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Synthesis of the [Ga]-MFI under Atmospheric Pressure
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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 100810,-Ga,05-11Na;0-11TPABr-3500H,0. The crystallinity
of the [Ga]-MFI was examined by using several analytical instruments, such as XRD, XPS, XRF, FT-IR, solid-state
mas-NMR, DTG/DTA, and SEM. The [Ga]-MFI was successfully synthesized under atmospheric pressure at 97 °C
in 72 h. It wes 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]-MFT 1s a zeolite that 1s prepared by the substitution of
Gafor Al in the framework of ZSM-5. The [Ga]-MFI shows high
activity and selectivity m the aromatization of lower alkanes, which
1s a process of great commercial importance [Lee et al,, 1986, Guis-
netetal, 1992; Giannetto et al,, 1993; Choudhary et al,, 1996; Lee
etal, 1998; Kim et al, 2001]. There are several reported methods
to incorporate Ga into the MFI zeolite: 1on exchange [Gnep et al,,
1989; Khodakov et al., 1990], impregnation [Bayense et al., 1991
Menaudeau and Naccache, 1990], physical mixing of Ga,0, with
MFT zeolite [Gnep, 1998; Yakerson et al., 1989], and partial or full
substitution of Ga for Al of the MFT zeolite [Thomas and L, 1986,
Choudhary et al,, 1996, Simmons et al, 1987; Inwi et al., 1987; Kanai
and Kawata, 1989, Mobil O1l Co., 1986, 1989; Mitsubishu Chem.
Co., 1997, Cluyoda Co., 1993; Vaw ver Aluminium Werke Ag.,
1992). Recently, the last method has drawn mterest because of the
even distribution of gallum, which exiubits higher dehydrogena-
tionn activity. Until now, the [Ga]-MFIs have been synthesized by
using autoclaves under an autogenous pressure above 150 °C [Gian-
netto et al., 1993; Choudhary and Kmage, 1997].

In this study, the synthesis of the [Ga]-MFI type zeolte was con-
ducted usmg a Teflon reactor under atmospheric pressure, and the
crystallization of the [Ga]-MFI was also mvestigated.

EXPERTMENTAL

1. Synthesis of the [Ga]-MF1

The matertals for the [Ga]-MFT synthesis were Ludox-AS40 as
a silica source (Du Pont Chem. Co.), Ga(NO,), as a Ga source (Al-
drich Chem. Co.; 99.9%), NaOH as an alkali source (Junsei Chem.
Co.), and fetra-propyl ammomum bromide (TPABr) as an orgamc
template (Dongkyung Hwasung Co.).
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The [Ga]-MFI was synthesized under atmospheric pressure m a
1.5 L Teflon reactor equipped with a condenser and sturer, and the
reactor was heated with an o1l bath. The molar composition of the
reactants was 100810,-Ga,0;-11Na,0-11TPABr-3500H,0. The syn-
thesis procedures are as follows. Fust, 640 g of Ludox-AS40, 50.48 g
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Fig. 1. Flowsheet for the synthesis of the [Ga]-MFIL
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of 50 wt%6-NaOH solutior, and 1,116 g of distilled water were mixed
n a propylene beaker (I). Then, 1,116 g of distilled water, 50.48 g
of 50 wt%-NaOH solution, and 21.84 g of gallium (IT) mitrate hy-
drate were poured m another propylene beaker (IT) and mixed well.
Next, the solution of the beaker (IT) was slowly poured mto the beaker
(D) with a vigorous stirring. Finally, 124.8 g of fetra-propylene am-
monium bromide (TPABr) was added to the mixture. The obtained
mixture was then poured mto the reactor mentioned above, and the
reaction was caried out at 97 °C and under atmospheric pressure
with stiming (300 rpm). The flowsheet for the synthesis of the [Ga]-
MEFT 1s shown in Fig. 1. ZSM-5 was also synthesized by the same
procedure mentioned above to compare with the [Gal]-MFI pro-
duced.

