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Liquid phase selective oxidation of alcohols over
modified molecular sieves�
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Abstract

FeZSM-5 has been found to be an efficient catalyst for oxidation of cinnamyl alcohol and primary alcohols with high yields
and selectivity. Catalyst was reused for several times and was confirmed to be stable without leaching any metal percent into
the solvent. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The possibility to manipulate active site microen-
vironment, in zeolites, offers an opportunity to create
a redox metal center in molecular sieves by incor-
porating certain transition metals, e.g. Fe, Ti, V, etc.
It enables us to carry out selective oxidation reac-
tions on these catalytically active sites [1–14]. Most
of the oxidation reactions using aqueous H2O2 or
t-butylhydroperoxide (t-BHP) over molecular sieves
have been carried out with those substrates having
one functional group. The discovery of the titanium
zeolites (e.g. TS-1) has enabled remarkable progress
to be made in oxidation of olefins, diolefins and allylic
alcohols [15,16]. Not much attention has been paid to
the oxidation of the substrates having two active func-
tional groups. In this paper, we report the results of
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chemoselective competitive oxidation of alcohols over
the modified HZSM-5 (30) and MCM-41 catalysts.

2. Experimental

HZSM-5 (Si/Al=30) was obtained from Conteka,
Sweden. MCM-41 mesoporous molecular sieve was
synthesized [17] using 0.38 g aluminum isopropoxide,
0.3 g sodium hydroxide, 9.26 g Ludox (colloidal) sil-
ica, 9.26 g tetra ethyl ammonium hydroxide and 10.55
g hexadecyl trimethyl ammonium bromide in water
at 100◦C for 24 h and initial pH 12.0. The organic
template and surfactant were removed by calcining at
500◦C for 10 h. HZSM-5 was further modified by Ti,
Cr, Fe and Co (1 wt.%, 5 wt.%) using conventional
impregnation method by using nitrates as their cor-
responding precursors. The reaction was carried out
taking 20 ml solvent methanol, 1 g of reactant and
0.5 g of catalyst in a round bottom flask. The reaction
was carried out with stirring under reflux conditions
for 20 h with reactant to oxidant molar ratio 1:2. The
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Scheme 1.

products were analyzed by GC, GC-Mass, IR and
were confirmed with authentic samples.

3. Results and discussion

An active catalyst can be prepared by incorporating
transition metal cations into zeolites, as they usually
possess very high surface area. The XRD patterns of
calcined HZSM-5 and MCM-41 and for those modi-
fied by transition metals were found to be highly crys-
talline.

The liquid-phase oxidation of cinnamyl alcohol
was carried out using methanol as a solvent and H2O2
or t-butyl hydroperoxide as an oxidant under reflux
conditions. The yields of phenyl glycidol were 88.0
and 72.6 wt.% at 96.8 and 83.4% conversion over
FeZSM-5 (1 wt.% Fe) and CrZSM-5 (1 wt.% Cr),
respectively, as given in Scheme 1 and Table 1. This
shows that in case of such allylic alcohols having in-
ternal C==C bond or branching adjacent to C==C bond,
the oxidative dehydrogenation of –CH2OH group
competes favorably with epoxidation, thus suppresses
high chemoselectivity for epoxidation. When there is
terminal C==C bond in allylic alcohols, the epoxida-
tion is the major process [16]. When oxidation was

Table 1
Epoxidation of cinnamyl alcohol with H2O2: variation of catalyst
Reactant: Cinnamyl alcohol (0.5 g); Solvent: Methanol (20 ml); Oxidant=hydrogen peroxide (30 w/v); Molar ratio=Cinnamyl
alcohol:Oxidant=1:2; Catalyst weight=0.5 g; Temperature=80◦C; Duration=20 h.

