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Chapter 1

Introduction

1.1.  Foreword

The term “catalysis” was coined by Swedish scientist Jons Jakob Berzelius in 
1836 [1]; he described the process as adding a catalytic power to a chemical 
reaction to accelerate it while itself is not consumed.

Berzelius stated [1]:

Many bodies have the property of exerting on other bodies an action which is 
very different from chemical affinity. By means of this action they produce de-
composition in bodies, and form new compounds into the composition of which 
they do not enter. This new power, hitherto unknown, is common both in organic 
and inorganic nature; I shall call it catalytic power. I shall also call Catalysis the 
decomposition of bodies by this force.

Currently, catalysis is more specifically defined as the acceleration of a 
chemical reaction assisted by a species known as a catalyst. A catalyst operates 
by providing a mechanism with a different transition state of a lower activation 
energy (Ea) in comparison with those of the original mechanism. Through such 
an alternate pathway, more reactant molecules will have enough energy to reach 
the transition state and surmount the energy activation barrier, letting them react 
and transform into the product molecules (Fig. 1.1).

The process can be described by the Boltzmann distribution equation 
(Eq. 1.1):

(1.1)

where Ni and Nj are the numbers of particles corresponding to energy states Ei 
and Ej, respectively, k is the Boltzmann constant, and T is absolute temperature.

In addition, one can explain it based on the Arrhenius law (Eq. 1.2), which 
says lower activation energies lead to higher kinetic rate constants, which in 
turn result in faster reactions:

(1.2)

where k is the kinetic rate constant (not to be mistaken by the Boltzmann con-
stant), A is a preexponential factor, Ea is the activation energy, R is the universal 
gas constant, and T is the absolute temperature.
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Nowadays, catalysis is a pivotal factor in many chemical processes, repre-
senting a critical component in our everyday life. During one or more stages of 
the production of 90% or so of the chemicals industrially produced, a catalyst 
is necessary. In the fuel industry, catalysts are employed for the cracking and 
reforming of petroleum into petrol or diesel. The food industry employs cata-
lysts for the hydrogenation of unsaturated oils. In polymer industries, different 
catalysts are used for the production of various polymeric products with a wide 
variety of chemical and physical properties. The global catalyst market size was 
valued at 33.9 billion USD in 2019 and is expected to grow at a compound an-
nual growth rate of 4.4% from 2020 to 2027. Lots of chemical processes may 
be made faster, cleaner, and greener by appreciating and careful use of catalysis.

1.2.  Catalysis

In chemistry, catalysis is to modify the rate of a chemical reaction, usually in 
an acceleration direction, by adding a substance, which is not consumed within 
the reaction. A chemical reaction rate, i.e., the velocity at which the reaction 
takes place, is dependent on several factors such as the chemical nature of the 

FIG. 1.1  (A) The reaction potential energy diagram for an uncatalyzed reaction (blue line; black 
line in print versions) along with the catalyzed version (red line; dark gray in print versions).  
A decrease in the activation energy of the latter is evident. The peak with the highest energy demon-
strates the transition state (TS) for a given reaction. (B) The Boltzmann distribution for the reactant 
energies. The violet area (black area in print versions) shows the number of molecules with enough 
energy to form the TS for the uncatalyzed reaction while the red (dark gray in print versions) area 
indicates the catalyzed reaction for which the transition state energy is lower [2].
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reactants as well as the external conditions of the reaction. The study of cataly-
sis is theoretically of interest as it reveals a plenty of information regarding the 
very nature of a chemical reaction; from a practical point of view, the study of 
catalysis is significant since many industrial processes rely on catalysts to be 
successful. The peculiar phenomenon of life would be absolutely impossible 
without the biological catalysts generally known as enzymes.

In general, a catalyst combines with the reactants but eventually is regener-
ated. Therefore, the amount of the catalyst remains intact. As the catalyst is 
not consumed in the course of the reaction, each catalyst molecule will be able 
to catalyze the transformation of many reactant molecules. For highly active 
catalysts, the number of the reactant molecules which are transformed by one 
molecule of the catalyst can be as large as several millions per minute.

When a certain substance or a combination of substances go through two or 
more parallel reactions to afford different products, it is possible to control the 
distribution of the products by applying a catalyst and selectively accelerating 
one reaction with respect to the other(s). One can make a particular reaction 
occur to such an extent that practically excludes another by selecting a suitable 
catalyst. Many important cases of catalysis applications are based on selectivity 
of this type.

Since a reverse reaction can take place by inversion of the steps comprising 
the mechanism of the forward reaction, the catalyst for a certain reaction is able 
to equally increase the reaction in both directions. In other words, catalysts do 
not influence the equilibrium position of a reaction; they only affect the rate at 
which an equilibrium is reached. Seemingly exceptions to this general rule are 
reactions in which one of the products is a catalyst as well. Such reactions are 
known as autocatalytic.

In addition, there are cases in which the addition of an extra substance, known 
as an inhibitor, reduces the rate of a reaction. This process, referred to as inhi-
bition or retardation, is sometimes known as negative catalysis. Occasionally, 
concentrations of the inhibitor can be much lower than that of the reactant. 
Inhibition can be the result of:

	(1)	 a reduction in the concentration of one of the reactants due to the formation 
of complex between the reactant and the inhibitor;

	(2)	 a reduction in the concentration of an active catalyst (termed as the poison-
ing of the catalyst) due to the formation of complex between the catalyst 
and the inhibitor; or

	(3)	 termination of a chain of reactions upon the annihilation of the chain carri-
ers by the inhibitor.

1.3.  History

The word “catalysis” was taken from the Greek roots kata- (down) and lyein 
(loosen). It was coined by the great Swedish scientist Jöns Jacob Berzelius in 
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1835 in attempt to address a group of observations by other chemists in the 
late 18th and early 19th centuries. Among those observations were the im-
proved conversion of starch into a sugar upon the addition of acids by Gottlieb 
Sigismund Constantin Kirchhoff; Sir Humphry Davy had observed that plati-
num accelerated the combustion of various gases; the stability of hydrogen per-
oxide in acid solution, while it decomposed in the presence of alkali and metals 
like manganese, platinum, silver, and gold; the oxidation of ethanol to acetic 
acid was accomplished in the presence of finely powdered platinum. The spe-
cies that promoted such reactions were called catalysts. Berzelius supposed that 
a particular unknown catalytic force was behind these processes.

In 1834, Michael Faraday studied the capability of a platinum plate to 
achieve the recombination of gaseous oxygen and hydrogen (the products of 
water electrolysis) and deceleration of that recombination in the presence of 
other gases like carbon monoxide and ethylene. Faraday believed that an abso-
lutely clean metallic surface (on which the decelerating gases could compete 
with the reacting gases to repress activity) was essential for activity; the concept 
was later shown to be generally important in catalytic processes.

Many of the primary techniques included unconscious applications of catal-
ysis. Fermentation of wine into acetic acid and making soap from fats and alka-
lis were activities well-known to humans from the dawn of civilization. Sulfuric 
acid prepared by combustion of a mixture of sulfur and sodium nitrate was an 
early version of the lead chamber process for the manufacture of sulfuric acid, 
in which the oxidation of SO2 was accelerated by the nitric oxide produced.

In 1850, the concept of reaction rate was developed during the examination 
of sucrose hydrolysis, specifically known as inversion. The term inversion is 
related to the change observed in rotation of the monochromatic light when 
passed through the reaction system. The parameter could be readily measured, 
thus facilitating the study of the reaction progress. It was revealed that, at any 
moment, the inversion rate was proportional to the concentration of sucrose 
undergoing hydrolysis and the rate was accelerated when acids were present. 
Afterwards, it was demonstrated that the inversion rate was directly propor-
tional to the acid strength.) This work paved the way for later studies of the 
reaction rates and the accelerating effect of higher temperatures on them by 
scientist such as Arrhenius, van’t Hoff, and Ostwald, who played prominent 
roles in developing physical chemistry as a new discipline. Through his work on 
reaction rates, Ostwald came to define catalysts as species that changed the rate 
of a chemical reaction without altering the reaction energy factors.

This account of Ostwald was a breakthrough as it maintained that a cata-
lyst did not change the equilibrium position in a reaction. In 1877, Lemoine 
proved that the decomposition of hydriodic acid to hydrogen and iodine reached 
the same equilibrium point at 350°C, 19% regardless of whether the reaction 
was conducted slowly in the gas phase or rapidly in the presence of platinum 
sponge. The observation had an important outcome: As noted before, a catalyst 
for the forward process in a reaction is also a catalyst for the reverse reaction. 
Berthelot, the eminent French chemist, verified this observation in 1879 with 
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liquid systems, when he found that the esterification of organic acids and alco-
hols was catalyzed by small quantities of a strong inorganic acid, just as was the 
reverse process, i.e., the hydrolysis of the ester.

The purposeful application of catalysts to industrial processes commenced 
in the 19th century. Phillips, a British chemist, patented the use of platinum 
utilized in the oxidation of SO2 to SO3 with air. His process was used for a 
while, but it was discontinued since the platinum catalyst lost activity. In 1871, 
an industrial process was established for the oxidation of hydrochloric acid to 
chlorine in the presence of copper(II) salts impregnated in clay blocks. The af-
forded chlorine was utilized in the manufacture of a bleaching powder (a dry 
substance that released chlorine upon adding acid) in a reaction with lime. Once 
more, it was observed that the same equilibrium was reached in both directions. 
Moreover, it was revealed that the lower the temperature, the greater the equi-
librium chlorine content; the maximum amount of chlorine was produced at a 
temperature of 450°C in a reasonable time.

By the end of the 19th century, the research by the distinguished French 
chemist, Paul Sabatier, on the interaction of hydrogen with a various organic 
compounds were conducted using a variety of metal catalysts; his studies led 
to a German patent for the hydrogenation of unsaturated liquid oils to solid 
saturated fats with nickel catalysts. Three important German catalytic industrial 
processes proved to be totally important by the end of the 19th century and in 
the early decades of the 20th century. The first one was the contact process for 
the production of H2SO4 from SO2 by smelting. The second was the synthetic 
manufacture of the valuable dyestuff indigo. The last was the reaction of hy-
drogen and nitrogen gases to produce ammonia (known as the Haber-Bosch 
process for nitrogen fixation).

1.4.  Nanocatalysis

Catalysis was among the very first applications of nanoparticles. A wide variety 
of elements and materials such as iron, aluminum, titanium dioxide, silica, and 
clay had been utilized as catalysts in nanoscale. However, an appropriate expla-
nation of the outstanding catalytic behavior exhibited by nanoparticles has not 
been provided. The large surface area of nanoparticles has a forthright positive 
effect on the reaction rate also being a possible explanation for their catalytic 
activity. Structural properties of any substance at its nano size may also influ-
ence its catalytic activity. By fine-tuning of a nanocatalyst in terms of com-
position, size, and shape, greater selectivity is achievable. Therefore, one may 
ask what effects the physical properties of a nanoparticle have on its catalytic 
properties, and how the fabrication parameters may influence those properties. 
A better grasp of these factors allows a scientist to design highly active, highly 
selective, and highly resilient nanocatalysts. With all these advantages, indus-
trial chemical reactions will be more efficient, consume much less energy, and 
generate less waste, thus alleviating the environmental impact arising from our 
reliance on chemical processes [3–7]. Nanoparticles are indisputably the most 
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important industrial catalysts, with a wide array of applications from energy 
conversion and storage to chemical manufacturing. The versatile and particle-
specific catalytic activity of nanoparticles is due to their heterogeneity and dif-
ferences in size and shape. Scheme 1.1 represents basic differences in the bulk 
catalysis and the catalysis exhibited by nanoscale materials.

The concept behind nanocatalysis is conceivable by considering the effect 
of the inherent properties of nanomaterials on catalysis (Scheme 1.2) [9–13]. 
Inherent properties of nanomaterials with critical effects on their catalytic activ-
ity can be categorized into four different groups:

	(1)	 quantities that are directly connected to the bond lengths, e.g., the mean 
lattice constant, binding energy, and atomic density. Lattice contraction in 
a nano-solid causes densification and surface relaxation;

	(2)	 quantities that based on the cohesive energy per discrete atom, e.g., thermal 
stability. Self-organization growth, critical temperature for phase transi-
tions, and evaporation in a nano-solid, coulomb blockade, as well as the 
activation energy for atomic dislocation, diffusion, and chemical reactions;

	(3)	 properties that vary with the binding energy density in the relaxed contin-
uum region, e.g., the Hamiltonian that determines the entire band structure 
and related properties like core level energy, bandgap, photoabsorption, 
and photoemission; and

	(4)	 properties that from the joint effect of the binding energy density and 
atomic cohesive energy like the surface energy, mechanical strength 
Young’s modulus, surface stress, the magnetic performance of a ferromag-
netic nano-solid, and extensibility and compressibility of a nano-solid [14].

 

SCHEME 1.1  A comparison between the efficiencies of homogeneous, heterogeneous, and nano-
catalytic processes [8].
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Nanomaterials can be extensively utilized as catalysts with novel features 
and activity precise adjustment of their size, shape, electronic structure, and sur-
face composition, as well as thermal and chemical stability. Lately, nanostruc-
tured catalysts have been considerably studied in both academic and industrial 
sectors due to their plentiful potential benefits (Scheme 1.3).

1.5.  Classification of catalysis

Catalysis is dividable into three major classes: biological, homogeneous, and 
heterogeneous. Better known as enzymes, biological catalysts naturally occur in 
living organisms. In a reaction enzyme catalyzed by an enzyme, the reactant is 
called a substrate, which is converted into the desired product. Most enzymes 
are proteins and catalyze more than 5000 types of biochemical reactions. A 
number of important reactions, which are catalyzed by enzymes, are listed in 
Table 1.1.

In homogeneous catalysis, the catalyst exists in the same phase as the reac-
tants are. Many commercially feasible processes have been devised in which 
homogeneous catalysis is utilized (Table 1.2).

A majority of homogeneous catalysts are expensive compounds of transition 
metals, and recovery of such catalysts from the workout solution is a challenge. 
In addition, many homogeneous catalysts can be used only at relatively low 
temperatures. Even under those conditions, they slowly decompose in solution.

SCHEME 1.2  Effect of intrinsic properties of materials on its catalytic activity [8].
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SCHEME 1.3  Beneficial features of nanocatalysis [8].

TABLE 1.1  A few chemical reactions catalyzed by enzymes.

Application Enzyme Use

Digestive system Proteases, amylase, 
lipase

Used to digest protein, 
carbohydrates and fats

Molecular biology Nucleases, DNA ligase, 
polymerase

Used in restriction digestion and 
Tire polymerase chain reaction to 
create recombinant DNA

Biological 
detergent

Proteases, amylases, 
lipase

Remove protein, starch, fat, and oil 
stains from laundry and dishware

Dairy industry Rennin Hydrolyze protein in the 
manufacture of cheese

TABLE 1.2  A few chemical reactions in which homogeneous catalysts are 
utilized.

Commercial process Catalyst Application

Hydroformylation Rh/PR3 complexes Production of aldehydes

Adiponitrile process Ni/PR3 complexes Production of nylon

Olefin polymerization (RC5H5)2ZrCl2 Production of high-density polyethylene
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In heterogeneous catalysis, the catalyst is in a different phase from that 
of the reactants. Fig. 1.2 shows a simplified energy diagram in which the 
steps involved in a heterogeneous catalyzed reaction are illustrated. A few 
reactions which utilize heterogeneous catalysts are listed in Table  1.3. In 
heterogeneous catalysis, the catalyst is usually a solid and the reactants are 
either a liquid or a gas. The reactants interact with the catalyst surface via 
a physical phenomenon known as adsorption. Upon such interaction, the 
chemical bonds in reactant A are loosened and break. Then, reactant B ad-
sorbs to the catalyst surface. Reactant B reacts with the atoms of the ad-
sorbed reactant A on the catalyst surface via a stepwise process, after which 
the product desorbs from the catalyst surface.

FIG. 1.2  A simplified energy diagram illustrating the steps involved in a heterogeneous reaction [15].

TABLE 1.3  A few chemical reactions in which heterogeneous catalysts are 
utilized.

Commercial process Catalyst Final commercial product

Contact process V2O5 or Pt Sulfuric acid

Haber process Fe, K2O, Al2O3 Ammonia

Ostwald process Pt and Rh Nitric acid

Water-gas shift reaction Fe, Cr2O3, or Cu H2 for ammonia, methanol, and 
other fuels

Catalytic hydrogenation Ni, Pd, or Pt Partially hydrogenated oils for 
margarine
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1.6.  Solid acid catalysts

According to their physical properties, solid acids can be classified into dif-
ferent categories. Examples are zeolites and zeotypes, mesoporous materials, 
mixed oxides, organic/inorganic composites, and heteropoly acids (HPAs).

●	 Zeolites are crystalline aluminosilicate compounds, with well-defined struc-
tures and pore sizes from 0.3 to 1.4 nm. Crystalline zeolites are formed of 
corner-sharing SiO4 and AlO4 units with different ratios of Al/Si. When Al 
or Si is substituted with other (transition) elements, e.g., Ga, Fe, Ge, Ti, V, 
Cr, Mn, and Co, they are called zeotypes. Substitution of Si4 + with Al3 + (or 
other trivalent ions) gives Brønsted acidity to these substances and leaves 
an oxygen atom with a negative charge, which is charge-balanced either by 
protons or by a counter cation like K+, Na+, Mg2 +, Ca2 +, or NH4

+. Heating 
results in dehydroxylation and leaves Lewis acid sites on the surface. The 
number of possible zeolites and zeotypes is immensely high, but only a few 
are actually utilized at industrial scales, among which are ZSM-5 (silicalite), 
MOR (mordenite), FAU (faujasite), BETA (beta), and LTA (Linde type A, or 
zeolite A).

●	 Mesoporous molecular sieves were originally utilized to increase the poten-
tial of zeolites in the processing of oil derivatives having larger molecules. 
These substances have pores (channels) of sizes between 2 and 50 nm. They 
are found in crystalline or amorphous forms in nature, generally having 
weaker acidities than zeolites. Mesoporous aluminosilicates, mesoporous 
silicas including SBA-15 and MCM-41, are examples of this wide category. 
Postsynthesis treatments, consisting of impregnation and grafting, improved 
their properties, which in turn enhanced their catalytic performances.

●	 Mixed oxides are species with more than one cations or just one cation in 
different oxidation states. There can be a wide variety of possible structures, 
pore sizes, and functional groups for these species, and they are found in 
crystalline or amorphous forms. Extensively studied examples are garnets 
and derivatives (X2 +

3Y
3 +

2(SiO4)3), perovskites and perovskite-like com-
pounds (CaTiO3), magnetite with Fe3 + and Fe2 +, as well as sulfated and 
phosphated zirconia, which are widely used in acid-catalyzed reactions.

●	 Organic/inorganic materials are ordered inorganic structures functionalized 
with organic groups using coprecipitation or grafting. Periodic mesoporous 
organosilicas are instances of this category. The organic functional groups 
may be classified as either reactive participating in the reaction cycle, or 
passive and just improve the catalyst resistance to chemical and/or thermal 
degradation.

●	 Polyoxometalates are an important, special case of mixed oxides, used as acid 
catalysts. Polyoxometalate clusters are mainly anionic in nature and formed 
based on metal oxide building blocks having the general formula {MOx}n, 
where M is Mo, W, V, or (sometimes) Nb and x = 4–7 [16] . Different combi-
nations and orientations of these basic building blocks results in thousands 
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of possible compounds polyoxometalate generally known as polyoxometa-
lates (POMs).These materials can be classified into three broad subcatego-
ries [16]:

1.	 Isopolyanions contain the same metal oxygen framework as heteropolyan-
ions but lacking the central heteroatom. Isopolyanions are mostly less stable 
in comparison with heteropolyanions and carry a large negative charge [16].

2.	 Reduced polyoxometalate clusters like molybdenum blue and molybdenum 
brown are among the very first discovered polyoxometalates; significant re-
search has been dedicated to comprehending and controlling the formation 
of such materials [16,17]. These polyoxometalates are metal‑oxygen anions 
with wheel-shaped structures.

3.	 Heteropoly anions are undoubtedly the most widely studied category of 
polyoxometalates. These species have been utilized in a wide variety of 
fields [18] such as catalysis [19–23], materials [24–26], and medicine [27]. 
They are composed of polyanion clusters and cations [28]. These com-
pounds enjoy a structural diversity, in which the oxometal polyhedrons of 
MOx (x = 5, 6) are the basic construction units. Here, M represents some 
of early transition metals in their high oxidation state centered by hetero-
atoms that considerably influence the properties of the species. Typically, 
the heteroatoms are main group elements, e.g., B, Si, P, S, As, Ga, Ge, Al, 
and Se. Late transition metals such as Co and Fe have also been observed as 
heteroatoms. Polyanions are bulky structures with highly negative charges 
on them. On the surface of the polyanions there are many oxygen atoms ca-
pable of donating one or more electrons to an electron acceptor. Polyanions 
can therefore be considered as soft bases. It is evident that the metal ions on 
the polyanions’ skeleton have unoccupied orbitals that can accept electrons. 
In other words, polyanions can also serve as Lewis acids. Thus, polyanions 
can play the roles of a Lewis acid and Lewis base depending on different 
conditions. Furthermore, owing to their strong capacity to bear electrons 
and release electrons, polyanions are usually regarded as electron reservoirs; 
that is to say that these species possess redox properties as well [29]. Above 
all, these polyanions are designable. In order to achieve specific properties, 
their structures and components can be adjusted. Substitution of polyhedra, 
variation of the heteroatom, and pattern rearrangement of the basic construc-
tion units are among the most common methods to realize this. The most 
known structure of heteropoly acids is the Keggin structure. Keggin-type 
heteropoly acids have been investigated most of all in catalysis because of 
their unique stability. A Keggin heteropoly acid follows the general formula 
of [XM12O40]n

 −, in which X is the heteroatom (typically P5 +, Si4 +, or B3 +), 
M is the addenda atom (usually molybdenum or tungsten), and O is oxygen.

The advantages of heteropoly anions as catalyst were summarized by 
Okuhara et al., and are listed in Table 1.4.
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The properties and applications of heteropoly acids will be discussed in the 
following sections.

1.7.  Heteropoly acids as green catalysts

Over time, a number of different principles have been suggested that may be used 
when considering the design, development, and implementation of chemical 
processes. With these principles, scientists and engineers will be able enhance 

TABLE 1.4  Advantages of heteropolyanion catalysts.

1.	Catalyst design at atomic/molecular levels based on the following

•	 Acidic and redox properties
These two important properties for catalysis can be controlled by choosing appropriate 
constituent elements, i.e.:
•	 Type of poly anion
•	 Addenda atom
•	 Heteroatom
•	 Counteranion, etc.

•	 Multifunctionality
Acid-redox, acid base, multielectron transfer, photosensitivity, etc.

•	 Tertiary structure. Bulk-type behavior

2.	Molecularity-metal oxide cluster

•	 Molecular design of catalysis

•	 Cluster models of mixed oxide catalyst and of relationships between solid and 
solution catalysts

•	 Description of catalytic processes at atomic molecular levels
•	 Spectroscopic studies and stoichiometry are realistic
•	 Model compounds of reaction intermediates

3.	Unique reaction field

•	 Bulk-type catalysis
“Pseudoliquid” and bulk-type II behavior provide unique three-dimensional reaction 
environment for catalysis

•	 Pseudoliquids behavior
Spectroscopic and stoichiometric studies are feasible and realistic

•	 Phase-transfer catalysis

•	 Shape selectivity

4.	Unique basicity of polyanion

•	 Selective coordination and stabilization of reaction intermediates in solution and in 
pseudoliquid phase
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and protect the economy, people, and the planet through devising new innova-
tions and creative ways to save energy, diminish waste, and discover replace-
ments for hazardous substances. Paul Anastas and John Warner [30] formulated 
12 principles of green chemistry in 1998, which are outlined as follows:

	 1.	 Prevention. It is better to prevent the waste from being generation than to 
treat or clean it up after it has been generated.

	 2.	 Atom Economy. Synthetic procedures must be designed in which the incor-
poration of all the materials utilized in the process is maximized.

	 3.	 Less Hazardous Chemical Synthesis. Whenever possible, synthetic proce-
dures must be designed to utilize and produce substances with little or no 
toxicity.

	 4.	 Safer Chemical Design. Chemical products must be designed in a way that 
the desired function is fulfilled while their toxicity is minimized.

	 5.	 Safer Auxiliaries. Using auxiliary substances, i.e., solvents, separation 
agents, etc. must be excluded whenever possible and/or the most innocu-
ous ones are used.

	 6.	 Designing for Energy Efficiency. The energy needed for a chemical process 
must be considered for its environmental and economic impacts and mini-
mized. Synthetic methods should be conducted at ambient temperature and 
pressure whenever possible.

	 7.	 Use of Renewable Feedstock. Whenever technically and economically pos-
sible, renewable rather than depleting raw materials must be used.

	 8.	 Reduce Derivatives. Unnecessary use of protection/deprotection, blocking 
groups, or temporary modification of physical/chemical processes must be 
minimized or avoided whenever possible, as these steps require more re-
agents and energy and result in more waste.

	 9.	 Catalysis. Catalytic reagents (as selective as possible) are preferred over 
stoichiometric reagents.

	10.	 Design and Degradation. Chemical products must be designed in a way 
that eventually they break down into harmless degradation products that do 
not last for a long time in the environment.

	11.	 Real-Time Analysis for Pollution Prevention. Analytical methodologies 
have to be developed more than before to enable real-time, in-process mon-
itoring so that it is possible to control hazardous substances before they are 
formed.

	12.	 Inherently Safer Chemistry for Accident Prevention. Substances and its 
various forms used in a chemical process must be chosen to minimize the 
potential for chemical accidents including explosions, releases, and fires.

Ryoji Noyori, a Chemistry Nobel Prize winner, pointed out to three impor-
tant developments in green chemistry [31]. The first was to solve the solvent 
problem using supercritical carbon dioxide; the second was green oxidation 
with aqueous hydrogen peroxide; and the third one was the application of hy-
drogen in asymmetric syntheses.
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Green catalytic processes and catalytic processes for green products play a 
significant role in green chemistry [30]. Meanwhile, since the entire life cycle of 
a product is considered in green chemistry, the priority of research and develop-
ment cannot be determined unless the greenness of the process or product for the 
whole system is assessed. For this reason, it is necessary to establish the concept 
of greenness or a green index, which is applicable with a relatively easy proce-
dure. The following factors must be regarded in order to assess quantitatively the 
greenness, or the reduction extent of undesirable environmental impact:

	(1)	 resource consumption.
	(2)	 energy consumption.
	(3)	 undesirable effects on human beings.
	(4)	 undesirable effects on ecosystems.
	(5)	 physical, chemical, and biological safety.
	(6)	 efficiency.

If we apply the principles suggested for green chemistry [30], the items 
listed in Table 1.5 may be the research and development targets for the develop-
ment of green catalysts [33]. Moreover, development of green products (e.g., 
long-life products) is necessary.

Heteropoly acids can serve as useful acid and oxidation catalysts, which can 
be used in various reaction media, such as solid catalysts and in homogeneous 
solution, and in two-phase solution systems [34].

Heteropoly acids will find more sustainable/greener applications in the fu-
ture. Owing to their noncorrosive nature, safety, low waste, and easy separa-
tion, they are green catalysts. Solid heteropoly acid catalysts have successfully 
resulted in the establishment of quite competitive green processes. These green 
catalysts have been effectively used for various reactions with high capabil-
ity in practical uses [19,35] since their acidic and redox activities are tunable 
at atomic/molecular levels by changing the components wherever necessary. 

TABLE 1.5  Priority targets of research and development for the  
development of green catalysts [32].

1 Stoichiometric to catalyzed reactions, e.g., selective oxidation

2 Multistep routes to routes with fewer steps

3 Liquid acid or base catalysts to solid acid or base catalysts

4 Safer processes, e.g., by avoiding hazardous or toxic reagents and 
byproducts

5 Improving the reaction media, e.g., nonsolvent, water, solid-state, or 
supercritical media

6 Routes with increased atom economy



Introduction  Chapter | 1  15

These solid acids are used in bulk or supported forms. They can serve as homo-
geneous and heterogeneous catalysts [36]. Several aspects of heteropoly acid as 
green/sustainable catalysts are described.

1.7.1  Water-tolerant solid acid catalysts

Acidic cesium salts of strongly acidic heteropoly acid are appropriate examples 
of useful active solid acid catalysts demonstrating a very good performance 
in many organic reactions because of their high surface acidity, and presum-
ably due to their unique basic properties [37]. However, most of the times, the 
catalytic activities of solid acids are significantly suppressed in the presence of 
water; on the other hand, H-ZSM-5 with a high ratio Si:Al has been observed 
to have fair tolerance in aqueous solution [38]. Recently, it has been shown that 
the acidic cesium salts of heteropoly acids are catalysts high tolerance for water 
in hydration of olefins [39] and hydrolysis of esters [40]. This was attributed 
to the mild hydrophobicity of the catalysts [41]. Some examples of catalytic 
performances are provided in Table 1.6 [40].

1.7.2  Pseudoliquid phase

Having a flexible solid structure, in some heteropoly acids, reactants with po-
lar molecules or basic properties are easily absorbed into the solid lattice (in 
the cavities between the polyanions of the lattice) sometimes expanding the 
lattice) and reacting therein. That is to say, the reaction field becomes a three-
dimensional one as if it is in a solution but much more orderly.

Because of such a behavior, heteropoly acid catalysts usually demonstrate 
high catalytic activities as well as unique selectivities. A few examples are listed 
in Table 1.7 [42]. In this particular case, a heteropoly acid catalyst can be termed 
as a catalytically active solid solvent.

TABLE 1.6  Water-tolerant catalytic activities of solid acids for the hydrolysis 
of cyclohexyl acetate.

Catalyst

Rate

Per weight Per acid amount Per volume

Cs2.5H0.5PW12O40 5.3 35.3 12.6

H-ZSM-5 1.5 3.8 0.5

SO4/ZrO2 1.1 5.8 2.5

H-Y zeolite 0.0 0.0 0.0

Nb2O5 0.0 0.0 0.0
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1.8.  Solid-solid phase catalysis

Very small particles of the acidic cesium salts of 12-tungstophosphoric acid 
effectively catalyze many organic reactions in the solid state, among which is 
solid p-toluenesulfonic acid [43]. In such cases, catalysts and reactants are both 
solids. The greenness of these reaction systems is probably dependent upon the 
workup process of the products after the reaction.

1.8.1  Combination of a heteropoly acid and noble metals  
(bi-functional catalysis)

Heteropoly acid catalysts promoted by platinum or palladium exhibit high cata-
lytic activity and selectivity for the skeletal isomerization of n-alkanes (C4–C7) 
at low pressures of hydrogen and low temperatures. This is most likely because 
of the uniform and mildly strong acid strengths of heteropoly acid catalysts. An 
attractive example of heteropoly acid catalysts in combination with noble metals 
is Pd-H4SiW12O40 promoted by Se or Te for the one-step oxidation of ethylene 
to acetic acid in the gas phase at about 150°C [44]. It was postulated that the 
reaction proceeded in two steps: first, hydration of ethylene to ethanol catalyzed 
by heteropoly acid (acid catalysis); and second, oxidation of ethanol to acetic 
acid on the palladium site. Presently, a plant annually producing 100,000 MT is 
operating in Japan (since 1997, by Showa Denko). The new process produced a 
much smaller amount of wastewater and by-products, and the system was not 
corrosive.

1.9.  Green processes using heteropoly acid catalysts  
in two phases

Using heteropoly acid catalysts in solution, Asahi Chemical commercialized 
the selective hydration of isobutylene in a mixture of n-butenes and isobutylene 

TABLE 1.7  A comparison of catalytic activities of heteropoly acids  
with silica-alumina.

Reaction Catalyst Temperature (°C) Ratio

Dehydration of 2-propanol PW12a 125–150 30–100

Isobutene + CH3OH → MTBE PW12/SiO2 90 300

Dehydration of ethanol PW12 200 > 300

Acetic acid + ethanol → ethyl 
acetate

PW12/carbon 150 > 4

a	 PW12: H3PW12O40.
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as well as the polymerization of tetrahydrofuran in the 1980s. Both of these 
reactions were conducted in two phases. Since the separation of product from 
the catalyst is very easy and the process is quite simple, energy and cost are 
tremendously reduced. The polymerization of THF is shown in Fig. 1.3 [46]. 
Polymerization to polyoxymethyleneglycohol (PTMG) proceeds in the H2O-
THF-HPA phase. Polyoxymethyleneglycohol is recovered from its own phase 
and the phase containing the heteropoly acid and oligomer is just recycled to 
the reactor. It has been claimed that there is literally no waste. The molecular 
weight of the product polymer is controlled by its appropriate solubility in the 
THF-PTMG phase making the distribution narrow.

1.10.  Types of catalytic activity of heteropoly acids

As illustrated in Figs. 1.4 and 1.5, Misono and coworkers [49] have defined 
the catalytic activity of heteropoly acids in two different types of reaction: 
reactants (R) and products (P) interact either at the surface (Fig. 1.4A) or in 
the depth of the three-dimensional bulk (Fig. 1.4B). The first type shows the 
common process in a heterogeneous system, in which the reaction is catalyzed 
on the external surface of the solid; the reactant is a nonpolar molecule only 
interacting with the external acid protons. Reaction rates are determined by the 
catalyst surface area and the number of protons accessible to the nonpolar sub-
strate. In the second catalytic mechanism, catalysis takes place within a tertiary 
structure, in which the reactant diffuses, leading to an expanded interpolyan-
ion distance occurring when the reactants are polar. After the formation, the 
products diffuse back to the external surface and then into the reactant phase 
(gas or liquid). This bulk-type catalytic mechanism may in turn be divided into 
two subcategories: pseudoliquid catalysis and redox catalysis. In pseudoliq-
uid catalysis with the protons from the bulk are the active species. The title 
pseudoliquid comes from the fact that polar molecules like water, alcohols, or 

FIG. 1.3  Flow diagram for the polymerization of tetrahydrofuran to poly-oxytetramethyleneglycol 
(Asahi Chemical) [45].
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FIG. 1.4  Types of catalysis for heteropoly acids, where the K.U. are denoted in gray with an 
arbitrary number of hydrogens (white) and water molecules (blue; light gray in print versions). R 
stands for reactants and P for products [47].

FIG. 1.5  Different types of catalysis by heteropoly acids [48].
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small amines are able to diffuse into the bulk structure of the heteropoly acid to 
give a concentrated reaction solution in which conversion occurs [50]. Redox 
processes take place in reactions in which protons and electrons are rapidly 
diffused into the bulk.

1.11.  Catalytic properties

The fascinating properties of heteropoly acids, such as tunable acidity and redox 
properties, high thermal stability, inherent resistance to oxidative decomposi-
tion, and striking sensitivity to light and electricity, have made them excellent 
candidates for catalytic purposes. There is a tight relationship between these re-
markable properties and their structures and compositions. Their distinct atomic 
connectivity provides the compositional diversity necessary for a close assess-
ment of the outcomes that result from composition change on catalytic reactivity.

With such tempting promises in industry, these powerful catalysts have been 
investigated for a long time. Presently, dozens of processes have been industri-
alized with heteropoly acids as the catalysts, among which are the hydration of 
propene [51], isobutene [52], and 2-butene [53] to their corresponding alcohols, 
oxidation of isobutyraldehyde with O2 to isobutyric acid [52], polymerization of 
tetrahydrofuran [46,54], amination of ketones to imines [55], oxidation of eth-
ylene with O2 to acetic acid [44], and esterification of acetic acid with ethylene 
to ethyl acetate [56].

1.11.1  Active sites

Owing to their multiple active sites, which include protons, oxygen atoms, and 
metals, heteropoly acids are regarded as versatile catalysts. Protons are seem-
ingly able to serve as Brønsted acids and promote acid-catalyzed reactions. Some 
oxygen atoms on the surface of these anions, especially those on the lacunary 
sites of lacunary anions with high negative charges, are basic enough to react with 
protons, to the extent of abstracting active protons from the organic substrates. 
In other words, the oxygen atoms on the surface of heteropoly acids can serve as 
active sites in base-catalyzed reactions. However, attention should be focused on 
the metal cores of a heteropoly acid catalyst since they are the active sites in all 
oxidative reactions, part of acid-catalyzed reactions, and a majority of other reac-
tions. Thus far, plenty of heteropoly acid catalysts have been utilized in oxidative 
reactions, almost all of which are tungsten- or molybdenum-based compounds.

Additionally, some heteropoly acids work as catalyst precursors so that dur-
ing the reaction, they may decompose to small active species. This is shown in 
a work by Ishii [19].

1.11.2  Stability

Stability is a critical concern for catalysts, which is in part due to the fact 
that it directly influences the activity and recyclability of the catalyst.  
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The stability in the case of heteropoly acid catalysts usually means thermal 
stability, oxidative stability, and hydrolytic stability. Depending upon the 
type of heteropoly acid catalyst, these stabilities change significantly. In 
general, heteropoly acid catalysts enjoy attractive thermal stabilities. The 
thermal stability in some of Keggin-type heteropoly acids is so high that 
they can be applied as catalysts in gas-phase reactions at high temperatures. 
The high thermal stabilities of heteropoly acids are relative. For instance, 
H3PW12 O40 loses its protons at 450–470°C to form a new species of the for-
mula {PW12O38.5}, and the structure is completely devastated at about 600°C 
[57]. Therefore, suitable reaction temperatures are essential for the systems 
using the Brønsted acid sites of a heteropoly acid catalyst, particularly for 
the gas-phase systems operated at high temperatures, since high tempera-
tures will cause the molecule to lose its active protons. Moreover, the ther-
mal stabilities are important for the regeneration process of the catalyst. 
High temperatures often result in coking on the catalyst during the reaction, 
which in turn deactivates the catalyst. Therefore, the catalyst regeneration 
involves decoking, which is typically done at high temperatures. The suit-
able decoking temperature must be less than the temperature at which the 
catalyst loses its active protons.

In addition to the heteroatoms, substituting metals and the counterca-
tions may considerably influence the thermal stability of a heteropoly acid. 
Substituted heteropoly anions are generally more labile than their unsub-
stituted counterparts. For instance, vanadium atoms are released from the 
H3 + nVnPMo12 − nO40 skeleton at elevated temperatures to form monomeric 
vanadium species along with PMo12O40 [58,59]. The detaching of substitut-
ing metals occurs for [FePMo11O39]

4 − as well [60]. However, the detachment 
temperature is strongly related to its countercation. If the ammonium ion is 
used as the countercation, the release of iron from the Keggin anion occurs 
at 197°C due to the reaction of Fe3 + with NH4

+. On the other hand, if cesium 
cation is used, iron is released at 297°C. Typically, heteropoly acids have a 
significant hydrolytic and oxidative stability owing to the absence of organic 
ligands. Even though it is possible that the polyhedral subunits of the anions 
are detached from the main skeleton in the presence of water, their stabil-
ity in over a certain pH range is secured. A wide variety of reactions with 
heteropoly acid catalysts can be performed even in pure water [61–69]. In 
addition, heteropoly anions are intensely persistent against oxidizing agents. 
Therefore, this type of catalyst may be utilized in water- and oxygen-rich 
systems without the protection by inert gases, which is usually necessary 
for many organometallic catalysts. The strongest evidence is the oxidation 
of organic substrates by dilute hydrogen peroxide [70] and booming water 
oxidation with heteropoly acid catalysts [69].

In brief, all three kinds of catalyst stability—thermal, hydrolytic, and oxida-
tive stability—are important, their relative importance being dependent on the 
type of catalysis and transformation.
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1.12.  Photocatalysis

It is possible to excite the heteropoly anions from their ground states can be by 
ultraviolet or near-visible radiation. The excitation is essentially a charge trans-
fer from an oxygen atom to the d0 transition metal in the presence of radiation 
with enough energy. For instance, the excitation of [PW12O40]

3 − corresponds to 
a charge transfer from O2 − to W6 +, which results in the formation of a pair con-
sisting of a trapped electron center (W5 +) and hole center (O−) [71]. Heteropoly 
anions in their excited states usually exhibit a better performance than in their 
ground states as both electron donors and electron acceptors [72]. Therefore, 
some of heteropoly acids, which are catalytically inactive even at high tempera-
tures, but under dark conditions, may turn into robust reagents with the ability 
of oxidizing or reducing various substrates upon the irradiation of ultraviolet 
or near-visible light. In addition, the HOMO-LUMO bandgaps in heteropoly 
anions prevent the recombination of electrons and holes resulting from the ir-
radiation of a light with an energy greater than or equal to their bandgap energy 
[71]. The photogenerated electrons and holes can therefore initiate the chemical 
reaction owing to the strong photoreductive ability of the electrons and photo-
oxidative ability of the holes. Under moderate conditions, many photocatalytic 
reactions take place readily in the presence of heteropoly acids, among which 
are: the oxidation of alcohols [73–75], benzene [76], and phenol [77]; oxidative 
bromination of arenes and alkenes [78]; reduction of CO2, [79,80], etc. More 
significantly, the photooxidation properties are eminently suitable for the degra-
dation of a variety of aqueous organic pollutants [81–91] and their photoreduc-
tion properties can be utilized to remove transition metal ions from water [92].

Streb et al. [93] have reviewed new trends in the polyoxometalate photore-
dox chemistry of polyoxometalates. According to the review, in addition to the 
facile photoexcitation using ultraviolet or near-visible radiation, homogeneous 
heteropoly acid photocatalysts exhibit a number of advantages, e.g., intense ab-
sorption of radiation with high molecular absorption coefficients, high structural 
stability, high redox activity, multielectron redox capability, and easy reoxida-
tion of reduced species. However, as an important problem, absorption of the 
radiation by heteropoly anions only takes places in the region of 200–500 nm. 
Therefore, photosensitization can be utilized as a strategy to allow for using vis-
ible light. Some photosensitizers, like fullerene, can be attached to heteropoly 
anions by forming covalent bonds; also, some cationic photosensitizers may be 
associated with heteropoly anions via electrostatic interactions.

For practical purposes, more emphasis has been put on heterogeneous pho-
tocatalysts in the field of photocatalysis by heteropoly acids. The original parent 
heteropoly acids are ordinarily supported on other substances to give compos-
ite heterogeneous photocatalysts. The most commonly used supports are TiO2 
[94–98], SiO2 [99–103], ZrO2 [104,105], etc. Moreover, the solidification of 
heteropoly acids—i.e., their combination with supports—provides them with 
much larger specific surface areas, which in turn may lead to an increase in their 
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catalytic activities as large contact areas are provided between the catalysts and 
substrates for the surface-mediated, electron-transfer reactions. In addition, by 
using a semiconductor metal oxide as a support, the resulted combination can 
enhance photoactivities owing to the synergistic effect between the two compo-
nents [104,106,107]. Another set of heterogeneous heteropoly acid photocata-
lysts is the acidic cesium salts CsxH3 − xPW12 (x ≤ 3), which have relatively high 
surface areas, porous structures, and strong acid sites. Cs3PW12O40 was the very 
first heterogeneous heteropoly acid photocatalyst utilized for photooxidation of 
propan-2-ol to acetone in aqueous solution [108].

1.13.  Electrocatalysis

Heteropoly anions can go through several rapid one- and two-electron reversible 
reductions, and further irreversible multielectron reductions with concomitant 
decomposition, due to the high oxidation states of the M atoms in the periph-
eral metal‑oxygen polyhedrons of MOx. If all the M atoms are identical, the 
electrons will be delocalized on all MOx polyhedrons at room temperature via 
rapid intramolecular electron transfers. The reduction raises the negative charge 
density on the heteropoly anions and therefore their basicity. Consequently, de-
pending on the pKa of the generated anions, the reduction can be accompanied 
by protonation. This is to say that pH has a significant influence on the potentials 
of the reversible redox pairs of heteropoly anions. In organic solution or neutral 
aqueous, in which no protonation can take place, both Keggin- and Dawson-
type heteropoly anions can undergo successive one-electron reductions. Due 
to this particular property, a number of Keggin- and Dawson-type heteropoly 
acids have been utilized as oxidative and reductive electrocatalysts. It should be 
noted that each heteropoly acid demonstrates featured electrochemical behavior 
because of its particular redox potential, pKa, and stability.

Steckhan et al. elegantly presented the electrochemical properties of hetero-
poly acids as electrocatalysts.

1.14.  Homogeneous and heterogeneous catalysis

Heteropoly acids are often soluble in a wide range of polar solvents; this causes 
problems in their recovery, separation, and recycling when used as a catalyst, 
which in turn influences their use in systems that require green efficient trans-
formations and sustainable development. Therefore, it is essential to develop 
heteropoly acid catalysts of high recoverability and recyclability for practical 
applications in industry. To realize this aim, heterogeneous catalysis is more de-
sired owing to advantages such as facile separation of the catalyst from the prod-
uct. However, heterogeneous HPA-based catalysts normally suffer from some 
disadvantages, e.g., the active site leaching as well as low activity [109,110].

It should be noted that HPA-based heterogeneous catalysts typically show 
lesser catalytic performance compared to their homogeneous counterparts, 
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which is largely attributed to the diffusion limitation of the active sites and the 
mass transfer resistance. In order to resolve the mentioned restrictions, many 
tactics have been suggested to enhance the stability and catalytic performance. 
Commonly, preparation of HPA-based heterogeneous catalysts is achievable 
mainly by two strategies, i.e., solidification and immobilization of the catalyti-
cally active heteropoly acids [111]. As presented in Scheme 1.4, the former 
involves preparing an insoluble salt of the heteropoly acid, while the latter in-
volves supporting the active heteropoly acid on various porous substances. The 
preparation and application of HPA-based heterogeneous catalysts have been 
covered in many reviews, but very little attention has been paid to their homo-
geneous behavior.

It is also noteworthy that in heterogeneous catalysis with a heteropoly acid, 
in order to achieve high activity as well as sound recovery and recyclability, 
emphasis is placed on the solidification of heteropoly acid catalysts. A number 
of methods have been utilized in solidification of soluble active heteropoly acids 
among which are the introduction of large inorganic cations and dendritic or-
ganic cations, encapsulation by metal organic frameworks (MOFs), and blending 
with supporting materials, such as metal oxides, various C/Si-based substances, 
polymers, etc. There is another important difference between the heterogeneous 
and homogeneous systems in heteropoly acid catalysts, and that is their reaction 
fields. Homogeneous reactions take place in the solution since the heteropoly 
acid catalyst is evenly distributed in the solution. On the other hand, the case for 
a heterogeneous catalysis is extremely complicated. As illustrated in Fig. 1.6, 

SCHEME 1.4  Major strategies for the preparation of heterogeneous heteropoly acid catalysts [112].
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three different modes of catalysis exist for heteropoly acids as heterogeneous 
catalysts: the surface-type catalysis, bulk-type I (pseudoliquid phase) catalysis, 
and bulk-type II catalysis in the presence of electrons or protons [113].

1.14.1  Surface-type catalysis

The surface-type catalysis is the regular heterogeneous catalysis, in which the 
reactions occur on a 2D surface (outer surface and pore walls) of the solid cat-
alyst. The rate of the reaction is principally proportional to the surface area. 
Reaction rates of olefins double-bond isomerization processes are proportional 
to the surface area of H3PMo12O40 [114]. Most of the reactions catalyzed over 
the acid Csx H3 − xPW12O40 (2 < x < 3) display the same correlation between the 
rate and surface acidity [115,116].

1.14.2  Bulk-type I catalysis

In the bulk-type I (pseudoliquid phase) catalysis, for example, reactions of polar 
molecules over the hydrogen and catalyzed by acid salts are formed at rather 
low temperatures, the reactant molecules are absorbed into the space between 
the heteropoly anions of the ionic lattice, and the reaction occurs inside that 
space. Next, the products desorb from the solid [117–119]. In this process, the 
solid behaves as if it is a solution and a three-dimensional reaction field is in 
operation. This is why it is also called the pseudoliquid phase. The reaction rate 
is proportional to the catalyst volume in the ideal case. From a different point of 
view, the rate of the acid-catalyzed reaction is governed by the bulk acidity. This 
sort of catalysis has been observed for both gas-solid and liquid-solid systems 
[120].

Using the transient response method with nondeuterated and deuterated al-
cohols, it was confirmed that under the reaction conditions of dehydration, a 
large number of alcohol molecules are absorbed into the catalyst bulk and the 
adsorption/desorption rate is faster than the dehydration rate [121].

 

FIG. 1.6  Three catalysis models for solid POM catalysts: (A) surface type; (B) pseudoliquid bulk 
type; and (C) bulk type [49].
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1.14.3  Bulk-type II catalysis

Some oxidation reactions, such as oxidation of hydrogen and oxidative dehy-
drogenation at high temperatures, demonstrate bulk-type II catalysis [122]. In 
this sort of catalytic oxidation, the main reaction may proceed on the surface, 
but the whole solid bulk participates in the redox catalysis process due to 
rapid migration of redox carriers, i.e., protons and electrons. In such cases, 
the reaction rate is ideally proportional to the catalyst volume. The correla-
tions between the catalytic activity for oxidation and the oxidizing ability of 
the catalysts are illustrated in Fig. 1.7A–C [123–126]. A monotonous correla-
tion can be seen between the rates of catalytic oxidation of acetaldehyde and 
methacrolein (surface-type reaction) and the reduction rate of catalysts by CO 
(surface oxidizing ability) [124,125]. A similar correlation is evident for the 
oxidative dehydrogenation of cyclohexene (bulk-type II) and reduction rate 
of the catalysts by hydrogen (bulk oxidizing ability, Fig.  1.7C) [126]. For 
the catalytic oxidation of hydrogen (bulk-type II) and CO (surface-type) over 
alkali salts of H3PMo12O40, a redox (Mars-van Krevelen) mechanism has been 
proposed. It is observed that the rates of catalytic oxidation, the rates of re-
duction, and reoxidation of catalysts coincide with each other at the stationary 
oxidation state of the catalyst [127].

Such correlations have not been observed for H3 + x[PMo12 − xVxO40] due to 
the thermal instability.

FIG. 1.7  Correlations observed among the catalytic activity and oxidizing ability for the oxidation 
reactions of (A) acetaldehyde, (B) methacrolein (surface reactions), and (C) oxidative dehydrogena-
tion of cyclohexene (bulk-type II reactions). r(acetaldehyde), r(methacrolein), and r(cyclohexene) 
are the rates of catalytic oxidations of acetaldehyde, methacrolein, and oxidative dehydrogenation 
of cyclohexene. r(CO) is the rate of reduction of the catalysts by CO; r(H2), reduction rate of cata-
lysts by hydrogen. Mx denotes MxH3 − xPMo12O40. Na2-1, -2, -3, and -4 are Na2HPMo12O40 of dif-
ferent lots, for which surface areas are 2.8, 2.2, 1.7, and 1.2 m2 g− 1, respectively [20].
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1.15.  Nano polyoxometalates

In the last decade, the syntheses and applications of nanocompounds have been 
under the spotlight. In this regard, polyoxometalates are attracting a good deal 
of attention as building blocks for functional composite materials owing to their 
fascinating nano-sized structures. These species are ideal constructing hybrid 
systems, and are thus being considered as potential candidates for transform-
ing into nanomaterials. The smaller the particle size, the higher the number 
of atoms per surface; therefore, the activity not only increases but also may 
exhibit unique properties for a number of applications. The nanostructure poly-
oxometalates are expected to show higher activities than any other micrometer-
sized particles. This feature is crucial in catalyzed reactions.

Considerable efforts have been allocated to the design and meticulous fabri-
cation of nanostructure polyoxometalates to be utilized in green reactions. This 
interest has ended up in the development of many various protocols for the syn-
thesis of nanostructure materials over a wide range of sizes. Consequently, the 
idea of nano polyoxometalates and their applications remains attractive, and the 
number of publications and patents is increasingly growing as new researchers 
enter the field. This means that there is much scope for the exploration of op-
portunities for these polyoxometalate materials.

1.15.1  Nanocomposites

In the past few years, the design, manufacture, and functionalities of nanocom-
posite materials have been the focus of attention. This attention has its roots in 
the potential of the nano-sized building blocks of heterogeneous chemical spe-
cies for being associated and generate new materials with enhanced properties 
[128]. Usually there are differences between the building blocks of a nanocom-
posite in terms of structures, compositions, and physical/chemical properties. 
This diversity among the components, together with potential synergies result-
ing from their combinations lead to multifunctional composites with extraordi-
nary flexibility and a wide variety of applications.

Polyoxometalates have an unparalleled array of physical and chemical prop-
erties arising from their apparently boundless variety of molecular sizes and 
structures.

There are three forthright, efficient techniques for the manufacture of inor-
ganic/organic polyoxometalate nanocomposites: chemisorption on carbon sur-
faces, immobilization in a polymer matrix, and layer-by-layer self-assembly.

1.15.1.1  Chemisorption
Chemisorption of a polyoxometalate on a carbon substrate has been extensively 
investigated. It is frequently described as an irreversible strong bond formed 
between the carbon surface and polyoxometalate [129–131]. These strong in-
teractions can be adjusted to provide potent carbon-POM composite materials.  
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The technique used for developing chemisorbed carbon-POM nanocompos-
ites is commonly straightforward. First, the carbon substrate is oxidized with 
a strong acid to add surface functional groups, which act as binding sites and 
modify the polyoxometalate. Then the carbon material is dispersed in an or-
ganic or aqueous solution of the polyoxometalate and agitated by stirring or 
ultrasonication under ambient conditions. The solid product is finally washed 
with water many times to remove the excess loose species, dried, and the sur-
face modified carbon-POM composite is produced [129–132]. This technique 
is extendable to a various carbon substrates, e.g., carbon nanofibers (CNFs) and 
multiwalled carbon nanotubes (MWCNTs) [129,132–138], mesoporous car-
bon [139], activated carbon [140], and graphene [141–144]. The chemisorption 
technique provides a simple, efficient means for the preparation of a wide range 
of nanostructured carbon-POM composites.

