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Abstract-Al-MFI and various kinds ofmetallosilicates were synthesized hydi-othelmally under various conditions. 
When finned silica was used as the Si source, we could observe a regular variation in the crystal morphology ~om 
cubic to planar shape of elongated prism as the Si/A1 ratio of the A1-MFI increased. For metallosilicates the re- 
versed variation in morphology was detected with respect to the amount of metal per unit cell. In regard to the 
crystal symmeb-y, the transition from orthorhombic to monoclinic phase took place ~LS the Si/A1 ratio changed 
from 63 to 99, whereas all the metallosilicates had orthorhombic phase because of the metal ions present in the 
non-fi-amework. A careful XRD analysis indicated that the intensity ratio of the 8.80 29 peak to the "7.80 20 peak 
was strongly influenced by the morphology. It turned out that, as the peak ratio increased, the morphology tended to 
change from cubic to planar shape. This leads to the speculation that thep-selectivity might be related to the said 
peak ratio and this was confirmed by experimental data obtained from toluene alkylation. 
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INTRODUCTION 

The uses of MFI-type zeolite catalysts for hydrocarbon conver- 
sion processes have been expanding because of their high activity 
and selectivity, which are mafffly dependent on the zeolite sb~uc- 
~lre and crystal size [Triantafillidis et al., 1999; Cejka et al., 1996; 
Mirth and Lercher, 1994]. It has been recognized that the shape 
as well as the size of  crystals may vary depending on the alkali 
metal introduced during synthesis [Gabelica et al., 1983]. In par- 
ticular, the crystal morphology ~n-ned out to be influenced sig- 
nificantly by the nature of Si source and the degree of  polymer- 
ization [Jansen et al., 1989]. Because of the seemingly complex 
features of the interaction among various factors determining the 
morphology and the crystal size, it is obviously a very difficult 
task to predict the morphology and extract any intbrmation con- 
cemmg the characteristics of the catalyst prepared from its mor- 
phology. 

The purpose of this study was to examine the variation in the 
crystal morphology of A1-MFI as the Si/A1 ratio changes and 
observe the transition in the crystal symmetry. This effort was 
repeated for the metallosilicates synthesized with various metal 
ions to substitute the aluminum iorL We also investigated the 
XRD patterns of A1-MFI crystals with various Si/A1 ratios as well 
as those of metaUosilicates. Finally, the A1-MFI substitutional se- 
ries was applied to alkylation of  toluene to examine the relation- 
ship between the p-selectivity and the crystal morphology. 

EXPERIMENTAL 
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1. Catalyst Preparation 
The A1-MFI catalysts were prepared by the procedure described 

in the patent by Mobil [Algauer and Landolt, 1972]. Silicalite, 
Fe-MFI and B-MFI were synthesized hydrothermally in the Tef- 
lon-lined autoclave at 160-170 ~ for 3-7 days. The syiNlesis con- 
ditions of the catalysts are summarized in Table 1. For the source 
of Si we used sodium silicate (Fluka), Cabosil M-5 (Fluka), Aero- 
sil-200 (Degussa) and Zeosil, whereas sodium almninate (Junsei) 
was employed as the source of aluminum iorL As a source of or- 
ganic cation, tetrapropylammonium-brornide (TPABr, Fluka) and 
tetraethylammonium-hydroxide (TEAOH, Fluka) were chosen. For 
the preparation of metallosilicates, we used ferric nitrate (Junsei) 
and boric acid (Fluka) to locate Fe and B at T-sites of the crystal 
stmc~lre instead of A1. 

The NH4-form zeolites were prepared by the ion-exchange of 
zeolites with 1.0 M NI~C1 solution overnight at 80 ~ under re- 
flux three times. These were then transformed to the H-form zeo- 
lites by calcining NH~-foml zeolites in an- at 540 ~ for 5-6 h. 
2. Characterization 

The crystal s~ucture was confirmed by the XRD and the mid- 
infi-ared spectra of each catalyst. The X-ray diffraction spectra 
of ZSM-5 and metallosilicates were obtained with a Rigalcu X- 
ray diffractometer (JEOL JDX-5P) equipped with an Ni filtered 
CSAK0~ source Ol:el-a~lg at 30kV and 10mA. A typical XRD ~ t -  
tern of ZSM-5 synthesized is shown in Fig. 1. 

