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Abstract: A novel, highly efficient and versatile
redox catalyst, named UDCaT-3 (the acronym de-
rived from University Department of Chemical
Technology series catalyst # 3) was developed by
synthesizing manganese-vanadium ternary oxide
within the framework of manganese oxide octahedral
molecular sieve. This new composite material was
characterized by elemental, X-ray diffraction, volu-
metric (N2 adsorption-desorption) and transmission
electron microscopic analyses as well as by electron
spin resonance and framework infrared spectroscopy.
In order to study its activity and selectivity, UDCaT-
3 was used in the oxidation of alcohols to aldehydes,

hydroxylation of phenol and acetophenone; and hy-
drogenation of p-nitroanisole to p-anisidine. It exhib-
ited excellent activity and high selectivity towards
the desired products. The active sites in UDCaT-3
are the lattice oxygens which get depleted during re-
action followed by regeneration with the help of the
oxidizing agent. UDCaT-3 is a stable, reusable and
versatile catalyst.

Keywords: cryptomelane; hydrogenation; hydroxyl-
ation; octahedral molecular sieves; redox catalyst;
selective oxidation

Introduction

Catalytic oxidations of organic molecules are most
challenging. The chemical and allied industries contin-
uously seek highly active and selective catalysts for
partial and controlled oxidations to address technical,
economical and environmental concerns. As a conse-
quence, a large number of open-framework compo-
sites including zeolites, clays and silicates having vast
structural diversity have been investigated for their
specific properties.[1–4] Recently many smart catalytic
oxidations have been reported.[5–14] However, most of
them are based on noble metals like Pt, Pd and Ru,
which are expensive and difficult to make. In this con-
text, the octahedral molecular sieves (OMS) of man-
ganese oxides are highly promising materials. Manga-
nese oxide molecular sieves have a multivalent char-
acter and show high activity in oxidation reac-
tions.[15,16] Son et al.[17] have reported the aerobic oxi-
dation of aromatic alcohols with excellent conversions
using hollandites. Recently, zirconium-doped OMS
have been tested for the oxidation of ethylbenzene
and benzyl alcohol.[18] The framework of manganese
oxide molecular sieves consists of MnO6 octahedral
units sharing corners and edges. Cryptomelane, an oc-

tahedral molecular sieve (called OMS-2) in its K+ ion
form is a 2E2 edge-shared 1-D tunnel structure of di-
mension 4.6 F. However, because of the small tunnel
size of OMS, its application as an oxidation catalyst is
restricted to organic molecules with smaller kinetic di-
ameters. Thus, there is a tremendous scope to develop
new types of materials, which would have the redox
characteristics of OMS-2 as well as larger pore dimen-
sions and which possess a stable open framework with
the possibility of generating oxygen vacancies. Here
we report for the first time the synthesis of a novel
redox material using OMS-2 as the scaffold and it is
named UDCaT-3. The catalytic activity and selectivity
of UDCaT-3 were evaluated in the liquid-phase par-
tial oxidation of alcohols as well as the direct ring hy-
droxylation of phenol and acetophenone. This paper
also describes an interesting aspect of the hydrogena-
tion of p-nitroanisole to p-anisidine. This material is
being evaluated in many reactions.
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Results and Discussion

Catalyst Synthesis

UDCaT-3 samples were synthesized by obtaining
manganese-vanadium ternary oxide, Mn ACHTUNGTRENNUNG(VO3)2 over
the OMS-2 framework. The vanadium precursor was
adsorbed on the surface of OMS-2 by wet impregna-
tion, dried and subjected to thermal treatment.
During the calcination, the two oxides of vanadium
(V2O5) and manganese (OMS-2) underwent a solid-
state reaction to give manganese-vanadium ternary
oxide. The formation of Mn ACHTUNGTRENNUNG(VO3)2 over the OMS-2
framework, during the solid-state interaction between
manganese and vanadium oxides was studied by
means of the powder X-ray diffraction patterns of
samples prepared with average V/Mn atom ratios of
0.12, 0.31 and 0.65; and these were named accordingly
as UDCaT-3(i)–(iii) (Table 1).

