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Abstract—The crystallization of the [Ga]-MFI was investigated as a function of synthesis time under atmospheric
pressure. The molar composition of the reactants was 18G8i0,-11NgO-11TPABr-3500HO. The crystallinity
of the [Ga]-MFI was examined by using several analytical instruments, such as XRD, XPS, XRF, FT-IR, solid-state
masNMR, DTG/DTA, and SEM. The [Ga]-MFI was successfully synthesized under atmospheric pressuf@ at 97
in 72 h. It was found that the nucleation of the [Ga]-MFI took a quite long time, but the crystallization took place very
fast. It is supposed that nucleation is the rate-controlling step in the [Ga]-MFI synthesis under atmospheric pressure.
Consequently, if the induction period of the nucleation can be shortened, it would be possible to synthesize the [Ga]-
MFI commercially under atmospheric pressure.
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INTRODUCTION The [Ga]-MFI was synthesized under atmospheric pressure in a

1.5 L Teflon reactor equipped with a condenser and stirrer, and the

The [Ga]-MFl is a zeolite that is prepared by the substitution ofreactor was heated with an oil bath. The molar composition of the

Gafor Al in the frameworlof ZSM-5. The [Ga]-MFI shows high  reactants was 100SiGa0,-11NgO-11TPABr-35005D. The syn-

activity and selectivity in the aromatization of lower alkanes, which thesis procedures are as follows. First, 640 g of Ludox-AS40, 50.48 g

is a process of great commercial importance [Lee et al., 1986; Guis-
net et al., 1992; Giannetto et al., 1993; Choudhary et al., 1996; Le
et al., 1998; Kim et al., 2001]. There are several reported method

to incorporate Ga into the MFI zeolite: ion exchange [Gnep etal., | Ludox AS-40 Ga(NO;);

1989; Khodakov et al., 1990], impregnation [Bayense et al., 1991 ! /IZ/ZN;‘OOH 1 2/ 2N aO H
Meriaudeau and Naccache, 1990], physical mixing gDQaith : /2 H,0

MFI zeolite [Gnep, 1998; Yakerson et al., 1989], and patrtial or full | [
substitution of Ga for Al of the MFI zeolite [Thomas and Liu, 1986; v

Choudhary et al., 1996; Simmons et al., 1987; Inui et al., 1987; Kane Gellation

and Kawata, 1989; Mobil Oil Co., 1986, 1989; Mitsubishi Chem. = TPABr
Co., 1997; Chiyoda Co., 1993; Vaw ver Aluminium Werke Ag., v

1992]. Recently, the last method has drawn interest because of tt Stirring for lh

even distribution of gallium, which exhibits higher dehydrogena- v

tion activity. Until now, the [Ga]-MFIs have been synthesized by
using autoclaves under an autogenous pressure abdz [Ean-
netto et al., 1993; Choudhary and Kinage, 1997].

Hydrothermal synthesis
(97°C, atmospheric pressure)

In this study, the synthesis of the [Ga]-MFI type zeolite was con- v
ducted using a Teflon reactor under atmospheric pressure, and tl Filtering / W ashing
crystallization of the [Ga]-MFI was also investigated. 7
EXPERIMENTAL Drying at 120°C
v

1. Synthesis of the [Ga]-MFI

] . TPA,Na-Gallosilicate
The materials for the [Ga]-MFI synthesis were Ludox-AS40 as

a silica source (Du Pont Chem. Co.), Ga{\&s a Ga source (Al- v
drich Chem. Co.; 99.9%), NaOH as an alkali source (Junsei Chen Calcination (550°C, 12h)
Co.), andetra-propyl ammonium bromide (TPABI) as an organic ¥

