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Preface

In one of the largest generic areas of chemistry (especially oxidations), there are
countless processes operated by almost every type of chemical manufacturing
company, producing products of incalculable value, yet producing almost immea-
surable volumes of waste. Hence from the viewpoint of green chemistry, the search
for efficient and heterogeneous catalytic systems exploiting clean oxidants such as
molecular oxygen is highly desirable.

The present book emphasizes the different types of green heterogeneous catalysts
based on phosphomolybdates as well as their use as catalysts for solvent-free
oxidation of alcohols using molecular oxygen as an oxidant.

This book will be of interest to all chemists, material scientists as well as
students having basic knowledge of inorganic chemistry and catalysis. It will be of
enormous value to postgraduates and researchers working in the field of green
chemistry.

Anjali Patel
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Chapter 1
Introduction

Chemical industries have contributed to worldwide economic development over the
past century and chemical products make an enormous contribution to the quality of
our lives. At the same time, the manufacturing processes of chemicals have also led
to vast amounts of wastes. Hence, today the reduction/elimination of these wastes is
a central issue. Towards the same, awareness within the fine chemicals and phar-
maceutical industry to improve the environmental and production costs of synthesis
over the release of waste products and toxins into the environment has been
increased tremendously. A sustainable society is one that meets the needs of the
current generation without sacrificing the ability to meet the needs of future gen-
erations. Sustainable development is a strategic goal. It can be reached using var-
ious approaches, and this is where green chemistry comes in.

A reasonable working definition of green chemistry can be formulated as follows
[1]: Green chemistry efficiently utilizes (preferably renewable) raw materials,
eliminates waste and avoids the use of toxic and/or hazardous reagents and solvents
in the manufacture and application of chemical products. Green chemistry deals
with designing chemical products and processes that generate and use fewer (or
preferably no) hazardous substances. By applying the principles of green chemistry,
companies embrace cleaner and more efficient technologies, with an a priori
commitment to a cleaner and healthier environment. Green chemistry eliminates
waste at source, i.e. it is primary pollution prevention rather than waste remediation
i.e. Prevention is better than cure.

Oxidation reactions are among the most useful and used reactions in industrial
processes. In particular, the oxidation to the corresponding carbonyl compounds is
of fundamental importance in organic synthesis, due to the wide ranging utility of
these products as important precursors and intermediates for many drugs, vitamins
and fragrances.

Because of the unreactivity of present catalysts with molecular oxygen, tradi-
tional procedures for oxidation have employed more reactive forms of oxygen i.e.
toxic and hazardous oxidants based on chromates, hypochlorites, and permanga-
nates in stoichiometric amounts or a large excess [2]. However, these procedures
have some drawbacks, such as the use of relatively expensive oxidizing agents, lack
of selectivity, metal waste generation and the use of non-green halogenated sol-
vents, which are economically and environmentally undesirable. Reports are

© The Author(s) 2015
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available on transition metal complexes catalyzed oxidation reactions [3–8]. At the
same time the recycling of these complexes is still a challenge due to the difficult
separation and rapid activity loss. Hence, from the view point of green chemistry,
the search for efficient and heterogeneous catalytic systems exploiting clean oxi-
dants such as molecular oxygen is highly desirable.

Therefore, developing selective, efficient and recyclable heterogeneous catalysts
for green oxidation of organic compounds, that can use air or pure dioxygen (O2) as
oxidants under solvent free condition, is of vital importance for both economic and
environmental reasons. In the recent years, air or dioxygen has emerged as the
oxidant of choice for many transformations because it is environmentally benign,
having high atom efficiency, it can be handled and stored safely, and it produces
water, only by-product. Thus, due to the obvious advantages of using air or
dioxygen over other oxidants (aqueous H2O2, TBHP, PhOI etc.) as the crucial and
stoichiometric oxidant, considerable effort has been invested in the last few years to
develop novel catalysts for the aerobic oxidation of organic substrates to their
corresponding oxygenated products. In this context, Polyoxometalates (POMs),
have been gaining importance due to their redox properties [9–14].

POMs are a distinctive class with unique properties of topology, size, electronic
versatility as well as structural diversity. Due to the combination of their added
value properties such as redox properties, large sizes, high negative charge,
nucleophilicity they play a great role in various fields such as medicine, material
science, photochromism, electrochemistry, magnetism as well as catalysis. POMs
are a rich class of inorganic metal-oxide cluster compounds with transition metals in
their highest oxidation state and have general formula [XxMmOy]

n−, in which X is
the hetero atom, usually a main group element (e.g. P, Si, Ge, As), and M is the
addenda atom, being a d-block element in high oxidation state, usually VV, MoVI or
WVI [15, 16]. These compounds are always negatively charged, although the
negative density is widely variable depending on the elemental composition and the
molecular structure.

The POMs have been known since the first report by Berzelius. He described the
yellow precipitate (ammonium 12-molybdophosphate) that is produced when
ammonium molybdate is added in excess to phosphoric acid [17]. After the dis-
covery of this first POM, the field of POM chemistry progressed significantly
[18–27] and various types of structures were discovered. After that, an extensive
literature on their synthesis and structure has been accumulated and summarized in
the form of reviews as well as books. Polyhedral representations of various types of
POMs are presented in Fig. 1.1.

Among different POMs, Keggin type POMs are investigated extensively because
of their easy synthesis as well as stability [16]. The ideal Keggin structure,
[XM12O40]

3− of α-type has Td symmetry and consists of a central XO4 tetrahedron
(X = heteroatom or central atom) surrounded by twelve MO6 octahedra
(M = addenda atom). The twelve MO6 octahedra comprise four groups of three edge-
shared octahedra, the M3O13 triplet [22, 23], which have a common oxygen vertex
connected to the central heteroatom. The oxygen atoms in this structure fall into four
classes of symmetry-equivalent oxygens: X–Oa–(M)3, M–Ob–M, connecting two
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M3O13 units by comer sharing; M–Oc–M, connecting two M3O13 units by edge
sharing; and Od–M, where M is the addenda atom and X the heteroatom. The
schematic representation of Keggin type POM is shown in Fig. 1.2.

Depending on the solvent, the acidity of the solution and the charge of the
polyanion, the reductions involve either single electron or multi electron steps often
accompanied by protonation. The oxidation potential is strongly dependent on the
addenda atom and is not much influenced by central hetero atom. The oxidation
potentials of polyanions containing Mo and V are high as these ions are easily
reduced. It has been reported that oxidative ability decreases in the order
V− > Mo− > W− containing heteropolyanion. The basic importance of using POMs
in various homogeneous as well as heterogeneous oxidation catalysis is due to their
inherent stability towards strong oxidants as well as their ability to retain their

Fig. 1.1 POMs family (polyhedral representation)

Ot

Ob

M

X
M3O13

Fig. 1.2 Keggin type POM;
[XM12O40] anion
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structures at high temperatures. They are widely used as a model system for
fundamental research providing unique opportunities for mechanistic studies on the
molecular level. At the same time they become increasingly important for applied
catalysis. They provide good basis for the molecular design of mixed oxide catalyst
and they have high capability in practical uses.

The first attempts to use POMs as catalysts were tracked way back in the 19th
century. Systematic investigation of catalysis by POMs began in the early 1970s.
Some of the major achievements of POM based compounds in the field of catalysis
have been reviewed by number of groups [28–39]. Numbers of patents describing
use of POMs based compounds in catalysis are also available [40–54]. The world of
catalysis by POMs is largely expanded and it would be difficult to mention all
references. Hence, in the present report, we would like to restrict ourselves to
Keggin type polyoxomolybdates, especially for oxidation catalysis.

It is well known that the redox properties of POMs can be tuned at molecular
level which can lead to development of a new class of materials with unique
structural as well as electronic properties. One of the most significant properties of
modified precursors is their ability to accept and release specific numbers of
electrons reversibly, under marginal structural rearrangement [55–57]. Thus, the
modification of parent POMs are likely to help in development of new generation
catalysts with enhanced redox properties as well as stability.

The modification of properties can be basically done by tuning the structural
properties at the atomic or molecular level in two ways (i) By creating defect (lacuna)
in parent POM structures (i.e. Lacunary Polyoxometalates) and (ii) Incorporation of
transition metal ions into the defect structures (i.e. Transition Metal Substituted
Polyoxometalates).

1.1 Lacunary Polyoxometalates (LPOMs)

LPOMs are a sub class of POMs with a set of unique properties such as mult-
identicity, rigidity, thermal and oxidative stability [18, 58, 59]. They represent an
important class of compounds due to their unique structural as well as chemical
properties. Controlled treatment of heteropoly/polyoxo species with base can pro-
duce “lacunary” heteropoly/polyoxo species wherein one or more addenda atoms
have been eliminated from the structure along with the oxygens [60]. Due to the
structural diversity as well as the unique electronic properties, LPOMs are of
potential importance.

Removal of one or two MO units from the fully occupied POMs, [XMVI
12O40]

n−,
gives rise to mono- or di-lacunary POMs, [XMVI

11O39]
(n+4)− and [XMVI

10O36]
(n+5)−.

The classical examples of geometries observed in LPOMs are shown in Fig. 1.3.
Formation of mono, di or tri lacunary species is mainly pH dependent, each

possessing its own reactivity and stability trend. Hence, synthetically, special
attention is paid to fine changes in reaction conditions such as pH, temperature,
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buffer capacity, ionic strength, and cation size: all having the potential to exert a
considerable effect on the polyanion equilibria and formation of products [61, 62].

Among the large variety of LPOMs, the mono lacunary Keggin type POMs form
the most versatile class of LPOMs. As mentioned earlier, the removal of one MO at
suitable pH from parent POMs leads to the formation of mono LPOMs (Fig. 1.4).

A list of mono LPOMs are represented in Table 1.1.
A literature survey shows that system based on lacunary polyoxotungstates,

[XW11O39]
n− (X = Si, P) are well documented [63–74]. At the same time, reports

on the analogous compounds, based on mono lacunary polyoxomolybdates are
scarce.

In 1991, isolation and purification of lacunary polyoxomolybdates [PMo11O39]
7−

as tetrabutyl ammonium salt was successfully achieved by Combs-Walker and Hill
[75]. The synthesized material was well characterized by FT-IR, UV-visible spec-
troscopy, 31P NMR and cyclic voltammetry studies. In addition, a literature survey
also shows that no study has been carried out in last two decades on the [PMo11O39]

7

− due to the difficulty in isolation, and poor thermal as well as kinetic stability of the
same.

Fig. 1.3 Different types of
LPOMs structures derived
from parent Keggin unit
a [XM11O39]

n−, b [XM10O36]
n

−, c A-[XM9O34]
n−

d B-[XM9O34]
n−

-MO

[XM12O40]
n-

parent POM
[XM11O39]m-

Mono lacunary POM

pH ~ 4-5

Fig. 1.4 Formation of mono LPOMs
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The present book focuses on the isolation as well as stabilization of [PMo11O39]
7−

specie. The stability of [PMo11O39]
7− was enhanced by making it heterogeneous

after supporting on to suitable supports (Chap. 2). Supports not only stabilize
[PMo11O39]

7− but also modify the properties of active species by providing an
opportunity to disperse over a large surface area. The nature of the support plays an
important role, especially for a successful catalytic reaction. Hence Metal oxides
(Hydrous zirconia; ZrO2 and neutral alumina; Al2O3) and porous materials (MCM-
41 and zeolite-Hβ) were used as supports. Use of supported [PMo11O39]

7− as cat-
alysts for selective aerobic oxidation of alcohols was also discussed. Scope and
limitation of synthesized materials as heterogeneous catalysts was also shown for
oxidation of different alcohols. Catalytic activity was also correlated with the nature
of support.