Catalyst Characterization

All materials called UDCaT-3 and the reference cryp-
tomelane OMS-2 were characterized by elemental, X-
ray diffraction, volumetric (N2 adsorption-desorption)
and TEM analyses as well as ESR and framework IR
spectroscopy. All UDCaT-3 samples showed sharp X-
ray diffraction patterns, with no evidence of any other
manganese oxide crystalline phases except for pure
OMS-2 (Figure 1). The d-spacing values match with
the reported data of OMS-2[19] and the corresponding
(h k l) values are (1 0 1), (0 0 2), (3 0 1), (2 1 1),
(3 1 0), (1 1 4) and (6 0 0) at 2q values of 12.7, 18.0,
28.7, 37.4, 41.8, 50.0, 55.3. The UDCaT-3(i) sample
does not show the characteristic XRD pattern of va-
nadia. This may be because vanadia is dispersed in
the form of small crystallites. However, UDCaT-3(ii),
with a V/Mn ratio of 0.31, showed characteristic

peaks for vanadia at 4.9579 and 2.410 F. On further
increasing the V/Mn ratio to 0.65 in UDCaT-3 ACHTUNGTRENNUNG(iii), va-
nadia and manganese oxide undergo a solid-state re-
action to form a ternary oxide, Mn ACHTUNGTRENNUNG(VO3)2 which is re-
flected in the characteristic peaks at 3.2486 F and
3.0498 F. The diffraction pattern of UDCaT-3 ACHTUNGTRENNUNG(iii) in-
dicates the presence of mixed phases of cryptomelane
and Mn ACHTUNGTRENNUNG(VO3)2 ternary oxide.
Textural characteristics of all three UDCaT-3 mate-

rials are given in Table 2. The nitrogen adsorption-de-
sorption isotherms obtained for all samples were simi-
lar and a typical one is shown for UDCaT-3 ACHTUNGTRENNUNG(iii) in
Figure 2, A. It is a type III isotherm, suggesting a
porous structure. The BET surface area of OMS-2 is
67.84 m2/g. When vanadium is dispersed in the form
of fine V2O5 crystallites, there is a linear decrease in
surface area from 67.84 to 44.14 m2/g. However, in the
case of UDCaT-3 ACHTUNGTRENNUNG(iii), there is a substantial reduction
in the surface area. The inspection of pore volumes in
Table 2 shows that it was 0.4 cm3/g for OMS-2, where-

Table 1. Average elemental composition based on energy dispersive X-ray spectroscopy.

Material K [w/w, %] V [w/w, %] Mn [w/w, %] V/Mn ratio

UDCaT-3(i) 8.8 10.1 81.1 0.12
UDCaT-3(ii) 14.1 20.5 65.5 0.31
UDCaT-3 ACHTUNGTRENNUNG(iii) 4.4 37.6 58.0 0.65

Figure 1. X-ray diffraction patterns.

Table 2. Textural Characteristics of UDCaT-3.

Sample Single point surface
area [m2/g]

BET surface
area [m2/g]

Langmuir surface
area [m2/g]

BJH adsorption cumulative
pore volume [cm3/g]

OMS-2 69.3 67.8 102.4 0.4
UDCaT-3(i) 26.5 44.1 41.0 0.37
UDCaT-3(ii) 16.3 15.6 26.0 0.35
UDCaT-3 ACHTUNGTRENNUNG(iii) 7.6 7.2 12.0 0.31
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as that in all three UDCaT-3 materials the pore vol-
umes decreased from 0.37 to 0.31 cm3/g for (i)–(iii) as
the V/Mn ratio increased. The pore size distribution
of UDCaT-3 ACHTUNGTRENNUNG(iii) showed the presence of mesopores.
The broad peak at about 25 F is evidence for the
presence of mesopores in UDCaT ACHTUNGTRENNUNG(iii). Pore diameters
are in the range of 16 to 64 F with the maximum con-
tribution of pore volume by mesopores in the range
of 21 to 28 F. Phenol adsorption studies were thus
conducted to provide evidence that mesopores are
intra-particle and there was no artifact of inter-parti-
cle porosity being measured. The adsorption and de-
sorption of phenol from an aqueous solution of con-
centration (1000 ppm) at room temperature on
UDCaT-3 ACHTUNGTRENNUNG(iii) were studied to find that phenol was
indeed chemisorbed on UDCaT-3 ACHTUNGTRENNUNG(iii) (Figure 2, B).
The ESR measurements were used to study the

chemical environments of Mn in the ternary oxide,
Mn ACHTUNGTRENNUNG(VO3)2 in UDCaT-3 ACHTUNGTRENNUNG(iii). The ESR spectra of the
UDCaT-3 ACHTUNGTRENNUNG(iii) and OMS-2 are shown in Figure 3. At
room temperature, the ESR spectra of UDCaT-3 ACHTUNGTRENNUNG(iii)
showed a broad single line signal centered at g=2.0
and no hyperfine or other resonances were found.
Both Mn2+ and Mn4+ can give similar ESR spectra.
However, Mn4+ shows g values less than 2. Mn2+ ions
show purple to violet color whereas Mn4+ ions are
yellow colored.[20,21] The color of the samples and g
value at 2.0 suggest the presence of Mn2+ in an octa-
hedral co-ordination structure. However, both the
OMS-2 structure and Mn ACHTUNGTRENNUNG(VO3)2 have Mn ions at
close distances, which may lead to antiferromagnetic
interactions and a loss of the ESR signal. Thus, it was
very difficult to conclude if the signal was obtained
from Mn sites of the OMS-2 framework or from Mn
of Mn ACHTUNGTRENNUNG(VO3)2. The TEM of OMS-2 and UDCaT-3 ACHTUNGTRENNUNG(iii)
are compared in Figure 4. They show the presence of
mixed phases of the tunnel structure of OMS-2 and
new Mn ACHTUNGTRENNUNG(VO3)2 ternary oxide particles finely dispersed
on the rod-like morphology of OMS-2. The size of
the OMS-2 crystals was observed to decrease which

