Korean J. Chem. Endl7(4), 461-467 (2000)

p-Selectivity of the Al-MFI Substitutional Series in Alkylation of Toluene
Jong-Hun Jung, Jeong-Kyu Lee*, Jin-Ku Kim** and Hyun-Ku Rhee'
School of Chemical Engineering and Institute of Chemical Processes,

Seoul National University, Kwanak-ku, Seoul 151-742, Korea
(Received 29 March 2000 « accepted 13 May 2000

Abstract—Al-MFI and various kinds of metallosilicates were synthesized hydrothermally under various conditions.
When fumed silica was used as the Si source, we could observe a regular variation in the crystal morphology from
cubic to planar shape of elongated prism as the Si/Al ratio of the Al-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 symmetry, the transition from orthorhombic to monoclinic phase took place as the Si/Al ratio changed
from 63 to 99, whereas all the metallosilicates had orthorhombic phase because of the metal ions present in the
non-framework. A careful XRD analysis indicated that the intensity ratio of th&®@eak to the 7°86 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 thateleetivity might be related to the said
peak ratio and this was confirmed by experimental data obtained from toluene alkylation.
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INTRODUCTION 1. Catalyst Preparation
The Al-MFI catalysts were prepared by the procedure described

The uses of MFI-type zeolite catalysts for hydrocarbon conver-in the patent by Mobil [Argauer and Landolt, 1972]. Silicalite,
sion processes have been expanding because of their high activie-MFI and B-MFI were synthesized hydrothermally in the Tef-
and selectivity, which are mainly dependent on the zeolite strucion-lined autoclave at 160-170 for 3-7 days. The synthesis con-
ture and crystal size [Triantafillidis et al., 1999; Cejka et al., 1996;ditions of the catalysts are summarized in Table 1. For the source
Mirth and Lercher, 1994]. It has been recognized that the shapef Si we used sodium silicate (Fluka), Cabosil M-5 (Fluka), Aero-
as well as the size of crystals may vary depending on the alkail-200 (Degussa) and Zeosil, whereas sodium aluminate (Junsei)
metal introduced during synthesis [Gabelica et al., 1983]. In parwas employed as the source of aluminum ion. As a source of or-
ticular, the crystal morphology turned out to be influenced sig- ganic cation, tetrapropylammonium-bromide (TPABr, Fluka) and
nificantly by the nature of Si source and the degree of polymertetraethylammonium-hydroxide (TEAOH, Fluka) were chosen. For
ization [Jansen et al., 1989]. Because of the seemingly complethe preparation of metallosilicates, we used ferric nitrate (Junsei)
features of the interaction among various factors determining thend boric acid (Fluka) to locate Fe and B at T-sites of the crystal
morphology and the crystal size, it is obviously a very difficult structure instead of Al.
task to predict the morphology and extract any information con- The NH-form zeolites were prepared by the ion-exchange of
cerning the characteristics of the catalyst prepared from its morzeolites with 1.0 M NECI solution overnight at 8@ under re-
phology. flux three times. These were then transformed to the H-form zeo-

The purpose of this study was to examine the variation in thdites by calcining Nkform zeolites in air at 54T for 5-6 h.
crystal morphology of Al-MFI as the Si/Al ratio changes and 2. Characterization
observe the transition in the crystal symmetry. This effort was The crystal structure was confirmed by the XRD and the mid-
repeated for the metallosilicates synthesized with various metainfrared spectra of each catalyst. The X-ray diffraction spectra
ions to substitute the aluminum ion. We also investigated theof ZSM-5 and metallosilicates were obtained with a Rigaku X-
XRD patterns of Al-MFI crystals with various Si/Al ratios as well ray diffractometer (JEOL JDX-5P) equipped with an Ni filtered
as those of metallosilicates. Finally, the Al-MFI substitutional se- CuKa source operating at 30 kV and 10 mA. A typical XRD pat-
ries was applied to alkylation of toluene to examine the relation-tern of ZSM-5 synthesized is shown in Fig. 1.

ship between thp-selectivity and the crystal morphology. For the infrared investigation of the zeolite, a Fourier trans-
form-infrared spectrometer (Perkin-Elmer 1700X/8600) was used.
EXPERIMENTAL Transmittance was obtained in the range of 4,000-400vaith

resolution of 4 crit. For each run, a thin wafer was prepared
"To whom correspondence should be addressed. by using 60 mg of the mixture composed of zeolite (40 wt%)
E-mail: hkrhee@snu.ac.kr and KBr under a pressure of 9 toA/ifihe mid-infrared spectra

Current address: *R&D Center, Ssangyong Oil Refining Co., Ulju-Gu, Of the catalysts are shown in Fig. 2.