1.2 Transition Metal Substituted Polyoxometalates
(TMSPOMs)

The second way of modification of POMs is via incorporation of transition metal
ions into the defect structures, forming a new class of compounds known as
TMSPOMs. TMSPOMs have received increasing attention because substitution of
a transition metal into the POM has been explored as a route to increase the range of
application of these compounds [76–79]. This mostly due to the fact that TMSP-
OMs can be rationally modified at the molecular level including size, shape, charge
density, acidity, redox states, stability and solubility resulting in their outstanding
chemical properties. It affords convenient platforms for the stabilization of
unusually high oxidation state metal-oxo species. In addition, TMSPOMs have
number of advantages over organometallic complexes such as (i) their solubility is
tunable by changing counter cations (ii) their redox properties are adjustable by
changing the central (hetero) atom and the incorporated transition metal (iii) they
are robust under oxidation conditions, under which most organic ligands decom-
pose [80].

Table 1.1 Different LPOMs
with variable heteroatoms
[58]

X Isomer

[XW11O39]
n− P, As α

Si, Ge α, β1, β2, β3
B –

Al, Ga, Fe(III), Co(III) α

Co(II), Zn αa

Sb(III), Bi(III) –

[XMo11O39]
n− P, As, Si, Ge α

a Free ligand structure not known

6 1 Introduction
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This unique class of metal oxygen clusters, are outstanding inorganic building
blocks due to their undisputed structural beauty and controllable sizes, shapes and
high negative charges [59, 81–87]. They exhibit an enormous variety of structures,
which leads to interesting and unexpected properties that give rise to many appli-
cations in magnetism, medicine and catalysis [32, 88].

Most of the known TMSPOMs are mono-, di-, or trisubstituted derivatives of the
Keggin type POM, e.g. ½XM11M0O39�n�, ½XM10M0

2O38�m� and ½XM9M0
3O37�p�.

Among these, mono-substituted Keggin derivatives ½XM11M0O39� n�mð Þ� (X = P, Si,
B; M = W, Mo; M′ = transition metal), are explored extensively. Mono TMSPOMs
recognized as inorganic analogs of metalloporphyrin complexes [89]. They have
distinct advantages over the metalloporphyrin and organometallic complexes such
as hydrolytically stable and thermally robust. The non-oxidizable M-oxo frame-
work of polyanions acts as an inert, multi-dentate ligand which can accommodate a
multitude of transition metal centers [89–92].

The reaction of the mono lacunary {XM11O39}
m− (where X = P, B, Si or Ge;

M = WVI, MoVI, VV,VI, etc.) anion with transition-metal cations M′ in aqueous
solution leads to the formation of mono TMSPOMs {XM11O39M′(L)},
(where M′ = d-electron transition metal and L = monodentate ligand, generally H2O)
(Fig. 1.5).

The environment around the substituent M′ in the metal substituted polyanions
[XM11O39M′(H2O)]

n− is considered to be near octahedral. In particular, the com-
plexes of the type [XM11O39M′(H2O)]

n− show many analogies to metalloporphy-
rins [57, 89, 93]. TMSPOMs based materials have played an important role as
catalysts in the field of oxidation catalysis due to their tendency to exhibit fast
reversible multi-electron redox transformations under rather mild conditions and
their inherent stability towards strong oxidants. Hence they are widely used as a
model system for fundamental research providing unique opportunities for mech-
anistic studies on the molecular level. At the same time they become increasingly
important for applied catalysis.

Majority of applied work was carried out in field of catalysis, especially oxidation
of various organic substrates. Because the catalytically active site is at the substituted
transition metal centre and POMs functions as a ligand with a strong capacity for
accepting electrons. The substituting metal center is thus pentacoordinated by the

Fig. 1.5 Formation of TMSPOMs from LPOMs
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“parent” POMs. The octahedral coordination sphere is completed by an additional
sixth labile ligand, L (usually L = H2O). This lability of the sixth ligand allows the
interaction of the substituting transition metal atom reacting with substrate and/or
oxidant. In analogy with organometallic chemistry the “pentadentate” POMs acts as
an inorganic ligand. This analogy led to transition metal-substituted polyoxometa-
lates being termed “inorganic metalloporphyrins” and has distinct advantages over
organometallic species, e.g. they are rigid, hydrolytically stable and thermally
robust. Further, the ‘‘active sites’’ of their transition metals and countercations can
undergo extensive synthetic modifications.

Numbers of groups have given a significant contribution in this field of oxidation
catalysis. They have established unique and efficient catalytic systems based on
[XW11O39M(H2O)] (X = P, Si; M = transition metal) as catalysts with various
oxidants such as O2, H2O2, PhOI, TBHP, NaIO4 [76, 94–108]. In the present book
we have restricted ourselves to mono transition metal substituted phosphomolyb-
dates, (TMSPMo), mainly because of two reasons (i) all available number of ref-
erences on TMSPW would result in increasing the bulk of the report (ii) TMSPMo
have generated substantial interest as oxidation catalysts.

Among TMSPMo, numbers of reports are available on [PV(H2O)Mo11O39]
4−

based catalysts for oxidation/hydroxylation of benzene with H2O2 by Gopinathan
et al. [109], Hu et al. [110], Nomiya et al. [111], Mizuno et al. [112], You et al.
[113], Wang et al. [114] and Zhang et al. [115]. Similarly, oxidative dehydroge-
nation of isobutyric acid over [PV(H2O)Mo11O39]

4− based catalysts has also been
reported by Hervé et al. [116, 117], Kaiji et al. [118], Akimoto et al. [119] and
Misono et al. [120]. Oxidative dehydrogenation of propane catalyzed by Cs salt of
[PVMo11O40] has also been reported by Vedrine and co-worker [121, 122] and
Wan et al. [123]. Mizuno et al. [124] reported aerobic oxidation of adamantane over
[PV(H2O)Mo11O39] based catalyst at 356 K. Vapour phase oxidation of n-Pentane
over H4[PVMo11O40] has been reported by Centi et al. [125]. H4[PVMo11O40]
catalyzed oxygenation of Methane with H2O2 in (CF3CO)2O solvent at 353 K has
been reported by Mizuno and group [126, 127]. Oxidation of isobutane on (NH3)3H
[PVMo11O40] [128], Cs2.5Ni0.08H1.34[PVMo11O40] [129, 130], H4[PVMo11O40]
[131], (NH4)3HPMo11VO40 [132] has also been reported.

Kholdeeva and co-worker [133] reported oxidation of 2,3,6-trimethylphenol
catalyzed by [PVMo11O40]

4− based catalyst in presence of organic: H2O solvent
system. Oxidation of phenol with air using [(CnH2n+1)N(CH3)3]3+x[PVxMo12−xO40]
(n = 8–18; x = 1, 2, 3) at room temperature has been reported by Huo et al. [134].

Series of cesium salt of [PVMo11O40] have been used as catalysts for gas phase
oxidation of propylene by Dimitratos et al. [135]. Lee et al. [136], Hibst et al. [137]
and Zhang et al. [138] explored use of Cs salt of [PVMo11O40] for Methacrolein
oxidation. Zhizhina et al. [139] reported aerobic oxidation of propene and butane-1
using Pd+H4[PVMo11O40] as a catalysts at 333 K in homogeneous medium.
Reports on the oxidation of norbornene with aqueous H2O2 as an oxidant in dif-
ferent solvents, [140] and epoxidation of different alkenes with TBHP/H2O2 in
CH3CN and CH2Cl2 [141] over [PVMo11O40]

4− are also available. Vapour-phase
oxidation of propene over H3+xPMo12−xVxO40 based catalysts has also been
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reported [142]. Lee et al. [12] established use of CsnH4−n[PVMo11O40] as active
and selective catalysts for vapour phase oxidation of ethanol. Peng et al. [10]
studied the oxidation of liquid phase benzyl alcohol over a series of Cs salts of
[PVMo11O40]

4− using H2O2 as oxidant. Number of reports have been reported on
oxidation reactions using [PVMo11O40] as catalysts by Sai Prasad and group
[143–148].

Thus, a literature survey shows that most of reports described catalytic of
[PVMo11O40]

4− based materials. At the same time report on mono transition metal
substituted polyoxomolybdates, [XMo11O39M(H2O)] (X = P, Si; M = transition
metal except vanadium) are very less.

Combs-Walker and Hill [75] reported two steps synthesis of TBA4H[PMo11TM
(L)O39] (TM = Co, Mn, Cu and Zn; TBA = tetra butyl ammonium). Using same
method, Neumann et al. [149] reported synthesis of TBA salt of [PMo11Ru(L)O39].
They reported use of synthesized material as bifunctional catalysts for the aerobic
oxidation of cumene to hydroperoxo/peroxo intermediate followed by oxygen
transfer to an alkene to yield epoxide in acetonitrile. Oxidative dehydrogenation of
2-propanol over Cs2:5H1:2PMo11Fe H2Oð ÞO39 � 6H2O has also been reported by
Mizuno et al. [150].

Rabia et al. [151] reported synthesis of NH4-salt of [PMo11MO40] (M = Co, Ni,
Fe) and their use a catalyst for oxidation of propane with molecular oxygen at
temperature 380–420 °C. Hue and Burns reported synthesized and characterized a
series of Na2[(C4H9)4N]4[PZ(II)(Br)Mo11O39], where Z = Mn(II), Co(II), Ni(II), Cu
(II) and Zn(II)). They explored the use of synthesized materials as catalysts for
homogeneous oxidation of isobutyraldehyde using H2O2 as an oxidant in aceto-
nitrile at 50 °C [152].

Vázquez and group [153] established use of H6PMo11BO40, H6PMo11BiO40,
H6PMo11LaO40, and H6PMo11YO40 as catalysts in the green and selective oxida-
tion of diphenyl sulphide with H2O2.

Use of TBA-salt of [PRu(H2O)Mo11O39]
4− as catalysts for the epoxidation of

alkenes with molecular oxygen in acetonitrile under mild condition has been
reported by Naumann and co-worker [154]. Oxidative dehydrogenation of alcohols
under aerobic as well as anaerobic conditions over [PSbV(O)Mo11O39]

4− and
[PSbV(Br)Mo11O39]

3− in benzonitrile at 135 °C has also been investigated by the
same group [155]. Knapp et al. [156] reported vapour phase selective oxidation of
isobutene over Cs3H1PMo11FeO39. Tundo et al. [157] reported multiphase oxida-
tion of alcohols and sulfides with hydrogen peroxide catalyzed by H6PMo11AlO40

at 70 °C. Use of TBA salt of PMo11MO40 (M = Co, Mn) as catalysts for oxidation
of phenol in acetonitrile has been explored by Karcz et al. [158]. Recently,
Cavaleiro et al. [159] reported homogeneous catalytic oxidation of olefins with
hydrogen peroxide catalyzed by TBA4H PMo11Mn H2Oð ÞO39½ � � 2H2O in
acetonitrile.

From literature survey it can be seen than, in most of applied protocols catalyzed
by TMSPMo, oxidation requires harsh conditions of temperature, use of relatively
expensive metals (V, Ru, Bi, La, Y) as well as use of organic solvent.
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Considering these aspects, it was thought of interest to summarize and describe a
new easy catalytic pathway with TMSPMo, and to discuss their use as sustainable
catalysts for oxidation reactions. As Mn, Co, Ni and Cu are most important from the
view point of their redox properties, they were selected for the present work.