can be attributed to the solid-state reaction with V2O5

crystallites.
The IR spectra of UDCaT-3 ACHTUNGTRENNUNG(iii) and OMS-2

showed no prominent differences, other than en-
hanced intensities (Figure 5). Peaks at wave numbers
600 and 520 cm�1 are characteristics of OMS-2. Peaks
in the region 3400–3600 cm�1 belong to �OH groups
of sorbed water molecules present in the framework.
The bending vibration bands of water molecules were
seen at ~1640 cm�1. The bands in the region of 700–
760 cm�1 are due to vibrations of Mn�O bonds.

Catalytic Activity of UDCaT-3

Of the three materials, UDCaT-3 ACHTUNGTRENNUNG(iii), showed great
promise as a catalyst. It was examined in three differ-
ent types of reactions, namely, oxidation of cinnamyl
alcohol to cinnamaldehyde, oxidation of benzyl alco-

Figure 2. (A) Adsorption-desorption isotherm of UDCaT-3-
ACHTUNGTRENNUNG(iii), (B) phenol adsorption isotherm.

Figure 3. ESR spectra of OMS-2 and UDCaT-3 ACHTUNGTRENNUNG(iii).

Figure 4. TEM of OMS-2 (left)and UDCaT-3ACHTUNGTRENNUNG(iii) (right).
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hol to benzaldehyde, hydroxylation of phenol to dihy-
droxybenzenes as well as hydroxylation of acetophe-
none to p- and o-hydroxyacetophenones, and hydro-
genation of p-nitroanisole to p-anisidine.

Oxidation of Cinnamyl Alcohol

The partial oxidation of cinnamyl alcohol to cinnam-
ACHTUNGTRENNUNGaldehyde was studied by using aqueous H2O2 (30%
w/v) and tert-butyl hydroperoxide as the oxidizing
agent. Since the organic phase and aqueous H2O2 are
mutually immiscible, a phase-transfer agent, cetyl(tri-
methyl)ammonium bromide (CTAB) was used in the
H2O2 oxidation experiment. Due to the decomposi-
tion of H2O2 the oxidation methodology was designed
in a semi-batch process instead of batch-type process.
The reaction conditions were optimized by perform-
ing a series of preliminary experiments and a separate
blank experiment. The following preliminary experi-
ments were performed for the oxidation of cinnamyl
alcohol; (a) using OMS-2 (support) as a catalyst and
H2O2 as an oxidizing agent, (b) V2O5 as a catalyst and
H2O2 as an oxidizing agent, (c) UDCaT-3 ACHTUNGTRENNUNG(iii) as a cat-
alyst and H2O2 as an oxidizing agent, and (d) a blank
experiment, reaction without any catalyst using only