1.15.1.2  Immobilization in a polymer matrix
The reversible redox chemistry and conductivity exhibited by conductive or-
ganic polymers (COPs) in combination with their relatively low cost and good 
handling capacity have rendered these materials excellent substrates for poly-
oxometalate integration with polyoxometalate. Various conductive organic 
polymers can be utilized to afford hybrid materials with polyoxometalates 
among which polypyrrole (PPy) [145–148], polyaniline (PANI) [149,150], 
polythiophene (PT) [151], and their derivatives are the most common. As il-
lustrated in Fig. 1.8, the procedures for immobilizing polyoxometalates within 
a COP matrix are categorized into two broad groups. In the first type, after 
following a two-step approach, a polymer thin layer is deposited on a substrate 
through electro-polymerization or spin coating. Then the polymer film is dipped 
in a polyoxometalate solution so that the polyoxometalate is diffused and in-
corporated into the polymer matrix [145]. In the second type, which is a one-
step method, a monomer molecule is chemically or electrochemically oxidized 
to form a polymer thin layer in the presence of a polyoxometalate solution. 
High ionic conductivity, strong oxidizing power, and acidic character of hetero-
poly acids deliver the best conditions for the polymerization of such monomers 
as thiophene, aniline, and pyrrole. In the electrochemical polymerization of a 
monomer, the polyoxometalate solution is frequently utilized as the electrolyte. 
A thin layer of polymer is deposited on the working electrode by applying a 
sufficient oxidation potential, which is doped with the polyoxometalate mol-
ecule. Polymerization techniques give rise to a nanostructured hybrid species 
in which the bulky polyoxometalate molecule is confined within a COP matrix 
[149,150]. The abovementioned approaches can be adapted to prepare a wide 
range of new POM-COP hybrids.

In comparison with chemisorption, immobilization within a COP matrix 
enjoys the advantage that it results in combined electrochemical activity. In 
addition to providing structural support, the substrate contributes reversible 
Faradaic reactions to improve the overall electrochemical performance of the 
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hybrid. Chemisorbed carbon-POM composites can be prepared by simple mix-
ing, while more complex and potentially costly synthesis techniques are neces-
sary for carbon-COP hybrids, particularly in the case of electropolymerization. 
Additionally, since inclusion within a COP matrix is not a technique for surface 
modification, the polyoxometalate is frequently embedded within the bulk of 
the polymer. Hence, additional preparation steps (such as the use of an external 
oxidant) are required to fabricate a true nanocomposite.

1.15.1.3  Layer-by-layer self-assembly
Developed by Decher in the 1990s [153], layer-by-layer (LbL) deposition is the 
alternate adsorption of positive and negative layers on a support surface using 
electrostatic forces. Aqueous solutions of two molecules with opposite charges 
are consecutively coated on the support surface. The surface charge is reversed 
after each dipping cycle to allow the deposition of the succeeding layer. With 
this method, multilayer structures are formed, which are predominantly sta-
bilized by strong electrostatic forces; other interactions, e.g., hydrogen bond-
ing may be present as well [154]. Layer-by-layer self-assembly is an excellent 
method for the preparation of carbon-POM films; since the groundbreaking 

FIG. 1.8  Preparation of a POM-COP matrix through (A) a two-step and (B) a one-step method. 
(C) The structure of hybrid PPy-PMo12O40

3 − [152].
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work by Ingersoll, Kulesza, and Faulkner [155], many more studies have been 
reported on electrostatically stabilized multilayer polyoxometalate composites 
[156–160]. Since polyoxometalates form anions (with negative charges) in so-
lution, often a polyelectrolyte layer with positive charge is needed so that LbL 
deposition on carbon substrates is achieved. The procedure utilized for prepar-
ing carbon-POM composites by LbL assembly is depicted in Fig. 1.9. The car-
bon substrate (which is normally preoxidized to improve the negative charge 
on the surface) is dipped in a polycation solution and washed with water to re-
move the excess loose species. The substrate, which is now positively charged, 
is dipped in a solution of polyoxometalate and then washed again. Since there 
are strong electrostatic attractive forces, each step of deposition only takes a few 
minutes, which is much faster than the many hours necessary for chemisorption. 
The layer-by-layer procedure may be repeated many times so that electrostati-
cally stabilized multilayer films are accumulated quickly and effectively. The 
ability to make thin multilayer films of polyoxometalate is among the most im-
portant advantages of the layer-by-layer procedure. The capability of depositing 
multiple polyoxometalate layers allows for the incorporation of different poly-
oxometalate molecules on the same substrate. Since the chemical and physi-
cal properties of polyoxometalates can vary significantly with their structure 
and chemical composition, incorporation of several different polyoxometalate 
chemistries on the same substrate may have apparent advantages for the design 
of composite materials with a wide variety of properties and potentials.

FIG. 1.9  Layer-by-layer self-assembly of a polyoxometalate film composite via the alternate ad-
sorption of polyoxometalate and polyelectrolyte layers [152].
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Compared to polymer matrix immobilization and chemisorption, layer-by-
layer self-assembly goes on by quick and simple deposition steps, yet allow-
ing for a strict control over the structure, and accordingly functionality, of the 
resulting composite. Among the three procedures described, the layer-by-layer 
self-assembly is the most flexible since it may be applied to an extensive range 
of different substrates, which goes beyond organic materials; it can even be 
utilized in combination with the two other procedures [161,162]. The most im-
portant advantage of the layer-by-layer assembly is the capability of preparing 
multilayer nanostructured films, which results in composite materials in which 
numerous different chemistries are combined, thus exhibiting adjustable, vari-
ous functionalities. One of the main present weaknesses of the layer-by-layer 
procedure is that many of the most common polyelectrolytes display restricted 
electrochemical activity and conductivity, which can diminish the activity of a 
composite electrode. Alternative highly conductive cation linkers, which exhibit 
their own redox functionality, can enhance layer-by-layer assembled polyoxo-
metalate films even more.

1.15.2  Applications

Polyoxometalate-based composites and nanocarbons like carbon nanotubes 
(CNTs) or graphene have been the focus of much attention since they com-
bine the exclusive chemical reactivity of polyoxometalates with the unique 
electronic properties of nanocarbons. The extraordinary properties of such 
composites have been utilized in catalysis, manufacture of molecular sensors, 
energy conversion and storage, and electronics. In this section, the latest ad-
vances in POM-CNT and POM-graphene nanocomposites will be addressed, 
with a focus on their applications in catalysis. The excessive redox-activity 
of polyoxometalates renders them ideal for the catalytic transfer of electrons 
from or to a substrate. This is mostly attractive for designing multielectron 
transfer reactions, which are usually troubled by high overpotentials that de-
crease the overall conversion yields. For dealing with this challenge, poly-
oxometalates are ideal candidates since they can be chemically modified with 
highly redox-active metals (such as Co, Mn, or Ru). Therefore, technologi-
cally relevant electrocatalysts will become accessible for splitting water into 
oxygen and hydrogen [163,164] and for oxidation/reduction reactions in fuel 
cells [165].

1.15.2.1  Water oxidation
POM-based water oxidation catalysts (WOCs) functionalized with redox-
active metals such as Co, Mn, or Ru have been developed [69,166]. Bonchio 
and coworkers [167] electrostatically assembled a prototype POM-WOC 
(M10[Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2]; M10Ru4(SiW10)2, M = Cs+, Li+) 
on multiwalled carbon nanotubes (MWNTs) as a conductive substrate to form 
an electrocatalyst active enough for water oxidation (Fig. 1.10).
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Following this initial development, Bonchio et  al. [168] noticed that the 
attachment of the polyoxometalate to the carbon nanotube was still not opti-
mal, and hence they developed new covalent and noncovalent approaches for 
the functionalization of the carbon nanotubes with cations (Fig. 1.11). The re-
sulted cationic carbon nanotubes exhibited high binding affinity for the anionic 
POM-water oxidation catalysts to form a nanostructured composite surface upon 
dropcasting the composite on electrode surface, which provided high surface 
area electrocatalysts. Bonchio et al. [169] prepared a highly robust electrocata-
lyst for the oxidation of water by combining functionalized graphene with their 
ruthenium-based POM-WOC Ru4(SiW10)2. The obtained composite material ex-
hibited oxygen evolution at overpotentials as low as 300 mV at neutral pH with 
insignificant loss of activity after 4 h of testing.

The authors attributed the observed high stability and catalytic activity to the 
highly dispersed and noninvasive surface modification of graphene, which enabled 
transportation and accumulation of electrons across the extended p-bond network. 
In addition, Hill and coworkers [170] investigated a similar ruthenium-based 
POM/rGO composite using electrochemical analyses. The composite displayed 

FIG. 1.10  An electrocatalytic cell for water splitting with the integrated nanostructured oxygen-
evolving anodes (OEAs) based on polyanionic ruthenium polyoxometalates. The polyoxometalate 
utilized is (M10[Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2]. Blue: tungsten, brown: SiO4

4 −, yellow: 
ruthenium, red: oxygen [167].
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high stability and excellent catalytic performance for the oxidation of water at neu-
tral pH, especially in the presence of Ca(NO3)2, 1.0 M, with a mild overpotential 
of 0.35 V. These preliminary results demonstrated the huge synergic potential of 
Ru-containing polyoxometalates as catalysts combined with graphene as a conduc-
tive support.

1.15.2.2  Methanol oxidation
Chen et al. [171] reported a novel catalyst support based on carbon nanotubes 
altered with a Keggin-type polyoxometalate (H3PMo12O40) to observe spontane-
ous, robust chemisorption of the polyoxometalate on the carbon nanotubes. The 
composite was utilized as a redox-active support for highly dispersed platinum 
and platinum‑ruthenium electrocatalysts, which were deposited using electro-
deposition. Catalytic tests revealed that the combination of the unique electrical 
properties of the carbon nanotubes and the excellent redox properties as well 
as the high protonic conductivity of the polyoxometalates led to high specific 
activity, high current densities, and enhanced cycle stability in comparison with 
systems not modified by a polyoxometalate. These results were the first experi-
mental evidence that carbon nanotubes modified by a polyoxometalate could 
serve as appropriate catalyst supports for DMFCs (Fig. 1.12).

An inventive approach to deposit small platinum nanoparticles on carbon 
nanotubes for the oxidation of methanol was reported by Zhang and coworkers 
[134]. They employed a photochemically reduced Keggin cluster H3PW12O40 in 

FIG. 1.11  A CNT-bound polyoxometalate catalyst. The carbon nanotubes are functionalized with 
an amphiphilic cationic pyrene derivative via p-p stacking; the anionic Ru4(SiW10)2 is then immobi-
lized by means of electrostatic interactions [168].
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situ as a redox facilitator to decrease the platinum (II) precursor; it also served 
as a linkage group to stabilize the nanoparticles on the carbon nanotube surface 
(Fig. 1.13). The composite exhibited a significantly higher electrocatalytic per-
formance toward the oxidation of methanol in comparison with traditional Pt/C 
catalysts and other related Pt/CNT reference systems.

Current studies are revealing that POM-modified nanocarbon electrodes 
may provide many benefits to the manufacture of modern electrodes used in 
methanol oxidation, especially in the fields of metal nanoparticle stabilization 
and deposition, improved catalyst poison resistivity, and reduced usage of noble 
metals. A main challenge in this field is still designing low overpotential elec-
trodes for the oxidation of methanol that do not employ noble metal catalysts. 
Consequently, access to extremely active POM-based methanol oxidation cata-
lysts, which could act on a molecularly dispersed level, might provide an easy 
and promising route to earth-abundant materials with technological relevance.

1.15.2.3  Oxygen reduction
A sequence of POM/noble metal/nanocarbon composites have been critically 
reported to act as catalysts in the reduction of oxygen. Jiang et al. [172] intro-
duced a Pd@POM-PDDA-MWNT electrocatalyst (Fig. 1.14) that was highly 
potent as an efficient nonplatinum catalyst for the reduction of oxygen in fuel 
cells.

Initial steps have been taken to replace the traditional noble metal particles 
for the reduction of oxygen by less expensive metals. Zhang et al. [173] showed 

FIG. 1.12  Electrochemical reactions in a direct methanol fuel cell functionalized with carbon 
nanotubes modified by PMo12. The PMo12/CNTs were utilized to support highly dispersed platinum 
and platinum‑ruthenium electrocatalysts formed by electrodeposition. The presence of polyoxo-
metalates was demonstrated to effectively decrease the catalyst poisoning and raise the catalytic 
activity [171].
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that the less expensive silver nanoparticles may be employed as active reduction 
sites to reduce oxygen. They claimed to have found an easy, one-pot synthesis 
of silver nanoparticles-decorated carbon nanotubes by the reaction of acidized 
multiwalled carbon nanotubes with silver nitrate using in situ photoreduced 
Keggin anions as a reducing agent. The composites exhibited a high electrocata-
lytic activity for the reduction of oxygen owing to the synergic effect between 
the silver nanoparticles and carbon nanotubes. Significantly increased reduction 

FIG. 1.13  (Top) Formation of Pt@POM-CNT composite electrocatalysts. The polyoxometalate 
(PW12) is photochemically reduced by UV light with isopropyl alcohol as an electron donor; the 
reduced PW12 is combined with multiwalled carbon nanotubes and H2PtCl4 to give the Pt@POM-
CNT composite. Inset: The TEM image of Pt@POM-CNT composite. (Bottom) Preparation of the 
tricomponent metal NPs@POM/GNs composites. (1) Photoreduction of PW12 by isopropyl alcohol 
under UV light; (2) GO reduction by reduced PW12 to give PW12/rGO composites; (3) photoreduc-
tion of the PW12/rGO composites by isopropyl alcohol to give reduced PW12/rGO; (4) reduction of 
noble metal salts by the reduced PW12/rGO to give the noble metal NPs@POM/GNs [134].
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of oxygen current densities was observed in comparison with nonfunctionalized 
carbon nanotubes for the polyoxometalate functionalized system. The reduction 
of oxygen activity of Ag nanoparticles was substantiated in 2013, when a 2D-
Ag nano-net (NN) functionalized graphene was reported as a substitution for Pt 
catalysts for the reduction of oxygen. The group used H7[b-PMo4

VMo8
VIO40] as 

the reducing agent60 (Fig. 1.15) to deposit an Ag nanostructure on graphene. 

FIG. 1.14  Self-assembly of Keggin-type polyoxometalates (PW12) on PDDA-functionalized mul-
tiwalled carbon nanotubes through electrostatic interactions and subsequent deposition of palladium 
nanoparticles on polyoxometalates assembled PDDA-MWNTs by reductive chemical deposition 
[172].

FIG. 1.15  Polyoxometalate-mediated large-scale synthesis of 2D Ag NN@POM/GNs compos-
ites using the mixed-valent Keggin-type polyoxometalate H7[b-PMo4

VMo8
VIO40] [174].



36  Heteropolyacids as highly efficient and green catalysts

The prepared composites in this way displayed high electrocatalytic reduction 
of oxygen activity together with high catalytic activity of the Ag nano-nets.

1.15.3  Synthesis of nanomaterials

During the past decades, the synthesis of nanomaterials has been an important 
field of research, owing to their unique physical, chemical, and electrical prop-
erties [175,176]. They are therefore highly potent for applications in different 
fields, such as catalysis, semiconductors, electronics, imaging agents, drug de-
livery, etc. [177–181]. Polyoxometalates have recently found applications in the 
synthesis of nanomaterials as reducing and stabilizing agents. Polyoxometalates 
can be reduced photochemically [182], electrochemically [183], or radio-
chemically [184] or using suitable chemical reducing reagents [185] without 
undergoing decomposition or any change in their structures; then the reduced 
forms of the polyoxometalates are capable of reducing metal ions [186,187]. 
The synthesized nanomaterials provide negative charges owing to the existence 
of polyoxometalates on their surface. This can prevent the aggregation of the 
nanomaterials by electrostatic repulsive forces, which enables long-term sta-
bility [188]. In addition, polyoxometalates are appropriate candidates for the 
implementation of green chemistry, as they are recyclable and reusable during 
the redox process utilized for the green synthesis of nanomaterials in aqueous 
systems [174,189].

The nanomaterials synthesized in this manner are encircled with polyoxo-
metalates, which have been demonstrated to influence the dispersion and stabil-
ity of nanomaterials for a long time. Above all, POM-stabilized nanomaterials 
have exhibited improved catalytic activity in many works due to the synergic 
effects with polyoxometalates, showing properties of reversible multielec-
tron redox transformations and high activity during the catalyzed reaction. 
Nonetheless, the shapes of the nanomaterials prepared by polyoxometalates are 
chiefly globular; therefore, investigating the shape control of such nanomateri-
als seems necessary.

1.15.4  Immobilized Polyoxometalates and their applications

The immobilization of polyoxometalates on a solid supports may be categorized 
into two groups. In the first group, the polyoxometalate species is supported on 
a material with no catalytic activity. In the second group, the polyoxometalate 
is supported on a catalytically active substance. The appropriate support materi-
als are typically porous substances, preferably with nano-sized particles. The 
satisfaction of these two criteria provides a platform for the even distribution 
of active sites upon which the mass transfer resistance is lowered. Therefore, 
choosing appropriate supports for the effective design of efficient heteroge-
neous catalysts based on polyoxometalates is crucial. Additionally, controlling 
the polyoxometalate composition at the atomic and molecular levels provides 
the researchers with the ability to design green reagents to ensure sustainability.
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1.15.4.1  Titanium dioxide-supported polyoxometalates
The polyoxometalate immobilization on TiO2 is of especial interest since the 
obtained combination represents the semiconductor-like properties exhibited by 
both components. TiO2 has been broadly examined as a photocatalyst since its 
chemical stability is relatively high, and it is nontoxic, inexpensive, and readily 
available. This means that the combination of polyoxometalates with TiO2 paves 
the way for designing green materials. Yang and coworkers [96] reported the 
preparation of a nanoporous anatase and H3PW12O40 composite following a sol-
gel hydrothermal method that directly embedded the polyoxometalates within 
the lattice of anatase to form particles with sizes less than 10 nm (Fig. 1.16A). 
As illustrated in Fig. 1.16B, the formation of the nanocomposite led to a red-
shift from the anatase support. The nanocomposite was found to have ability to 
degrade an array of dyes under visible light irradiation. Powder X-ray diffrac-
tion analysis could not reveal the presence of the polyoxometalates, which was 
perhaps because of the embedding of the polyoxometalates within the anatase, 
which did not allow the formation of polyoxometalates crystalline phase for 
detection.

Xie reported the preparation of an H3W12O40-titania nanotubular array com-
posite for photoelectrocatalysis and photocatalysis of bisphenol A, which is an 

FIG. 1.16  (A) TEM image and SAED pattern of the H3PW12O40/TiO2nanocomposite, (B) UV-vis 
diffuse reflectance spectra of H3PW12O40, TiO2, and the H3PW12O40/TiO2 composite. Photocatalytic 
degradation of various dyes using the nanocomposite is visible [96].
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endocrine disruptor. The mentioned nanotubular array was prepared through a 
low-voltage anodization process (Fig. 1.17A and B); H3PW12O40 was then em-
bedded into the nanotubular array (Fig. 1.17C and D). The composite was able 
to degrade bisphenol A entirely under ultraviolet light. Comparing these results 
with the ones by Yang and coworkers [96], the immobilization of H3PW12O40 did 
not appear to achieve a similar synergic effect to that obtained by the composite 
formation. Moreover, the H3PW12O40 embedding may not allow for appropriate 
interaction between the titania nanotubular array and the polyoxometalate. The 
solution was continuously purged by oxygen airflow, and the resulting solution 
displayed significant leaching of H3PW12O40 in the UV-vis spectra. The neces-
sity for supplying an external electrical potential in addition to the use of ultra-
violet light decreased the viability of such a process for practical applications.

Lu et al. [191] prepared an amine-functionalized TiO2-based catalyst with 
three-dimensionally ordered macroporous (3DOM) to be able to immobilize K5 
[PW11Co(H2O)O39]. This strategy provided a new and efficient methodology for 
the preparation of a three-dimensional architecture for the polyoxometalate im-
mobilization. Polystyrene spheres were used as a template for the formation of a 
three-dimensional TiO2 structure (Fig. 1.18A–C). Then the resulted material was 
annealed in order to remove the template and eventually amine-functionalized 

FIG. 1.17  FESEM images of (A) TiO2 nanotubular array, and cross-sectional SEM images of (B) 
TiO2 tubules, (C) H3PW12O40-TiO2 tubules, and (D) enlarged view of H3PW12O40/TiO2 tubules [190].
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with (3-aminopropyl) triethoxysilane. The K5 [PW11Co(H2O)O39] was then im-
mobilized by coordination of the amine group to the cobalt on the polyoxo-
metalate (Fig. 1.18D–F). The authors prepared the same material without using 
polystyrene template as well. The result was a material with no distinct mor-
phology, as illustrated in Fig. 1.18G–I. The prepared catalyst was able to de-
grade organic dyes efficiently under a combination of ultraviolet and microwave 
irradiations. The 3D structure was one of the chief strengths of the catalyst 
that provided an efficient mass transport of the pollutant to the surface of that 
catalyst. In spite of catalytic applications, the preparation might not be easy or 
robust due to the problem of partial filling of the template. On the other hand, 
the use of ultraviolet and microwave irradiations is rather energy consuming. 
Hence, it is important have a trade-off between the energy consumption and 
the efficiency of the material. In the prepared material, K5 [PW11Co(H2O)O39] 
served as a mediator to retard the electron-hole pair recombination so that the 
catalytic capability of the polyoxometalate was not affected.

Reviewing the few studies on applying polyoxometalates immobilized on 
TiO2 as a heterogeneous catalyst revealed that the role of polyoxometalates in 
the catalysis process was obscured by the catalytic activity of titanium dioxide. 

FIG.  1.18  (A–C) SEM images of 3DOM-TiO2, (D–F) 3DOM-PW11Co-APS-TiO2, and (G–I) 
PW11Co-APS-TiO2 [191].
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Therefore, it is expected that researchers look into the catalytic and redox activ-
ity of the polyoxometalates for their environmental applications and for bet-
ter understanding of their catalytic role. The robust design of the immobilized 
polyoxometalate catalysts could include the formation of bulk heteropoly acid 
phases to enhance the bulk-type II catalytic ability of polyoxometalates on the 
solid support. A one-pot synthesis is desired from the synthetic viewpoint, but 
under such conditions, it would improbable to attain the formation of the crys-
talline acid phase of heteropoly acids. Direct embedding of the polyoxometalate 
may cause it to lose its catalytic sites. Therefore, the optimal conditions for the 
preparation of this type of supported catalyst must involve the use of a coupling 
agent with the capability of stabilizing and improving the growth and formation 
of polyoxometalates on the support surface.

1.15.4.2  Polyoxometalates supported on carbon-based 
materials
Carbon-based materials have been used for the purpose of immobilization as 
well. Therefore, this section will provide a brief look into these materials, which 
includes carbon nanotubes [132,189], graphene oxide (GO), and carbon nitride 
[192]. The strategies employed for the immobilization of polyoxometalates 
on these supports are similar since all of these substances contain honeycomb 
hexagon aromatic networks. As an example, the case with graphene is depicted 
in Fig. 1.19. Because of their large surface area, presence of functional groups, 
and electronic properties, they are highly attractive substrates as solid supports.

Polyoxometalates are immobilized on carbon-based materials such as car-
bon nanotubes or graphene oxide mostly with the purpose of energy applica-
tions. They can be used as green components of rechargeable lithium batteries 
[193,194].

FIG. 1.19  Polyoxometalates immobilized on a functionalized graphene sheet [141].
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However, even if the polyoxometalate is immobilized on the conducting 
polymer, the degradation of the polymer support damages the charge/discharge 
cycling [196–198]. This cycling process raises the solubility of the polyoxo-
metalates [114], which in turn causes the fabricated devices lose their charges.

Fig. 1.20 illustrates a polyoxometalate immobilized on carbon nanotubes by 
Huang et al. In place of using covalent or electrostatic immobilization, the im-
mobilization was accomplished by functionalizing an Anderson-type polyoxo-
metalate with pyrene to form a Py-poyloxometalate species. In this way, a π-π 
interaction is enabled between the pyrene group and the surface of the carbon 
nanotubes, which has a debundling effect on the carbon nanotubes. The fresh 
unchanged carbon nanotubes in Fig. 1.21 have regular and even features while 
the modified surface with Py- poyloxometalate species is highly uneven, show-
ing the efficiency of this methodology in the modification of the carbon nano-
tube surface. The incorporation of the two materials electrochemically enhances 
the nanocomposite, which can serves as an anode material in a lithium battery.

He et al. reported the preparation of H3PW12O40 and H3PMo12O40 supported 
on g-C3N4 to utilize them as hybrid photocatalysts for the degradation of meth-
ylene blue and phenol. One-pot hydrothermal synthesis of g-C3N4 and poly-
oxometalates at different loadings was utilized to immobilize the heteropoly 
acids. The results revealed that at 6% loading, the obtained materials had the 

FIG. 1.20  TEM micrograph of (A) fresh carbon nanotubes, and (B–D) Py-Anderson-CNTs nano-
composite [195].
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highest surface area and pore volume, which provided the best photocatalytic 
performance. The SEM images of the g-C3N4 modified by polyoxometalates 
(Fig. 1.22) suggest that the prepared material lacks a well-defined morphology, 
which is probably attributable to the poor dispersion of g-C3N4 and is chal-
lenging to control during the hydrothermal synthesis. Nonetheless, the X-ray 

FIG. 1.21  Carbon nanotubes modified with Py-Anderson clusters through noncovalent function-
alization [195].

FIG. 1.22  SEM micrograph of C3N4 modified with PMo12O40 (A and B), and PW12O40 (C and 
D) [199].
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diffraction analysis indicated that the existent of the crystalline planes in the 
synthesized materials may explain their efficiency as photocatalysts.

1.16.  Organic/inorganic hybrid materials

Solidification of a polyoxometalate simply with an inorganic countercation has 
been a conventional routine for obtaining a heterogeneous solid-oxide catalyst 
based on a heteropoly acid. However, in order to exploit the molecular character 
of a polyoxometalate in a more effective fashion in heterogeneous catalysis sys-
tems, it is extremely desirable to introduce a high-dimensional structure, e.g., a 
porous structure, into the polyoxometalate material. To satisfy this, the organic/
inorganic hybridizing of a polyoxometalate is regarded as the most appropriate 
approach since currently a wide range of hybrid compounds of polyoxometalates 
can be created either by covalent bonding between the organic and inorganic 
components or through noncovalent electrostatic interactions between the two 
moieties. This approach not only works for the introduction of a high-dimensional 
organic structure around the polyoxometalate but also generates a synergetic ef-
fect between the organic and inorganic components on the heterogeneous cata-
lyst. A basic classification of various organic/inorganic hybrid materials based on 
the organic/inorganic framework is given in Fig. 1.23 [200]. Moreover, according 
to this classification, a few examples of catalysts that can work heterogeneously 
are given in Table 1.8 [200]. In general, polyoxometalates can be versatile build-
ing blocks of supramolecular complexes since polyoxometalates display a wide 
variety of self-assembly properties [201]; therefore, controlling the formation of 
organic/inorganic hybrid networks in self-organization processes becomes pos-
sible. This means that the correct design of an organic component for the synthe-
sis of hybrid materials is very important.

Hybrid materials prepared from a polyoxometalate in a three-dimensional 
crystalline structure (Type A) are, in most cases, a condensed packing structure 
and form a large group of organic/inorganic materials. However, they have been 
rarely used as heterogeneous catalysts. Pyridinium salt of PMo12O40 is seem-
ingly the first instance of this type [202]. This hybrid material, after heating for 
partial removal of pyridinium ions and reducing the polyoxometalate, exhibited 
particularly high catalytic performance for the selective oxidation of propane 
to acrylic acid in gas phase. This hybrid material is active only if the reduced 
polyoxometalate and remaining pyridinium ion are retained in the structure. 
Therefore, the electrostatic stabilizing effect of the pyridinium ion on the re-
duced polyoxometalate, where the catalytic oxidation occurs, is a critical point 
and maintained by the organic hybrid structure.

Type B is a hybrid material with a dendritic-type framework around the 
polyoxometalate. In the majority cases, each polyoxometalate is connected 
to organic polycations and surrounded by them; these polycations are tripods 
consisting of triammonium groups; alternatively, they may be encapsulated 
by cationic surfactants [203] or ionic liquids [204]. The dendritic isolated 
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supramolecular structure possesses a hydrophilic polyoxometalate core and a 
hydrophobic shell with a precise composition [205,206]. The described situa-
tion raises the stability of the polyoxometalate core as well as its catalytic activ-
ity. The dendritic-type polyoxometalates have found many catalytic applications 
in homogeneous systems [207] in which dendritic-type catalysts exhibit better 

FIG. 1.23  Organic/inorganic hybrid of POM [200].



TABLE 1.8  A polyoxometalate with an organic/inorganic hybrid as a heterogeneous catalyst.

Classification Example Catalysis

3D crystal (Pyridinium) × PMo12O40 Selective oxidation of alkanes in gas phase

(Pyridinium) × NbPMo11VO40 Selective oxidation of alkanes in gas phase

[1, 1 ′− (Butane − 1, 4 − diyl) − bis(3 − methylimidazolium)]2.5PMo12O40 Oxidation of benzene with hydrogen peroxide to 
phenol

[1 − Butyl − 3 − methylimidazolium]3PW12O40 Azlactones Erlenmeyer synthesis

[Cu(ethylenediamine)2]1.5[Cu(ethylenediamine)(2, 2 ′− bipyridine)(H2O)n]
Ce[(α − PW11O39)2]

Photocatalytic decomposition of rhodamine-B

Encapsulated PW4O24/[Fe3O(H2O)2(F){C6H3(CO2)3}2 ⋅ nH2O (n = 14.5)] Epoxidation of olefins with hydrogen peroxide

PW11TiO40/[Fe3O(H2O)2(F){C6H3(CO2)3}2 ⋅ nH2O (n = 14.5)] Oxidation of cyclohexane, α-pinene, and caryophyllene 
with oxygen gas and hydrogen peroxidein liquid-phase

PW12O40/[Cr3O(H2O)2(F){C6H3(CO2)3}2 ⋅ nH2O (n = 14.5)] Selective dehydration of fructose and glucose to 
5-hydroxymethylfurfural

PW12O40/[Cr3O(H2O)2(F){C6H3(CO2)3}2 ⋅ nH2O (n = 14.5)] Knoevenagel condensation, esterification of acetic acid 
and n-butanol

{[Cu2(4, 4 ′− bipy)4(H2O)4](SiW12O40)(H2O)18}n Selective oxidation of ethylbenzene with TBHP

{[Ho4(dpdo)8(H2O)16BW12O40]3 ⋅ 2H2O}(BW12O40)2 ⋅ (H1.5pz)2 ⋅ (H2O)11 Catalytic phosphodiester bond cleavage of bis(4-
nitrophenyl) phosphate

[Cu3(C9H3O6)2]4[{(CH3)4N}4CuPW11O39H]3 40 − H2O Aerobic oxidation of H2S to S8

H3PW12O40/Cu3(benzene tricarboxylic acid)2 Acid-catalyzed esterification

Continued



Classification Example Catalysis

[Cu2(1, 3, 5 − benzenetricarboxylate)4/3(H2O)2]6[H2SiW12O40] · (C4H12N)2 Dehydration of methanol to DME, formation of ethyl 
acetate from acetic acid and ethylene

H3[(Cu4Cl)3(1, 3, 5 − benzenetricarboxylate)8]2 − [PW12O40] ⋅ (C4H12N)6 ⋅ 3H2O Adsorption and decomposition of dimethyl 
methylphosphonate

[Cu2(1, 3, 5 − benzenetricarboxylate)4/3(H2O)2]6[HnXM12O40] (C4H12N)2 
(X = Si, Ge, P, As; M = W, Mo)

Heterogeneous catalytic hydrolysis of esters in excess 
water

[Cu5(pyrazine)6Cl][HPMo12O40] Photocatalytic decomposition of rhodamine-B

H[{Ce(H2O)5}2{Ce(pyridine − 2, 6 − dicarboxylate)2(H2O)4} 
{Ce(pyridine − 2, 6 − dicarboxylate)3}(PW12O40)]2H2O

Photocatalytic H2 evolution under UV irradiation

Linked
Tetrabutylammonium PMo Mo O OH Zn C H COOV VI� � � ��� �� � ���3 8 4 36 4 4 6 3 3

���4 3 236
/

H O
Electrocatalytic hydrogen evolution reaction

Tb[V6O13{(OCH2)3C(NH2CH2C6H4 − 4 − CO2)} 
{(OCH2)3C − (NHCH2C6H4 − 4 − CO2)}2]

Aerobic oxidation of PrSH

Dendritic Tris[2-(trimethylammonium)ethyl]-1,3,5-benzenetricarboxylate-[ZnWZn2(H2

O)2(ZnW9O34)2]
Epoxidation of primary allylic alcohols with H2O2

Benzene-1,3,5-[tris(phenyl-4-carboxylic acid)] tris (2-trimethyl-ammonium 
ethyl) ester-[PW11O39)

Epoxidation of olefins with hydrogen peroxide

Dendritic polyammonium hexaPW12O40 Epoxidation of olefins with hydrogen peroxide

TABLE 1.8  A polyoxometalate with an organic/inorganic hybrid as a heterogeneous catalyst—cont’d
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catalytic activity and reusability in comparison with simple organic ammonium 
polyoxometalate. When tripodal branched organic polyammonium salts were 
utilized for the synthesis of [(WZnZn2(H2O)2].[(ZnW9O34)2] catalysts, the ob-
tained dendritic hybrid materials formed three-dimensional, amorphous, coral-
shaped, perforated materials with mesopores, which were capable of catalyzing 
the epoxidation of allyl alcohol with hydrogen peroxide in a highly effective and 
selective manner [208].

Type C is related to the encapsulated polyoxometalate in a three-dimensional 
organic framework, while it is encapsulated in a layered framework in type D. 
The polyoxometalate can be introduced into the organic framework step by 
step [209] or else the polyoxometalate can be encapsulated via a one-step self-
assembling procedure. In the latter, the polyoxometalate is sometimes consid-
ered as a template to shape the organic framework [210]. The host framework 
encapsulates a polyoxometalate must meet the following criteria to prove ad-
equate in heterogeneous catalysis:

	(1)	 appropriate cavities with the suitable shape and size to encapsulate one 
polyoxometalate molecule in each cavity—this allows the dispersion of 
polyoxometalates at a molecular level;

	(2)	 appropriate openings that allow for the reactant and product diffusion;
	(3)	 a balance between the hydrophilicity and hydrophobicity for accessing the 

reactant and releasing the product during the catalysis process; and
	(4)	 a framework of enough stability and integrity capable of keeping the het-

erogeneous catalytic function [211].

By taking the above criteria into account in the design and synthesis of hy-
brid materials of this type, a wide variety of polyoxometalate-encapsulated hy-
brid materials have been synthesized among which metal-organic frameworks 
(MOFs) have been widely utilized and successfully offered a novel type of het-
erogeneous catalysts (Table 1.7). The most outstanding examples of this type 
would be [Cu2(BTC)4/3(H2O)2]6[HnXM12O40].(C4H12N)2 (X = Si, Ge, P, As; 
M = W, Mo), which are achievable from a simple, one-step hydrothermal reac-
tion, and exhibited proper heterogeneous acid catalysis with pore-size depen-
dency as illustrated in Fig. 1.24 [211]. The catalyst is readily recovered from the 
aqueous solution by filtration. The metal-organic framework prevents from the 
conglomeration of H3PW12O40 so that was reusable without any significant loss 
of activity. Types E and F are the most advanced one given their high dimen-
sionality in structure. The difference between Types C and D and Types E and 
F is in the location of the polyoxometalate within the framework; in the former 
types, the polyoxometalate is located inside the framework cavity while in the 
latter, the polyoxometalate is linked to linkers to form cavity. Therefore, these 
types of polyoxometalate hybrid form a new family of zeolitic MOF, denoted 
by Z-POMOFs. Two strategies have been proposed for the design and synthesis 
of Z-POMOFs. One is the POM-metal-ligand-metal-POM linkage, in which the 
polyoxometalate is first capped with a transition metal cation; then it is linked 



48  Heteropolyacids as highly efficient and green catalysts

with an organic ligand through the metal cation. The second strategy is the 
POM-ligand-metal-ligand-POM linkage in which the polyoxometalate is first 
covalently bonded to an organic ligand and then they are linked to each other 
through transition metal cations [212]. The POM-ligand connection is achieved 
by replacing the terminal oxo ligands with ligands such as nitride, imido, hydra-
zido, etc. or by forming organisilyl, organotin, or organophosphoryl derivatives 
of lacunary polyoxometalate clusters. These species do not have many applica-
tions as heterogeneous catalysts. Nevertheless, a study evidently revealed the 
high electrocatalytic property of Z-POMOF for the of reaction hydrogen evolu-
tion which is attributable to the Z-POMOF structure and also to the confinement 
effect [213]. This exceptional feature is capable of promoting the synthesis of 
many more types of Z-POMOF for the creation of new efficient heterogeneous 
catalysts based on the Z-POMF structure.

1.17.  Various morphological states

As noted earlier, supramolecular self-assembling into materials with three-
dimensional hybrid structures is driven by covalent interactions between the 
polyoxometalate and other building blocks; however, noncovalent interactions 
(i.e., hydrogen bonding, p-p stacking, van der Waals forces, and electrostatic 
interactions) occur in a complicated fashion to create unanticipated shapes 
in the resulting solids. That is to say, organic substances, which are utilized 
for the synthesis of organic/inorganic hybrid materials, not only influence the 
structures at a molecular level but also affect the particle morphology of the 
obtained substances. The morphological shapes of the heterogeneous solid-
state catalysts frequently influence the catalytic properties, mostly due to the 

FIG. 1.24  Left: crystalline structure of H3PW12O40‑copper-nitrate-benzene tricarboxylate com-
plex with pore A that accommodates the Keggin polyanion and open pore B, and its size-selective 
catalysis for the hydrolysis of esters. Right: (a) methyl acetate, (b) ethyl acetate, (c) methyl benzo-
ate, (d) ethyl benzoate, and (e) 4-methyl-phenyl propionate [200].
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incoherence between the surface structure and bulk structure of the solid state 
catalyst. Morphological shapes of the POM-based hybrid materials principally 
have reduced effects on their catalytic activity as molecularity of polyoxometa-
late is retained even on the surface of the hybrid materials because of the supra-
molecular self-assembling. However, nanomorphology architecture in hybrid 
polyoxometalate systems is important in the construction of artificial cells, 
nano-sized compartments, nanomembranes, and nanoreactors, all of which re-
sult in an additional structural dimension [214].
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Chapter 2

Heteropoly acids: An overview

2.1  Polyoxometalates

2.1.1  Historical backgrounds

Polyoxometalates (POMs) have a history as early as 1826, when the first hetero-
poly salt, ammonium 12-molybdophosphate, was discovered by Berzelius. In 
1848, Svanberg and Struve pioneered the determination of phosphorus based on 
this compound in analytical chemistry, which has been widely in use since then. 
About 750 heteropoly compounds had been reported by 1908. Nonetheless, the 
structures of POM species remained a challenge for more than a century after 
their discovery. Werner, Miolati, Rosenheim, and Pauling suggested structures 
based on metal‑oxygen polyhedrons with shared edges and/or corners.

It was not until 1933 that Keggin solved the structure of the most important 
12:1 type of heteropoly anions (HPAs), employing the powder diffraction study 
of H3[PW12O40] [1]. The structure, which is now named after its discoverer, 
consisted of 12 WO6 octahedrons bound by shared edges and corners, while 
the heteroatom occupied a tetrahedral hole in the core. Evans managed to de-
termine the structure of another widespread type of POMs, i.e., the Anderson’s 
6:1 heteropoly anion, using the single-crystal X-ray analysis of [TeMo6O24]

6  − 
salts in 1948. It is now known as the Anderson-Evan’s structure [2]. The next 
new structure, i.e., 18:2 (or 9:1) heteropoly anion [P2W18 O62]

6  −, was reported 
by Dawson in 1953, and is currently known as the Wells-Dawson’s structure 
[3]. They demonstrated that the structure was closely related to the Keggin 
structure. Then, in 1968, Dexter and Silverton reported the X-ray structure of 
[CeMo12O42]

8  − and proved that the large cerium heteroatom occupied a CeO12 
central icosahedron [4].

In the early 1970s, the chemistry of POMs developed significantly. This 
period as well as the next 2 decades (1980s–1990s) witnessed extensive work 
by many groups from all around the world. Due to the growth of applications 
of heteropolyanions in various areas, the number of such groups further in-
creased. The X-ray structures of approximately 180 POMs had been reported by 
1995 [5], among which, salts of giant heteropoly anions such as [La16As12W148 
O524]

76  − (ion mass about 40,000, diameter 40  Å) and others were prepared 
and characterized by Muller et al. [6]. Modern characterization techniques had 
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resulted in a much better grasp of the principles governing the structures of 
polyoxometalates and their properties. However, many essential problems with 
respect to the structural principles, mechanisms of syntheses, and reactivity of 
POMs remain unresolved.

2.1.2  A survey on Polyoxometalates

These compounds are members of a large group of nanosized metal‑oxygen 
cluster anions [7] formed by a self-assembly process, typically in acidic aque-
ous solutions as illustrated by Eqs. (2.1) and (2.2). The oxoanions of molybde-
num (VI), tungsten (VI), and vanadium (V) have the unique capability of going 
through condensation reactions under acidic conditions, which is an extraordi-
nary feature of these compounds. This process results in the formation of poly-
nuclear metal-oxide anions. The exceptional chemical and structural diversity 
of such anions has created a plethora of scientific research from principal stud-
ies [8–16] to applied industrial fields [17–22]. These oxoanions can be isolated 
in solid form if coupled with proper countercations such as alkali metal cations, 
ammonium ions, etc. The structures of these species follows the general rule 
that the metal centers (M) coordinate to oxygen ligands and form coordination 
polyhedrons of the type [MOy] (with y = 4–7). The resulting structures may in 
turn go through further condensation reactions:

(2.1)

(2.2)

Octahedral structures [MO6] (M = molybdenum, tungsten, vanadium, etc.) 
are by far the most common building blocks which are in turn linked to form 
larger clusters through shared edges and/or corners; that is to say each octahe-
dron is linked by one (shared corners) or two bridging oxygen ligands (shared 
edges) to other octahedrons. Besides the important metal centers such as molyb-
denum (V/VI) and tungsten (V/VI), increasingly more structures of vanadium 
(IV/V), niobium (V), and tantalum (V) are being published. The abundance of 
polyoxometalate containing molybdenum and tungsten is due to several factors, 
which will be related as follows.

The molybdenum or tungsten center in a POM is typically found in its 
highest two oxidation states, which are fully oxidized (VI) or reduced by one 
electron (V). Consequently, they bestow empty d orbitals, which pave the way 
for the formation of strong metal oxide π-bonds besides the coordinative bond 
between the metal center and the oxygen atom as a ligand. Such π-bonding is 
possible between an occupied ligand orbital (px or py) and a metal d-orbital 
of similar symmetry (dxy, dxz, or dyz). This mode of bonding directly results 
in terminal double bonds between the metal center and oxygen atoms (MO) 

8H 7WO W O 4H O+ − −
+ → [ ] +4
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characterized by a drastic decrease in basicity (and accordingly nucleophilic-
ity), which in turn restricts the growth of the metal-oxide structures and leads 
into the formation of separated clusters in place of infinite solid-state struc-
tures [23]. Curiously, the metal center polarizes the oxygen atoms, causing 
extremely weak bonding of protons by terminal oxygen ligands and explaining 
the high acidity of POMs [24]. In addition, the structural variety in both molyb-
denum- and tungsten-based polyoxometalates is their capability in accepting 
various numbers of oxygen atoms as ligands to form coordination polyhedrons 
that range from tetrahedral [MO4] to pentagonal bipyramidal [MO7] structures. 
The reason for this capability can be traced to the ratio of charge to ionic ra-
dius, which paves the way for effective bonding of oxygen ligands and hence 
the assembly of the usual building blocks as well as more condensation to 
larger fragments (Table 2.1). Conversely, elements such as chromium, tanta-
lum, and niobium lack such versatility in coordination geometry and therefore 
they exhibit restrictions in the number of polyoxoanions they can form.

In general, two types of polyoxometalates can be distinguished based on their 
chemical compositions, i.e., isopoly anions and heteropoly anions, which may be 
represented by the general formulas [MmOy]

p  − and [XxMmOy]
q  − (x < m), respec-

tively. In these general formulas, M is the addenda atom and X is the heteroatom, 
which is also called the central atom when located in the center of the polyanion.

TABLE 2.1  Comparison of the ionic radii of some typical polyoxo anion-
forming metals.

Element 
(oxidation state)

Coordination 
number

Ionic radius/Å 
[25]

Ratio oxidation 
state: ionic radius

MO(V) 6 0.61 8.20

MO(VI) 6 0.59 10.17

W(V) 6 0.62 8.06

W(VI) 6 0.60 10.00

V(IV) 5 0.53 7.55

V(IV) 6 0.58 6.90

V(V) 5 0.46 10.87

V(VI) 6 0.54 11.11

Cr(V) 6 0.49 10.20

Cr(VI) 6 0.44 13.64

Ta(V) 6 0.64 7.81

Nb(V) 6 0.64 7.81
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Clusters only comprised of addenda atoms and oxygen ligands (with the 
ability of being protonated) are specifically called isopolyoxometalates, to em-
phasize the fact that there are no additional elements (other than H). On the 
other hand, a wide range of polyoxometalates includes an additional heteroatom 
X that often plays a crucial structural role. This category of polyoxometalates 
is known as heteropolyoxometalates. The heteroatoms observed so far approxi-
mately include the whole periodic table.

2.1.3  Applications

The numerous and varied applications of polyoxometalates are primarily piv-
oted around their ionic charge, redox properties, conductivity, photochemical 
response, and ionic weights. Therefore, the study of polyoxometalates contin-
ues to draw considerable attention and the number of publications and patents 
is still growing. The basic properties of a particular polyoxometalate that add 
value to these compounds are listed in Table 2.2.

TABLE 2.2  Valuable properties of polyoxometalates.

Entry Property

1 Metal oxide like

2 Anionic (charge from −  3 to −  14)

3 Stable (H2O/air, T): processing advantage

4 Large size (diameter, 6–25 Å)

5 Discrete size/discrete structure (confined geometric factors)

6 High ionic weight(103–104)

7 Fully oxidized compounds/reducible

8 Variable oxidation numbers for the addenda atoms (E1/2) 0.5 to 
−  1.0 V vs. SCE

9 Color of oxidized forms different from color of reduced forms

10 Photoreducible

11 Arrhenius acids (pKa < 0)

12 Incorporate more than 70 elements and form large number of 
structures: processing advantage

13 Acid forms very soluble in H2O and other oxygen carrying 
solvents (ethers, alcohols, ketones); also soluble or transferable 
into nonpolar solvents: processing advantage

14 Hydrolyzable to form deficient structures: processing advantage
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Given the abovementioned valuable properties, polyoxometalates are be-
ing welcomed by technologists and material scientists and evaluated from 
various application viewpoints. A majority of the applications of polyoxometa-
lates falls in the field of catalysis. Between 80% and 85% of applied literature 
and patents investigate or claim polyoxometalates for their catalytic proper-
ties. Other categories listed in Table 2.3 entail the remaining 15%–20% of the  
applications [26].

Many systems, in both oxidized and reduced states, serve as powerful cata-
lysts because they can be readily converted to reactive forms using light and 

TABLE 2.3  Categories of polyoxometalate applications.

Entry Application

1 Catalysis

2 Medicine

3 Coatings

4 Analytical chemistry

5 Processing radioactive waste

6 Separations

7 Sorbents of gases

8 Membranes

9 Sensors

10 Dyes/pigments

11 Electro optics

12 Electrochemistry/electrodes

13 Capacitors

14 Dopants in nonconductive polymers

15 Dopants in conductive polymers

16 Dopants in sol-gel matrixes

17 Cation exchangers

18 Flammability control

19 Bleaching of paper pulp

20 Clinical analysis

21 Food chemistry
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electricity, even though they are thermally and photochemically highly stable 
[27–30]. Instances from almost all categories of reduced polyoxometalates have 
been demonstrated to catalyze redox reactions. An important catalyst among 
polyoxometalates is the species decatung state [HWvW9

VIO32]
4  −, which is re-

duced by one electron. The species is a classic photocatalyst that catalyzes the 
dehydrogenation of alkanes to give alkenes [27].

These compounds are usually incorporated into multicomponent clusters to 
let them synergistically take advantage of their exclusive valuable properties 
along with the properties of the other components of the composites. Properties 
like electrochromicity, ion conductivity, redox activity, good thermal stability, 
and complex formation with a plethora of cations are employed in applications 
that include surface coating, membranes, thin films, electrochemical instru-
ments, analytical reagents, pigments, etc. Of these properties, good thermal 
stability has been widely cited as an advantage in comparison to other similar 
materials.

As pointed out, polyoxometalates have also been used in surface coating, 
membranes, or films. Applications in these areas include corrosion-resistant 
coatings, surface modifiers of substrates (i.e., carbon electrodes), sol-gel matri-
ces, conductive and nonconductive polymer membranes, pigments, wood pulp 
bleaching agents, toners, reagents for chemical/biochemical analysis, nuclear 
waste processing, etc.

As heteropoly compounds are extremely important for catalyzed reactions 
and other applications, this book is mainly focused on them. Heteropoly ac-
ids—strong acids composed of a heteropoly anion and protons as the counterca-
tions—constitute a special case of heteropoly compounds which are particularly 
important for catalytic applications.

The most common addenda atoms are molybdenum or tungsten, vanadium 
and niobium (though less common), or mixtures of such in their highest oxida-
tion states (d0, d1). A much broader range of elements serve as heteroatoms; 
therefore, almost all elements of the periodic table can be incorporated in het-
eropoly anions. However, the most typical of them are P5  + As5  +, Si4  +, Ge4  +, 
B3  +, etc. Molybdenum(VI) and tungsten(VI) are the best transition metals to 
form polyoxometalate elements because of a favorable combination of ionic ra-
dius and charge as well as the accessibility of empty d-orbitals for metal‑oxygen 
π bonding [31].

2.1.4  Structures

Scores of structural types and stoichiometries have been identified for hetero-
poly anions (HPAs). The lower limit of condensation degree for addenda atoms 
can be arbitrarily set in the range of 2–6 [5,31]. However, the upper limit may 
grow as large as a few hundred. For instance, a colossal heteropolytungstate 
like [La16Asi12W148 O524]

76  − contains 28 heteroatoms (La, As) as well as 148 
addenda atoms (W) [6].
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The structures follow two general rules [5,6,26–32]:
	(1)	 Addenda atoms are involved in metal‑oxygen polyhedrons MOx, which are 

usually octahedrons. Due to MO π-bonding, the metal atom is dislocated 
from the inversion center toward the peripheral vertices in such polyhedrons.

	(2)	 In general, structures with an MO6 octahedral containing more than two 
free vertices cannot be found amidst usual HPAs. This restriction, known 
as the Lipscomb principle, may be considered as a direct outcome of the 
strong trans effect of terminal MO bonds, which works to facilitate the 
dissociation of MO3 from the polyanion [33].

As pointed out by Pope and Muller, the variety of HPAs structures can be 
easily discussed starting with a few parent polyanions of high symmetries. Then 
many other structures can be regarded as their derivatives [31,32]. Three of such 
parent structures, with a tetrahedron, an octahedron and an icosahedron as their 
central polyhedron XOn (n = 4, 6, and 12, respectively) specify the symmetry 
of all polyanions. The structures will be clarified in the following subsections.

2.2  Heteropoly acids

As an eminent group of polyoxometalates, heteropoly acids consist of hydrogen 
and oxygen atoms along with particular metals and nonmetals. To be considered 
a heteropoly acid, a species has to have a heteroatom (an element usually from 
the p-block of the periodic table, e.g., silicon, phosphorus, or arsenic), addenda 
atoms (i.e., a metal such as tungsten, molybdenum, or vanadium), oxygen atoms 
(to bridge the metal atoms), and acidic hydrogen atoms. The metal addenda 
atoms are linked by bridging oxygen atoms to construct a cluster inside which 
the heteroatom is bonded to oxygen atoms. It is noteworthy that species with 
more than one type of metal addenda atoms in the cluster are widely known. 
The conjugate anion of a heteropoly acid is referred to as a polyoxometalate.

Heteropoly acids typically are synthesized by acidification of the aqueous 
solution of the metaloxoanion and an appropriate heteroatom compound [34–40]  
in a suitable ratio. Acidification results in dehydration and polymerization of 
the metaloxoanion. Different structures may be formed depending on the condi-
tions (i.e., temperature, pH, and countercations). In addition to the pH, control-
ling the central atom to metal atom ratio (X/M) is essential to afford the desired 
structure. Acidification is accomplished by adding a mineral acid. In order to 
isolate the heteropoly acid, extraction with ether (the etherate method) can be 
used. Shaking the aqueous acid solution with an excess of diethylether gives 
three separate phases: a lower aqueous layer, which is separately treated with 
more ether to recover the remaining heteropoly acid as much as possible; an up-
per layer of the excess ether; and a middle heavy oily etherate containing a com-
plex between the ether molecules and the heteropoly acid. This complex may be 
hydrolyzed by adding a measured amount of water. After the ether is removed, 
the concentrated aqueous solution containing the heteropoly acid is evaporated 
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to crystallization [41]. In a different method, the excess ether of the etherate 
complex is first removed by evaporation; then the solid acid is obtained by dry-
ing and thermal decomposition of the ether complex at 80–100°C. However, 
the etherate method has the disadvantage that large amounts of the product are 
wasted and consequently the yield is diminished. The acid may be exchanged 
with other metal ions by solving in an aqueous solution and adding the proper 
metal salt. If the acquired salt or acid/salt mixture is soluble, it is recovered by 
evaporating the solvent.