Chapter 3 describes synthesis and characterization transition metal (Mn, Co, Ni
Cu)-substituted phosphomolybdates and their use as heterogeneous catalysts for
solvent free aerobic oxidation of alcohols under mild reaction conditions. Scope
and limitation of synthesized materials was also discussed for oxidation of different
alcohols. Based on results, possible reaction mechanism was also explained.

It is worth to notice that all the reported catalysts in the book are reusable and are
promising environmentally benign catalysts.
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Chapter 2
Oxidation of Alcohols Catalyzed
by Supported Undecamolybdophosphate

Abstract Synthesis and stabilization of undecamolybdophosphate (PMo11) as well
as its characterization was explained. Also, synthesis and characterization of series
of heterogeneous catalysts comprising PMo11 and different supports (ZrO2, Al2O3,
MCM-41 and zeolite-Hβ) and their use as heterogeneous catalysts for solvent free
oxidation of alcohols with molecular oxygen and TBHP as a radical initiator was
described. The influence of different parameters on the conversion as well as the
selectivity was investigated on oxidation of benzyl alcohol. Further, oxidation of
various alcohols such as cyclopentanol, 1-hexanol and 1-octanol over supported
PMo11 was presented under optimized conditions. All the catalysts are found to be
efficient especially in achieving higher selective toward desire product and high
turnover numbers. Regeneration study showed that the catalysts can be regenerated
and reused without any significant loss in the catalytic activity.

Keywords Undecamolybdophosphate �Metal oxides � Porous silica � Oxidation �
Alcohols

2.1 Undecamolybdophosphate Supported on to Metal
Oxides (ZrO2, Al2O3)

2.1.1 Experimental

All the chemicals used were of A. R. grade. Sodium molybdate, Disodium
hydrogen phosphate, zirconium oxychloride, liquor ammonia, neutral active Al2O3

(Activity I–II, according to Brockmann), Nitric acid, acetone, benzyl alcohol,
cyclopentanol, cyclohexanol, 1-hexanol, 1-octanol, tertiary butylhydroperoxide
(70 % aq. TBHP) and dichloromethane were obtained from Merck and used as
received.

© The Author(s) 2015
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2.1.1.1 Synthesis of Na Salt of Undecamolybdophosphate (PMo11) [1]

Sodium molybdate dihydrate (0.22 mol, 5.32 g) and anhydrous disodium hydrogen
phosphate (0.02 mol, 0.28 g) were dissolved in 50–70 mL of conductivity water and
heated to 80–90 °C followed by the addition of concentrated nitric acid in order to
adjust the pH to 4.3. The volume was then reduced to half by evaporation and the
heteropolyanion was separated by liquid–liquid extraction with 50–60 mL of
acetone. The extraction was repeated until the acetone extract showed absence of
NO�

3 ions (ferrous sulfate test). The extracted sodium salt was dried in air. The
obtained sodium salt of undecamolybdophosphate was designated as PMo11.

2.1.1.2 Synthesis of Supported Catalysts

Synthesis of the support, ZrO2

Hydrous zirconia was prepared by adding an aqueous ammonia solution to an
aqueous solution of ZrOCl2 � 8H2O up to pH 8.5. The precipitates were aged at
100 °C over a water bath for 1 h, filtered, washed with conductivity water until
chloride free water was obtained and dried at 100 °C for 10 h. The obtained material
is designated as ZrO2.

Supporting of PMo11 onto ZrO2 (PMo11/ZrO2) [1]
PMo11 was supported on ZrO2 by dry impregnating method. 1 g of ZrO2 was
impregnated with an aqueous solution of PMo11 (0.1 g/10 mL of double distilled
water). The water from the suspension was allowed to evaporate at 100 °C in an
oven. Then the resulting mixture was dried at 100 °C with stirring for 10 h. The
material thus obtained was designated as 10 % PMo11/ZrO2. Same procedure was
followed for the synthesis of a series of supported PMo11 containing 20–40 %
PMo11 (0.2–0.4 g/20–40 mL of conductivity water). The obtained materials were
designated as 20 % PMo11/ZrO2, 30 % PMo11/ZrO2 and 40 % PMo11/ZrO2

respectively.

Supporting of PMo11 onto Al2O3 (PMo11/Al2O3) [2]
A series of catalysts containing 10–40 % PMo11 were synthesized by impregnating
1 g of Al2O3 with an aqueous solution of PMo11 (0.1–0.4 g in 10–40 mL of
conductivity water) with stirring for 35 h and then dried at 100 °C for 10 h. The
obtained materials were designated as 10 % PMo11/Al2O3, 20 % PMo11/Al2O3,
30 % PMo11/Al2O3 and 40 % PMo11/Al2O3.

2.1.1.3 Characterization

Characterization is a central aspect of catalyst development. The elucidation of the
structures, compositions, and chemical properties of both the supports used in
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heterogeneous catalysis as well as the active species present on the surfaces of the
supported catalysts is very important for a better understanding of the relationship
between catalyst properties and catalytic performance [3]. Elemental analysis was
carried out using JSM 5610 LV combined with INCA instrument for EDX-SEM.
The total weight loss was calculated by the TGA method on the Mettler Toledo Star
SW 7.01 upto 600 °C. FTIR spectra of the samples were recorded as the KBr pellet
on the Perkin Elmer instrument. The spinning rate was 4–5 kHz. The BET specific
surface area was calculated by using the standard Bruanuer, Emmett and Teller
method on the basis of the adsorption data. Adsorption–Desorption isotherms of
samples were recorded on a micromeritics ASAP 2010 surface area analyzer at
−196 °C. The powder XRD pattern was obtained by using a Phillips Diffractometer
(Model PW-1830). The conditions used were Cu Kα radiation (1.5417 Å).

2.1.1.4 Oxidation of Alcohols with Molecular Oxygen [4]

The catalytic activity was evaluated for oxidation of alcohols using molecular
oxygen as an oxidant and tert-Butyl hydrogen peroxide as an initiator. Oxidation
reaction was carried out in a batch type reactor operated under atmospheric pres-
sure. In a typical reaction, measured amount of catalyst was added to a three necked
flask containing alcohol at 90 °C. The reaction was started by bubbling O2 into the
liquid. The reactions were carried out by varying different parameters such as effect
of % loading of PMo11, reaction temperature, catalyst amount and reaction time.

After completion of the reaction, catalyst was removed and the product was
extracted with dichloromethane. The product was dried with magnesium sulphate
and analyzed on Gas Chromatograph (Nucon 5700 model) using BP-1 capillary
column (30 m, 0.25 mm id). Product identification was done by comparison with
authentic samples and finally by a combined Gas Chromatography Mass Spec-
trometer (Hewlett-Packard column) using HP-1 capillary column (30 m, 0.5 mm id)
with EI and 70 eV ion source.

The conversion as well as selectivity was calculated on the basis of mole percent
of substrates.

Conversion ð%Þ ¼ ðinitial mol%Þ � ðfinal mol%Þ
ðinitial mol%Þ

Selectivity ð%Þ ¼ moles of product formed
moles of substrate consumed

� 100

The turn over number (TON) was calculated using the following equation

TON ¼ moles of product
moles of catalyst

:
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2.1.2 Result and Discussion

2.1.2.1 Characterization of Unsupported Undecamolybdophosphate

The PMo11 was isolated as the sodium salt after completion of the reaction and the
remaining solution was filtered off. The filtrate was analyzed to estimate the amount
of non reacted Mo [5]. The observed % of Mo in the filtrate was 0.5 %, which
corresponds to loss of one equivalent of Mo from H3PMo12O40. The observed
values for the elemental analysis are in good agreement with the theoretical values
indicating the formation of PMo11. Anal. calc. (%): Na, 7.65; Mo, 50.12; P, 1.47;
O, 39.52. Found (%): Na, 7.60; Mo, 49.99; P, 1.44; O, 39.92.

The TG-DTA curve of PMo11 is presented in Fig. 2.1. The TGA of PMo11
shows an initial weight loss of 16 % from 30 to 150 °C. This may be due to the
removal of adsorbed water and water of crystallization. The final weight loss at
around 235 °C indicates the decomposition of PMo11.

DTA of PMo11 (Fig. 2.1) shows endothermic peaks at 80 and 140 °C, due to the
loss of adsorbed water and water of crystallization respectively. In addition, DTA of
PMo11 also shows a broad exothermic peak in the region of 270–305 °C. This may
be due to the decomposition of PMo11.

Number of water molecules was determined from the TGA curve using the
following formula

18n ¼ X Mþ 18nð Þ
100

where
n = number of water molecules
X = % loss from TGA
M = molecular weight of substance.

Fig. 2.1 TG-DTA of PMo11
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Based on studies the chemical formula of the isolated sodium salt was proposed as

Na7 PMo11O39½ � � 16H2O

The FT-IR spectra of PMo12 and PMo11 are presented in Fig. 2.2. The bands at
1,070, 965, 870 and 790 cm−1 in parent Keggin PMo12 attributed to asymmetric
stretches of P–Oa, Mo–Ot, Mo–O–Mo.

The FT-IR spectra of PMo11 shows P–Oa band at 1,048 and 999 cm
−1. Observed

splitting for P–Oa band in PMo11 as compare to that of PMo12, indicates formation
of lacunary structure with Keggin unit. The FT-IR spectra of PMo11 also shows
bands 935 and 906 cm−1 and 855 cm−1 attributed to asymmetric stretches of Mo–Ot

and Mo–O–Mo, respectively and are in good agreement with reported values [6].
The shifting in the band position may be due to formation of lacuna in synthesized
material.

The 31P chemical shift provides important information concerning the structure,
composition and electronic states of these materials. 31P MAS NMR of PMo11 is
presented in Fig. 2.3.

Van Veen [7] reported in acidic solution, phosphomolybdate was present in

different type of species (e.g. P2Mo5O23½ �6�, PMo6O25½ �9�, PMo9O31 � OHð Þ3
� �6�

;

PMo10O34½ �3�, PMo11O39½ �7� and PMo12O40½ �3�) in the acidified aqueous solution.
The 31P MAS NMR spectra shows single peak at 1.64 ppm corresponds to PMo11
which also indicates absence of fragmentation of PMo11.

The powder X-ray pattern for PMo12 and PMo11 is represented in Fig. 2.4. The
powder XRD pattern of the isolated sodium salt indicates the semi-crystalline nature
of PMo11. PMo11 shows the characteristic diffraction patterns with the typical 2θ
value of 8–10° indicating the formation of lacunary molybdophosphate specie. For
PMo11, similar peaks with shifting as compare to that of PMo12 were observed
indicates presence of Keggin unit.

Fig. 2.2 FT-IR spectra for
a PMo12 and b PMo11

2.1 Undecamolybdophosphate Supported on to Metal Oxides (ZrO2, Al2O3) 19



Thus the thermal, spectral as well as diffraction studies confirms the formation of
PMo11.

2.1.2.2 Characterization of Undecamolybdophosphate Supported
on to Metal Oxides (ZrO2, Al2O3)

Any leaching of the active species from the support makes the catalyst unattractive
and hence it is necessary to study the stability as well as leaching of PMo11 from the
support. Heteropoly acids can be quantitatively characterized by the heteropoly blue
colour, which is observed when it reacted with a mild reducing agent such as

Fig. 2.3 31P MAS NMR of
PMo11

Fig. 2.4 Powder XRD
pattern of a PMo12 and
b PMo11
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ascorbic acid. In the present study, this method was used for determining the
leaching of PMo11 from the support. Standard samples containing 1–5 % of PMo11
in water were prepared. To 10 mL of the above samples, 1 mL of 10 % ascorbic
acid was added. The mixture was diluted to 25 mL and the resultant solution was
scanned at a λmax of 785 nm for its absorbance values. A standard calibration curve
was obtained by plotting values of absorbance against % concentration. 1 g of
supported catalyst with 10 mL conductivity water was refluxed for 18 h. Then 1 mL
of the supernatant solution was treated with 10 % ascorbic acid. Development of
blue colour was not observed indicating that there was no leaching. The same
procedure was repeated with benzyl alcohol and the filtrate of the reaction mixture
after completion of reaction in order to check the presence of any leached PMo11.
The absence of blue colour indicates no leaching of PMo11.