H2O2 as an oxidizing agent. There was no noticeable
conversion of alcohol in all four preliminary experi-
ments. This observation proved that there was no con-
tribution from the OMS-2 support towards the cata-
lytic activity and there was no oxidation with the oxi-
dizing agent in the absence of a catalyst. A typical ex-
periment was performed with UDCaT-3 ACHTUNGTRENNUNG(iii) as a cata-
lyst and H2O2 as an oxidizing agent in conjunction
with CTAB as a phase-transfer agent and the reaction
proceeded smoothly to give a cinnamyl alcohol con-
version of 92% with cinnamaldehyde as the major
product (97% selectivity). This observation confirmed
the synergistic action of the heterogeneous catalyst
UDCaT-3 ACHTUNGTRENNUNG(iii) and CTAB as a phase-transfer agent. In
the case of tert-butyl hydroperoxide as the oxidizing
agent (without CTAB), the conversion of cinnamyl al-
cohol was limited to 48% with cinnamaldehyde as the
major product with 97% selectivity. The effect of
composition of UDCaT-3 with varying V/Mn ratios
was studied by using aqueous H2O2. At the very low
V/Mn ratio of 0.125 in UDCaT-3(i), vanadium metal
is dispersed in the form of very small crystallites over
the tunnels of the octahedral molecular sieve, as evi-
dent from the X-ray diffraction analysis. However, ox-
idation of cinnamyl alcohol does not take place. On
increasing the V/Mn ratio to 0.31, in UDCaT-3(ii), the
reaction proceeded with a cinnamyl alcohol conver-
sion of 39% to yield cinnamaldehyde (98% selectivi-
ty). X-ray diffraction reveals the formation of Mn-V
ternary oxide over the tunnels of OMS-2. On further
increasing the V/Mn ratio to 0.65, larger domains of
Mn-V ternary oxide are formed. This reaction proved
to be an interesting example of partial oxidation as
there is no carboxylic acid formation even if an excess
of peroxides was used and the C=C bond remained
intact without any intramolecular hydrogen transfer.
The catalytic performance of UDCaT-3 ACHTUNGTRENNUNG(iii) was com-
pared with those of other state-of the-art catalysts
(Table 3).[22–26] The UDCaT-3 ACHTUNGTRENNUNG(iii) catalyst showed
higher catalytic activity and selectivity towards cinna-
maldehyde in comparison with transition metal
peroxo complexes, [PPh4]2ACHTUNGTRENNUNG[MoO3(O2)4] (entry 5) and
RuCl2ACHTUNGTRENNUNG(PPh3)3 (entry 7). UDCaT-3 ACHTUNGTRENNUNG(iii) exhibited simi-
lar yield and selectivity as compared with the noble
metals, Pt and Ru supported on alumina (entries 1
and 4). The economically cheaper and easier synthesis
of UDCaT-3 ACHTUNGTRENNUNG(iii) made it an attractive alternative to
noble metal catalysts. The oxidation of cinnamyl alco-
hol seems to conform to the Mars van Krevelen
mechanism. The reduced site is regenerated by
oxygen transferred from oxidizing agent brought to
the site by the phase-transfer agent. In the literature,
Makwana et al.[27] have reported a two-step Mars van
Krevelen model involving an exchange between the
gas phase and lattice oxygen for the oxidation of
benzyl alcohol by molecular O2 in the liquid phase
using OMS-2.

Figure 5. IR spectra of OMS-2 and UDCaT-3ACHTUNGTRENNUNG(iii).
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Oxidation of Benzyl Alcohol

The partial oxidation of benzyl alcohol to benzalde-
hyde was studied by using aqueous H2O2 (30% w/v)
and tert-butyl hydroperoxide as the oxidizing agents.
Due to the immiscibility of the organic phase and
aqueous H2O2, CTAB was used as phase-transfer
agent in the H2O2 oxidation experiment. In the case
of H2O2 as the oxidizing agent there was no reaction
in the presence of either CTAB or UDCaT-3 ACHTUNGTRENNUNG(iii)
alone. However, in the presence of both of them, the
reaction proceeded smoothly to give a benzyl alcohol
conversion of 42% with benzaldehyde as the major
product (90% selectivity). In the case of tert-butyl hy-
droperoxide as the oxidizing agent (without CTAB),
the conversion of benzyl alcohol was limited to 22%
with benzaldehyde as the major product with 89% se-
lectivity. In a separate experiment, with an objective
to avoid the use of CTAB, the oxidation of benzyl al-
cohol was performed with H2O2 and UDCaT-3 ACHTUNGTRENNUNG(iii) in
the solvent mixture of acetonitrile and 1,2-dichloro-
ethane, without using CTAB, but there was no reac-
tion. When this experiment was repeated in the pres-
ence of CTAB, the reaction proceeded with a benzyl
alcohol conversion of 15% to yield benzaldehyde
(96% selectivity), hence the use of CTAB was un-
avoidable. Higher conversions of benzyl alcohol were
obtained when aqueous H2O2 was used as the oxidiz-
ing agent in conjunction with CTAB as phase-transfer
agent in 1,2-dichloroethane as a solvent. UDCaT-3 ACHTUNGTRENNUNG(iii)
showed higher reactivity in the benzyl alcohol oxida-
tion with H2O2 and CTAB as compared to tert-butyl
hydroperoxide as the oxidizing agent. This may be at-
tributed to the higher steric constraint within the cata-
lyst pores when using a bulkier oxidant (tert-butyl hy-
droperoxide) as compared to H2O2 and the subse-
quent availability of a higher active oxygen content
from the synergistic combination of H2O2 and CTAB
as compared with tert-butyl hydroperoxide.