template (Dongkyung Hwasung Co.).
Na-Gallosilicate

To whom correspondence should be addressed.
E-mail: hahm@miju.ac.kr Fig. 1. Flowsheet for the synthesis of the [Ga]-MFI.
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of 50 wt%-NaOH solution, and 1,116 g of distilled water were mixed 1118.9, and 1117.8 eV at the initial state, while only one peak is
in a propylene beaker (I). Then, 1,116 g of distilled water, 50.48 gobserved at 1119.2 eV after 72 h of reaction. This result suggests
of 50 wt%-NaOH solution, and 21.84 g of gallium (lll) nitrate hy- that the Ga species were three kinds in the initial state, but it be-
drate were poured in another propylene beaker (Il) and mixed wellcame one kind after 72 h of reaction. The binding energy of 1119.2
Next, the solution of the beaker (II) was slowly poured into the beakeeV of Ga (2p) of the final product is higher than those of Ga (1117
(1) with a vigorous stirring. Finally, 124.8 g tdtra-propylene am-  eV) and GgO, (1117.7 eV). This reveals that the gallium existing
monium bromide (TPABr) was added to the mixture. The obtainedin the lattice of the [Ga]-MFI is GaQetrahedral form, so the gal-
mixture was then poured into the reactor mentioned above, and tHeum can have a higher oxidation number [Shpiro et al., 1994].
reaction was carried out at @ and under atmospheric pressure 2. Structure Change during the Crystallization
with stirring (300 rpm). The flowsheet for the synthesis of the [Ga]- The structure changes of the products with synthesis time were
MFI is shown in Fig. 1. ZSM-5 was also synthesized by the saménvestigated by using several analytical instruments. The formation
procedure mentioned above to compare with the [Ga]-MFI pro-of the unit cell structure of the [Ga]-MFI was identified by FT-IR;
duced. the crystallinity and phase changes with synthesis time were by XRD;
2. Characterizations the gallium and silicon species existing in the [Ga]-MFI framework
In order to investigate the crystallization of the [Ga]-MFI, the were by’Ga- and®*Si-masNMR; and the straight- and sinusoidal-
reaction was stopped after a predetermined reaction time, and thgpe channels that are a unique structure of MFI-type zeolite were
reactor was quenched. Then, the content of the reactor was filterealy “*C-cpmasNMR.
with a membrane filter of 0jdm, and washed with distilled water 2-1. FT-IR
until the filtrate became neutral. The obtained solids were dried at Using FT-IR, one can easily identify the five-member ring and
100°C overnight and reserved in a desiccator. The obtained solidglouble five-member ring of the MFI-type zeolite as well as its unit
were calcined raising temperature at a rate°@ffein to 550C cell structure. The MFI-type zeolites exhibit their unique IR peaks in
with a flow of 50 ml air/min. the regions of 1,220 ab80 cm" [Szostak, 1988; Camblor, 1992].
The solids were then characterized by XRD (Siemens, D5005)The IR spectra of the products with synthesis time are presented in
FT-IR (Nicolet, Impact 400), solid stateasNMR (Varian, Plus300),  Fig. 2. Peaks in the regions of 1,220 5@ cm*, corresponding
XPS (ESCALAB, 220i), SEM (Shimatsu, Alpha 25a), XRF (Rigaku, to the five-member ring and double five-member ring (D5R), were

3270), and DTG/DTA (SETARAM92-16.18). observed after 32 h of reaction, and a new peak around 970 cm
which is not observed in ZSM-5 and silicalite, was observed. On
RERULTS AND DISCUSSION and after 63 h of reaction, the peak for a T-O bonding (attributed
by the internal vibration of tetrahedral J@hifted from 475 cm
1. Composition Change to 450 cnt. A similar phenomenon was also observed in the XPS

The composition and physico-chemical properties of the [Ga]-result listed in Table 1, in which the binding energy of O(1S) shifted
MFI zeolites prepared were characterized by using XRF and XPSrom 531.9 (initial) to 532.7 eV (after 63 h). As can be seenin Fig. 2,
and the results are summarized in Table 1. Except for the initial gahe peaks for the external linkage vibration of five-member ring
formation state, the molar ratios of Si to, ®atween the surface  and D5R were observed at 1220 and 550, ecaspectively, beyond
and the bulk were almost the same. This result reveals that the crg3 h of reaction. Consequently, it would appear that the shift of the
stallization of the [Ga]-MFI takes place homogeneously, indicatingT-O wave number and the change of the binding energy of O(1S)
the uniform distribution of Ga throughout the zeolite framework. stemmed from a change in the environment of the viichwas

