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Abstract-The crystaliization of the [Ga]-MFI was investigated as a ftmction of synthesis time under atmospheric 
pressure. The molar composition of the reactants was 100SiC~-Ga~O3-11Na20-11TPABr-3500H20. The crystalIizaity 
of the [Ga]-MFI was examined by using several analytical instruments, such as XRD, XPS, XRF, FT-IR, solid-state 
mas-NMR, DTG/DTA, mad SEM. The [Ga]-MFI was successfully synthesized under atmospheric pressure 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 m the [Ga]-MFI synthesis under atmospheEc 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 [G-a]-IviFI is a zeoIite that is prepared by the substitution of 
@a for A1 in the fi-~-nework of ZSM-5. The [@a]-IviFI shows high 
activity and selectivity in the a-omafization of lower alkales, which 
is a process of great commercial importance ~Lee et al., 1986; Guis- 
net et al., 1992; Oiametto et aI., 1993; Chondhary et aI., 1996; Lee 
et al., 1998; Kim et al., 2001]. There are several reported methods 
to incorporate Ga into the MFI zeolite: ion exchange [Gnep et aI., 
1989; Khodakov et aI., 1990], impregnation [Bayeme et al., 1991; 
Meriaudeau and Naccache, 1990], physical mixing of Ga203 with 
IviFI zeolite [Gnep, 1998; Yakei~on et al., 1989], and izartiaI orfiflI 
substitution of Ga for A1 of the MFI zeolite [Thomas and Liu, 1986; 
Choudhary et al., 1996; Smamons et al., 1987; Inui et al., 1987; Kanal 
and Kawata, 1 989; Mobil Oil Co., 1986, 1989; Mitsubishi Chem. 
Co., 1997; Chiyoda Co., 1993; Vaw vet Altrninitrn Werke Ag., 
1992]. Recently, the last method has drawn interest became of the 
even dis~-ibution of gallium, which exhibits higher dehy&-ogena, 
tion activity. Until now, the [Ga]-lVIFIs have been synthesized by 
using autoclm~es under an autogenous pressure above 150 ~ [Crian- 
netto et al., 1993; Choudhary and Kinage, 1997]. 

In this study, the synthesis of the [Ga]-MFI type zeolite was con- 
ducted using a Teflon reactor under atmospheric pressure, and the 
crystallization of the [Ga]-IviFI was also investigated 

EXPERIMENTAL 

1. Synthesis of the [Ga]-MFI 
The materials for the [Ga]-MFI synthesis were Ludox-ASdO as 

a silica source (Du Pont Chem. Co.), Ga(NQ) 3 as a Ga source (AI- 
drich Chem. Co.; 99.9%), NaOH as an alkali source (JLmsei Chem. 
Co.), and tetra-propyl ammonium bromide (TPABr) as an olgarnc 
tempIate (Dongkyung Hwasung Co.). 

tTo whom correspondence should be ad&essed. 
E-mail: hahm@mju.ac.kr 

The [Ga]-MFI was synthesized under atmospheric pressure in a 
1.5 L Teflon reactor equipped with a condenser and sti~Tez; and the 
reactor was heated with an oil battl The molar composition of the 
reactants was 100SiO2-G'a2Q-11Na20-11TPABr-3500H20. The syn- 
thesis l~ocedures are as follows. Fi~t, 640 g of Ludox-ASdO, 50.48 g 
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Fig. 1. Flowsheet for the s)qnthesis of the [Ga]-MFI. 
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of 50 wt%-NaOH solution, and 1,116 g of distilled water were mgxed 
in 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 (Ill) ni~a'ate hy- 
&ate were poured in another p1~owlene beaker (11) and mixed well. 
Next, the solution of the beaker 0I) was slowly poured into the beaker 
(I) with a vigorous stin~lg. Finally, 124.8 g of tetra-propylene am- 
monium bromide (TPABr) was added to the m ~ e .  The obtained 
mix~'e was then poured into the reactor mentioned above, and the 
reaction was corned out at 97 ~ and under atmosphehc pressure 
with stirring (300 rpm). The flowsheet for the synthesis of the [Ga]- 
Ivl~I is shown m Fig. 1. ZSM-5 was also s3mlhesized by the sane 
procedure mentioned above to compare with the [Ga]-MFI pro- 
duced 
2. Characterizations 

In order to investigate the crystallization of the [Ga]-MFI, the 
reaction was stopped after a predetemfined reaction time, ancl the 
reactor was quenched Then, the content of the reactor was filtered 
with a membrane filter of 0.1 ban, and washed with distilled water 
taltil the filla-ate became neutral. The obtained solids were dried at 
100 ~ ovenfight and reserved in a desiccator. The obtained solids 
were calcined raising temperatta-e at a rate of 5 ~ to 550 ~ 
with a flow of 50 ml ah-/mm. 