Hydroxylation of Phenol

The catalytic activity of UDCaT-3 ACHTUNGTRENNUNG(iii) was tested in
the hydroxylation of phenol by using aqueous H2O2

(30% w/v) that led to a mixture of para- and ortho-di-
hydroxybenzenes. In this reaction, selectivity to hy-
droquinone (para-dihydroxybenzene) is desired.[28,29]

We obtained 15% conversion of phenol with the very
high p/o ratio of 2.84. No p-benzoquinone (BQ) was
detected. The phenol hydroxylation reaction was very
clean and there was no formation of black tarry mate-
rial in the reaction mixture, which was usually ob-
served in some cases. The efficacy of UDCaT-3 ACHTUNGTRENNUNG(iii) in
phenol hydroxylation was compared with other state-
of-the-art catalysts (Table 4).[30–35] Dawson-type
heteropoly acids (entry 2) or metal oxides (entry 4)
show either a low catalytic activity or undesirable
product selectivity. FeACHTUNGTRENNUNG(NO3)3 salt and Fe-MCM-41
(entries 5 and 6) exhibit very high activity with 70 and
60% conversion of phenol, respectively. However, ef-
fective conversion to dihydroxybenzene was only 29
and 38%, respectively, and a large amount of tar was
formed. Titanium-substituted molecular sieves such as
TS-1 (entry 8) exhibited unique catalytic behavior in-
cluding fairly high activity and p-selectivity in phenol
hydroxylation. The UDCaT-3 ACHTUNGTRENNUNG(iii) catalyst showed
good results with a very high p-selectivity similar to
that of TS-1. Once again, the economically cheaper
and easier synthesis of UDCaT-3 ACHTUNGTRENNUNG(iii) made it a very
promising hydroxylation catalyst.

Hydroxylation of Acetophenone

The catalytic activity of UDCaT-3 ACHTUNGTRENNUNG(iii) was also studied
for the direct ring hydroxylation of acetophenone.
The methods so far reported in the literature mention
very low yields of para-hydroxyacetophenone and
very high yields of ortho-hydroxyacetophenone, which
is commercially less important than para-hydroxyace-
tophenone. UDCaT-3 ACHTUNGTRENNUNG(iii) was employed for the direct
ring hydroxylation of acetophenone to get 31% con-

Table 3. Comparison of activities and selectivities of different catalysts with UDCaT-3 ACHTUNGTRENNUNG(iii) in oxidation of cinnamyl alcohol
to cinnamaldehyde.

No. Catalyst Temp. [K] Solvent Oxidizing agent TOF [h�1] Y [%] S [%] Ref.

1 5% Pt-0.8% Bi/Al2O3 313 H2O+detergent O2 144 94 98 [22]
2 PMA/VAMO 333 PhCH3 H2O2 87 97 100 [23]
3 UDCaT-3ACHTUNGTRENNUNG(iii)[a] 333 EDC H2O2 31 92 97 –
4 1.4% Ru/Al2O3 356 PhCF3 O2 27 98 98 [22]
5 ACHTUNGTRENNUNG[PPh4]2ACHTUNGTRENNUNG[MoO3(O2)4] RT MDC H2O2 – 45 – [24]
6 Diphenyl selenide Reflux benzene t-BuOOH – 87 – [25]
7 RuCl2ACHTUNGTRENNUNG(PPh3)3 298 MDC Me3SiO-OSiMe3 – 80 – [26]

[a] Reaction conditions: cinnamyl alcohol 0.0166 mol, H2O2 0.05 mol, catalyst loading 0.02 gcm
�3, CTAB 1.66 mmol, speed of

agitation 1200 rpm, temperature 60 8C, time 40 min, rate of addition of peroxide 0.021 mmol/s.
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version of acetophenone with para-hydroxyacetophe-
none as the major product (65% selectivity) and
ortho-hydroxyacetophenone as the minor product
(35% selectivity). UDCaT-3 ACHTUNGTRENNUNG(iii) was found to be a
better alternative to the corrosive and difficult to
handle Lewis acid salts. The reaction methodology
with UDCaT-3 ACHTUNGTRENNUNG(iii) was very clean and environment
friendly.

Hydrogenation of p-Nitroanisole

In the hydrogenation of p-nitroanisole to p-anisidine,
the selective reduction of the nitro group to an amino
group is highly desirable. The efficacy of the UDCaT-
3ACHTUNGTRENNUNG(iii) catalyst was finally tested in the hydrogenation
of p-nitroanisole to obtain 100% conversion of p-ni-
troanisole with p-anisidine as the only product. The
catalytic activity of UDCaT-3 ACHTUNGTRENNUNG(iii) was compared with
the activity of other reported catalysts as shown in
Table 5.[36] It is evident that UDCaT-3 ACHTUNGTRENNUNG(iii) is highly
active and showed excellent catalytic activity in hy-
drogenation of p-nitoanisole to p-anisidine. This made
UDCaT-3 ACHTUNGTRENNUNG(iii) a highly versatile, selective and promis-
ing catalyst in comparison to the noble metal cata-
lysts.