Ulsan-Si, 20-9, Korea The morphology and crystal size of catalysts prepared were ex-
*R&D Center, SunKyung Industries, Suwon 440-745, Kyungki-do, amined by SEM analysis. Global Si/Me ratios of metalosilicates
Korea were determined by X-ray fluorescence spectrometry (XRF).
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Table 1. Synthetic conditions of Al-MFI, B-MFI, Fe-MFI and silicalite

Catalyst Molar compositions Metal source Tem@)( Time (days)
Al-MFI X(Na,0)-(Si0O)-y(Al ,05)-0.18[(TPA)O]-60H,0O Sodium aluminate 160 -170 3-7
x: 0.015-0.033 (NaAlO,)
y: 0.0056-0.021
B-MFI X(Na,0)-(Si0)-y(B,0,)-0.18[(TPA)O]-60H,0O Boric acid 170 4
x: 0.005-0.08 (H;BO;)
y: 0.003-0.021
Fe-MFI X(Na0)-(Si0)-y(Fe,0,)-0.18[(TPA)O]-60H,0 Ferric nitrate 165-170 4
x: 0.005-0.08 [Fe(NG,);-9HO]
y: 0.003-0.021
Silicalite X(Na0)-(Si0)-y(H;PQ,)-0.85[(TPA)O] (or [(TEA),Q])-60H,O  Phosphoric 160-170 3-7
x: 0.015-0.033 acid (HPQO)
y:0, 1.0

with FID. The analysis column was made of stainless-steel tube
(4 m long, 4 mm O.D.) packed with Chromosorb W (80-100
mesh) coated with bentone 34 (7%) and DNP (7%). The oven
temperature was programmed to increase frofit@0 130°C

at a rate of 4C/min.

RESULTS AND DISCUSSION

Relative intensity (a.u.)

The X-ray diffraction patterns of the ZSM-5 and metallosili-
cates were in good agreement with those reported in the litera-
ture [Argauer and Landolt, 1972; Szostak, 1988]Hig. 1). The
identification of zeolites synthesized was also supported by mid-

10 20 30 40 50 infrared spectra shown in Fig. 2, where the characteristic bands
Z-Theta of MFI type zeolite at 1,225 cthand 550 crtt were observed
Fig. 1. XRD pattern of Al-MFI with the Si/Al of 50. [Szostak, 1989]. The bands at 1,225'cand at 550 crhare at-
tributed to the asymmetric stretching vibration of external tetra-

The ¥P MAS NMR spectrum was measured at 121.5 MHz hedra and the double 5-member ring block vibrations, respec-
with a spinning frequency of 4 kHz. Chemical shifts of the spec-tively. In addition to these two bands, three more bands are ob-
trum were referenced to 85%R0, in H,0. served at 1,093 ¢itp 790 cmi* and 450 cri, respectively, in the

To examine the acidity of the catalysts, temperature proammedpectra. These results support the fact that the catalysts were syn-
desorption of NElwas conducted. The catalyst (0.1 g) was heatedthesized to have the MFI structure.
in a flow of He at 500C for 1 h. After the bed was cooled to 50  With fumed silica such as Aerosil, Cabosil and Zeosil, the cat-
°C, several pulses of NKRO0 cc) were introduced into the bed. Af-
ter the adsorption step, the bed was flushed with He°& 60 30
min. The temperature programmed desorption was carried out b
increasing the temperature from°80to 600°C at a rate of 1TC/ (@)
min. The desorbed ammonia was detected by gas chromatograpl
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
atmospheric pressure with toluene/MeOH and toluene/EtOH mo
lar ratio of 2-4. The microreactor consisted of a pyrex tube of 8
mm 1.D. with a filter, and the reaction temperature was con-
trolled with a PID temperature controller within the error range
of £1°C. The catalyst of 0.05-0.1 g was activated jrldv at
500°C for 1 h and then the reactor was cooled down to the re: 1500 1225 850 675 400
action temperature in Nlow. The reaction mixture was fed to Wavenumber (cm-)

the reactor at a constant rate by microfeeder in a flows.of N Fig. 2. Mid-infrared spectra of (a) B-MFI, (b) Fe-MFI and (c)
During each run, the product was analyzed by on-line G.C. Al-MFI catalysts with the same Si/Me ratios of 24.