The solids were then chapacterized by XRD (Siemens, D5005), 
Fr-IR (Nicolet, Impact 400), solid state mas-NMR (Vaiian, Plus300), 
XPS (ESCALAB, 220i), SEM (Stmnalsu, Alpha 25a), XRF (Rigaku, 
3 27 0), and DTG/DTA (SETARAM92-16.18). 

RERULTS AND DISCUSSION 

1. Composition Change 
The composition and physico-chemical propeNes of the [Ga]- 

IvIFI zeolites prelmred were chm-acterized by using XRF and XPS, 
and the results are summarized in Table 1. Except for the initial gel 
formation state, the molar ratios of Si to Ga2 between the surface 
and the bulk were almost the same. This result reveals that the cry- 
stallization of the [Ga]-MFI takes place homogeneously, indicating 
the tafifonn distribution of Oa ttnoughout the zeolite Damework 

In Table 1, thee XPS peaks ofGa (2p) are observed at 1119.7, 

1118.9, and 1117.8 eV at the initial state, while only one peak is 
observed at l l19.2eV after 72h of reaction. This result suggests 
that the Ga species were thi'ee !rinds m the/tfitial state, but it be- 
cane one kind after 72 h of reactioi1 The binding energy of 1119.2 
eV of Ga (2p) of the final product is higher than those of Ga (1117 
eV) and Ga203 (1117.7 eV). Tiffs reveals that the gallium existmg 
inthe lance of the [Ga]-MYI is GaO2" tetrahedral 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 
investigated by using several analytical ins~uments. The fon-aation 
of the unit cell stmctta'e of the [Ga]-IvfFI was identified by Fr-IR; 
the crystallinity and phase changes with syiNlesis trine were by XRD; 
the gallitan and silicon species exislmg in the [Ga]-MFI Damework 
were by 7~Ga- and 29Si-mas-NMR; and the slraight- and sinusoidal- 
type dlazmels that are a unique structure of MFI-type zeolite were 
by 13C-cpmas-NMR. 
2-1. Kr-IR 

Using Kf-IR, one can easily identify the five-member ring and 
double five-member ring of the MFI-type zeolite as well as its unit 
cell structure. The MFI-type zeolites ~xhibit their unique IR peaks m 
the regions of 1,220 and550 cm ~ [Szostak, 1988; Camblot; 1992]. 
The IR spectra of the products with synthesis time are presented in 
Fig. 2. Peaks in the regions of 1,220 and 550 cm -~, corresponding 
to the five-member iing and double five-member ring (D5R), were 
observed after 32 h of reaction, mad a new peak around 970 cm -~, 
which is not observed m ZSM-5 and silicalite, was observed. On 
and after 63 h of reaction, the peak for a T-O bonding (attributed 
by the internal vibration of telrahedial TO4) shifted fi-om 475 cm -~ 
to 450 cm ~. A similar phenomenon was also observed m the x p s  
result listed in Table 1, in which the binding energy of O(1 S) shifted 
from 531.9 (initial) to 532.7 eV (after 63 h). As can be seen m Fig. 2, 
the peaks for the external lit~kage vihation of five-member ~ing 
and D5R were observed at 1220 and 550 crn -~, respectively, beyond 
63 h of reaction. Consequently, it would appear that the stfift of the 
T-O wave number and the change of the binding energy of O(1S) 
stenmled from a change m the envirolmlent of the TO4, wtfichwas 
caused by the formation of the crystalline structta-e clue to the con- 

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

Analysis by XRF (wt%) 