Two types of protons have been determined to be present, i.e., strongly acidic 
protons that their number is related to the defined structures and weakly acidic 
protons that their number is varied. Heteropoly acids are usually represented as 
acid salts due the presence of the above-mentioned type of protons.

In fact, among HPAs, heteropolytungstates and heteropolymolybdates 
are much more known and prevalent than the other species. Their molecular 
weights are very high (some more than 4000) in comparison with those of other 
inorganic electrolytes; they are highly soluble in water and organic solvents, 
almost always existing in extensively hydrated forms, and highly colored. Some 
of them are strong oxidizing agents capable of being reduced to stable, pro-
foundly dark blue species (called heteropoly blues), which in turn can serve as 
a reducing agent and reinstate the original color upon oxidation.

Heteropoly acids, like every other major solid acid catalyst, have a unique 
hexagonal cage-like structure so that there is a certain gap between heteropoly-
anions in the bulk phase. This feature allow for smaller polar molecules to enter 
the bulk phase of the heteropoly acid forming a pseudoliquid phase, which is 
capable of showing homogeneous catalytic characteristics [42]. It is because of 
the presence of such surface-type and pseudoliquid phase catalysis that hetero-
poly acid catalysts are able to act not only on the surface of the catalysts but 
also from inside [43]. Therefore, heteropoly acids usually demonstrate more 
catalytic activity and selectivity compared to similar catalysts.

They have definite and stable structures, which have proven quite useful 
for the design and synthesis of novel catalysts at molecular and atomic levels. 
Furthermore, given their solubility in polar solvents and unique reaction field 
[44] (the pseudoliquid phase behavior mentioned previously), heteropoly acids 
may be used in both homogeneous or heterogeneous catalytic systems. Due 
to their acidity and oxidizing properties, heteropoly acids can be employed as 
acid-catalyzed oxidation catalysts or bifunctional catalysts. Their catalytic func-
tionality is adjustable by changing the coordinative central atom and/or coun-
tercation without changing the very anion structure of the heteropoly acid. They 
are also transferrable into nonpolar solvents (e.g., benzene, toluene) through 
the action of a phase-transfer reagent (e.g., quaternary ammonium salts, ha-
logenated hexadecyl pyridine). During phase transfer, they lose coordination 
water (acetone, pyridine, etc.) and inorganic molecules (sulfur dioxide, nitrogen 
dioxide, etc.) to form new complexes. Heteropoly acids can therefore exhibit 
sufficient catalytic activity in different processes. Nevertheless, because their 
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specific surface areas are quite small [45], their recycle and reuse are very dif-
ficult. Dispersing the heteropoly acid on an appropriate support or carrier of a 
large specific area can resolve such problems to a great extent [46].

2.3  Nomenclature

A systematic nomenclature has been developed for HPAs [31,47] that uses a 
labeling system for the metal atoms. In some cases, in order to avoid ambiguity 
the oxygen atoms are labeled as well. However, the names that resulted from this 
system are too lengthy and complicated. They are thus never used in practice. 
Usually, a simplified conventional nomenclature system suffices for reporting 
and retrieving information in the field. Sometimes even trivial names will do. 
In this book, we adopt the current nomenclature that regards polyoxometalates 
(also referred to as heteropoly compounds, heteropoly anions, polyoxoanions, 
or simply polyanions) as quasicoordination complexes [31]. The heteroatom, in 
the case of heteropoly compounds, is considered as the central atom of the com-
plex and the addenda atoms are treated as ligands. In heteropoly anion formulas, 
the heteroatoms are mentioned before the addenda atoms; the whole heteropoly 
anion is surrounded by square brackets to be separated from the countercations. 
The following examples help clarify the matter:

[SiW12O40]
4  −: 12-tungstosilicate or dodecatungstosilicate.

H3[PMo12O40]: 12-molybdophosphoric acid.
Na5[PMo10V2O40]: sodium decamolybdodivanabdophosphate.

For simplification purposes, the countercations, the polyanion charge, and 
even the oxygen atoms may be dropped. For instance, Na6[P2Mo18O62] is short-
ened to {P2Mo18O62} or P2Mo18.

2.4  Classification of heteropoly acids

Heteropoly acids are categorized based on the relative numbers of the central 
atoms and the metal addenda atoms in the surrounding octahedral units. On this 
basis, four different major classes can be recognized.

	(1)	 1:12 tetrahedral: These are found with small heteroatoms such as PV, AsV, 
SiIV, and TiV that yield tetrahedral oxoanions. Two important examples of 
this class are [PW12O40]

3  − and H3[PMo12O40].
	(2)	 2:18 tetrahedral: If solutions of 1:12 anions [XVM12O40]

3  − are allowed 
to stand, generally 2:18 [X2M18O62]

6  − ions are produced. The ion may be 
best considered to be formed from two 1:12 anions each losing three MO6 
octahedral units before fusing the other one.

	(3)	 1:6 octahedral: This type is formed with larger heteroatoms, which are 
able to coordinate to six edge-sharing MO6 octahedrons. Examples are 
[TeVIMo6O24]

6  − and [XIIIMo6O24]
6  − that result from a ring of six octahe-

drons around the heteroatom.
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(4)	1:9 octahedral: These ions are structurally comprised of edge-sharing MO6 
octahedrons. Examples are [MnMo9O32]

6  − and [Ni4  +  Mo9O32]
6  −.

Heteropoly acids can therefore be classified as the Keggin structure (1:12), 
the Wells-Dawson structure (2:18), the Anderson-Evans structure (1:6), the 
Dexter-Silverton structure (1:9), and their derivatives, which include the transi-
tion metal substituted heteropoly anions, transition metal substituted sandwich-
type heteropoly anions, lacunary structures, and the Preyssler structure.

2.4.1  The Keggin structure

When the Keggin structure was discovered less than a century ago, structural 
chemistry of polyoxometalates witnessed a turning point. During the last 
decades, a plethora of studies have been carried out to broaden the scope of 
their applications. More importantly, these studies have expanded our grasp  
of nanomolecular metal oxides. Table 2.4 shows the progress in the chemistry of  
Keggin polyoxometalates [48].

Structural similarities of molybdenum- and tungsten-based Keggin struc-
tures with many emerging metaloxo, hydroxo, and alkoxo clusters indicated the 
existence of common metaloxo frameworks, blurring the traditional borders of 
polyoxometalate chemistry.

Presently, most of the modern polyoxometalate chemistry pivots around the 
idea of the Keggin structure, which is representative of many heteropolymolyb-
dates and heteropolytungstates. During 2 decades, a number of other common 
structures have been suggested and elucidated to provide a basis for this modern 
field.

The Keggin structure is the first characterized structure for HPAs which is 
assumed by many of them and is the best known [1]. Among a wide array of 
heteropoly compounds, the Keggin structures have the most stability and they 
are more easily available. These compounds, along with some of their deriva-
tives, are of the most significance for catalysis purposes.

The general formula for the Keggin heteropolyanions is [XM12O40]
n  −  8. X 

is the heteroatom, n is its oxidation state, while M is an addenda atom, which is 
commonly Mo6  + or W6  +, but it can be many other metal ions such as V5  +, Co2  +, 
Zn2  +, etc. The diameter of the Keggin anion is about 1.2 nm and is located at the 
center of a tetrahedron XO4 enclosed by 12 edge- and corner-sharing octahedral 
MO6 species (Fig. 2.1). The octahedrons are positioned in four M3O13 groups, 
each group formed by three edge-sharing octahedrons with a common oxygen 
atom, which also have a central tetrahedron XO4 in common. The total aggre-
gation consists of 40 close-packed oxygen atoms. The oxygen atoms fall into 
four categories, i.e., 12 in terminal MO bonds, 12 in edge-bridging angular 
MOM groups shared by the octahedron within an M3O13 group, 12 in corner- 
bridging quasilinear M-O-M groups connecting two distinct M3O13 groups, 
and four in internal XOM groups. These four types of oxygen atoms can be 
distinguished by the 17O NMR [31]. The related bonds show characteristic IR 
bands in the range of 600–1100 cm−  1 [31].



TABLE 2.4  Chronology of progress in the Keggin chemistry [48].

Year 1820–1900 Year 1900–1930 Year 1930–1940 Year 1940–1980 Year 1980 till date

1826 Berzelius-
Ammomium12-
molybdophosp hate

1908 Miolati-
heteroatom 
was octahedral 
coordination with 
MO4

2  − or M2O7
2  − 

ligands

1933 Keggin powder X-ray 
diffraction of [H3PW12O40].5H2O

Rigorous investigation 
over different types of 
POMs

Hundreds of POMs have 
been reported by different 
groups (especially by 
groups of Pope, Muller, 
Kortz, Hill, Newman, 
Cronin, Kholdeeva, 
Kozhevnikov, Misono, 
Okuhara, Moffat, Corma, 
Proust, Coronado, and 
many more)

1862 Marignac- α and β 
isomers of tungstosilicic acid

1929 Pauling-
Central PO4 or SiO4 
tetrahedrons are 
surrounded by WO6 
octahedrons

1934 Singer and Gross- 
H4SiW12O40, H5BW12O40, and 
H6H2W12O40 isomorphous with 
Keggin structure

1977 Brown and 
co-workers supported 
results of Bradley and 
Illingworth by single 
crystal experiments

 

  1936 Bradley and Illingworth-
crystal structure of 
H3PW12O40·29H2O
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Rotation of each M3O13 group by 60 degree about its C3 axis will result 
in geometrical isomers (Fig. 2.2). The structure in Fig. 2.1 is the most com-
mon α-isomer of the Keggin structure. Due to rotation of one M3O13 group, 
the β-isomer is created. Using methods such as fractional crystallization, these 
isomers can be separated in some cases. γ-, δ-, or ε-isomers can be produced by 
rotating two, three, or all four M3O13, respectively.

Measured treatment of Keggin species with a base can give rise to a lacunary 
species which is the result of removal of one or two MO units from the com-
pletely occupied Keggin. [XMVI

12O40]
n  − result in mono- or di-lacunary polyoxo-

metalates, i.e., [XMVI
11O39]

(n + 4)− and [XMVI
10O36]

(n + 5)− [24].
Formation of such species mainly depends on pH, with each species having 

a particular reactivity and stability trend. Therefore, from a synthetic viewpoint, 
extraordinary attention is paid to even minor changes in reaction conditions 

FIG. 2.1  The Keggin structure for the [XM12O40]
n  −  8 anion (or α-isomer) [49].
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such as pH, temperature, ionic strength, buffer capacity, and cation size, as each 
of the mentioned factors could potentially affect the polyanion equilibria and 
formation of a given product in a considerable manner [51,52].

A lacunary derivative of a Keggin anion is obtained by removing one or 
more M atoms, as shown in Fig. 2.3. This figure illustrates a few examples of 
lacunary derivatives (one monovacant and two trivacant species) of an α-Keggin 
anion. The two trivacant species correspond to loss of a corner-shared group 
of the MO6 octahedron (an A-type [XM9]) or an edge-shared group (a B-type 
[XM9]). Such species can assemble into larger polyoxometalate structures, ei-
ther directly or without incorporation of metal ion linkers.

They are also of broad applications in catalysis due to their exceptional 
adjustable properties at molecular levels through varying constituent ele-
ments [48].

FIG. 2.2  Polyhedral representation of the five different isomers of the Keggin-type anion [50].

FIG.  2.3  Polyhedral representation of different lacunary Keggin species: (A) monovacant,  
(B) divacant, and (C) trivacant. Color code: M, gray polyhedra and X, pink (light gray in print ver-
sions) polyhedra [50].
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2.4.2  The Wells-Dawson structure

The Dawson anion, [X2M18O62]
6  −, consists of two truncated XM9 Keggin 

units [53] symmetrically assembled to form an X2M18 cluster, as illustrated in 
Fig. 2.4. The most common compositions related to the Dawson structure are 
acquired from the phosphotungstate and molybdate anions (P2W18, P2Mo18). 
Species with sulfur or arsenic instead of phosphorus have been reported as well 
[55]. In P2M18 species, like other derivatives of the Dawson structure, the 18 
addenda atoms, in a local pseudo-octahedral environment, are organized in four 
parallel rings of three, six, six, and three metal ions each.

At variance to the highly symmetric Keggin anion, the structure presents two 
distinct positions: the M3 rings, located at the polar regions, are also called caps, 
and the two M6 rings are located at the equatorial region, forming the belt. These 
features result in some chemically different behaviors.

It is possible that metal addenda atoms are removed and/or substituted 
from the complete Dawson structure. The α1 and α2 isomers (the positional 
isomers, i.e., the shaded octahedrons in Fig.  2.5) are defined by the posi-
tion at which the process takes place. In spite of high structural similarity, 
these isomers are chemically different in some aspects. For example, in both 
mono-vacant and metal substituted forms (P2W17 and P2W17M, respectively), 
α1 and α2 exhibit different redox responses [56–61], basicities, and binding 
energies to M, which in turn result in different relative stabilities. It should be 
noted that the new properties of the compound are determined by the substi-
tuted atom, even though the position it takes in the final cluster is important 
as well.

In addition to positional isomers, Baker and Figgis postulated six rotational 
isomers for an [X2M18O62]

6  − anion (X = AsV, PV; M = MoVI, WVI) in 1970. 
Illustrated in Fig. 2.6, they are named as α, β, γ, and α*, β*, γ* [62].

FIG. 2.4  Construction process from a α-Keggin to an A-α-Dawson structure. Green octahedrons 
are MO6 units (M = W, Mo), while black tetrahedrons represent the XO4 anions [54].
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FIG. 2.5  The two positional isomers derived from a monosubstituted Dawson anion. Substitution 
takes place in the belt or cap rings to yield the α1 or α2 isomers, respectively [54].

FIG. 2.6  The six rotational isomers of the Dawson structure. Top: α, β, γ. Bottom: α*, β*, γ* [54].
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The α-[X2M18O62]
6  − anion is assembled from two A-α-XM9O34 half-units 

connected through six common oxygen atoms on a mirror plane. On the whole, 
the anion belongs to the D3h symmetry group. The β anion is related to the α iso-
mer through the rotation of a polar M3O13 group by π/3. The symmetry is then 
lowered to C3v. The rotation of another polar M3O13 group for a second π/3 will 
restore the mirror plane and subsequently the D3h symmetry for the γ isomer. In 
all cases, the hexagonal belts of the two XM9 fragments take the eclipsed con-
formation along the C3 axis. If an inversion center relates the two A-α-PW9O34 
half-units as suggested by Wells for P2W18O62 in 1945 [63], the resulting anion, 
which is named α* will belong to the D3d symmetry group. The two remaining 
isomers, i.e., β* (C3v) and γ* (D3d), are generated due to the rotation of one or 
both polar M3O13 groups of the α* isomer. In those cases, the hexagonal belts of 
both XM9 fragments are staggered along the C3 axis.

The polyoxometalate cluster [M18O54(SO3)2]
3  − (M = Mo, W) consisting of 

two embedded redox-active sulfite templates can be activated by a metallic sur-
face and reversibly interconvert between two electronic states [64]. Both tem-
plates can be substituted by one single template located in the cluster center to 
give a Dawson-like {W18X} polyoxometalate [65]. Indeed, the first discovered 
member of the family was an isopolyanion {W19} with a Dawson-type cage. 
The 19th tungsten is situated in the center of the cluster instead of the two 
tetrahedral heteroatoms usually found within the usual Dawson clusters [66]. 
The structural analysis of this cluster reveals that the internal tungsten ion could 
be substituted by other elements, such as Pt(IV), Sb(V), Te(VI), or I(VII). The 
polyoxometalates β*-[H3W18O56(IO6)]

6  − with an embedded high-valent iodine, 
and γ*-[H3W18O56(TeO6)]

7  −, with a tellurium anion TeO6
6  −, were reported 

thereafter (Fig. 2.7) [67]. It is noteworthy that the [IO6] unit inside the {W18} 

FIG.  2.7  Structures of the new Dawson-like {W18X} polyoxometalate. The {W18} cages are 
depicted using sticks while the central [XO6] group is shown using space-filling models. Left:  
γ*-[W18O56(XO6)]

10  − X  =  W(VI) and Te(VI). Right: β*- [W18O56(IO6)]
9  −, which is the first 

example of β* isomers [54].
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cage has the ability to stabilize the β* cage, which has been found to be rather 
high energy in a usual Dawson anion. The complete analysis of isomerism for 
these Dawson-like anions will be much more complicated when the presence of 
protons is considered.

2.4.3  The Anderson-Evans structure

An Anderson-Evans polyoxoanion consists of six edge-sharing MoO6 or WO6 
octahedrons around a central, edge-sharing heteroatom of the Oh geometry 
(XO6), giving rise to a planar arrangement with an approximate final D3d sym-
metry. The oxygen atoms have been found in three different coordination modes 
of such structures; six triple-bridged oxygen atoms (μ3-O) link the heteroatom 
and two metal addenda atoms, six double-bridged oxygen atoms (μ2-O) link two 
metal addenda atoms, and two terminal oxygen atoms (Ot) are linked to each of 
the six metal addenda atoms (Fig. 2.8A, top). The general formula can be writ-
ten as [Hy(XO6)M6O18]

n  −, where y = 0–6, n = 2–8, M = addenda atoms (i.e., 
Mo(VI) or W(VI)), and X = central heteroatom [31,69,70]. In a first classifica-
tion, the Anderson-Evans structures are divided into two categories: the nonpro-
tonated species (A-type) with central heteroatoms in high oxidation states and 
the general formula [Xn  +  M6O24]

(12  −  n)− (e.g., X = TeVI [71], IVII [72]), and the 
protonated species (B − type) with heteroatoms in low oxidation states and the 
general formula [Xn  +(OH)6M6O18]

(6  −  n)− (e.g., X = Cr(III) [73], Fe(III) [74]). 
The six protons in the B-type are located on the six μ3-O atoms around the het-
eroatom [31].

FIG. 2.8  (A) Ball-and-stick and (B) polyhedral representation of the Anderson-Evans polyoxo-
metalates [XM6O24]

n  − [68].
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The average dimensions of the Anderson-Evans anion are about 
8.6  ×  8.6  ×  2.7  Å3 (Fig.  2.8B); an isomer of this species is heptamolybdate 
([Mo7O24]

6  −) [68], which represents a bent structure (Fig. 2.8C). Heptamolybdate 
may be regarded as three edge-sharing octahedrons with two octahedrons located 
on each side of the cavity formed between the three octahedrons. The two octa-
hedrons on each side are shifted by a half octahedron to furnish a bent structure 
(Fig. 2.8C, bottom). Structures similar to the Anderson-Evans ones have been 
reported with the central octahedral heteroatom substituted by trigonal pyrami-
dal or tetrahedral atoms (such as VV [75,76], AsV, and TeIV [77,78] on each side 
of the planar structure, leaving the six-membered addenda ring unaffected. For 
color coding of the figures throughout this review, green/cyan octahedrons are 
used to illustrate addenda atoms that represent either Mo(VI) or W(VI) whereas 
red octahedrons represent Mo(VI) addenda octahedrons. Central heteroatoms are 
given a new color whenever a new XM6 system is discussed.

The elements found in the inorganic Anderson-Evans structures with oxi-
dation states ranging from II to VII are highlighted in Fig. 2.9. The element 
X in XMo6 systems (highlighted in red) involves a wider variety of heteroat-
oms compared to the one in XW6 systems (highlighted in green). All transi-
tion metals in the first row except Sc and Ti have been reported to serve as 
a heteroatom in XMo6 systems. The XW6 systems exist with MnII/IV and NiII 
forming the B-type Anderson-Evans polyoxometalates including six hydrogen 
atoms, which is relatively unusual when tungsten serves as addenda atoms [80]. 
Surprisingly, in view of the plethora of the hybrid structures in the MnIIIMo6 
systems, no inorganic crystal structure exists, even though the synthesis and 
spectroscopic characterization have been reported [81]. Thus far, among the 
heavier transitions metals, only noble metals have been able to enter in both 

FIG.  2.9  Periodic table illustrating heteroatoms in XMo6 and XW6 systems and the different 
cation linkers successfully applied [79].
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XMo6 and XW6 systems (Fig. 2.9). Posttransition metals and metalloids such 
as AlIII, GaIII, SbV, TeVI, and IVII are observed in XMo6 systems while SbV and 
TeVI are observed in XW6 systems. However, in both systems still many at-
oms are missing as heteroatoms while they are theoretically accessible based on 
their ionic radius. Noble metals such as Ru(II/III) and Rh(II) are not observed 
in either system, and many of the transition metals from the first row such as 
chromium, iron, cobalt, and copper are not found in the XW6 systems. Inorganic 
countercations (highlighted in orange) have instead been widely explored. Most 
of the alkali metals and alkaline earth metals as well as the entire lanthanide 
series are among them.

The Anderson-Evans structures demonstrate physical and chemical proper-
ties of high versatility. However, these properties are heavily dependent on the 
heteroatom, countercation, and any organic functionalization.

2.4.4  The Dexter-Silverton structure

A type of 12-heteropoly anions which is less common is [XM12O42]
n  −  12, where 

M is molybdenum(VI) and X is cerium(IV), uranium(IV), or thorium(IV). It 
takes the arrangement illustrated in Fig. 2.10, which is known as the Dexter-
Silverton structure. The molecular formula is very similar to that of the Keggin 
type except that it has two more oxygen atoms. In such anions, 12 oxygen atoms 
surround the central atom to form an icosahedron as the central polyhedron. 
The MO6 octahedrons are arranged in face-sharing pairs so that the anion is 
comprised of six M2O9 units, each formed by two octahedrons sharing a face. 
The M2O9 units in turn share corners with four adjacent M2O9 units to construct 
the whole anion [4,31].

2.4.5  Heteropoly anions with substituted transition metals

Modification of the precursors of parent polyoxometalates may result in the 
development of a new group of compounds with unparalleled structural and 

FIG. 2.10  The Dexter-Silverton structure for [XM12O42]
n  −  12 anions [82].
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electronic properties through incorporation of transition metal ions into flawed 
structures. The oxo ligands on the vacant sites are basic enough to react with 
metal cations to form a new group of compounds more commonly referred to as 
transition metal substituted polyoxometalates (TMSPOMs) or mixed addenda 
polyoxometalates. In the field of polyoxometalate chemistry, they have con-
tinuously gone through profound development and attracted growing attention 
[83–88] because they are rationally modifiable at a molecular level. The modi-
fication includes many aspects, e.g., size, shape, charge density, acidity, redox 
states, stability, and solubility, giving rise to prominent chemical properties and 
their ability to serve as stabilizing agents. They provide suitable platforms to 
stabilize unusually metal-oxo species of high oxidation states. In comparison 
with organometallic complexes, TMSPOMs have advantages such as: (a) ro-
bustness under oxidation conditions, while most organic ligands decompose 
under such conditions; (b) adjustable solubility by changing the countercations; 
and (c) adjustable redox properties by changing the central heteroatom and the 
addenda transition metal [89]. Furthermore, the oxometalate clusters in this 
unique group are prominent inorganic building blocks thanks to their irrefut-
able structural beauty and adjustable sizes, shapes, and high negative charges 
[32,86,90]. They demonstrate a wide variety of structures resulting in intrigu-
ing, unexpected properties that lead to a plethora of applications.

The addenda atoms were first substituted between the late 1950s and early 
1960s when different tungstocobaltates were being studied [24]. In 1966, Baker 
et al. proved that it was possible to form several different mixed-addenda het-
eropolyanions with the general formula [(XO4)MxM12  −  xO36]

n  − [91]. In 1973, 
Pope et  al. reported the formation of mixed-addenda [(XO4)VxW12  −  xO36]

n  − 
polyanions by reaction of tungstate and vanadate precursors in aqueous media 
[92]. The presence of various isomeric forms was proved based on the multiple 
chemical shifts observed in the 31P NMR spectra, which could be traced to the 
encapsulation of phosphate groups in different configurations of shell environ-
ments of mixed oxometalates. Based on these observations, Pope et al. came to 
the conclusion that formation of different positional or (as it is more commonly 
known now) configurational isomers is quite possible. In 1975, Scully and 
Pope reported the unique isomer set existing for α-[(XO4)MxM12  −  xO36]

n  − [93]. 
Afterward, Pope also reported the number of possible isomers for β-[(XO4)
MxM12  −  xO36]

n  − in his book, Hetero and Isopoly Oxometalates [31].
A number of two-metal (e.g., V/W, V/Nb, V/Mo, Nb/W, Mo/W) mixed-

addenda polyoxometalates with Keggin, Wells-Dawson, or Lindqvist structures 
have been reported as well [94–107]. For instance, the occurrence of one or 
more vanadium(V) centers in the W(VI) or Mo(VI) polyoxometalate frame-
work has been demonstrated to result in extensively improved catalytic perfor-
mance. [PV2MoO40]

5  − serves as a powerful oxidation catalyst for a group of 
organic reactions [99,101]. The anion [W6O19]

2  − is a rather poor nucleophile. In 
[NbW5O19]

3  −, substitution of one W(VI) atom by Nb(V) to give [Nb2W4O19]
4  − 

significantly increases the reactivity, allowing the formation of POM-supported 
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organometallic derivatives. In recent years, the orbital engineering for Ta/W 
[103], Nb/W [104,105], V/Mo [106,108], and V/W [107] mixed-addenda poly-
oxometalates to modify the electronic structure, light absorption, and photo-
catalytic activity has been reported as well. The design and synthesis of novel 
mixed-addenda polyoxometalates with new structures and extraordinary perfor-
mances remain challenges.

The Dawson type mixed-addenda (Ta/W) polyoxometalate {P2W15Ta3} may 
be used as a nucleophilic structural building block [109]. In addition, incorpora-
tion of molybdates into {P2W15Ta3} affords a ternary mixed-addenda polyoxo-
metalate (NH4)41H7[K3(H2O)3(P2W15Ta3O62)

6  −(Mo2O4CH3CO2)3(MoO3)2].85
H2O [110] prepared by reducing a mixture of K5Na4[P2W15O59(TaO2)3].17H2O 
and (NH4)6Mo7O24.4H2O (or Na2MoO4.2H2O) with N2H4 (Fig. 2.11).

Fine-tuning of the electronic [15], electrochemical [111], photochemical 
[112], and catalytic properties [113] of mixed-addenda polyoxometalates is 

FIG.  2.11  Combined polyhedral/ball-and-stick representation (A, the teal and pink (gray and 
light gray in print versions) polyhedrons represent WO6 and PO4, respectively) polyhedrons 
represent WO6 and PO4, respectively); the coordination models of {MoV2O4(OOCCH3)

+} and 
{MoVIO3} with six {Ta3} clusters (B, the {Ta3} clusters are shown in different colors, three K+ 
cations are omitted for clarity); the triangular {[P2W15Ta3]3Mo} subunits (C) and the connection of 
three [K(H2O)]+ and three {Mo2Ac} (D) [110].



82  Heteropolyacids as highly efficient and green catalysts

achieved by changing the type and ratios of the addenda atoms. This makes 
them attractive in designing new compounds with a wide array of applications.

2.4.6  Transition metal substituted sandwich-type 
polyoxometalate

A very common approach in the synthesis of novel polyoxoanions has been the 
treatment of lacunary heteropolyanions with transition metals. The approach re-
quires the production of highly negatively charged (accordingly soluble) inter-
mediate fragments, which can subsequently be stabilized by electrophilic groups 
or linked together through polycondensation reactions (Fig. 2.12) [117–119].

Polyoxoanions with heteroatoms having an unshared pair of electrons, e.g., 
AsIII, SbIII, BiIII, SeIV, and TeIV, are particularly interesting. The lone pair of elec-
trons impedes the formation of the closed Keggin heteroanion, resulting in the 
formation of polymeric polyoxoanions. For instance, Na2WO4 and Sb2O3 react 
in aqueous solution at pH 7.5 to form the trivacant Keggin anion [SbW9O33]

9  −. 
Because of its charge, the [SbW9O33]

9  − can either be stabilized by a counterca-
tions or go through further condensation upon protonation to form huge inor-
ganic clusters like the [Na2Sb8W36O132(H2O)4]

22  − anion which is a combination 
of four [SbW9O33]

9  − fragments with Na+ and Sb3  + as countercations between 
them. Besides, upon the addition of more electrophilic groups to the reaction 
mixture of WO4

2  − and/or Mn  + (M = Fe3  +, Co2  +, Mn2  +, Ni2  +), novel hetero-
anions of the general formula [Sb2W20M2O70(H2O)6](

14  −  2n)− are afforded in 
which two [SbW9O33]

9  − fragments are connected by two Mn  +(H2O) as well as 
two WO2OH groups [114]. More examples of dimeric polyanions made of two 

FIG. 2.12  Summaries of the different heteropolyanions derived from the reaction of a trivacant 
lacunary precursor {XW9} with different transition metal ions and lanthanides. The interaction of 
the lacunary {XW9} Keggin anion with transition metals results in the formation of polyanions of 
sandwich type, e.g., {M2W2(XW9)2}, {M3(XW9)2}, and {M4(XW9)2} in which the two {XW9} frag-
ments are linked via two, three, or four metal atoms [114–116].
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{XMo9O33}
n  − lacunary building units (X = AsIII, SbIII, BiIII, SeIV, and TeIV) with 

analogous archetypes may be found in the literature [115,116,120].
Formal metal addenda substitution in the matrix of a bulk metal oxide has 

been a powerful approach to produce a plenty (non)stochiometric all-inorganic 
species with adjustable electronic and magnetic properties, and extensive tech-
nological applications for decades. These mixed-addenda oxometalate clusters 
are crucial among the classical heteropoly anions archetypes (i.e., those without 
vacant metal sites), which have growing applications in homogeneous cataly-
sis as well as materials science (e.g., in generation of open frameworks). They 
have also been studied extensively in heterogeneous metal organic framework 
(MOF) catalysts and the synthesis of sandwich-type polyoxometalates.

Tourne et al. reported a sandwich-type polyoxometalate in 1973 for the first 
time to open a new chapter in the field of polyoxometalates [121]. As illustrated 
in Fig.  2.13, the new polyoxometalate was formulated as [P2Co4(H2O)2W18 
O68]

10  −. The four cobalt atoms were observed to be actually sandwiched be-
tween two lacunary trivacant Keggin units composed of (PW9O34)

9  − fragments.
Shortly after the introduction of this heteropoly anion, a wide range of 

other sandwich-type POMs with similar structures, with different central atoms 
and transition metal ions, were reported. Some of the eminent examples are: 
[M4(H2O)2(XW9O34)2]

n  − (n = 6, X = PV, AsV, M = Fe3  +; n = 10, X = PV, AsV, 

FIG. 2.13  The [P2Co4(H2O)2W18O68]
10  − anion in which Co atoms occupy the central octahedrons 

with circles representing water molecules [121].



84  Heteropolyacids as highly efficient and green catalysts

M = Mn2  +, Co2  +, Ni2  +, Cu2  +, Cd2  +; n = 12, X = GeIV, SiIV, M = Mn2  +, Cu2  +, 
Zn2  +, Cd2  +; and n = 14, X = GaIII, M = Cu2  +, Zn2  +) [122–141]. In every case, 
the central atom adopts a tetrahedral geometry.

As shall be seen further, more sandwich-type heteropoly anions similar 
to the abovementioned heteropoly anions with different structures were re-
ported as well. As a substantial difference between these HPAs and the above 
sandwich-type HPAs, the central atom geometry was pyramidal. Furthermore, 
in these POMs, depending on the central atom and the transition metal atoms, 
three or four transition metal ions may be sandwiched between the two lacunary 
trivacant Keggin fragments. Fig.  2.14 represents the structures for these two 
kinds of HPAs. Examples of three transition metal ions sandwiched between 
two lacunary trivacant Keggin fragments are [M3(H2O)3(XW9 O33)2]

n  − (n = 10, 
X = SeIV, TeIV, M = Cu2  +; n = 12, X = AsIII, SbIII, M = M = Mn2  +, Co2  +, Ni2  +, 
Cu2  +, Zn2  +) and [(VO)3(XW9O33)2]

n  − (n = 11, X = AsIII; n = 12, X = AsIII, SbIII, 
BiIII) [142–149].

The sandwich-type anion [Ni4V10O30(OH)2(H2O)6]
4  − consists of a central 

Ni2  + tetramer of four NiO6 octahedral units surrounded by 10 VO4 tetrahedrons 
linked to each other via shared corners [150]. Recently, cyclic sandwich poly-
oxovanadates [Co2(H2O)2V10O30]

6  − and [Mn2V10O30]
6  − have been reported 

(Fig. 2.15) [152]. In the former, a decavanadate ring is connected to two CoO6 
octahedral units that occupy the center of the ring and are linked to each other 

FIG. 2.14  Structures of sandwich-type heteropoly anions with three (left) and four (right) transi-
tion metal atoms sandwiched between two lacunary trivacant Keggin fragments, with pyramidal 
central atoms (denoted by black circles in the lacunary trivacant Keggin fragment). The black poly-
hedrons illustrate the transition metal polyhedrons, which are square pyramidal in the case of “left,” 
and octahedral in the case of “right” [142].
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via shared edges, whereas the latter is made of two V5 rings linked together 
via bridging oxygen atoms from two MnO6 octahedral units. In both cases, all 
the vanadate units take tetrahedral geometries linking to each other via shared 
corners.

The inclusion of sulfur atoms into the polyoxoanionic framework leads to 
the isolation of unusual polyoxometalates archetypes, which are called thio-
metalates. These species exhibit unique chemical properties. The first thiometa-
late was isolated by sulfurization of a Keggin unit formed previously. However, 
modern synthetic strategies for the preparation of such compounds are based on 
the self-condensation of [M2S2O2]

2  + fragments in the presence or absence of 
guest species [153].

The acid-base self-condensation of the [M2S2O2]
2  + building units leads 

to the formation of cyclic molecules such as [Mo10S10O10(OH)10(H2O)10] and  
[Mo12S12O12(OH)12(H2O)6] (Fig.  2.16, left) [154]. These clusters provide a 
cationic cavity that may be filled with anions like phosphates or carboxylates 
(Fig. 2.16, right). These species have been demonstrated to be capable of being 
used as templates to tune the nuclearity of the inorganic host [155].

On the other hand, polyoxometalates containing lanthanide atoms of high 
nuclearity have been studied as well. Because of their oxophilicity and multiple 
coordination prerequisites, lanthanide cations are appropriate for connection 
of polyoxometalates together and forming new compounds with larger metal-
oxygen frameworks. For instance, by the addition of stoichiometric amounts 
of tungstate, arsenite, and cerium in acidified aqueous solution, the largest het-
eropolytungstate anion is afforded, which contains a cyclic [As12Ce16(H2O)36 
W148O524]

76  − anion [156], while the addition of Yb3  + and Gd3  + gives the poly-
oxoanions [Yb10As10W88O308(OH)8(H2O)28(OAc)4]

40  − and [Gd6As6W65O229 
(OH)4(H2O)12(OAc)2]

38  −, respectively [157].

FIG.  2.15  Ball-and-stick models for three cyclic polyoxovanadates with octahedral addendas.  
(A) [Ni4V10O30(OH)2(H2O)6]

4  −, (B) [Mn2V10O30]
6  −, (C) [Co2(H2O)2V10O30]

6  − (right). The XO6 
octahedrons are represented by purple (light gray in print versions) spheres while gray spheres 
denote the VO4 tetrahedrons. For clarity, the oxygen atoms have been eliminated [151].
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2.4.7  The Preyssler structure

As a pioneering instance of polyoxometalates with an internal cavity, 
[NaP5W30O110]

14  − was first reported in 1970 by Preyssler [158] and struc-
turally resolved using X-ray diffraction by Pope et  al. 15  years later [159]. 
However, while a wide array of unusual anion clusters have been reported 
[160], only three species—[NaSb9W21O86]

− [161], [NaAs4W40O140]
25  − [162], 

and [NaP5W30O110]
14  − [163]—have been reported to encapsulate a rare-earth 

ion. In the latter case, [NaP5W30O110]
14  −, Na+ is encapsulated inside a central 

cavity formed by five PW6O22 fragments configured in a crown shape [163]. A 
schematic is depicted in Fig. 2.17.

FIG. 2.16  Ball-and-stick representation for the self-assembly of the [Mo12S12O12(OH)12(H2O)6]  
ring (left) from the building blocks of [(Mo2S2O2(H2O)6]

2  +. Rings containing polycarboxyl-
ate units (right). (A) [Mo8S8O8(OH)8(C2O4)]

2  −, (B) [Mo10S10O10(OH)10(H6C5O4)]
2  −, and (C) 

[Mo12S12O12(OH)12(H10C7O4)]
2  − [151].
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The anions look like ellipsoids (prolate spheres), each made of five PW6 
units arranged in a crown shape in a way that the anion has an internal C5 sym-
metry axis (Fig. 2.18). A mirror plane perpendicular to this axis entails the five 
phosphorus atoms. The tungsten atoms are distributed among four parallel 
planes perpendicular to this axis so that each outer plane entails five tungsten 
atoms while each inner plane entails 10 tungsten atoms. Each PW6 contains two 
groups of three corner-shared WO6 octahedrons. Two pairs of octahedrons of 

FIG.  2.17  (A) Polyhedral representation of a Preyssler-type phosphotungstate molecule with 
one encapsulated cation. (B) Ball-and-stick representation of one-fifth of the Preyssler-type phos-
photungstate [PW6O22] unit. Ball-and-stick representation of a (C) mono-cation-encapsulated 
Preyssler-type molecule [164].

FIG.  2.18  The PW6O22 unit viewed perpendicular to the anion’s virtual C5 axis. Oxygen and 
tungsten atoms are represented by the large and small open circles, respectively, and the phosphorus 
atom by the closed circle [159].
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each group are linked through one shared edge settled in the mirror plane. As 
depicted in Fig. 2.18, each WO6 octahedron shares an apex with the core PO4 
tetrahedron. The PW6 unit has the well-known Keggin structure. Upon remov-
ing a corner-shared W3O13 fragment from the latter, the structure of the PW9 
fragment of the P2Wl8 is (a Dawson anion) created. Removing a second such W3 
group results in the formation of the PW6 unit in P5W30 (Fig. 2.19). Each PW6 
unit is linked to two more such fragments by eight oxygen atoms making only 
corner-shared octahedrons. As in the Keggin and Dawson structures, all tung-
sten atoms are enclosed by oxygen atoms in an octahedral geometry. Each oc-
tahedron has only one WO double bond pointing to the exterior of the anion.

The 30 tungsten atoms may be categorized as axial and equatorial (labeled 
as 1 and 2 in Fig. 2.20A, respectively). There are ten axial and twenty equatorial 
centers distributed among four parallel rings. The doughnut-like structure of this 
anion provides a cavity wide enough to encapsulate an Na+ cation (Fig. 2.20B). 
After that, it was demonstrated that a water molecule was linked to the internal 
metal ion [166]. Nevertheless, this feature is not very important because for 
most of Preyssler’s properties, the internal water molecule only slightly changes 
the orbital energies of the polyoxometalate framework. Also, the synthesis and 
structure of [{Sn(CH3)2}4(H2P4W24O92)2]

28  − have been reported [167]. This 
molecule can be regarded as a lacunary derivative of the Preyssler anion with 
an empty hydrophobic cavity in the center of the cluster. The central Na+ may 
be substituted by other cations of similar size under hydrothermal conditions 
[168]. The anion has shown to be quite helpful in nuclear waste treatment as it 
has the ability to capture lanthanide/actinide cations from neutral aqueous solu-
tions of high salt content in a selective manner [168d]. Cations already incor-
porated into the internal cavity are trivalent lanthanides like La3  +, Ce3  +, Nd3  +, 
Eu3  +, etc., as well as tetravalent actinides like U4  + [169]. Preyssler anions have 

FIG. 2.19  Polyhedral representation showing the relationship of the PW6 unit to the PW9, half-
Dawson anion [159].
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also been tested in catalysis processes [170]. Many authors have predicted a 
brilliant future for the Preyssler anion as a green catalyst [171], based on its 
ability to replace the existing corrosive mineral acids, which are environmen-
tally hazardous as well.

2.5  General properties

Given the large possibilities of sizes, structures, and elemental compositions in 
which polyoxometalates can be produced, they may demonstrate a wide variety 
of properties, with a molecular identity maintained both in solutions and in the 
solid state.

2.5.1  Solubility

Chemistry of HPAs is a prominent field in modern inorganic chemistry with 
extensive applications in catalysis, photochemistry, oxidation chemistry, and 
biochemistry. They have also found value as inorganic drugs [172,173]. While 
the chemistry of metal oxides in solution is generally limited given their limited 
solubility, HPAs are important exceptions that form an unparalleled class of 
compounds with particular properties. While the insoluble metal oxides crystal-
ize in close-packed arrangements of oxide ions to form infinite chains, sheets, 
or three-dimensional lattices, the HPAs form discrete anions with high sym-
metries [174]. The potential analogy between the solid-state chemistry of the 
metal oxides and the solution chemistry of large polyoxoanions has given the 
latter the title pseudoliquid phase [175]. These isolated anions are water-soluble 

FIG.  2.20  Polyhedral (A) and ball-and-stick (B) representations of the Preyssler anion 
[NaP5W30O110]

14  −. The internal cavity in which the Na+ ion is shifted off the center toward a five-
fold coordination of oxygen atoms is apparent in the latter. The values, in angstroms, indicate the 
distances from the sodium atom to the planes constituted by five phosphorous atoms and five axial 
tungsten atoms [165].
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species with charges ranging from −  3 to −  14. In general, their surface basicity 
is believed to be rather weak so that most of the charge is concentrated on the 
oxygen atoms below the surface [176]. In harmony with the low surface charge 
density, in the presence of an appropriate countercation, HPAs are soluble in 
organic solvents of various polarities spanning a range from dimethyl sulfoxide 
to benzene [177].

The acid properties of heteropoly acids in solution have been well docu-
mented based on dissociation constants and Hammett acidity function [178]. 
HPAs are highly soluble in polar solvents such as water, and lower alcohols, ke-
tones, ethers, etc. However, they are not soluble in nonpolar solvents. Heteropoly 
acids such as H3PW12O40, H4SiW12O40, and H3PMo12O40 are totally dissociated 
aqueous solutions. As a result of the leveling influence of the solvent, a stepwise 
dissociation is not observable.

As listed in Table  2.5, heteropoly acids in solution are stronger than the 
usual mineral acids such as H2SO4, HCl, or HNO3. The acidity of the Keggin 
heteropoly acids weakly depends on their compositions. Tungsten acids are re-
markably stronger than molybdenum acids. The acidities of concentrated solu-
tions of HPAs based on the Hammett acidity function also weakly depends on 
their compositions being stronger than that of equimolar solutions of H2SO4.

The acid strength and catalytic activity of a Brønsted acid is best quantified 
in terms of its dissociation constants as well as the Hammett acidity function. 
However, other characteristics, e.g., the hardness of the acid or the softness of 
its corresponding base, are among the significant parameters in the hard/soft 
acid/base theory, and related to the polarizability of the species. Therefore, they 
are generally applied to Lewis acids and bases [179].

TABLE 2.5  Dissociation constants for heteropoly acids in acetone at 25°C 
[178].

 pK1
a pK2 pK3

H3PW12O40 1.6 3 4

H4PW11VO40 1.8 3.2 4.4

H4SiW12O40 2 3.6 5.3

H3PMo12O40 2 3.6 5.3

H4SiMo12O40 2.1 3.9 5.9

H2SO4 6.6   

HCl 4.3   

HNO3 9.4   

a	pK1 = −  log K1, pK2 = −  log K2, pK3 = −  log K3.
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The characteristics of Keggin anions are their weak basicity and great soft-
ness [180]. The softness of HPAs is believed to play a key role in stabilizing 
organic intermediates. The following order of softness was estimated for a num-
ber of heteropoly anions in aqueous solution:

2.5.1.1  Solubility in water
In general, most free acids are excessively (up to 85% by weight of solution) 
soluble in water. In addition, heteropoly salts with small cations, including the 
ones containing many heavy metals, are generally quite soluble. Heteropoly 
anions with larger countercations are less soluble. Therefore, Cs+, Ag+, Tl+, 
Hg2  +, Pb2  +, and larger alkaline earth metal salts are mostly insoluble. The 
NH4

+, K+, and Rb+ salts of several important series of HPAs are insoluble. Salts 
of heteropolymolybdates and heteropolytungstates with cationic coordination 
complexes, alkaloids, or organic amines are usually insoluble. Solubility of het-
eropoly compounds in water is attributed to the very low lattice energies and 
strong solvation of the cations. Solubility is governed by the packing patterns in 
the crystals. The countercations occupy the cavities between large anions. When 
there are huge cations such as Rb+ or Cs+, they allow stable packing in large 
interstices, decreasing the lattice energy enough to produce insolubility.

One of the most basic roles of the countercations in the chemistry of HPAs 
is solubility tuning. While many applications rely on solubility of the species in 
various solvents, others require insolubility, say, to prevent leaching from a mate-
rial or device. Therefore, knowing solubility trends is an important aspect of HPA 
chemistry, which is useful in crystallization, purification, or colloid stabilization.

Based on the effects of HPAs on the solution stability of macromolecules, 
one can conclude that these anions enjoy a colossal hydration shell showing 
high polarizability and low charge density [15,181]. Consider the Keggin anion 
[SiW12040]

4  −. Whereas the total charge is relatively high (4-), the charge den-
sity, i.e., charge divided by number of atoms, is rather low (−  4/53 = −  0.075). 
In comparison, for conventional anions such as sulfate and chloride, charge den-
sity is −  2/5 (−  0.4) and −  1. Furthermore, in comparison of the charge density 
trends for different classes of polyoxometalates, recently the ratio charge to 
number of metal atoms (q/M) has been introduced as an important reactivity 
criterion [182,183]. For instance, tungstates with W(VI) feature low q/M ratios 
(e.g., [PW12O40]

3  −, q/M = 0.25; [P2W18O62]
6  −, q/M = 0.33), while the Nb(V) 

species like [Nb6O19]
8  − feature q/M = 1.33. In brief, these properties cause the 

polyoxometalates to be chaotropic anions [184], meaning disrupting hydrogen 
bonding in aqueous solvents [181,185,186], so that they facilitate the precipita-
tion of macromolecules like neutral surfactants, polymers, and proteins from 
water. Since HPAs are employed with a broad range of solvents, the solvation 
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energies of the polyoxometalate anion as well as the corresponding cation must 
be carefully taken into account, since it is essentially the interplay between sol-
vation energies and lattice energies of the respective salt that tunes the solubility 
of the species in question.

Solubility is the determined by cation-anion interactions and specific na-
tures of such interactions in solution. Interestingly, solubility trends from vari-
ous polyoxometalate-cation pairs are significantly varied depending on the 
polyoxometalate type. Polyoxometalates of Group 5/6 which are formed in acid 
(V, Mo, and W) show high aqueous solubility when paired with small alkali 
metal cations (e.g., Li+ and Na+), while their salts with larger alkali metal cat-
ions (e.g., Cs+) often exhibit poor solubility in water (Fig. 2.21).

This alleged normal solubility trend is predictable, because small cations 
(such as Li+) have a large hydration shell which is strongly bound and can-
not be in close contact with polyoxometalates that have low charge densities. 
Precipitation initiated by ion-pairing is therefore prohibited. Furthermore, lack 
of enough contacts and poor packing in the solid state results in a low lattice 
stabilization energy, rendering precipitation energetically less preferred. This 
is while large cation like Cs+ can readily have electrostatic interactions with 
polyoxometalates and form insoluble aggregates. This very feature of poly-
oxometalates is employed in heterogeneous catalysis [188]. Such polyoxo-
metalates may be soluble in organic solvents (aromatic, chlorinated, polar or 
nonpolar) if large organic cations such as alkylammonium or alkylphosphonium 
are used [189,190]. Contrary to the solubility behavior exhibited by the classic 

FIG. 2.21  General solubility trends observed for the salts of polyoxometalates with alkali metal 
cations. For illustrative purposes, a Keggin ion heteropolyanion [XM12O40]

n  − (with X usually being 
P, Si, M = Mo, W) is used. The normal solubility trend is observed for most polyoxometalate salts 
including Mo, V, and W, whereas the anomalous trend is mostly exhibited by Nb and Ta polyoxo-
metalates. (Blue (dark gray in print versions) represents the least soluble, while green (light gray in 
print versions) shows the most soluble agents [187].)
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polyoxometalates (formed under acidic conditions), polyoxometalates formed 
under basic conditions (with Nb or Ta) show more solubility with larger alkali 
metal cations (such as Cs+), even though they form contact ion-pairs in solution 
[191]. This unusual solubility course is referred to as inverse or anomalous solu-
bility [192,193]. One may be tempted to relate this behavior to the pH-stability 
of the polyoxometalates. On the other hand, the alkaline-stable uranyl peroxide 
polyoxometalates demonstrate a usual solubility behavior [194,195]. The Nb/
Ta polyoxometalates also have high solubility in water as salts of tetramethyl-
ammonium (TMA) [196]. Determination of solubility behavior and ion-pairing 
trends within a group (i.e., Nb compared to Ta, Mo compared to W) is more 
difficult as there are few isostructural analogues. However, Pfitzner et al. [181] 
suggested stronger adsorption of the phosphotungstate Keggin ion to nonionic 
micelles in comparison with the similar phosphomolybdate Keggin because of 
its lower charge density. Nyman et al. noticed different patterns of ion-pairing 
between Nb and Ta Lindqvist ions, and suggested a covalent character for the 
CsO bond in a Cs-Lindqvist ion-pair [191,197].

While there is still no clear account of both the normal and anomalous solu-
bility trends, they may be summarized as follows:

(a)	A cation of low charge density paired with a polyoxometalate of high den-
sity charge is soluble.

(b)	A cation of high charge density paired with a polyoxometalate of low den-
sity charge is soluble.

These somewhat predictable solubility trends exhibited by polyoxometalate 
salts may be utilized in manipulation of polyoxometalates including crystalliza-
tion, rapid dissolution, or precipitation.

According to many studies, typical Keggin heteropoly acids completely—
or at least at with a relatively high concentration—maintain their polyanion 
structure in aqueous solution [31]. X-ray diffraction (XRD), infrared (IR), and 
Raman spectroscopy as well as 17O NMR data support this [198]. On the other 
hand, in dilute solutions (<  10−  2 mol−  1), degradation of the polyanion may take 
place.

In general, the stability of 12-heteropoly anions with different addenda at-
oms toward hydrolysis in aqueous solution decreases in the following order 
[31,199]:

Stabilities of 12-heteropolymolybdates with different central atoms toward 
degradation in water solution vary notably in the following order [31,199]:

The crystals of free acids and salts of heteropolymolybdates and heteropoly-
tungstates nearly always occur in highly hydrated forms. Each acid or salt is 
often found in several solid hydrated forms. Most of the heteropolymolybdates 

W VI Mo VI V V( ) > ( ) > ( )
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form isomorphous 30-hydrates that, upon heating between 40°C and 100°C, 
melt in their own hydration water. In dry air, these species begin to give up water 
and over sulfuric acid, in vacuum, they lose most of their water molecules.

2.5.1.2  Solubility in organic solvents
Many free heteropoly acids and a few of their salts are highly soluble in organic 
solvents, particularly in oxygen-containing ones. As a rule, ethers, alcohols, and 
ketones (in that order) are the best solvents. Free acids are not soluble in non-
oxygen solvents such as benzene, chloroform, and carbon disulfide. While the 
dehydrated salts are sometimes readily soluble in organic solvents, the hydrated 
ones do not dissolve.

2.5.2  Stability

Generally speaking, salts of heteropoly acids are more stable than their corre-
sponding acids because as the first step in a decomposition sequence, the lattice 
oxygen atom is to be removed by two protons. The influence of the central het-
eroatom is minor; however, heteropoly acids with arsenic or phosphorus as their 
heteroatom are more stable than their silicon, germanium, or boron counterparts 
[34,200,201].

2.5.2.1  Stability in solution
As mentioned in the earlier section, in general, the solubility of a heteropoly 
anion is usually governed by the solvation energy of the countercation because 
of the low lattice and solvation energies [202]. Heteropolyanions are extremely 
soluble in aqueous solutions so that a weight percentage of 88 has been reported 
for water, and it remains high for other polar solvents like ethyl acetate (86 wt%) 
or diethyl ether (85 wt%) [199]. Those salts of heteropolyanions with small cat-
ions maintain a high solubility. However, the salts become insoluble when small 
cations are replaced by large cations or organic species [202]. Therefore, huge 
cations are usually employed to separate stable heteropolyanions from solution 
[202].

Compared to the chemistry of polyoxometalates in aqueous media, which 
has been studied extensively, it is somehow under development in nonaqueous 
media. Their stability in aqueous or nonaqueous solvents is generally measured 
by how much they maintain their structural identities and resist degradation 
or transformation to other configurations. Nonetheless, the Keggin anions with 
their quasispherical structures, shown to have a very low negative charge den-
sity on peripheral and exterior (i.e., bridging and terminal) oxygen atoms, are 
able to form merely weak hydrogen bonds. This obviously results in heteropoly 
anions only weakly solvated in solution.