Evaluation of the Nature of the Catalytic Activity:
Heterogeneous vis-7-vis Homogeneous

Catalysts based on vanadium oxides are known for
leaching of V into solution in the presence of H2O2

giving rise to homogeneous catalytic species. In order
to understand the true nature of the catalytic activity
of UDCaT-3 ACHTUNGTRENNUNG(iii), we performed the following experi-
ments using the oxidation of benzyl alcohol as a
model reaction. In the first experiment, H2O2

(0.021 mmol/s) was slowly added to the reaction mix-
ture that consisted of benzyl alcohol (0.0166 mol), in
1,2-dichloroethane (20 mL). Keeping a PMA/VAMO
catalyst loading of 0.02 gcm�3, the reaction was car-
ried out at 60 8C for 30 min. The reaction mixture was
filtered hot to separate the catalyst particles. The re-
action was further continued at the same temperature
for the next 30 min in the absence of solid catalyst
particles. It was observed that the reaction stopped in
the absence of solid catalyst particles (Figure 6).

Table 4. Comparison of activities and selectivities of different catalysts with UDCaT-3ACHTUNGTRENNUNG(iii) in the hydroxylation of phenol.

No. Catalyst Temp. [K] Phenol Conv. [%] Product distribution [wt%] Ref.
HQ CAT others HQ/CAT

1 UDCaT-3 ACHTUNGTRENNUNG(iii)[a] 333 15 74 26 – 2.84 –
2 ACHTUNGTRENNUNG(Cpyr)9P2W15V3O62 333 7.4 43.0 17.2 39.8 2.5 [30]
3 0.2Cu-VSB-5 333 47.7 28.4 19.3 – 1.5 [31]
4 V2O5-Nd2O3 353 12 28.9 65.3 5.8 0.44 [32]
5 Fe ACHTUNGTRENNUNG(NO3)3 343 70 9 20 71 0.45 [33]
6 Fe-MCM-41 343 60 12.2 25.8 62 0.47 [33]
7 CuO-MCM-48 333 21.8 33.4 52 14.6 0.64 [34]
8 TS-1 333 37.4 56.2 30.5 13.4 2.3 [35]

[a] Reaction conditions: phenol 0.01 mol, methanol 26 mL, H2O2 0.03 mol, catalyst loading 0.02 gcm
�3, speed of agitation

1200 rpm, temperature. 60 8C, time 5 h, rate of addition of peroxide 0.0017 mmol/s.

Table 5. Hydrogenation of p-nitroanisole to p-anisidine
using different catalysts.

Catalyst Conversion [%] Selectivity [%]

UDCaT-3 ACHTUNGTRENNUNG(iii)[a] 100 100
5% Pd/C[a,b] 100 100
Raney nickel[a,b] 55 100
2% Rh/C[a,b] 9 100

[a] Reaction conditions: 100-mL Parr autoclave, p-nitroani-
sole 0.02 mol, solvent 2-propanol, hydrogenation pres-
sure 0.5 MPa, catalyst loading 0.015 gcm�3, speed of agi-
tation 1000 rpm, temperature 100 8C.

[b] Yadav and Goel.[36] Figure 6. Evaluation of leaching from UDCaT-3 ACHTUNGTRENNUNG(iii).
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A second experiment was performed to reconfirm
the absence of any active homogeneous V or Mn spe-
cies present in the solvent in the dissolved state.
UDCaT-3 ACHTUNGTRENNUNG(iii) catalyst was subjected to vigorous strip-
ping in 1,2-dichloroethane for 1 h. The catalyst was
filtered and the filtrate was used as the reaction
medium. No noticeable transformation of alcohol
confirmed the heterogeneous behavior of the catalyst.
We did not find any evidence of leached homogene-
ous V or Mn species responsible for the homogeneous
catalytic activity. This can be attributed to the forma-
tion of the Mn-V ternary oxide, which did not leach
Mn or V species into the solution under the reaction
conditions used in this study, or the leaching was so
negligible that it effectively did not contribute to-
wards the catalytic activity and as a result we attri-
bute the observed catalytic activity of UDCaT-3 ACHTUNGTRENNUNG(iii)
as heterogeneous.

Reusability of Catalyst

The partial oxidation of benzyl alcohol was arbitrarily
selected as a model reaction to study the reusability
of the catalyst. The catalyst reusability was studied
three times, including the use of fresh catalyst
(Figure 7). The catalyst was filtered, washed with 1,2-
dichloroethane and subsequently dried at 200 8C for
2 h before being reused in subsequent batches. In the
presence of the fresh catalyst, the conversion of
benzyl alcohol was 32.8%. During the third run the
conversion decreased to 31.5% while the selectivity
towards benzaldehyde remained unchanged. This
might be because of the observed losses due to attri-
tion during filtration of catalyst particles, as no make-
up quantity of catalyst was added. UDCaT-3 thus
showed a very good reusability.