Synthesis Mole ratio Mole ratio of 
time (1l) SiO2 Ga~O3 Na20 

SiO/Ga~O~ Na20/Ga~O3 SiOjGa203 

Analysis by XPS 

Bmdmg energy (eV)* 

Ga2p3 Ols Si2p 

Initial 93.4 2.78 3.58 105.2 3.9 165.4 1119.7 
1118.9 
1117.8 

531.9 103.8 

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 1.54 102.5 1.6 102.4 1119.2 532.7 104 

hlitial mole ratios of the reactants : SiOjGa203=100; SiO/Na20=9; SiO/TPA20=9; and H20/SIO2=35. 
*: Referenced to the C(1S) of 285• e\; 
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Fig. 2. F f - IR speclra for products as a function of s)~lhesis lime. 

dei~sation of SBU (secondary building talit) and chairLs formed ~om 
PBU (pisnary building unit). It is concluded that the final products 
are the MFI s1iucture by the unique peaks obseared at 454, 547, 
794, 1,11 O, and 1,220 cln -~. 
2-2. X-ray Diffraction 

The phases of the products ([Ga]-MFI) were ide~ltified by usMg 
XRD as a function of the synthesis tinle. In order to comlmre the 
slrucOares of the products with ZSM-5, which has the same stmc- 
0are with [Ga]-MFI, ZSM-5 was also synthesized under the same 
synthesis condition. The XRD patterns for [Ga]-MFI and ZSM-5 

(a) (b) 
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Fig. 3. X-ray diffl~ction patterns for products as a function of syn- 
thesis time. 
(a) [Ga]-MFI, (b) ZSM-5 
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Fig. 5. X-ray diffraction patterns for products as a function of syn- 
thesis t ime. 
(a) [Ga]-MFI, (b) ZSM-5 

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

In Figs. 4 and 5, the XRD peaks of [Ga]-IVIFI shifted a line to a 
lower angle value (20) with the progress of crystaIiization, mdicat- 
hag a shift to a Iatger lattice space. Tiffs phenomenon may be due 
to the increase in the Iatttce tmrameters by the replacement of silicon 
atom with Imge~- gallium atom, indicating the evidence of gaUium 
substitution. 

The crystallinity of ZSM-5 and [Ga]-MFI with synthesis time is 
shorn1 in Fig. 6. ZSM-5 shows a typical S-type crystaIIization cuwe, 
whereas [Ga]-IvIFI does not clearly show the curve. [Ga]-MFI shows 
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Fig. 6. Crystallinity of the [GaJ-MFI and ZSM-5 as a function of 
synthesis time. 

a slower nucleaticn process (n~-nely, a longer nucleation period) 
followed by a rapid crystal growth, wtfile the ZSM-5 shows a gra- 
dual crystallization process. Oh et al. [2001] reported that one of 
the key factors in the crystallization ofMFI-type zeolites is the action 
of OH- ions. Erdem and Sand [1979] reported that the activation 
enelgy of the nucleation of ZSM-5 (Si/A12=28) is 5 times larger 
than that of the MFI-type silicalite (no altmlinum, silicon only). He 
explained that this phenomenon is caused by the existence of al- 
uminum that lowers the decomposition of the silica gel by con- 
staling OH- ions of the solution becanse of its 4-coordizxation nta> 
be~s (AI(OH)4). Therefore, the longer nucleation period of the [Cra]- 
IvlYl in this study can be understood with the same reason men- 
tioned above, that is, the gallium, with 6-coordination numbers, cc~- 
su-nes more OH- than the aIurninurn does. 
2-3. Solid State mas-NIviR 

The ide,~fificafion of the existe,~ce of a substituted metal in a zeo- 
lite framework becomes possible with the usse of solid-state mas- 
NMR. Fig. 7 shows the spectra of 7~Ga-mas-NMR with synthesis 
th-ne. A single peak around 150 ppm, which con-espcnds to a chemi- 

a • • •  ~' r 1 6 2  ~ ~'%4~ 6o 

350 900 250 ;~00 15D 100 50 0 ppm From 6a(I-I,O)~, "~§ 

Fig. 7. nGa #u~s-NMR spectra for products as a function of 
synthesis time. 
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caI stfit~ from Ga(H20)~, is observed. Tiffs is due to a chemical 
shift of the gallium coordinated telrahedrally in the zeolite fi-ame- 
work [Timken and Oldtield, 1987; Bayense et al., 1989]. The peak 
becomes larger with synthesis time, indicating the in~'ease in the 
amounts of gallium incorporated into the lattice. Though gallium 
species m the initiaI geI-state were akeady confmned by the XRF 
and XPS as strnmarxzed in Table 1, the peak (observed wound 150 
pie-n) is not observed at the initial state in Fig. 7. Tiffs can be attrib- 
uted to the fact that the detection of a non-tetmhe&al gallium species 
is difficult because of  its disorderliness [Bayense et al., 1989]. 