In solution, transformation of a polyoxometalate ion into multiple derivative 
species existing in dynamic equilibrium is quite complicated and the equilib-
rium position strongly depends on the final pH [203]. Pettersson et al. studied 
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the process for the hydrogen molybdate-phosphate system over extended ranges 
of pH and concentration using 31P NMR [204]. The system was much more 
complicated than was previously thought, and demonstrated that solutions with 
[MoO4]

2  − and [HPO4]
2  − in a ratio of 12:1 had more than one species at a cer-

tain pH. At low pH (i.e., less than 1.5), the 12:1 species dominates the solution, 
even though a considerable amount of the 9:1 species is present. At higher pH 
values (between 1.5 and 5), the monovacant lacunary species dominates, which 
is a result of the Keggin structure partial hydrolysis. Above pH 5, the Keggin 
structure is completely hydrolyzed so that the single oxoanion species is pres-
ent. Pettersson and Grate extended this study to include a ternary Keggin system 
containing protons, molybdates, phosphates, and vanadates [204].

The stability of Keggin heteropoly anions in aqueous solution drastically 
depends on the addenda atom(s) that construct the structure [199,203]. Based on 
the three main addenda atom types, i.e., tungsten, molybdenum, and vanadium, 
the stability of the related POMs toward hydrolysis decreases in the following 
order:

The stability of the heteropoly anions of molybdenum in turn depends on the 
heteroatom and follows the order:

Tsigdinos pointed that at pH values less than 1.5, 12-molybdophsphate is 
stable in solution. However, when pH is increased, it undergoes alkaline hydro-
lysis [199]. At concentrations less than 1 mM, hydrolysis takes place though the 
formation of the monovacant lacunary species, which in turn undergoes further 
hydrolysis to give much smaller molybdophosphate species. The initial Keggin 
structure will continue to decompose as the pH increases until the structure is 
completely hydrolyzed into its simple oxoanion components. The alkaline hy-
drolysis of the Keggin structure is also observed at higher concentrations, but it 
proceeds through the formation of a Wells-Dawson derivative (i.e., [P2Mo18O62]) 
as an intermediate. In spite of the presence of a trivacant lacunary species (i.e., 
{PMo9}) in solution and its stability above pH 1.5, the of the dimeric Wells-
Dawson derivative is formed slowly [204]. As a result of this slow formation, 
the trivacant lacunary species are used as building blocks for polyoxometalate 
structures with mixed addenda atoms [202]. Higher solution stabilities may be 
attained in organic solvents with polyoxometalates stable toward solvolysis at 
concentrations as low as 10−  6 M [202]. Keggin structures with mixed addenda 
atoms have been studied and show a minor increase in stability when one single 
molybdenum(VI) is replaced by vanadium(V) [203]. This is likely because of 
a decrease in the overall steric strain on the Keggin structure. Further replace-
ments of molybdenum atoms by vanadium decrease its stability in solution even 
more. The stability order is {PMo11V} > {PMo10V2} > {PMo9V3} [202,203]. 
Mixed addenda systems not only show an increased vulvar ability to alkaline 

W Mo V6 6 5+ + +> >
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hydrolysis because of incorporation of vanadium, but also are easily hydrolyzed 
in dilute (0.8 M) HCl [202,205]. Courtin showed that increases in acidity result 
in the anions {PMo12  −  nVnO40} with n > 1 to lose vanadiums, resulting in lower 
substituted heteropoly anions [206].

At pH values between 1 and 3, the {PMo12  −  nVnO40} anions undergo dispro-
portionation. A similar process has been observed for the tungsten derivative as 
well [207].

2.5.2.2  Thermal stability
The heteropolytungstates and their free acids are thermally quite stable and of 
great significance as heterogeneous catalysts [44,208]. Thermal stability is de-
pendent on the nature of the central atom as well as addenda atoms. In general, 
species with phosphorous as the central atom are more stable than compounds 
with silicon as the central atom. The thermal stability of heteropoly com-
pounds with tungsten as the addenda is more than that of molybdenum species. 
Decomposition at high temperatures results in loss of acidity. The phospho-
molybdic acid decomposes into MoO3 and P2O5 [208]. As soon as a complex 
is exposed to a humid atmosphere, its Keggin structure is reconstructed. On 
the other hand, in labile polyoxotungstates, such a reconstruction is less likely. 
Heteropoly acids are usually used as solid acid catalysts for reactions carried out 
in vapor phase at high temperatures. In these complexes, if the transition metals 
in the anionic framework are substituted, thermal stability is generally reduced. 
The substitution of addenda atoms of molybdenum in phosphomolybdic acid 
by other transition metals such as vanadium decreases the thermal stability of 
the resultant phosphomolybdovanadates. The presence of vanadium atom(s) in 
the polyanion framework reduces the thermal stability. At higher temperatures, 
vanadium atoms are expelled from the primary structural framework, and sub-
sequently it degrades into simple oxides, i.e., MoO3 and V2O5. The formation of 
such species is detectable by X-ray diffraction technique that clearly differenti-
ate between the heteropoly and the metal oxide phases. The structure of such 
complexes may be reconstructed upon exposure to a humid atmosphere.

2.5.3  Redox properties

Many heteropoly compounds, particularly heteropolymolybdates, are pow-
erful oxidizing agents, which can be very easily changed to relatively stable, 
reduced heteropolymolybdates. The reduced species are known as heteropoly 
blues. Extreme diversity is observed in the redox chemistry of polyoxometalates 
[31,209], and as the subject of a huge body of studies, it has found various ap-
plications in analytical chemistry and selective oxidation reactions [199]. Pope 
suggests that HPAs may be categorized into two groups according to redox abil-
ities, i.e., mono-oxo (type I) and cis-dioxo (type II) [32,209]. This categoriza-
tion is based on the number of terminal oxygen atoms bonded to each addenda 
atom. Keggin anions, Wells-Dawson anions, and their derivatives with one 
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terminal MO per each addenda atom are examples of type I. Type II may be 
exemplified by Dexter-Silverton anions with two terminal oxygen atoms in cis 
positions on each addenda atom. In type I, the LUMO of the MO6 octahedron is 
a nonbonding metal-centered orbital, whereas in type II, the LUMO of the MO6 
octahedron is antibonding in regard with the terminal MO bonds. Therefore, 
anions of type I are readily reduced (frequently in a reversible manner) to form 
a mixed-valence anions (heteropoly blues), which goes back to the structure 
of the parent oxidized species. Conversely, anions of type II are reduced with 
more difficulty and irreversibly to species with structures not determined yet 
[32,209]. Accordingly, only heteropoly compounds of type I, generally the 
Keggin anions, have proved interesting for oxidation catalysis purposes. The to-
tal number of electrons that type I HPAs can accept during the reduction can be 
quite high. As the anion structure is maintained upon this process, the additional 
negative charge is balanced by protonation from the solvent. Therefore, the re-
duction process frequently depends on pH, which is represented by Eq. (2.3).

(2.3)

where q  <  p [32,209].
When reduced in acidic solution (pH 1), a Keggin tungsten anion, such as 

[SiW12O40]
4  −, can add two electrons without being protonated—that is, the an-

ion charge becomes −  6. In more neutral solutions, a pH-independent reduc-
tion can raise the anion charge to up to −  9. The reduced Wells-Dawson anions 
{X2W18O62} can bear up to −  12 without protonation [31].

2.5.3.1  Heteropoly blues
Heteropoly blues are a group of mixed-valence complexes obtained by reduc-
tion of isopoly- and heteropoly vanadates, molybdates, and tungstates. Some of 
these polyoxoanions give colloidal or insoluble mixed valence oxides, called 
molybdenum and tungsten blues. However, we limit the term heteropoly blue to 
well-defined crystalloid, molecular, or ionic species. Even with this limitation, 
heteropoly blues entail several hundred complexes because a single polyanion 
may result in more than 10 mixed valence species. Most—but of course not 
all—anions in their reduced forms are intensely blue.

Heteropoly blues were first isolated and analyzed in crystalline form in 
1920, 14 years before the structure of a heteropoly complex was determined by 
Keggin with the X-ray method [1].

There is physical evidence supporting the idea that the first added electrons 
in a heteropoly blue are weakly trapped by the individual metal atoms with each 
metal atom in the reducible polyanion occupying a site with C4v symmetry and 
the extra electron occupying an orbital with b2 symmetry (i.e., dxy) (Fig. 2.22). 
Consequently, electron delocalization in heteropoly blues may be regarded as a 
combination of two different factors, i.e., a thermally-activated jumping process 
from one metal atom to the other, as well as ground-state delocalization (GSD) 
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[211], which probably involves π-bonding through the bridging oxygens from 
the reduced metal atom to its neighbors. Although the GSD extent is relatively 
low, its occurrence is essential to justify the nonzero intensities optical absorp-
tion bands in intervalence charge transfer (IVCT).

2.5.3.2  General electrochemical properties
Before extensive investigation of the electrochemical behavior of HPAs can take 
place, aspects remain to be cleared. From the electrochemical point of view, the 
reduced sites on a HPA, when the anion has two and more electrons, the detailed 
redox mechanism coupled with protons are still unclear.

The electrochemistry of Keggin anions has been extensively studied in both 
aqueous and nonaqueous media. Since the redox potentials of heteropoly anions 
are pH-sensitive and also protons contained as countercations affect these po-
tentials, the conditions of the solution in which the voltammetry of heteropoly 
anions is carried out must be controlled carefully. The redox potentials in non-
aqueous media and ionic liquids under neutral conditions are provided in Tables 
2.6 and 2.7 [212].

In general, under neutral conditions, the redox potentials of heteropolymo-
lybdates are more positive than those of the corresponding heteropolytung-
states. For example, PMo12 > PW12 and SiMo12 > SiW12. Furthermore, there 
is a linear correlation between the first redox potentials of heteropoly anions 
of the same framework and the anion charge in any solvent. For example, 
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FIG.  2.22  Simplified molecular orbital scheme, neglecting equatorial TI-bonding, for MOL5 
complexes of C4v symmetry. For d1 metals, the unpaired electron occupies the b2 orbital [210].
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TABLE 2.6  Potentials (E1, E2, mV vs. Fc/Fc
+) due to the first and second redox 

of MoVI/V in Keggin-type V(V)-POMs.

POMs Solvents E1/E2

 AC + 84/−409

α-SMo12 1,2-DCE + 61/−329

 NB + 83/−345

 AC − 468/−902

 ACN − 260/−675

α-PMo12 1,2-DCE − 378/−777

 DMSO − 225/−684

 NB − 389/−825

 PC − 140/−556

β-PMo12 ACN − 179/−615

 AC − 447/−874

 ACN − 236/−653

α-AsMo12 1,2-DCE − 357/−750

 DMSO − 206/−657

 NB − 367/−805

 PC − 120/−528

β-AsMo12 ACN − 164/−587

 AC − 962/

 ACN − 744/−1149

α-SiMo12 1,2-DCE − 842/−1234

 DMSO − 749/−1183

 NB − 888/

 PC − 616/

β-SiMo12 ACN − 671/−1082

 AC − 943

 ACN − 721/−1123

α-GeMo12 1,2-DCE − 825/−1217

 DMSO − 728/−1165

Continued



TABLE 2.7  Potentials (E1, E2, mV vs. Fc/Fc
+) due to the first and second redox 

of WVI/V in Keggin-type V(V)-POMs.

POMs Solvents E1/E2

α-SW12 AC − 530a/−1110a

 AC − 895/−1435

 ACN − 691/1205

α-PW12 1,2-DCE − 823/−1319

 DMSO − 657/−1216

 PC − 586/−1090

 AC − 1376/−1894

 ACN − 1143/−1653

 1,2-DCE − 1261/−1772

α-SiW12 DMSO − 1154/−1705

 PC − 1022/

 DIMCARB 310b/147b

 BMIMPF6 614b/263b

α-BW12
c ACN − 1650/

α-AlW12
c AAN − 1560/

α-GaW12
c AAN − 1540/

α-H2W12
c AAN − 2020/

α-ZnW12
c ACN − 1920/

α-CoW12
c ACN − 1900/

a	vs. Ag/Ag  +.
b	vs. CoCp2/CoCp2.
c	Measured after the addition of n-Bu4NOH to neutralize the protons present as a countercation.

Table 2.6  Potentials (E1, E2, mV vs. Fc/Fc
+) due to the first and second redox  

of MoVI/V in Keggin-type V(V)-POMs—cont’d

POMs Solvents E1/E2

 NB −  864/

 PC −  591/

β-GeMo12 ACN −  680/−1088

α-GaMo12
a ACN −  1118/−1550

AC, acetone; ACN, acetonitrile; 1,2-DCE, 1,2-dichloroethane; DMSO, dimethyl sulfoxide; NB, 
nitrobenzene; PC, propylene carbonate.

a	Measured after the addition of n-Bu4NOH to neutralize the protons present as a countercation.
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SMo12 > PMo12 > SiMo12 [212b]. Keita et al. found that the redox potentials 
of SiW12 and P2W18, were linearly correlated with the number of acceptors on 
the organic solvent [213]. Himeno et al. found that the first redox potentials of 
PW12, PMo12, and GeMo12 in various organic solvents were correlated with both 
the number of donors and permittivity [214]. The ion-transfer voltammetric be-
havior of heteropoly anions has been studied to find the correlation between the 
ion-transfer potentials and their size and charge [215].

Keggin and Wells-Dawson heteropolytungstates can partially decompose 
upon the addition of weak bases, such as KHCO3. Refined pH control may lead 
to the formation of lacunary species, such as [XW11O39]

n  − and [X2W17O61]
n  −. 

Different metal ions can be introduced into the defective sites of lacunary het-
eropoly anions to form metal-substituted anions. Depending on the introduced 
metal ions, they demonstrate intriguing chemical properties. The electrochemi-
cal properties of the metal-substituted heteropoly anions are also different from 
those of the parent anions. In the case of metal ion- metal-substituted heteropoly 
anions with the most redox activity, redox waves due to redox of the introduced 
ions were observed at more positive potentials than those due to the reduction 
of W(VI/V) [61].

Small cations and protons can influence the voltammetric behavior of a het-
eropoly anion in organic solvents. The influence of Li+ and Na+ on the voltam-
metric behavior of Keggin anions has been studied in various solvents. The 
results of 7Li NMR studies revealed the selective solvation of the Li+ cation in bi-
nary solvents [216]. The electrochemical properties of S2Mo18 (A Wells-Dawson 
heteropoly anion) were investigated in CH3CN in the presence of LiClO4 and 
H2O to explain the Li+-coupled redox process and hydration of Li+ [217].

2.5.4  Acidic properties

Heteropolytungstates and molybdates are among strong acids. In general, the 
acidity is determined by dissociation constants as well as the Hammet acidity 
function [178]. Most of the free acids have several replaceable protons. In aque-
ous solution, they are completely dissociated from the main structure. This is be-
cause in heteropoly acids, the negative charges of similar values are spread over 
much larger anions compared those from mineral acids, and the electrostatic 
interactions between the protons and the anion is much less for heteropoly acids 
compared to those for mineral acids. Another important factor is probably the 
ability of the charge or electron for dynamic delocalization. Any change in the 
electronic charge due to proton removal may distribute over the whole polyanion 
unit. The strengths and the number of acid centers along with the related proper-
ties of heteropoly acids may be adjusted by the structure and composition of het-
eropoly anions, the degree of hydration, the support type, the thermal conditions, 
etc. Solid heteropoly acids such as H3PW12O40.xH2O and H3PMo12O40-xH2O  
are pure Brønsted acids and stronger than conventional solid acids like  
SiO2-Al2O3 or H-X and H-Y zeolites [44,218,219].
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There are two differing outer oxygen sites on a Keggin anion structure 
potentially capable of being protonated: terminal oxygen (MO) present on 
each addenda atom and bridging oxygens (both corner- and edge-sharing). 
Kozhevnikov et  al. [220–222] extensively studied the specific oxygen site 
that undergoes protonation and their findings have been supported by a 
more recent computational study by Neumann [223], who investigated both 
vanadium-substituted and nonsubstituted phosphomolybdates. It was demon-
strated that the terminal oxygen sites had a lower electron density compared 
to the bridging oxygen atoms. This means that the bridging oxygen atoms are 
protonated more favorably. In addition, MO calculations demonstrated that 
the bridging oxygens were more basic, again meaning they are protonated 
more favorably. A 12-heteropoly anion comprising [MoO4]

2  − and [HPO4]
2  − 

in a 12:1 ratio undergoes protonation at the bridging oxygen atoms farthest 
from the metal addenda centers. On the other hand, in the substituted va-
nadium heteropoly anion, the bridging oxygens bound to a vanadium atom 
show higher proton affinity, which in turn leads to protons bound to the nu-
cleophilic sites surrounding the vanadium atom [223]. This protonation de-
stabilizes the oxovanadium bonding within the Keggin fragment. However, 
these findings were based on calculations in which a free Keggin was as-
sumed to be in the gas phase. In the solid phase, the protonation sites will 
vary. In the latter mode, the solid crystal lattice energy and the basicity of 
available oxygens are considered. The terminal oxygens may therefore un-
dergo protonation as well [202].

Acidic properties are also reflected in thermal desorption of basic mol-
ecules. The pyridine, which is adsorbed by SiOAlO, is completely desorbed at 
573 K. However, the pyridine sorbed by H3PW12O40 largely remains at 573 K, 
which indicates that H3PW12O40 is an extremely strong acid. The acidity may 
also be illustrated by temperature programmed desorption (TPD) with NH3. 
The acid strengths of common heteropoly acids follow the general trend be-
low [180]:

The appreciable number of investigations made during the last three de-
cades has made it possible to formulate selection rules for effective catalysts 
from among the Keggin heteropoly acids. However, attention is increasingly be-
ing focused on acquiring more quantitative data for acid-catalytic properties of 
heteropoly acids with different structures and compositions. Their significantly 
higher Brønsted acidity, in comparison with the acidity of the traditional mineral 
acid catalysts, is extremely important for catalysis purposes. There is no doubt 
that in the future, the number of such processes will increase as the activity of 
heteropoly acid catalysts is higher than that of traditional ones. Frequently, the 
use of heteropoly acids as catalysts allows higher selectivity and solves ecologi-
cal problems more successfully.

H PW O H SiW O H PMo O H Si Mo O3 12 40 4 12 40 3 12 40 4 12 40> > >
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2.5.4.1  In solution
From a Brønsted point of view, heteropoly acids are strong acids. Their acidities 
have been quantitatively characterized and compared with the acidities of the 
usual mineral acids.

The increasingly growing number of heteropoly acid applications in solu-
tion, particularly their catalytic [224] and biological applications [225–228], re-
quires a profounder apprehension and analysis of the fundamental relationship 
between their structural behavior in the solid state and in solution.

A compound isolated in crystalline form may not necessarily be the most 
abundant species. In solution, they form species capable of being protonated 
and undergoing redox processes that contribute to the extreme importance of 
the speciation characterization. Regarding the application and/or investigation 
of their complexes in aqueous solution, a thorough perception of the solution 
chemistry is necessary to get a grasp of the reaction mechanism and adjust the 
application conditions.

To provide the briefest definition for chemical speciation, it is the composi-
tion, concentration, and oxidation state of each chemical form of an element 
in a particular sample [229,230]. In addition, the term “speciation” is used to 
describe the distribution of the species present in a sample, in which case it is 
synonymous with the term “species distribution” [231]. This concept is widely 
used in fields as diverse as geochemistry, toxicology, clinical chemistry, bio-
chemistry, environmental chemistry, and inorganic chemistry.

There are many factors that influence speciation of heteropoly acids and the 
mechanism of heteropoly anion formation, among which are the added acid and 
metal concentrations, types of interactions, and the range of chemical condi-
tions (ionic strength, buffer type, presence of potential heteroatoms, type of the 
countercations, etc.) under which the dissolution occurs.

Distribution curves, as the main outcomes of speciation studies, represent 
the percentages, partial mole fractions (α), or equilibrium concentrations of dif-
ferent species in a solution under certain conditions [232]. In general, concen-
tration distribution curves are plotted as a function of a single variable, e.g., pH. 
For distribution curves of heteropoly acids, Z, i.e., the degree of protonation is 
usually used as one single variable. The equilibrium concentrations of differ-
ent species are calculated by solving the mathematical system of mass balance 
equations set up for each species. Then these equations are solved for the con-
centrations of the free species [233]. It is noteworthy that the thermodynamic 
equilibrium constants are calculated based on activities which are dependent on 
temperature and pressure. The majority of the stability constants reported for 
heteropoly acids are regarded as stoichiometric constants, being expressed as 
equilibrium concentration quotients. They are therefore valid only at a certain 
ionic strength (μ, M) in a certain solvent.

Kozhevnikov [218,220] scrutinized the properties of the heteropoly ac-
ids in solution. In more recent works, Okyakov [234–236] focused on the 
mixed addenda (Mo and V) heteropoly acids. Kozhevnikov characterized the 
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acidic properties of a series of heteropoly acids based on their Hammett acid-
ity functions and dissociation constants. Kozhevnikov managed to show that 
H3[PW12O40], H3[SiW12O40], and H3[PMo12O40] are fully dissociated in aque-
ous media and such behavior is similar to that of strong acids. In addition, Pope 
reported that the heteropoly acids of [SiW12O40]

4  − and [PW12O40]
3  − remain 

fully dissociated even when they are reduced by two and three electrons, re-
spectively [237].

It is noteworthy that the heteropoly acids H3[PW12O40], H3[SiW12O40] and 
H3[PMo12O40] are not fully dissociated in organic solvents and therefore they no 
longer behave as strong acids [178].

In spite of the fact that the respective acids of the individual heteroatoms can 
differ significantly, the effect of the heteroatom upon the acidities is basically 
very weak. However, heteropoly acids are much stronger than the correspond-
ing individual acids of the heteroatoms [202]. This is probably due to the fact 
that the heteropoly anion contains more external oxygen atoms capable of suf-
ficiently delocalization of the increased charge than the anion receives in the 
dissociation process [178].

2.5.4.2  The dissociation constants
Plenty of works have been dedicated to the study of acidities of heteropoly 
acids in solutions. However, the dissociation constant data for heteropoly ac-
ids are very limited, chiefly because the polyanions are labile in solution. In 
aqueous solution, heteropoly acids are completely dissociated in the first three 
steps, normally rendering the consecutive dissociation unnoticeable due to lev-
eling effect of the solvent. As electroconductivity data suggest, H4PMo11VO40 
and H5PMo10V2O40 are respectively strong 1–4 and 1–5 electrolytes in aqueous 
solution.

The dissociation constants in aqueous solution (starting from K4) were mea-
sured for H5PMo10V2O40, H6PMo9V3O40, and H7PV12O36 using potentiometric 
methods. In these acids, the first three protons are completely dissociated and 
the others undergo stepwise dissociation upon increasing pH. The dissociation 
constants are listed in Table 2.8. Note that the variation in the values of dissocia-
tion constants for heteropoly acids is not very appreciable, while the differences 
between the dissociation constants of inorganic acids are more noticeable. For 
comparison, pKi values for H3PO4 are listed in Table 2.8. As is evident from the 
data, the studied heteropoly acids are much stronger than H3PO4. This can be 
attributed to the large size, low surface density of the polyanion charge, and the 
peculiarity of the proton position with respect to the heteropoly acid structure. 
Nonaqueous and mixed solvents show differentiating influences on the disso-
ciation constants of heteropoly acids. Furthermore, stabilities of heteropoly ac-
ids are noticeably higher in organic solutions. The acidity of heteropoly acids 
in organic solvents has been systematically studied in a few works [238,239]. 
Table 2.9 provides the values of dissociation constants in a few organic solvents, 
e.g., acetonitrile, acetone, ethanol, and acetic acid in the form of pKi. In addition, 



TABLE 2.8  Dissociation constants for heteropoly acids and phosphoric acid in aqueous solution at 25°C.

 H5PMo10V2O40 H6PMo9V3O40 H7PV12O36 H8NbMo12O42 H8CeMo12O42 H8UMo12O42 H3PO4

pK4 1.16 1.25 3.4 3.24 – – 2.12 (pK1)

pK5 2.14 1.62 4.9 3.43 2.12 – 7.20 (pK2)

pK6 – 2.00 6.4 3.64 1.98 2.13 11.9 (pK3)

pK7 – – 7.9 4.28 2.99 3.02 –

pK8 – – – 5.73 4.16 4.31 –



TABLE 2.9  Dissociation constant values of heteropoly acids in different solvents at 25°C.

Acid

HOAc CH3CN (CH3)2CO CH2H5OH

pK1 pK1 pK2 pK3 pK1 pK2 pK3 pK1 pK2 pK3

H6P2W21 O71(H2O)3 4.66 1.8 5.6 7.6 – – – – – –

H6P2W18O62 4.39 1.8 5.7 7.7 – – – – – –

H6P2Mo18O62 4.36 2.0 6.0 8.0 – – – – – –

H3PMo12O40 4.68 – – – 2.0 3.6 5.3 1.8 3.4 5.3

H4SiW12O40 4.87 1.9 5.9 7.9 2.0 3.6 5.3 2.0 4.0 6.3

H3PW12O40 4.70 1.7 5.3 7.2 1.6 3.0 4.1 1.6 3.0 4.1

H5PW11TiO40 5.32 2.00 6.0 7.9 1.7 3.2 4.2 – – –

H5PW11ZrO40 5.45 1.8 5.5 7.5 2.0 3.4 5.2 – – –

H3PW11ThO39 5.48 – – – – – – – – –

CF2SO3H 4.97 5.5 – – 2.7 – – – – –

HNO3 – – – – 3.6 – – 3.6 – –

HClO4 4.84 – – – – – – – – –

HBr 5.6 – – – – – – – – –

H2SO4 7.00 – – – – – – – – –

HCl 8.40 – – – 4.0 – – – – –
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the dissociation constants for a few traditional acids are provided for compari-
son. First, it is clear that all the heteropoly acids are stronger than the traditional 
acids (e.g., HCl, H2SO4, HNO3, HBr) and even strong acids like HClO4 and 
CF3SO3H. This is of essential significance for the application of heteropoly ac-
ids in acid catalysis. It is noticeable that sulfuric acid, used as a traditional acid 
catalyst, falls by 2–5 units of pK below heteropoly acids. According to the data 
in Table 2.9, the variation in acidic properties of heteropoly acids in CH3CN, 
C2H5OH, and (CH3)2CO is not so remarkable depending on the heteropoly acid 
composition and structure. For each solvent, the acidity series is different.

Even though the composition of a heteropoly acid has a minor influence on 
its acidity, it is quite observable. The acidity values decrease upon the reduc-
tion of heteropoly acids and replacement of W6  + or Mo6  + by V5  + and/or the 
replacement of the central PV by SiIV. In every case, this decrease in acidity must 
be accompanied with an increase in basicity of the species (i.e., the number 
of equivalent protons connected to the heteropoly anion). The dependence of 
acidity on the composition and structure of heteropoly acids is observed more 
pronouncedly in acetic acid solution [238]. The basicity of the solvent has a 
significant effect on the acidity and the extent of acidic dissociation. Therefore, 
in HOAc, which is less polar, all heteropoly acids are relatively weak monoba-
sic acids. In polar solvents like acetonitrile, ethanol, and acetone, the Keggin 
heteropoly acids are completely dissociated in the first step and partially in the 
second step. In acetone, heteropoly acids such as H3PW12O40 and H5PW11TiO40 
are totally dissociated in the first and second steps, but partially in the third step. 
For heteropoly acids of other structures, data acquisition in a polar solvent is not 
achievable because of the complicated dependence of electroconductivity on the 
concentration of the acid in solution. Nevertheless, one can suppose that their 
acidities are close to those of H3PW12O40.

2.5.4.3  The Hammet acidity
In solution, the acidity of heteropoly acids may be defined the Hammet acidity 
function, H0 [240,241]. It has been demonstrated that the series of the strengths 
of heteropoly acids in diluted and concentrated aqueous solutions are not the 
same. This may be attributed to the fact that the acidity of a concentrated solu-
tion is determined not only by the values of the acid dissociation constants (as 
it occurs for diluted acids) but also by the salt effects, which are dependent on 
the composition and structure of the heteropoly acid [240]. The difference in the 
acidities of aqueous solutions of heteropoly acids disappears at the same weight 
concentrations (Table 2.10). The differences in acidity become more evident in 
aqueous-organic solutions. The acidic series in aqueous-organic solutions does 
not correlate with the thermodynamic dissociation constants in nonaqueous or-
ganic solutions. One can conclude that heteropoly acids in aqueous-organic so-
lutions become polyelectrolytes essentially different from other acids [241]. The 
acid strength is lessened when W6  + is replaced by Mo6  + or V5  + and/or when 
the central PV is replaced by SiIV. The central atom role has been investigated for 



TABLE 2.10  The Hammet acidity function H0 values for heteropoly acids in different solutions.

Acid

H2O (CH3)2CO (90%) CH3CN (90%) HOAc (85%)

H0
a 

(0.1 mol/L)
H0

b 
(0.3 mol/L)

H0
c 

(288.2 g/L)
H0

a 
(0.05 mol/L)

H0
b 

(0.15 mol/L)
H0

a 
(0.05 mol/L)

H0
b 

(0.15 mol/L)
H0

a 
(0.05 mol/L)

H0
b 

(0.20 mol/L)

H21B3W39 O132 −  0.52 +  0.21 +  0.11 +  0.21 +  1.55 −  0.55 +  0.35 – –

H4P2W21O71 −  0.40 +  0.15 +  0.04 +  0.11 +  0.38 −  0.58 −  0.36 −  0.27 −  0.20

H5PW11TiO40 −  0.18 +  0.01 −  0.06 +  1.31 +  1.77 +  0.06 +  0.17 +  0.19 +  0.40

H3PW12O40 −  0.05 −  0.05 −  0.05 +  2.17 +  2.17 +  0.14 +  0.14 +  0.10 −  0.17

H5PW11ZrO40 −  0.07 +  0.03 −  0.05 +  1.43 +  2.02 −  0.03 +  0.20 +  0.79 +  1.06

H4SiW12O40 −  0.03 +  0.06 −  0.03 +  1.36 +  2.13 +  0.46 +  0.60 −  0.07 −  0.04

HclO4 +  0.81 +  0.36 −  0.71 +  2.32 +  1.80 +  0.86 +  0.66 – –

CF3SO3H +  0.56 +  0.25 −  0.83 +  2.00 +  1.66 +  0.77 +  0.62 – –

H2SO4 – – – – – – – – +  0.75

a	The molar concentration of acid.
b	The proton concentration of acid.
c	The weight concentration of acid.
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the Keggin heteropolytungstates in acetonitrile solutions [242,243]. It has been 
demonstrated that the acidity generally increases as the negative charge on the 
heteropoly anion decreases and the charge of the central atom increases:

A study [241] showed that the acidity of aqueous-organic solutions of 
Keggin heteropoly acids was inversely dependent on the basicity of the or-
ganic solvent. The decrease in the solvent basicity follows the order of 
acetone  >  acetonitrile  >  water.

The effect of the water content on the acidity of an aqueous-organic solu-
tion assumes an extreme pattern, which is quite common for mixed solutions. 
Addition of water sharply decreases the acidity. Then it passes through a mini-
mum to increase with further addition of water [240]. Such a type of dependence 
is attributed to the solvent effect on the activity coefficient of reagents [239].

2.6  Basic properties

A variety of polyoxometalate catalysts have been developed for acid-catalyzed, 
photocatalytic, or oxidation reactions. On the other hand, base catalysis has 
been scarcely studied [19,44,99,224,244–254]. Quite recently, the use of poly-
oxometalates as base catalysts has drawn much attention as a target for detailed 
studies. Based on their structures, polyoxometalate base catalysts are cat-
egorized into four groups: (i) monomeric metalates, (ii) isopolyoxometalates,  
(iii) heteropolyoxometalates, and (iv) transition metal substituted polyoxometa-
lates (Fig. 2.23). The advantages of polyoxometalate base catalysts are: (i) in 
contrast with solid bases, electrically and structurally adjusted uniform basic 
sites can be designed; (ii) polyoxometalates are thermally and oxidatively more 
stable than organic bases such as amines, phosphines, guanidines, amidines, 
phosphazenes, etc.; and (iii) the metal-oxo fragment (i.e., MO and MOM) 
activates nucleophilic substrates in a specific manner.

The basic sites of a polyoxometalate are usually its constituent oxygen 
atoms, and the basicity is correlated with the anion charge, size, molecular 
structure, and the nature of its constituent elements. The oxygen atoms on the 
surface of a polyoxometalate ion with the highest negative charges are likely to 
be active sites for base catalysis. Normally, the negative charge densities on the 
oxygen atoms cannot be measured experimentally. Therefore, most of the basic 
oxygen atoms have been analyzed by X-ray crystallography [22,101,256–265] 
and/or multinuclear magnetic resonance (NMR) [266–274] spectra of the pro-
tonated forms of the polyoxometalates. In addition, the basic oxygen atoms 
have been computationally analyzed using molecular electrostatic potential 
maps, relative energies of the various protonated forms, and the anion charge 
[15,223,275–277].

For heteropolyoxometalates (the acid form) in the solid state, the protons 
have a key role in the structure of the crystal as they link the neighboring 

P Si Ge B CoV IV IV III III> > >,
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heteropoly anions. Protons of the crystalline H3PW12O40·6H2O are present as an 
oxonium hydrate (H5O2

+), with each one linking four neighboring heteropoly 
anions through hydrogen bonding to terminal WO oxygen atoms [44]. Based 
on the results from infrared (IR) and 17O NMR spectroscopies [44], it has been 
suggested that the protons of the anhydrous form of H3PW12O40, are attached 
to the most basic bridging oxygen atoms. According to Himeno et al., the po-
tential difference between the first one- and two-electron redox waves of cyclic 
voltammograms may be used as a functional measure for the basicity of Keggin 
anions [212e,214]. On this measure, the basicity of the Keggin anions declines 
in the following order:

XW O X B,Al XMo O X Si,Ge
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12 40
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FIG.  2.23  Molecular structures of the different types of polyoxometalate anions used base 
catalysts. (A) Monomeric metalates, (B) isopolyoxometalates, (C) heteropolyoxometalates, and  
(D) transition metal substituted polyoxometalates [255].
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which is in good agreement with the order of the anion charges. Wang et al. 
suggested that the NBO charges on the terminal oxygens in [SiNb12O40]

16  − are 
much lower than those of other polyoxometalates (Fig.  2.24). However, the 
difference between the basic properties of various oxygen atoms is yet to be 
elucidated. The sodium salt of [SiNb12O40]

16  −, Na16 [SiNb12O40], can serve as 
an efficient heterogeneous catalyst for reactions like the Knoevenagel conden-
sation and CO2 cycloaddition [278].

Mizuno et  al. suggested that the catalytic activity of a divacant silicodeca-
tungstate, [γ-SiW10O36]

8  −, for the epoxidation of alkenes with hydrogen peroxide 
drastically depends on the protonation state of the polyoxometalates [22]. A tetra-
protonated silicodecatungstate with two aquo ligands at the vacant sites, i.e., [γ-
SiW10O34(H2O)2]

4  −, can efficiently catalyze the selective oxidation of alkenes by 
hydrogen peroxide. Following this, experimental and theoretical works on the cata-
lytic properties of lacunary polyoxometalates (particularly [γ-SiW10O34(H2O)2]

4  −) 
were carried out by a number of research groups (Fig. 2.25) [276,277,279–282]. 
Although the formula [γ-SiW10O34(H2O)2]

4  − has been proposed based on the 
X-ray crystallographic structure analysis, the precise assignment of the four pro-
tons on the lacunary sites remains unclear and needs more investigations.

Formation of several deprotonated species was revealed during the potentio-
metric titration of [γ-SiW10O34(H2O)2]

4  − with TBAOH. The reversibility and struc-
tures, however, remain blurred [277]. Mizuno and coworkers reported the in situ 
formation of tri-, di-, and mono-protonated silicodecatungstates, [γ-SiW10O34(OH)
(OH2)]

5  −, [γ-SiW10O34(OH)2]
6  −, and [γ-SiW10O35(OH)]7  −, respectively with C1, 

C2v, and C2 symmetries based on the 1H, 29Si, and 183W NMR data (Fig. 2.26) [283].  

FIG. 2.24  Ball-and-stick representations of the anion parts of [SiNb12O40]
16  − base catalyst and 

natural bond orbital (NBO) charges of oxygen atoms [255].



FIG.  2.25  Representations of lacunary sites of [γ-SiW10O34(H2O)2]
4  − and 

[γ- SiW10O32(OH)4]
4  − [276,277].

FIG.  2.26  Reversibility of changes among [γ-SiW10O34(OH)(OH2)]
5  −, [γ-SiW10O34(OH)2]

6  −, 
and [γ-SiW10O35(OH)]7  − upon protonation/deprotonation [283].
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Single crystals of TBA6 [γ-SiW10O34(OH)2] appropriate for X-ray structure anal-
ysis were prepared successfully. The anion part was a monomeric γ-Keggin di-
vacant silicodecatungstate containing two protonated bridging oxygens. Similar 
reversible deprotonation/protonation behaviors were observed for germano-
decatungstates. Therefore, bridging oxygens could be possible active sites for  
[γ-XW10O35(OH)]7  − (X = Si and Ge), while the terminal lacunary oxygens may 
serve as active sites for [γ-XW10O34(OH)2]

6  − (X = Si and Ge) (Fig. 2.27). The 
di-protonated germanodecatungstate, [γ-GeW10O34(OH)2]

6  −, could act as a ho-
mogeneous catalyst for the Knoevenagel condensation and the mono-protonated 
germanodecatungstate [γ-GeW10O35(OH)]7  − could play the same role for the 
chemoselective acylation of alcohols [284,285].

The α-Dawson silicotungstate, TBA8 [α-Si2W18O62], synthesized by dimer-
ization of a trivacant lacunary α-Keggin silicotungstate TBA4H6 [α-SiW9O34] in 
an organic solvent can capture protons inside its aperture in a reversible manner. 
The process occurs through intramolecular hydrogen bonds [286]. Compared to 
the starting material, which was the trivacant TBA4H6 [α-SiW9O34], this com-
pound exhibits much higher catalytic activity for the Knoevenagel condensation 
of ethyl cyanoacetate with benzaldehyde.

2.7  Characterization

Heteropoly acids are identified by a wide array of analytical techniques. Each 
of these methods adds one more piece of information to determine the final 
structural model.

A majority of heteropoly acids have been prepared and studied in aqueous 
solutions. Therefore, this book focuses on speciation of HPAs in aqueous solu-
tions, in which many applications such as catalysis and biological processes are 
carried out.

FIG. 2.27  The ball-and-stick representations of [γ-GeW10O34(OH)2]
6  − and [γ-GeW10O35(OH)]7  − 

and their possible active sites for base-catalyzed reactions [284].
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Adequate experimental techniques and careful interpretation of the results 
are necessary to resolve the ambiguities in heteropoly acid equilibria in solu-
tion. Under ideal conditions, many different complementary experimental 
techniques are needed to realize the distribution of the species. To acquire a 
spectrum as a fingerprint and assign it to a certain species, it must be either 
homogeneous in solution or solid. The polyoxometalate solution under question 
requires monitoring over a pH range, time range, and, if possible, temperature 
and concentration ranges. Presently, for studies in solution the exclusive use of 
potentiometry and vibration spectroscopy for characterizing metal oxide sys-
tems is not suggested any more, but a wide variety of advanced complementary 
methods such as multinuclear NMR spectroscopy, small angle X-ray scattering 
(SAXS), X-ray absorption spectroscopy (XAS comprising of extended X-ray 
absorption fine structure (EXAFS) and X-ray absorption near edge structure 
(XANES)), and mass-spectrometry are used as well. The characterization meth-
ods in the context of their application in HPA systems will be briefly summa-
rized. An elaborate description of the fundamentals of each method, as well as 
the recording, evaluation, and interpretation of the data collected, may be found 
in the related literature.

In the following subsections, the methods widely used for the examination 
of heteropoly acids in solutions and solid state will be presented in the chrono-
logical order of appearance.

2.7.1  Potentiometry

Potentiometric titration was among the first methods employed to investigate 
the speciation of heteropoly acids [31]. Principally, this method involves mea-
suring the concentration of hydrogen ions in polyanion solutions as a function 
of the added acid or base (Fig. 2.28A) and the concentration of the total metal 
ion [233,287,288]. The values for the formation constants and stoichiometric 

FIG. 2.28  pH-potentiometry and mathematical modeling for the system Ni2  +-[MoVIO4]
2  −-H+-

H2O acidified to the mole ratio Z  =  n(H+)/n([MoVIO4]
2  −)  =  1.00 [287]. (A) Integral (points, 

pH = f(Z)) and differential (line, ΔpH/Z = f(Z)) titration curves. (B) Distribution diagrams of the 
ions presented in solution after 60 days aging of the initial Ni2  +-[MoVIO4]

2  −-H+-H2O solution.
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coefficients are then determined by titration, followed by the iterative compu-
tation of the constants of one species in the presence of another. The entire 
system will be computationally described in an iterative process. The forma-
tion constants KC provide a basis for species distribution diagrams (Fig. 2.28B) 
demonstrating various types of polyoxometalates which are present at different 
pH values. To ensure that for each measurement, the equilibrium has been truly 
reached, that the activity coefficient quotients are constant enough (by using a 
supporting electrolyte), and that the potentials of the liquid transitions are ad-
justable, great care must be taken. Presently, potentiometry is obsolete as other 
advanced methods are available that provide more details about the processes 
in solution.

2.7.2  Electronic and vibrational spectroscopy

The addenda ions in polyoxometalates usually have the electronic configuration 
d0, and consequently just one absorption band occurs in their UV-vis spectra 
between 190 and 400 nm, which is due to an oxygen-to-metal charge trans-
fer transition [289,290]. The spectra of the reduced heteropoly blue complexes 
demonstrate intervalence charge-transfer transitions, e.g., Mo(V)-Mo(VI) at 
~  700 nm [291]. In practice, electronic spectroscopy does not provide any struc-
tural information. However, it is among the easiest ways to check the stability 
of a polyoxometalate in solution [292,293]. As an example, at pH 1, the Keggin 
polyanion [PVWVI

12O40]
3  − ({PW12}) (Fig. 2.29B) gives two intense absorption 

bands in the UV range, with maxima approximately at 200 and 263 nm, which 
are attributed to pπ-dπ charge-transfer transitions of the Ot-W(VI) (Ot: termi-
nal oxygen atom) and pπ-dπ charge transfer transitions of the Ob,c-W(VI) (Ob,c: 
bridge oxygen atoms), respectively (Fig.  2.29A) [293]. The absorption band 

FIG. 2.29  (A) UV-vis spectra of H3[P
VWVI 12O40] in aqueous solutions recorded at pH values of 

1.0, 2.0, and 3.5 [293]. The Keggin anion decomposition is clearly seen to have commenced already 
at pH 3.5 by shifting of the maximum absorption from 263 nm to 252.5 nm. (B) The ball-and-stick 
model of a Keggin type anion [PVWVI

12O40]
3  − in which types of oxygen atoms are indicated as  

μ3-Oa (the oxygen atoms linked to the heteroatom PV), μ2-Ob and μ2-Oc (two types of bridging oxy-
gen atoms), and Ot (the terminal oxygen atom).
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maximum at 263 nm is assigned to the electron transition Ob,c-W(VI) of the 
intact Keggin which is shifted to 252.5 nm at pH 3.5 corresponding to the mono-
lacunary form [PVW11

VIO39]
7  − ({PW11}), which indicates the decomposition of 

[PVWVI
12O40]

3  − (Fig. 2.29) [293].
Infrared, Raman, and resonance Raman spectroscopies are widely used in the 

chemistry of heteropoly acids as diagnostic fingerprints. If the positions, shapes, 
and relative intensities of spectral bands for two compounds are similar, one 
may decisively conclude that both have identical structures. The characteristic 
range for the POMs is between 1000 and 400 cm−  1, in which absorptions due to 
metal-oxygen stretching vibrations occur. Raman spectroscopy is usually used 
for aqueous solution studies of heteropoly acids [294–297] while the IR spec-
troscopy is employed for studies in both aqueous and nonaqueous solvents [298].

2.7.3  Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance spectroscopy has been carried out on heteropoly 
acids containing NMR-active nuclei of various natural abundances (NA) to 
study their structures and dynamics in solution since the 1970s. The examples 
are 31P (NA = 100%; I = 1/2), 51V (NA =  99.75%; I = 7/2), 17O (NA = 0.04%; 
I = 5/2), 1H (NA = 99.98%; I = 1/2), 29Si (NA = 4.7%; I = 1/2), and, later, 95Mo 
(NA = 15.87%; I = 5/2) and 183W (NA = 14.32%, I = 1/2) [299,300]. For reliable 
identification of a heteropoly acid in solution, it is desirable to take the NMR 
spectra of all NMR-active nuclei whenever possible.

2.7.3.1  Addenda nuclei
51V NMR. Thus far, the most of measurements for heteropoly acids have been 
made at 51V, a nucleus of relatively high sensitivity that provides spectra with 
line widths between ~  10 and ~ 800 Hz for diamagnetic polyanions. The chemi-
cal shifts (with VOCl3 as a reference) in isopoly- and heteropolyvanadates fall 
in a range between −  400 and − 600 ppm. Even relatively small structural varia-
tions give rise to separable peaks because of a broad range of chemical shift 
[301].

95Mo NMR. Although there are two NMR-active isotopes, i.e., 95Mo 
(NA = 15.87%; I = 5/2) and 97Mo (NA = 9.46%, I = 5/2), Mo NMR is not fre-
quently used because of the low natural abundance and low gyromagnetic ratios 
of these isotopes: γ (95Mo) = −  1.751 × 107 rad s−  1 T−  1 and γ (97Mo) = −  1.788 
× 107 rad s−  1 T−  1. In general, the 95Mo nucleus is preferred over 97Mo because 
it has a lower quadrupolar moment. In comparison with 183W NMR, the 95Mo 
NMR signals from a typical asymmetric HPA-Mo environment are drastically 
broadened due to this quadrupole moment, which complicates spectral mea-
surements and their interpretation.

183W NMR. The 183W NMR is uniquely important in studying polyoxotung-
states (POTs) even though its sensitivity is not very high. Narrow NMR lines of 
183W with I = 1/2 allow us to observe constants of indirect spin-spin coupling, 
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i.e., 2J (W-P), 2J (W-W), that carry structural information. The sensitivity limita-
tions are significantly resolvable by using high field spectrometers, even though 
a concentrated solution of the sample (~  1 mol/L) and a long acquisition time 
are still necessary. A saturated solution of sodium tungstate is recommended as 
a reference [300]. For polyoxotungstates, the range of 183W-chemical shifts falls 
between +  260 and − 300 ppm, and even down to −  670 ppm provided that the 
polyoxotungstate peroxocomplexes are taken into account as well [300]. For the 
reduced polyoxotungstates or polyoxotungstates with incorporated paramagnetic 
ions, even larger chemical shifts from +  2500 to −  4000 ppm may be observed.

93Nb (NA = 100%; I = 9/2) and 181Ta (NA = 99.98%; I = 7/2) NMR spectros-
copies are hardly used for heteropoly acid investigations because of excessive 
line widths, which are in turn a result of a large quadrupole coupling.

2.7.3.2  Other nuclei (1H, 17O, 31P, 19F, 11B, 27Al)
1H NMR. Rapid exchange with solvent protons restricts the use of high res-
olution 1H NMR for fully inorganic polyoxometalates. On the other hand, 
integrated resonances of nonlabile protons from organic units of hybrid poly-
oxoanions and countercations are routinely used for analytical purposes [31]. 
However, separate signals have been observed for solvent and polyanions in 
some cases. One of the earlier successful instances was published in 1966. Pope 
and Varga showed the presence of two central protons in the metatungstate an-
ion, [H2W

VI
12O40]

6  −, using 1H NMR [302].
17O NMR. It is more universal since presence of oxygen in all HPA clusters 

is inevitable. As we know, there are two main structural types of oxygen atoms 
in a polyanion: terminal oxygens with coordination number one (OM) and 
bridging oxygens (MOM) with coordination numbers ranging between two 
and six. NMR lines for different types of oxygen atoms are fully resolved and 
their shape is characteristic for a structural type of oxygen atom [299].

Although it is difficult to observe 17O because of low natural abundance 
(0.04%) and negative quadrupole moment Q(17O) = −  26 mB, its large chemical 
shift ranging from 1200 to −  100 ppm makes up for those drawbacks [31,299]. 
To overcome the low natural abundance of 17O (0.04%), the target polyoxo-
metalates may be enriched with H2

17O. In this way, studying the rates of oxygen-
isotope exchange between solvent and HPA molecule sites becomes possible 
and has been demonstrated to be useful in understanding the equilibria of poly-
oxometalates [268,303].

31P NMR. The large number and wide variety of heteropoly compounds 
with phosphorus as a heteroatom have led to the significant development of 31P 
NMR that indicates the high sensitivity of its chemical shift based on the poly-
oxometalates composition. In the 31P NMR spectra of a Keggin type species, 
i.e., H3[P

VWVI
12O40] and most of its derivatives, each form is represented only 

by one signal in a chemical shift ranging from −  15 to −  2.5 ppm (relative to 
85% H3PO4), which permits direct detection of several coexisting species and 
determination of their concentrations [304].
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Other nuclei. 11B (NA = 80.42%, I = 3/2) [305], 19F (NA = 100%, I = 1/2) 
[306], 27Al (NA = 100%, I = 5/2) [307], and 195Pt (NA = 33.7%, I = 1/2) [308] 
NMR spectroscopies are not used very frequently. However, they may be of 
equal importance for investigation of polyoxometalates in solution. When ap-
propriate NMR-active cations are present, the NMR measurements can also be 
used in the analysis of cation-POM interactions in solution, which can influence 
the transformation between polyoxometalates [187]. The Nyman group man-
aged to study the cationic association with various polyoxometalates in solution 
using 7Li [309], 23Na [310], and 133Cs [197] NMR spectroscopies.

2.7.4  Mass-spectrometry (MS)

Electrospray-ionization mass-spectrometry (ESI-MS) is appropriate to account 
for solution phase equilibria of stable upon ionization anions, as it allows semi-
quantitative detection of both cationic and anionic species in aqueous solutions 
with excellent detection boundaries. Mass spectrometry is an ideal candidate for 
heteropoly acid studies are since it shows complex isotopic envelopes resulting 
from the high number of stable isotopes as for tungsten (182W, 26.5%; 183W, 
14.3%; 184W, 30.6%; 186W, 28.4%) or molybdenum (92Mo, 14.8%; 94Mo, 9.3%; 
95Mo, 15.9%; 96Mo, 16.7%; 97Mo, 9.6%; 98Mo, 24.1%; 100Mo, 9.6%), and are 
basically charged [311,312]. However, the experiments must be designed care-
fully to obtain reliable data without misinterpretation of gas phase data for the 
solution phase [313]. While ESI-MS is not providing any information beyond 
the mass-to-charge ratio of the analyte, it enjoys a high sensitivity and does not 
necessitate too many requirements for the system under analysis. In addition, 
time-resolved data can be collected on very dilute solutions. ESI-MS has been 
used for comprehensive speciation of HPAs with all kinds of addenda atoms 
contributing significantly to the speciation analysis.

2.7.5  Small angle X-ray scattering (SAXS)

SAXS is a nondestructive method used in the determination of the size, shape, 
reactivity, and interactions of dissolved species [314]. As a well-established 
method, it is quite powerful. However, it has not been utilized very extensively 
to obtain speciation information on HPA solutions thus far. In principle, SAXS 
is similar to X-ray crystallography, in which the sample is subjected to the radia-
tion of a collimated monochromatic X-ray beam [315]. Similar to nanoparticles 
and quantum dots, many heteropoly acids exhibit high net charges, and contain 
elements with high electron densities (W, Mo, and other metals). Therefore, 
they drastically scatter X-rays. Because heteropoly acids are molecular by na-
ture, solutions in which the clusters are stable must be totally monodisperse, 
and their X-ray scattering data may be simulated with high accuracy using data 
sets from solid-state crystal structures. Thus far, many groups of polyoxometa-
lates have been thoroughly investigated using SAXS, among which are the 
polyoxometalates of group V (NbV and TaV) [314,315], POTs [98] and their 
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actinide complexes [316], large reduced polyoxometalates [317], and polyoxo-
metalate supramolecular assemblies [318]. SAXS can also be applied in the 
speciation of POMs in catalytic systems. As one example, the speciation pro-
cess for cobalt containing POTs as a function of pH, buffer salts, and addition 
of a chemical oxidant during water oxidation catalysis has been studied with 
excellent results [319].

2.7.6  Other methods

A rich electrochemistry has been observed for heteropoly acids, which is as-
signed to the reduction of tungsten or molybdenum [320] and redox reactions 
of heterometals (i.e., incorporated cobalt, ruthenium, iridium, or nickel). These 
characteristic redox wave peaks may be used for identification of the number 
of terminal oxygen atoms, new isomers and reduced anions, and metastable 
hydrolysis fragments [111,321].

Extended X-ray absorption fine structure (EXAFS) and X-ray absorption 
near edge structure (XANES) are invaluable methods to determine both the local 
coordination environment and the oxidation state of the atoms of a heteropoly 
acid either in solution or in solid state. Each type of atom in a heteropoly acid 
cluster can be individually accessed and an average spectrum for each element 
is recorded [322]. Even though XAS (X-ray absorption spectroscopy) is a pow-
erful technique, there are a limited number of examples for its usage in structure 
analysis of polyoxometalates [323,324]. Since heteropoly acids are generally 
crystalline solids, determination of their structures using single-crystal X-ray 
diffraction is quite possible. For this reason, it has been the most important tool 
in the investigation of their structures in solid state. Determination of structures 
based on single-crystal diffraction data is a routine and one of the oldest meth-
ods used in studying the structures of these compounds. Single crystal X-ray 
diffraction is the only reliable method for determination of the structures of 
paramagnetic or multidimensional heteropoly acids. Powder X-ray diffraction 
(PXRD) has not been regularly used in heteropoly acids chemistry, even though 
it is of reasonable importance in providing evidence for phase pure products.