The TG-DTA data of 20 % PMo11/ZrO2 and 20 % PMo11/Al2O3 is presented in
Table 2.1.

The TGA of 20 %-PMo11/ZrO2 and 20 %-PMo11/Al2O3 (Table 2.1) shows 17
and 5 % weight loss up to 200 °C respectively, which is due to loss of adsorbed
water. Catalysts do not show any weight loss up to 300 °C, indicating the syn-
thesized catalysts is stable up to 300 °C. DTA of 20 % PMo11/ZrO2 and 20 %
PMo11/Al2O3 show an endothermic peak in range 80–140 °C which may be due to
adsorbed water. Synthesized catalysts also show a broad exothermic peak in the
region 285–325 and 255–425 °C, which may be due to decomposition of PMo11 on
the surface of the support. From the thermal study it is clearly seen that supported
catalysts are stable upto 320 °C.

FT-IR was recorded to confirm the presence of reactive undegraded hetero-
polyanion species present on the surface of catalyst. The FT-IR data of 20 %
PMo11/ZrO2 and 20 % PMo11/Al2O3 is presented in Table 2.2. As described earlier
(Fig. 2.2), FT-IR of PMo11 shows a band at 1,048 and 999 cm−1, 935, 906 and
855 cm−1 attributed to asymmetric stretches of P–O, Mo–Ot and Mo–O–Mo,
respectively. The synthesized catalysts retained similar bands of Keggin unit i.e.
bands at 1,039, 990 and 910 cm−1 for 20 % PMo11/ZrO2 as well as bands at 1,052,
1,010 and 914 cm−1 for 20 % PMo11/Al2O3 correspond to asymmetric stretching of
P–O and Mo–O–Mo, respectively. The shifting of bands as well as the disap-
pearance of the Mo–Ot band (935 cm−1) for the supported catalysts may be due to
interaction of terminal oxygen of PMo11 with surface hydrogen of support.

As described earlier, 31P MAS NMR spectra of PMo11 (Fig. 2.3) show a single
peak at 1.64 ppm. While, 31P MAS NMR for 20 % PMo11/ZrO2 and 20 % PMo11/
Al2O3 (Fig. 2.5) reveals resonance at −2.42 and −3.47 ppm respectively.

Table 2.1 TG-DTA data PMo11, 20 % PMo11/ZrO2 and 20 % PMo11/Al2O3

Catalyst TGA (% Weight loss up to 200 °C) DTA (°C)

Endothermic Exothermic

20 % PMo11/ZrO2 17 (continues) 80 285–325

20 % PMo11/Al2O3 9 (continues) 80, 140 255–425
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It is reported that the lower shift, i.e. deshielding, increases as the degree of
adsorption and degree of fragmentation increases [8]. In the present cases, the
observed chemical shift, shielding as compare to that of PMo11, indicates presence
of chemical interaction between PMo11 and supports, rather than simple adsorption.
Also, a single peak for both the catalysts indicated that no fragmentation of PMo11
species takes place after addition to the support. Thus it can be concluded that
PMo11 remains intact on surface of supports, after supporting on to supports.

The difference in nature of the signal as well as values of the NMR shift for 20 %
PMo11/ZrO2 and 20 % PMo11/Al2O3 may be due to the different nature of the
supports. It is known that ZrO2 is an acidic support and it has more surface
hydroxyl groups as compare to that of Al2O3 for strong interaction through
hydrogen bonding with the terminal oxygens of PMo11. Thus, more shielding is
observed for Al2O3. Thus the obtained results are in good agreement with the
proposed explanation.

Table 2.2 FT-IR data
PMo11, 20 % PMo11/ZrO2

and 20 % PMo11/Al2O3

Catalyst FT-IR frequency (cm−1)
P–O Mo–Ot Mo–Ob,c–Mo

20 % PMo11/ZrO2 1,039, 990 – 910
20 % PMo11/Al2O3 1,052, 1,010 – 914

(a) (b)

4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7
ppm

-2
.4
2

-3
.4
7

20 0 -20 ppm

Fig. 2.5 31P MAS NMR of a 20 % PMo11/ZrO2 and b 20 % PMo11/Al2O3
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The values of surface area for both the series of catalysts are shown in Table 2.3.
It is seen from Table 2.3 that, initially the value for surface area increases with
increase in loading from 10 to 20 % while it decreases from 20 to 40 %. This may
be due to the formation of multilayers of active species, PMo11, onto support
surface, which may cause blocking/stabilization of active sites on the monolayer.

The XRD pattern of 20 % PMo11/ZrO2 (Fig. 2.6a) and 20 % PMo11/Al2O3

(Fig. 2.6b) shows the amorphous nature of the materials indicating that the crys-
tallinity of the PMo11 is lost after supporting.

Further, it does not show any diffraction lines of lacunary PMo11 indicating a
very high dispersion of solute as a non-crystalline form on the surface of the
supports.

In order to compare the surface morphology of both the supported catalysts, the
SEM pictures were taken at same magnification. The scanning electron microscopy
(SEM) images of PMo11, 20 % PMo11/ZrO2 and 20 % PMo11/Al2O3 at a magni-
fication of 100× are reported in Fig. 2.7.

Figure 2.7a shows the semi-crystalline nature of PMo11. SEM images of 20 %
PMo11/ZrO2 and 20 % PMo11/Al2O3 (Fig. 2.7b, c) showed a uniform dispersion of
PMo11 in a non-crystalline form on the surface of the support.

Table 2.3 Surface area
Catalysts Surface area (m2 g−1)

ZrO2 170

10 % PMo11/ZrO2 191

20 % PMo11/ZrO2 197

30 % PMo11/ZrO2 188

40 % PMo11/ZrO2 187

Al2O3 81.0

10 % PMo11/Al2O3 99.7

20 % PMo11/Al2O3 101.8

30 % PMo11/Al2O3 72.9

40 % PMo11/Al2O3 56.2

Fig. 2.6 Powder XRD
pattern of a 20 % PMo11/ZrO2

and b 20 % PMo11/Al2O3
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2.1.2.3 Catalytic Activity

A detail study was carried out on oxidation of benzyl alcohol to optimize the
conditions. To ensure the catalytic activity, all reactions were carried out without
catalyst and no oxidation takes place. The reaction was carried out with 25 mg of
PMo11/ZrO2 and PMo11/Al2O3 for 24 h at 90 °C. Generally, benzyl alcohol on
oxidation gives benzaldehyde and benzoic acid. However, benzaldehyde was found
as the major oxidation product in the present case (Scheme 2.1).

Fig. 2.7 SEM images of a PMo11 and b 20 % PMo11/ZrO2, c 20 % PMo11/Al2O3

COOHCHO

Oxidant

Catalyst

Benzaldehyde Benzoic acid
(Major)

OH

Benzyl alcohol

Scheme 2.1 Oxidation of
benzyl alcohol
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The oxidation of benzyl alcohol was carried out using 25 mg of catalysts for 24 h
at 90 °C are presented in Fig. 2.8.

From Fig. 2.8 it is clear that, increase in the conversion was observed with
increase in the % loading of PMo11 from 10 to 20 %. Further, increase in % loading
from 20 to 40 %, no significant increase in conversion was observed. This may be
due to at higher % loading, the particles may agglomerate on the surface, results in
reduce accessibility to the active sites. Thus, loading of PMo11 on the supports was
fixed at 20 % and detail studies were carried out over 20 % PMo11/ZrO2 and 20 %
PMo11/Al2O3.

In order to determine the optimum temperature the reaction was investigated at
four different temperatures 80, 90 and 100 °C, using both the catalysts keeping
other parameters fixed (amount 25 mg, time 24 h). The results for the same are
presented in Fig. 2.9.

Fig. 2.8 % Conversion is based on benzyl alcohol; benzyl alcohol = 100 mmol, TBHP = 0.2 %,
temp = 90 °C, time = 24 h, amount of catalyst = 25 mg, PMo11/ZrO2 (left) and PMo11/Al2O3

(right)

Fig. 2.9 % Conversion is based on benzyl alcohol; benzyl alcohol = 100 mmol, TBHP = 0.2 %,
time = 24 h, amount of catalyst = 25 mg, PMo11/ZrO2 (left) and PMo11/Al2O3 (right)

2.1 Undecamolybdophosphate Supported on to Metal Oxides (ZrO2, Al2O3) 25



The results show that conversion increased with increasing temperature. At the
same time, on increasing temperature from 90 to 100 °C, selectivity of benzalde-
hyde was decrease for both catalysts, this is due to over oxidation of benzaldehyde
to benzoic acid at elevated temperature. So temperature of 90 °C was fixed for the
optimum conversion of benzyl alcohol as well selectivity of desire product.

The effect of the catalyst amount on the conversion of benzyl alcohol over both
the catalysts is represented in Fig. 2.10.

The catalyst amount was varied from 15 to 50 mg. It is seen from this figure that
the activity increases initially up to 25 mg and then becomes constant with further
increase in the amount of catalyst. However, decrease in selectivity was observed.
In the present case, water is formed as a by-product which is polar in nature. In
presence of polar molecules, heteropolyacids exhibit pseudoliquid behaviour [9] in
which catalytic activity is directly proportional to the active amount of the catalyst.
So the same observation is expected in case of LPOMs. Further, increase in the
amount blocks/stabilizes the active sites. Hence, no change in conversion is
expected. The obtained results are in good agreement with the proposed
explanation.

The effect of reaction time is shown in Fig. 2.11. It is seen from figure that
initially with increase in reaction time, the conversion also increases. After some
time, the conversion attains stability. This may be due to the fact that the activation
of the catalyst as well as the attainment of equilibrium requires time.

Once the equilibrium is attained, the conversion becomes almost constant. But at
the same time, selectivity of benzaldehyde decreases. This may be due to over
oxidation of benzaldehyde to benzoic acid. Thus, reaction time at 24 h was opti-
mized for optimum conversion of benzyl alcohol as well selectivity of
benzaldehyde.

The optimum conditions for 23.7 % conversion with 92.3 % selectivity for
benzaldehyde with 20 %-PMo11/ZrO2 and 22.5 % conversion with 94.8 % selec-
tivity for benzaldehyde with 20 %-PMo11/Al2O3 are, catalyst amount = 25 mg,
temperature = 90 °C, time = 24 h.

Fig. 2.10 % Conversion is based on benzyl alcohol; benzyl alcohol = 100 mmol, TBHP = 0.2 %,
temp = 90 °C, time = 24 h, PMo11/ZrO2 (left) and PMo11/Al2O3 (right)
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In order to see scope and limitations of present catalytic systems, oxidation of
various alcohols was carried out with supported catalysts under optimized condi-
tions and results are shown in Table 2.4. It was observed from Table 2.4 that,
oxidation of secondary alcohol is easier as compare to primary alcohols.

The observed trend is in good agreement with reported in art [10]. In all cases,
very high TON is observed. It is known that, oxidation of long chain alcohols (C8

and onwards) is still challenging task because of lower reactivity [11] and thus
present catalytic system is also not applicable to less reactive long chain primary
alcohol such as 1-octanol. For the present catalytic system, the reactivity of the
alcohols was found in the order primary < cyclic secondary < aromatic.