Conclusions

The synthesis and characterization of a novel redox
catalyst system, UDCaT-3, is reported for the first
time and it is based on OMS-2 by using different Vn/
Mn ratios. The material with a ratio of 0.65 is found
to be the best. X-ray diffraction studies reveal the for-
mation of a manganese-vanadium ternary oxide by
the solid-state interaction between vanadia and man-
ganese oxide during the thermal treatment. The
framework of UDCaT-3 possesses lattice oxygen va-
cancies. UDCaT-3 proved to be a very versatile and
selective catalyst in the wide array of redox reactions
and its reusability with consistent performance makes
UDCaT-3 a promising candidate to develop an eco-
nomically viable high-performance industrial catalyst.

Experimental Section

Chemicals and Catalysts

Cinnamyl alcohol, 30% w/v aqueous hydrogen peroxide,
acetophenone, p-anisidine, 2-propanol, 1,2-dichloroethane,
methanol and carbon tetrachloride were procured from M/s
s. d. Fine Chemical Ltd., Mumbai, India. Phenol was ob-
tained from Merck, Mumbai., Ltd. p-Nitroanisole was ob-
tained from Fluka, Germany. 5% w/w Pd/C was obtained
from M/s s. d. Fine Chemical Ltd., Mumbai, India. Raney
nickel and 5 w/w% Ru/C were obtained from Kallin Indus-
tries, Mumbai. 20% w/w Ni/SiO2 and 2% Rh/C were pro-
cured from M/s Filtra Specialty Chemicals, Mumbai. All
chemicals used in this work were analytical grade reagents
and used without further purification. The hydrogen cylin-
der was obtained from Industrial Oxygen Co. Ltd., Mumbai.

Synthesis of UDCaT-3

OMS-2 was synthesized by a sol-gel route.[16] For the synthe-
sis of the ternary oxide in the UDCaT-3 series, the vanadi-
um precursor was adsorbed on the surface of OMS-2 by wet
impregnation. A known amount of ammonium metavana-
date was dissolved in 25 mL of 1M oxalic acid solution. This
precursor solution was then added to OMS-2 (3 g) and the
temperature was raised to 65 8C. The mixture was stirred
continuously until it was nearly dry. The product so obtained
was further dried at 120 8C for 10 h, crushed to a powder
form and subsequently calcined at 450 8C for 6 h to get a
brown-colored powder. This material is named UDCaT-3.
Three atomic ratios of V/Mn, namely 0.125, 0.31 and 0.65,
were used to synthesize UDCaT-3(i), UDCaT-3(ii), and
UDCaT-3 ACHTUNGTRENNUNG(iii), respectively.

Structural Characterization

All the synthesized materials, UDCaT-3ACHTUNGTRENNUNG(i-iii) and OMS-2
were characterized by X-ray diffraction (XRD), surface area
and pore size measurements, elemental analysis, electron
spin resonance (ESR), infrared (IR) spectrosocopic and
scanning electron microscopic (SEM) analyses. The X-ray
scattering measurements were done with Cu-Ka radiation

Figure 7. Reusability of catalyst: ^ – fresh use, & – first
reuse, ~ – second reuse; BnOH 0.0166 mol, 30% w/v aque-
ous H2O2 0.033 mol, UDCaT-3ACHTUNGTRENNUNG(iii) 0.02 gcm�3, CTAB
1.66 mmol, speed of agitation 1000 rpm, temperature 60 8C.
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by using a Siemens D 500 diffractometer. The scattered in-
tensities were collected from 108 to 608 (2q) by scanning at
0.0258 (2q) steps. Surface area, pore volume and pore sizes
were calculated from BET nitrogen adsorption/desorption
isotherms obtained at liquid nitrogen temperature by using
a Micromeritics ASAP 2010 analyser. SEM images were re-
corded with a Cameca SU 30 microscope. FT-IR spectra
were recorded by using Perkin- Elmer Paragon 500 FT-IR
spectrometer.