Dynamic light scattering (DLS) is employed to determine if particles are 
formed in solutions and, if so, to examine their sizes [325]. DLS has found its 
broadest application in monitoring the stability of heteropoly acids in the course 
of a catalytic reaction (e.g., water-splitting systems [326].

Thermogravimetric analysis (TGA) is another technique routinely applied to 
determine the number of crystal water molecules present in the structure of a het-
eropoly acid. No common definition has been accepted of whether crystal water 
molecules coordinating to the TM-cores are part of the crystal water content that 
is supposed to evaporate or not. Crystal water molecules may evaporate already 
upon sample preparation. The accuracy of this technique is not high enough to 
decide if the origin of the remaining electron density in a crystal structure is aris-
ing from the disturbed crystal water molecules or if it is just a background noise. 
Routinely, samples should be dried under high vacuum prior to analysis.
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Cyclic voltammetry (CV) techniques have been widely employed in 
the study of heteropoly acids properties [111], mostly in measuring the re-
dox potentials of the dissolved molecular species. Given this information, 
the kinetics of electron transfer and subsequent reactions can be studied 
[327]. To facilitate the electron transfer between the dissolved species and 
the electrodes, an electrolyte is used. Electron transfers from the working 
electrode to the dissolved molecular species and vice versa are examined 
by applying a potential between the two electrodes, i.e., the working and 
the counter electrode. The current observed during the electron transfers 
is plotted against the potential. The result is a characteristic plot known 
a cyclic voltammogram (Fig.  2.30). Launay et  al. [329,330] and others 
[111,331,332] have presented elaborate studies of cyclic polyanion voltam-
mograms. They have tested electrochemical properties of polyanions and 
assigned the observed waves in cyclic voltammograms to certain electron-
transfer processes. Under specific conditions (pH, additives, buffers), the 
potential at which an electron transfer occurs can be determined and used to 
predict if a reaction may occur.

FIG.  2.30  CVs measured with POM-PS complex functionalized carbon paste electrodes 
vs. Ag/AgCl, in acetate buffer (pH 4.75, 0.1  M), 50  mV/s; red (dark gray in print versions): 
Nan[Ru(bpy)3]

10  −  2n [Co4(H2O)2(PW9O34)2]; green (light gray in print versions): [Ru(bpy)3]2K3 
[{Ru3O3(H2O)Cl2}(α-SiW9O34) [328].
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Chapter 3

Applications of heteropoly acids 
as heterogeneous catalysts

3.1.  Introduction

Supported materials are usually solids with huge surface areas on which a cata-
lyst could be attached. Supported catalysts consist of three major components: a 
promoter, an active phase, and a support [1]. From an economic viewpoint, ap-
plying a support for a catalyst seems quite appropriate as the preparation costs 
are very low. Due to the electronic interaction between the support and active 
phase of the catalyst, the former can also affect the activity of the catalyst. The 
porosity in the support provides high catalytic activity because it allows the sub-
stances (reactants/product) to diffuse (in/out) more easily. Therefore, the cata-
lytic activity depends on the nature, size, and number of the pores in the catalyst 
support. Owing to the pores present in the structure of the support, the surface 
area of the supportive material expands in the acidic sites of the anchored de-
sired catalyst. During the preparation of a catalyst, the support is modified to 
anchor the catalytic species. The active phase of the acid catalyst is extensively 
concentrated and dispersed on the surface of the support. The catalyst stability, 
selectivity, and activity are evaluated by the precise dispersion of the catalyst ac-
tive phase. Due to certain properties such as high porosity, high mechanical sta-
bility, high thermal stability, and large specific surface area, metal oxides such 
as aluminum oxides, silica gel, titanium oxide, aluminosilicates, magnesium 
oxide, and zirconium dioxide are among the most widely used catalyst supports. 
Other supportive materials such as activated carbon, zeolites, and ceramics are 
used as well [2,3].

Heteropoly compounds have been quite versatile and useful in organic trans-
formations owing to their super acidic and redox properties [4]. Among these 
compounds, heteropoly acids can serve as catalysts with more activities than 
those of conventional mineral acids. Using heteropoly acids as catalysts has 
been recently studied with more interest. Apart from the environmental con-
cerns, potential hazards of mineral acids as well as their handling and disposal, 
the attention of the chemist has been attracted to alternative processes using 
solid acid catalysts [5]. Since heteropoly acids have numerous advantages over 
conventional inorganic acids and they are economically and environmentally 
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attractive in both academic and industrial arenas, they provide green alternatives 
to homogeneous catalysts in organic reactions and in the manufacture of chem-
ical compounds [6]. In addition, these compounds have many advantages in 
comparison with homogeneous liquid acid catalysts, i.e., higher acid strengths 
and thermal stabilities. They are noncorrosive, cheap, reusable, and environ-
mentally friendly, and require less waste disposal [7]. On the other hand, low 
surface area, high solubility in water, and constant leakage during operation 
are among the main disadvantages of heteropoly acids, restricting the scope 
of their practical applications. To resolve these restrictions, it is recommended 
to heterogenize the heteropoly acid via immobilization onto a support of high 
surface area.

Equipped with this strategy, scientists were able to resolve the restrictions 
encountered when separating and recycling the homogeneous catalysts.

3.2.  Synthesis of heterocycles

Organic compounds may be classified as aliphatic and aromatic; some are het-
erocycles. Heterocycles chemistry form by far the largest of the classical divi-
sions of organic chemistry. The widely held of pharmaceutical products with 
biological activity are heterocycles showing antimalarial, vasodilator, anticon-
vulsant, fungicidal, pesticidal, and herbicidal potencies. Heterocycles are also 
broadly present in several naturally occurring compounds. Due to their wide 
range of biological activity in synthetic and industrial applications, the syn-
thesis of these compounds has recently received a great deal of attention for 
the discovery of improved strategies toward clean, milder, and high yielding 
approaches.

Sadeghzadeh et al. [8] reported the preparation of magnetite-polyoxometalate 
hybrid nanomaterials, Fe3O4/SiO2/Salen/Mn/IL/HPW (MNPs HPW) by grafting 
of H3PW12O40(HPW) on the ionic liquid-functionalized Fe3O4 magnetite nanopar-
ticles. This species could be used as a recoverable catalyst in the one-pot synthesis 
of cyclic carbonate derivatives with high to excellent yields without a solvent. The 
MNPs-HPW catalyst was analyzed by FT-IR spectroscopy, XRD, transmission 
electron microscopy, thermogravimetric analysis, and a vibrating sample mag-
netometer. The prepared system catalyzed the synthesis cyclic carbonate 3 from 
epoxides 1 and carbon dioxide 2 under solvent-free conditions (Scheme 3.1).  

SCHEME 3.1  Synthesis of cyclic carbonate catalyzed by MNPs-HPW.
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The catalyst was readily recoverable using magnetic separation and it was re-
cycled 10 times without any considerable loss in catalytic activity.

Morales and coworkers [9] successfully prepared solid acid catalysts using 
mesoporous silica (MESOSI) as a support and tungstophosphoric acid (KTPA) 
as an active phase, which was incorporated by impregnation (MESOSI#KTPA) 
and inclusion (MESOSI@KTPA). Transmission electron microscopy images 
of the MESOSI samples showed the presence of mesopores and specific pore 
channels. The XRD patterns of the MESOSI#KTPA samples revealed small 
crystals of H3PW12O40·6H2O, which did not exist in the MESOSI@KTPA mate-
rials. The specific surface area of the MESOSI modified with KTPA diminished 
as the heteropoly acid content increase. 31P NMR and FT-IR data confirmed 
the existence of undegraded [PW12O40]

3 − and H3 − x [PW12O40]x
 − anions in-

teracting with the ≡ Si-OH2
+ groups of MESOSI. Potentiometric titration dem-

onstrated that acid strength and number of acid sites would increase with the 
KTPA loading in MESOSI#KTPA and MESOSI@KTPA samples. In addition, 
the acidic properties of the MESOSI#KTPA materials were observed to be con-
siderably higher than those of MESOSI@KTPA. The activity, selectivity, and 
reusability of the prepared catalysts were very high in the one-pot solvent-free 
reaction between 1,2-phenylenediamine 4 and 1,3-diphenyl-1,3-propanedione 5 
to obtain the corresponding 3H-1,5-benzodiazepine 6 (Scheme 3.2).

While the total acidity strongly depended on the method used to incorporate 
the heteropoly acid, it was almost independent from the KTPA content. Although 
both series of the catalysts (MESOSI@KTPA and MESOSI#KTPA) demon-
strated high activity and selectivity in the synthesis of 3H-1,5-benzodiazepines, 
the better catalytic performance of the latter could be assigned to its higher 
acidity.

Hao et al. [10] developed a method for C(sp3)H bond functionalization of 
methyl azaarenes catalyzed by an alumina-supported heteropoly acid-catalyzed 
reactions of 2-alkyl azaarenes 7 with isatins 8 to afford 3-hydroxy-2-oxindole 
derivatives 9 (Scheme 3.3). This method could be applied for the synthesis of 
biologically important derivatives of 3-hydroxy-2-oxindole with good to excel-
lent yields while the catalyst is reusable for six runs without any significant loss 
of activity. The use of a heteropoly acid supported by alumina allowed the easy 
separation of the product from the catalyst.

SCHEME 3.2  Condensation reaction between 1,2-phenylenediamine and 1,3-diphenyl-1,3-
propanedione to obtain 3H-1,5-benzodiazepine.
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Siddiqui and coworkers [11] synthesized an efficient, new, and recyclable 
silica-supported, copper-doped phosphotungstic acid (CuPTA/SiO2) by the im-
pregnation method. The catalyst was analyzed by different methods such as 
FT-IR, XRD, SEM/EDX, ICP-AES, EPR, XPS, and NH3-TPD. The catalytic 
applications of the species were studied for Claisen-Schmidt condensation. The 
catalyst was recyclable for six runs without any considerable decrease in its 
activity. The sustained catalytic activity of the recovered catalyst after six runs 
was confirmed by FT-IR, XRD, SEM/EDX, ICP-AES, and EPR methods. The 
Claisen-Schmidt yields were excellent in shorter time periods.

The CuPTA/SiO2 catalyst was used in the synthesis of phenoxy pyrazolyl 
chalcones 12 via heating a mixture of different active methyl compounds 10 
and 5-aryloxy-3-methyl-1 phenylpyrazole-4-carbaldehydes 11 at 80°C under 
solvent-free conditions for 10–12 min (Scheme 3.4). A widespread scope, clean 

SCHEME 3.3  Synthesis of azaarene-substituted 3-hydroxy-2-oxindoles via C(sp3)H functional-
ization of 2-methyl azaarenes with isatins.

SCHEME 3.4  Synthesis of phenoxy pyrazolyl chalcones catalyzed by CuPTA/SiO2.
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reaction profile, reusability of the catalyst, enhanced rate of reaction, and prod-
uct yield were among the advantages of the proposed protocol.

Li and coworkers [12] developed a new protocol for the synthesis of 
7-hydroxy-4-methylcoumarin15 from resorcinol13 and ethyl acetoacetate 14 
using the Pechmann reaction with polyvinylpyrrolidone-supported phospho-
tungstic acid (PVP-HPW) as a catalyst (Scheme 3.5). The catalyst was char-
acterized by FT-IR, TGA, UV-vis, elemental analysis, and a Hammet acidity 
function test. Upon protonation by phosphotungstic acid, polyvinylpyrrolidone 
formed polymeric cations. The polymeric cations strongly interacted with 
phosphotungstic anions to give an ionic liquid structure. The performance of 
the PVP-HPW was compared with that of other catalysts like HPW and NMP-
H2SO4 as well as PVP-H2SO4. For a PVP-HPW dosage of 9% based on the 
weight of resorcinol, the yield of 7-hydroxy-4-methylcoumarinreached 96.73% 
within 2 h of reflux at 110°C, which proved to be much more valuable than other 
catalysts. The PVP-HPW could be readily separated from the reaction mixture 
retaining its activity during the recycling process.

Multiple characterization methods demonstrated that the content of PVP 
significantly influenced the acidity of PVP-HPW. Apart from high catalytic ac-
tivity, the Brønsted acidic organic heteropoly acid hybrid catalyst PVP-HPW 
showed simple preparation.

Xie et al. [13] synthesized heteropoly acid catalysts supported by MCM-41. 
Their catalytic activity was explored in an aza-Michael addition reaction be-
tween nitro olefins 16 and benzotriazole 17 in aqueous solution at ambient tem-
perature (Scheme 3.6). The highest activity (up to 96% yield) was demonstrated 

SCHEME 3.5  Synthesis of 7-hydroxy-4-methylcoumarin from resorcinol and ethyl acetoacetate.

SCHEME 3.6  Aza-Michael addition reaction nitro olefins derivatives and benzotriazole catalyzed 
by H3PW12O40/MCM-41.
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to occur at 50 wt% H3PW12O40/MCM-41 (PW/MCM-41). Being employed in 
six consecutive experiments, the catalyst showed no obvious loss of activity, 
verifying the success of the anchoring process and the catalyst stability.

The authors characterized the supported catalysts using power XRD, FT-IR, 
TEM, and SEM techniques.

Habibzadeh and coworkers [14] developed a new supported solid acid cata-
lyst comprising of 12-phosphotungstic acid (HPW) on graphene oxide/silica 
nanocomposite (GO@SiO2) via immobilizing it onto an amine-functionalized 
GO/SiO2 surface through coordination interaction (GO@SiO2-HPW). The 
GO@SiO2-HPW nanocomposite was characterized by FT-IR spectroscopy, 
TGA, powder XRD, and scanning electron microscopy (SEM). The novel 
nanocomposite could be homogeneously dispersed in water and used as a 
heterogeneous, efficient, and reusable catalyst for the synthesis of benzimid-
azoles and benzothiazoles 21 through the reaction of 1,2-phenelynediamineor 
2-aminothiophenol 19 with different aldehydes 20 (Scheme 3.7). The catalyst 
could be readily separated from the workup mixture using centrifugation and 
reused for several runs without any appreciable degradation in its activity.

Sadeghzadeh and coworkers [15] synthesized a heteropoly acid-based ionic 
liquid supported by fibrous nanosilica (KCC1/IL/HPW) via a simple, inexpen-
sive procedure. The species featured easy accessibility of active sites as well 
as high catalytic activity. The KCC-1/IL/HPW nanocatalyst was found to be 
quite active in the synthesis of the cyclic carbonate 24 from epoxides 22 and 
carbon dioxide 23 under moderate conditions (Scheme 3.8). The nanocatalyst 

SCHEME 3.7  One-pot synthesis of benzazoles catalyzed by GO/SiO2-HPW.

SCHEME 3.8  Synthesis of cyclic carbonate in the presence of KCC-1/IL/HPW NPs.
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was characterized by FT-IR, TGA, XRD, scanning electron microscopy (SEM), 
and transmission electron microscopy (TEM). High catalytic activity and easy 
recovery from the workup mixture with filtration as well as several reuses with-
out any appreciable degradation in performance were among other eco-friendly 
features of this novel catalytic system.

Rafiee and others [16] reported an improved methodology for the prepara-
tion of 12-tungstophosphoric acid (HPW) supported on magnetic silica-coated 
nanoparticles and characterized it using various techniques such as scanning 
electron microscopy, transmission electron microscopy, powder XRD, and in-
ductively coupled plasma atomic emission spectroscopy. The acidity of the pre-
pared catalyst was measured by potentiometric titration with n-butylamine. The 
catalytic activity was determined in the synthesis of 1,2-disubstituted benzimid-
azole derivatives 27 in aqueous solution as a model (Scheme 3.9). The catalyst 
demonstrated excellent activity and the products were afforded in good to excel-
lent yields under moderate conditions. Moreover, the catalyst could be readily 
recovered using an external magnet and reused for several more runs. The use of 
water as the solvent, low catalyst loading, and simple workup were among other 
advantages of this catalytic system, making this new methodology practical for 
the synthesis of benzimidazole derivatives.

Escobar et al. [17] prepared4-phenyl 31 and 3,4-dihydro-4-phenylcoumarins 
33 via direct esterification of phenols 29 with phenylpropiolic 30 and cin-
namic acids 32, respectively. In their new method, they used a compound with 
Preyssler structure (H14NaP5W30O110) as a heterogeneous catalyst with no sol-
vent included at 130°C, in a short reaction time of 2 h (Scheme 3.10). Good 
to excellent yields (11 examples: 61%–90%) without secondary products were 
obtained under such conditions. The catalyst was nontoxic, recyclable, neither 
air- nor moisture-sensitive, and easy to operate.

Xiao and coworkers [18] designed and prepared 13 novel amine or qua-
ternary ammonium functionalized polyacrylonitrile fiber (PANF) supported 

SCHEME 3.9  γ-Fe2O3@SiO2-HPW catalyzed synthesis of 1,2-disubstituted benzimidazoles in 
water.
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phosphotungstic acid catalysts. They managed to screen the activities of 
these catalysts using the condensation/annulation tandem synthesis of 2,3- 
dihydroquinazolin-4(1H)-one compounds 36 via CN bond formation between 
2-aminobenzamide 34 and benzaldehyde 35 (Scheme 3.11). By tuning the 
functionality and hydrophobic/hydrophilic properties of the amine/ammonium 
structure as well as the density of phosphotungstic acid sites, the fiber catalyst 
CAT-12, which was prepared from quaternary ammonium functionalized PANF 
with a benzyl group of high PTA loading, afforded the best catalytic activity for 
most reactions in aqueous solution. The CAT-12 could be easily separated from 
the workup and recycled for seven runs without any considerable loss in catalytic 
activity. In addition, the reaction progressed mildly in gram scale to afford nearly 
quantitative yields using this effective, eco-friendly and easily recyclable cata-
lyst with great industrial potential. Its activity was also demonstrated in Friedel-
Crafts alkylation of indoles 37 with b-nitrostyrene 38 (Scheme 3.12).

Liu et  al. [19] prepared a heteropoly acid-based organic hybrid hetero-
geneous catalyst, by combining 8-hydroxy-2-methylquinoline (HMQ) with 
Keggin-structured H4SiW12O40(STW). The catalyst (HMQ-STW) was char-
acterized using elemental analysis, XRD, FT-IR, TGA, scanning electron 

SCHEME 3.10  Synthesis of 4-phenylcoumarins and 4-phenyl-3,4-dihydro-4-phenylcoumarins.

SCHEME 3.11  CAT-12 catalyzed synthesis of 2,3-dihydroquinazolin-4(1H)-ones with hydro-
philic 2-aminobenzamide and hydrophobic benzaldehyde.
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microscopy (SEM), and potentiometric titration methods. The catalyst perfor-
mance was evaluated in the ketalization of ketones with glycol or 1,2-propylene 
glycol (Table 3.1). A variety of reaction parameters, such as the molar ratio of 
glycol to cyclohexanone, reaction temperature and time, as well as catalyst dos-
age, were explored systematically. HMQ-STW demonstrated a relatively high 
yield of the corresponding ketal, with 100% selectivity under the optimized 
reaction conditions. Furthermore, catalytic recycling tests showed that the het-
erogeneous catalyst had a high potential for reusability. It was also revealed that 
the organic modifier HMQ had a significant effect on the formation of a hetero-
geneous system as well as enhancing the structural stability.

These findings demonstrated that the HMQ-STW catalyst was a new prom-
ising heterogeneous acid catalyst for the ketalization of ketones.

Mozafari and others [20] synthesized a novel acid nanocatalyst, MnFe2O4/
chitosan/phosphotungstic acid (MnFe2O4@CS@PTA). As a magnetically re-
coverable nanoparticle, the synthesized species was studied as a heterogeneous 
nanocatalyst to prepare the functionalized oxazolidin-2-ones 42 as flexible chiral 
synthons in the asymmetric synthesis of biologically active compounds through 
the reaction of α-epoxyketones 40 with urea and thiourea 41 (Scheme 3.13). 
Excellent yields, green reaction conditions, and short reaction time were among 
the considerable features of this new protocol. Moreover, excellent catalytic 
activity in protic solvent as well as easy preparation, thermal stability, and sepa-
ration of the catalyst rendered it a satisfactory heterogeneous system as a useful 
alternative to the other heterogeneous catalysts. The synthesized MnFe2O4@
CS@PTA may prove a promising catalytic species for production of mass fine 
chemicals. The composition and structure of the nanocomposite were analyzed 
by different methods such as FT-IR, field emission scanning electron micros-
copy (FESEM), XRD, TGA, vibrating sample magnetometer (VSM), transmis-
sion electron microscopy (TEM), and Brunauere-Emmette Teller (BET).

Kumaresan et  al. [21] developed a green Keggin-type heteropoly- 
12-tungstophosphoric acid (HPW) supported on graphitic carbon nitride g-C3N4 

SCHEME 3.12  CAT-12 catalyzed Friedel-Crafts alkylation of indoles.
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TABLE 3.1  Ketalization of carbonyl compounds with diols catalyzed with HMQ-STW.

Entry Ketone/aldehyde Diol Product

1 Benzaldehyde Glycol

2 Acetophenone Glycol

3 p-Nitrobenzaldehyde Glycol

4 m-Nitrobenzaldehyde Glycol

5 p-Chlorobenzaldehyde Glycol

6 p-Nitroacetophenone Glycol

7 Benzaldehyde 1,2-Propylene 
glycol

8 Acetophenone 1,2-Propylene 
glycol

9 Cyclohexanone 1,2-Propylene 
glycol

10 p-Chlorobenzaldehyde 1,2-Propylene 
glycol

11 p-Nitrobenzaldehyde 1,2-Propylene 
glycol

12 p-Nitroacetophenone 1,2-Propylene 
glycol
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(40% HPW/g-C3N4). It was used to catalyze a one-pot synthesis of quinoxaline de-
rivatives 45 from 1,2-diketone 43 and 1,2-diamines 44 (Scheme 3.14). Using green 
solvents, heterogeneous reaction conditions, operational simplicity, short reaction 
times, and catalyst reusability were the advantages of this protocol.

Bennardi and coworkers [22] proposed a new, effective, and green protocol 
to afford quinolines based on employing tungstophosphoric acid in a polymeric 
matrix of polyacrylamide (APTPOL60). The protocol consisted of the formation 
of polysubstituted quinoline compounds 48 using various 2-aminoaryl ketones 
46 and -dicarbonyl compounds 47, in absolute ethanol at a temperature of 78°C 
(Scheme 3.15). The efficiency of the catalyst remained intact after successive 
uses with no leaching observed. Seven different quinolone derivatives were syn-
thesized in excellent yields (89%–99%).

Entry Ketone/aldehyde Diol Product

13 Acetone 1,2-Propylene 
glycol

14 Benzaldehyde Glycol

15 Benzaldehyde Pentaerythritol

16 Benzaldehyde Neopentyl 
glycol

TABLE 3.1  Ketalization of carbonyl compounds with diols catalyzed with  
HMQ-STW—cont’d

SCHEME 3.13  The preparation of 5-Benzoyl-4-phenyloxazolidin-2-one derivatives in the pres-
ence MnFe2O4@CS@PTA.
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Gharib and others [23] reported a new methodology efficient in the syn-
thesis of dicoumarol (3,3′-methylene-bis-4-hydroxycoumarin) 51 catalyzed by 
silica-supported Preyssler nanoparticles (SPN) (Scheme 3.16). Compared to the 
other heteropoly acid catalysts, the catalyst performed quite well. A significant 
advantage of the catalyst was the ease of separating from the workup mixture. 
In addition, it could be recycled several times.

Costa and coworkers [24] reported that the interaction of monoterpenes such 
as limonene 52, α-pinene 53, and α-pinene 54 with crotonaldehyde 55 using 
silica-supported H3PW12O40 and its acidic cesium salt Cs2.5H0.5PW12O40 as solid 

SCHEME 3.14  Synthesis of quinoxaline derivatives using HPW/g-C3N4 as a catalyst.

SCHEME 3.15  Preparation of quinoline derivatives by the reaction 2-amino-ketones and -dicar-
bonyl compounds using APTPOL60 catalyst.

SCHEME 3.16  Synthesis of dicoumarols 51 from 4-hydroxycoumarin 49 and benzaldehydes 50 
catalyzed by silica-supported Preyssler nanoparticles (SPN).
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acid catalysts in dichloroethane solutions resulted in cycloaddition reactions to 
give the same fragrant oxabicyclo[3.3.1] nonene product 56 with a very good 
yield (Scheme 3.17). The product was probably formed via an α-terpenyl car-
benium ion intermediate, generated from monoterpene protonation to undergo a 
nucleophilic attack by crotonaldehyde. H3PW12O40 and Cs2.5H0.5PW12O40 were 
both found to be efficient as heterogeneous cycloaddition catalysts.

Takale et al. [25] reported an effective and practical method for the prepara-
tion of 5-substituted 1H-tetrazole derivatives 59 from a wide variety of nitriles 
57 with phosphomolybdic acid as an efficient heterogeneous catalyst (Scheme 
3.18). Good yields, simplicity of operation, and easy workup, plus elimination 
of hazardous and harmful hydrazoic acid, rendered the method more attractive 
for the diversity-oriented synthesis of the mentioned heterocycles. The catalyst 
was recyclable for three times with satisfactory yields.

Hosseini and coworkers [26] prepared a new sulfonic-phosphotungstic dual-
acid hybrid catalyst based on silica coated magnetite nanoparticles (SCMNPs), 
which contained two types of Brønsted acidic sites that is sulfonic acid (-SO3H) 

SCHEME 3.17  Acid-catalyzed reaction of limonene, α-pinene, and α-pinene with crotonaldehyde.

SCHEME 3.18  Preparation of 5-substituted 1H-tetrazoles catalyzed by phosphomolybdic acid.
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and phosphotungstic acid (HPW) groups, with chemical and electrostatic inter-
actions of these acidic functional moieties with piperazine-grafted propylsilyl 
spacer groups. The prepared solid acid catalyst was characterized employing 
analytical techniques such as FT-IR spectroscopy, elemental analysis, and in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES), XRD, en-
ergy dispersive X-ray (EDX) analysis, vibrating sample magnetometry (VSM), 
scanning electron microscopy (SEM), and transmission electron microscopy 
(TEM). In order to explore the catalytic activity of the prepared catalyst, the 
acetalization reaction between benzaldehyde 60 and ethylene glycol 61 was per-
formed. The reaction was completed by 97% conversion toward the production 
of the acetal 62 in a short reaction time (Scheme 3.19). For the same catalyst, 
but without HPW, lower conversion was achieved, revealing the positive role 
of the second acidic sites on the reaction completion. Moreover, the solid acid 
catalyst was readily separable and reusable for four runs with no appreciable 
degradation in catalytic activity.

Sun and others [27] described a new method to produce coumarins unsub-
stituted on the pyranic nucleus 65 catalyzed by Wells-Dawson heteropoly acid 
(H6P2W18O62), phenol derivatives 63 and ethyl 3,3-diethoxypropionate 64 using 
Pechmann condensation with no solvent (Scheme 3.20). This catalytic method 
was also used successfully in the synthesis of several substituted coumarins, 
including the corresponding phenols and ethyl 3,3-diethoxypropionate. The 
method provides a novel, greener, and safer alternative for the synthesis of cou-
marins unsubstituted on the pyranic nucleus.

Khosravi’s research group [28] synthesized gem-dihydroperoxides 67 via 
oxidation of various ketones and aldehydes 66 in the presence of heteropoly 
acid/NaY zeolite (HPA/NaY) as a new, efficient, and reusable solid catalyst 
in 30% aqueous H2O2 at room temperature (Scheme 3.21). The reactions 

SCHEME 3.19  Acid-catalyzed benzaldehyde acetalization with ethylene glycol.

SCHEME 3.20  Synthesis of coumarins unsubstituted on the pyranic nucleus.
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progressed with high rates and very good yields. In addition, the hybrid catalyst 
was successfully used to facilitate the synthesis of 1,2,4,5-tetraoxanes 69 by the 
direct condensation of gem-dihydroperoxides obtained from different ketones 
(Scheme 3.22). Consequently, the heteropoly acid/NaY system was proved to 
be an inexpensive, recoverable, and environmentally friendly solid catalyst. 
Mild reaction conditions, shorter reaction times, and higher yields were among 
the notable features of this method.

3.3.  Multicomponent reactions (MCRs)

Multicomponent reactions (MCRs) are convergent reactions, in which three or 
more commercially available or easily accessible starting materials react to gen-
erate a product, where essentially all or most of the atoms subsidize to the newly 
formed product. In an MCR, a product is assembled according to a cascade of 
elementary chemical reactions.

Sadeghzadeh et al. [29] demonstrated the application of a catalyst contain-
ing phosphotungstic acid and an ionic liquid based organosilica (Fe3O4/KCC-1/
IL/HPW) for the synthesis of tetrahydrodipyrazolopyridines 74 (Scheme 3.23). 
High loading capacities were achieved for the heteropoly acid due to the am-
plification effect of the ionic liquid. The catalyst system could be successfully 
reused several times without any appreciable loss in activity or selectivity. The 
Fe3O4/KCC-1/IL/HPW nanocatalyst synthesized in this work showed excellent 
catalytic activity in multicomponent reactions under moderate conditions, which 
was assigned to the accessibility of the active sites. Based on these results, the 

SCHEME 3.21  Peroxidation of aldehydes and ketones in the presence of heteropoly acid/NaY.

SCHEME 3.22  Synthesis of different 1,2,4,5-tetraoxanes in the presence of heteropoly acid/NaY.
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author concluded that although the Fe3O4/KCC-1/IL nanostructure acted as a 
for the soluble phosphotungstic acid, it could also operate as a nanoscaffold to 
retake the phosphotungstic acid into the meso fibers. The result was prevention 
of wide agglomeration of phosphotungstic acid.

Zolfagharinia et al. [30] developed a novel highly effective catalyst via the 
immobilization of phosphotungstic acid (20–60 wt%) on the surface of zirconia-
encapsulated Fe3O4 nanoparticles, which were magnetically retrievable. The 
prepared heterogeneous acid catalyst, i.e., phosphotungstic acid supported on 
nano Fe3O4@ZrO2(n-Fe3O4@ZrO2/HPW) was completely characterized using 
a number of techniques, such as FT-IR, transmission electron microscopy, field 
emission scanning electron microscopy, XRD, energy-dispersive X-ray spec-
troscopy, vibrating sample magnetometry, and TGA. The FT-IR data showed 
that the phosphotungstic acid molecules on the nano-Fe3O4@ZrO2 support ex-
isted in the Keggin structure. The acidity of the catalyst was determined by 
potentiometric titration with n-butylamine. The catalytic activity of the prepared 
new nano Fe3O4@ZrO2/HPW was examined over the one-pot, three-component 
synthesis of different 3,4-dihydropyrimidin-2(1H)-ones 78 (i.e., Biginelli re-
action) (Scheme 3.24) and 1,4-dihydropyridines80 (i.e., Hantzsh reaction) 
(Scheme 3.25) in the absence of any solvent. The sample of 40 wt% exhibited 

SCHEME 3.23  Synthesis of tetrahydrodipyrazolo pyridines catalyzed by Fe3O4/KCC-1/IL/HPW 
in water.

SCHEME 3.24  Synthesis of 3,4-dihydropyrimidin-2(1H)-ones.
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higher acidity and activity in the catalytic transformation. When the reaction 
was complete, the catalyst/product separation was easily achievable with an 
external magnetic field and the separated catalyst was easily recycled for at least 
five runs without any considerable loss in its catalytic activity. The excellent 
recyclability was ascribed to the strong interaction between the hydroxyl groups 
of the nano-Fe3O4@ZrO2 support and the phosphotungstic acid.

Sadjadi and coworkers [31] designed and synthesized a novel hybrid cata-
lyst via incorporation of a heteropoly acid into creatin-functionalized halloysite 
clay. Characterized by different methods such as SEM/EDS, XRD, FT-IR, BET, 
ICP-AES, thermogravimetric analysis, and DTGA, the resulted catalysts were 
successfully applied in promoting the synthesis of two series of benzopyrano-
pyrimidines under ultrasonic irradiation in aqueous solution of two series of 
benzopyranopyrimidines 84 and 88 from the reaction of 4-hydroxycoumarin 
81, aldehydes 82, and urea/thiourea 83 (Scheme 3.26) and the reaction of 
2-hydroxy benzaldehydes 85, amine 86, and malononitrile 87 (Scheme 3.27). 
The results demonstrated the effectiveness of the proposed method in terms 
of the yield, reaction time, the green nature of the process, and simplicity of 
the workup procedure. In addition, immobilization of the heteropoly acid on 
creatin-functionalized halloysite retarded the heteropoly acid leaching and 
made the catalyst entirely reusable.

Sadeghzadeh and coworkers [32] prepared magnetite-polyoxometalate 
hybrid nanomaterials (Fe3O4/SiO2/salen/Mn/IL/HPW). For this purpose, they 
grafted phosphotungstic acid on Fe3O4 magnetite nanoparticles functionalized 
by an ionic liquid. The prepared catalyst was absolutely recoverable when used 

SCHEME 3.25  Synthesis of 1,4-dihydropyridines.

SCHEME 3.26  Synthesis of benzopyranopyrimidines using 4-hydroxycoumarine under ultra-
sonic irradiation.
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for the one-pot synthesis of thiazoloquinolines 93 from the reaction of α-enolic 
dithioesters 89, cysteamine 90, aldehyde 91, and cyclohexane-1,3-dione 92 with 
high to excellent yield in the absence of a solvent (Scheme 3.28). The catalyst 
was characterized using FT-IR, TGA, XRD, vibrating sample magnetometry 
(VSM), and transmission electron microscopy (TEM). In addition, the catalyst 
was readily recoverable by magnetic separation and recycled for 10 runs with-
out any appreciable degradation in its activity.

Eshghi et  al. [33] prepared a new magnetic acidic catalyst containing 
a Preyssler heteropoly acid, i.e., H14[NaP5W30O110] supported on nickel fer-
rite nanoparticles coated with silica (NiFe2O4@SiO2). The prepared catalyst 
was characterized by FT-IR, scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), XRD, energy dispersive spectrum, vibrating 
sample magnetometer (VSM), as well as particle size measurement. Its cata-
lytic activity was studied over the synthesis of bis(dihydropyrimidinone)ben-
zene 98 and 3,4‐dihydropyrimidin‐2(1H)‐ones and ‐thiones derivatives 99 by 
the Biginelli reaction. With the prepared catalyst, the reactions occurred in less 
than 1 h in good to excellent yields. The catalyst was readily separated from the 
workup mixture using an external magnetic field and reused for at least five 
runs without any loss in activity. This proposed protocol was simple, green, and 
efficient (Scheme 3.29).

SCHEME 3.27  Synthesis of benzopyranopyrimidines using salicylaldehydes under ultrasonic 
irradiation.

SCHEME 3.28  Synthesis of thiazoloquinolines in the presence of MNPs-HPW.
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Portilla-Zuñiga and others [34] developed an effective method with high 
yields using the renewable platform molecule furfural for the synthesis of 
Biginelli derivatives 103 via a three-component, domino reaction via a combi-
nation of aldehydes (furfural) 100, β-ketoesters 101, and urea or thiourea 102 
catalyzed by a Preyssler heteropoly acid, i.e., H14NaP5W29MoO110, encapsulated 
in a silica framework (Scheme 3.30). The reaction was carried out without any 
solvent with high yields using thermal and microwave heating. Atom economy, 
environmental friendliness, reusability of the catalysts, and short reaction times 
were among the significant features of the protocol. The Preyssler catalyst em-
bedded in the silica matrix (PCSiO2) was not soluble in polar and nonpolar me-
dia, allowing easy separation of the reaction products without any influence on 
its catalytic activity. The proposed catalytic strategy exhibited the benefits of the 
Preyssler acid (H14NaP5MoW29O110) as a Brønsted acid catalyst in the Biginelli 
multicomponent reaction. On the other hand, it was evident that the acid strength 
of the active phase was too high for the reaction to proceed with the bulk catalyst. 
Nonetheless, the inclusion of the catalyst in the silica framework made it suitable 
for the reaction as a catalyst that is easy to recover and reuse.

SCHEME 3.29  Synthesis of bis(dihydropyrimidinone)benzene and 3,4‐dihydropyrimidin‐2(1H)‐
ones and ‐thiones derivatives.

SCHEME 3.30  Synthesis of dihydropyrimidinones (thiones).



160  Heteropolyacids as highly efficient and green catalysts

Kumaresan et  al. [35] reported the condensation of 1,3-indanedione104, 
2-aminoantharacene105 and substituted aromatic aldehydes 106 catalyzed by 
10% PVMoK-10 to yield naphtho[2,3-f]quinolin-13-one 107 (Scheme 3.31) as 
well as condensation of 1,3-cyclohexanedione 108, 2-aminoantharacene 105, 
and substituted aromatic aldehydes 109 catalyzed by 10% PVMoK-10 catalyst 
to yield naphtho[2,3-a]acridin-1(2H)-one 110 (Scheme 3.32). The significant 
features of the protocol were simple operation, evading toxic solvents, shorter 
reaction time, good yields, as well as recovery and reusability of the catalyst.

Sadjadi and coworkers [36] designed and synthesized a novel heteroge-
neous catalyst, HPA@HNTs‐IMI‐SO3H, based on functionalization of halloy-
site nanotubes with an ionic liquid followed by incorporation of the heteropoly 
acid. The structure of the catalyst was determined with SEM/EDX, FT-IR, 

SCHEME 3.31  Synthesis of naphtho[2,3-f]quinolin-13-one derivatives catalyzed by 10% 
PVMoK-10.

SCHEME 3.32  Synthesis of naphtho[2,3-a]acridin-1(2H)-one catalyzed by 10% PVMoK-10.



Heteropoly acids as heterogeneous catalysts  Chapter | 3  161

XRD, ICP‐AES, thermogravimetric analysis, DTGA, and BET. In addition, 
the catalytic activity of HPA@HNTs‐IMI‐SO3H was examined in promotion of 
the ultrasonic‐assisted, three-component reaction of isatins 111, 1,3‐dicarbonyl 
compounds 112, and malononitrile or cyanoacetic esters 113 to give the corre-
sponding spirooxindole 114 with high yields and short reaction times (Scheme 
3.33). The reusability of the catalyst was also investigated. It is noteworthy that 
the catalyst could be recovered and reused for three successive runs. Given the 
leaching test results, that observation was attributed to the leaching of hetero-
poly acids, which in turn could be induced by ultrasonic irradiation.

Ghanbari and others [37] designed a novel magnetic Wells-Dawson het-
eropoly acid-based inorganic/organic nanohybrid, (Fe3O4@SiO2@ADMPT/
H6P2W18O62) and used it as a green, efficient, and totally recyclable catalyst 
for the one-pot, multicomponent synthesis of 1,4-Dihydopyridine (1,4-DHP) 
derivatives 118 from the reaction of a variety of aromatic aldehydes 115 with 
ethyl acetoacetate 116 and ammonium acetate 117 with satisfactory to excellent 
yields and in short reaction times (Scheme 3.34). The mentioned nanohybrid 
catalyst was synthesized by the chemical anchoring of the Wells-Dawson het-
eropoly acid H6P2W18O62 onto the surface of functionalized Fe3O4 nanopar-
ticles using 2,4-bis(3,5-dimethylpyrazol)-triazine (ADMPT) as a linker. These 
nanohybrid catalysts were analyzed using different techniques such as scanning 

SCHEME 3.33  Three-component reaction catalyzed by HPA@HNTs-IMI-SO3H under ultrasonic 
irradiation.

SCHEME 3.34  Synthesis of 1,4-DHP derivatives catalyzed by Fe3O4@SiO2@ADMPT/
H6P2W18O62.
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electron microscopy (SEM), transmission electron microscopy (TEM), XRD, 
IR spectroscopy, and vibrating sample magnetometer (VSM). The protocol was 
developed as a safe, inexpensive, and convenient alternative to the synthesis of 
1,4-DHP derivatives employing a green, highly reusable catalyst.

Jahanshahi and coworkers [38] anchored a heteropoly acid on SBA-15 func-
tionalized with 2-aminoethyl dihydrogen phosphate (SBA-15@AEPH2-HPA) to 
synthesize a novel and extensively efficient heterogeneous mesoporous catalyst. 
The synthesized catalyst was successfully characterized using many techniques 
such as FT-IR, BET, small-angle XRD, EDX, SEM, TGA, TEM, ICP-OES, and 
elemental analysis. The novel catalyst exhibited a high catalytic activity over 
the one-pot synthesis of a wide verity of trisubstituted 1,3-thiazole derivatives 
122. The protocol involved the three-component reactions of arylglyoxals 119, 
cyclic 1,3-dicarbonyls 120, and thioamides 121 under moderate reaction condi-
tions (Scheme 3.35). The proposed methodology was far better than the only 
method found in the literature. The most promising advantages of the presented 
method were affording a very important class of pharmaceutically and biologi-
cally active 1,3-thiazoles in excellent yields in short reaction times, mild reac-
tion conditions, using water as the solvent, and easy reusability of the catalyst 
for at least nine runs without any considerable loss in its activity. Importantly, 
the small-angle XRD analysis and TEM images of the ninth recovered catalyst 
clearly proved the privileged durability and stability of the introduced catalytic 
system, under the reaction condition.

Selvakumar et  al. [39] achieved a one-pot, multicomponent synthesis of 
N,N′-alkylidene bisamides 125 (Scheme 3.36), 2,4,5-trisubstituted imidazoles 
129 (Scheme 3.37), and 1,2,4,5-tetrasubstituted imidazoles 134 (Scheme 3.38) 
catalyzed by heteropoly 11-tungsto-1-vanadophosphoric acid (HPV) supported 
on activated natural clay for about 20% (HPVAC-20) in the absence of a solvent. 
Green reaction conditions, simple workup, short reaction times, high yields, and 
reusability of the catalyst were among the advantages of the proposed method.

SCHEME 3.35  Synthesis of trisubstituted 1,3-thiazoles in the presence of SBA-15@AEPH2-
HPA, under mild aqueous media.
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SCHEME 3.36  Synthesis of N, N′-alkylidene bisamides in the presence of HPVAC-20 as a catalyst.

SCHEME 3.37  Synthesis of 2,4,5-trisubstituted imidazoles in the presence of HPVAC-20 as a 
catalyst.

SCHEME 3.38  Synthesis of 1,2,4,5-tetrasubstituted imidazoles in the presence of HPVAC-20 as 
a catalyst.
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Pradhan and coworkers [40] prepared a layered α‑zirconium phosphate 
(α-ZrP) by reflux with ZrOCl2.8H2O and H3PO4 as precursor. The α-ZrP ma-
terial was pillared with Zr-oxyhydroxy nanoclusters to afford the Zr-pillared 
α‑zirconium phosphate (ZZP). As a result of Zr-pillaring, improvements in the 
interlayer spacing, surface area, and porosity were observed. The cesium ex-
changed phosphotungstic acid (CsxH3 − xPW12O40) nanoparticles were dispersed 
in the porous matrix of ZZP material to give a CsxH3 − xPW12O40-ZZP nanocom-
posite system. The resulted nanocomposites were characterized with various 
techniques such as XRD, FT-IR, UV-vis-DRS, XPS, TGA-DTA, N2 sorption, 
TPD, FESEM, and HRTEM. The expansion in layer structure of α-ZrP upon 
pillaring and its subsequent retention in the composite material was observed 
from XRD. UV-vis and FT-IR examinations indicated the structural integrity of 
the CsxH3 − xPW12O40 nanoclusters in the ZZP interlayer. The nanocomposite 
materials were employed as effective heterogeneous catalysts in the synthesis 
of spirooxindoles 139 and 140 via the one-pot, multicomponent condensation of 
isatin 135, malononitrile 136, and naphthol/1,3-diketones 137 and 138 (Scheme 
3.39). Spirooxindole derivatives with structural diversity were synthesized with 
high yield and purity in short reaction times using the CsxH3 − xPW12O40-ZZP 
nanocomposites as a catalyst under moderate and mild conditions.

Sabaghian and others [41] prepared a novel magnetic acidic catalyst consist-
ing of a Preyssler heteropoly acid (H14[NaP5W30O110]) supported on silica-coated 
nickel zinc ferrite nanoparticles (Ni0.5Zn0.5Fe2O4@SiO2). The characterization 
of the catalyst was done by FT-IR, TEM, and particle size measurements. To 
investigate the catalytic activity of the prepared catalyst, the synthesis of polyhy-
droquinoline derivatives 145 via the Hantzsch reaction was chosen. The products 
were synthesized from the condensation of aldehydes 141, dimed one 142, ethyl 
acetoacetate 143, ammonium acetate 144, and catalyst in ethanol (Scheme 3.40). 

SCHEME 3.39  One-pot, multicomponent synthesis of spriooxindoles catalyzed by CP2 ZZP.
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With the catalyst, the reactions progressed within less than 1 h in good to excel-
lent yields. As a more important feature, the catalyst was readily separated from 
the workup mixture using an external magnet and reused for at least four runs 
without any loss in activity.

Tayebee and coworkers [42] supported phosphotungstic acid (HPW) on 
ZIF‐9(NH2) for the first time and used it as an efficient, green catalyst in the 
one‐pot, three-component Biginelli condensation of a variety of substituted 
benzaldehydes 146 with ethyl acetoacetate 147 and urea 148 to give the related 
3,4‐dihydropyrimidin‐2‐(1H)‐ones 149 under solvent‐free conditions (Scheme 
3.41). The structures of ZIF‐9(NH2) and the prepared nanocatalyst, i.e., HPW@
ZIF‐9(NH2) were determined by FT‐IR, XRD, TEM, BET, FESEM, AAS, 
TGA, EDX, and UV-vis. After the reaction was complete, the nanocatalyst was 
easily separated from the workup mixture using a centrifuge and the recovered 
catalyst was reusable for at least five runs with only 14% reduction in yield 
after the fifth run. The authors concluded that the ZIF‐9(NH2) can be utilized as 
a promising support for HPW to develop a highly active, nontoxic, stable, and 
reusable heterogeneous catalyst under easy reaction conditions in multicompo-
nent organic syntheses.

Sadjadi and coworkers [43] synthesized SBA/hydrotalcite/heteropoly acid 
nanocomposite using a novel method in which SBA-15 loaded with a heteropoly 
acid (HPA) was impregnated with calcined hydrotalcite (LDH). The resulting ter-
nary hybrid system (SBA/LDH/HPA) was characterized using various techniques 

SCHEME 3.40  Synthesis of polyhydroquinolines using Ni0.5Zn0.5Fe2O4@SiO2 as a nano mag-
netic catalyst.

SCHEME 3.41  Three-component condensation of ethyl acetoacetate, urea and different alde-
hydes in the presence of PTA@ZIF-9(NH2) as a catalyst.
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such as FT-IR, XRD, BET, SEM/EDS, TPD, TGA, and ICP-AES. It was used 
as an efficient catalyst for the synthesis of 2,4-dihydro-3H-pyrazol-3-one de-
rivatives via the reaction of aryl aldehydes and 5-methyl-1H-pyrazol-3(2H)-one 
under reflux condition. The catalytic activity of this catalyst was investigated 
for the development of 4,4′-alkylmethylene-bis(3-methyl-5-pyrazolones) 152 
via the treatment of aldehyde 150 and 5-methyl-1H-pyrazol-3(2H)-one 151 in 
aqueous solution under reflux condition (Scheme 3.42). The authors also studied 
the catalytic activity of the novel catalyst in promotion of the four-component 
reaction of aromatic aldehydes 150, malononitrile 153, hydrazine hydrate/phen-
ylhydrazine 154, and ethylacetoacetate 155 for the synthesis of pyranopyrazoles 
156 (Scheme 3.43). A few advantageous of the above procedure were cleaner 
reaction profiles, moderate reaction conditions, excellent product yields, wide 
substrate scope, recyclability of the catalyst, and easy operation. Notably, water 
has been considered as a green solvent for these reactions.

Mohtasham et  al. [44] prepared nanomesoporous silica from a medicinal 
plant, i.e., horsetail (Equisetum arvense) with a high surface area. They used 
this natural silica as a support to immobilize phosphotungstic acid on aminated 
epibromohydrin-functionalized Fe3O4@SiO2 nanoparticles (Fe3O4@SiO2-EP-
NH-HPA) as a highly powerful magnetic solid acid catalyst. The nanocatalyst 
was characterized by several different techniques such as XRD, FT-IR, N2 
adsorption-desorption, TEM, VSM, SEM-EDX, TGA, ICP-OES, and elemental 
analysis. This magnetic solid acid nanocatalyst was successfully used for the 

SCHEME 3.42  Synthesis of 4,4′-alkylmethylene-bis(3-methyl-5-pyrazolones) derivatives in the 
presence of LDH/SBA/HPA as an efficient catalyst.

SCHEME 3.43  Synthesis of pyranopyrazoles in the presence of LDH/SBA/HPA as an extremely 
effective catalyst.
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one-pot, green synthesis of pyrano[2,3-c]pyrazole derivatives 161 in an aque-
ous medium at ambient temperature (Scheme 3.44). The procedure resulted in 
structurally different pyrano[2,3-c]pyrazoles in excellent yields in very low re-
action times. In addition, the magnetic solid acid nanocatalyst could be readily 
recovered using an external magnetic field and reused for seven consecutive 
runs without any considerable loss in activity.

Notably, the present study aimed to improve the catalytic properties of het-
eropoly acid using natural silica as a support to show the high performance of 
Fe3O4@SiO2-EP-NH-HPA as a reusable solid acid nanocatalyst that provided 
a green protocol for the synthesis of pyrano[2,3-c]pyrazole derivatives in short 
reaction times.

Jamshidi and coworkers [45] successfully prepared an environmentally 
friendly heteropoly acids-dendrimer functionalized magnetic nanoparticle 
(Fe3O4@D-NH2-HPA) and assessed it for the first time as a novel nanocatalyst 
efficient in the one-pot synthesis of highly substituted pyran derivatives 166 
and 167 (Scheme 3.45). The prepared nano-magnetic catalyst was analyzed by 
FT-IR, TGA, powder XRD, scanning electron microscopy (SEM), and vibrating 
sample magnetometry (VSM). Furthermore, the catalyst could be easily recov-
ered and reused without any appreciable loss in activity. Heterogeneous nature, 

SCHEME 3.44  Synthesis of pyrano[2,3-c]pyrazole derivatives in the presence of Fe3O4@ SiO2-
EP-NH-HPA(IV) as a catalyst.

SCHEME 3.45  One-pot synthesis of highly substituted pyran derivatives.
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thermal stability, clean and simple procedure, excellent yields, short reaction 
time, easy product separation and purification, and low amount of catalyst were 
among the notable advantages of this procedure.

Sadjadi et al. [46] developed an efficient hybrid catalyst via immobilization 
of a Keggin-type heteropoly acid, i.e., phosphomolybdic acid, in the nanocavi-
ties of cyclodextrin nanosponges (CDNS) modified by an ionic liquid. The im-
mobilized species was characterized by FT-IR, SEM/EDX, TGA, ICP-AES, 
and XRD. The activity of the hybrid catalyst was confirmed over the synthesis 
of benzochromenopyrazole derivatives 173 and 174 via the cascade reaction of 
ethyl acetoacetate 168, hydrazine hydrate 169, benzaldehyde 170, and α- or β-
naphthols 171 and 172 (Scheme 3.46). The catalytic activity of the hybrid catalyst 
was compared to that of the bare ionic liquid-modified cyclodextrin nanosponges 
in order to determine the synergetic effects of the conjugation of heteropoly acid 
and ionic liquid. The results revealed the superior activity of the former, from 
different aspects. The catalyst was recoverable and reusable for several runs.

Ghanbari and coworkers [47] prepared a novel inorganic/organic nanohybrid 
material SBA-15@triazine/H5PW10V2O40 (SBA15@ADMPT/H5PW10V2O40) 
and used it as a green, efficient, and totally recyclable catalyst for the one-pot, 
multicomponent synthesis of multisubstituted pyridines 179 or 180 from the 
reaction of aldehydes 175, cyclic ketones 176, malononitrile 177, and ammo-
nium acetate 178 in satisfactory good to excellent yields (77%–97%) at room 
temperature in ethanol (Scheme 3.47). The mentioned catalyst was prepared by 
the chemical anchoring of Keggin heteropoly acid H5PW10V2O40 onto the sur-
face of SBA-15 mesoporous silica modified with 2-APTS-4,6-bis(3,5-dimethyl-
1H-pyrazol-1-yl)-1,3,5-triazine (ADMPT) as a linker. Standard data such as 
FT-IR, SEM, TEM, XRD, BET, EDX, as well as DTA-TGA spectroscopy con-
firmed that the heteropoly acid H5PW10V2O40 was well dispersed on the surface 
of the solid support and its structure was preserved after being immobilized 
on the SBA-15 mesoporous silica modified with ADMPT. Additionally, the 

SCHEME 3.46  Synthesis of benzochromeno-pyrazole derivatives in the presence of the hybrid 
catalyst.
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nanocatalyst was readily recoverable and reusable for five cycles without any 
significant loss of catalytic activity.

Ataie and coauthors [48] prepared a graphene oxide (GO) functional-
ized organic-inorganic hybrid via covalently immobilization of organic 
(3-aminopropyltrimethoxysilane) and inorganic (H3PMo12O40) groups on the 
basal plane of GO. The structure of this a new, green catalyst was character-
ized with various analytical methods such as FT-IR, TEM, SEM, EDS, XRD, 
WDX, and TGA. The activity of catalyst was tested over the synthesis of 
tetrahydrobenzo[b]pyran derivatives 184 in short reaction times, under solvent-
free condition with good to excellent yields (Scheme 3.48).