In Table 1, three XPS peaks of Ga (2p) are observed at 1119.%aused by the formation of the crystalline structure due to the con-

Table 1. Physico-chemical properties of the synthesized [Ga]-MFI as a function of synthesis time

_ Analysis by XRF (wt%) Analysis by XPS
Synthe5|s ) Mole ratio Mole ratio of Binding energy (eV)*
time (h) Si0, GaO, NaO _ . -
Si0/Ga0, Na,0/Ga0;, Si0,/Ga0, Gad, O1ls Si2p
Initial 93.4 2.78 3.58 105.2 3.9 165.4 1119.7 531.9 103.8
1118.9
1117.8
32 94.8 2.86 2.08 103.3 2.2 - - - -
60 94.7 2.95 2.12 100.5 2.2 - - - -
63 94.8 2.88 2.01 102.6 2.1 104.2 1120.4 532.7 104
1119.1
66 94.9 2.91 1.97 102.1 2.0 103.1 1119.2 532.7 104
69 95.4 2.83 1.56 105.3 1.7 - - - -
72 95.3 2.91 154 102.5 1.6 102.4 1119.2 532.7 104

Initial mole ratios of the reactants : SIGa0,=100; SiQ/Na,0=9; SiIO/TPA,0=9; and HO/Si0,=35.
*. Referenced to the C(1S) of 285+0.2 eV.
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Fig. 4. X-ray diffraction patterns for products as a function of syn-
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Fig. 2. FT-IR spectra for products as a function of synthesis time.

PBU (primary building unit). It is concluded that the final products
794, 1,110, and 1,220 ¢

2-2. X-ray Diffraction
The phases of the products ([Ga]-MFI) were identified by using

synthesis condition. The XRD patterns for [Ga]-MFI and ZSM-5

(a) (b)
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Fig. 3. X-ray diffraction patterns for products as a function of syn-
thesis time.

(a) [Ga]-MFlI, (b) ZSM-5
July, 2001

(a)
densation of SBU (secondary building unit) and chains formed fron
are the MFI structure by the unique peaks observed at 454, 54
XRD as a function of the synthesis time. In order to compare the
structures of the products with ZSM-5, which has the same struc 72
ture with [Ga]-MFI, ZSM-5 was also synthesized under the same 9
6

thesis time.
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Fig. 5. X-ray diffraction patterns for products as a function of syn-
thesis time.

(a) [Ga]-MFI, (b) ZSM-5

are shown in Fig. 3. In Fig. 3, both [Ga]-MFI and ZSM-5 exhib-
ited a typical MFI structure [Argauer and Landolt, 1972; Gianetto
et al., 1993]. ZSM-5 exhibited typical MFI peaks after 32 h, whereas
the [Ga]-MFI exhibited after 63 h.

In Figs. 4 and 5, the XRD peaks of [Ga]-MFI shifted a little to a
lower angle value @ with the progress of crystallization, indicat-
ing a shift to a larger lattice space. This phenomenon may be due
to the increase in the lattice parameters by the replacement of silicon
atom with larger gallium atom, indicating the evidence of gallium
substitution.

The crystallinity of ZSM-5 and [Ga]-MFI with synthesis time is
shown in Fig. 6. ZSM-5 shows a typical S-type crystallization curve,
whereas [Ga]-MFI does not clearly show the curve. [Ga]-MFI shows
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cal shift from Ga(ED)s", is observed. This is due to a chemical
100 4 O shift of the gallium coordinated tetrahedrally in the zeolite frame-
P ~ work [Timken and Oldfield, 1987; Bayense et al., 1989]. The peak
O ZSM5 /D becomes larger with synthesis time, indicating the increase in the
80 / amounts of gallium incorporated into the lattice. Though gallium

species in the initial gel-state were already confirmed by the XRF
/ and XPS as summarized in Table 1, the peak (observed around 150
60 1 ;5 ppm) is not observed at the initial state in Fig. 7. This can be attrib-

uted to the fact that the detection of a non-tetrahedral gallium species
/ is difficult because of its disorderliness [Bayense et al., 1989].
401 / The*Si-masNMR spectra with synthesis time are shown in Fig.

