silica
(39) Nair, S.; Villaescusa, L. A.; Camblor, M. A.; Tsapatsis,Ghem. Commun. nanofibers QrOW“ durmg 72_ h _eXh_IbIt the CryStaI_“mty of MFI
1999 921-922. structure (Figure 5a), thus indicating the formation of ZSM-5

3386 J. AM. CHEM. SOC. = VOL. 129, NO. 11, 2007
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Figure 3. High-resolution SEM micrograph of alumino-silica nanowires (synthesis time: 140 h) forming by the assembly of individual nanocrystals along
the growth axis.

diffraction lines of ZSM-5 zeolite. The silica outer layer of the
B-SiC substrate has been converted via self-transformation into
MFI zeolite. After dissolution of the crystals, recrystallization
occurs, leading to the same zeolite structure with, however, a
slightly different morphology as observed by SEM images
(Figure 2). Apparently, the use of silica covalently bonded to
the SIiC surface allows us to successfully synthesize some
metastable zeolite phases, which are unstable in the reaction
medium.

The 27Al and 2°Si MAS NMR spectra of the final material
prepared during 670 h are shown in Figure 6a and 6b,
respectively. A single and narrow signal was observed at 52
ppm (Figure 6a), which can unambiguously be attributed to
tetrahedrally coordinated aluminum atoms in the zeolite frame-
work#® Furthermore, the absence of any signal at 0 ppm
indicates the absence of any extraframework aluminum species.
Indeed, all aluminum atoms were successfully incorporated into
the MFI zeolite framework. Figure 6b presents #8i MAS
NMR spectrum and shows one major peak—dtll ppm. A
small shoulder centered atl02 ppm was also observed. These
peaks can be assigned tq &d to Q structures, respectivef§.
Figure 4. TEM image of alumino-silica grown nanofibers on SiC after 1hese?*Si and?’Al NMR spectra further confirm the presence
140 h. of a zeolite framework containing both Al@nd SiQ tetrahedra

(Si/Al = 20).
zeolite™ However, with an increase of the synthesis duration,  The zeolite acid properties are directly related to its aluminum
the crystallinity decreased drastically (Figure 5b and 5c). These content. Therefore, the Bnsted acidity of the different zeolite/
XRD patterns are characteristic of as-called “X-ray amorphous §-SiC composites was investigated by means of H/D isotope
zeolites™42 This secondary amorphous phase has many exchange techniqi&:#” and the results are presented in Table
compositional and chemical similarities to the parent zeolite but 1. The bare3-SiC substrate exhibits only a limited amount of
is lacking in long-range ordé. Such amorphization process OH groups, 0.110 mmolgg1. After a synthesis duration of
can be due to partial dissolution of the formed zeolite under 140 h, the total number of Brnsted acid sites was increased to
hydrothermal conditions. The zeolite formation is a fine balance 0.414 mmol Gomposiie . The acidity of the material synthesized
between crystal growth, that is, nuclei formation and crystal for 335 h was decreased which is in agreement with a
dissolution (holes nucleation). As a function of the synthesis crystallization-dissolution process as suspected from XRD
duration, the nature of the products closely moves toward the measurements. The MFI zeolite prepared after 670 h possess
next stable product and so on, as a function of this formation  0.208 mmol OH groups @mposis . A quantity of 0.616 mmol
dissolution process. Another possible pathway is the formation oH groups/geoiite Was measured on the powder scratched from
of a layered structure as an intermediate, which leads directly the support surface. Hence, on the basis of H/D exchange
to the zeolite!* However, the diffractogram 5d confirms the  experiments, the amount of zeolite nanofibers present on the
presence of MFI zeolite after 335 h of synthesis, since the g-SiC support is 15 wt %. This value is in line with the increase
powdered material detached from the support presents the typicain the SSA values which led to an estimation of 12 wt % of
zeolite present in the final composite. This H/D exchange

(40) Koningsveld, H.; van Bekkum, H.; Jansen, J.ACta Crystallogr.1987,

34B, 127-133.

(41) Jacobs, P. A.; Derouane, E. G.; Weitkamp,JJ.Chem. Soc., Chem. (45) High-Resolution Solid State NMR of Silicates and ZeqliEgsgelhardt,
Commun.1981, 591-593. G., Michel, D., Eds.; John Wiley and Sons: Chichester, U.K., 1997.

(42) Schlenker, J. L.; Peterson, B. B. Appl. Crystallogr.1996 299 178— (46) Multinuclear Solid-State NMR of Inorganic Materialdlac Kenzie, K. J.
185. D., Smith, M. E., Eds.; Pergamon Materials Series, vol. 6; Pergamon:

(43) Cundy, C. S.; Cox, P. Aicroporous Mesoporour Mate2005 82, 1-78. Oxford, U.K., 2002.