Aher et  al. [49] synthesized an efficient and novel vanadium substituted 
molybdotungstophosphoric acid, H5PW6Mo4V2O40.14H2O (VMWP) supported 
on montmorillonite (nMont) clay via an incipient wetness impregnation tech-
nique. Inductively coupled plasma atomic emission spectroscopy (ICPAES), 
FT-IR, scanning electron microscopy (SEM), powder XRD, energy disper-
sive X-ray analysis (EDX), transmission electron microscopy (TEM), and 
thermogravimetric-differential thermal analysis (TG-DTA) were employed to 
characterize the support and the resulting catalyst. The authors showed that the 
newly synthesized VMWP well incorporated on nMont with good performance 
and activity. The catalytic usage was evaluated over a one-pot, multicomponent 
synthesis of tetrahydrobenzo[b]pyrans (4HPyran) 188 and polyhydroquinolines 
193 in excellent yields (Schemes 3.49 and 3.50). High yields, shorter reaction 

SCHEME 3.47  Synthesis of 2-amino-3-cyanopyridine derivatives.

SCHEME 3.48  Synthesis of tetrahydrobenzo[b]pyran derivatives in the presence of GO-Si- 
NH2-PMo.
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times, use of a green solvent, easy experimental and work procedure, and re-
usability of the catalyst were among the important features of the proposed 
synthetic route.

Sadjadi and coworkers [50] developed an efficient heterogeneous hybrid catalyst 
by functionalization of halloysite clay nanotubes by γ-aminopropyltriethoxysilane 
and then immobilization of a Keggin-type heteropoly acid, i.e., phosphotungstic 
acid. The developed hybrid catalyst was characterized by FT-IR, SEM/EDX, and 
XRD. Its catalytic activity for the synthesis of pyrazolopyranopyrimidine deriv-
atives 198 via the four-component, domino reaction of ethyl acetoacetate 194, 
hydrazine hydrate 195, benzaldehyde 196, and barbituric acid 197 was studied 
(Scheme 3.51). The results revealed that the hybrid catalyst was able to promote 
the reaction to give the desired products in short reaction times and high yields. 
The superior catalytic activity of this novel system was established in comparison 

SCHEME 3.49  The one-pot, three-component synthesis of tetrahydrobenzo[b]pyran derivatives.

SCHEME 3.50  The one-pot, multicomponent synthesis of polyhydroquinoline.

SCHEME 3.51  Synthesis of pyrazolopyranopyrimidines.
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with those of previously reported species. In addition, it was found to be readily 
separable and recyclable for at least three runs without any appreciable loss of ac-
tivity. Notably, the protocol could be extended to nonconventional green heating 
sources such as microwave or ultrasonic irradiations.

Ayati et al. [51] reported a simple protocol for the preparation of pyrano-
pyrazole derivatives 203 with high yields from the reaction of ethyl acetoacetate 
199, hydrazine hydrate 200, 4-hydroxy coumarin 201, and aldehydes 202 in 
the presence of PMo/Chit/Fe3O4 (Scheme 3.52). In this regard, they prepared 
a novel nanocomposite consisting of H3PMo12O40 immobilized on chitosan/
Fe3O4 (PMo/Chit/Fe3O4) via a facile one-pot synthetic approach. The method 
proved eco-friendly, with a simple isolation procedure.

Chopda and others [52] modified available bentonite using 12-tungstosilicic 
acid H4[SiW12O40] (TSA). The prepared catalysts (TSA/bent) were character-
ized using FT-IR, XRD, FESEM, and EDS. The catalytic activity of three sam-
ples (10%, 20%, and 30%) was investigated on the classical Biginelli reaction. 
Among all, the 30% sample displayed the highest catalytic activity and reusabil-
ity. The solvent effect was also taken into account to find the best possible me-
dia for the reaction. The procedure was extended to a variety of aldehydes 204 
for the synthesis of different dihydropyrimidones (DHPMs) 207 in high yields 
in ethanol (Scheme 3.53). Loss of activity was negligible after the fifth cycle.

Sadjadi and coworkers [53] prepared a novel catalyst through func-
tionalization of halloysite nanoclay (HNTs) with methenamine followed 
by incorporation of Keggin-type heteropoly acid (HPA). The catalyst was 

SCHEME 3.52  Synthesis of pyranopyrazole derivatives.

SCHEME 3.53  Synthesis of dihydropyrimidones.
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used to promote the synthesis of chromenopyrimidine-2,5-diones and 
thioxochromenopyrimidin-5-ones 211 via the one-pot reaction of urea/thiourea 
208, aldehydes 209, and 4-hydroxycoumarin 210 under moderate reaction con-
ditions (Scheme 3.54). The results established that the catalyst could effectively 
catalyze the reaction to afford the corresponding products in short reaction 
times and high yields. Furthermore, the catalyst was reusable up to three cycles 
with negligible heteropoly acid leaching. The comparison of the efficiency of 
the proposed protocol with those in the literature confirmed the merits of using 
this novel catalyst in terms of yield and heterogeneity of the catalyst.

Tayebee and coworkers [54] prepared a new inorganic/organic nanohybrid 
material H4SiW12O40/pyridino-MCM-41 and used it as an efficient, green, 
and extremely recyclable catalyst for the one-pot, multicomponent synthesis 
of different substituted 1-amidoalkyl-2-naphthols 215 with no solvent pres-
ent (Scheme 3.55). The nanohybrid catalyst was provided by electrostatic an-
choring of the Keggin heteropoly acid H4SiW12O40 on the surface of MCM-41 
nanoparticles modified by N-[3(triethoxysilyl)propyl]isonicotinamide. The pre-
pared composite was characterized by FT-IR spectroscopy, XRD, SEM, EDX, 
DTA-TGA, DLS, and UV-vis, and the data confirmed that the heteropoly acid 
was well dispersed on the surface of the solid support and its structure was 
preserved after immobilization on the TPI-modified MCM-41 nanoparticles. 

SCHEME 3.54  Synthesis of chromenopyrimidine-2,5-diones and thioxochromenopyrimidin-
5-ones 4 via multicomponent reaction.

SCHEME 3.55  Synthesis of different α-amidoalkyl-β-naphthol derivatives in the presence of 
HPA/TPI-MCM-41 under solvent-free conditions.
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The recovered catalyst was easily recycled for at least seven runs without any 
significant loss of activity.

Tayebee et  al. [55] prepared a new inorganic/organic hybrid material Al-
SBA-15-TPI/H6P2W18O62 and fully characterized it using FT-IR, SEM, TGA-
DTA, XRD, and UV-vis spectroscopic techniques. The prepared nanomaterial 
was then used as a simple, inexpensive, and reusable heterogeneous catalyst 
for the a one-pot, three-component synthesis of 2H-indazolo[2,1-b]phthalazine-
1,6,11(13H)-trione derivatives 219 via the condensation of aromatic aldehydes 
216, cyclic diones 217, and phthalhydrazide 218 under solvent-free conditions 
at 100°C in short times (Scheme 3.56). The method proved to be efficient and 
green with high yields and low reaction times, offering significant improve-
ments in respect with the simplicity in operation and workup as well as the 
scope of transformation by avoiding expensive or corrosive catalysts.

3.4.  Oxidation

In general, oxidation is any chemical reaction that involves the moving of elec-
trons. Specifically, it means the substance that gives away electrons is oxidized. 
Normally, this is a reaction between oxygen and a substance such as iron. IUPAC 
provides many other different definitions of oxidation: loss of electrons, increase 
in oxidation state, loss of hydrogen, or gain of oxygen. Most introductory or 
general chemistry textbooks use all of these definitions at one time or another.

Rožić et  al. [56] established the correlation between the catalytic activ-
ity and selectivity of a series of catalysts with different loadings of tungsten 
heteropoly acids (HPW) over bentonite has been for vapor-phase oxidation of 
2-propanol. The catalysts were characterized by various methods such as energy 
dispersive spectroscopy, ammonia temperature programmed desorption (NH3-
TPD), differential scanning calorimeter, IR spectroscopy, and nitrogen adsorp-
tion/desorption. Energy dispersive spectroscopy results demonstrated good 
agreement regarding the chemical composition corresponding to the desired 
content of heteropoly acids on bentonite. Thermal analysis proved the thermal 
stability of catalysts under the investigated conditions of the oxidation reaction.  

SCHEME 3.56  Synthesis of different phthalhydrazide-triones.
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The NH3-TPD spectra revealed that each catalyst had two types of acidic sites: 
weak adsorption centers being active up to 390 K and a broad distribution of 
stronger acidic sites active at higher temperatures. The catalysts were active in 
the vapor-phase conversion of 2-propanol to acetone in the temperature interval 
of 343–553 K. An increase of in the heteropoly acid loading improved selectiv-
ity toward the formation of acetone.

The oxidation of 2-propanol over a bentonite support with no additive af-
forded propene and diisopropyl ether as organic derivatives, while reaction over 
the prepared catalysts created acetone as an additional organic product at tem-
peratures over 425 K. Increasing the HPW content raised of acetone yield and 
selectivity, while lowering selectivity toward propene.

Zolfagharinia and others [57] used nano-ceramic tile wastes as nontoxic, 
inexpensive support materials to immobilize phosphomolybdic acid (PMA) in 
1–20 wt% employing an impregnation method. The new active heterogeneous 
solid acid nanocatalyst, called nano-ceramic tile waste, supported phosphomo-
lybdic acid. The resulted system (n-CTW/PMA) was well characterized using 
FT-IR, XRD, FE-SEM, EDX, and TGA methods. The activity of the prepared 
catalyst was over the chemoselective oxidation of sulfides 220 to sulfoxides 221 
using 30% hydrogen peroxide as a green oxidant at ambient temperature with 
no solvent present (Scheme 3.57). The reaction conditions were optimized with 
central composite design as one of the most useful response surface methodolo-
gies. The results revealed that the catalyst with PMA loading of 11 wt% led to 
high yields (up to 97%). High activity and selectivity, low toxicity and cost, 
availability and stability, and recoverability and reusability for several runs were 
among significant advantages of this new catalyst.

Introducing PVMo into clay interlayer template in an acidic suspension with 
different contents of the heteropoly acid H4PMo11VO40 (PVMo) using a sol-gel 
method, Boudjema’s research group [58] synthesized mesoporous silica pillared 
clay (SPC) species (PVMo-SPC-SG). The characterization results revealed that 
PVMo was homogeneously dispersed within the encapsulated samples. The en-
capsulated species demonstrated good catalytic activity in the oxidation of cyclo-
hexene. The PVMo-SPC-SG species with 20% of loading showed better catalytic 
activity for cyclohexene oxidation in comparison with the 10% counterparts.

SCHEME 3.57  Nano-CTW/PMA catalyzed oxidation of sulfides to sulfoxides using H2O2.
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Afzalinia and coworkers [59] performed the ultrasound-assisted oxi-
dative desulfurization of liquid fuels using a novel heterogeneous highly 
dispersed Keggin-type H3PW12O40, (HPW) catalyst encapsulated in an amino-
functionalized MOF (HPW@TMU-17-NH2. The prepared catalyst exhibited 
high activity and reusability in the oxidative desulfurization of the model fuel. 
Ultrasound-assisted oxidative desulfurization (UAOD) is a new method for 
rapid oxidation of sulfur-containing compounds, which is economic, green and 
safe, being performed under moderate conditions. Ultrasonic waves could be 
applied as an effective tool to lower the reaction time and improve the per-
formance of the oxidative desulfurization system. PTA@TMU-17-NH2 was 
able to improve the desulfurization of the model oil, and 20 mg of the cat-
alyst, with the O/S molar ratio of 1:1 in the presence of MeCN as extrac-
tion solvent, was used. The results demonstrated that 98% conversion was 
achieved after 15 min in room temperature. Three refractory sulfur-containing 
compounds (benzothiophene, BT 222, dibenzothiophene, DBT 223, and 
4,6-dimethyldibenzothiophene, 4,6-DMDBT 224) were oxidized using hydro-
gen peroxide as an oxidizing agent. A schematic representation of the UAOD 
system is shown in Scheme 3.58.

SCHEME 3.58  Schematic representation of the UAOD system.
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Clean fuels with very low sulfur content are desirable due to environmental 
concerns. Lin et al. [60] employed three water-stable and green metal-organic 
frameworks with adjustable window diameters, denoted by MOF-808 ×, as 
solid supports for phosphotungstic acid (HPW). An array of HPW@MOF-
808 × composites was readily synthesized using an encapsulation protocol. 
With adjustable window diameters and tunable HPW loading amounts, the re-
sultant HPW@MOF-808 × composites were screened for catalytic oxidative 
desulfurization with hydrogen peroxide as an oxidant. The authors found that 
HPW@MOF-808A with 42% loading had the highest catalytic activity and 
could completely remove the dibenzothiophene in a model fuel with an initial 
sulfur content of 1000 ppm in 30 min to put far below the acceptable limits for 
the fuel standards (10 ppm). More probing revealed that the high catalytic ac-
tivity was attributable to the cooperative catalysis of metal clusters in the host 
framework and the guest HPW molecules. In addition, the 42% HPW@MOF-
808A was readily recoverable and reusable for at least five cycles with negli-
gible loss in activity. Therefore, the 42% HPW@MOF-808A, with features like 
high activity, eco-sustainability, high stability, and good recyclability, provided 
a new benchmark for catalytic oxidative desulfurization and a new perspective 
for ultra-deep desulfurization.

Zhang and others [61] supported heteropoly acid nanoparticles on cesium-
modified macroporous SiO2 with a three-dimensional order (3DOM) and used 
the composite as a catalyst for the oxidation of methacrolein to methacrylic acid. 
Hydrothermal treatment and incipient wetness impregnation were employed for 
the cesium-modification. It was revealed that hydrothermal cesium-modification 
of 3DOM SiO2 promoted the dispersion of the supported heteropoly acid show-
ing an average particle size of 5.2 nm, which was much smaller than that on the 
cesium-modified 3DOM SiO2 prepared by incipient wetness impregnation (i.e., 
17.6 nm). The authors explored the effects of the hydrothermal treatment on the 
structure and activity of the catalyst. The results revealed that the ion exchange 
between the cesium ion and the surface silanol groups on the 3DOM SiO2 was 
enhanced as the hydrothermal temperature increased. In addition, cesium-
modification helped the heteropoly acid preserve its Keggin structure, preventing 
it from forming MoO3 so that the MoO3 phase was decreased and totally disap-
peared with the hydrothermal temperature increasing from 90°C to 150°C. The 
effect significantly improved the performance of the supported catalyst.

Li and others [62] obtained a kind of composite catalytic material, i.e., 
metal-POM@MOF-199@MCM-41 (Metal-PMM), by confining MOF-199 en-
capsulating metallic Keggin POM into mesoporous MCM-41. The catalyst was 
used in an oxidative desulfurization process. The catalyst structures were deter-
mined by XRD, IR, XPS, N2 adsorption-desorption, SEM, and TEM. The reac-
tion was extensively enhanced, up to 99.1%, in the presence of the Co-PMM 
as a catalyst and O2 as an oxidant. After the reaction was complete, the catalyst 
could be easily recovered and reused more than five runs without any significant 
change in its structure due to the strongly fixation of MOF-199 and MCM-41 to 
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metallic modified Keggin polyoxometalates. The kinetic investigations revealed 
that the oxidation desulfurization of dibenzothiophene was a pseudo-first-order 
reaction with an activation energy of 45.6 kJ/mol.

Masteri-Farahani and coworkers [63] encapsulated a Wells-Dawson type 
18-tungstophosphoric acid (i.e., H6P2W18O62) as a guest inside the nanocages of 
mesoporous SBA-16 as a host. The pore entrance of the SBA-16 material was 
modified by silylating reagent to prevent the escape of encapsulated H6P2W18O62 
(HPW) from the nanocages. A variety of physicochemical techniques such as 
XRD and transmission electron microscopy were applied to characterize the 
prepared host-guest system. The results indicated the retention of the mesopo-
rous structure of SBA-16 and good dispersion of the H6P2W18O62 into the nano-
cages of SBA-16. The obtained catalyst demonstrated high activity, stability, 
and recyclability in the epoxidation of olefins and oxidation of alcohols 227 in 
the presence of hydrogen peroxide as oxidant (Scheme 3.59).

Jin and coauthors [64] synthesized a series of Keggin‐type heterogeneous 
catalysts with heteropoly acids (Co‐/Fe‐/Cu‐POM‐octyl NH3‐SBA‐15) via 
immobilization of a phosphotungstic acid mono‐substituted by a transition 
metal (Co‐/Fe‐/Cu‐POM) on octyl‐amino‐co‐functionalized mesoporous silica 
SBA‐15 (octyl‐NH2‐SBA‐15). Analytical results revealed that the Co‐/Fe‐/
Cu‐POM units were highly dispersed in mesochannels of SBA‐15, and both 
types of Brønsted and Lewis acid sites existed in Co‐/Fe‐/Cu‐POM‐octyl‐NH3‐
SBA‐15 catalysts. The Co‐POM‐octyl‐NH3‐SBA‐15 catalyst demonstrated ex-
cellent catalytic activity in H2O2‐mediated cyclohexene epoxidation with 83.8% 
of cyclohexene conversion, 92.8% of cyclohexene oxide selectivity, and 98:2 of 
epoxidation: allylic oxidation selectivity. The order of catalytic activity was as 
follows:

To specify the role of the ‐octyl moieties during the catalysis, an octyl‐
free catalyst (Co‐POM‐NH3‐SBA‐15) was also synthesized. Compared with 
Co‐POM‐NH3‐SBA‐15, the Co‐POM‐octyl‐NH3‐SBA‐15 species showed im-
proved catalytic properties (i.e., activity and selectivity) in the epoxidation of 

Co-POM-octyl-NH -SBA- Fe-POM-octyl-NH -SBA-
Cu-POM-oct

3 15 3 15>
> yyl-NH -SBA-3 15

SCHEME 3.59  Benzylic alcohols oxidation with hydrogen peroxide catalyzed by HPW@SBA-16.
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cyclohexene. Strong chemical bonding between the –NH3
+ groups anchored 

on the surface of SBA‐15 and heteropolyanions led to the excellent stability of 
the Co‐POM‐octyl‐NH3‐SBA‐15 catalyst. In addition, it could be reused for six 
runs without any appreciable loss in activity.

Keggin-type heteropoly acids supported on activated carbon (HPA/C) are 
active catalysts for oxidative desulfurization (ODS) of diesel fuel under mild 
conditions in a biphasic system composed of a benzothiophene-containing 
model diesel fuel (heptane) and aqueous 30% hydrogen peroxide. The catalytic 
activity of HPA/C was found to decrease in the order of HPA: H3PMo12O40 > 
H3PW12O40 > H4SiW12O40. The most active catalyst, H3PMo12O40/C, exhibited 
100% removal of benzothiophenes from model diesel fuel at 60°C, and could 
be recovered and reused without loss of activity. This catalyst outperforms other 
recently reported heterogeneous catalysts for ODS in similar systems. Kinetic 
and DRIFTS studies provide new insights into the mechanism of ODS reaction 
on carbon-supported HPAs.

Ghubayra et al. [65] investigated the heterogeneous catalysis of the bipha-
sic oxidative desulfurization of a benzothiophene-containing model diesel fuel 
(heptane) by aqueous 30% hydrogen peroxide in the presence of Keggin-type 
heteropoly acids (H3PMo12O40, H3PW12O40, and H4SiW12O40) supported on ac-
tivated carbon (HPA/C) (Scheme 3.60). The catalyst proved to be relatively ef-
ficient, showing higher activity for the oxidation of benzothiophenes compared 
to other recently reported heterogeneous catalysts in similar systems. Strong 
adsorption of H3PMo12O40 onto the carbon support stabilized the heteropoly 
acid structure and prevented the heteropoly acid from leaching.

Hydrogen peroxide is usually used as an oxidizing agent in oxidative desul-
furization. However, an excess of hydrogen peroxide would be added into the 

SCHEME 3.60  Oxidation of DBT by H2O2 catalyzed by HPA/C (M = MoVI or WVI).
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oxidative system to reach a high level of sulfur removal. Xiong et al. [66] immo-
bilized the phosphomolybdic acid on an imidazole-based ionic liquid modified 
mesoporous SBA-15 (HPMo-IL/SBA-15) to catalyze the mentioned oxidative 
system. The prepared species combined the merits of H3PMo12O40 (HPMo) and 
SBA-15 so that the high special surface area of the SBA-15 could effectively 
disperse HPMo active species. The results revealed that HPMo could be steadily 
immobilized on the SBA-15 using an imidazole-based ionic liquid. Meanwhile, 
after the introduction of imidazole-based ionic liquid, the HPMo-IL/SBA-15 
species demonstrated hydrophobic performance. The experiment showed that 
the hydrophobic catalyst was highly active in oxidative desulfurization. When 
hydrogen peroxide with a stoichiometric ratio (hydrogen peroxide/sulfur mole 
ratio being 2) was used, the removal of dibenzothiophene could exceed 90%, 
at 60°C within 90 min. When hydrogen peroxide was slightly increased (hydro-
gen peroxide/sulfur mole ratio was increased from 2 to 2.5), the sulfur removal 
reached 100% within 40 min. Notably, the catalyst was able to adsorb the oxi-
dation product of dibenzothiophene, i.e., dibenzothiophene sulfone. From this 
point of view, HPMo-IL/SBA-15 served not only as a high-efficiency catalyst 
but also as an adsorbent.

Wang and others [67] selectively oxidized styrene 232 to 1,2- 
epoxyethylbenzene 233 using hydrogen peroxide as an oxidizing agent 
(Scheme 3.61). The reaction was catalyzed by phosphomolybdic acid supported 
on a modified ionic liquid MCM-41. The prepared catalyst was characterized 
by FT-IR, XRD, and N2 adsorption-desorption. The results revealed that the 
sample retained its mesoporous structure after modification by the ionic liquid 
and immobilization of phosphomolybdic acid. A maximum activity was ob-
served at phosphomolybdic acid loading of 30% on an ionic liquid modified 
MCM-41. The reaction parameters such as reaction time, temperature, cata-
lyst amount, and hydrogen peroxide/styrene molar ratio were systematically 
optimized to afford a maximum conversion of 95.4%. Selectivity of 90.2% for 
1,2-epoxyethylbenzene was acquired when the reaction parameters were set to 
3 h reaction time, 100 mg catalyst, 50°C, and a hydrogen peroxide/styrene molar 
ratio of 1.2. The heterogeneous catalyst was easily separated by centrifugation 
and reused without any considerable deactivation after six runs.

Cao and coworkers [68] prepared a series of Chitin-CsH3PMo11VO40 (Ch-
CsPAV) hybrids with an easy, one-pot approach. The resulted species were 

SCHEME 3.61  Oxidation of styrene in the presence of PMo/ILMCM-41.
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characterized by FT-IR, SEM, XRD, TG/DTA, NH3-TPD, NMR, and XPS. The 
performance of Ch-CsPAV as a catalyst was studied over the oxidative trans-
formation of methacrolein 234 to methacrylic acid 235 (Scheme 3.62). It was 
revealed that both acidity and redox property of the precursor (CsPAV) could 
be adjusted when introducing chitin as a component. In particular, the prepared 
Ch-CsPAV with uniform microspheres had higher amount of acidic sites, better 
redox active sites (VO2 +), and improved agent (NH4

+). The result was an im-
proved catalytic performance in the reaction. Under the optimized conditions, 
higher methacrolein conversion (80%) and methacrylic acid selectivity (94%) 
were achieved in the presence of Ch-CsPAV. The introduction of chitin into the 
CsPAV could enhance the acidity of the hybrid compounds due to the formation 
of NH4

+ during the calcination by NH3-TPD analysis. After the calcination, the 
relative ratio of V4 +/V5 + and the proportion of double-bonded/terminal oxygen 
(Ot) was increased upon the introduction of chitin. The higher methacrolein 
conversion (80%) and methacrylic acid selectivity (94%) for Ch-CsPAV were 
acquired by comparison with CsPAV. Moreover, the catalyst exhibited good 
stability.

In order to resolve the diffusion limitation of zeolite-based catalysts in 
oxidizing large-size organosulfur compounds in real petroleum feedstock, 
Vedachalam and others [69] developed a series of oxidative desulfurization 
(ODS) catalysts based on mesoporous TUD-1 as a support. Different meso-
porous oxidation catalysts were formed by substituting titanium in the TUD-1 
framework and impregnating a molybdenum heteropoly acid (Keggin) on the 
TUD-1 support. The mesoporosity of TUD-1 and the presence of Ti(IV) and Mo 
Keggin units in the prepared catalysts were established based on the results from 
XRD, XPS, XANES, and BET-N2. The performance of the catalysts in oxida-
tive desulfurization was examined using a mild hydrotreated bitumen derived 
from heavy gas oil feedstock. The heteropoly acid dispersed in the Ti-TUD-1 
catalyst was revealed to be most active for desulfurizing the heavy gas oil feed-
stock due to a strong synergy effect of titanium and molybdenum Keggin ions 
on catalyzing oxygen transfer from an oxidizing agent to a substrate. Oxidizing 
agent such as cumene hydroperoxide, hydrogen peroxide, tert-butyl hydroper-
oxide, and molecular oxygen (O2) were screened. The first two oxidizing agent 
were found to be better than others and equally efficient. The HPA/Ti-TUD-1 
catalyst was suitable for oxidative desulfurization and oxidative denitrogenation 

SCHEME 3.62  Oxidation of MAL to MAA in the presence of the calcined Ch-CsPAV.
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(ODN) both in a batch stirred tank reactor and continuous fixed-bed reactor sys-
tems. The use of methanol instead of acetonitrile and dimethylformamide was 
proved to be more cost-effective for the extraction of the oxidized sulfur and 
nitrogen compounds of the heavy gas oil.

Gao et al. [70] designed a new type of supported catalyst and prepared it 
by three different methods with a polyoxometalate (H8P2Mo16V2O62.mH2O) as 
an active component, modified MOF-199 as a support. The catalytic perfor-
mance of all samples was investigated. The conditions were optimized and the 
reusability was explored. In addition, in order to analyze and confirm the ac-
curacy of the results, the response surface design was applied. The structures of 
the final products were characterized using several techniques, e.g., elemental 
analysis, XRD, IR, and SEM. Then, the catalysts were tested for the model fuel 
desulfurization under certain conditions. The results revealed that the catalyst 
synthesized by the one-pot method was the best in desulfurization, which in turn 
proved that the heteropoly acid played a significant role in the desulfurization 
process. The effects of four main parameters on the rate of desulfurization were 
also studied to obtain the optimum conditions. The thiophene could be totally 
removed with the catalyst CNTs@MOF-199-Mo16V2 (O) under the optimized 
conditions. When the catalyst was reused for the ninth run, the desulfurization 
rate could still reach 85.12%.

Darvishi and coworkers [71] prepared graphene oxide‐Fe3O4‐NH3
+  

H2PW12O40
− magnetic nanocomposite (GO/Fe3O4/HPW) by linking amino‐ 

functionalized Fe3O4 nanoparticles (Fe3O4‐NH2) on the graphene oxide (GO), 
and then grafting H3PW12O40 (HPW) on the graphene oxide‐magnetite hybrid 
(GO‐Fe3O4‐NH2). The acquired GO/Fe3O4/HPW nanocomposite was character-
ized with FT‐IR, TEM, SEM, EDX, TGA‐DTA, XRD, AGFM, ICP, and BET. 
The applied techniques revealed that the graphene oxide layers were prepared 
and the various stages of preparation of the GO/Fe3O4/HPW nanocomposites 
were successfully completed. The new nanocomposite exhibited excellent ac-
tivity as a heterogeneous catalyst in the oxidation of alcohols 236 with hydro-
gen peroxide (Scheme 3.63). The prepared GO/Fe3O4/HPW catalyst was more 
stable. It was recyclable for at least five runs without any significant decrease in 
its catalytic activity. In this catalytic system, graphene oxide sheets were used 
as a suitable support as they had appropriate properties such as good chemical 
stability, high surface area, sufficient thermal and mechanical stability, as well 
as the presence of favorable functional groups to form covalent bonds with other 
catalyst components.

SCHEME 3.63  The selective oxidation of alcohols with hydrogen peroxide in the presence of 
GO/Fe3O4/HPW.
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Huang and coworkers [72] successfully prepared layered double hydrox-
ides (LDHs) modified with sodium dodecyl benzene sulfonate (SDBS) and used 
them as catalysts inoxidative desulfurization processes. Characterization of the 
layered double hydroxide samples revealed that modification with sodium do-
decyl benzene sulfonate could enhance the hydrophilic and lipophilic proper-
ties of the layered double hydroxides due to its amphiphilicity. In comparison 
with the MgAl-LDH itself, the sodium dodecyl benzene sulfonate modified 
MgAl-LDH-DBS samples demonstrated significant differences in surface area, 
morphology, and pore volume. After immobilizing H3PW12O40 (HPW), the de-
sulfurization activity was significantly increased in comparison with that of the 
HPW/MgAl-LDH catalyst. Under the optimized conditions, the desulfurization 
rate of the catalyst reached 99.81%. In addition, the desulfurization still re-
mained over 95% after 15 runs. This high catalytic activity and recyclability was 
ascribed to the enhancement of the surface area, hydrophilicity, and oleophilic-
ity of the layered double hydroxides.

Wang and others [73] prepared an effective catalyst for the direct hydrox-
ylation of benzene to phenol using hydrogen peroxide through anchoring 
H5PMo10V2O40 (PMoV2) by the hydroxyl groups of titania nanotubes (TNT) 
via electrostatic interactions between the Keggin unit of PMoV2 and the hy-
droxyl groups. The FT-IR, solid-state 31P NMR, XRD, X-ray photoelectron 
spectroscopy (XPS), and thermogravimetric analysis (TGA) results revealed 
that PMoV2 was immobilized on the surface of titania nanotubes via electro-
static interactions. In order to characterize the textural and morphology of the 
PMoV2/titania nanotubes, N2 adsorption-desorption, scanning electronic micro-
graph (SEM), and transmission electron microscopy (TEM) were employed. 
The PMoV2/titania nanotubes exhibited excellent catalytic activity in benzene 
hydroxylation with 27.3% conversion of benzene and 99.1% selectivity toward 
phenol. The contact angle and adsorption experiments results revealed that the 
excellent catalytic performance could be ascribed to the confinement effect of 
titania nanotubes with the nanotube structure and hydrophobic microenviron-
ment that efficiently dispersed PMoV2 and concentrated the reactants, while de-
creasing the intrinsic mass transfer resistance. The anchoring effect of hydroxyl 
groups stabilized and inhibited the leak of PMoV2, resulting in good recyclabil-
ity of the catalyst with negligible loss of catalytic efficiency after six runs.

Migliorero’s research group [74] synthesized a new niobium-containing 
phosphomolybdic acid (PNbMo). Using a sol-gel technique, they included the 
heteropoly acid in silica, alumina, and silica/alumina matrices to use it as a het-
erogeneous catalyst. The matrices granted stability to the active phase, as well as 
good textural and morphological properties. PNbMo and the included materials 
were analyzed by FT-IR, 31P NMR, UV-vis, TGA, TEM, SEM, XRD, N2 physi-
sorption, and potentiometric titration, and tested as a catalyst in the sulfoxidation 
of diphenyl sulfide 238 in aqueous hydrogen peroxide as an oxidant and ethanol 
as a solvent at 25°C (Scheme 3.64). The redox activity was compared with that of 
phospomolybdic acid and correlated with the edge energy obtained from UV-vis 
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data. The best results in the sulfoxidation of diphenyl sulfide were acquired with 
PNbMo-SiAl-4:1 (92% conversion and 95% selectivity at 3 h) and with PNbMo-Si 
(92% conversion and 94% selectivity at 4 h). The reusability of these catalysts was 
assessed and only a slight decrease in the conversion was observed.

Han et  al. [75] prepared several organic/inorganic composite catalysts by 
modifying H3PW12O40 with different amino acids such as alanine (Ala), phe-
nylalanine (Phe), and glycine (Gly). The physical, chemical and acidic proper-
ties of the (MH)xH3 − xPW12O40 species (M = Phe, Ala, and Gly; x = 1–3) were 
determined by various techniques such as FT-IR, TGA, XRD, XPS, and NMR. 
The species were used as heterogeneous catalysts in selective oxidation of ben-
zyl alcohol with hydrogen peroxide. Among them, [PheH]H2PW12O40] demon-
strated the best oxidative activity with an excellent benzyl alcohol conversion of 
99.0% and benzaldehyde selectivity of 99.6%. More kinetic examinations and 
model analysis by response surface methodology revealed that the oxidation of 
benzyl alcohol with hydrogen peroxide followed a second-order reaction with 
an activation energy of 56.7 kJ·mol− 1 under optimal conditions.

Palacio and coworkers [76] synthesized novel catalysts containing phosphomo-
lybdic acid (PMA) and vanadophosphomolybdic acid (VPMA) in a titania matrix by 
the sol-gel process with different loads of heteropoly acid (i.e., 5%, 15%, and 30% 
(w/w): 5PMA-TiO2, 15PMA-TiO2, 30PMA-TiO2, 5VPMA-TiO2, 15VPMA-TiO2, 
and 30VPMA-TiO2). Various techniques, e.g., XRD, DRS, SEM, FT-IR, 31P MAS-
NMR, potentiometric titration with n-butylamine, and N2 physisorption at − 196°C, 
were used to characterize the mentioned species. Then they were used as heteroge-
neous catalysts in the oxidation of 2,3,6-trimethylphenol 241 to 2,3,5-trimethyl-p-
benzoquinone 242, which is a key intermediate in the synthesis of vitamin E (Scheme 
3.65). The catalysts allowed a green synthesis of 2,3,5-trimethyl-p-benzoquinone 

SCHEME 3.64  Selective oxidation of diphenyl sulfide.

SCHEME 3.65  Oxidation of 2,3,6-trimethylphenol to 2,3,5-trimethyl-p-benzoquinone.
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with ethanol as solvent and aqueous hydrogen peroxide as a clean oxidant, at ambi-
ent temperature. The conversion of 2,3,6-trimethylphenol reached 90% and 99% 
for the samples with 15PMA-TiO2 and 15VPMA-TiO2, respectively, after 4 h. The 
amounts of Mo and V in the reaction medium were determined by ICP-MS, which 
exhibited a leaching extent of only 17%–18% of molybdenum. However, the ex-
tent was 48% for vanadium. Reusability of the catalysts was also evaluated. For 
15PMA-TiO2, the conversion was preserved in the second run. A homolytic mecha-
nism was proposed for this synthesis, which involved the formation of a peroxome-
tallic species via an HPA-Ti center.

Li et al. [77] tried three different methods to synthesize a new type of inor-
ganic/organic hybrid catalyst (HPMo@MOF@CA) used inoxidative desulfur-
ization by the composition of the heteropoly acid H3PMo6W6O40·nH2O (HPMo), 
MOF-199 and cellulose acetate (CA). The structure features of the catalyst were 
characterized using XRD, IR, XPS, N2 adsorption-desorption, and SEM. The 
impregnation method was found to be the best preparation method and consid-
ered as a possibility for the catalyst manufacture in industrial application. The 
best loading of the heteropoly acid and optimized conditions for desulfurization 
were also explored while the removal efficiency reached 99.23% with O2 as an 
oxidizing agent at 40°C within 3 h. The catalyst was easily recoverable and re-
usable for 10 cycles without any considerable degradation in the desulfurization 
rate. The authors believed that the HPMo@MOF@CA, as a novel catalyst, was 
highly active for thiophene, having the potential to be used in industry.

Yuan and others [78] prepared vanadium-substituted polymolybdenum phos-
phoric acid (PVxMo) supported on mesoporous silica and studied it as a cata-
lyst for the oxidation of glycerol to formic acid in a batch operation. Different 
synthetic methods for PVxMo supported on mesoporous silica were compared.

The final products were characterized in detail by FT-IR, SEM, XRD, ICP-
OES, HR-TEM, XANES, NH3-TPD, and N2 adsorption and desorption to iden-
tify the chemical properties and the porous structure of the silica-supported 
PVxMo species. The strong interactions between PVxMo with the silica skel-
eton were also explored by the mentioned techniques. The critical properties ex-
plained the bifunctionality of the silica-supported PVxMo species as a catalyst 
for the selective oxidation of glycerol to formic acid (60% conversion and 30% 
selectivity) with outstanding stability. Vanadium was found to be the key factor 
in the oxidation process.

Cao et al. [79] synthesized [EMIM]PAV[X] (X = Ac, NO3, BF4) using a sim-
ple method with1-ethyl-3-methyl-imidazolium-basedionic liquids ([EMIM]
[X], X = Ac, NO3, BF4) as modifying reagents. The FT-IR, XRD, SEM, H2-TPR, 
TG/DTA, and XPS data revealed that [EMIM]PAV[Ac] had uniform rod-like 
morphology, better redox property, and higher amount of NH4

+ composite, and 
consequently provided a high selectivity of 98% in the transformation of meth-
acrolein to methacrylic acid as a catalyst. Theoretical computations suggested 
that the relatively strong H-bond basicity of C2-H in [EMIM][Ac] had a great 
positive effect on the structure and redox property of [EMIM]PAV[X] hybrids.
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3.5.  Photocatalysis

Basically, photocatalysis is the acceleration of a photoreaction in the presence 
of a catalyst. In catalyzed photolysis, light is absorbed by an adsorbed substrate. 
In photogenerated catalysis, the photocatalytic activity (PCA) depends on the 
ability of the catalyst to create electron-hole pairs, which generate free radicals 
(e.g., hydroxyl radicals: •OH) able to undergo secondary reactions. Its practical 
application was made possible by the discovery of water electrolysis by means 
of titanium dioxide (TiO2).

Hassan and coauthor [80] prepared TiO2- and Sn4 +-doped TiO2 nanopar-
ticles via the surfactant-assisted sol-gel method. Then, using the wet impregna-
tion method, H3PW12O40 (HPW) was loaded onto Sn-TiO2 nanoparticles with 
different HPW contents. The prepared samples were characterized by FT-IR, 
XRD, TEM, SEM, UV-vis, diffuse reflection (DRS), and photoluminescence 
(PL) techniques. The surface acidity was studied by potentiometric titration and 
pyridine was used as a probe molecule to distinguish between Brønsted and 
Lewis acid sites. The analysis of the XRD patterns indicated that the crystallite 
size reduced remarkably as the HPW loading increased. TEM and SEM images 
exhibited irregular particles shape and the amount of HPW on the surface of Sn-
TiO2 increased as the HPW loading increased to 60 wt%. The addition of HPW 
and Sn4 + improved the surface acidity and catalytic activity of TiO2. Besides, 
the addition of Sn4 + promoted the electron transfer between HPW and TiO2 
and diminished the recombination of electrons (e−) and holes (h+). The cata-
lytic activity was tested over the synthesis of 7-hydroxy-4-methyl coumarin and 
14-phenyl-14H-dibenzo [a,j] xanthene. Both acidity and catalytic activity in-
creased sharply after Sn-TiO2 was modified by HPW. The sample with 50 wt% 
of HPW exhibited the highest catalytic activity and acidity.

Pomilla and coworkers [81] functionalized lab-prepared and commercial 
TiO2 samples with a Keggin heteropoly acid, i.e., H3PW12O40 (HPW) or with a 
hydrothermally lab-prepared salt, i.e., K7PW11O39 (KPW). All the species were 
characterized by specific surface area measurements (BET), XRD, Raman, 
DRS, and SEM. They were used for photocatalytic conversion of glucose in 
an aqueous suspension. Different reaction extent and distribution of interme-
diate oxidation products were observed depending on the photocatalyst used. 
Gluconic acid, erythrose, arabinose, and formic acid were observed as the oxi-
dation products when bare TiO2 or HPW/TiO2 composites were used. Glucose 
isomerization to fructose was observed as well. In some cases, traces of glucaric 
acid and glyceraldehyde were also observed. No reactivity was observed in the 
presence of HPW alone while KPW induced only isomerization of the glucose.

Yu and others [82] reported direct and selective photocatalytic oxidation of 
methane into carbon monoxide at ambient conditions. The latter is an important 
chemical intermediate in manufacture of many chemicals. Composite catalysts 
consisting of zinc, tungstophosphoric acid and titania exhibited exceptional per-
formance for this reaction, with high carbon monoxide selectivity and quantum 
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efficiency of 7.1% at 362 nm. X-ray photoelectron and in-situ FT-IR spectros-
copy revealed that the catalytic performance could be ascribed to zinc species 
highly dispersed on tungstophosphoric acid/titania, which followed reduction/
oxidation cycles during the reaction in a Mars-van Krevelen sequence. The pro-
cess took place via the intermediate formation of surface methyl carbonates.

Taghavi and coworkers [83] prepared phosphotungstic acid (H3PW12O40) 
nanophotocatalysts supported by ZnO and TiO2 nanoparticles (within the range 
of 10–80 nm). They assessed the surface morphology, phase analysis, crystal 
structure, and surface structure of their nanophotocatalysts (ZnO/H3PW12O40, 
TiO2/H3PW12O40). In order to explore the photocatalytic activity of the synthe-
sized nanophotocatalysts, the authors selected aniline as an organic pollutant. 
The results revealed that the degradation efficiency was more than 70% for both 
nanophotocatalysts in the presence of H2O2. In addition, the results from pho-
tocatalytic degradation of aniline using synthesized nanophotocatalysts were 
properly fitted to the Langmuir-Hinshelwood model. The hydroxyl radicals and 
holes were considered as the species with the most oxidizing ability in degrad-
ing aniline using the prepared nanophotocatalysts. In the end, the results dem-
onstrated that the prepared nanophotocatalysts could be regarded as suitable 
photocatalysts in removing organic pollutant from aqueous solutions.

Tayebee et  al. [84] prepared a WZnO-NH2@H3PW12O40 (WZnO/HPW) 
nanocomposite through a simple solution route in water at low temperatures. 
Then, the UV-vis photocatalytic activity and energy storage ability of the nano-
composite containing ~ 5 wt% of WO3 was determined in the decomposition of 
methylene blue (MB) in an aqueous solution. Besides, photocatalytic degrada-
tion efficiencies of all ingredients of WZnO/HPA were compared and important, 
interesting mechanistic spot-lights were introduced using a range of scavengers 
to detect the active oxidizing species in the process. In addition, a range of im-
portant polluting drugs were tested under the standard photocatalytic conditions 
(Table 3.2). Finally, various irradiation sources such as cheap and commercially 
available LED lamps were also compared in the photodegradation process. In 
this process, WO3 behaved as an absorber of the irradiation energy and ZnO 
served as a cocatalyst to reduce the electron-hole recombination. The FT-IR 
results indicated the successful loading of HPW on the surface of WZnO-SiO2/
NH2 without changing its Keggin structure. Furthermore, the XRD pattern of 
the WZnO photocatalyst confirmed no clear change in the crystal structure after 
being doped with tungsten and WO3 uniformly dispersed on ZnO nanoparticles. 
The XPS results confirmed that Zn existed in the form of Zn2 + and tungsten in 
the form of W6 + in the nanocomposite.

Wang and others [85] prepared a novel heterogeneous photocatalyst 
CaxH4 − xSiW12O40/Ca2Ta2O7 by planting silicotungstic acid on the surface of 
calcium tantalate. The resulted species were characterized by FT-IR, XRD, 
SEM, XPS, UV-visible diffuse reflectance spectroscopy (UV-vis), energy-
dispersive X-ray spectroscopy (EDS), BET surface area, and Malvern ZEN3690 
Particle Analyzer (ZP). The results indicated that Ca2Ta2O7 presented regular 



TABLE 3.2  Photodegradation of some important drugs catalyzed by WZnO/HPA under the standard reaction conditions.

Drug Structure Deg.%
Method drug 
conc. Major Deg. products

Mexiletine 100 HPLC, 10 μM 2,6-Dimethylphenol

Propranolol 87 HPLC, 10 μM Naphthalene-1-ol

Diphenhydramine 79 HPLC, 10 μM Diphenylmethanol, 
benzophenone

Acyclovir 67 HPLC, 40 μM Various oxidation products 
mediated by OH•

Phenol 95 HPLC, 50 μM Hydroquinone, para quinone

Continued



TABLE 3.2  Photodegradation of some important drugs catalyzed by WZnO/HPA under the standard reaction  
conditions—cont’d

Drug Structure Deg.%
Method drug 
conc. Major Deg. products

Carbamazepine 88 HPLC, 40 μM Acridine-9 carboxyaldehyde, 
acridine

Methylprednisol one 57 HPLC, 10 μM Oxo-derivatives

Ciprofloxacin 66 HPLC, 10 μM (2-Aminoethyl)amino 
derivatives
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octahedron morphology with a cubic phase structure, and H4SiW12O40 uni-
formly grew on the surface of Ca2Ta2O7 in the form of CaxH4 − xSiW12O40. The 
XRD and FT-IR data suggested that primary Keggin structures of H4SiW12O40 
remained intact. The modification of H4SiW12O40 on Ca2Ta2O7 surface caused 
an increase in the negative zeta potential and red shifts. The prepared cata-
lyst demonstrated a great improvement in the UV photocatalytic efficiency in 
the reduction of Cr(VI) ions up to 94.6% under the optimized conditions (the 
Ca2Ta2O7 to H4SiW12O40 ratio was 1:2). Besides, the composite exhibited an ex-
cellent reusability—this was mainly attributed to the local formation of water-
insoluble CaxH4 − xSiW12O40 so that the removal was maintained at 73.8% after 
five runs.

Fakhri et al. [86] synthesized two new sets of heteropoly acid-based func-
tionalized graphene oxide species, i.e., H3PMo2W10O40@ethylene diamine func-
tionalized magnetic graphene oxide (Mo2W10@EDMG) and H3PMo4W8O40@
ethylene diamine functionalized magnetic graphene oxide (Mo4W8@EDMG), 
and characterized them by XRD, TEM, and FT-IR techniques. The suitability 
of the synthesized nanocomposites as inorganic ion exchangers was studied. In 
order to assess the adsorption efficacy of these nanocomposites, the cerium ion 
was chosen as the model adsorbate and the influence of initial concentration of 
metal ion, pH of solution, and temperature on adsorption performance were in-
vestigated. The maximum adsorption capacity was found to be 96.15 mg/g and 
90.90 at pH 6.0 for 30% Mo2W10@EDMG and 30% Mo4W8@EDMG, respec-
tively. Mo2W10@EDMG and Mo4W8@EDMG were used for photodegradation 
of methylene blue under visible light irradiation. The photocatalytic results indi-
cated that 20% Mo4W8@EDMG acted as an effective photocatalyst with 100% 
removal efficiency in 50 min irradiation. In addition, the effect of substitution 
of Mo with W on the adsorption and photocatalytic performances was studied.

Taghavi and coworkers [87] synthesized three nanocomposites of phospho-
molybdic acid supported on TiO2 and ZnO nanoparticles were and character-
ized using FESEM, FT-IR, and XRD techniques. The photocatalytic activity 
of the synthesized nanocomposite was examined for aniline as an organic pol-
lutant model. Rather good efficiency of degradation, i.e., above 70%, was ac-
complished for all nanocomposites in the presence of hydrogen peroxide as 
an electron scavenger. However, other scavengers negatively affected the ef-
ficiency of the process in the order of sodium oxalate > ethanol > methanol. The 
kinetic studies revealed that the photocatalytic degradation of aniline followed 
the Langmuir-Hinshelwood model. The results of this study indicated that the 
hydroxyl radicals and holes played a significant role in the photocatalytic deg-
radation of aniline using synthesized nanocomposites. The results suggested 
that the synthesized nanocomposites could be favorable photocatalysts in the 
removal of aniline from aqueous solutions.

Sampurnam et  al. [88] prepared a photocatalyst by doping noble metal 
nanoparticle into H3PW12O40/TiO2 composite using a wet impregnation method. 
The prepared nanocomposite was characterized by FT-IR, XRD, and UV-vis 
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techniques. It was found that the photocatalytic activity of the prepared spe-
cies increased by doping the noble metal silver nanoparticles into the compos-
ite. The photocatalytic activity of the catalyst was tested for the degradation of 
methylene blue dye under the visible light.

Taghavi and others [89] investigated the TiO2/ZnO-supported phosphomo-
lybdic acid (HPMo) nanoparticles by the impregnation method. In the next step, 
they analyzed their photocatalytic activity under the UV-LED light and studied 
the kinetics of aniline degradation as an organic pollutant model. Nanoparticles 
and the remaining of the Keggin structure in the nanocomposites were charac-
terized by FESEM, FT-IR, and XRD. Heterogenization of phosphomolybdic 
acid on TiO2 and ZnO nanoparticles improved the light absorption intensity 
and decreased the bandgap of nanocomposites. Furthermore, the photocata-
lytic degradation of aniline was improved for composite nanoparticles and 
reached 25.62%, 43.48%, and 38.25% for TiO2/HPMo, ZnO/HPMo, and TiO2/
ZnO/HPMo, respectively. On the whole, the results exhibited a good fit to the 
Langmuir-Hinshelwood kinetic model.

Marcì and coauthors [90] studied bulk and surface properties of three het-
eropoly acid clusters (H3PW12O40, H3PMo12O40, and H4SiW12O40) supported on 
TiO2 Evonik P25 as well as their application as heterogeneous photocatalysts in 
two different reactions, i.e., hydration of propene and dehydration of glycerol. 
The study focused on how the photoreactivity might depend on the type of het-
eropoly acid but also how the interaction between the support and heteropoly 
acid might be important. Notably, as far as the dehydration of glycerol was 
concerned, in contrast to what reported in the literature regarding the thermal 
catalysis, in our UV irradiated system, the reaction took place at a very low 
temperature (35°C).

Saghi and coworkers [91] supported spherical α-Fe2O3 nanoparticles on 
the surface of 12-tungstosilicic acid (12-TSA.7H2O) using two different solid-
state dispersion and forced hydrolysis and reflux condensation methods. The 
photocatalytic activity of the supported α-Fe2O3 nanoparticles (α-Fe2O3/12-
TSA.7H2O) for the degradation of tetracycline in aqueous media was investi-
gated using a UV/H2O2 process. The results were compared with those of pure 
α-Fe2O3 nanoparticles. All species were characterized with FT-IR, EDX, SEM, 
and XRD. Design of the experiments was done considering four parameters, 
i.e., pH, the initial concentration of tetracycline, concentration of the catalyst, 
and hydrogen peroxide concentration at three different levels. The decrease in 
the concentration of tetracycline was measured using UV-vis at λmax = 357 nm. 
The results of experiments revealed that supporting α-Fe2O3 nanoparticles on 
the surface of 12-TSA.7H2O through solid-state dispersion and forced hydro-
lysis and reflux condensation methods improved the filtration, recovery, and 
photocatalytic activity of the nanoparticles. In addition, it was shown that those 
nanoparticles supported through the solid-state dispersion method had better 
photocatalytic performance than those supported through forced hydrolysis 
and reflux condensation methods. A statistical analysis demonstrated that the 
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maximum degradation of tetracycline (97.39%) was achieved under conditions 
in which the pH and catalyst concentration parameters were maximum and the 
initial parameters of tetracycline and hydrogen peroxide concentrations were 
minimum (pH 8, catalyst concentration = 150 ppm, initial concentration of tet-
racycline = 30 ppm, hydrogen peroxide concentration = 0.1 ppm). For the photo-
catalytic degradation reaction, a first-order reaction with k = 0.0098 min− 1 was 
observed.

Bertolini and others [92] prepared a series of composite systems based on 
titania and growing quantities of tungstophosphoric acid (H3PW12O40-TiO2). 
The prepared species were characterized using various techniques such as IR, 
NMR, UV-vis, photoluminescence, and photoelectron spectroscopies, trans-
mission electron microscopy, XRD, and porosimetry, confirming the leading 
role of the specific polytungstate species in the enhancement of the activity and 
selectivity of the tested reaction. The stability and activity of the samples for 
the photo-oxidation of toluene in gas phase under UV and sunlight irradiations 
were evaluated using the reaction rate and the photonic efficiency parameters. 
The radiation field was modeled by solving the radiative transfer equation in a 
numeric manner. The photoactivity of the composites demonstrated a consider-
able selectivity toward the transformation of the hydrocarbon into a partially 
oxidized product, i.e., benzaldehyde. Both the activity and selectivity of the 
titania were considerably affected by the presence of the tungstophosphoric acid 
species.

Mohammadghasemi-Samani et  al. [93] prepared a new organic hybrid of 
silicotungstic acid employing an easily available, inexpensive, and nontoxic 
amine via a simple precipitation method. The hybrid was characterization using 
FT-IR, elemental analyses, powder XRD, TGA, differential scanning calorim-
etry, and SEM. Dye adsorption and photocatalytic properties of the prepared 
water-insoluble hybrid were studied by decolorization of model dyes such as 
methyl orange and methylene blue and their mixture solutions under ultravio-
let, and sunlight irradiations. The effects of various parameters including the 
initial concentration, pH, hydrogen peroxide, and catalyst dosage, as well as 
salt adding, were examined on the decolorization of dyes. The results revealed 
that the hybrid was a good heterogeneous photocatalyst in the degradation of 
methylene blue, methyl orange, and their mixture, and can be recovered and 
reused. Methyl orange was removed through ultraviolet and solar photocatalytic 
degradation via indirect oxidation by OH radicals. Methylene blue was removed 
via a combination of adsorption and photocatalytic degradation under ultravio-
let, visible, and sunlight through direct oxidation by the prepared hybrid. While 
the visible light was not able to degrade the methyl orange solution alone in the 
presence of the hybrid, the methyl orange mixed with methylene blue solution 
was degraded.