8. The peaks for the*(Bi(OGa)] structure are observed in a range

Crystallinity (%)
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Fig. 6. Crystallinity of the [Ga]-MFI and ZSM-5 as a function of
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a slower nucleation process (namely, a longer nucleation period o .

followed by a rapid crystal growth, while the ZSM-5 shows a gra- =" ,,_r"*"/\ ~~ 63
dual crystallization process. Oh et al. [2001] reported that one 0 - s G0
the key factors in the crystallization of MFI-type zedlites is the action .. \\‘\M—w\.«.« 32
of OH" ions. Erdem and Sand [1979] reported that the activatior .. e~ ()

energy of the nucleation of ZSM-5 (SiAR8) is 5 times larger E— : ' . : .
than that of the MFI-type silicalite (no aluminum, silicon only). He TR0 TS0 00 Mo iz a0 eem o m TMS
explained that this phenomenon is caused by the existence of al- soce: )
uminum that lowers the decomposition of the silica gel by con-F19-8." SimasNMR spectra for products as a function of syn-
. . . . e thesis time.

suming OH ions of the solution because of its 4-coordination num-
bers (AI(OHY). Therefore, the longer nucleation period of the [Gal-
MFI in this study can be understood with the same reason mer Ca
tioned above, that is, the gallium, with 6-coordination numbers, con-
sumes more OHhan the aluminum does. Cs
2-3. Solid StatenasNMR

The identification of the existence of a substituted metal in a zeo
lite framework becomes possible with the use of solid-state A
NMR. Fig. 7 shows the spectra’@BamasNMR with synthesis |
time. A single peak around 150 ppm, which corresponds to a chem J
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Fig. 7."Ga masNMR spectra for products as a function of Fig. 9.%C cpmasNMR spectra for products as a function of syn-
synthesis time. thesis time.
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Fig. 10. DTG curves for products as a function of synthesis time. Fig. 11. DTA curves for products as a function of synthesis time.

of ~98~—120 ppm for all the synthesis time. After 63 h, the peaks sity of the*C-cpmashMR spectra can be used as a measure of the

for Si(OGa) and Si(1Ga) are also observedlaP and-104 ppm, crystallinity of zeolites [Gabelica et al., 1983; Nagy et al., 1986].
respectively [Lin and Klinowski, 1992]. The spectra for the occluded organic template are slightly shifted

The “C-cpmashIMR spectra with the synthesis time are pre- from the original TPABE. It has been known that the differences in
sented in Fig. 9. After 63 h, the peaks for the occluded organic temthe shifted peaks stem from a distortion of the symmetri¢ iBRA
plate (TPA) are observed and progressively increased with the synin the porous zeolite structure and/or an interaction of thé idRA
thesis time. The intensity of th€-cpmasNMR spectra is well con-  with the zeolite [Gabelica et al., 1983].
sistent with the crystallinity results of XRD. Therefore, the inten- 2-4. Thermal Analysis

Fig. 12. SEM micrographs for products as a function of synthesis time.
(@) 0h, (b)32h,(c)60h, (d)63h, () 66 h, (f) 72 h.

July, 2001
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Thermal analyses of the products were carried out to get mor€hiyoda Corp., JP05269385 (1993).
information in relation to thEC-cpomasNMR. The results are pres-  Choudhary, V. R., Devadas, P., Kinage, A. K., Sivadinarayana, C. and
ented in Figs. 10 and 11. Both the weight loss and the heat evolu- Guisnet, M., “Pulse Reaction Studies on Variations of Initial Activ-
tion due to the removal of the organic template are observed at 280- ity/Selectivity of Q and H Pretreated Ga-modified ZSM-5 Type
450°C in Figs. 10 and 11, respectively. The DTG and DTA curves  Zeolite Catalysts in Propane Aromatizatidr{Catal, 158 23 (1996).
clearly show the removal of the organic template after 63 h, andChoudhary, V. R., Kinage, A. K. and Guisnet, M., “Acidity, Catalytic
become more significant with the synthesis time, showing good Activity, and Deactivation of H-gallosilicate (MFI) in Propane Aro-
accordance with thEC-cpmasNMR results. The amount of or- matization: Influence of Hydrothermal Pretreatmet€}atal, 158
ganic template occluded in the structure was increased with the syn- 537 (1996).
thesis time, and the removal temperature of the organic templat€houdhary, V. R. and Kinage, A. K., “Hydrothermal Synthesis of Gal-
was lowered with the synthesis time. This phenomenon implies that loaluminosilicate (MFI) Zeolite Crystals Having Uniform Size, Mor-
the interaction between organic template and zeolite lattice becomes phology and Ga/Al RatioZeolites18, 274 (1997).
weak because of a stabilization of the zeolite structure with time. Erdem, A. and Sand, L. B., “Crystallization and Metastable Phase Trans-
3. Morphology Change formations of Zeolite ZSM-5 in the (TP&)-sodium Oxide-potas-