For the ffffrared investigation of  the zeolite, a Fourier b-arts- 
form-infiared spectrometer (Perkin-Elmer 1700X/8600) was used. 
Transmittance was obtained in the range of 4,000-400 cm -~ with 
resolution of 4 cm -~. For each run, a thin wafer was prepared 
by using 60 mg of  the mixture composed of zeolite (40 wt%) 
and KBr under a pressure of  9 ton/m 2. The mid-infrared spectra 
of  the catalysts are shown in Fig. 2. 

The morphology and crystal size of catalysts prepared were ex- 
amined by SEM analysis. Global Si/Me ratios ofmetalosilicates 
were detemlined by X-ray fluorescence spectrometry (XRF). 
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Table 1. Synthetic conditions of AI-MFI, B-MFI, Fe-MFI and silicalite 

Catalyst Molar compositions Metal source Temp. (~ Time (days) 

A1-MFI x(Na~O)-(SiO2)-y(A1203)-0.18[(TPA)20]-60H20 Sodium aluminate 160 -170 3-7 
x: 0.015-0.033 (NaAlO2) 

y: 0.0056-0.021 

x(Na~O)-(SiO~)-y(B2Q)-0.18 [(TPA)~O]-60H~O Boric acid 170 4 

x: 0.005-0.08 (H3BO3) 
y: 0.003-0.021 

x(Na~O)-( SiO2)-y(F%O3)-0.18 [(TPA)20]-60H20 Ferric nitrate 165-170 4 
x: 0.005-0.08 [Fe(NO3)j 9H20 ] 

y: 0.003-0.021 

x(Na20)-(SiO2)-y(H3PO4)-0.85 [(TPA)20 ] (or [(TEA)20])-60H20 Phosphoric 160-170 3-7 

x: 0.015-0.033 acid (H3PO4) 
y: 0, 1.0 

B-MFI 

Fe-MFI 

Silicalite 

Fig. 1. XRD pattern of AI-MFI with the Si/AI of 50. 

The 31p MAN NM~ spectrum was measured at 121.5 MJ-Iz 

with a spinning frequency of 4kHz. Chemical shifN of the spec- 

burn were referenced to 85% H3PO4 in H20. 
To examine the acidity of the catalysts, tempera~re proammed 

desorption of}qJ-I 3 was conducted. The catalyst (0.1 g) was heated 
in a flow of He at 500 ~ for 1 h. After tile bed was cooled to 50 
~ several pulses ofNH 3 (20 cc) were introduced into the bed. Af- 
ter tile adsoHXion step, tile bed was flushed with He at 50 ~ for 30 
min. The temperature programmed desorption was carried out by 

increasing the temperature from 50 ~ to 600 ~ at a rate of 10 ~ 
min. Tile desorbed ammonia was detected by gas ct~olnatography 
with a thermal conductivity detector. 
3. Reaction Experiment 

The alkylation of toluene with methanol (MeOH) or ethanol 

(EtOH) was conducted in a fixed-bed downflow reactor under 
abnosphelic pressure with tolueneJMeOH and toluene/EtOH mo- 
lar ratio of 2-4. The microreactor consisted of a pyrex tube of 8 

mm I.D. with a filter, and the reaction temperature was con- 
trolled with a PID tenlperamre controller within tile error range 

o f •  ~ Tile catalyst of 0.05-0.1 g was activated inNz flow at 
5(10 ~ for 1 h and then tile reactor was cooled clown to tile re- 

action temperature in N2 flow. Tile reaction mL, cture was fed to 
the reactor at a constant rate by microfeeder in a flow of N2. 