Fig. 2.11 % Conversion is based on benzyl alcohol; benzyl alcohol = 100 mmol, TBHP = 0.2 %,
temp = 90 °C, amount of catalyst = 25 mg, PMo11/ZrO2 (left) and PMo11/Al2O3 (right)

Table 2.4 Oxidation of various alcohols with O2, under optimized conditions

Alcohols Conversion (%) Products Selectivity (%) TON
aBenzyl alcohol 23.7 Benzaldehyde 92.3 11,814

Benzoic acid 7.7
aCyclopentanol 22.7 Cyclopentanone >99 11,609
aCyclohexanol 22.4 Cyclohexanone >99 11,456
a1-Hexanol 9.1 1-Hexanal >99 4,654
a1-Octanol – – – –
bBenzyl alcohol 22.5 Benzaldehyde 94.8 11,216

Benzoic acid 5.2
bCyclopentanol 22.2 Cyclopentanone >99 11,353
bCyclohexanol 21.6 Cyclohexanone >99 11,046
b1-Hexanol 8.2 1-Hexanal >99 4,194
b1-Octanol – – – –

% Conversion is based on alcohol; alcohol = 100 mmol, TBHP = 0.2 %, temp = 90 °C,
time = 24 h, amount of catalyst = 25 mg
a (PMo11)2/ZrO2
b (PMo11)2/Al2O3
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It is well know that support does not play always merely a mechanical role but it
can also modify the catalytic properties of the catalysts. So, in order to see the effect
of support, comparison of activity of 20 % PMo11/ZrO2 and 20 % PMo11/Al2O3

was done for oxidation of benzyl alcohol under optimized conditions and results are
presented in Table 2.4. Generally, oxidation of benzyl alcohol gives benzaldehyde
(major), with over oxidation product benzoic acid (minor). These types of over
oxidation reactions are directly promoted by acidity of the catalyst. So, observed
result i.e. lower selectivity of benzaldehyde in case of PMo11/ZrO2 is attributed to
acidity of ZrO2.

2.1.2.4 Heterogeneity Test

Heterogeneity test was carried out for the oxidation of benzyl alcohol (Fig. 2.12)
over PMo11/ZrO2 as examples.

For the rigorous proof of heterogeneity, a test [12] was carried out by filtering
catalyst from the reaction mixture at 90 °C after 16 h and the filtrate was allowed to
react up to 24 h. Reaction mixture of 16 h and the filtrate were analyzed by gas
chromatography. Similar test was carried for PMo11/Al2O3. No change in the %
conversion as well as % selectivity was found indicating the present catalysts fall
into category C [12] i.e., active species does not leach and the observed catalysis is
truly heterogeneous in nature.

Fig. 2.12 % Conversion is
based on benzyl alcohol;
benzyl alcohol = 100 mmol,
O2, TBHP = 0.2 %, amount of
20 % PMo11/ZrO2 = 25 mg;
temperature 90 °C
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2.1.2.5 Catalytic Activity of Regenerated Catalysts

The catalyst was recycled in order to test for its activity as well as its stability. The
catalysts remain insoluble under the present reaction conditions. The leaching of
Mo from catalyst support was confirmed by carrying out an analysis of the used
catalyst (EDS) as well as the product mixtures (AAS). The analysis of the used
catalyst did not show an appreciable loss in the Mo content as compared to the fresh
catalyst. The analysis of the product mixtures showed that if any Mo was present it
was there in an amount below the detection limit, which corresponded to less than
1 ppm. These observations strongly suggest that the present catalyst is truly het-
erogeneous in nature.

Catalysts were separated easily by simple filtration followed by washing with
dichloromethane and dried at 100 °C. Oxidation reaction was carried out with the
regenerated catalysts, under the optimized conditions. The data for the catalytic
activity is represented in Table 2.5. It is seen from the table that there was no change
in selectivity, however, a little decrease in conversion was observed. This shows that
the catalysts are stable, regenerated and reused successfully up to 4 cycles.

2.1.2.6 Characterization of Regenerated Catalysts

20 % PMo11/ZrO2 and 20 % PMo11/Al2O3 were regenerated and characterized for
FT-IR in order to confirm the retention of the catalyst structure, after the completion
of the reaction. The FT-IR data for the fresh as well as the regenerated catalysts are
represented in Fig. 2.13. No appreciable shift in the FT-IR band position of the
regenerated catalyst indicates the retention of Keggin type PMo11 onto supports.

Table 2.5 Oxidation of
benzyl alcohol with fresh and
regenerated catalysts

Cycle Conversion (%) Selectivity (%)

Benzaldehyde

Fresh 23.1a/23.0b 92.3a/94.6b

1 22.9a/22.9b 92.2a/95.0b

2 22.9a/22.9b 92.2a/94.9b

3 22.9a/22.5b 92.0a/94.2b

4 22.7a/22.6b 92.0a/94.2b

% Conversion is based on benzyl alcohol; benzyl alco-
hol = 100 mmol, TBHP = 0.2 %, temp = 90 °C, time = 24 h,
amount of catalyst = 25 mg
a 20 % PMo11/ZrO2
b 20 % PMo11/Al2O3
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2.2 Undecamolybdophosphate Anchored to Porous
Supports (Zeolite Hβ, MCM-41)

2.2.1 Experimental

2.2.1.1 Materials

All the chemicals used were of A. R. grade. CTAB (cetyltrimethyl ammonium
bromide), TEOS (tetraethyl orthosilicate), benzyl alcohol, cyclopentanol, cyclo-
hexanol, 1-hexanol, 1-octanol, 70 % aq. TBHP, NaOH and dichloromethane were
obtained from Merck and used as received. The sodium form of zeolite β (Naβ)
with Si/Al ratio 10 was purchased from Zeolites and Allied Products, Bombay,
India, and used as received.

2.2.1.2 Synthesis of the Supports (MCM-41, Hβ) [13]

CTAB was added to a very dilute solution of NaOH with stirring at 60 °C. When
the solution became homogeneous, TEOS was added dropwise, and the obtained
gel was aged for 2 h. The resulting product was filtered, washed with distilled

Fig. 2.13 FT-IR spectra of a fresh and b recycled (fourth cycle) catalysts
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water, and then dried at room temperature. The obtained material was calcined at
555 °C in air for 5 h and designated as MCM-41.

Treatment of the Support (zeolite-Hβ)
Naβ was converted in to the NH4

+ form by conventional ion exchange method [14]
using a 10 wt%, 1 M NH4Cl aqueous solution. The resulting NHþ

4 type zeolite was
further converted to H+ type by calcination in air at 550 °C for 6 h.

2.2.1.3 Synthesis of Supported Catalysts [15]

Supporting of PMo11 to MCM-41 and Hβ
A series of catalysts containing 10–40 % of PMo11 supported to support (MCM-41
and Hβ) were synthesized by impregnation method. One gram of support was
impregnated with an aqueous solution of PMo11 (0.1/10–0.4/40 g/mL of double
distilled water) and dried at 100 °C for 10 h. The obtained materials were designated
as 10 % PMo11/MCM-41, 20 % PMo11/MCM-41, 30 % PMo11/MCM-41, and 40 %
PMo11/MCM-41, respectively, as well as 10 % PMo11/Hβ, 20 % PMo11/Hβ, 30 %
PMo11/Hβ, and 40 % PMo11/Hβ, respectively.

Characterization specifications and catalytic reaction is similar as mentioned in
Sects. 2.1.1.3 and 2.1.1.4.

2.2.2 Result and Discussion

2.2.2.1 Characterization of Undecamolybdophosphate Anchored
to Porous Supports (Zeolite-Hβ, MCM-41)

TGA curves of zeolite support and catalysts are shown in Fig. 2.14. The TGA of
PMo11 (Fig. 2.14a) shows the initial weight loss of 16 % from 30 to 200 °C. This
may be due to the removal of adsorbed water molecules. The final weight loss of
1.8 % at around 275 °C indicates the loss of water of crystallisation. A unique
weight loss of 13–15 % was observed up to 250 °C for zeolite support (Fig. 2.14b),
which is attributed to desorption of physically adsorbed water. No further weight
loss was observed beyond 250 °C which indicates zeolite Hβ retains its framework
structure up to 600 °C. TGA of MCM-41 (Fig. 2.14c) shows initial weight loss of
6.14 % at 100 °C. This may be due to the loss of adsorbed water molecules. The
final 7.92 % weight loss above 450 °C may be due to the condensation of silanol
groups to form siloxane bonds. After that, the absence of any weight loss indicates
that support is stable up to 550 °C. The TGA of 30 % PMo11/Hβ (Fig. 2.14d) shows
initial weight loss of 11.2 % up to 150 °C which may be due to the removal of
adsorbed water molecules. No significant weight loss occurs up to 350 °C (2.6 %),
which indicates the stability of the catalyst up to 350 °C. The removal of the Mo–O
moiety from the parent PMo12 leads to the thermally less stable material PMo11.
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The thermal stability values of PMo11 and supported PMo11 are 305 and 350 °C
respectively. The TGA of 30 % PMo11/MCM-41 (Fig. 2.14e) shows initial weight
loss up to 150 °C may be due to the removal of adsorbed water molecules. No
significant loss occurs up to 350 °C, which indicates the stability of the catalyst up
to 350 °C.

The FT-IR spectra of MCM-41, Hβ, PMo11 and 30 % PMo11/Hβ and 30 %
PMo11/MCM-41 are presented in Fig. 2.15. The FT-IR spectrum of MCM-41
(Fig. 2.15b) shows a broad band around 1,300–1,000 cm−1 corresponding to νas
(Si–O–Si). The bands at 801 and 458 cm−1 are due to symmetric stretching and
bending vibration of Si–O–Si, respectively. The band at 966 cm−1 corresponds to νs
(Si–OH). The bands at 1048 and 999 cm−1, 935 and 906 cm−1 and 855 cm−1 in
parent PMo11 (Fig. 2.15a) are attributed to asymmetric stretching of P–O, Mo–Ot
and Mo–O–Mo respectively. The spectrum of 30 % PMo11/MCM-41 (Fig. 2.15c)
shows bands at 965 and 918 cm−1 assigned to P–O and Mo = O stretches,
respectively. The shift in the bands is an indication of strong chemical interaction
between PMo11 and the silanol groups of MCM-41.

The FT-IR spectra for Hβ and 30 % PMo11/Hβ (Fig. 2.15) shows large and broad
peak appearing in range 1,060–1,090 cm−1 due to asymmetric stretching vibration
O–T–O (νasym), which is sensitive to the silicon and aluminum contents in the
zeolite framework. A band at 455 cm−1 is characteristic of the pore opening.
The shifting and broadening of bands as well as disappearance of Mo–Ot band

Fig. 2.14 TGA curves of
a PMo11, b Hβ, c MCM-41,
d 30 % PMo11/Hβ, and
e 30 % PMo11/MCM-41
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(935 cm−1) may be due to strong chemical interaction of terminal oxygen of PMo11
with Hβ, which was further confirmed by FT-Raman analysis.