2. Characterizations

In order to mvestigate the crystallization of the [Ga]-MFL, the
reaction was stopped after a predetermmed reaction tune, and the
reactor was quenched. Then, the content of the reactor was filtered
with a membrane filter of 0.1 jum, and washed with distilled water
until the filtrate became neutral. The obtained solids were dried at
100°C overnight and reserved in a desiccator. The obtained solids
were calcmed raising temperature at a rate of 5°C/mm to 550°C
with a flow of 50 ml awr/mm.

The solids were then characterized by XRD (Siemens, D5005),
FT-IR (Nicolet, Impact 400), solid state mas-NMR (Varan, Plus300),
XPS (ESCALAB, 2201), SEM (Shimatsu, Alpha 25a), XRF (Rigaku,
3270), and DTG/DTA (SETARAM92-16.18).

RERULTS AND DISCUSSION

1. Composition Change

The composition and physico-chemical properties of the [Gal-
MEFT zeolites prepared were characterized by usmg XRE and XPS,
and the results are summarized m Table 1. Except for the mitial gel
formation state, the molar ratios of Si to Ga, between the surface
and the bulk were almost the same. Thus result reveals that the cry-
stallization of the [Ga]-MFT takes place homogeneously, indicating
the uniform distribution of Ga throughout the zeolite framework.

In Table 1, three XPS peaks of Ga (2p) are observed at 11197,

11189, and 11178 eV at the mitial state, while only one peak is
observed at 11192 eV after 72 h of reaction. This result suggests
that the Ga species were three kinds in the mitial state, but it be-
came one kind after 72 h of reaction. The binding energy of 1119.2
eV of Ga (2p) of the final product is higher than those of Ga (1117
eV) and Ga,0, (1117.7 eV'). This reveals that the gallium existinig
1 the lattice of the [Ga]-MFT is GaO; tetrehedral form, so the gal-
lium can have a higher oxidation number [Shpiro et al., 1994].
2. Structure Change during the Crystallization

The structure changes of the products with synthesis time were
mvestigated by using several analytical mstruments. The formation
of the unit cell structire of the [Ga]-MFI was identitfied by FT-IR;
the crystallimity and phase changes with synthesis time were by XRD,
the gallm and silicon species existng m the [Gal]-MFI framework
were by "' Ga- and *Si-mas-NMR; and the straight- and sinusoidal-
type channels that are a uruque structure of MFI-type zeolite were
by “C-cpmas-NMR.
2-1.FT-IR

Using FT-IR, one can easily identify the five-member ning end
double five-member ring of the MFI-type zeolite as well as its unit
cell structure. The MFI-type zeolites exhubit therr umque IR peaks in
the regions of 1,220 and 550 cm™ [Szostak, 1988; Camblor, 1992].
The TR spectra of the products with synthesis time are presented in
Fig. 2. Peaks i the regions of 1,220 and 550 cm™, corresponding
to the five-member ning and double five-member nng (D5R), were
observed after 32 h of reaction, and a new peak around 970 cm™,
which 1s not observed in ZSM-5 and silicalite, was observed. On
and after 63 h of reaction, the peak for a T-O bonding (attributed
by the mtemnal vibration of tetrahedral TO,) shifted from 475 cm™
to 450 cm™'. A similar phenomenon was also observed in the XPS
result listed in Table 1, in which the binding energy of O(1S) shifted
from 531.9 (uutial) to 532.7 eV (after 63 h). As can be seen in Fig. 2,
the peaks for the external linkage vibration of five-member ring
and D3R were observed at 1220 and 550 cm™, respectively, beyond
63 h of reaction. Consequently, it would appear that the shift of the
T-O wave number and the change of the binding energy of O(1S)
stemmed from a change in the environment of the TO,, whichwas
caused 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
Synthesw ] Mole ratio Mole ratio of Binding energy (eV)*
time (h) 810,  Ga0;  Na0 _ ) ,
Si0/Ga,0,  Na0/Ga,0, Si0y/Ga,0; Ga2p, Ols Sizp
Initial 934 2.78 358 105.2 3.9 165.4 1119.7 531.9 103.8
11189
1117.8
32 94.8 2.86 2.08 103.3 2.2 - - - -
60 94.7 2.95 212 100.5 2.2 - - - -
63 94.8 2.88 2.01 102.6 2.1 104.2 1120.4 5327 104
1119.1
66 94.9 291 1.97 102.1 2.0 103.1 1119.2 5327 104
69 95.4 2.83 1.56 105.3 1.7 - - - -
72 953 291 1.54 102.5 1.6 102.4 1119.2 5327 104