The 2~Si-mas-NIviR spectra with synthesis Ik'ae are shown in Fig. 
8. The peaks for the Q4 [ Si(OGa)] s~lcmre are observed in a mige 
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Fig. 8. aSi  m a s - N M R  spectra for products as a function of syn- 
thesis time. 
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Fig. 9.1~C cp#~s-NMR spectra for products as a hmetion of syn- 
thesis time. 
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of -98-- -  120 ppm for all lhe synlhesis time After 63 h, file peaks 
for Si(OGa) and Si(1Ga) are also observed at-112 and-104 ppm, 
respectively [Lin and Klinowski, 1992]. 

The 13C-qvrna~-NM~ spectra with file synthesis time are pre- 
sented in Fig. 9. After 63 h, lhe peaks for file occluded organic tem- 
plate (I'PA § are observed and progressively ina'eased wilh the syn- 
thesis time. The intensity oflhe I3C-cFrmsNMR spectrais well con- 
silent w ~  the aystallinity results of XtlJ). Therefore, the inten- 

sity of the L~C-cpma~-NMR spedra can be used as ameamre oflfie 
aystallinity of zeolites [G-abelica et al., 1983; Nagy et al., 1986]. 
The ~peara for file occluded organic template a'e slightly shifted 
firm the original TPABr. It has been known that the differences in 
the sh~ed peaks stem from a distortion of the s3anmeWic TPA + ion 
in file porous zeolite ~uctm~e and/or an infraction office TPA + ion 
with the zeolite [Gabelica et al., 1983]. 
2-4. Thermal Analysis 

Fig. 12. SEIVI micrographs for products as a ftmdion of synthesis time. 
(a) 0 h, (b) 32 h, (c) 60 h, (d) 63 h, (e) 66 h, (f) 72 h. 
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ThenuaI analyses of the products were can-led out to get more 
information in relation to the ~C-opmas-NM~ The results are pres- 
ented in Figs. 10 and 11. Both the weight loss and the heat evolu- 
tion due to the removal of the organic te~-nplate are observed at 280- 
450 ~ in Figs. 10 and 11, respectively. The DTG and DTA cunres 
clearly show the removal of the organic template after 63 h, and 
become more significant with the synthesis time, showMg good 
accc~'dance with the '~C-cpmas-NMR results. The amount of or- 
gm~ic template occluded in the s~uc~'e was increased with the syn- 
thesis time, and the removal temperature of the organic template 
was lowered with the synthesis trine. This phenomenon i,nplies that 
the interaction between organic template and zeolite lattice becomes 
weak because of a stabilization of the zeolite stmc~'e with time. 
3. Morphology Change 

The changes in the morphology of the products ~vith syl~thesis 
trine were obsen~ed by using SEIvl; the results are shown in Fig. 12. 
Ltm~ps of particles of various sizes were obsel~ed at the initial gel 
state, and they were progressively aggregated with synthesis time. 
However; from 63 h, the aggregated particles changed into parti- 
cles having smaller sizes. The particle size distribution of the final 
products was analyzed. About 95% of the particles were in a zange 
of 220-380 nm in size, while the remaining 5% of the particles were 
smaller than 50 nm. These sizes are relatively very small when com- 
pared with the particle sizes (1-7 ~tm) synthesized in autoclaves 
[Giannetto et ai., 1993; Brabec et ai., 1998]. 

C O N C L U S I O N  

The [Ga]-IvlFI was successfully synthesized under ~nospheric 
pressure at 97 ~ in 72 k About 95% of the particles were in a range 
of 220-380 nm in size. The final products were verified to be a typ- 
ical IvlFI-type zeolite. It was possible to vezify rite gaiiitmt species 
coordinated in zeolite fiamework by ttsmg 7~ @a-mas-NMR. It was 
found that the nucleation of the [Ga]-IvlFI took a quite long ~ne, 
wtfile the crystallization occurred very fast It is supposed that the 
nucIeation is a rate-cormoiling step in the [Ga]-MFI synthesis under 
atmospheric pressure. Therefore, if the in&~ction period of nucle- 
ation can be shortened, it would be possible to sy~• the [Ga]- 
MFI commercially under atmospheric pressure. 
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