(44) Lohse, U.; Altrichter, B.; Fricke, R.; Pilz, W.; Schreier, E.; Garkisch, C.; (47) Tessonnier, J. P.; Louis, B.; Walspurger, S.; Sommer, J.; Ledoux, M. J.;
Jancke, KJ. Chem. Soc., Faraday Trank997, 93, 505-512. Pham-Huu, CJ. Phys. Chem. B006 110, 10390-10395.
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Figure 5. XRD patterns of the as-grown aluminosilica nanofibers on SiC after different synthesis durations: (a) 72 h, (b) 140 h, and (c) 335 h. (d) Powder
detached from the support after 335 h.

technique allows a precise quantification of the isted acid appears to be an active and selective (at least during 2 h) catalyst
sites, thus leading to the determination of the Si/Al ratio in case for the MTG reaction. However, after the initial period, the
the zeolite structure is knowii.From the XRD data (Figure  selectivity dramatically changed toward light-saturated hydro-
5d), it appears that the formed zeolite belongs to the MFI carbons G—C, fraction (98% afte6 h ofreaction). Surprisingly,
structure. A quantity of 0.616 mmol OH groupéy-s corre- no products in the ranges€Cg can be detected after 6 h, but
sponds to a Si/Ak= 26,8 thus supporting the elemental analysis only Cyo, C11, and G, were present. This phenomenon, which
results (Si/Al= 30). Hence, the H/D exchange measurements is limited in our study, the so-called “window effect”, has been
prove again the presence of ZSM-5 zeolite on the silicon carbide observed by Gorring for zeolites with smaller cagéRecently,
substrate. The mechanical anchorage of the as-synthesizeduthven has attributed such distribution among the products to
zeolite on the SiC surface was checked by submitting the beneficial heat transfer for;g—Cy, alkane$*h
composite to a sonication treatment for 30 min. No zeolite loss These ZSM-5 nanofibers grown and self-assembled onto
was observed after such treatment (SSA measurements). Similaparent SiC support are active in the MTG reaction, thus
results have already been observed on conventional ZSM-5 andconfirming the acidity of the material. The reason for such
BEA zeolites coated on the SiC surfat®. The strong me- selectivity change during the course of reaction has not been
chanical anchorage of as-grown zeolite was explained by thefully understood yet. However, it is possible to anticipate the
existence of a covalent bond between the ,S&yer on SiC changes in the zeolite channel accessibility, similarly to that
and the zeolite. observed during the methane dehydroaromatization reaction over

Catalytic Activity in the Methanol-to-Gasoline Reaction. the ZSM-5 catalyst. In the present work, the change in selectivity
The catalytic activity of the composite HZSM-5 nanofib@es/  toward the products is probably connected to micropore plugging
SiC (140 h) was investigated in the conversion of methanol into via acidic condensation by hydrocarbon deposits, which can
hydrocarbon4®-52 The steady-state conversion of methanol was undergo isomerization-cracking reactions (mainjy-C4 formed)
reached afte2 h and was about 38% (Figure 7). in agreement with the “carbon pool mechanisth®2

Under similar experimental conditions, Zaidi and Pant have ~ Tentative Mechanism of Zeolite ZSM-5 Nanofibers Growth.
found the same level of conversion with an industrial HZSM-5 The generally accepted model of Barrer etadupposes that
zeolite53 The selectivity toward the reaction products is shown the formation of the zeolite crystals occurs in solution, that is,
in Figure 8. During the firs2 h of thereaction, the ZSM-5/SiC  the nucleation and growth of crystalline nuclei are a result of
composite exhibited very high selectivity (between 85 and 90%) condensation reactions between soluble species. The gel plays
toward saturated hydrocarbons with more than five carbon atomsOnly @ limited role, acting as a reservoir of matter. However, in
chain length (G;). This composite made of zeolite nanofibers Our in-situ procedure, where the silica source is provided by
the support surface containing oxygesilicon species, one can
(48) Atlas of zeolite structure typesMeier, W. M., Olson, D. H., Eds.; presume a reorganization of the gel via selablid transforma-

(49) Eé‘f]t;%rg‘]"’oghbégt”a‘f%‘éjlgziz-Eng 1083 25 1-118 tions® Ravishankar and co-workers have concentrated their

(50) Staker, M. Microporous Mesoporous Matel999 29, 3—48.

(51) Froment, G. F.; Dehertog, W. J. H.; Marchi, AChtalysis1992 9, 1-64. (54) (a) Gorring, R. L.J. Catal. 1973 31, 13-26. (b) Ruthven, D. M.
(52) Haw, J. F.; Nicholas, J. B.; Song, W.; Deng, F.; Wang, Z.; Xu, T Microporous Mesoporous Mate2006 96, 262—269.

Heneghan, C. Sl. Am. Chem. So@00Q 122, 4763-4775. (55) Barrer, R. M.; Buynham, J. W.; Bultitude, F. W.; Meier, W. B1.Chem.
(53) Zaidi, H. A.; Pant, K. KCatal. Today2004 96, 155-160. Soc.1959 195-208.

