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The synthesis and characterization of metallo-titanium silicate
analogs (M = Alor Fe) with MEL structure are reported. The simul-
taneous incorporation of both M3+ (AI** or Fe3*) and Ti** in the
MEL framework provides dual catalytic properties in both oxidation
(e.g., oxyfunctionalization of n-hexane) and acid catalyzed reac-
tions(e.g., ethylbenzene disproportonation and m-xylene isomeriza-
tion). The [M, Ti]-MEL molecular sieves, compared to the
[M]-MEL analogs, were (i) more resistant towards deactivation in
ethylbenzene disproportionation and m-xylene isomerization and

(ii) less para selective in the latter reaction. © 1994 Academic Press, Inc.

INTRODUCTION

The framework substitution of AI** and/or Si** by other
metal ions (such as Fe?*, Ga**, Ge** etc.,) into the frame-
work of various zeolites is one of the major developments
in the area of molecular sieves (1-14). The isomorphous
substitution of Si by Ti into MFI and MEL structures en-
larged the application of these molecular sieves in the field
of organic fine chemicals. The simultaneous incorporation
of a trivalent metal ion (e.g., B**, AP*, Ga**, or Fe’*)
along with Ti** in MFI (15-18), MEL (19), and beta (20)
structures has also beenreported recently. It may be antici-
pated that such solids exhibit catalytic properties in both
oxidation (due to Ti) and Brgnsted acid (A’*, Fe3*, and
Ga’*) catalyzed reactions. In this paper, we report the first
detailed synthesis, characterization and catalytic proper-
ties of alumino-titanium silicate and ferri-titanium sili-
cate molecular sieves with MEL topology. Their catalytic
properties in both oxidation (oxyfunctionalization of n-
hexane)and acid catalyzed reactions (m-xylene isomeriza-
tion (21, 22) and ethylbenzene disproportionation (23, 24))
are reported.

! To whom correspondence should be addressed.

EXPERIMENTAL

Synthesis

The synthesis of metallo—titanium silicates was carried
out from mixtures containing tetraethylorthosilicate
(TEOS) (Fluka, 98%), tetrabutylorthotitanate (TBOT)
(Fluka, 98%), tetrabutyl ammonium hydroxide (TBA-OH)
(Aldrich), corresponding metal (III) nitrate solutions
(aluminium nitrate and ferric nitrates, respectively) and
water. Since the presence of alkali metal ions inhibits the
incorporation of Ti into the framework (8, 12), no alkali
metal salts were added. The following molar gel composi-
tion was used,

Si0,/(TBA),0O = 10; H,0/SiO, = 30

where M = Al or Fe.
The synthesis procedures for [Al, Ti]-MEL and [Fe,
Ti]-MEL are given below:

[Al, TiI-MEL. A quantity of 54,9 g TBA-OH (20% aq.
solution) was added to a solution of 45 g TEOS. This
mixture was stirred for 20 min. A solution of 1.13 g TBOT
in 10 g dry isopropyl alcohol was added to the above
mixture slowly. To the above clear liquid, a solution of
1.77 g aluminium nitrate in 15 g water was added before the
remaining 56 g water. The resultant mixture was stirred
for 1 h and autoclaved at 443 + 2 K for 2 days under
static conditions.

[Fe, Tl-MEL. A quantity of 45 g TEOS was slowly
added to a solution containing 1.9 g ferric nitrate and 15
g water under stirring. After about 30 min. another solu-
tion of 1.13 g TBOT in 10 g dry isopropyl alcohol was
added under vigorous stirring. Finally 54.9 TBA-OH
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(20% aq. Solution) in 56 g water was added. The resultant
mixture was stirred for 1 h before autoclaving. The crys-
tallization was carried out at 443 = 1 K for 4 days under
static conditions.

For the synthesis of [M][-MEL (M = Al or Fe) TBOT
was not added. Similarly, Al or Fe was not used in the
preparation of [Ti]-MEL (10-12). The crystalline material
from the synthesis was filtered, washed, dried and cal-
cined at 773 K first in dry N, for 8 h and then in air for
an additional 10 h. For catalytic studies, the H-form of
all the materials (prepared by ion-exchange twice with 1
N ammonium acetate) were caicined at 723 K for 8 h in
flowing air and were used in the form of particles of 45-55
mesh size.