Adsorption of Phenol on UDCaT-3 ACHTUNGTRENNUNG(iii)

In order to ascertain that the organic molecules are chemi-
sorbed on to the surface of the pores of the catalyst, phenol
was chosen as the adsorbate. The adsorption of dilute
phenol from aqueous solution (1000 ppm) was studied by
using catalyst UDCaT-3ACHTUNGTRENNUNG(iii) at 30 8C. For this purpose, 1 g
UDCaT-3 ACHTUNGTRENNUNG(iii) was used with 50 mg phenol in 50 mL water in
an agitated vessel. The experiment was performed in a fully
baffled, 5-cm inner diameter, cylindrical vessel made of
glass (capacity 100 mL, flat bottom). It was equipped with a
standard six-blade pitched turbine impeller of 1.6 cm diame-
ter. The mixture was well agitated at 400 rpm. Samples were
withdrawn periodically from the aqueous solution of phenol
and analyzed by a Chemito 2100 Scanning UV spectropho-
tometer at 271 nm. A calibration curve was prepared. The
decrease in the concentration of phenol was measured and
the adsorption isotherm of phenol on UDCaT-3ACHTUNGTRENNUNG(iii) was pre-
pared. Adsorption of phenol on UDCaT-3 ACHTUNGTRENNUNG(iii) was further
confirmed by subsequent desorption. UDCaT-3ACHTUNGTRENNUNG(iii) catalyst
particles were filtered from the aqueous solution, washed
four times with distilled water and subsequently the particles
were mixed with 50 mL methanol. The slurry was sonicated
for 30 min. Sampling was done periodically to monitor the
phenol concentration in methanol. The intensity of the peak
obtained at 271 nm on UV spectrophotometry corresponded
to a 49.5 ppm phenol concentration (2.48 mg in 50 mL). This
also demonstrated that phenol gets chemisorbed on
UDCaT-3 ACHTUNGTRENNUNG(iii).

Liquid-Phase Oxidations

The partial oxidation of cinnamyl alcohol and benzyl alcohol
was carried out by using 30% w/v of aqueous hydrogen per-
oxide in the mechanically agitated reactor described earlier.
It was also equipped with a reflux condenser. The assembly
was maintained at 60 8C. Alcohol (0.0166 mol), PTC
(0.00167 mol) and UDCaT-3 ACHTUNGTRENNUNG(iii) (0.02 gcm�3) in 1,2-di-
chloroethane (20 mL) as solvent was stirred at 1000 rpm.
The required amount of peroxide (0.05 mol, 5.67 mL) was
added using a peristaltic pump, at a rate of 0.021 mmol/s
over 40 min. In the experiment where a solvent mixture was
used as reaction medium, the solvent composition was 30%
acetonitrile (6 mL) and 70% 1,2-dichloroethane (14 mL).
Samples were withdrawn periodically, filtered and analyzed
on a Chemito 8510 gas liquid chromatograph with FID. A
2 mE1/8 in stainless steel column, packed with Chromosorb
W loaded with 10% OV-17 (80–100 mesh size) was used.
Synthetic mixtures were used to quantify the data.

Liquid-Phase Hydroxylations

The hydroxylation of phenol by hydrogen peroxide was per-
formed in the same reactor, as mentioned before, under
reflux at 60 8C for 5 h with UDCaT-3ACHTUNGTRENNUNG(iii) as the catalyst to
get dihydroxybenzenes. A reaction mixture of 0.01 mol
phenol and 26 mL methanol, with a catalyst loading of
0.02 gcm�3 liquid volume was uniformly stirred. 0.03 mol of
aqueous solution of hydrogen peroxide (30% w/v) was
added by using a peristaltic pump at a constant rate of
0.0017 mmol/s over 5 h. The total volume of aqueous H2O2

added was 3.4 mL. The liquid-phase samples were analyzed
by HPLC (Tosoh) by using an RP C-18 column and UV de-
tector at 280 nm.
For the hydroxylation of acetophenone to hydroxyaceto-

phenones, the reaction mixture consisted of 0.01 mol aceto-
phenone, UDCaT-3ACHTUNGTRENNUNG(iii) (0.02 gcm�3) and 10 mmol of acetic
acid at 80 8C. To this 0.05 mol aqueous hydrogen peroxide
(30% w/v) was added using a peristaltic pump, at a rate of
0.0028 mmol/s over 5 h. The analysis was done by gas chro-
matography over a 10% OV-17 (2 mE3.2 mm) column.

Hydrogenation

Hydrogenation was carried out in a 100-mL stainless steel
Parr autoclave. The reaction mass consisting of 0.02 mol p-
nitroanisole in s-propanol as solvent (40 mL) and 0.6 g
UDCaT-3 ACHTUNGTRENNUNG(iii) was charged into the autoclave and it was
pressurised with hydrogen to 0.5 MPa and agitated. The
pressure inside the autoclave was maintained at 0.5 MPa
throughout the course of the reaction. Clear samples were
withdrawn periodically and analyzed by gas chromatography
over 10% SE-30 on a Chromosorb (2 mE3.2 mm) column.

Identification and Isolation of Products

Product identification in all cases was done by TLC, GC
and GC-MS. The retention times of the reaction products
were also found to match those of the authentic compounds.
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