The changes in the morphology of the products with synthesis sium Oxide-aluminum Oxide-silicon Dioxide-Water Systein;
time were observed by using SEM; the results are shown in Fig. 12. Catal, 60, 241 (1979).
Lumps of particles of various sizes were observed at the initial gelGabelica, Z., Nagy, J. B. and Debras, G., “Characterization of x-ray
state, and they were progressively aggregated with synthesis time. Amorphous ZSM-5 Zeolites by High Resolution Solid State Car-
However, from 63 h, the aggregated particles changed into parti- bon-13 NMR Spectroscopy. Catal, 84, 256 (1983).
cles having smaller sizes. The particle size distribution of the finalGiannetto, G., Monque, R., Perez, J. and Garcia, L., “Comparison of
products was analyzed. About 95% of the particles were in a range Crystallization Rates of [aluminum]- and [gallium]-MFI-type Zeo-
of 220-380 nm in size, while the remaining 5% of the particles were lites; Zeolites 13, 557 (1993).
smaller than 50 nm. These sizes are relatively very small when contsiannetto, G., Montes, A., Gnep, N. S., Florentino, A., Cartraud, P. and
pared with the particle sizes (147h) synthesized in autoclaves Guisnet, M., “Conversion of Light Alkanes into Aromatic Hydro-

[Giannetto et al., 1993; Brabec et al., 1998]. carbons. VII. Aromatization of Propane on Gallosilicates: Effect of
Calcination in Dry Air;J. Catal, 145 86 (1993).
CONCLUSION Gnep, N. S., Doyemet, J. Y. and Guisnet, M., “Creation of Mesopores

in Monodimensional Zeolites. A Way of Improving Their Catalytic

The [Ga]-MFI was successfully synthesized under atmospheric ~ Stability; Stud. Surf. Sci. Catal6, 153 (1989).
pressure at 9T in 72 h. About 95% of the particles were in a range Gnep, N. S., “Effects of Steaming on the Shape Selectivity and on the
of 220-380 nm in size. The final products were verified to be a typ-  Acidity of HZSM-5; J. Mol. Catal, 45, 281 (1998).
ical MFI-type zeolite. It was possible to verify the gallium species Guisnet, M., Gnep, N. S. and Alario, F., “Aromatization of Short Chain
coordinated in zeolite framework bgingGamasNMR. It was Alkanes on Zeolite Catalyst#ippl. Catal, A, 89, 1 (1992).
found that the nucleation of the [Ga]-MFI took a quite long time, Inui, T., Makino, Y., Okazumi, F., Nagano, S. and Miyamoto, A., “Se-
while the crystallization occurred very fast. It is supposed that the lective Aromatization of Light Paraffins on Platinum-ion-exchanged
nucleation is a rate-controlling step in the [Ga]-MFI synthesis under  Gallium-silicate Bifunctional Catalyst$id. Eng. Chem. Reg6,
atmospheric pressure. Therefore, if the induction period of nucle- 647 (1987).
ation can be shortened, it would be possible to synthesize the [Gakanai, J. and Kawata, N., “Aromatization of Hexane over Galloalumi-

MFI commercially under atmospheric pressure. nosilicate and AllosilicateAppl. Catal, A, 55, 115 (1989).
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