Characterization

Si, M (M = Al or Fe) contents were determined by
ICP (John Yvon JYU-38 VHR) and Ti content was deter-
mined by XRF (Rigaku, 3070). The crystallinity of the
products was determined by X-ray powder diffraction
(Rigaku, MAX 3D) using the following equation:

Peak area between 26 = 21.5-25.5°
of product
Peak area between 26 = 21.5-25.5° of the
most crystalline sample of the present study

Crystallinity =

Particle sizes were determined by scanning electron
microscopy (JEOL JSM 5200). The products were further
analyzed by IR (Perkin Elmer 221), ESR (Bruker E-2000),
magnetic susceptibility, ion exchange capacity, and ad-
sorption measurements. The oxidation reaction (n-hexane
with H,0,) was carried out in a batch system. The prod-
ucts were analyzed by GC (HP 5880, capillary column,
50 m x 0.2 mm). The acid catalyzed reactions (such as
m-xylene isomerization (21, 22) and ethylbenzene dispro-
portionation (23, 24)) were carried out using a down-flow
vertical silica (10 mm i.d., 30 cm long) reactor and the
products were analyzed by on-line G.C using 5% bentone
+ 5% DIDP column.

RESULTS AND DISCUSSION

Synthesis

For the better incorporation of Ti and Fe in framework
positions, the formation of TiO, and Fe,0; should be
avoided during the synthesis. The addition of ferric nitrate
solution to the titanium silicate mixture, as in the case of
[Al, Ti]-MEL, resuits in the formation of Fe(OH), and
eventually Fe,0;. To avoid the formation of Fe(OH)s, a
different procedure (given in the experimental section)
was adopted for [Fe, Ti]-MEL: to ferric nitrate solution
was added TEOS followed by TBOT and the template.
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FIG. 1. Influence of the heterometal ion on the crystallization of

metallo and metallo—titanium silicates.

The yield of all solid products (on SiO, basis) ranged
between 85% and 95%. The influence of the nature of the
heterometal ion on the rate of crystallization of metallo-
and metallo-titanium silicates is shown in Fig. 1. The Al/
Fe silicates crystallized faster compared to their respec-
tive metallo-titanium-silicate analogs. It is known that
the incorporation of Al in high silica zeolites (such as
MFI, MEL, MTT, MTW, etc.) is a slow process (25-27).
This phenomenon seems to be valid for Fe** and Ti**
also. Further, aluminosilicate molecular sieves crystallize
faster than their corresponding [Fe]-analogs (5, 28).

Characterization

The X-ray powder diffraction pattern of silicalite-2
([Si}]-MEL), [Ti]-MEL, (Fe, Ti]l-MEL, and [Al, Ti]-
MEL (Fig. 2) confirmed their MEL structure (29). The
absence of reflections at 26 = 9.05° and 24.05° and the
presence of a doublet at 44°-45° (characteristic for MFI
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FIG.2. X-raydiffraction patterns of (a) [Al]l-MEL and (b) [Al]-MFI.
The samples were calcined at 823 K in flowing air.
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TABLE 1

Molar Composition and Unit Cell Parameters of [Si}-MEL, [Ti]-MEL, Metallo Silicates and Metallo-Titanium Silicates

Molar composition

Unit cell parameters®

Catalyst Si/Ti Si/Al Si/Fe a = b(A) ¢ (A) v (A)
[Si]-MEL — >4000 — 20.046 13.391 5381.1
[Ti]-MEL 85 —_ —_ 20.069 13.420 5405.1
[All-MEL — 36 — 20.052 13.432 5400.9
[Fe)]-MEL — — 40 20.102 13.460 5439.1
[Al, Ti]-MEL 92 30 — 20.094 13.427 5421.4
[Fe, Ti]-MEL 90 — 33 20.137 13.459 5457.6

¢ Calcined and hydrated before the measurements.

structure (30), Fig. 2(b)), in the XRD patterns of
[M]-MEL and [M, Ti]-MEL samples confirms the ab-
sence of the corresponding MFI analogs.

The molar composition and unit cell parameters of
[M]-MEL, (M, Ti]-MEL (M = Al or Fe), [Ti]-MEL,
and silicalite-2 ([Si}-MEL) are reported in Table 1. The
expansion in the unit celi follows the order [Si]- < [Al]-
< [Ti]- < [Al, Ti]- < [Fe]- < [Fe, Ti}-MEL. The in-
crease in the unit cell parameters of [M, Ti]-MEL as
compared to silicalite-2 ([Si]-MEL) and [Ti]-MEL may
be due to the presence of Ti** and AI**/Fe?* ions in the
silicalite framework.