S. No. Catalyst % Conversion of
cinnamyl alcohol

Liquid product distribution (wt.%)

Phenyl glycidol Cinnamaldehyde Benzaldehyde Others

1 FeZSM-5 (1 wt.% Fe) 96.8 88.0 – 1.9 6.9
2 CrZSM-5 (1 wt.% Cr) 83.4 72.6 – 4.7 6.1
3 CoZSM-5 (1 wt.% Co) 24.6 15.4 1.9 3.6 3.7
4 TiZSM-5 (1 wt.% Ti) 19.0 10.0 3.0 1.5 4.5
5 CrZSM-5 (5 wt.% Cr) 45.5 37.3 – 2.8 5.4
6 FeMCM-41 (1 wt.% Fe) 80.8 40.8 4.2 12.0 23.8
7 CrMCM-41 (1 wt.% Cr) 50.1 5.0 – 19.1 26.0

carried out in the presence of molecular sieves, whose
pore dimensions are much larger, greater number of
catalytic sites are available for the reactants result-
ing in fast formation of the expected product with
lower selectivity because of the unavoidable occur-
rence of undesired side-reactions [18]. As the product
functional group chemoselectivity is influenced by
both electronic and steric effect, the suppression of
epoxidation is more prominent when a much bulkier
oxidant, t-BHP was used and the results are given in
Table 2. The low reactivity of methanol towards this
system allows its use as a solvent.

FeZSM-5 was found to be a potential catalyst for
epoxidation with high selectivity, it was used for
epoxidation of allyl alcohol, olefins and oxidation of
primary alcohols, aldehydes. Table 3 shows the ele-
mental composition (atomic wt.%) of FeZSM-5(30).
The composition was recalculated from the individual
elemental analysis of the elements silicon, aluminum
and iron obtained as wt.%. The oxygen content is not
included in this calculation. The sum of the elemen-
tal analysis was never 100%, but typically 98%. The
systematic error can be due to rapid sorption of water
during sample preparation.

Typical thermogravimetric analysis of FeZSM-5
before and after the reaction is given in Fig. 1. The
weight loss of the catalyst after the reaction was about
12.58 wt.%. The weight loss is in the temperature
range of 200◦C to 400◦C, indicating the presence of
adsorbed organic substrates in the channels of the
zeolite.

The catalyzed liquid phase epoxidation of olefins
with the terminal C==C is faster as the increased
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Table 2
Epoxidation of cinnamyl alcohol with t-butylhydroperoxide (t-BHP): variation of catalyst Reactant: Cinnamyl alcohol (0.5 g); Solvent:
Methanol (20 ml); Duration=20 h; Molar ratio=Cinnamyl alcohol:Oxidant=1:2; Catalyst weight=0.5 g; Temperature=80◦C.

S. No. Catalyst % Conversion of
cinnamyl alcohol

Liquid product distribution (wt.%)

Phenyl glycidol Cinnamaldehyde Benzaldehyde Others

1 FeZSM-5 (1 wt.% Fe) 69.0 44.2 15.0 3.6 6.2
2 CrZSM-5 (1 wt.% Cr) 72.9 36.5 15.2 9.2 12.1
3 CoZSM-5 (1 wt.% Co) 58.0 9.6 11.9 30.7 5.8
4 CrZSM-5 (5 wt.% Cr) 58.7 11.9 22.9 9.3 14.6
5 FeMCM-41 (1 wt.% Fe) 50.6 3.1 23.7 8.8 15.0
6 CrMCM-41 (1 wt.% Cr) 49.7 3.6 10.0 16.0 20.1

Table 3
Chemical analysis (EDAX)

Catalyst Elemental composition (wt.%) SEM morphology

Si Al Fe

HZSM-5(30) 30.31 1.31
FeZSM-5(30) 32.01 2.28 0.55 Snow ball like 6 �m

diffusional resistance experienced by longer chain
with olefin to reach the active site is believed to be the
main reason for the observed (1-hexene>1-octene>1-
decene) shape selective epoxidation (Table 4). This is
consistent with the fact that epoxidation rate decreases

Fig. 1. TG/DTA curves of Fe-ZSM5 (a) before reaction, (b) after reaction.

with the increase in chain length of olefins [16].
Along with this certain cleaved products of epoxide
such as corresponding diols are obtained along with
minor amounts of other high boiling unidentified
products.
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Table 4
Epoxidation of terminal alkenes: reactants variation
Catalyst=1% FeZSM-5 (0.5 g); Solvent: Methanol; Oxidant=H2O2; Molar ratio=Reactant:Oxidant=1:2; Temperature=80◦C.

