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Abstract—Titanium modified mordenites have been prepared hydrothermally or by subsequent reaction
with titaniumtetrachloride vapour at elevated temperature after dealumination of H-mordenite. Incorporation
of titanium into the mordenite type framework has been demonstrated by XRD, FT-IR, #Si MAS NMR
analysis, and the catalytic benzene hydroxylation or n-hexane oxidation was used for checking the properties
of Ti modified mordenite. Pure titania powder and TiO, supported on SiO; or H-mordenite showed no catalytic
activity at all for these reactions, but titanium modified mordenite had activities in both reactions. The catalytic
activity strongly depended on the kind of solvents, and the higher conversion of benzene or n-hexane was
obtained with methanol solvent.
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Starting H-mordenite (Si/Al=6)

!

Dealumination with 3N-HCl
at 353 K for 48 h

1

Dried overnight at 723 K |
in N2 stream

l

The reaction with TiCly vapor
between 673 K and 773 K

l

Sample was purged with N2
at 773 K for 6 h

Fig. 1. Schematic diagram for the preparation of Ti-mor-
denite.
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Fig. 2. Experimental apparatus for the reaction of hydro-
carbons with hydrogen peroxide.

Fig. 3. Scanning electron microscope photograph of hy-
drothermally synthesized Ti-Al-mordenite.
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Table 1. Unit cell parameters of H-mordenite, dealumina-
ted mordenite and dealuminated mordenite after
reaction with TiCl, at 773 K

Unit cell parameter(nm)

Sample Si/Al b :

H-mordenite 6 1.814 2.049 0.753

Dealuminated 64 1.808 2.018 0.746
H-mordenite

Ti-modified 64 1810 2023 0.748
mordenite
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Fig. 4. IR spectra of (A) TiO(JRC TiO-5), (B) H-morde-
nite(Si/Al= 6), (C) TiO,/original H-mordenite, (D)
dealuminated H-mordenite(Si/Al=64), (E) dealu-
minated H-mordenite after subsequent reaction
with TiCl, at 773 K, (F) hydrothermally synthesi-
zed Ti-Al-mordenite(Si/Al=6.4, Si/Ti=68).
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Fig. 5.”Si MAS NMR spectra of (A) Na-ZEOQLON
(Si/A1=5) from reference 18, (B) dealuminated H-
mordenite(Si/Al=64), (C) dealuminated H-mor-
denite after treatment with TiCl, at 673 K and (D)

773 K.
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Table 2. Benzene hydroxylation and n-hexane oxidation
with hydrogen peroxide over various catalysts

Catalyst Conversion(%) v
Benzene® n-hexane®’
H-ZSM-5(Si/Al=21) 45 no reaction
H-mordenite(Si/Al=6) 11 no reaction
HY(Si/Al=3) 0.7 no reaction

Na-ZSM-5(Si/Al=21) no reaction no reaction
Na-mordenite(Si/Al=6) no reaction no reaction
Silicalite(Si/A1>10000)  no reaction no reaction

TiO,(JRC-TiO-5) no reaction no reaction
TiO,/H-mordenite no reaction no reaction
Ti-mordenite 6.2 56

treated with TiCl,
Reaction conditions
(a) Benzene/H,0, mole ratio=1/3, temperature=313 K,
no solvent, 0.07 mole H:0./g-zeolite
(b) n-hexane/H,O, mole ratio=1, temperature =323 K,
no solvent, 0.07 mole n-hexane/g-zeolite
(¢) Benzene/H,0; mole ratio=5, temperature =313 K,
methanol solvent, 0.07 mole benzene/g-zeolite solvent
concent.: 70 v/v%
(d) n-hexane/H;0; mole ratio=1, temperature=323 K,
methanol solvent, 0.07 mole n-hexane/g-zeolite solvent
concent.: 70 v/v%
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Fig. 6. The hydroxylation of benzene with hydrogen pero-

xide over TiCly; modified mordenite(A, B, C), hy-
drothermally synthesized Ti-Al-mordenite(D) and
H-mordenite (E).
Reaction temperature: 318 K, benzene/H,0, mole
ratio=5, 0.07 mole of benzene/g-zeolite, solvent
concent.: 70 v/v%, solvent: methanol(A, D, E), ace-
tonitrile(B), water(C).
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Fig. 7. The oxidation of n-hexane with hydrogen peroxide
over TiCl; modified mordenite(A, B, C) and over
hydrothermally synthesized Ti-Al-mordenite(D).
Reaction temperature: 323 K, n-hexane/H,0, mole
ratio=1, 0.07 mole of n-hexane/g-zeolite, solvent
concent.: 70 v/v%, solvent: methanol(A, D), aceto-
nitrile(B), water(C).
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Table 3. The effect of dealumination degree of mordenite
on the coversion of benzene and n-hexane in the
reaction with hydrogen peroxide

L Conversion(%)
Degree of dealumination
n-hexane Benzene
0(original mordenite) no reaction 0.5
0.45 2.2 2.9
0.62 2.8 4.0
091 5.6 6.2

Same reaction conditions as shown in Fig. 6 and 7(me-
thanol solvent).
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Fig. 8. The product distribution in the oxidation of n-hex-
ane with hydrogen peroxide over TiCl, medified
mordenite.

Same reaction conditions as shown in Fig. 7(me-
thanol solvent).
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Fig. 9. The product distribution in the oxidation of cyclo-
hexane with hydrogen peroxide over TiCl, modified
mordenite.

Same reaction conditions as shown in Fig. 7(me-
thanol solvent).
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