7 (e)

Transmittances
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Fig. 3. SEM pictures of silicalites synthesized with different re-  Fig. 4. SEM pictures of Al-MFI with different Si/Al ratios.
action mixtures.

5. Here we note that there appears a single peak &t284.4
alyst had always taken the regular crystalline morphology withinwhen the Si/Al ratio is equal to 63 and the peak is split into two
the range of synthetic conditions of the present study. parts when the Si/Al ratio is larger than or equal to 99. This im-

In Fig. 3 we present three different SEM pictures of silicalite plies that the transition from orthorhombic to monoclinic phase
prepared by using fumed silica. Part (a) shows the lath-shapethkes place as the Si/Al ratio changes from 63 to 99. This ob-
crystals with elongated prism morphology, which represents theservation is consistent with the result reported by Nakamoto and
typical morphology of the silicalite synthesized with TPABr. Takahashi [Nakamoto and Takahashi, 1981].

When TEAOH is used as the templating agent, crystals of rhom- The SEM pictures of metallosilicates are presented in Figs. 6

bic shape are obtained as shown in Part (b). In Part (c) we preand 7 from which it is obvious that the shape of crystals may vary
sent another morphology of silicalite obtained from the reactiondepending on the amount of metal introduced. For the Fe-MFI

mixture of composition: 0.85 TPABr; 1.0 SiQ.0 RO;; 60 HO. and B-MFI catalysts, we observe that the crystals are of planar
According to thé'P-solid MAS NMR analysis, P is present in the shape when the metal content is low. As the metal content in-
non-framework. We note that the crystal shown in Fig. 3(c) is thin-creases, the crystals tend to take the cubic form. Thus the ratio
ner than any other crystals synthesized in this laboratory. of the length of the straight channel to that of the sinusoidal chan-

Fig. 4 shows the SEM pictures of AI-MFI with different values nel would increase as the metal content increase.
of the Si/Al ratio. It is clearly seen that, as the Si/Al ratio in-  All the metallosilicates synthesized are found to have orthor-
creases, the morphology changes from the cubic shape to the plaembic symmetry by XRD analysis. This may be due to the fact
nar shape of elongated prism. The XRD patterns of Al-MFI cat-that a portion of the metal is present in the non-framework. Wu
alysts with various values of the Si/Al ratio are presented in Fig.et al. [Wu et al., 1979] reported that Al-MFI with excess alkali
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Fig. 5. XRD patterns of Al-MFI with various values of the Si/Al
ratio. The series of patterns shows the transition from
orthorhombic to monoclinic phase between the values 63
and 99 of the Si/Al ratio.
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Fig. 7. SEM pictures of Fe-MFI with different Si/Fe ratios.

cation would have orthorhombic symmetry even when the Si/
Al ratio is rather high. This leads to the speculation that the me-
tal ions in the non-framework of metallosilicates may play the
role of alkali cation in the non-framework of AI-MFI.

In Table 2 we compare the intensities of two peaks at 7.8
and 8.8 26 from the XRD patterns of Al-MFI catalysts with