S. No. Reactant % Conversion Liquid product distribution (wt.%)

Epoxide 1,2-Diol Others

1 1-Hexene 82.6 47.0 34.0 1.6
2 1-Octene 89.5 46.6 11.6 31.3
3 1-Decene Traces Traces

Similarly, the oxidation of terminal alcohols also
faces increased resistance to reach the active site as
the chain length increases. As seen from Scheme 2

Scheme 2.

(Table 5), the yields of butyraldehyde, valeraldehyde
and hexanaldehyde are 99.4, 97.6 and 94.7 wt.% at
99.9% conversion, by the oxidation of the correspond-
ing alcohols.

Several experiments of oxidation of cinnamyl alco-
hol, in which the catalyst was filtered and the mother
liquor was allowed to react further, were also made.
After removal of the catalyst, no further reaction was
evidenced. No traces of metal was observed in the

Table 5
Oxidation of alcohols: reactants variation
Catalyst=1% FeZSM-5 (0.5 g); Solvent: Methanol; Oxidant=H2O2; Molar ratio=Reactant:Oxidant=1:2; Temperature=80◦C.

S. No. Reactant % Conversion Liquid product distribution (wt.%)

Aldehyde Others

1 Butanol 99.9 99.4 0.5
2 Pentanol 99.9 97.6 2.3
3 Hexanol 99.5 94.7 4.8
4 Decanol 99.9 62.0 37.9
5 Crotyl alcohol 99.9 95.4 4.5

Table 6
Reusability of the catalyst Reactant: Cinnamyl alcohol (0.5 g); Solvent: Methanol (20 ml); Oxidant=hydrogen peroxide (30 w/v), Molar
ratio=Cinnamyl alcohol:Oxidant=1:2; Catalyst weight=0.5 g; Temperature=80◦C; Duration=20 h.

Run Conversion of cinnamyl
alcohol (wt.%)

Conversion of
H2O2 (wt.%)

Selectivity of
H2O2 (%)

Liquid product distribution(wt.%)

Phenyl glycidol Others

1 99.0 99.0 49.6 88.0 8.8
2 97.3 99.0 49.5 88.1 9.2
3 96.8 99.0 49.6 89.2 7.6

mother liquor when analyzed by ICP-MS. Further,
the reaction was carried out three to four times over
the same catalyst after activation for 2 h and got same
yields repetitively; the results are given in Table 6.
The reaction of cinnamyl alcohol was also carried out
in presence of Fe(NO3)3, without FeZSM-5 under
identical conditions about 20% various products
including ∼4% phenyl glycidol were obtained.

The catalytic oxidation using hydrogen peroxide
as oxidizing agent depends on two types of H2O2
cleavage/activation: (I) heterolytic (ionic) and (II) ho-
molytic (radical). In general, heterolytic mechanism
predominates in the case of those catalysts involving
metal ions having low redox potential [16] (difficult
redox transition Mn+→M(n−1)+), while radical mech-
anism is operative in cases where redox potentials are
high with easy redox transition Mn+→M(n−1). The
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redox potential of:

E(eV) reduction H2O2 decomposition
Fe3+ + e → Fe2+ 0.77 moderate moderate

The possible mechanism [19]:

The extent of H2O2 decomposition was estimated
by iodometric titrations, which was around 99% and
given in Table 6. This indicates that more than the
stoichiometric ratio of H2O2 to the reactant is being
utilized during the reaction. This excess amount of
H2O2 decomposition may be attributed to the non-
selective thermal decomposition of H2O2 to O2 and
H2O [20].

4. Conclusion

The substantial amounts of epoxidation product or
aldehydes were formed in the liquid phase oxidation
of �,� unsaturated alcohol or primary alcohol over
ferric impregnated (redox) molecular sieves.
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