During each lq.ln, tile product was analyzed by on-line G.C. 
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with FID. Tile arlalysis colurml was made of stainless-steel t u ~  
(4m long, 4 m m  O.D.)packed with Chromosorb W (80-100 

mesh) coated with bentone 34 (7%) and DNP (7%). Tile oven 
tempem~re was programmed to increase from 60 ~ to 130 ~ 

at a rate of 4 ~ 

RESULTS AND DISCUSSION 

The X-iay difti-action patterns of tile Z SM-5 and nletallosili- 
cates were in good agreement with those reported in the litera- 
ture [Aigauer and Landolt, 1972; Szostak, 1989] (of Fig. 1). Tile 
identification of zeolites synthesized was also supported by mid- 

infrared spectra shown in Fig. 2, where the characteristic bands 
of MFI type zeolite at 1,225 cm 1 and 550 cnl 1 were observed 
[Szostak, 1989]. The bands at 1,225 cm ~ and at 550 cm ~ are at- 

tributed to the asymmetric stretching vibration of external tetra- 
hedra and the double 5-member ring block vibrations, respec- 

tively. In addition to these two bands, three more bands are ob- 
served at 1,093 cm 1, 790 cnl 1 and 450 cm l, respectively, in tile 
spectra. These results support the fact that the catalysts were syn- 

thesized to have the MFI sWucmre. 
With fumed silica such as Aerosil, Cabosil and Zeosil, tile cat- 

Fig. 2. Mid-infrared spectra of (a) B-MFI, (b) Fe-MFI and (c) 
AI-MFI catalysts with the same Si/Me ratios of 24. 
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Fig. 3. SEM pictures of silicalites synthesized wRh different re- 
action mixtures. 

alyst had always taken the regular crystalline morphology within 
the range of synthetic conditions of  the present study. 

In Fig. 3 we present three different SEM pictures ofsilicalite 
prepared by using fumed silica. Part (a) shows the lath-shaped 
crystals with elongated prism morphology, which represents the 
typical morphology of the silicalite synthesized with TPABr. 
When TEAOH is used as the templating agent, crystals ofrhom- 
bic shape are obtained as shown in Part (b). In Part (c) we pre- 
sent another morphology of silicalite obtained fi~m the reaction 
mixture ofcomposiion: 0.85 TPABr, 1.0 SiO2; 1.0 P205; 60 H20. 
According to the SiP-solid MAS NMR analysis, P is present in the 
non-fi'amework. We note that the crystal shown in Fig. 3(c) is thin- 
net than any other crystals synthesized in this laboratory. 

Fig. 4 shows the SEM pictures of  A1-MFI with different values 
of  the Si/A1 ratio. It is clearly seen that, as the Si/A1 ratio in- 
creases, the morphology changes fi~m the cubic shape to the pla- 
nar shape of elongated prism. The XRD patterns of  A1-MFI cat- 
alysts with various values of the Si/A1 ratio are presented in Fig. 

Fig. 4. SE1VI pictures of AI-~cIFI with different Si/AI ratios. 

5. Here we note that there appears a single peak at 24.4 ~ 20 
when the Si/A1 ratio is equal to 63 and the peak is split into two 
parts when the Si/A1 ratio is larger than or equal to 99. This im- 
plies that the transition fi~m otthorhombic to monoclinic phase 
takes place as the Si/A1 ratio changes fi~m 63 to 99. This ob- 
servation is consistent with the result reported by Nakamoto and 
Takabashi [Nakarnoto and Takabashi, 1981]. 

The SEM pictures ofmetallosilicates are presented in Figs. 6 
and 7 fi'om which it is obvious 1hat the shape of  crystals may vary 
depending on the amount of  metal introduced. For the Fe-MFI 
and B-MFI catalysts, we observe that the crystals are of planar 
shape when the metal content is low. As the metal content in- 
creases, the crystals tend to take the cubic form. Thus the ratio 
of  the length of  the straight channel to that of the sinusoidal chan- 
nel would increase as the metal content increase. 