FT-Raman spectra of PMo11 and both the catalysts are displayed in Fig. 2.16.
The FT-Raman spectrum of PMo11 shows typical bands at 947 (νs(Mo–Od)), 932
(νas(Mo–Od)), 891 and 550 (νas(Mo–Ob–Mo)), 355 (νas(Oa–P–Oa)) and 217
(νs(Mo–Oa)), where Oa, Ob, Oc, and Od are attributed to the oxygen atoms con-
nected to phosphorus, to oxygen atoms bridging two molybdenums (from two
different triads for Ob and from the same triad for Oc), and to the terminal oxygen
Mo = O, respectively. The FT-Raman spectrum of 30 % PMo11/MCM-41 shows
the retention of all the characteristic bands at 916 (νs(Mo–Od)), 876 (νas(Mo–Od)),
793 and 548 (νas(Mo–Ob–Mo)), 323 (νas(Oa–P–Oa)) and 140 (νs(Mo–Oa)), which
indicates that the structure of PMo11 has been retained after anchoring to the
support. The FT-Raman spectrum of 30 % PMo11/Hβ (Fig. 2.16) shows the
retention of all the characteristic bands of PMo11 which indicates that the structure
of PMo11 has been retained after anchoring to the support. However, a large shift
was observed for all characteristic bands indicating the presence of very strong
interaction between the oxygen of PMo11 and Hβ.

Fig. 2.15 FT-IR of a PMo11, b MCM-41, c 30 % PMo11/MCM-41, d Hβ and e 30 % PMo11/Hβ
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The decrease in the specific surface area for 30 % PMo11/MCM-41 (485 m2 g−1)
as compared to that of MCM-41 (659 m2 g−1) is as expected and is the first
indication of chemical interaction between available surface oxygen of PMo11 and
the proton of the silanol group of MCM-41. Figure 2.17 shows the nitrogen
adsorption–desorption isotherms and BET pore size distribution curves for Hβ and
30 % PMo11/Hβ. Both Specific surface area and pore diameter strongly decreased
for PMo11-containing Hβ relative to the starting support. The decrease in the
specific surface area for 30 % PMo11/Hβ (362 m2 g−1) as compared to that of Hβ
(587.2 m2 g−1) is as expected and is the first indication of chemical interaction
between available surface oxygen of PMo11 and Hβ. The nitrogen adsorption

Fig. 2.16 FT-Raman spectra
of a PMo11, b 30 %
PMo11/MCM-41, and
c 30 % PMo11/Hβ

Fig. 2.17 Nitrogen sorption and pore size distribution of a Hβ and b 30 % PMo11/Hβ
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isotherms of support and catalyst are displayed in Fig. 2.17. Both samples showed
Type (IV) pattern with three stages: monolayer adsorption of nitrogen on the walls
of mesopores (P/Po < 0.4), the part characterized by a steep increase in adsorption
due to capillary condensation in mesopores with hysteresis (P/Po = 0.4–0.8), and
multilayer adsorption on the outer surface of the particles. It was observed that pore
diameter was decreased after anchoring PMo11 on to the support.

The FT-IR, FT-Raman, BET shows that PMo11 remains intact even after
anchoring and there exists a strong chemical interaction of PMo11 with the support.

2.2.2.2 Catalytic Activity

In the present work, a detailed catalytic study was carried out over 30 % PMo11/Hβ
for the oxidation of benzyl alcohol by varying different parameters like % loading,
catalyst amount, reaction time and temperature to optimize the conditions for the
maximum conversion.

Figure 2.18 shows the effect of % loading of PMo11 on the oxidation of benzyl
alcohol using molecular oxygen. The conversion increases with increase in the %
loading of PMo11 from 10 to 20 %. There is a drastic increase in the conversion on
increasing loading from 20 to 30 %. The conversion reaches 25.5 % for 30 %
loaded catalyst and further increase in the loading to 40 % does not affect the
conversion significantly. This is because, at higher % loading, the active species
agglomerate on the surface of the support resulting in low accessibility to the active
sites. It is also seen that at higher loading the selectivity for benzaldehyde decreases.
Hence, 30 % loading was selected for further study.

The amount of catalyst has a significant effect on the oxidation of benzyl alcohol.
Reaction was carried out by taking catalyst amount in the range 15–30 mg
(Fig. 2.19). Initially, on increasing catalyst amount from 10 to 25 mg, the con-
version increases sharply. Further increase in the catalyst amount does not increase
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Conversion SelectivityFig. 2.18 % Conversion is
based on benzyl alcohol;
benzyl alcohol = 100 mmol,
TBHP = 0.2 mmol, amount of
catalyst = 25 mg, time = 24 h,
temp = 90 °C
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the conversion very significantly. Therefore, 25 mg amount of catalyst has been
considered as optimum for the maximum conversion.

The effect of reaction time on the selective oxidation was carried out by mon-
itoring % conversion at different time intervals. It is seen from Fig. 2.20 that with
increase in reaction time, the % conversion also increases. Initial conversion of
benzyl alcohol increased with the reaction time. This is due to the reason that more
time is required for the formation of reactive intermediate (substrate + catalyst)
which finally converts into the products. It was seen that 25.5 % conversion was
observed at 24 h; when the reaction was allowed to continue for 25 h, no significant
conversion was observed, but selectivity of benzaldehyde decreases. The maximum
conversion was achieved at 24 h of reaction time.

The effect of temperature on the oxidation of benzyl alcohol was investigated by
varying temperature in the range of 70–100 °C (Fig. 2.21). An optimum of 25.5 %
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conversion was achieved at 90 °C temperature. When temperature was increased
further to 100 °C there is no significant increase in conversion. This is due to over-
oxidation of benzaldehyde to benzoic acid at elevated temperature. Hence, 90 °C
was considered as optimum for the maximum conversion as well as selectivity.

The optimum conditions for maximum % conversion (25.5 %) of benzyl alcohol
to benzaldehyde over 30 % PMo11/Hβ are: loading of PMo11 = 30 %, amount of
catalyst = 25 mg (0.227 wt%), time = 24 h, temperature = 90 °C. Under the same
conditions the maximum % conversion over 30 % PMo11/MCM-41 was found to be
28 %.

The control experiments with Hβ and PMo11 were also carried out under opti-
mized conditions (Table 2.6). It can be seen from Table 2.6 that the supports are
inactive towards the oxidation of benzyl alcohol indicating the catalytic activity is
only due to PMo11. The same reaction was carried out by taking the active amount
of PMo11 (5.7 mg). It was found that the active catalyst gives 25.2 % conversion of
benzyl alcohol with 91 % selectivity towards benzaldehyde. Similar obtained
activity for supported catalysts indicate that PMo11 is the real active species. Thus,
we are successful in supporting PMo11 onto MCM-41 as well as Hβ without any
significant loss in activity and hence in overcoming the traditional problems of
homogeneous catalysis.
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Conversion SelectivityFig. 2.21 % Conversion is
based on benzyl alcohol;
benzyl alcohol = 100 mmol,
TBHP = 0.2 mmol, amount of
catalyst = 25 mg, time = 24 h

Table 2.6 Control
experiments over the catalyst
and the support

Catalyst Conversion % Selectivity %

Hβ <1 100

MCM-41 <1 100

30 % PMo11/MCM-41 28.0 90

PMo11 25.2 91

30 % PMo11/Hβ 25.5 90

% conversion is based on benzyl alcohol; amount of
PMo11 = 5.7 mg, amount of Hβ = 19.3 mg, time = 24 h,
temp = 90 °C
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In order to explore the applicability of the method for a selective aerobic
oxidation different alcohol substrates were studied (Table 2.7). Employing this
system, benzylic, primary and secondary alcohols were oxidized to ketones or
aldehydes at 90 °C with moderate to good conversions and excellent selectivity. It
was observed from Table 2.7 that oxidation of secondary alcohol was easier as
compared to primary alcohols. Also, it was observed that the long chain primary
alcohol is very less reactive under the present reaction conditions. In all the cases
we were able to achieve excellent TON for all the alcohols.

As described earlier, type of support does not play always merely a mechanical
role but it can also modify the catalytic property of the catalysts. The difference in
catalytic activity and product selectivity in oxidation reaction of benzyl alcohol may
be due to the nature of supports such as structural mesoporosity and high specific
surface area. Hence, the obtained results of 30 % PMo11/Hβ were compared with
30 % PMo11/MCM-41. From Table 2.7 it is seen that benzyl alcohol conversion is
higher in the case of 30 % PMo11/MCM-41. This might be due to difference in the
surface area of the catalysts where surface area of 30 % PMo11/MCM-41(485
m2 g−1) is higher compared to 30 % PMo11/Hβ (362 m2 g−1). It is well known that
the products distribution is affected by acidity of the catalyst. Generally, oxidation
of benzyl alcohol gives benzaldehyde (major), with over oxidation product benzoic
acid (minor). These types of over oxidation reactions are directly promoted by
acidity of the catalyst. So, observed result i.e. lower selectivity (90 %) of benzal-
dehyde for both the catalysts is attributed to acidity of the support, as it is well
known that MCM-41 and zeolite Hβ both exhibit acidity. Hence the order of
catalytic activity observed was 30 % PMo11/MCM-41 > 30 % PMo11/Hβ.

Table 2.7 Oxidation of various alcohols over supported catalysts, under optimized conditions

Substrate % Conversion Products (% selectivity) TON
aBenzyl alcohol 25.5 Benzaldehyde (90) 9,551
aCyclohexanol 21 Cyclohexanone (>99) 8,580
aCyclopentanol 20 Cyclopentanone (>99) 8,171
a1-Hexanol 9 1-hexanal (>99) 3,745
a1-Octanol NC 1-Octanal (–) –
bBenzyl alcohol 28 Benzaldehyde (90) 10,487
bCyclohexanol 22 Cyclohexanone (>99) 8,989
bCyclopentanol 20 Cyclopentanone (>99) 8,240
b1-Hexanol 15 1-hexanal (>99) 5,618
b1-Octanol NC 1-Octanal (–) –

% Conversion is based on benzyl alcohol; reactions of alcohols with O2: TBHP = 0.2 mmol,
amount of catalyst = 25 mg, temp = 90 °C, time = 24 h
a 30 % PMo11/Hβ
b 30 % PMo11/MCM-41
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2.2.2.3 Heterogeneity Test

Heterogeneity test [12] was carried out for the oxidation of benzyl alcohol
(Table 2.8). For the rigorous proof of heterogeneity, test was carried out by filtering
catalyst from the reaction mixture at 90 °C after 18 h and the filtrate was allowed to
react up to 24 h. The reaction mixture of 18 h and the filtrate were analysed by gas
chromatography. No change in the % conversion as well as % selectivity was found
indicating the present catalysts fall into category C i.e., active species does not leach
and the observed catalysis is truly heterogeneous in nature. It also confirms that the
reactions are not just auto-oxidation but the catalyst plays an important role for
selective conversion of the substrates.

2.2.2.4 Catalytic Activity of Regenerated Catalysts

Oxidation of benzyl alcohol was carried out with the recycled supported catalysts,
under the optimized conditions. The catalysts were removed from the reaction
mixture after completion of the reaction by simple centrifugation; the first washing
was given with dichloromethane to remove the products, then the subsequent
washings were done by double distilled water and then dried at 100 °C, and the
recovered catalyst was charged for the further run. No appreciable decrease in the
conversion was observed up to two cycles (Table 2.9). The reused catalyst was
further characterized by FT-IR and EDX analysis.