Sun and coworkers [94] prepared a new effective hybrid photocatalyst con-
sisting of tungstophosphoric acid (HPW) and acidified carbon nitride. The 
acidified carbon nitride and HPW were found to interact via hydrogen bonds 
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to improve the photocatalytic activity of the resulted composite by means of 
enhanced photogenerated hole electron separation efficiency. The graphitic car-
bon nitride (g-C3N4) was treated with a mixture of concentrated nitric acid and 
sulfuric acid to afford porous acidified carbon nitride (ACN). The composite 
photocatalyst was then synthesized by self-assembly of ACN and HPW under 
acidic conditions. The characterization results demonstrated the successful in-
troduction of HPW and effective interaction between HPW and acidified carbon 
nitride. Photocatalytic degradation experiments showed that HPW could act as 
a photogenerated electron-trapping agent to provide adsorption sites besides 
photocatalytic redox reaction sites. In addition, the HPW/ACN system exhib-
ited excellent activity in the degradation of imidacloprid and acetamiprid under 
the irradiation of visible light (λ > 400 nm). The photocatalytic degradation re-
sults showed that the degradation rate constant of HPW/ACN (0.0058 min− 1) 
was 16 times greater than that of ACN (3.55 × 10− 4 min− 1) in the photocata-
lytic degrading imidacloprid. Moreover, the photocatalytic degradation rate 
constant of HPW/ACN (0.0017 min− 1) was 30 times greater than that of ACN 
(5.64 × 10− 5 min− 1) in degradation of acetamiprid.

Ayati and coauthors [95] deposited gold nanoparticles on the surface of tung-
stophosphoric acid (HPW) immobilized on TiO2 nanotubes. Tungstophosphoric 
acid served as both a highly localized UV-switchable reducing agent and a 
multifunctional photocatalyst linker molecule. The prepared novel nanocom-
posite was characterized with FT-IR, XRD, EDX, and TEM, and was found to 
be highly photocatalytic efficient in the removal of nitrobenzene. The results 
revealed that by introducing the gold nanoparticles, the photocatalytic perfor-
mance considerably improved, where the photocatalytic rate of using Au/HPW/
TiO2-NT nanocomposites was increased compared to that of the TiO2 nanotubes 
by 4.1 times. The results showed that the photocatalytic performance changed 
in order of HPW < TiO2 < HPW/TiO2 < Au/HPW/TiO2-NT. In the proposed 
possible mechanism, it was outlined that the bridging layer of the photoactive 
HPW, with strong electron transferability, between TiO2 nanotubes and gold 
nanoparticles, might provide an additional driving force to accelerate the charge 
transfer between them.

Farhadi et  al. [96] prepared a new nanohybrid compound, LaFeO3@
SiO2-NH2/HPW, in which tungstophosphoric acid (HPW) was successfully an-
chored onto the surface of 3-aminopropylsilica modified LaFeO3. The resulting 
nanohybrid compound was characterized using FT-IR, XRD, ICP-MS, FESEM, 
TEM, EDX, BET, and AFM techniques. The magnetic properties of all syn-
thesized compounds as well as the hybrid compound were measured using a 
vibrating sample magnetometer (VSM) at ambient temperature. The photocata-
lytic activity of the hybrid compound was evaluated by degradation of methy-
lene blue in aqueous media under the irradiation of visible light. In comparison 
with the bare LaFeO3 and pure HPW, the new hybrid compound demonstrated 
improved photocatalytic activity under the irradiation of visible light. This im-
provement could be ascribed to a synergistic effect between LaFeO3 and HPW. 
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After the photocatalytic reaction, the hybrid compound could be easily sepa-
rated from the reaction solution and reused several times without any significant 
loss of photocatalytic activity.

Using H3PW12O40 (HPW), melem, and pyromellitic dianhydride as precur-
sors, Meng and others [97] prepared a series of (HPW)-containing polyimide 
hybrid composites (TPI) via in-situ a solid-state polymerization process. The 
effect of HPW on the chemical structure, morphology, porosity, and optical and 
visible-light photocatalytic degradation efficiency of TPI composites were ex-
amined by various methods. A comparison of the structures, properties, and pho-
tocatalytic activity of the TPI composites and the HPW-PI composites revealed 
that HPW was able to promote the formation of CN bond in the five-membered 
imide rings between amines and anhydrides during the in-situ process of the 
solid-state condensation. The visible-light (λ > 400 nm) photocatalytic degrada-
tion efficiency of imidacloprid on TPI composites was also compared with the 
pristine PI due to the improvement of the in-situ solid-state condensation reac-
tion, photogenerated electron-hole separation efficiency, and visible-light utili-
zation efficiency after the introduction of HPW. The visible-light photocatalytic 
degradation rate constants k of 15% TPI composites prepared at 300°C and 5% 
TPI composites prepared at 325°C were 10.33 and 2.42 times greater than that 
of the corresponding pristine PI, respectively. In comparison with commercial 
P25, the photocatalytic degradation efficiency of 15% TPI-300 and 5% TPI-325 
were 4.58 and 5.13 times greater than that of P25 under the irradiation of vis-
ible light.

Yao and coworkers [98] synthesized mesoporous titanium dioxide (MTiO2) 
photocatalysts codoped with Fe and H3PW12O40 by the template method using 
Ti(OC4H9)4 (tetrabutyl titanate), Fe(NO3)3.9H2O, and H3PW12O40 as precursors 
and Pluronic P123 as a template. The prepared photocatalyst was characterized 
by XRD, N2 adsorption-desorption measurements, SEM, and UV-vis. In addi-
tion, the photocatalytic activities of the prepared samples under ultraviolet and 
visible lights were estimated by measuring the degradation rate of methylene 
blue (50 mg/L) in aqueous media. The characterizations revealed that the pho-
tocatalysts had a homogeneous pore diameter of ~ 10 nm with high surface area 
of ~ 150 m2/g. The results of the methylene blue photodecomposition demon-
strated that the codoped mesoporous TiO2 had higher photocatalytic activities 
than the undoped, and single doped mesoporous TiO2 under the irradiations of 
ultraviolet and visible lights. The codoped MTiO2 was found to be activated 
by visible light and therefore could be used as an efficient catalyst in photo-
oxidation reactions. The synergistic effect of iron and H3PW12O40 codoping had 
an important role in improving the photocatalytic activity.

Koohi and coworkers [99] impregnated silicotungstic acid (HSiW) on natu-
ral minerals such as mordenite (HSiW/Mord), clinoptilolite (HSiW/Clin), ben-
tonite (HSiW/Bent), and kaolinite (HSiW/Kaoln), and evaluated them toward 
photocatalytic degradation of methylene blue in wastewater. These photocata-
lysts were characterized by means of XRD, field emission scanning microscopy 
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(FESEM), FT-IR, and UV-vis diffuse reflectance spectroscopy (UV-vis DRS). 
The results revealed that HSiW crystallized differently on the above minerals so 
that HSiW on clinoptilolite had the highest crystallinity and the smallest crystal-
lite size. The FESEM results revealed that the supported HSiW had nanometric 
spherical particles with uniform and narrow distribution. FT-IR revealed that 
there was a strong interaction between HSiW and minerals in all photocata-
lysts and the Keggin structure of HSiW was intact. The UV-vis DRS studies 
revealed that HSiW/Clin and HSiW/Mord had photoactivity in both visible and 
ultraviolet regions, while HSiW/Bent and HSiW/Kaoln photocatalysts were ac-
tive only in the UV region. Moreover, it was found that HSiW/Clin had the 
lowest bandgap of 3.1 eV among the studied nanophotocatalysts. The HSiW/
Clin sample was able to degrade 92% of methylene blue after 90 min of UV 
irradiations while HSiW/Mord, HSiW/Bent, and HSiW/Kaoln were in the next 
positions, respectively. Kinetic studies showed that the photocatalytic degrada-
tion of methylene blue fitted a pseudo-first order reaction with the highest rate 
constant belonging to HSiW/Clin. The effect of operation parameters such as 
initial dye concentration, wastewater pH, photocatalyst loading, and successive 
cycles of using HSiW/Clin was examined as well. For this catalytic system, a 
new mechanism was proposed in which the existence of clinoptilolite would 
lead to extensive dispersion of silicotungstic acid over the support which en-
hanced the electron-hole formation. In addition, clinoptilolite trapped an elec-
tron on the conduction band of HSiW and prevented from the recombination of 
the electron-hole.

Marchena et  al. [100] prepared immobilized tungstosilicic acid materials 
(TSA) on zeolites (NH4Y and NH4ZSM5) by wet impregnation of the zeolite 
matrix with tungstosilicic acid aqueous solutions. The concentration was varied 
to achieve the tungstosilicic acid contents of 5%, 10%, 20%, and 30% w/w in 
the solid. The prepared catalysts were then characterized using techniques such 
as FT-IR, XRD, SEM, N2 adsorption-desorption isotherms, and DRS-UV-vis. 
The results showed that the surface area of the materials decreased when higher 
amounts of tungstosilicic acid was added due to pore entrance blocking by the 
anion [SiW12O40]

4 − in both matrices. The resulting materials were tested over 
the photodecomposition of the azo dye methyl orange. The results showed that 
they had suitable properties to be used as a catalyst in the photocatalytic treat-
ment of the wastewater containing dyes, and the photodegradation followed a 
pseudo-first-order kinetics. Reaction parameters such as catalysts mass, tungs-
tosilicic acid content, reuse, and pH were assessed.

Zhu’s research group [101] synthesized ZnS/HPW composites via a green 
sonochemical process without any surfactant or template. The incorporation of 
phosphotungstic acid (HPW) was confirmed by FT-IR, TEM-EDS, XRD, and 
XPS. TEM revealed that ZnS/HPW composites were spherical. The bandgap 
energy of the ZnS/HPW10 composite was estimated to be 1.13 eV, which dem-
onstrated a significant red-shift in comparison with 2.35 eV for the pure ZnS. 
Furthermore, as the HPW concentration varied from 0.005 M to 0.020 M, the 
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red shift became more obvious. Due to the incorporation of HPW, the charge 
carrier separation and transfer of ZnS were promoted. Under the simulated so-
lar irradiation, the photocatalytic activity examinations also suggested that the 
ZnS/HPW composites exhibited higher photodegradation rate of Rhodamine 
B dye in comparison with pure ZnS. In particular, the ZnS/HPW10 composite 
exhibited the highest photocatalytic efficiency. Notably, the ZnS/HPW10 com-
posite retained its activity for five successive runs.

Moosavifar and others [102] synthesized neat and supported H6P2W18O62 
into nanocage of β-zeolite via template synthesis method. In addition, TiO2 was 
supported on the H6P2W18O62/β zeolite by the impregnation method. The gained 
species were characterized by means of XRD, FT-IR, UV-vis, FESEM, and EDS 
techniques. In addition, the tungsten and titanium contents of the catalyst were 
measured. The results showed that the photocatalyst activity were dependent 
on the pH effect, catalyst loading, and the concentration of methyl orange. The 
photocatalytic degradation of methyl orange was found to follow a pseudo-first 
order kinetic and the chemical oxygen demand (COD) test proved the mineral-
ization of methyl orange. Other evidence for the degradation and mineralization 
of methyl orange was the absence of hydrazine at the end of reaction as one of 
the photodecolorization products. The catalytic systems were recoverable and 
usable for four runs without any significant loss of catalytic activity.

Yang and coworkers [103] synthesized H3PW12O40/TiO2–SiO2 by the im-
pregnation method, which considerably improved the catalytic activity under 
simulated natural light. The properties of the samples were characterized by 
FT-IR, XRD, SEM, and Zeta potential techniques. Degradation of methyl violet 
was employed as a test reaction to examine the factors affecting the photo-
degradation reaction. The results revealed the optimal conditions as follows: 
initial concentration of methyl violet, 10 mg/L, pH 3.0;catalyst dosage, 2.9 g/L, 
and light irradiation time 2.5 h. Under these optimized conditions, the degrada-
tion rate of methyl violet was 95.4%. The photodegradation for methyl violet 
could be fitted to a first-order kinetic model, and a possible mechanism was 
suggested. After being used for five successive runs, the catalyst kept its inher-
ent photocatalytic activity. The photodegradation of methyl orange, methyl red, 
naphthol green B, and methylene blue was also explored, and the degradation 
rate of those dyes could reach 81%–100%.

Moosavifar et al. [104] prepared molybdophosphoric acid encapsulated into 
dealuminated zeolite Y (DAZY) by the template synthesis method. Incorporation 
of TiO2 into nanocage of DAZY was conducted by the impregnation method. The 
obtained photocatalyst (HPA/TiO2/DAZY) was characterized by FT-IR, UV-vis, 
XRD, FESEM, EDS, and ICP techniques. This catalytic system was investigated in 
the photodegradation of methyl orange. The results exhibited that the photocatalyst 
activity was dependent on photocatalyst loading and TiO2/(HPA/HY) ratio. The 
photocatalytic activity of the molybdophosphoric acid encapsulated into the zeolite 
cage was improved with impregnation of TiO2 into the nanocage of dealuminated 
Y zeolite, and accordingly complete removal of the methyl orange occurred.
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Liu et al. [105] prepared a novel HPW/Bi2WO6 composite photocatalyst by 
means of an easy, effective approach. The prepared photocatalyst was character-
ized using various techniques such as IR, XRD, SEM, and photoelectrochemical 
measurements. The photocatalytic activity of the HPW/Bi2WO6 composite pho-
tocatalyst was assessed using a model reaction of the photocatalytic degradation 
of rhodamine B (RhB) under the visible light. In comparison with pure Bi2WO6, 
the HPW/Bi2WO6 photocatalyst demonstrated a considerable enhancement in 
the photocatalytic degradation of RhB under such conditions. The HPW/Bi2WO6 
composite demonstrated high photocatalytic activity with an RhB degradation 
ratio of 499% within 4 h, which was almost two times greater than that of pure 
Bi2WO6. A reaction mechanism was also proposed for the enhanced photo-
catalytic performance. The introduction of HPW could effectively improve the 
photocatalytic activity of Bi2WO6 due to an increase in the efficiency of charge 
separation and restraining the fast electron-hole recombination in Bi2WO6.

3.6.  Conclusion

Homogenous catalysts are being replaced by solid (heterogeneous) catalysts be-
cause of the drawbacks of homogeneous catalysts to conduct organic transfor-
mations such as unwanted saponification, difficulty in separation of the products 
and/or catalyst recovery. The mentioned problems can be resolved by employ-
ing heterogeneous (solid) acid catalysts. In addition, solid acid catalysts are 
more environmentally friendly than other catalysts applied in organic reactions.

Heteropoly acids have advantages in comparison with other Brønsted acids, 
including higher acidity strengths, thermal stability, water tolerance, and easy 
handling. Therefore, they have proven to be relatively efficient catalysts, but 
there are restrictions such as high polarity and low surface area for using them 
in catalytic systems. On the other hand, the most attractive feature of the hetero-
poly acids is that they can be used as homogeneous or heterogeneous catalysts. 
To resolve such restrictions, heteropoly acids are supported on suitable supports 
to serve as heterogeneous catalysts. The use of such heterogeneous catalysts 
makes the processes environmentally friendly owing to the lower effluent gen-
eration, easy recovery, and catalyst reuse.

This chapter described various reactions catalyzed by heterogeneous hetero-
poly acid catalyst, including the syntheses of heterocyclic compounds, multi-
component reactions, oxidation reactions, and photocatalytic reactions.
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Chapter 4

Applications of heteropoly acids 
as homogeneous catalysts

4.1.  Introduction

Development of new and safe materials with catalytic capabilities is an impor-
tant objective in sustainable chemistry. Generally speaking, catalysts accelerate 
chemical reactions and enhance yields. Therefore, most organic transformations 
are attempted under catalytic conditions. Catalysis, as mentioned before, is the 
process of increasing the rate of a chemical reaction through a different mecha-
nism by using a particular substance as a catalyst. The catalyst is not used up 
in the reaction and constantly continues to act [1, 2]. Sustainable chemistry, 
also referred to as green chemistry, is a field of chemistry particularly used in 
the chemical industry, which focuses on designing reactions and industrial pro-
cesses to reduce or eliminate the usage and production of hazardous compounds 
[3]. Green chemistry has many advantages including human health, cleaner air, 
release of lower amounts of hazardous compounds to the air, and a decrease in 
consumption of toxic compounds [4].

Acid catalysis is one of the most attractive and prominent fields of catalysis; 
it has been extensively used in the chemical industry to produce a wide vari-
ety of chemical compounds [5–7]. However, traditional mineral acids (sulfuric 
acid, hydrofluoric acid, etc.) and Lewis acids (aluminum trichloride, boron tri-
fluoride, etc.) are usually corrosive materials with hazardous properties which 
produce toxic and corrosive wastes [8]. Consequently, during previous decades, 
much attention was focused on developing green acid catalytic systems includ-
ing solid acids and acidic ionic liquids [9–18]. In this regard, heteropoly acids 
and related polyoxometalate compounds have been among the most consider-
able candidates for both academia and industry because of their structural vari-
ety and wide applications in fields such as material chemistry [19–21], energy 
sciences [22, 23], carbon dioxide chemistry [24–28], pharmaceuticals [29], and 
catalyzed processes [30–39].

Among solid catalysts, heteropoly acids are excellent candidates due to their 
exceptional architectures and prominent chemicophysical properties such as 
strong Brønsted acidity, fast multielectron transfer, high proton mobility, and 
high solubility in a wide variety of solvents [40, 41].
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From a technological point of view, heteropoly acids may be appropri-
ately used instead of traditional acid catalysts such as ion exchange resins, 
mineral acids, or zeolites in both homogeneous and heterogeneous catalytic 
processes [42–44]. It is important to note that their use in homogeneous 
systems is not an obstacle to reuse. Heteropoly acids are extensively solu-
ble in polar solvents, but they are not soluble in nonpolar solvents such as 
hydrocarbons. Therefore, heteropoly acids can be recovered from a polar 
organic solvent by precipitation using a nonpolar solvent without any neu-
tralization [45–48].

4.2.  Synthesis of heterocycles

Heterocyclic rings are pervasively present in bioactive compounds and pharma-
ceutical agents [49–52]. Accordingly, synthetic chemists remain interested in 
synthesis and functionalization of heterocyclic rings.

Huang and others [53] reported that Keggin-type heteropoly acids had turned 
out to be reusable efficient catalysts for the synthesis of biologically active de-
rivatives of quinoxaline 3. The route included the condensation of a 1,2-diamine 
1 with a 1,2-dicarbonyl compound 2 in water, resulting in compound 3 in excel-
lent yields (Scheme 4.1). This method afforded a new efficient protocol in view 
of the small amount of catalyst and wide variety of substrates, as well as easy 
workup. The inexpensive Keggin-type heteropoly acid H4SiW12O40 was used 
and proved to be a reusable, noncorrosive, easy-to-handle, and environmentally 
friendly catalyst for this synthesis.

In 2015, Amrollahi and coworkers [54] reported the reaction of indole 4 
with electron-deficient alkenes 5 at 90°C under conventional and ultrasound 
irradiation conditions, leading to the rapid synthesis of bis(indole) derivatives 6 
in satisfactory yields (Scheme 4.2). Notably, the abovementioned reaction was 
catalyzed by 12-tungstophosphoric acid (H3PW12O40) in aqueous media. The 
reaction is operationally simple and complies with green chemistry principles 
by evading toxic catalysts and solvents.

SCHEME 4.1  Synthesis of quinoxaline derivatives catalyzed by a heteropoly acid.
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This reaction is believed to proceed via the Michael reaction of indole us-
ing various electron-deficient alkenes. In fact, ultrasound irradiation acceler-
ated this reaction. This strategy also accommodates both electron-releasing and 
electron-withdrawing substituents in benzaldehydes. In all cases, the reactions 
proceeded smoothly under reflux and mild conditions to give the respective 
products in respectable yields. The structures of the products were elucidated 
by 1H- and 13C-NMR, IR spectroscopy and elemental analysis. Under already 
secured optimal reaction conditions, 2-(pyridylmethylene) malononitriles, or 
3-(pyridyl)acrylates as electron-deficient alkenes, were reacted with indole to 
furnish the corresponding bis(indole) derivatives. The reaction progressed effec-
tively as expected to give the satisfactory yields of the corresponding products.

A one-pot green reaction was reported by Zakeri and coworkers [55] for 
the synthesis of 1,1,3-triheteroaryl compounds 9 from indoles 7 and α,β-
unsaturated carbonyl compounds 8 with a heteropoly acid as a reusable catalyst 
(Scheme 4.3). This procedure afforded the target products in excellent yields 
(60%–80%). In the presence of a catalytic amount of H3PMo12O40 in EtOH/
H2O, the procedure took a green, mild course. The Keggin heteropoly acid cata-
lyst was reusable for a minimum of four times and mainly remained intact with-
out a notable change in its catalytic activity and chemical structure. Simplicity, 
recyclability of the catalyst, environmental friendliness, and easy implementa-
tion of the reaction indicate the potential of this procedure as a real alternative 
to the conventional protocol. It is therefore hoped that this eco-efficient, green 
protocol will be of great value to medicinal and synthetic chemistry.

SCHEME 4.2  Synthesis of bis(indole) derivatives in the presence of H3PW12O40.

SCHEME 4.3  Synthesis of 1,1,3-triheteroaryl derivatives in the presence of H3PMo12O40.
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In order to demonstrate the generality of this method, the authors employed 
a variety of appropriate substrates. Using different α- and β-enals and indols, the 
reactions afforded the desired products under optimized reaction conditions. A 
plethora of 1,1,3-triheteroaryl compounds were produced in satisfactory yields 
using this procedure.

Liu’s research group [56] reported an environmentally benign and econom-
ical one-pot synthetic method for a wide variety of 2-substituted imidazolines 
12 from aromatic aldehydes 10, ethylenediamine 11, and hydrogen peroxide 
as an oxidant in aqueous media. 12-Tungstophosphoric acid (HPW) turned 
out to accelerate this reaction as it possesses catalytic and oxidative nature 
(Scheme 4.4). Notably, the efficiency of the transformation was improved upon 
further combination of tetrabutylammonium bromide (TBAB). The yields of 
the 2-substituted imidazolines were considerably affected by the nature and 
position of the substituents on the aromatic ring.

To assess the adaptability of this catalytic system, a number of aromatic 
aldehydes were examined with ethylenediamine under the identical reaction 
conditions. Either aldehydes with electron-withdrawing substituents or the ones 
with electron-releasing substituents smoothly underwent the reaction to afford 
the corresponding products in satisfactory yields. The important merits of this 
method were excellent efficiency, as well as availability, use of green solvents, 
and inexpensive reagents.

Sadou and coworkers [57] described a two-step procedure for the synthesis 
of thiazolidin-4-ones 18 and 19 from α-tetralone 13 or thiochroman-4-one 14 
in the presence of an acid catalyst. α-Tetralone 13 or thiochroman-4-one 14 re-
acted with substituted thiosemicarbazides 15 to produce thiosemicarbazones 16 
and 17 in high yields. The reaction was catalyzed by the Keggin-type heteropoly 
acid (H4SiW12O40.nH2O) or AcOH. Then, condensation of compounds 16 and 
17 with α-bromoester catalyzed by the same heteropoly acid or sulfuric acid in 
ethanol or acetonitrile resulted in the formation of thiazolidin-4-ones 18 and 19 
(Scheme 4.5). Catalytic amounts of the heteropoly acid could replace strong 
acids in the synthesis of heterocyclic compounds. The method afforded easy 
access to thiazolidin-4-one in relatively short times.

SCHEME 4.4  Synthesis of 2-substituted imidazolines from aromatic aldehydes and 
ethylenediamine.
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Gharib and coworkers [58] studied the catalytic efficiency of Preyssler 
(H14[NaP5W30O110]), Wells-Dawson (H6[P2W18O62]), and Keggin (H3[PW12O40]) 
and H4[PMo11VO40], heteropoly acids separately in the synthesis of diazepines 
22 and pyrazoles 25 through the condensation of diamines 20, hydrazines, and 
hydrazides 23 with different 1,3-diketones 21 and 24 (Schemes 4.6 and 4.7). In 
all cases, they obtained the best yields using the Preyssler heteropoly acid, i.e., 
H14[NaP5W30O110]. In this work, the authors studied the synthesis of benzo-
diazepines with H14[NaP5W30O110], H6[P2W18O62], and H4[PMo11VO40]. Then, 
they extended their studies to the synthesis of a variety of diazepines through 
the condensation of diamines with different 1,3-diketones in aqueous media. 
For instance, 1,2-phenylenediamine was reacted with many 1,3-diketones to 
afford diazepines in a single step in excellent yields. The reaction progressed 
within 5 min at room temperature. The synthesis of pyrazoles and diazepines 
through condensation of hydrazines, hydrazides, and diamines with different 
1,3-diketones in the presence of H14[NaP5W30O110] led to eminent results, pro-
viding a greener and more efficient approach for the synthesis of pyrazoles and 
diazepines. The reaction completed in 5 min at ambient temperature and might 
be useful in rapid drug discovery as pyrazoles and diazepines are pharmaceuti-
cally active agents. An inexpensive agent, H14[NaP5W30O110] might be used as a 
recyclable and ecofriendly catalyst. The results also indicated that temperature, 
reaction time, and solvent types were determining factors. The catalysts used in 
the homogeneous phase could be recovered and reused without any appreciable 
loss in their activity and change in structure.

SCHEME 4.5  Synthesis of thiosemicarbazones and thiazolidine-4-ones.

SCHEME 4.6  Synthesis of benzodiazepines through condensation of diamines with different 
1,3-diketones in aqueous media.
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Glycerol is being produced on a large scale as a biodiesel coproduct. 
Consequently, it has been highly relevant to develop procedures for its conver-
sion to more valuable products. Glycerol ketals are among chemicals proved to 
be useful as fragrance ingredients, synthetic intermediates, and, more impor-
tantly, bio additives for gasoline and diesel. Glycerol ketals have been produced 
via reactions catalyzed by mineral acids.

Da Silva and coworkers [59] evaluated the catalytic activity of the heteropoly 
acid H3PW12O40 in ketalization of glycerol with various ketones in the absence 
of auxiliary solvents at ambient temperature (Table 4.1). The influences of reac-
tion parameters such as the stoichiometry of the reactants, reaction temperature, 
and catalyst concentration, as well as the type of the carbonylic reactant, were 
studied. Regardless of the ketone used, H3PW12O40 was demonstrated to have 
far more activity than other Brønsted acid catalysts (e.g., sulfuric acid, p-toluene 
sulfonic acid, H4SiW12O40 or H3PMo12O40). It also showed higher selectivity for 
five-membered (1,3-dioxolane) cyclic ketals relative to Brønsted acid catalysts. 
The heteropoly acid catalyst was recoverable and reusable without losing activ-
ity although it was homogeneous.

Previously, acid functionalized solid catalytic materials had been used in 
the solvent-free ketalization of glycerol with propanone to afford solketal (2,2- 
dimethyl-1,3-dioxolane-4-methanol). However, the reaction mixture was heated 
to the temperature of propanone reflux. In their work, the authors extended the 
reaction to other ketones. Aliphatic ketones with carbon chain containing more 
than five carbon atoms, in contrast to cyclic ketones, were immiscible with 
glycerol. This made it difficult to determine the conversion extent and provide 
the corresponding kinetic curves. Cyclohexanone exhibited high reactivity and 
was totally converted to the related ketal (i.e., 1,4-dioxaspiro [4.5] decane-2-yl) 
methanol) (Table 4.1). Although conversion was not assessed, the ketals formed 
in these reactions were soluble and could be detected by GC or GC-MS analy-
ses. In general, regardless of the ketone structure, the reaction was selective.

Han’s research group [60] used a series of transition-metal (manganese, 
iron, cobalt, nickel, and copper) ion-exchanged ionic liquid catalysts based 
on tungstophosphoric acid (TPA) synthesized by incorporating the metal and 

SCHEME 4.7  Synthesis of pyrazole using heteropoly acid catalysts in water.
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TABLE 4.1  Effect of ketone nature on solvent-free ketalization of  
H3PW12O40-catalyzed glycerol.

Run Ketone Conv.%
Ketal 
Select.% Ketal

1 Propanone 90 97

2 Butanone 74 99

3 Cyclohexanone 98 99

4 Cyclopentanone 88 95

5 4-Methyl-2-
pentanone

– 47
45

6 2,4-Dimethyl-3-
pentanone

– 78
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methylimidazolium propyl sulfobetaine (MIMPS) zwitterionic precursors onto 
TPA to catalyze the acetalization of benzaldehyde with ethylene glycol 27 
(Scheme 4.8). The inorganic/organic composite catalysts prepared in this work 
proved to be useful for heterogeneous/homogeneous catalysis. These water-
soluble M-MIMPS-TPA composite salts not only are strong Brønsted/Lewis 
acids but also demonstrate an unparalleled self-separation property, which is 
desirable for separating and recycling the catalyst. The high catalytic activi-
ties of these novel M-MIMPS-TPA catalysts observed in acetalization reactions 
were ascribed to their strong Brønsted/Lewis acidity, and low resistance against 
mass transport. The Ni[MIMPSH]PW12O40 catalyst exhibited an unusual cata-
lytic performance and durability with benzaldehyde glycol acetal selectivity of 
99.0% and a yield of 94.6%, which strongly agreed with the results from re-
sponse surface methodology. A more detailed kinetic analysis resulted in an 
activation energy of 34.11 kJ/mol for the acetalization reaction, which surpassed 
most of the reported catalysts. These eco-friendly and potent catalysts, with 
beneficial properties for product separation and catalyst recycling, will make 
catalytic conversions of biomass cost-effective.

Zomg and coworkers [61] reported that heteropoly acid, H3PW12O40 
(0.1 mol%) effectively catalyzed the cyclocondensation reaction of anthranilamide 
29 with aldehydes 30 in water at room temperature to give the corresponding 2,3-
dihydro-4(1H)-quinazolinones 31 in satisfactory to excellent yields (Scheme 4.9).  
Utilizing a small quantity of the catalyst and a simple workup procedure, mild 
reaction conditions along with clean reaction profiles were established.

SCHEME 4.8  Preparation of benzaldehyde ethylene glycol acetal via the acid-catalyzed acetaliza-
tion of benzaldehyde with ethylene glycol.

SCHEME 4.9  Condensation of anthranilamide with aromatic aldehydes catalyzed by a hetero-
poly acid.
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This result attracted the attention of the authors to the reactions of other 
aldehydes, so that they could build the generality of the process. A series of 
aldehydes with either electron-releasing or electron-withdrawing groups attach-
ing to the aromatic ring were investigated. As expected, the substituted groups 
on the aromatic ring had no apparent effect on the yield. On the other hand, 
upon replacing aromatic aldehydes with aromatic heterocyclic aldehydes, the 
corresponding products were resulted in excellent yields. However, the steric 
effects observed for the aldehydes might have played an important role and led 
to moderate yields of the products. Although the aldehydes and amines had low 
solubility in water, the cyclocondensation reactions catalyzed by H3PW12O40 
still proceeded effectively at room temperature. The reaction likely took place 
at the organic phase/aqueous phase interface with water in the heterogeneous 
system. Vigorous stirring was found to be necessary for these reactions to prog-
ress successfully.

Among the other advantages of the procedure were low loading of catalyst, 
enhanced yields, and clean reactions, which made it a desirable strategy for the 
synthesis of solid chemicals. In addition, as the procedure has quite an easy 
workup, it does not require organic solvents. When the products were solid and 
insoluble in water, the pure products were obtainable directly by filtration and 
simple washing of the filtrate with water and recrystallization from ethanol or 
column chromatography.

Azizi and coworkers [62] demonstrated that heteropoly acids were able 
to catalyze the electrophilic substitutions of indole and substituted indoles 
32 with various aldehydes and ketones 33 in water to give bis(indolyl) 
methanes 34 at ambient temperature in very good yields. In addition, the 
methodology was highly chemoselective for aldehydes (Scheme 4.10). As 
shown in Table  4.2, H3PMo12O40 and H3PW12O40 were found to provide 
the same results in water and other solvents. The electrophilic reaction of 
indole 35 was conducted with glyoxylic acid 36 (50% aqueous solution), 
and the product was obtained in satisfactory yields under the reaction con-
ditions (Scheme 4.11).

SCHEME 4.10  Electrophilic substitutions of indoles to give a series of bis(indolyl)methanes.



TABLE 4.2  Effects of different heteropoly acids and solvents on electrophilic substitution of indoles.

Entry Catalyst (mol%) Solvent (2 mL) Yield% Time (h)

1 None H2O 5 1

2 H3PMo12O40 (0.12) H2O 86 1

3 H3PW12O40 (0.12) H2O 90 1

4 H3PMo12O40 (0.12) THF 90 6

5 H3PW12O40 (0.12) THF 90 6

6 H3PMo12O40 (0.12) CH3CN 85 3

7 H3PW12O40 (0.12) CH3CN 90 3

8 H3PMo12O40 (0.12) CH2Cl2 88 2

9 H3PW12O40 (0.12) CH2Cl2 90 2

10 H3PMo12O40(0.12) ClC2H4Cl 86 2

11 H3PW12O40 (0.12) ClC2H4Cl 88 2

12 ZnCl2 (5) H2O 45 1

13 RuCl3 (1) H2O 48 1

14 H2SO4 (1) H2O 55 1

15 HClO4 (1) H2O 74 1

16 CeCl3·7H2O (5) H2O 58 1

17 WCl6 (1) H2O 60 1
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4.3.  Multicomponent reactions

Multicomponent reactions (MCRs) are regarded as a powerful, outstanding pro-
tocol for the synthesis of a wide variety of organic compounds. Compared with 
multistep reactions, several new bonds are formed simultaneously in a one-pot 
manner in such reactions. MCRs have other obvious advantages among which 
are low number of reaction and purification steps, selectivity, convergence, high 
atom economy, ease of operation, and synthetic efficiency [63, 64]. The devel-
opment of multicomponent reactions has indeed resulted in novel and efficient 
synthetic routes to provide a wide variety of small organic molecules in fields 
such as modern organic, bio-organic, and medicinal chemistry [65, 66].

Javanshir et  al. [67] reported a one-pot condensation of 
2-aminobenzothiazole 39, 2-naphthol 40, and appropriate aldehydes 41 cata-
lyzed by a Wells-Dawson type heteropoly in aqueous media that gave the 
Mannich adducts 2′-aminobenzothiazolomethylnaphthols 42 at 45°C un-
der ultrasound irradiation. The reaction proceeded satisfactorily with both 
electron-withdrawing and electron-releasing groups to afford a variety of de-
rivatives in yields of 62%–92% (Scheme 4.12).

SCHEME 4.11  Electrophilic reaction of indole with glyoxylic acid.

SCHEME 4.12  Synthesis of 2-aminobenzothiazolomethylnaphthols.
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Heravi and others [68] examined the feasibility of using H14NaP5W30O110 
as a catalyst for the three-component synthesis of 1,4-dihydropyrano[2,3-c]
pyrazole derivatives 47 through the condensation of 3-methyl-1-phenyl-1H-
pyrazol-5(4H)-one 43, malononitrile 44 and various aldehydes 45 in water or 
ethanol under heating (Scheme 4.13). The reaction accommodated a variety of 
aryl groups with electron-releasing as well as electron-withdrawing substitu-
ents. However, diethylmalonate, ethylcyanoacetate, ethylbenzoylacetate, and 
acetophenone did not react under the mentioned conditions.

Gharib and others [69] reported the utilization of heteropoly acids as catalysts 
for the synthesis of a wide variety of substituted 3,4-dihydropyrimidin-2(1H)-ones 
51 under Biginelli conditions in aqueous media (Scheme 4.14). The best results 
were obtained when urea (or thiourea) 48, ethyl acetoacetate 49, and aldehyde 
50 were refluxed for 6 h in the presence of 0.03 mmol of the heteropoly acid as 
a catalyst and water as a green solvent. This method proved effective with vari-
ous substituted aromatic aldehydes regardless of the nature of the substituents 
on the aromatic ring, demonstrating an improvement over the classical Biginelli 
methodology. However, relatively higher yields were obtained by substituents 

SCHEME 4.13  Synthesis of 1,4-dihydropyrano[2,3-c] pyrazoles.

SCHEME 4.14  Synthesis of various substituted 3,4-dihydropyrimidin-2(1H)-ones using hetero-
poly acid catalyst, H7[PMo8V4O40] in the presence of water as a green solvent and under reflux 
conditions.
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with electron-withdrawing groups. The reaction yields were greater in the pres-
ence of water, and the reaction times were generally shorter than those of con-
ventional methods. The series of heteropoly acids H3 + nPMo12 − nVnO40 (n = 1–4) 
exhibited satisfactory to excellent catalytic activities.

Heravi and coworkers [70] described the three-component synthesis of 
2-amino-5-oxodihydropyrano[3,2-c]chromene derivatives 55 via the conden-
sation of 4-hydroxycoumarin 52, aldehydes 53, and alkylnitriles 54 utilizing 
catalytic amounts of a heteropoly acid (H6P2W18O62.18H2O) in EtOH/H2O un-
der heating conditions (Scheme 4.15). In comparison with H6P2W18O62.18H2O, 
the same reaction catalyzed by H14[NaP5W30O110] or NH2SO3H and refluxed in 
EtOH/H2O (50:50) gave lower yields.

Heravi et al. [71] used a Keggin-type heteropoly acid, H5BW12O40 (BWA), 
with a higher negative charge and stronger Brønsted acidity than those of the Si 
or P analogues as a green, efficient, and reusable catalyst in a three-component 
procedure that involved the cyclocondensation of a variety of aromatic aldehydes 
56, differently substituents malononitrile 57 with β-dicarbonyl compounds 58 
in aqueous ethanol for the easy, clean, and efficient synthesis of 4H-pyrans (59) 
(Scheme 4.16). The reactions were generally completed in short times and the 
products were obtained in satisfactory to excellent yields. The reaction medium 
was recyclable and reusable for several times without any loss in efficiency.

SCHEME 4.15  Synthesis of 2-amino-4-aryl-3-cyano-5-oxo-4H,5H-pyrano-[3,2-c] chromenes in 
EtOH/H2O using H6P2W18O62.18H2O as a catalyst.

SCHEME 4.16  Synthesis of 4H-pyran derivatives via one-pot, multicomponent reaction.
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Heravi and others [71] revealed for the first time the application of a newly 
reported heteropoly acid, H5BW12O40, serving as a green, efficient, and homo-
geneous yet reusable catalyst for the diversity-oriented synthesis of 4H-pyrans 
via a one-pot, three-component cyclocondensation reaction of aldehydes, malo-
nonitrile, and carbonyl compounds with a reactive α-methylene group in the 
presence of BWA refluxed in EtOH/H2O. The reaction medium could be re-
cycled and reused several times without any loss in efficiency.

The generality of the method was studied in the reactions of aldehydes with 
various substituents, containing either electron-releasing or electron-withdrawing 
functional groups in the ortho, meta, and para positions with malononitrile and 
either dimedone or 4-hydroxycoumarin or 3-methyl-4Hpyrazole-5(4H)-one opti-
mal reaction conditions under already secured. The desired 4H-pyran derivatives 
were achieved in satisfactory to excellent yields within relatively short times while 
no by-products were formed. For library validation, the authors also examined 
4-hydroxycoumarin and 3-methyl-4H-pyrazole-5(4H)-one instead of dimedone 
to achieve the desired products in satisfactory to excellent yields.

Foroughi and coworkers [72] described an easy, highly efficient one-pot and 
three-component synthesis of derivatives of chromene pyrimidine-2,4-dione 
from available substrates catalyzed by a heteropoly acid (H3PW12O40). Their 
protocol included the reaction of diverse aldehydes (60), 4-hydroxycoumarin 
61, and 4-amino-1,3-dimethyluracil 62 in EtOH/H2O (1:2) at ambient tempera-
ture in the presence of H3PW12O40 as a powerful efficient catalyst to furnish 
the corresponding chromene pyrimidine-2,4-dione 63 in satisfactory to excel-
lent yields (Scheme 4.17). Simplicity of operation, low cost, environmental 
eco-friendliness, facile workup and purification, short reaction times, excellent 
yields of products, green media, and mild reaction conditions were among the 
advantages of the protocol. The in vitro antibacterial activities of the products 
were obtained against Staphylococcus aureus (ATCC 6538) and Escherichia 
coli (ATTC 35218) as Gram-positive and Gram-negative bacteria, respectively, 
to compare their activities with those of gentamycin and penicillin as refer-
ences. In order to demonstrate the scope of the designed protocol for the syn-
thesis of chromene-pyrimidine 2,4-dione derivatives, the authors extended the 

SCHEME 4.17  Synthesis of the derivatives of chromene pyrimidine-2,4-dione via a one‐pot, mul-
ticomponent reaction.
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optimal reaction conditions for various aromatic and heteroaromatic aldehydes, 
and concluded that aromatic aldehydes with electron-releasing substituents de-
creased the yield and reaction rate to a certain degree. However, aromatic alde-
hydes with electron-withdrawing substituents increased the reaction rate and 
the yields to some extent.

Heravi and others [73] employed H5BW12O40, a Keggin-type heteropoly acid, 
an effective, eco-friendly, and reusable acid catalyst for highly efficient synthesis 
of chromenopyrimidine-2,5-diones (O-products) and thioxochromenopyrimidin- 
5-ones (S-products) 67 via a multicomponent reaction of differently substituted 
benzaldehydes 64, urea/thiourea 65, and 4-hydroxycoumarin 66 refluxed in aque-
ous media (Scheme 4.18). The heteropoly acid catalyst was recoverable by simple 
filtration and reusable for three consecutive runs without any considerable de-
crease in its efficiency. Notably, the structure pattern of this catalyst may serve 
as a useful model for the design and assembly of functional molecule-based cata-
lysts, particularly in the field of molecular sieve materials. In addition, the thermo-
chemical properties in the synthesis of desired compounds were evaluated using 
density functional theory calculations.

The authors also studied the substrate scope under optimal reaction con-
ditions by using various benzaldehydes with electron-releasing and electron-
withdrawing groups. They also replaced urea with thiourea. Regardless of the 
reagent nature, the catalyst efficiently promoted the reactions to afford the cor-
responding products in excellent yields. Interestingly, urea resulted in the de-
sired products with slightly higher yields. In addition, benzaldehydes bearing 
electron-withdrawing substituents gave the products in higher yields in com-
parison with benzaldehydes having electron-releasing substituents.

The authors thus developed a highly efficient and environmentally 
friendly strategy for the synthesis of chromenopyrimidine-2,5-diones and 
thioxochromenopyrimidin-5-ones as biologically and pharmaceutically active 
compounds using BWA as a green, homogeneous, and recyclable catalyst re-
fluxed in water via a multicomponent reaction. Characteristics such as effec-
tiveness, mild conditions, a broad substrate scope, high to excellent yields in 

SCHEME 4.18  Synthesis of chromenopyrimidine-2,5-diones (O-products) and  
thioxochromenopyrimidin-5-ones (S-products) via a multicomponent reaction in the presence of 
H5BW12O40 in water.
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relatively short reaction times, easy workup with high purity, recycling of the re-
action medium, and agreement with green chemistry principles have turned this 
strategy into a profitable process for the synthesis of chromenopyrimidine-2,5-
diones and thioxochromenopyrimidin-5-ones.

The useful combination of the boron atom within the Keggin-type polyoxo-
metalate ion opened a class of porous, powerful catalysts for different chemical 
transformations to resolve the previously observed limitations, establish salt and 
Lewis acidic metal-based catalysts under low catalyst loading, using water as 
scavengers, avoiding the use of dry solvents and additives and simple experi-
mental setups that facilitate specialized organic transformations.

Chavan et  al. [74] efficiently carried out a one-pot and three-component 
reaction of ethyl acetoacetate 68, aldehydes 69, and urea 70 in the pres-
ence of 11-molybdo-1-vanadophosphoric acid (H4PMo11VO40) as a cata-
lyst in EtOH at ambient temperature under ultrasound irradiation to afford 
3,4-dihydropyrimidin-2(1H)-ones 71 in very good yields (Scheme 4.19). The 
presence of the Keggin structure and incorporation of vanadium into the Keggin 
structure were confirmed by FT-IR and powder XRD analysis techniques for 
the H4PMo11VO40 catalyst. Furthermore, the TG-DTA analysis results indicated 
that the H4PMo11VO40 catalyst was thermally stable up to 434°C. The described 
catalytic system was recyclable and reusable without any considerable loss in 
activity.

When the reaction conditions were optimized, Chavan et  al. investigated 
the reaction of ethylacetoacetate and urea with different aldehydes in the pres-
ence of H4PMo11VO40 as a catalyst. Several aromatic aldehydes bearing either 
electron-releasing or electron-withdrawing groups on the aromatic ring reacted 
mildly and the corresponding products were afforded in satisfactory to excellent 
yields.

Amrollahi and coauthors [75] developed a facile and direct approach for the 
synthesis of bis(indole) derivatives 75 by the one-pot and four-component con-
densation of indole 72, various aldehydes 73, and active methylene compounds 
74 in the presence of 12-tungstophosphoric acid (H3PW12O40) in water solutions 
under silent or ultrasound conditions (Scheme 4.20). Notable advantages were 

SCHEME 4.19  Synthesis of 3,4-dihydropyrimidin-2(1H)-ones using H4[PMo11V1O40] 30H2O as 
a catalyst.
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the easy experimental procedures, short reaction times, and very good yields 
with green features by avoiding use of toxic solvents and catalysts. Amrollahi 
et al. also observed that the procedure accommodated both electron-releasing 
and electron-withdrawing substituents in the benzaldehyde. In all cases, the re-
actions progressed efficiently under the reflux and mild conditions to furnish the 
desired products in excellent yields. All the products were characterized by 1H-, 
13C-NMR and IR spectra and elemental analyses.

The reaction could be extended to other aldehydes under the optimized con-
ditions. 2- and 3-pyridinecarboxaldehyde 76 were also chosen to react with in-
dole 77 and active methylene compounds 78. The reaction proceeded smoothly 
as expected in high yields (Scheme 4.21). However, when the authors wanted 
to obtain bis(indole) derivatives, only indolyl derivatives 79 were obtained. A 
probable reason for this result was that the oxidative dehydrogenation of 2-((in-
dolyl)(pyridyl) methylene) malononitriles and 3-(indolyl) (pyridyl) acrylates 
in the presence of H3PW12O40 was less reactive than 2-((aryl)indolyl)methyl)
malononitriles and 3-(aryl) (indolyl)acrylates, respectively. In order to examine 
the scope and limitations of this reaction, Amrollahi et al. extended their studies 
to the reactions of pyrrole, aldehydes, and active methylene compounds in the 
present of H3PW12O40 as a catalyst in water at 90°C under silent conditions.

Su’s research group [76] reported the one-pot synthesis of 2-amino-3,5-
dicarbonitrile-6-thiopyridines 83 with benzaldehyde 80, malononitrile 81, 
and thiophenol 82 using tungstophosphoric acid (H3PW12O40) as an effective 

SCHEME 4.20  Synthesis of bis(indole) derivatives by H3PW12O40.

SCHEME 4.21  Synthesis of 2-(pyridyl)(1H-indol-3-yl)(methyl)malononitriles and 3-(indolyl)
(pyridyl) acrylates in the presence of H3PW12O40.
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and green catalyst in aqueous solutions (Scheme 4.22). The advantages of this 
method are easy workout, high storage stability, and environmental friendliness.

The reaction took a long time to complete without surfactants as the reac-
tants were insoluble in water. Therefore, Su et al. used cetyltrimethylammonium 
bromide (CTAB) as the surfactant since it is able to decrease the surface tension 
of the aqueous phase and organic phase. The method increased the relative con-
centration of the reactants.

The reaction could proceed efficiently using 2 mol% of H3PW12O40 as a cat-
alyst, 5 mL water as a solvent, CTAB as a surfactant, and a 1:2:1 molar ratio of 
the reactants (aromatic aldehyde: malononitrile: substituted thiophenol) under 
80°C.

Maleki and coworkers [77] reported that H14[NaP5W29MoO110] could serve 
as an excellent catalyst for an alternative and simple synthesis of symmetrical 
N,N′-alkylidene bis-amide derivatives 86 (Scheme 4.23). A heteropoly acid, the 
catalyst had several advantages over traditional acid catalysts. It was noncor-
rosive and environmentally benign, had fewer disposal problems, was thermally 
stable, and could be removed easily.

Momeni and coworkers [78] efficiently synthesized a series of polyhydro-
quinoline derivatives 91 and 95 via the Hantzsch reaction in very good yields 
in the presence of a catalytic amount of borotungstic acid (H5BW12O40) and 
refluxed in EtOH under green and mild reaction conditions (Scheme 4.24). 
H5BW12O40 is a Keggin-type heteropoly acid with a highly negative charge 
and strong Brønsted acidity. This protocol not only exhibited significant im-
provements in the rate of reaction and provided higher yields, but also avoided 

SCHEME 4.22  Synthesis of 2-amino-3,5-dicarbonitrile-6-thio-pyridines.

SCHEME 4.23  Synthesis of symmetrical N,N'-alkylidene bis-amide derivatives.
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the utilization of hazardous solvents or catalysts. Major features of the proto-
col were competence, generality, high yields in relatively short times, ease of 
product isolation, and recyclability of the catalyst. In addition, a comparative 
mechanistic analysis of the Hantzsch reaction was made based on the structural, 
thermodynamic, and electronic properties in the reaction course using quantum 
theory of atoms in molecules (QTAIM) and density functional theory (DFT) 
approaches.

The authors studied the substrate scopes and limitations of this multicompo-
nent reaction under optimal conditions. A variety of aromatic aldehydes bearing 
either electron-releasing or electron-withdrawing groups on the aromatic ring, 
in the ortho, meta, and para positions, afforded related products in very good 
yields.

Vafaee and colleagues [79] described a fast, efficient, and green procedure 
for the effective synthesis of 4,4′-(arylmethylene)-bis(3-methyl-1H-pyrazol-
5-ol)s 98 by a one-pot reaction of two equivalents of 3-methyl-1H-pyrazol-
5(4H)-one (96) with aryl aldehydes 97 efficiently catalyzed by H3PW12O40 
(Scheme 4.25). The catalyst was relatively available and inexpensive, and could 
be readily recovered and reused so that appreciable catalytic activity still re-
mained after the tenth run. Compared to the other procedures, they offered sev-
eral advantages such as short reaction times, excellent yields, and mild reaction 
conditions and easy workup. Using the abovementioned optimal conditions, 

SCHEME 4.24  Symmetrical and unsymmetrical Hantzsch reactions catalyzed by H5BW12O40.

SCHEME 4.25  H3PW12O40 catalyzed synthesis of 4,4′-(arylmethylene)bis(3-methyl-1H- 
pyrazol-5-ols).
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the scope and efficiency of the procedure were examined for the synthesis of 
various 4,4′-(arylmethylene)-bis(3-methyl-1H-pyrazol-5-ol)s. All the reactions 
afforded the corresponding products in excellent yields and tolerated various 
aromatic aldehydes with either electron-releasing or electron-withdrawing sub-
stituents. In addition, heteroaromatic aldehydes afforded a high yield of the re-
lated products.

Khaldi-Khellafi et al. [80] used a simple, efficient, and improved Biginelli 
reaction to synthesize 3,4-dihydropyrimidin-2(1H)-one/thione analogues of 
curcumin 102 in satisfactory yields by one-pot, multicomponent cycloconden-
sation of curcumin 99, substituted aromatic aldehydes 100, and urea/thiourea 
101 substituted aromatic aldehydes in a smaller volume of EtOH catalyzed 
by a commercially available heteropoly acid of Keggin type, H3PMo12O40 
5 mol%, as a nontoxic and recyclable catalyst under conventional conditions 
of heating and microwave irradiation (Scheme 4.26). All the synthesized de-
rivatives of curcumin were explored for antioxidant and antimicrobial activi-
ties. Biological activity data of the synthesized products demonstrated that most 
of the derivatives had greater antioxidant and antibacterial activities than cur-
cumin. Geometries of the synthesized products were optimized by the B3LYP 
method using the 6-31G* basis set. Curcumin-3,4-dihydropyrimidinones/thi-
ones synthesized from 2-hydroxybenzaldehyde, 4-hydroxy-benzaldehyde, and 
3,4-dihydroxybenzaldehyde exhibited a high intensity in UV-visible absorp-
tion spectrophotometry. However, the wavelengths were less affected by the 
nature of substituents on the benzaldehyde. The compound synthesized from 
3,4-dihydroxybenzaldehyde and urea exhibited the maximum antioxidant ac-
tivity, while the antioxidant activity decreased in the compounds synthesized 
from 2-hydroxybenzaldehyde and others. When the reaction conditions were 

SCHEME 4.26  Synthesis of 3,4-dihydropyrimidinones/thiones of curcumin under conventional 
reflux or microwave irradiation.
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optimized, the authors conducted the three-component cyclocondensation reac-
tion of curcumin and urea/thiourea with a series of aromatic aldehydes under 
the same conditions in order to investigate the scope of their procedure. The 
reactions were completed after 6–9 h under conventional reflux and 2–3 min 
under microwave irradiation to give the corresponding curcumin-DHPMs in 
satisfactory to excellent yields.

We [81] described an easy, neat, and environmentally friendly protocol 
for the synthesis of 2-amino-4H-chromenes 106 and 107 utilizing a Preyssler 
type heteropoly acid, i.e., H14[NaP5W30O110], as a reusable, green catalyst 
in water (Scheme 4.27). The products were obtained in high yields. The ap-
plication range of the protocol was then demonstrated by the reaction of a 
variety of aldehydes 103 with malononitrile 104 and a- or b-naphthol 105. In 
every case, a satisfactory yield with good selectivity was realized. Notably, 
the nature of the substituent on the aromatic ring exhibited no evident effect 
on the conversion as they were gained in high yields with relatively short 
reaction times.

The authors concluded that H14[NaP5W30O110] could act as an effective cata-
lyst for the synthesis of 2-amino-4H-chromenes as biologically and pharmaceu-
tically active chemicals. The protocol offered a number of advantages, among 
which were mild reaction conditions, neater reactions, high yields, a simple 
experimental procedure, and easy workup to make it attractive and useful for the 
synthesis of the target compounds. Most importantly, water served as a green 
solvent for the reactions.