Initial mole ratios of the reactants : Si0,/Ga,0,=100; Si0,/Na,0=9; SiO/TPA,0=9; and H,O/810,=35.

*: Referenced to the C(13) of 285+0.2 eV.
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Fig. 2. FI-IR spectra for products as a function of synthesis time.

densation of SBU (secondary building unit) and chains formed from
PBU (primary buildmg umit). It 1s concluded thet the final products
are the MFT structure by the unique peaks observed at 454, 547,
794,1,110, and 1,220 cm™.
2-2. ¥X-ray Diffraction

The phases of the products ([Ga]-MFT) were identified by using
XRD as a fimction of the synthesis time. In order to compare the
structures of the products with ZSM-5, which has the same struc-
ture with [Ga]-MFT, ZSM-5 was also synthesized under the same
synthesis condition. The XRD patterns for [Ga]-MFIT and ZSM-5
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Fig. 3. X-ray diffraction patterns for products as a function of syn-
thesis time.
(a) [Ga]-MFI, (b) ZSM-5
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Fig. 4. X-ray diffraction patterns for products as a function of syn-
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Fig. 5. X-ray diffraction patterns for products as a function of syn-
thesis time.

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

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

InFigs. 4 and 5, the XRD peaks of [Ga]-MFI shifted a little to a
lower angle value (26) with the progress of crystallization, mdicat-
ng a shift to a larger lattice space. This phenomenon may be due
to the mcrease mn the lattice parameters by the replacement of silicon
atom with larger gallium atom, indicating the evidence of gallium
substitution.

The crystallmty of ZSM-5 and [Ga]-MFI with synthesis time 1s
shown m 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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Fig. 6. Crystallinity of the [Ga]-MFI and ZSM-5 as a function of
synthesis time.

a slower nucleation process (namely, a longer nucleation period)
followed by a rapid crystal growth, while the ZSM-5 shows a gra-
dual crystallization process. Oh et al. [2001] reported that one of
the key factors in the crystallization of MFI-type zeolites is the action
of OH™ 10ns. Erdem and Sand [1979] reported that the activation
energy of the nucleation of ZSM-5 (Si/AL,=28) is 5 times larger
than that of the MFI-type silicalite (no alummuim, silicon only). He
explamed that this phenomenon is caused by the exastence of al-
uminum that lowers the decomposition of the silica gel by con-
suming OH™ 1ons of the solution because of its 4-coordination num-
bers (AI(OH), ). Therefore, the longer nucleation period of the [Gal-
MEFT 11 this study can be understood with the same reason men-
tioned above, that 15, the gallium, with 6-coordmation munbers, con-
sumes more OH" than the aluminum does.
2-3. Solid State mas-NMR

The dentification of the existence of a substituted metal n a zeo-
lite framework becomes possible with the use of solid-state mas-
NMR. Fig. 7 shows the spectra of " Ga-mas-NMR with synthesis
time. A single peak around 150 ppm, which corresponds to a chemi-

T T T T T 1

. ,
350 300 250 200 150 100 SO From Ga(H,0),"*

Fig. 7. "Ga mas-NMR spectra for products as a function of
synthesis time.