3388 J. AM. CHEM. SOC. = VOL. 129, NO. 11, 2007



Autoassembly of Nanofibrous Zeolite Crystals ARTICLES

a 1 100
(3
ax10° s
S 751
[4
g
3x10° - S 50
Q
3 E
n: 8 2514
£ 2x10° s
8 =
g | 0 T T T T
= l 1 2 3 4 5

1x10° .
| | Time on stream, h

Figure 7. Activity of HZSM-5/SiC (670 h) in the conversion of methanol
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100 200 30 400 layer Gibbs-Volmer growth modé! A growth unit is adsorbed
on the growing (nano)crystal face and migrates to find its
b exio' optimum location.

However, it is generally admitted that there is a geometrical
tuning between the template cations and the silica channel
system. Burkett and Davis gave evidence of the existence of
van der Waals interactions between quaternary ammonium
cations and the inorganic silica spectéshus inducing the
assembly of these organomineral entities and the growth of the
nuclei. A template cation is envisaged as being attached at the
surface site of amorphous silica particle. Monomer units from
the solution then join the growth site and assemble in an ordered
array. In spite of global repulsive energy barriers for an
aggregation model, Kirschhock et al. have calculated a net
_ attractive energy minimum at 0.7 nm from the substrate
\\ surface®® Hence, the aggregate may behave as a nutrient-
P R A recipient pair in consistency wi ’s “tugging-chain”

y with Thompson'’s “tugging-chain
mechanisnt3
Chemical shift, ppm The experimental factors which govern the self-assembly of
Figure 6. (a) Z7Al and (b) 2°Si MAS NMR spectra of zeolite nanowires ~ 2€0lite nanocrystals into fibers or thin films are not well
(670 h) showing the presence of Aj@nd SiQ tetrahedra species which  understood yet. Nevertheless, the @—T bond making and

Chemical shlﬁ, ppm
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Intensity, a. u.
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are typical for zeolites. bond breaking (where ¥ Si or Al), on the basis of nucleophilic
Table 1. Titration via H/D Isotope Exchange Technique of the reactions, facilitate structural modification catalyzed by hydroxyl
Number of OH Groups Present on the Different Zeolite/SiC ions. The use of the fluoride ion as mineralizer instead of the
Composites conventionally used hydroxide ion has presented a significant
sample number of O-H groups [mmol g'] breakthrough in the field of zeolite synthe&ts8 The mineral-
p-SiC 0.110 izing strength of F is less than that of OH so the solubilities
fibers 140 h 0.414 and effective supersaturations are lower. Figure 9 shows the
I:EZE g?gﬂ 8'582 SEM micrograph of the zeolite nanocrystals belonging to the
powder 670 h 0.616 RTH topology® from the synthesis performed under acidic

conditions (pH= 5) as described in section 2. The autoassembly

studies in a detailed characterization of the MFI precursor and c_>f these nanocrystals produced neither nanofibers nor continuous

thus have identified the constituent “nanosl&s® with few films ‘but zeolite crystals, thus supporting an effect of the
nanometers in size. The aggregation of these nanoslabs Ieadmlnerallzer nature over the growth mode and final structure.
to larger particles and ultimately to the final crystal. The

formation of zeolite nanofibers in the present study seems to
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Figure 8. Selectivity toward the different products (HZSM-5/SiC, 670 h) at 400 The product selectivity modification as a function of time on stream
clearly indicates the change in the zeolite porous network.

Figure 9. SEM micrograph of zeolite autoassembled nanocrystals grown on SiC via fluoride-mediated synthesis (147 h).

Furthermore, it appears that this innovative strategy of using of their nano/microorganization on a macroshaped support
the self-transformation of the bayeSiC support allows the  surface.
formation of zeolite nanocrystals, which can grow in peculiar )
and tailorable directions and manner depending on the operatingConclusion

conditions (pH, mineralizer, time, temperature, concentration).  zeolite nanofibers with a regular size of 90 nm and lengths
Whereas previous studies reported the use of covalent link- of micrometers were prepared for the first time via in-situ sili-
ers/%"* proteins/%"3 or organic acid¥' to guide the assembly  con carbide support self-transformation. The aggregation degree
of zeolite crystals, we have successfully demonstrated that zeo-of the zeolite nanofibers has been tuned by change of the
lite nanocrystals can, by themselves, build a nanofibrous net- synthesis duration, the pH, and the nature of the mineralizer
work. Finally, our approach can open new routes toward the (OH- or F). The different characterization techniques have
synthesis of novel zeolite structures and hence a combinationshown that these nanofibers exhibited the MFI structure together
with the typical acidity of ZSM-5 zeolite. Moreover, this ZSM-

5/3-SiC composite was active in the methanol-to-gasoline
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In conclusion, we describe a novel synthesis route based onapplications. The zeolite/SiC composite can also be synthesized
two important findings: (1) #-SiC material self-transformation  with various shapes and sizes depending on the downstream
into a zeolitic material without any extra addition of silica applications.
source, (2) the autoassembly of the zeolite nanocrystals into
long nanofibers without any chemical binder use (neither Acknowledgment. The authors are grateful to Drs. Severinne
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an extremely high degree of freedom for engineering new
composites with properties specifically tailored for defined JA0686209
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