All the metallosilicates synthesized are found to have oghor- 
hombic symmetry by XRD analysis. This may be due to the fact 
that a portion of the metal is present in the non-fi'am ework. Wu 
et aL [Wu et al., 1979] reported that A1-MFI with excess alkali 
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Fig. 5. XRD patterns of AI-MFI with various values r the Si/AI 
ratio. The series of patterns shows the W~asi0on from 
orthorhombic to m o n o d i c  phase between the values 63 
mtd 99 of the Si/Al ra~o. 

Fig, 7. S E M  pictures of F e - M F I  with different SUFe ratios. 

Fig. 6. SEM pictures of B-MFI with different SUB ratios. 
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cation would have orthorhombic symmetry even vchen the Si/ 
A1 ratio is rather high. This leads to the speculation that the me- 
tal ions in the non-fi-amework of metallosilicates may play the 
role of alkali cation in the non-framework of A1-MH. 

In Table 2 we compare the intensities of two peaks at 7.8 
and 8.8 ~ 20 fi'om the XRD p~erns  of A1-MH catalysts with 

Table 2. The Si/AI ratio,  the 8.8/7.8 peak  ratio and  the p-~elec- 
tivity or na-MrI  

Si/A1 ratio 8.8/7.8 peak ratio Nonnalizedp-selectivity (%f 

24 0.64 28.06 

48 0.67 34.49 

96 0.71 52.34 

192 0.73 50.88 

384 1.08 59.34 

480 1.35 67.46 

672 2.08 66.28 

~ormalizedp-selelctivity in toluene alkylation at 450 ~ 
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various values of  the Si/A1 ratio. It is immediately evident that 
the intensity ratio of  8.80 20 peak to 7.80 20 peak (to be called 
as the '8.8/7.8 peak ratio' in the following) increases with the 
Si/A1 ratio and becomes greater than one for large values of the 
ratio. The 8.8/7.8 peak ratio is also found greater than one for 
some of the metallosilicates (e.g., Zn-MFI and Cr-MFI) [Jeoug, 
1992; Kim, 1994]. Since the morphology changes fiom the cubic 
form to the planar shape as the Si/A1 ratio increases, it would be 
reasonable to conclude that the 8.8/7.8 peak ratio increases as 
the crystal tends to take planar shape. 

Fig. 8 shows the normalized iv-selectivity with respect to the 
contact time from toluene alkylation over A1-MFI catalyst. When 
the contact time is extrapolated to zero, the selectivities of iv- 
xylene and p-ethyltoluene are expected to reach 100% while those 
of  o- and m-isonlers approach to zero. Therefore, one may con- 
clude that iv-xylene and iv-ethyltoluene are the primary products 
in toluene alkylation with MeOH and EtOH, respectively, due to 
the ti-ansition state selectivity in the chaimel of A1-MFI catalyst 
[Paparatto et al., 1987; Fang et al., 1999]. 

Tes~lg vaxious catalysts of the A1-MFI substitutional series for 
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alkylation reaction of toluene, we repeatedly observe higher iv- 
selectivity with catalysts of planar shape. This implies that the 
iv-selectivity is affected by the crystal morphology. In Table 2, 
we also compare the normalized iv-selectivity in toluene alkyla- 
tion with the 8.8/7.8 peak ratio. It is clearly seen that the iv- 
selectivity tends to increase with the 8.8/7.8 peak ratio. On the 
whole, the raetallosilicates show kigher iv-selectivity than A1-MFI 
and the iv-selectivity tends to increase with the 8.8/7.8 peak ratio. 