Metallo-titanium silicates exhibit an IR band at 960
cm™!, characteristic of the stretching mode of a [SiO,]
unit bonded (as (0,Si-O-Ti)) to a Ti** ion (8, 18, 31) or
a titanyl group (>Ti = O) (32, 33), strongly suggesting
the presence of Ti** ions in the tetrahedral zeolite frame-
work in our samples. This band was not observed either
in the IR spectra of silicalite or in metallosilicates. Forni
and Pelozzi (16) have also observed this band in [Al,
Ti]l-MFI.

The values of Mossbauer isomershift (8) (at 298 K)
exhibited by the white colored, calcined (at 753 K), and
rehydrated (at 298 K) samples of [Fe]-MEL (34) and [Fe,
Ti}l-MEL were 0.27 mm/s and 0.25 mm/s, respectively,
characteristic of the presence of Fe’* ions in tetrahedral
environment (4, 5). The magnetic moment values of cal-
cined [Fe]-MEL were 5.8 and 5.7 Bohr magnetons. The
corresponding values for [Fe, Ti]l-MEL were 5.8 and 5.6
Bohr magnetons, indicating the presence of isolated Fe**
ions with insignificant Fe—~O-Fe type interactions (4, 5).
The calcined [Fe]-MEL and [Fe, Ti]l-MEL exhibited
ESR signals at g ~ 4.3 and g ~ 2.0 due to distorted and
undistorted symmetry of iron (III), in agreement with
earlier observations on ferrisilicate zeolites (5, 34-38).
However, an unambiguous assignment of ESR signals
has been doubted recently (5, 37, 38). Ion-exchange and
adsorption capacities of metallo and metallo-titanium sili-

cates are reported in Table 2. The higher ion-exchange
capacities of these materials can be taken as direct evi-
dence for the presence of the trivalent metal ions in the
framework, as they originate from the MO; groups pres-
ent in the tetrahedral position of the molecular sieve
framework. Titanium silicate molecular sieves do not
have any ion-exchange capacity. The adsorption capaci-
ties (Table 2) of all samples studied here were comparable
to those reported in the literature (10) for MEL zeotypes,
indicating the absence of any significant amount of oc-
cluded material within the zeolite channels. SEM photo-
graphs of [Al}l-MEL, [Al, Ti]-MEL, [Fe]-MEL, and [Fe,
Ti]-MEL are given in Fig. 3. The particle sizes of all
these materials ranged between 0.5 and 1.5 wum.

Catalytic Properties

Table 3 shows the catalytic activity and selectivity of
[Si]-MEL, [Til-MEL, {All-MEL, and [Al, Ti]-MEL in
the oxyfunctionalization of #n-hexane. As expected,
[Ti]-MEL is the most active catalyst in the oxidation of
n-hexane. When Ti is present in the lattice, hydrogen
peroxide is selectively utilized for the oxidation reaction
(7-10). The catalytic activity decreases in the order
[Ti]- > [M, Ti}- > [M]- ~ [Si]-MEL. Brgnsted acid

TABLE 2

Ion-Exchange and Adsorption Capacities of Metallo and
Metallo-Titanium Silicates

Adsorption, wt9%*

lon-exchange

Catalyst n-Hexane Cyclohexane capacity (K*/MO5)
[AI}-MEL 12.4 6.9 0.90
[Fe]-MEL 12.3 6.2 0.84
[Al Ti]-MEL 12.7 8.2 0.91
[Fe, Ti]-MEL 12.8 7.5 0.87

“plp, = 0.5; T(K) = 298; after 2 h.
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FIG. 3.

sites in metallosilicate analogs ([Al or Fe]-MEL) decom-
pose the hydrogen peroxide, leading to lower H,O, selec-
tivity. This was confirmed by the higher activity of non-
acidic Na-[Al, Ti]-MEL in #-C, oxidation than of acidic
H-[Al, Ti]l-MEL (Table 3).