cal shift from Ga(H,0)", is observed. This is due to a chemical
shift of the gallium coordnated tetrahedrally n the zeolite frame-
work [Tunken and Oldfield, 1987, Bayense et al., 1989]. The peak
becomes larger with synthesis time, mdicating the micrease m the
amourts of gallium meorporated mnto the lattice. Though gallium
species 1 the mitial gel-state were already confirmed by the XRF
and XPS as summarized in1 Table 1, the peak (observed around 150
ppm) 1s not observed at the irutial state m Fig. 7. This can be atirib-
uted to the fact that the detection of a norr-tetrahedral gallium species
1s difficult because of its disorderliness [Bayense et al., 1989].
The *Si-mas-NMR spectra with synthesis time are shown in Fig.
8. The peaks for the Q" [ Si{(OGa)] structure are observed in a range
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Fig. 8. ®Si mas-NMR spectra for products as a function of syn-
thesis time.
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Fig. 10. DTG awrvesfor products as a fundion of synthess time.

of —98~~120 ppm for all the synthesis time. After 63 h, the peaks
for 8i(OGa) and Si(1Ga) are also observed at —112 and —104 ppm,
respectively [Lin and Klinowski, 1992].

The “C-gpmazs NMR spectra with the synthesis time are pre-
sented in Fig. 9. After 63 h, the peaks for the occluded organic tem-
plate (TPA") are observed and progressively increased with the syn-
thesis time. The intensity of the “C-gpomzs NMR spedra is well con-
sistent with the orystallinity results of XXRD. Therefore, the inten-
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Fig. 11.DTA curves for produds as a function of synthesis time.

sity of the "C-cpmasNMR specira can be used as ameasure of the
crystallinity of zeolites [Gabelica et al, 1983; Nagy et al., 1986].
The spedra for the occluded organic template are slightly shifted
from the orignal TPAB«: It has been known that the differences in
the shified peaks stem from a distortion of the symmetric TPA" ion
in the porous zeolite structure and/or an interaction of the TPA® ion
with the zeolite [Gabelica et al., 1983].

2-4. Thermal Analysis

2

Fig. 12. SEM micrographs for produds as a function of synthesis time.

(2)0h, (b) 32h, (c) 60 b, (d) 63 h, (¢) 66 h, (f) 72 h.
July, 2001
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Thermal analyses of the products were carried out to get more
mformation in relation to the “C-cpmas-NMR. The results are pres-
ented m Figs. 10 and 11. Both the weight loss and the heat evolu-
tion due to the removal of the organic template are observed at 280-
450°C m Figs. 10 and 11, respectively. The DTG and DTA curves
clearly show the removal of the organic template after 63h, and
become more significant with the synthesis time, showing good
accordance with the “C-cpmas-NMR results. The amount of or-
garic template occluded m the structure was mnereased with the syn-
thesis time, and the removal temperature of the organic template
was lowered with the synthesis time. This phenomenon umplies that
the mteraction between organic termplate and zeolite lattice becomes
weak because of a stabilization of the zeolite structure with tune.

3. Morphology Change

The changes in the morphology of the products with syrthesis
time were observed by usmg SEM, the results are shown m Fig. 12,
Lumps of particles of various sizes were observed at the rutial gel
state, and they were progressively aggregated with synthesis time.
However, from 63 b, the aggregated particles changed mto parti-
cles having smaller sizes. The particle size distribution of the final
products was analyzed. About 95% of the particles were mna range
of 220-380 rmm 1n1 size, while the remaimng 5% of the particles were
smaller than 50 nm. These sizes are relatively very small when com-
pared with the particle sizes (1-7 ) synthesized in autoclaves
[Gianmetto et al., 1993; Brabec et al., 1998].

CONCLUSION

The [Ga]-MFT was successfully synthesized under atmospheric
pressure at 97 "C m 72 . About 95% of the perticles were m a range
of 220-380 nm in size. The final products were verified to be a typ-
1cal MFI-type zeolite. It was possible to venfy the gallnmm species
coordinated n zeolite framework by using ™' Ga-mas NMR. It was
found that the nucleation of the [Ga]-MFI took a quite long time,
while the crystallization occurred very fast. It is supposed that the
nucleation is a rate-controlling step in the [Ga]-MFT synthesis under
atmosphenic pressure. Therefore, if the induction period of nucle-
ation can be shortened, it would be possible to synthesize the [Gal-
MEFT commercially under atmospheric pressure.
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