As shown above, the morphology and the 8.8/7.8 peak ratio 
were coiffh~ned to bear a sb-ong relation to the iv-selectivity in the 
alkylation of toluene. However, the acidity of the catalyst must 
be taken into account. The TPD profiles of  NH3 from A1-MFI, 
Fe-MFI and B-MFI catalysts with the same Si/Me (Me=A1, Fe 
and B) ratio are presented in Fig. 9. The acidity decreases in the 
order of A1-MFI>Fe-MFI>B-MFI and the selectivities ofiv-xylene 
and p-ethyltoluene increase in the order of  A1-MFI<Fe-MFI<B- 
MFI as shown in Table 3. Although the changes in crystal mor- 
phologies and crystal sizes are evident, it is difficult to tell to what 
extent these changes make contributions to the p-selectivity. How- 

Fig. 8. Normalized seleetivities of (a) xylene isomers and (b) 
ethyltoluene isomers vs. the contact t ime over the AI- 
MFI catalysl. 

Fig. 9. TPD pl~ff'des of NH3 from different metal containing MFI- 
type catalysts. 

Table 3. p-Selectivities over various catalysts in the alkylation 
of toluene with methanol  ~ and ethanol b, respectively 

Catalyst Si/Me ratio 
Selectivity (%) 

iv-xylene iv-ethyltoluene 

A1-MFI 24 28.06 34.48 
96 52.34 53.49 

192 50.88 64.19 
Fe-MFI 24 33.23 30.57 

96 54.60 57.15 
192 82.30 84.81 

B-MFI 24 50.78 66.96 
96 61.88 72.85 

192 81.96 88.89 

Reaction conditions: a450 
~320 

~ toluene/MeOH 2.0,WHSV 1.011]. -1. 
~ tolu~le/EtOH 4.0, WHSV 1.01 t l  1. 
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peak at 7.8 ~ 20 tends to increase as the Si/A1 ratio increases or 
as tile morphology varies from cubic to planar shape. When die 
A1-MFI substitutional series is applied to the alkylation reaction 
of toluene, it appears that there exists a strong dependence of the 
p-selectivity on tile inorphology and tile 8.8/7.8 peak ratio in tile 
XRD pattern. Although it may be premature to deduce any deft- 
nite conclusion, furtiler research effort in dlis direction would 
make a valuable contribution to the catalyst design of the A1-MFI 
substitutional series. 
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Fig. 10. TPD profiles of NH3 from B-MFI catalysts with different 
Si/B ratios. 

ever, it might be interred that the difference in p-selectivity among 
three different catalysts of  the same Si/Me ratio is attributed to 
file difference in acidity [Masuda et al., 1998]. 

The TPD profiles of ammonia from B-MFI with different Si/B 
ratios are given in Fig. 10. As shown in Fig. 6, the morphology 
changes evidently from file twined cubic shape to die elongated 
prism with the Si/B ratio, but the acidity change is insignificant. 
Therefore, die higher p-selectivity over B-MFI with lower metal 
content cannot be explained by acidity consideration alone and 
we should take into consideration all of the morphology, the crys- 
tal size and die acidity. As tile Si/Me ratio increases, tile crystal 
tends to take planar shape and this indicates that the thickness 
(the length of the straight channel) of the crystal, that is the path- 
way of the product, becomes thinner. As the length of the s~aight 
channel is shortened, the residence times of  p-xylene and p-ethyl- 
toluene that are tile primary products in tile channels of  MFI- 
type zeolites become shorter. Therefore, the ultimate selectivities 
observed in the bulk phase become larger. 

CONCLUSIONS 

When fumed silica is used as the Si source, the morphology 
of A1-MFI shows a fairly regular variation depending on the com- 
position of die reaction inL,~ture as well as on file kind of teln- 
plating agent. As the Si/A1 ratio increases, the shape of the crys- 
tals tends to change from cubic to planar form and the crystal 
symmetry undergoes a transition from orthorhombic to moncclin- 
ic phase. 