2.2.2.5 Characterization of Regenerated Catalysts

EDX elemental analysis performed on the recycled and fresh catalyst (Fresh:
P = 0.37 %, Mo = 12.0 %; recycled: P = 0.33 %, Mo = 11.3 %) shows that the all
elements in the recycled catalysts are retained. The FT-IR data for the fresh as well
as the recycled catalysts are presented in Fig. 2.22. The FT-IR of recycled 30 %
PMo11/MCM-41 shows bands at 965 and 918 cm−1 assigned to P–O and Mo=O
stretches, respectively. Similar observations can be made for recycled 30 % PMo11/

Table 2.8 Heterogeneity test
Catalyst Conversion

%
Selectivity
%

30 % PMo11/Hβ (18 h) 8 98

Filtrate (24 h) 8 98

30 % PMo11/MCM-41
(16 h)

12 98

Filtrate (24 h) 12 97

% Conversion is based on benzyl alcohol; amount of cata-
lyst = 25 mg; temperature = 90 °C
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Hβ where almost all the bands are observed for PMo11. No appreciable shift in the
FT-IR band position of the regenerated catalyst compared to fresh 30 % PMo11/Hβ
indicates the retention of structure of PMo11 in the catalyst.
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Chapter 3
Oxidation of Alcohols Catalyzed
by Transition Metal Substituted
Phosphomolybdates

Abstract Synthesis and characterization of mono transition metal-substituted
Keggin-phosphomolybdates, PMo11M (M = Mn, Co, Ni, Cu) as well as their use as
efficient catalysts for aerobic oxidation of alcohols in presence of TBHP as a radical
initiator was explained. Optimization of reaction condition was also elucidated for
oxidation benzyl alcohol as a model reaction. Moreover, oxidation of various
alcohols such as cyclopentanol, 1-hexanol and 1-octanol with PMo11M was also
presented under optimized conditions. All the catalysts showed good catalytic
activity with excellent selectivity for the desired products as well as a higher TON.
The catalytic activity of recycled catalysts was also described and it was found that
catalysts are stable under present reaction conditions. The system not only catalyzes
the reaction but also avoids the use of organic solvents as it was carried out under
solvent free conditions. A probable reaction mechanism was also explained for the
oxidation of alcohols.

Keywords Keggin phosphomolybdates � Transition metals �Oxidation � Alcohol �
Mechanism

3.1 Experimental

All chemicals used were of A. R. grade. 12-Molybdophosphoric acid (H3PMo12O40;
PMo12) sodium hydroxide, Na2MoO4 � 2H2O Co CH3COOð Þ2� 4H2O, Mn CH3ð
COOÞ2 � 4H2O, Ni CH3COOð Þ2� 4H2O, CsCl, benzyl alcohol, cyclopentanol, cyclo-
hexanol, 1-hexanol, 1-octanol, tertiary butylhydroperoxide (70 % aq. TBHP) and
dichloromethane were obtained from Merck and used as received.
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3.1.1 Synthesis of Transition Metal Substituted
Phosphomolybdates (PMo11M; M = Co, Mn, Ni, Cu)
[1, 2]

H3PMo12O40 (PMo12, 1.825 g, 1 mmol) was dissolved in of water (10 mL) and the
pH of the solution was adjusted to 4.3 using sodium hydroxide solution.
Co CH3COOð Þ2� 4H2O (0.249 g, 1 mmol) dissolved in minimum amount of water
was mixed with above hot solution. pH of solution was adjusted to 4.5 (pH 4.3 for
nickel substituted phosphomolybdate). The solution was heated at 80 °C with
stirring for 1 h and filtered hot. To the hot filtrate saturated solution of CsCl was
added drop wise and allowed to stand. As obtained crystals were very poorly
soluble in any solvent, no recrystallisation was carried out. The obtained dark
reddish brown crystals were filtered, air dried and designated as PMo11Co. Other
transition metal (M = Mn, Ni and Cu) substituted phosphomolybdates were also
synthesized according to the similar method, by taking corresponding metal-acetate
salt. The obtained materials were designated as PMo11Mn, PMo11Ni, and PMo11Cu
respectively (Scheme 3.1).

Characterization specifications and catalytic reaction is similar as mentioned in
Chap. 2 (Sects. 2.1.1.3 and 2.1.1.4).

3.2 Result and Discussion

3.2.1 Characterization of Transition Metal
(Mn, Co, Ni, Cu)—Substituted Phosphomolybdates

PMo11Co and PMo11Mn were also characterized by single crystal XRD [1].
However, after several attempts, we are not succeeded in obtaining good quality
crystals, suitable for single crystal X-ray analysis for PMo11Ni and PMo11Cu.
Single crystal X-ray analysis of first raw transition metal substituted phosphomo-
lybdates (PMo11Co and PMo11Mn,) showed structural disorders in Keggin unit.
Thus, we are expecting the identical disordered structure for other PMo11M

Scheme 3.1 Synthesis of PMo11M (M = Co, Mn, Ni, Fe, Cu)
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(M = Ni, Cu). However, all synthesized materials were characterized by other
characterizations techniques also.

The complexes were isolated as the cesium salt after completion of the reaction
and the remaining solution was filtered off. The filtrate was analyzed for molyb-
denum gravimetrically [3]. The observed proportion of Mo in the filtrate was 0.5 %,
which corresponds to loss of one equivalent of Mo from H3PMo12O40. The
observed EDX values for the elemental analysis of the isolated compounds were in
good agreement with the theoretical values.

For PMo11Co: Anal Calc %: Cs, 25.88; Mo, 41.20; P, 1.20; Co, 2.30; O, 28.75.
Found %: Cs, 25.90; Mo, 41.29; P, 1.16; Co, 2.33; O, 28.69.
For PMo11Mn: Anal Calc %: Cs, 26.00; Mo, 41.29; P, 1.21; Mn, 2.15; O, 28.79.
Found %: Cs, 26.34; Mo, 41.40; P, 1.18; Mn, 2.04; O, 28.61.
For PMo11Ni: Anal Calc %: Cs, 26.03; Mo, 41.34; P, 1.21; Ni, 2.30; O, 28.84.
Found %: Cs, 26.12; Mo, 41.39; P, 1.24; Ni, 2.32; O, 28.89.
For PMo11Cu: Anal Calc %: Cs, 25.91; Mo, 41.15; P, 1.21; Cu, 2.47; O, 28.70.
Found %: Cs, 26.11; Mo, 41.29; P, 1.19; Cu, 2.43; O, 28.96.

TGA of all of the catalysts (Table 3.1) show a weight loss of 4.2–4.83 % at
150 °C, corresponding to 7H2O molecules. Similarly, DTA of all catalysts showed
an endothermic peak around 130 °C due to water of crystallization. An exothermic
peak in the region 415–430 °C indicates crystallization of the MoO3 phase after
decomposition of the Keggin unit.

Thus, based on the elemental analysis and thermal analysis, the formula of the
complexes were proposed as Cs5[PM(H2O)Mo11O39]6H2O (M = Co, Mn, Ni, Cu).

The FT-IR data for PMo12, PMo11Co, PMo11Mn and PMo11Ni are shown in
Table 3.2. The FT-IR of PMo12 show bands at 1,070, 965 cm−1 and 870 and
790 cm−1 corresponding to the symmetric stretching of P–O, Mo–O and Mo–O–Mo
bonds, respectively. The FT-IR showed P–O bond frequency 1,050, 1,043, 1,046
and 1059 cm−1 for PMo11Co, PMo11Mn, PMo11Ni and PMo11Cu respectively. The
shift in band position as compare to PMo12 indicates the introduction of transition
metal into the octahedral lacuna. A shift in the stretching vibration of Mo = O and
Mo–O–Mo for all three compounds was also observed indicating the complexation
of the transition metals. An additional band at 480, 422, 442 and 508 cm−1 is
attributed to the Co–O, Mn–O, Ni–O and Cu–O vibration, respectively. Thus, the
FT-IR data clearly show the incorporation of transition metal into the Keggin
framework.

Table 3.1 TG-DTA of PMo11Co, PMo11Mn and PMo11Ni

Catalyst TGA (%Weight loss at 150 °C) DTA

Endothermic Exothermic

PMo11Co 4.83 130 415

PMo11Mn 4.21 125 430

PMo11Ni 4.33 137 425

PMo11Cu 4.31 130 410
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Further, the presence of Co(II), and Mn(II) in the synthesized compounds was
confirmed by ESR. The full range (3,200–2,000 G) X-band Room temperature ESR
spectra (Fig. 3.1) for PMo11Co, and PMo11Mn was recorded. ESR spectra of
PMo11Co shows eight hyperfine signals (Co2+; I = 7/2), confirming the presence of
paramagnetic Co(II). The observed g value of *2.66 shows that Co(II) is in
octahedral or distorted octahedral environment.

ESR spectra of PMo11Mn shows six signals (Mn2+; s = 5/2), indicates the
presence of Mn(II) with octahedral or distorted octahedral symmetry. It is reported
that the g value of *2 attributed to octahedral or distorted octahedral environment
of Mn(II) [4]. The obtained g value (2.03) is in good agreement with a reported one
and confirms the presence of paramagnetic Mn(II). Similarly, ESR spectra of
PMo11Cu (Cu2+; S = 1/2, I = 3/2) shows typical lines pattern for distorted octa-
hedral geometry with g∥ = 2.40 and g┴ = 2.10.

Table 3.2 FT-IR spectra of
PMo12, PMo11Co, PMo11Mn,
PMo11Ni, PMo11Cu

POMs FT-IR frequencies cm−1

P–O Mo–Ot Mo–O–Mo M–O

PMo12 1,070 965 870, 790 –

PMo11Co 1,050 944 866, 797 480

PMo11Mn 1,043 950 873, 800 422

PMo11Ni 1,046 949 872, 799 442

PMo11Cu 1,059 961 883, 801 508

Fig. 3.1 ESR spectra of
a PMo11Co and b PMo11Mn,
c PMo11Cu

46 3 Oxidation of Alcohols Catalyzed …



3.2.2 Catalytic Activity

In order to optimize the conditions, a detail study was carried out on oxidation of
benzyl alcohol over PMo11Co. To ensure the catalytic activity, all reactions were
carried out without catalyst and no oxidation takes place. The reaction was carried
out with 20 mg of catalysts for 24 h at 90 °C. Generally, benzyl alcohol on
oxidation gives benzaldehyde and benzoic acid. However, benzaldehyde was
obtained as the major oxidation product in the present case.

In order to determine the optimum temperature the reaction was investigated at
three different temperatures 70, 90 and 110 °C, keeping other parameters fixed
(20 mg catalyst amount, reaction time 24 h). The result for the same is presented in
Fig. 3.2.

The results show that conversion increased with increasing temperature from 70
to 110 °C. At the same time, on increasing temperature from 90 to 110 °C, drastic
decrease in selectivity of benzaldehyde was observed. This is due to over oxidation
of benzaldehyde to benzoic acid at elevated temperature. So the temperature of
90 °C was found optimized for further studies.

The effect of amount of the catalyst on the conversion was studied and the
obtained result is shown in Fig. 3.3.

With increases in the amount of catalysts i.e. concentration of metal contains, %
conversion also increases. This suggests that transition metal functions as active
sites for oxidation. It is very interesting to observe the difference in the selectivity of
the products with increase in the concentration of the catalyst. It is observed from
Fig. 3.3 that with lower amount of catalysts, >96 % selectivity of benzaldehyde is
obtained. On increasing amount of catalyst (more than 20 mg), selectivity for
benzaldehyde decreases. This may be due the fact that with increase in the amount
of the active species the reaction becomes fast which favours the conversion of the

% Conversion
% Selectivity

100

80

60

40

20

0
9070 110

Temp.(  C)

%

o

Fig. 3.2 % Conversion is
based on benzyl alcohol;
benzyl alcohol = 100 mmol,
TBHP = 0.2 %, time = 24 h,
amount of PMo11Co = 20 mg
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formed benzaldehyde to benzoic acid. Thus, amount of catalyst was optimized to
20 mg for optimum conversion and selectivity.

The percentage of conversion was monitored at different reaction times and
result is presented in Fig. 3.4.