(b} S/ = 4, ——— ; 1. Ty

Table 2. The Si/Al ratio, the 8.8/7.8 peak ratio and the-selec-

tivity of Al-MFI
Si/Al ratio 8.8/7.8 peak ratio Normalizgsselectivity (%)
24 0.64 28.06
F 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
(eh SUH = 192, ¢ 2. 5um 672 2.08 66.28
Fig. 6. SEM pictures of B-MFI with different Si/B ratios. *Normalizedp-selelctivity in toluene alkylation at 45C.
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various values of the Si/Al ratio. It is immediately evident that alkylation reaction of toluene, we repeatedly observe higher
the intensity ratio of 8°&0 peak to 7.820 peak (to be called selectivity with catalysts of planar shape. This implies that the
as the '8.8/7.8 peak ratio' in the following) increases with thep-selectivity is affected by the crystal morphology. In Table 2,
Si/Al ratio and becomes greater than one for large values of theve also compare the normalizegdelectivity in toluene alkyla-
ratio. The 8.8/7.8 peak ratio is also found greater than one fotion with the 8.8/7.8 peak ratio. It is clearly seen thatpthe
some of the metallosilicates.§, Zn-MFI and Cr-MFI) [Jeong,  selectivity tends to increase with the 8.8/7.8 peak ratio. On the
1992; Kim, 1994]. Since the morphology changes from the cubicwhole, the metallosilicates show higlpeselectivity than Al-MFI
form to the planar shape as the Si/Al ratio increases, it would ba@nd thep-selectivity tends to increase with the 8.8/7.8 peak ratio.
reasonable to conclude that the 8.8/7.8 peak ratio increases asAs shown above, the morphology and the 8.8/7.8 peak ratio
the crystal tends to take planar shape. were confirmed to bear a strong relation topiselectivity in the

Fig. 8 shows the normalizgsselectivity with respect to the alkylation of toluene. However, the acidity of the catalyst must
contact time from toluene alkylation over AI-MFI catalyst. When be taken into account. The TPD profiles of Nivm Al-MFI,
the contact time is extrapolated to zero, the selectivitigs of Fe-MFI and B-MFI catalysts with the same Si/Me (Me=Al, Fe
xylene andp-ethyltoluene are expected to reach 100% while thoseand B) ratio are presented in Fig. 9. The acidity decreases in the
of o- andmrisomers approach to zero. Therefore, one may con-order of Al-MFI>Fe-MFI>B-MFI and the selectivities jpiylene
clude thapxylene andp-ethyltoluene are the primary products andp-ethyltoluene increase in the order of Al-MFI<Fe-MFI<B-
in toluene alkylation with MeOH and EtOH, respectively, due to MFI as shown in Table 3. Although the changes in crystal mor-
the transition state selectivity in the channel of Al-MFI catalyst phologies and crystal sizes are evident, it is difficult to tell to what

[Paparatto et al., 1987; Fang et al., 1999]. extent these changes make contributions tp-#edectivity. How-
Testing various catalysts of the AI-MFI substitutional series for
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00 Fig. 9. TPD profiles of NH, from different metal containing MFI-
S (b) type catalysts.
=
&8 - . : .
= i Table 3.p-Selectivities over various catalysts in the alkylation
E MET of toluene with methanot and ethanot, respectively
0 —
- 8o Selectivity (%
= Catalyst Si/Me ratio y G6)
Py p-xylene p-ethyltoluene
j8a]
8 9 PET Al-MFI 24 28.06 34.48
N a 96 52.34 53.49
= / 192 50.88 64.19
5 207 Fe-MFI 24 33.23 30.57
% 96 54.60 57.15
o ..o 192 82.30 84.81
00‘ T 120 180 240 300 B-MFI 24 50.78 66.96
CONTACT TIME (g-cat.h/mol) 96 61.88 72.85
Fig. 8. Normalized selectivities of (a) xylene isomers and (b) 192 81.96 88.89
ethyltoluene isomers vs. the contact time over the Al-  Reaction condition$450°C, toluene/MeOH=2.0, WHSV=1.0T'h
MFI catalyst. 320°C, toluene/EtOH=4.0, WHSV=1.0T"h
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. peak at 7.826 tends to increase as the Si/Al ratio increases or
a) Si/B =192 . .
b) SI/B = 96 as the morphology varies from cubic to planar shape. When the
= ¢) Si/B =24 Al-MFI substitutional series is applied to the alkylation reaction
8 of toluene, it appears that there exists a strong dependence of the
= p-selectivity on the morphology and the 8.8/7.8 peak ratio in the
§ XRD pattern. Although it may be premature to deduce any defi-
% a nite conclusion, further research effort in this direction would
E make a valuable contribution to the catalyst design of the AI-MFI
) substitutional series.
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