Metallosilicates synthesized with Fe and B have file same cha- 
racteristic features in morphology as the A1-MFI. This leads to 
the speculation that by examining the morphology of a metallo- 
silicate one inay be able to predict whether or not file inetal ions 
are located at the T-site instead of  A1 and, if so, to what extent 
file inetal ions are located at file T-site. All file inetallosilicates 
synthesized have ordlorhonlbic Synlraet W because of file metal 
ions present in the non-framework. 

It is noted that file intensity ratio of file peak at 8.8 ~ 20 to file 

REFERENCES 

Argauer, R. J. and Landolt, G. R., US Patent, 3,762,888 (1972). 
Cejka, J., Zilkova, N., Wichterlova, B., Edermirth, G. and Lercher, 

J. A., "Decisive Role of Transport Rate of Products for Zeolite 
para-Selectivity: Effect of Coke Deposition and External Surface 
Silylation on Activity and Selectivity of HZSM-5 in Alkylation of 
Toluene7 Zeotites, 17, 265 (1996). 

Fang, L. Y., Liu, S. B. and Wang, I., ~%nhanced para-Selectivity by 
Selective Coking duling Toluene DispropoNonation over H-ZSM- 
5 Zeolite7 J7 Catal., 185, 33 (1999). 

Gabelica, Z., Blom, N. and Derouane, E. G., "Synthesis and Charac- 
terization of ZSM-5 Type Zeolites - 3. A Clitical Evaluation of the 
Role of Alkali and Anunoniunl Cations~' Appt. Catal., 5, 227 
(1983). 

Jansen, J. C., Engekal, C. W. R. and van Bekk~n, H., "Crystal Growth 
Regulation and Morphology of Zeolite Single Crystals of the MFI 
Type;' Zeolite Synthesis, Occelli, M. L. and Robson, H. E., eds., 
ACS Symp. Sel~, Anl. Cheln. Soc., Washington DC, 398, 257 
(1989). 

Jeong, J. H., "A Study on tile Alkylafion of Arolnafic Compounds 
over ZSM-5 Type Catalysts;' Ph.D. Thesis, Seoul Nat. Univ., 
Seoul (1992). 

Kiln, J. K., "The Morphological Effect of MFI-Zeolite Catalysts on 
the para-Selectivity in Toluene Alkylatior~' M.S. Thesis, Seoul 
Nat. Univ., Seoul (1994). 

Masuda, T., Fujikata, Y., Nishids, T. and Ho~shimo, K., "The Influence 
of Acid Sites on Intmcrystalline Diffnsivities within MFI-Type 
Zeolites;'MieroporousMater, 23, 157 (1998). 

Mirth, G. and Lercher, J. A., "On the Role of Product Isomerization 
for Shape Selective Toluene Methylation over HZSM57 J Catal., 
147, 199 (1994). 

Nakamoto, H. and Takahashi, H., "Crystal Symmetry Change of 
ZSM-5 by Various Treallncalts7 Chem. Lett., 1013 (1981). 

Paparatto, G., Moretti, E., Leofanti, G. and Gatti, F., "Toluene Ethy- 
lation on ZSM Zeolites~'Z CataL, 105, 227 (1987). 

Szostok, R., "Molecular Sieves: Principles of Synthesis and Idelltifi- 
cation7 Van Nostmnd Reinhold, New York (1989). 

Tliantaflllidis, C. S., Evmiridis, N. P, NalbandialL L. mid Vasalos, 
I. A., "Kinetics, Catalysis, and Reaction Engineering - Perfor- 
mance of ZSM-6 as a Fluid Catalytic Cracking Catalyst Additive: 
Effect of the Total Number of Acid Sites mid Particle Size," Ind 

July, 2ooo 



p-Selectivity of the A1-MFI Substitutional Series 467 

End. Chem. Rex., 38, 916 (1999). Kokotailo, G. T. J., ~%SM-5 Factors Affecting Crystal Symmetry,' 
Wu, E.L., Lawton, S.L., Olson, D. H., Rot~man Jr., A. C. and Phys. Chem., 83, 2777 (1979). 

Korean J. Chem. Eng.(Vol. 17, No. 4) 