It is seen from Fig. 3.4, that with increase in reaction time, the % conversion also
increases. Initial conversion of benzyl alcohol increased with the reaction time. This
is due to the reason that more time is required for the formation of reactive inter-
mediate (substrate + catalyst) which is finally converted into the products. It is seen
that 32.6 % conversion of benzyl alcohol with 92.3 % selectivity of benzaldehyde
was observed at 24 h. When the reaction was allowed to continue after 24 h, no
significant change in conversion was observed, but selectivity of benzaldehyde was
decreased. This is because of over oxidation of benzaldehyde to benzoic acid. So,
reaction time was optimized as 24 h.
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Fig. 3.3 % Conversion is
based on benzyl alcohol;
benzyl alcohol = 100 mmol,
TBHP = 0.2 %, time = 24 h,
temp = 90 oC
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based on benzyl alcohol;
benzyl alcohol = 100 mmol,
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The optimum condition for optimum conversion of benzyl alcohol and selectivity
of benzaldehyde over PMo11Co is; 20 mg of catalyst, 24 h reaction time, reaction
temperature 90 °C.

In order to see the effect of substitution of metal in PMo11 oxidation of benzyl
alcohols was also carried out using PMo11M (M = Mn, Co, Ni, Cu) under optimized
conditions and results are presented in Table 3.3.

It is seen from Table 3.1 that, the order of activity of catalysts for oxidation of
benzyl alcohol is PMo11Co ≈ PMo11Ni > PMo11Mn > PMo11Cu. It is seen from the
data that PMo11Cu is least active among PMo11M for benzyl alcohol oxidation
under present reaction condition. Thus, oxidation of other alcohols was not carried
for the same.

As seen from Table 3.3 that, as benzyl alcohol oxidation, similar trend in activity
of PMo11M (M = Co, Ni, Mn) was observed for oxidation of other alcohols such as
cyclopentanol, 1-hexanol and 1-octanol i.e. PMo11Co shows better activity as
compare to PMo11Mn and PMo11Ni. It was observed from Table 3.3 that, oxidation
of secondary alcohol is easier as compare to primary alcohols. The observed trend is
in good agreement with reported in art [5]. It is also observed that, in all cases, very
good selectivity of desired product with high TON is obtained. At the same time,
present catalytic system is also not applicable to less reactive long chain primary
alcohol such as 1-octanol. For the present catalytic system, the reactivity of the
alcohols was found in the order primary < cyclic secondary < aromatic.

Table 3.3 Oxidation of alcohols with O2 using PMo11M

Catalyst Alcohols % Conversion Products (%selectivity) TON

PMo11Co Benzyl alcohol 32.6 Benzaldehyde (92.3) 4,281

Cyclopentanol 29.8 Cyclopentanone (100) 3,913

Cyclohexanol 29.2 Cyclohexanone (100) 3,834

1-Hexanol 20.6 1-Hexanal (100) 2,705

1-Octanol NC – –

PMo11Mn Benzyl alcohol 28.3 Benzaldehyde (93.6) 3,628

Cyclopentanol 24.3 Cyclopentanone (100) 3,115

Cyclohexanol 23.7 Cyclohexanone (100) 3,038

1-Hexanol 15.9 1-Hexanal (100) 2,038

1-Octanol NC – –

PMo11Ni Benzyl alcohol 31.9 Benzaldehyde (92.3) 4,075

Cyclopentanol 27.6 Cyclopentanone (100) 3,526

Cyclohexanol 24.1 Cyclohexanone (100) 3,078

1-Hexanol 17.7 1-Hexanal (100) 2,261

1-Octanol NC – –

PMo11Cu Benzyl alcohol 17.7 Benzaldehyde (99.4) 1815

% Conversion is based on substrate; substrate = 100 mmol, TBHP = 0.2 %, amount of
catalysts = 20, 50 mg, temperature = 90 °C, NC = no conversion
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A controlled experiment for oxidation of benzyl alcohol with CsPMo11 and
CsPMo12, and PMo11M (M = Co, Mn, Ni) was carried out under optimized con-
ditions and results are presented in Table 3.4.

It is seen from Table 3.4 that in CsPMo11 and CsPMo12 catalyzed oxidation
reactions, very low conversion of substrates and with 80–90 % selectivity of benz-
aldehyde was obtained whereas, PMo11M, show good conversion i.e. >17 % more
conversion as well as excellent selectivity for benzaldehyde was observed.
Controlled experiment shows that PMo11M (M = Co, Mn, Ni) are better catalysts as
compare to their parent (CsPMo12) and lacunary counter-part (CsPMo11). From
experiment it will be also concluded that although transition metal can act as active
centre for oxidation, possibility of involvement of theMo species cannot be ruled out.

3.2.2.1 Heterogeneity Test

Heterogeneity test was carried out for the oxidation of benzyl alcohol (Fig. 3.5)
over PMo11Co as examples. For the rigorous proof of heterogeneity, a test [6] was
carried out by filtering catalyst from the reaction mixture at 90 °C after 12 h and the
filtrate was allowed to react up to 28 h.

Table 3.4 Controlled
experiment for oxidation of
benzyl alcohol with CsPMo11,
CsPMo12, PMo11M under
optimized conditions

Entry Catalyst %
Conversion

% Selectivity

Benzaldehyde Other

1 CsPMo11 13.4 91.2 8.8

2 CsPMo12 6.2 87.2 12.8

3 PMo11M 17–33 92–99 1–8

% Conversion is based on benzyl alcohol, benzyl alcohol = 100
mmol, O2, TBHP = 0.2 %, temp = 90 °C, time = 24 h, amount of
catalyst = 25 mg (PMo11M), 18 mg (CsPMo12), 27 mg PMo11
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Fig. 3.5 % Conversion is
based on substrate benzyl
alcohol; amount of
PMo11Co = 20 mg; substrate
100 mmol, O2,
TBHP = 0.2 %, temperature
90 °C
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The reaction mixture of 12 h and the filtrate were analyzed by gas chromatog-
raphy. Similar test was carried for PMo11M (M = Mn, Ni, Cu). No change in the %
conversion as well as % selectivity was found indicating the present catalysts fall
into category C [6] i.e., active species does not leach and the observed catalysis is
truly heterogeneous in nature.

3.2.2.2 Catalytic Activity of Regenerated Catalysts

The catalyst was recycled in order to test for its activity as well as its stability. The
catalysts remain insoluble under the present reaction conditions. The decomposition
or leaching of metal contain from PMo11M was confirmed by carrying out an
analysis of the used catalyst (EDX) as well as the product mixtures (AAS). For all
catalysts, the analysis of the used catalyst did not show appreciable loss in the metal
content as compared to the fresh catalyst. Analysis of the product mixtures shows
that if any metal was present it was below the detection limit, which corresponded
to less than 1 ppm. These observations strongly suggest that the present catalyst is
truly heterogeneous in nature.

PMo11Co was separated easily by simple filtration followed by washing with
dichloromethane and dried at 100 °C. Oxidation reaction was carried out with the
regenerated catalysts, under the optimized conditions. The data for the catalytic
activity is represented in Table 3.5. It is seen from the Table 3.5 that there was no
significant change in conversion as well as selectivity. This shows that the catalysts
are stable under present reaction conditions. Similarly, other PMo11M can be
regenerated and reused successfully up to 4 cycles.

3.2.2.3 Characterization of Regenerated Catalysts

The separated catalysts were washed with dichloromethane and then water and
dried at 100 °C. The obtained recycled catalysts were characterized for FT-IR. The
FT-IR spectra for the fresh as well as the regenerated catalysts are represented in
Fig. 3.6.

Table 3.5 Oxidation of
benzyl alcohol with fresh and
regenerated catalysts

Cycle Conversion (%) Selectivity (%)

Benzaldehyde

Fresh 32.6 92.3

1 32.6 92.0

2 32.6 92.2

3 32.4 92.2

4 32.3 92.1

% Conversion is based on substrate; substrate = 100 mmol,
TBHP = 0.2 %, temp = 90 °C, time = 24 h amount of
PMo11Co = 20 mg
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No appreciable shift in the FT-IR band position of regenerated PMo11Co
compare to fresh, indicates the retention of Keggin-type structure i.e. PMo11M are
stable under present reaction condition and can be re-used up to four cycles.

3.2.2.4 Probable Reaction Mechanism

In order to study the reaction mechanism the same sets of reactions were carried
under two different conditions; (i) benzyl alcohol + oxidant + TBHP and (ii) benzyl
alcohol + oxidant + PMo11M. In both the cases the reaction did not progress
significantly. These observations indicate that the liberation of O2 from TBHP was
not sufficient to proceed the reaction as well as activation of M2+ to M3+ being
necessary for provoking the reaction under the optimized conditions. Hence it may
be concluded that in present study TBHP acts as a radical initiator only.

For these types of reaction, inhibition experiment was carried out and radical
mechanism was already established [7]. In order to confirm radical mechanism for
present catalytic system, similar experiment was carried out by the use of excess
i-PrOH as radical terminator. Based on the results, a tentative reaction mechanism
for oxidation of benzyl alcohol with O2 in presence of TBHP as an initiator is
proposed in Scheme 3.2.

PMo11Mn þ tert-BuOOH ! PMo11Mnþ1 þ tert-BuO� þ OH�

It has been reported that, in case of transition metal substituted polyoxotung-
states, transition metals behaved as active centre for catalysis [8, 9]. It has been also
reported that for TMSPOMs catalysts containing metal cations in low valency states
and involving O2 as an oxidant always follow the radical chain mechanism induced
by M–O2 intermediate [10, 11].

In the present catalytic system, the mechanism is expected to follow the same path.
It is expected that, reaction of M2+ with TBHP cause oxidization of M2+ to M3+

Fig. 3.6 FT-IR spectra of
a fresh and b recycled
PMo11Co
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in situ. The activation of this specie takes place with radical tert � BuO�ð Þ generated
during decomposition of TBHP and attack of O2 simultaneously, which results in
formation of activated specie �OOM3þPMo11. This active specie OOM3+PMo11 is
responsible for oxidation of alcohols to corresponding carbonyl compounds
(Scheme 3.2). But at the same time, as describe in the controlled experiment, addenda
atoms (Mo species) may also be involved the catalytic cycle.
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Chapter 4
Conclusive Remarks

In the present book, we have discussed an overview of a part of research conducted
in our group on the development of heterogeneous catalysts for oxidation reactions
under solvent free green reaction conditions. Unique properties of POMs permit
designing at molecular level. Special attention was focused on the designing and
application of POMs based on phosphomolybdates. As a part of development of
new phosphomolybdates materials (1) synthesis and isolation of PMo11 was
described. Also, stabilization of PMo11 was successfully done by supporting it to
suitable supports (2) one-pot synthesis of PMo11M (M = Mn, Co, Ni, Cu) was also
discussed. These procedures open up new synthetic routes for development of other
POMs based material.

The synthesized materials have been proved to be successful heterogeneous
catalysts for oxidation alcohol with molecular oxygen under solvent free green
conditions. In all cases, moderate-to-good conversion with very good selectivity of
desire products as well as high TON was achieved. All the catalysts can be suc-
cessfully regenerated and reused up to 4 cycles without any significant loss in
conversion as well selectivity. The advantages of reusable and sustainable catalysts
with molecular oxygen for oxidation under solvent free conditions make this
methodology interesting from an economic and an ecological point of view.
However, present catalytic systems are not applicable for oxidation of long chain
(C8 onwards) alcohols. Thus, future target will need stagiest to overcome such
problems so as to open up a new possibility for the use of these catalysts for many
practical oxidations.
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