Figure 4 compares the catalytic activity of [Al}- and
[Al, Ti]- (Fig. 4(A)) and [Fe]- and [Fe, Ti]-MEL (Fig.
4(B)) in the isomerization of m-xylene as a function of
time-on-stream. [Al]l-MEL deactivated faster than [Al,
Ti]-MEL. The former also has a higher paraselectivity
(p-/o-ratio) than the latter (Fig. 5). On the other hand,
both [Fe]-MEL and [Fe, Ti]l-MEL possess similar deac-
tivation and shape-selective characteristics. Since the
crystal size and shape of all the MEL samples studied
here are comparable (Fig. 3), the lower para selectivity of
[Al, Ti]-, [Fe]-, and [Fe, Ti]-MEL vis-a-vis the strongly
acidic [AlI]l-MEL indicates the important role of the
strength of acid sites in controlling product shape-selectiv-
ity. This is more clearly illustrated in Fig. 6, where the
value of the p-/o-ratio is plotted against m-xylene conver-

Scanning electron micrograph of (a) [Al]-MEL, (b) [Al, Ti]-MEL, (c) (Fe]-MEL, and (d) [Fe, Ti]-MEL.

TABLE 3

Oxidation of n-Hexane over Different MEL Molecular Sieves

"'C(‘ H:O'_yu
conversion  utilization 2-/3- Product
Catalyst (wt. %) (mole %) ratio?  selectivity®
[Ti]l-MEL 11.3 33.0 1.2 85.5
H-[Al, Ti]-MEL 7.8 12.0 1.3 61.1
Na-[Al, Ti]-MEL? 10.1 18.6 1.2 66.9
H-[All-MEL 5.3 4.9 1.5 36.5
[Sil-MEL 33 3.1 1.2 27.1

Note. T (K) = 373; 0.58 moles n-C/g catalyst; n-Cq: H,0, = 3:1;
solvent = acetone (20 ml); reaction time = 5 h.

“ H,0, utilized for oxy-functional product formation.

b The 2-/3-ratio = (2-hexanol + 2-hexanone/3-hexancl + 3-hex-
anone).

¢ Product selectivity = (22— and 3— compounds/n-hexane reacted)
x 100.

4 H-[Al, Ti]-MEL is refluxed twice in 1 N sodium sulfate for | h and
calcined at 773 K to obtain Na-[Al, Ti]-MEL. The Na/Al ratio in the
resultant sample is 1.0.
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FIG. 4. m-xylene isomerization over MEL type metallosilicates.
T (K) = 553; Pressure = | atm; LHSV (h™") = 4; Hy/m-xylene
(mole) = 4.

sion. The difference in p-/o-ratio becomes less significant
at higher m-xylene conversions (>30%), i.e., near to the
equilibrium conversions. However, the difference in p-/
o-ratio is clearly seen over a broad range of m-xylene
conversions (5-35%). In the alkylation of toluene with
methanol, Corma (39) has also reported that the para-
selectivity increases with the strength of the Brgnsted
acid sites. On weakly acidic catalysts the overall rate is
probably controlled by the chemical reaction step. On
strongly acidic catalysts, on the other hand, transport
processes constitute the slow rate determining step and,
hence, differences in the relative diffusivities of the vari-
ous product molecules lead to the observed product
shape-selectivity phenomenon.

CONCLUSIONS

(1) We have incorporated Ti** as well as AP’*/Fe**
into the MEL (silicalite-2) framework.
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FIG. 5. p-/o-xylene ratios over MEL type metallosilicates. T (K)

= 553; Pressure = 1 atm; LHSV (h~!) = 4; Hy/m-xylene (mole) = 4.
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FIG. 6. Effect of conversion level on the p—/o-xylene ratio over
MEL type metallo silicates. Pressure = 1 atm; LHSV (h™') = 4; H,/
m-xylene (mole) = 4; T is varied to get different conversions.

(2) Our MEL type metallo-titanium silicates do not
contain any detectable amount (by XRD) of MFI impu-
rities.

(3) An expansion in the unit cell parameters (XRD), the
occurrence of the 960 cm~' band in the framework IR
spectra, Mossbauer 1.S. (6 = 0.25-0.27 mm/s), magnetic
susceptibility (u = 5.6-5.8 Bohr magneton), and high ion-
exchange capacities (K*/MO5) = 0.84-091, M = Alor
Fe) observed in our samples strongly suggest that these
metal ions are incorporated in the MEL framework.

(4) The metallo-titanium silicate analogs crystallize at
a slower rate than corresponding metallo silicates.

(5) Metallo-titanium silicates exhibit catalytic activity
in both acid-base and oxidation catalytic reactions.

(6) H-[Al, Ti]-MEL, H-[Fe, Ti]-MEL, and H-[Fe]-
MEL are less para-selective vis-a-vis H-[AlI]l-MEL.

(7) In Brgnsted acid catalyzed reactions metallo-titan-
ium silicates deactivate at a slower rate than the metallo
silicate analogs.
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