We [82] developed an effective and enhanced methodology for the syn-
thesis of tetrasubstituted imidazoles 112 catalyzed by a Keggin-type het-
eropoly acid, which included a four-component, one-pot coupling protocol 
with refluxing in EtOH. Benzyl 108, benzaldehyde derivatives 109, primary 
amines 110, and ammonium acetate 111 were reacted in a four-component, 
one-pot condensation protocol in the presence of Keggin heteropoly acids 
such as H4[SiW12O40], H3[PW12O40], H3[PMo12O40], H4[PMo11VO40], and 
HNa2[PMo12O40] as a catalyst to afford tetrasubstituted imidazoles 112 
(Scheme 4.28).

SCHEME 4.27  Synthesis of substituted 2-amino-chromenes catalyzed by H14[NaP5W30O110].
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The optimized system was used for the synthesis of other imidazole de-
rivatives to establish the generality of this methodology. The methodology was 
proved to be effective for the preparation of tetrasubstituted imidazoles from 
both aliphatic and aromatic amines. The catalytic system worked best for aro-
matic amines. The catalytic efficiency of H4[PMo11VO40] was the highest for the 
synthesis of 1,2,4,5- tetrasubstituted imidazoles. The catalyst was reusable after 
a simple workup, with a gradual decrease in its activity. The reaction seemed to 
be heterogeneously catalyzed. High yields, rather short reaction times, simplic-
ity of operation, and easy workup were among the merits of this protocol.

Alimohammadi and coworkers [83] developed an efficient, enhanced proto-
col for the synthesis of oxindole and its derivatives 115 through the electrophilic 
substitution reaction of indoles 113 with isatins 114 catalyzed by a Wells-Dawson 
tungsten heteropoly acid in water (Scheme 4.29). Very good yields, short reac-
tion times, and easy workup were among the advantages of this protocol.

Javid and coworkers [84] reported an easy, one-pot, four-component protocol 
for the synthesis of tetrasubstituted imidazole derivatives 120 from benzyl 116, aro-
matic aldehydes 117, primary amines 118, and ammonium acetate 119 catalyzed by 
a Preyssler-type heteropoly acid (H14[NaP5W30O110]) (Scheme 4.30). This protocol 
was proved to be eco-friendly and convenient, with easy workup and relatively short 
reaction times. In addition, the products were isolated in very good yields.

SCHEME 4.28  Synthesis of tetrasubstituted imidazoles using a catalytic amount of H4[PMo11VO40] 
with refluxing in EtOH.

SCHEME 4.29  The synthesis of oxindoles via the reaction of isatins with indoles in the presence 
of H6P2W18O62 in water.
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Javid et  al. observed that aromatic aldehydes bearing either electron-
releasing or electron-withdrawing groups readily underwent the reaction to 
afford excellent yields. Moreover, the protocol was found to be efficient for 
the preparation of tetrasubstituted imidazoles from both aliphatic and aromatic 
amines. The catalytic system rather worked better for aromatic amines.

4.4.  Oxidation

Application of heteropoly acids in the catalysis of oxidation reactions has been 
studied in depth for many decades [85–106] owing to their acid and redox prop-
erties, high thermal stability, easy preparation procedures, and simple modi-
fication of their physical properties such as solubility and surface area [107, 
108]. 2,5-Diformylfuran (DFF) 122 is an attractive compound that can be pre-
pared with satisfactory selectivity via the oxidation of 5-hydroxymethylfurfural 
(5-HMF) 121 using certain catalysts. Vanadium-containing heteropoly acids 
(such as Co2H6P3Mo18V7O84) are very active oxidation catalysts whose activ-
ity could be adjusted by changing the vanadium content (VV). Rodikova et al. 
[109] reported the preparation of a number of vanadium-containing hetero-
poly acids with different amounts of VV and different types of counter cations, 
and studied their catalytic functionalities in the conversion of 5-HMF to DFF 
(Scheme 4.31). They characterized the synthesized heteropoly acids by simple 

SCHEME 4.30  One-pot synthesis of 1,2,4,5-tetrasubtituted imidazoles using H14[NaP5W30O110].

SCHEME 4.31  Oxidation of 5-HMF to DFF using vanadium-containing heteropoly acids.
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instrumental methods (pH-measurements, potentiometry, and titration analysis),  
and NMR spectroscopy revealed the retainment of their Keggin structure as 
their oxidation potential increased with the VV content. With complete opti-
mization of the reaction conditions, they were able to reach a yield of 92% for 
DFF using Co2H6P3Mo18V7O84 in H2O/MIBK within 90 min at 110°C, under 
atmospheric pressure. The described method of 5-HMF oxidation was based 
on using efficient soft oxidants that were easily recyclable and reusable for at 
least five runs without any considerable loss in catalytic activity. The authors 
synthesized both catalysts of the Keggin type, H3 + xPMo12 − xVxO40, and modi-
fied non-Keggin type, HaPzMoyVxOb. They also prepared a series of acid salts 
substituting H+ ions in heteropoly acids with Na+ or Co2 + cations to estimate 
the effect of the counter cation on their properties and reactivities. The prepared 
catalysts possessed high oxidative ability and large Brønsted acidity, both of 
which affected the distribution of the products. It was found that raising the 
reaction temperature and vanadium content increased the yield of the desired 
product. In addition, improving the acidity of the catalyst by increasing the va-
nadium (V) content had the opposite effect arising from the formation of levu-
linic and formic acids, as well as oligomerization of by-products. The acid salts 
were demonstrated to have lower acidity than the heteropoly acid solutions, 
which improved their catalytic efficiency.

Hatakeyama and coworkers [110] investigated the oxidative cleavage 
of 2-methoxycyclohexanone (2-MCO) 125 to adipic acid 126 and metha-
nol with O2 in an aqueous solution (Scheme 4.32). It was known that a 
variety of vanadium compounds and heteropoly acids that were tested as 
homogeneous catalysts as vanadium compounds, particularly phosphomo-
lybdovanadic acids, were active in various oxidative cleavage reactions 
with gaseous oxygen. However, the simple vanadium-free phosphotungstic 
acid (H3PW12O40), which had not been thought to have oxidation catalysis 
activity using O2 as the oxidant, proved to be a good catalyst with excel-
lent selectivity toward adipic acid. The carbon-based yield for adipic acid 
reached 74% (86% in molar basis), which was higher than values gained by 
vanadium-based catalysts. Reuse tests and 31P NMR analyses confirmed that 
the H3PW12O40 catalyst retained its stability and reusability. Kinetic investi-
gations and the reaction tests using radical inhibitors revealed that the reac-
tion mechanism was not an auto-oxidation involving free radicals. Rather, 
the H3PW12O40 catalyst first activated the substrate by a single-electron oxi-
dation and then it reacted with O2.

SCHEME 4.32  Synthesis of adipic acid from 2-methoxycyclohexanone catalyzed by H3PW12O40.
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Notably, significant amounts of CO2 were produced with vanadium-based 
catalysts owing to the high activity of vanadium as an oxidation catalyst. 
Moreover, catalyst deactivation was observed for phosphomolybdovana-
dic acid. However, the H3PW12O40 catalyst remained stable during experi-
ments. The produced adipic acid was readily separated from the reaction 
solution by crystallization. The catalytic system worked well in the oxidative 
cleavage of α-hydroxyketones. On the other hand, the selectivity toward the 
desired acids was lower than that of α-methoxyketones from oxidation of 
1,2-cyclohexanedione. The authors conducted the DFT calculations of the 
formation energy of radical cation of various molecules, i.e., energy change 
by a single-electron oxidation. Given the low ΔE (+ 694 kJ mol− 1), the radical 
cation of the enol form of 2-MCO could be favorably formed. This value was 
even lower than that of 2,6-di-tert-butyl-p-cresol (+ 706 kJ mol− 1), which is 
a common one-electron reducing agent that works as a radical inhibitor. The 
calculations confirmed the participation of the radical cation in the oxidation 
catalysis.

1,4-Naphthoquinones 132 are a group of organic compounds with an impor-
tant property. The previous methods of their synthesis either gave low yields in 
multistage procedures or required long reaction times.

However, Gogin et al. [111] proposed a new one-pot procedure for synthesis 
of 1,4-naphthoquinones from hydroquinone 127 and substituted 1,3-dienes 129 
at ambient temperature (Scheme 4.33). They used solutions of the Mo-V-P het-
eropoly acids HPA-x (x = 4, 7, 10), e.g., H7PMo8V4O40, as a bifunctional (redox 
and acid) catalyst for the procedure. By studying the effect of some factors on 
key process parameters, they demonstrated that unsubstituted as well as some 
alkyl-substituted 1,4-naphthoquinones could be achieved using this method 
with yields of 50%–80% and 92%–99% purity. Significantly, their method 
made it possible to simplify the direct synthesis of 1,4-naphthoquinones from 
hydroquinone compared to the previous methods.

It was shown that under these moderate conditions, the presence of a hy-
drophilic organic solvent, such as 1,4-dioxane, was affected most of all. The 
authors also demonstrated that it was possible to use their one-pot procedure to 
synthesize 6,7-dimethylnaphthoquinone with 92% purity and 77% yield.

SCHEME 4.33  NQ synthesis from HQ.
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Direct conversion of raw biomass into fine chemicals is interesting both con-
ceptually and practically, and considered a great challenge. In this regard, the 
oxidation of biomass to formic acid and acetic acid seems to be a promising 
industrial process.

Lu and coworkers [112] reported the effectiveness of a binary catalyst sys-
tem consisting of a Keggin-type heteropoly acid H5PV2Mo10O40 and sulfuric 
acid in direct conversion of corn cobs to formic acid and acetic acid using O2 as 
an oxidant in aqueous solutions. They investigated the effects of reaction tem-
perature, sulfuric acid concentration, reaction time, and the initial pressure of 
O2 on the conversion of corn cobs in detail. Decreasing the pH caused the rapid 
conversion of corn cobs and the product yields could be enhanced significantly 
to 42.5% for formic acid and 9.1% for acetic acid after 30 min at 170°C. The de-
crease in pH could also accelerate the hydrolysis of the corn cobs and promote 
the activity of H5PV2Mo10O40 by using protonation and dissociation reactions. 
The reaction course exhibited that polysaccharide components (hemicellulose 
and cellulose) of corn cobs were initially hydrolyzed to monosaccharides and 
then they were oxidized to formic acid and acetic acid through formation of the  
intermediates with aldehyde and carboxyl groups. The lignin component of  
the corn cob was oxidized to products and carbon dioxide through formation of the  
intermediates with quinone structures. The products, i.e., formic acid and acetic 
acid, mainly came from polysaccharides, i.e., hemicellulose and cellulose. The 
catalytic system exhibited good reusability.

The production of carboxylic acids by partial wet oxidation of alkali lignin 
under high temperatures and pressures has been extensively studied. Demesa 
and coauthors [113] used two different heteropoly acids, phosphomolybdic acid 
(H3PMo12O40) and phosphotungstic acid (H3PW12O40), to catalyze the oxida-
tion of lignin under hydrothermal conditions. They investigated factors affect-
ing the total yield of carboxylic acids formed during the partial oxidation of 
lignin. Formic, acetic, and succinic acids were the major products. Of the two 
heteropoly acids used as catalysts, phosphomolybdic acid proved to be most 
promising. The carboxylic acid yields and lignin conversions were up to 45% 
and 95%, respectively.

It was also found that the relative amount of the catalyst used considerably 
affects the yields and the lignin conversion rates. The two heteropoly acids ex-
hibited different catalytic behaviors so that the reaction pathway of lignin oxi-
dation seemed to be determined by the type of addenda atom in the heteropoly 
acid catalyst, with Mo favoring a selective oxidation reaction. The catalyst was 
easily recoverable for both heteropoly acids, rendering the procedure an envi-
ronmentally friendly and potentially economical one.

The heteropoly acids H3 + n[PMo12 − nVnO40]aq (denoted as HPA-n, n = 2,3,8) 
are able to catalyze the oxidation of aldehydes 133 to carboxylic acids 134 in 
the presence of O2 in high yields (Scheme 4.34). El Amrani and coworkers [114] 
explored the influence of a variety of parameters such as the precursors, sol-
vents, temperature, or catalyst/substrate ratio on catalytic activity. The process 
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was especially selective for linear and aromatic aldehydes. The oxidation of 
adipaldehyde using O2 under moderate conditions, in the presence of HPA-2 as 
a catalyst, led to the formation of adipic acid along with a considerable amount 
of other by-products. Thus, they made several modifications to the catalytic 
systems to enhance their selectivity.

HPA-2 was proved to be highly active in the oxidation of both aliphatic and 
aromatic aldehydes to the corresponding acids with O2 in mixtures of AcOH/
H2O with a volume ratio of 4.5/0.5. The performance observed for linear al-
dehydes was not affected by the chain length as a complete conversion was 
obtained for octanal, with a selectivity of 99%. Of the aliphatic aldehydes exam-
ined, those with branched carbon chains reacted slower than aldehydes with lin-
ear carbon chains. The oxidation of iso-valeraldehyde afforded iso-valeric acid 
as the main product. Under such conditions, benzaldehyde also led to almost a 
quantitative conversion to benzoic acid with an excellent yield.

On the other hand, the reaction rate of aromatic substrates bearing electron-
releasing substituents dramatically decreased to 36% conversion in 48 h. This 
clearly demonstrated that such strong electron-releasing groups did not favor 
the oxidation of aldehydes to carboxylic acids, but rather resulted in the forma-
tion of the related phenols through the migration of the aromatic group.

Gogin’s research group [115] performed a one-pot procedure for the synthe-
sis of anthraquinone and its derivatives 143 by reaction with 1,3-butadienes in 
the presence of a catalyst, i.e., a solution of Мо-V-P-HPA in water-miscible or-
ganic solvents. It was established that anthraquinone could be gained by this pro-
cedure with yields up to 90% and product purities of 96%–97% (Scheme 4.35).

In this regard, the condensation of 1,4-naphthoquinone (139) with 1,3- 
butadiene 140 in solutions of high-vanadium heteropoly acids with the empiri-
cal compositions of H15P4Mo18V7O89 and H17P3Mo16V10O89 in the presence of 
polar organic solvents (acetone, 1,4-dioxane) resulted in the construction of 
9,10-anthraquinone 142 in yields of ~ 70% and purities of up to 97% with a 
complete conversion of anthraquinone. Under the same conditions, the reac-
tions of anthraquinone with substituted 1,3-butadienes gave substituted anthra-
quinones in yields of up to 90% and purities of up to 99%.

Gogin et al. also demonstrated the feasibility of its reuse in the synthesis of 
anthraquinone with reproducible results. Their results provided prospects for the 
improvement of low-waste, one-pot procedures for the synthesis of anthraqui-
none and its substituted derivatives from 1,3-butadienes and 1,4-naphthoquinone 

SCHEME 4.34  Oxidation of aldehydes to carboxylic acids by a catalytic system of HPA-2/O2/
AcOH/H2O.
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in the presence of solutions of Мо-V-P-HPA as effective bifunctional (acidic 
and oxidative) catalytic systems.

Gogin et al. [116] demonstrated the feasibility of the catalyzed synthesis of 
vitamin K3 149 in the presence of HPA-x solutions in one step from o-cresol 
and o-toluidine 144 under an atmosphere of 1,3-butadiene 146 (Scheme 4.36). 
HPA-x serves as a bifunctional (acid and oxidative) catalyst. Although the yield 
of the target product is low (below 33%), the new protocol had its own merits 
as menadione was synthesized from easily available precursors and a multistep 
process was performed in one single step. The regeneration of HPA-x solutions 
with O2 will pave the way for new methods of the synthesis of vitamin K3 in the 

presence of HPA-x as a bifunctional catalyst.

SCHEME 4.35  Synthesis of AQ derivatives in the presence of solutions of Мо-V-P-HPA.

SCHEME 4.36  One-pot synthesis of menadione in Мо-V-P-HPA-х solutions.
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Gromov et  al. [117] demonstrated that it is possible to synthesize formic 
acid 153 from cellulose 150 in very good yields (65–66 mol%) via a single-
step process of hydrolytic oxidation catalyzed by bifunctional homogeneous 
Mo-V-P heteropoly acid catalysts (Scheme 4.37). The optimization of the re-
action conditions led to a temperature range of 150–160°C and air pressures 
of 10–20 bar. It turned out that pressure would have no effects on the initial 
rate of the process, while did have an effect on the target product yield. An 
increase in the O2 content of the reaction medium greatly improved the yield 
of formic acid and helped the catalyst solution regenerate more efficiently. In 
their quest for the optimal heteropoly acid composition among H5PMo10V2O40, 
Co0.6H3.8PMo10V2O40, H11P3Mo16V6O76, and H17P3Mo16V10O89, the authors ob-
served the highest reaction rate in the presence of heteropoly acid solutions that 
provided greater acidity for the reaction medium. Therefore, a linear correlation 
between the reaction rate and the hydronium ion concentration was established. 
The correlation between the reaction rate or formic acid yields and the vana-
dium content of the heteropoly acids was found to be linear up to the point 
that the ratio of glucose units to vanadium was 6:1. Afterward, the correlation 
was flat. Therefore, Gromov et al. concluded that when choosing a bifunctional 
catalyst, three criteria should be considered: high acidity, vanadium amounts 
greater than 1:6 with respect to the glucose units, and the catalyst price. The 
formic acid gained from vegetable lignocellulosic feed is usable as a hydrogen 
source or reducing agent for the production of precious raw materials and fuel 
from vegetable biomass.

SCHEME 4.37  Hydrolysis/oxidation of cellulose.
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Long and coworkers [118] investigated the oxidation of 2-nitro-4-
methylsulfonyltoluene 154 to 2-nitro-4-methylsulfonylbenzoic acid 155 in ace-
tic acid in the presence of oxygen catalyzed by a homogeneous catalytic system 
such as H3PW12O40/Co/Mn/Br (Scheme 4.38).

Based on their experimental results, the authors came to the following spe-
cific conclusions for the mentioned catalytic system:

●	 The oxidation of 2-nitro-4-methylsulfonyltoluene to 2-nitro-4-methylsulfonyl 
benzoic acid by oxygen in acetic acid is achievable using the homogeneous 
catalytic system of H3PW12O40/Co/Mn/Br.

●	 Phosphotungstic acid has a critical role in this catalytic system and the cata-
lytic system activity is optimized when the concentration of phosphotung-
stic acid is 2500 ppm.

●	 Cobalt (II) has an essential role in this catalytic system. The catalytic system 
activity is optimized for the production of 2-nitro-4-methylsulfonylbenzoic 
acid when the concentration of cobalt (II) is 148 ppm.

●	 The concentration of bromine is an influential factor in the oxidation of 
2-nitro-4-methylsulfonyltoluene to 2-nitro-4-methylsulfonylbenzoic acid. 
The optimal bromine concentration was found to be 1163 ppm.

●	 The ratio of Mn/Co can highly affect the extent and selectivity of this reac-
tion. The highest yield of the conversion of 2-nitro-4-methylsulfonylbenzoic 
acid into 2-nitro-4-methylsulfonyltoluene was obtained when the Mn/Co 
ratio was 2:1.

In addition, Long et  al. found that greater oxygen partial pressures and 
higher temperatures favored the oxidation of 2-nitro-4-methylsulfonyltoluene 
to production of 2-nitro-4-methylsulfonylbenzoic acid. In order to describe the 
reaction rate in this catalytic system, a kinetic model was presented.

Lu and others [119] employed one of the most widely used heteropoly ac-
ids, H5PV2Mo10O40, with sulfuric acid as a pH modifier in an aqueous solution 
to catalyze the oxidation of cellulose. In the catalyzed oxidation of cellulose 
in the H5PV2Mo10O40/sulfuric acid system, it was found that conversion of 
cellulose could accelerate and enhance the formic acid yield greatly by de-
creasing the pH. The authors discussed the influence of decreasing the pH 
on the catalyst, H5PV2Mo10O40, and the reaction course as well. The results 

SCHEME 4.38  Oxidation of 2-nitro-4-methylsulfonyltoluene to 2-nitro-4-methylsulfonylbenzoic 
acid catalyzed by H3PW12O40/Co/Mn/Br.
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demonstrated that the hydrolysis rate of cellulose was enhanced and the reac-
tivity of H5PV2Mo10O40 improved as the pH decreased.

In addition, adjusting the effects of pH on the catalytic oxidation of cellulose 
catalyzed by the H5PV2Mo10O40/sulfuric acid system was studied. By decreas-
ing the pH, the hydrolysis rate of cellulose could be accelerated and formic acid 
yield could be significantly improved to 61% within a reaction time of 5 min. 
The addition of sulfuric acid had a significant effect on the catalyst and the 
conversion course. For the catalyst, a decrease in pH could raise the formation 
of the protonated H5PV2Mo10O40 and VO2

+ via protonation and dissociation. 
Consequently, the H5PV2Mo10O40/sulfuric acid system had a stronger catalytic 
effect compared to using only H5PV2Mo10O40. For the conversion course, a de-
crease in pH improved the initial hydrolysis rate of cellulose to glucose, thus it 
favored the formic acid production. However, a decrease in pH accelerated the 
deep hydrolysis of glucose to by-products such as levulinic acid as well. This, in 
turn, led to a decrease in formic acid selectivity to form more acetic acid.

Reichert et al. [120] found out that under the conditions of water-organic, 
in situ extraction oxidation of biomass under typical OxFA conditions (363 K, 
20 bar of O2 pressure) catalyzed by polyoxometalates led to considerably higher 
formic acid yields in comparison with any monophasic reaction protocol re-
ported. The established protocols employed to isolate pure formic acid from the 
aqueous solutions include liquid-liquid extraction, azeotropic distillation, ex-
traction followed by distillation, reactive extraction, and extractive distillation. 
When it comes to biomass oxidation catalyzed by polyoxometalates, the formic 
acid isolation process must deal with the water-soluble, highly acidic heteropoly 
acid catalyst as well so that efficient catalyst recycling is realized.

While the previous works demonstrated that the selectivity of the formic 
acid produced from the oxidation of carbohydrates and biomass did not exceed 
70%, even with simple substrates, such as glucose or glycerol, the authors dem-
onstrated that formic acid yields of up to 85% from glucose and up to 61% from 
the challenging substrate of beech wood were achievable. The authors realized 
that the in situ extraction of the biomass oxidation reaction mixture with long-
chain primary alcohols, such as 1-hexanol and 1-heptanol, not only provided a 
straightforward method for the isolation of formic acid but also limited the pH 
decrease in the catalytic aqueous phase during formic acid formation. Their 
results indicated that this collateral effect improved the formic acid selectivity 
since the applied polyoxometalate catalyst, i.e., H8PV5Mo7O40 (HPA-5), tended 
to generate larger amounts of CO2 at pH values below 1.5.

A precious chemical compound, 2,3-dimethyl-p-benzoquinone, has various 
applications, e.g., as a soft oxidizing and dehydrogenating agent and as a syn-
thon in preparing a variety of complex products including pharmaceutical and 
biochemical compounds.

Rodikova and coworkers [121] reported that Keggin-type and modified- 
type aqueous solutions of Mo-V-phosphoric heteropoly acids (Mo-V-P 
heteropoly acids) of the gross compositions H3 + xPMo12 − xVxO40 (HPA-x) and 
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HaPzMoyVxOb (HPA-x′), respectively, with high oxidation potential and ease of 
regeneration, might serve as effective soft oxidizing agents to obtain such para-
quinones from 2,3-dimethylphenol. The synthesized heteropoly acid catalysts 
having different vanadium contents were characterized by analysis techniques 
such as 51V NMR and 31P NMR spectroscopy, titrimetry, potentiometry, and pH 
measurement. The authors found that the preferred formation of 2,3-dimethyl-
p-benzoquinone over the corresponding diphenoquinone in a single-electron 
oxidation was achieved by successive optimization of the reaction conditions, 
with the most significant ones being the organic solvent and the molar ratio 
of vanadium (V) to substrate. With substitution of HPA-x by HPA-x′ it was 
possible to raise the quinone selectivity and reduce the optimal molar ratio 
of vanadium (V) to substrate. The highest yield for the target quinone (97%) 
at total conversion of the substrate was gained with the biphasic system of 
water-benzene at the molar ratio of vanadium (V) to substrate equal to 12. The 
optimum reaction conditions were determined to be a temperature of 50°C un-
der an inert atmosphere. It turned out that the aqueous HPA-10′ solution con-
taining the highest content of VO2

+ ions had the most efficiency as a catalyst 
among the studied heteropoly acids. Regeneration of the catalyst at a separate 
step allowed the preservation of its activity and selectivity at an initial level for 
at least 10 runs.

The authors studied how the composition of aqueous Mo-V-P heteropoly 
acid solutions and their oxidative properties and reaction conditions affected 
the reaction time and product distribution during the synthesis of 2,3-dimethyl-
p-benzoquinone through the oxidation of 2,3-dimethylphenol to obtain the 
maximal quinone selectivity. The main problem that limited the usage of ho-
mogeneous catalytic processes was the difficulty in recovering and recycling 
of the catalyst.

Rodikova and others [122] disclosed the results of their investigations on the 
reactivity of modified V-containing heteropoly acids HaPzMoyVx,Ob (HPA-x′) 
in the oxidation of 2,6-dimethylphenol. An absolutely valuable and efficient 
path to the corresponding 2,6-dimethyl-1,4-benzoquinone, the reaction practi-
cally avoided the formation of diphenoquinone, which is an interesting com-
pound as a sensitizer and a platform molecule. The total process consisted of 
two reactions: the oxidation of 2,6-dimethylphenol by VVO2

+ ↔ VV-HPA and 
the oxidation of the reduced VIV-HPA ↔ VIVO2 + by O2 to the initial state. The 
former process was particularly scrutinized to determine the influence of the 
reaction parameters on the product distribution. The desired quinone was syn-
thesized in a very high yield (95%) with total conversion substrate affecting 
the oxidation in a biphasic system of water-trichloroethene at 70°C under an 
N2 atmosphere in the presence of a solution of H17P3Mo16V10O89. As the vana-
dium content increased, the selectivity of 2,6-dimethyl-1,4-benzoquinone was 
enhanced owing to faster electron transfer. The multicycle tests of the catalyst 
showed its stability against deposition to V2O5.nH2O.
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The authors showed that the application of Mo-V-P heteropoly acid cata-
lysts and fine-tuning of the reaction conditions could be utilized as a robust 
means to govern the product distribution in reactions of phenol oxidation, and 
transformations of substituted phenols may be channeled into the formation of 
preferable benzoquinones instead of diphenoquinones and polyphenylene ox-
ides. It was also demonstrated that the yields and compositions of products were 
dependent on the VV-content and solvent nature. The successful generation of 
the desired product (quinone) and significant reduction of by-products were 
ascribed to the use of heteropoly acid solutions with high content of vanadium, 
which in turn increased the content of VO2

+ ions as well as using polar solvents 
with electron acceptor properties. In addition, increasing the reaction tempera-
ture from 25°C to 70°C and the application of the inert atmosphere raised the 
selectivity of 2,6-dimethyl-1,4-benzoquinone. The catalyst could be easily re-
covered and reused.

Rodikova and coworkers [123] discussed the application of a few homo-
geneous P-Mo-V heteropoly acids with high contents of vanadium and modi-
fied gross composition, i.e., H11P3Mo18V8′O87 (HPA-8′) and H17P3Mo16V10′O89 
(HPA-10′), in the oxidation of 2,3- and 2,6-dimethylphenols into the corre-
sponding 2,3- and 2,6-dimethyl-1,4-benzoquinones, emphasizing the stability 
and reusability of the heteropoly acids in these reactions. During the experi-
ments, the authors varied some reaction parameters and studied the properties 
and states of the HPA-x′ catalysts before and after the reactions. They demon-
strated that the oxidation reactions of 2,3- and 2,6-dimethylphenols into the 
related 2,3- and 2,6-dimethyl-1,4- benzoquinones catalyzed by heteropoly acid 
solutions could be effectively conducted with selectivities of up to 95%–97%. 
The important factors to accelerate the electron transfer and achieve the domi-
nance of para-quinone formation were the application of H11P3Mo18V8′O87 and 
H17P3Mo16V10′O89 catalysts with high contents of vanadium and increased con-
tent of VO2

+ oxocations and [nV
V]/[substrate] molar ratio greater than or equal 

to 12. The dropwise addition of 2,6-dimethylphenols increased para-quinone 
selectivity owing to an instantaneous decrease in the substrate concentration. 
The product selectivity and catalyst activity were found to correlate with the 
initial redox potential of heteropoly acid solutions. The high E values of hetero-
poly acids before the reaction, obtained by effective regeneration of the catalyst, 
allowed the preservation of product selectivity. The catalysts were revealed to 
retain their stability and efficiency even after being reused for at least 20–25 
runs. No vanadium-containing deposits were detected in the catalyzed reaction 
as well as the catalyst regeneration in all cycles. Both catalysts kept their stabil-
ity and productivity during reactions, rendering them promising candidates for 
developing efficient catalytic processes for the oxidation of organic compounds.

Rodikova et  al. [124] considered various manners for preparing 2,3,5- 
trimethyl-1,4-benzoquinone (TMQ) 160, which is an important intermediate in 
the synthesis of vitamin E, by catalytic oxidation of 2,3,6-trimethylphenol (TMP) 
156 (Scheme 4.39). The aqueous solutions of Mo-V phosphoric heteropoly 
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acids proved to be promising catalysts for the oxidation of 2,3,6-trimethylphenol  
with O2. The efficiency of a biphasic procedure that ensured high selectivity for 
2,3,5-trimethyl-1,4-benzoquinone (up to 99.5%) and high catalyst activity in the 
target reaction (≈ 600–800 g TMQ h− 1) was demonstrated.

Despite the many catalysts used for this reaction in the literature, the most 
effective means were based on the use of an excess of H2O2. However, the use 
of oxygen (air) combined with a suitable catalytic system proved to be a bet-
ter way of conducting this process on an industrial scale from an economic 
viewpoint. It was shown that aqueous Mo-V-P heteropoly acid solutions as 
catalysts for the oxidation of 2,3,6-trimethylphenol with oxygen were promis-
ing. Different available options for using heteropoly acids in this reaction were 
analyzed, which were one-step homogeneous acetic acid oxidation of 2,3,6- 
trimethylphenol and biphasic two-step means. It was confirmed that the acetic-
acid means was technologically inefficient. On the other hand, the effectiveness 
of the biphasic version in the presence of HPA-x solutions was confirmed as 
it provided almost 100% selectivity for 2,3,5-trimethyl-1,4-benzoquinone, and 
high performance (≈ 280–470 g TMQ h− 1) in this reaction was demonstrated. 
The proposed approach was environmentally friendly with low waste. The cata-
lysts were appropriate for long-term runs, and their regeneration was fast and 
relatively efficient.

Yang and others [125] proposed a new procedure for the oxidation of lignite 
to give carboxylic acids. They studied the effects of heteropoly acid concentra-
tion, sulfuric acid concentration, reaction temperature, initial pressure of oxy-
gen, and reaction time on the conversion of lignite to carboxylic acids in detail. 
Their results revealed that the oxidation of lignite in a solution of sulfuric acid 
and heteropoly acid could afford 56.9 of weight percent of the desired prod-
ucts, which included 33.5 wt% of formic acid, 14.4 wt% of acetic acid, 1.1 wt% 
oxalic acid, 1.5 wt% of succinic acid, and 6.4 wt% benzene carboxylic acids 
when the concentrations of heteropoly acid and sulfuric acid were 1.25 wt% 
and 1.5 wt%, respectively, and the conditions of 170°C, initial O2 pressure of 
3 MPa, and the reaction time of 60 min. In addition, the catalyst system exhib-
ited a satisfactory reusability for the procedure. In this catalyzed oxidation, lig-
nite was first converted to water-soluble intermediates. Then the water-soluble 
intermediates were converted to the desired carboxylic acids. The mechanistic 
study suggested that sulfuric acid not only promoted the conversion of lignite 
in the reaction system but also assisted the generation of protonated heteropoly 

SCHEME 4.39  Oxidation of 2,3,6-trimethylphenol (TMP).
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acid and the active species of VO2
+. The heteropoly acid in the reaction could 

assist both the depolymerization of lignite and the production of carboxylic 
acids. In the catalytic process of oxidation with a heteropoly acid, lignite or 
water soluble intermediates were oxidized by vanadium (V) while the vana-
dium (V) was concurrently reduced to vanadium (IV). Then, the vanadium (IV) 
was oxidized to vanadium (V) by oxygen, and a redox cycle was completed. 
In comparison with alkali-oxygen oxidation of the lignite, the present method 
avoided the use of large amounts of alkali and acid and the reaction tempera-
ture was lower.

Yang and others [126] proposed that polyoxometalates (e.g., H3PMo12O40) 
could be a perfect candidate to convert woody biomass directly into precious 
products (water-soluble carbohydrates and aromatic monomers) under moder-
ate conditions, which are quite different from the harsh operating conditions 
usually required for such processes. Polyoxometalates could be applied either 
as a direct oxidation agent or as a catalyst to depolymerize lignin. However, 
the technical lignin oil yield for this process is rather low. In place of using 
technical lignin, the authors used an oxidation approach and directly converted 
native lignocellulose in a mixture of methanol/water using H3PMo12O40 as a 
catalyst to afford the precious desired products. In the hardwood, 80% of lignin 
was depolymerized to low-molecular weight lignin oil (ca. 376 Da) at 150°C 
and 1 MPa O2 in 2 h. The lignin oil afforded 38.0% aromatic monomers, based 
on total lignin mass. At the same time, only 9.2% residual solids remained; 
83.7% of the hemicellulose in the hardwood was converted to water-soluble 
carbohydrates.

Yasuda and coworkers [106] investigated the role of steam in selective 
oxidation of methacrolein 161 with molecular oxygen (O2) over H3PMo12O40 
as a catalyst (Scheme 4.40). Upon the addition of steam to the feed gas, cata-
lytic activity and selectivity toward methacrylic acid 161 were significantly 
enhanced fivefold and increased twice, respectively, under the optimal pres-
sure of steam (PH2O = 0.13 atm). Kinetic analysis revealed that the addition of 
steam increased the preexponential factor for the formation of methacrylic 
acid by 200 times, resulting in a significant increase in the activity. Under 
the reaction conditions, the steam in the feed gas changed the hydrous state 
of H3PMo12O40, but it had no effect on the redox property, crystalline and 
molecular structures, or the surface area of the catalyst. In the presence of 
steam at 573 K, three H2O per molecule of H3PMo12O40 were absorbed and 
hydrated protons like hydronium ion ([H3O]+) were formed in the bulk of 
H3PMo12O40. Methacrolein could be adsorbed on the surface of the hydrous 
catalyst. However, it was not absorbed on the anhydrous specie at all. These 
results suggested that the activation of methacrolein readily occurred on the 
catalyst surface in the presence of steam, resulting in a significant increase 
in the preexponential factor. Quantum mechanical calculations confirmed the 
mild activation of methacrolein via the reaction with hydronium ion ([H3O]+) 
without any transition state.
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Gromov et al. [127] demonstrated that Parachlorella kessleri IC-11 micro-
alga biomass had a high potential of producing biogenic formic acid under air 
atmosphere and hydrothermal conditions.

The purpose of the authors was to transform the microalgae biomass to for-
mic acid for the first time in the presence of soluble and solid Mo-V-P heteropoly 
acid catalysts under an air atmosphere without any additives or cocatalysts, and 
to compare the effectiveness of homogeneous and heterogeneous approaches.

Homogeneous and heterogeneous approaches were applied and compared in 
the catalysis of the above process. The authors conducted the experiments in the 
presence of soluble (H5PMo10V2O40) and solid ([(C4H9)4N]3.5H0.5PMo11VO40) 
bifunctional catalysts. The effect of the reaction temperature and catalyst load-
ing on the formation of formic acid was observed. It was evident from the ex-
perimental data that transformation of the microalgae biomass to formic acid 
was restricted by biomass depolymerization as well as hydrolysis processes, 
but not by the oxidation of intermediates to formic acid. Formic acid was 
achieved in the presence of H5PMo10V2O40, with better yields in comparison 
with [(C4H9)4N]3.5H0.5PMo11VO40. Yields of 30 wt% and 49 wt% were achieved 
for the desired product over [(C4H9)4N]3.5H0.5PMo11VO40 and H5PMo10V2O40, 
respectively. The solid catalyst ([(C4H9)4N]3.5H0.5PMo11VO40) exhibited high 
stability in at least seven runs of the reaction, while the activity of soluble het-
eropoly acid diminished in the fifth run.

Therefore, different types of plant and microbial resources were already in-
volved in the oxidation process to formic acid.

Albert and others [128] identified and optimized appropriate polyoxometa-
late catalysts for the partial oxidation of lignocellulosic biomass 163 (i.e., wood 
and residues from sugar or paper industries) to give formic acid 164 as well as 
high-grade cellulose 165 for other processes, e.g., production of bio-ethanol 
(Scheme 4.41). Homogeneous vanadium precursors such as sodium metavana-
date and vanadyl sulfate and Keggin-type polyoxometalates or even other struc-
tures like Anderson-, Wells-Dawson, or Lindqvist type polyoxometalates were 
evaluated for the desired catalytic performance. The Lindqvist-type polyoxo-
metalate K5V3W3O19 demonstrated the most favorable activity for the first time 
in the literature in the selective oxidation of only hemicellulose and lignin to 
formic acid, while the cellulose fraction remained intact.

The strategy of the authors provided the best value for using clean complex 
biomass as a substrate without any pretreatment and simply in aqueous media 
under oxygen pressure.

SCHEME 4.40  Oxidation of methacrolein over H3PMo12O40.
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In order to grasp the specific effect of different active species on the stepwise 
degradation of the carbon-framework, the authors made a comparison of appro-
priate homogeneous catalysts for the selective depolymerization and oxidation 
of molecular well-defined substrates. The catalysts were selected based on the 
results obtained from previous similar studies. Two homogeneous vanadium 
catalysts as well as a variety of polyoxometalates from four structural categories 
were selected to make a comparison. An outstanding result from these experi-
ments was the importance of the presence of a minimum of two vanadium atoms 
in the framework of the catalyst for the production of formic acid under mod-
erate conditions. In addition, the vanadium-substituted Keggin-type polyoxo-
metalates HPA-n (n ≥ 2) exhibited the highest yields for formic acid. However, 
it was observed that these structures catalyzed the oxidation of every model 
substrate, even those for cellulose. Consequently, they could not be utilized for 
partial biomass conversion. In addition, the water-soluble vanadium precursors 
NaVO3 and VOSO4 exhibited similar catalytic performances; therefore, they 
were not appropriate for the target conversion. Furthermore, the Anderson-type 
polyoxometalate Na4Cu2V8O24 was not able to show any catalytic activity un-
der the reaction conditions. On the other hand, the Wells-Dawson type poly-
oxometalate K8P2V2W16O62 proved to be quite favorable, while a slight extent 
of the undesired conversion of glucose and cellobiose was still observed. The 
most intriguing result of the performed studies was that partial oxidation of 
biomass was observed only with the Lindqvist-type catalyst K5V3W3O19. The 
latter seemed to satisfy the need for catalyzed partial oxidation of only lignin 
and hemicellulose fractions of lignocellulosic biomass under the applied reac-
tion conditions. However, the yields of formic acid were quite low, suggesting 
a need to optimize the reaction parameters and the utilized equipment for the 
desired partial conversion.

Albert and others [129] reported the selective catalyzed oxidation of com-
plex, second- and third-generation water-insoluble and wet biomasses to for-
mic acid with efficient recycling of the catalyst. Furthermore, the relevance and 

SCHEME 4.41  Oxidation of lignocellulosic biomass formic acid and cellulose.
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limits of potential contaminants were demonstrated by a variety of experimental 
approaches. Utilizing a polyoxometalate as a very powerful homogeneous cata-
lyst in an aqueous solution, O2 as the oxidizing agent, and an acid as solubilizer, 
conversion of different lignocellulosic and algae feedstock into formic acid and 
pure carbon dioxide was made possible. The merits of the applied green oxida-
tion system were low reaction temperatures (below 100°C) and high selectivity. 
Moreover, catalyst recycling was successfully conducted for three runs.

The authors managed to broaden the substrate scope considerably for the 
reaction by converting a wide variety of substrates such as many complex 
water-insoluble biogenic feeds and contaminated materials. While food indus-
try waste, sewage sludge, and even railroad tie was found to be effectively con-
verted under the typical reaction conditions of the OxFA process (i.e., 90°C, 
30 bar O2, and 24 h reaction time), an obvious yet undetected limitation thus 
far was found for the feedstock containing metal ions. Whenever biological 
feed contaminated with metal ions capable of forming stable water-insoluble 
complexes with the catalytically active polyoxometalate ions was present in the 
feedstock, the reactivity of the oxidation system was observed to reduce drasti-
cally or almost completely vanish. The supportive role of the TSA additive for 
depolymerization and solubilization of the second and third generations was 
dramatically accentuated by comparative oxidation experiments with pomace 
and cyanobacter. Eventually, with repetitive uses of the applied HPA-2 catalyst 
and the TSA additive, it was possible to confirm that the applied homogeneous 
polyoxometalate-based catalytic systems for both conversions of water-soluble 
(glucose, cellobiose) and water-insoluble (beech and pine wood) substrates 
were generally recyclable. Only slight losses in the conversion of the biomass 
and formic acid selectivity were detected over three successive runs using the 
same catalyst and additive solution, which demonstrated the robustness and 
practical usability of the studied catalytic system.

Odyakov and others [130] investigated the use of a homogeneous catalysis 
system, which included a two-component catalyst comprising of an aqueous 
solution of palladium complexes in a 0.25-M solution of modified (non-Keggin) 
heteropoly acid with the molecular formula H12P3Mo18V7O85 (HPA-7′), in the 
scale-up of the oxidation of n-butylenes to methylethylketone to an industrial 
level in 2005–2006. The oxidation was performed in a chloride-free aqueous 
solution of palladium complexes in a modified solution of Mo-V-P heteropoly 
acid with the molecular formula of H12P3Mo18V7O85 (HPA-7′). The method had 
the advantages that it increased the oxidative capacity in the primary oxidation 
of n-C4H8 and increased the thermal stability, which allowed quick regenera-
tion of the catalyst with atmospheric oxygen at 160–170°C. The authors de-
scribed the preparation of a pilot batch of a total volume of 50 L; the starting 
materials were vanadium (V) oxide (V2O5), molybdenum trioxide (MoO3), and 
phosphoric acid. The important aspect of the process was dissolving vanadium 
(V) oxide while stirring it in a dilute and cooled solution of H2O2. In this way, 
vanadium (V) peroxide complexes were formed, which decomposed at elevated 
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temperatures to give a solution of H6V10O28 with a concentration of 0.0175 M. 
A calculated amount of phosphoric acid was then added to the resultant solution 
to achieve a more stable of H9PV14O42 solution (0.0125 M). As the H9PV14O42 
solution occupied an enormous volume, it was prepared three times in a reac-
tor with a capacity of 300 L. In the main reactor (with a capacity of 500 L), 
molybdenum trioxide was dissolved in water with stirring, while the remain-
ing portion of phosphoric acid was added incrementally. The resulting mix-
ture was then evaporated; all of the previously obtained portions of the dilute 
H9PV14O42 solution were gradually introduced. The resultant HPA-7′ solution 
was evaporated to about 100 L and filtered twice to separate the slight amount of 
the precipitate. Once more, the filtrate was evaporated to 50 L, and a calculated 
amount of palladium chloride was added while the solution was being stirred at 
70–80°C. In total, 27 batches of the catalyst (Pd+ 0.25 M HPA-7′) with a total 
volume of 1350 L were obtained. All the equipment of the pilot industrial unit 
for MEK synthesis was filled with the resulted catalyst.

Vilanculo and others [131] assessed the activity of a wide variety of Keggin 
heteropoly acid salts in a novel and one-pot synthesis of invaluable chemicals 
from the oxidation of terpenic alcohols 166 (i.e., an aldehyde 167, an epoxide 
168, and a diepoxide 169) using a green oxidizing agent (H2O2) under moder-
ate conditions (Scheme 4.42). Lacunar Keggin heteropoly acid sodium salts 
were investigated in this reaction as the goal catalysts. Starting with heteropoly 
acids H3PMo12O40, H3PW12O40, and H4SiW12O40, the authors synthesized the 
lacunar sodium salts (i.e., Na7PW11O39, Na7PW11O39, Na8SiW11O39) as well as 
the saturated salt (Na3PW12O40). Every case was examined for oxidation reac-
tions in a homogeneous phase with nerol as a model molecule. It was observed 
that Na7PW11O39 had the most selectivity and activity toward the products of 
the oxidation reactions. All the catalysts were analyzed using FT-IR, TG/DSC, 
BET, XRD, SEM-EDS technics, and potentiometric titration. The authors as-
sessed the main reaction parameters. Geraniol, β-citronellol, α-terpineol, and 
borneol were successfully oxidized as well. Particular attention was paid to the 
correlation between the composition and properties of a catalyst and its activity.

The authors explored the oxidation of terpenic alcohols (with nerol as the 
model molecule) using hydrogen peroxide as an oxidizing agent in acetonitrile 
solutions. The author successfully extended the reaction scope to other terpenic 
alcohols.

SCHEME 4.42  Oxidation of terpene alcohols.
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In this work, the lacunar salt sodium phosphotungstate exhibited more activ-
ity than the silicotungstate and phosphomolybdate catalytic systems. The author 
demonstrated that the presence of a vacancy in the Keggin heteropolyanion had 
an important role in the activity of the catalyst. The saturated salt (Na3PW12O40) 
was nearly inactive; the main products in this case were alkyl peroxides. In re-
actions catalyzed by Na7PW11O39, the major product was always nerol epoxide 
(~ 90%) with less formation of the aldehyde and diepoxide. The effects of the 
main reaction parameters were also studied and it was found that the catalyst 
concentration and the oxidizing agent load had an evident impact on the reac-
tion selectivity. In addition, other terpenic alcohols were subjected to oxidiza-
tion by H2O2 in reactions catalyzed by Na7PW11O39. While the reactivity of 
geraniol was similar to that of nerol, α-terpineol, β-citronellol, and borneol were 
less reactive.

Zhizhina and coworkers [132] were able to perform condensation of 
1,3-butadiene with para-quinones and oxidation of the resulting adducts as a 
one-pot process in the presence of aqueous solutions of molybdenum-vanadium 
phosphoric heteropoly acids with the general formula HaPzMoyVxOb as an 
acidic catalyst. Having bifunctional catalytic properties, these solutions were 
both strong Brønsted acids and reversible oxidizing agents. Upon condensa-
tion of hydroquinone 170, 1,4-benzoquinone 171, or 1,4-naphthoquinone 174 
with 1,3-butadiene 172 in a solution of the heteropoly acid, 9,10-anthraquinone 
177 was resulted in a mixture with tetrahydro-9,10-anthraquinone 175 and  
dihydro-9,10-anthraquinone 176 (Scheme 4.43). In this one-pot procedure, 
which proceeded in the absence of an organic solvent, the heteropoly acid so-
lution was reduced. A slightly soluble mixture of 175, 176, and 177 was pre-
cipitated and filtered off. The solution of the non-Keggin-type heteropoly acid 
H12P3Mo18V7O85 was found to be the most effective in the process. This solution 
could be rapidly regenerated by O2 or air at temperatures of up to 170°C and 
reused. The prepared mixture of 175, 176, and 177 could be used as a catalyst 

SCHEME 4.43  The synthesis of 9,10-anthraquinone 177 from hydroquinone 170, 
1,4-benzoquinone 171, or 1,4-naphthoquinone 174 in the presence of the aqueous solution of a 
heteropoly acid as a bifunctional catalyst.
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for alkaline delignification of wood. The homogeneous bifunctional heteropoly 
acid catalytic system used in this work was quite stable and proved to be prom-
ising for use in similar one-pot processes.

Chepaikin et al. [133] explored the possibility of utilizing heteropoly acids 
(e.g., H5PMo10V2O40 and H7PMo8V4O40) as a cocatalyst and compared their ef-
ficiencies with those of copper (II) in the oxidation of propane in aqueous acetic 
acid media in the presence of palladium, rhodium, and platinum compounds 
upon the action of a carbon dioxide/oxygen mixture.

It was demonstrated that the systems exhibited catalytic activities only when 
carbon dioxide was introduced as a reducing agent; by switching from cop-
per (II) compounds to heteropoly acids, the activity increased for the platinum 
catalysts, while it decreased for the palladium and rhodium systems. The con-
tribution of the inner-sphere and outer-sphere mechanism to the activation and 
oxidation of propane was also determined. The authors realized that the role of 
heteropoly acids in propane oxidation was similar to that of copper compounds. 
The use of heteropoly acids as cocatalysts turned out to be promising for de-
signing heterogenized catalytic systems on the basis of inorganic or polymeric 
porous supports.

Patel and others [134] characterized the Ni salt of phosphomolybdic acid 
by EDX, UV-vis, TGA, FT-IR, Raman spectroscopy, and XPS in detail. They 
also evaluated its catalytic activity for the oxidative esterification of benzal-
dehyde 178 to ester 179 (Scheme 4.44). The reaction was conducted utiliz-
ing methanol and hydrogen peroxide under a variety of reaction parameters, 
e.g., the catalyst and hydrogen peroxide amounts, methanol volume, as well 
as reaction time and temperature to optimize the conversion and selectivity 
toward ester. The synthesized catalyst was recycled and reused for up to three 
cycles. A detailed mechanism was proposed for the reaction based on the 
UV-visible and Raman spectroscopies. In addition, the activity of the synthe-
sized catalyst toward various aromatic aldehydes was assessed. The authors 
demonstrated that –Cl, as a strong electron-withdrawing group, facilitated the 
reaction more than –Br. Aliphatic aldehydes also underwent the conversion 
satisfactorily. The achieved results exhibited that the activity of the catalyst 
with various substrates under mild conditions was quite eminent.

The authors came up with the bifunctional catalytic activity of nickel (as a 
Lewis acid) and molybdenum (with redox property) for the conversion of benz-
aldehyde to benzoate. Very small amounts of nickel (0.155 mg) could improve 

SCHEME 4.44  Oxidative esterification of benzaldehyde.
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the TON value (mole ratio of the product to the catalyst) from 1731 to 2560. 
The catalyst was found to be efficient for a few aldehydes, giving selectivities 
of 77%–89% for the ester with a maximum TON value of 2711. Although the 
catalyst was homogeneous, it was easily recyclable by a simple method and 
reusable for several cycles.

Kai and others [135] described the synthesis of several organic/inorganic 
composite catalysts using ionic liquids and heteropoly acids as precursors. To 
be more specific, they prepared heteropoly acid/ionic liquid (HPAIL) catalysts 
via combining an ionic liquid with an –SO3H functional group of high molecu-
lar weight [N,N-dimethyl(benzyl)-ammonium propyl sulfobetaine (DMBPS)] 
and a Keggin-type structure of tungstophosphoric acid (H3PW12O40) with dif-
ferent composition ratios. Using various techniques, the resultant inexpensive, 
nontoxic, and water-soluble HPAIL catalysts were analyzed and employed for 
the oxidation of benzyl alcohol with 30% hydrogen peroxide in water. This 
catalyzed reaction was specifically carried out in a biphasic system. After the re-
action was completed, the catalyst was readily recycled from the aqueous phase. 
The products were separated from the organic phase. The reaction was therefore 
efficient, safe, and environmentally friendly.

Among the catalysts explored, the [DMBPSH]H2PW12O40 catalyst showed 
the best catalytic activity, being utilized to obtain the optimal oxidation condi-
tions at a molar ratio of 1:1.7 for benzyl alcohol/hydrogen peroxide, catalyst 
amount of 5.4 wt%, reaction time of 3.9 h, and 24 ml water, which resulted in a 
desirable yield of 95.8% for benzoic acid. Based on the kinetic model developed 
for the reaction, an order of 2.2 and activation energy of 36.18 kJ/mol were 
deduced.

Karcz and coworkers [136] studied the effect of the polyatomic nature 
(tungsten or molybdenum) and/or the location of the cobalt dopant within the 
heteropoly compound structure on the aerobic oxidation of cyclooctane in 
liquid phase. Their work included both experimental and theoretical aspects. 
Monosubstituted cobalt-containing compounds, either within a Keggin anion, 
e.g., TBA4HPW(Mo)11CoO39 (TBA = tetrabutylammonium), or in the cationic 
position, e.g., CoHPW(Mo)12O40, were synthesized and their identities were 
confirmed by characterization with FT-IR, XRF, and UV-vis. The oxidation of 
cyclooctane was performed through an auto-oxidation mechanism. The experi-
mentally observed patterns of the catalytic behavior were dependent on the poly-
atomic nature (tungsten or molybdenum) and/or the location of the cobalt dopant 
within the heteropoly compound structure. The molybdenum catalysts were gen-
erally found to have more activity than their tungsten counterparts. In addition, 
the cobalt location within the Keggin structure proved to be more beneficial than 
its addition as a counter cation. DFT modeling of the cobalt-substituted Keggin 
anions and free enthalpy computation for the elementary steps of the chain initia-
tion and the chain propagation/branching explained the observed effects.

The higher maximum turnover frequencies and shorter period of induction 
observed for HPMo12, in comparison with those of HPW12 were ascribed to 
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more favorable energetics of the chain initiation and chain propagation steps 
over the former. The observed effects were tightly related to the higher reduc-
ibility of the molybdenum-based heteropoly acid. The decrease in the induc-
tion time and augmenting maximum turnover frequencies owing to the addition 
of cobalt in the form of a compensating cation, which was observed both for 
12-tungstophosphate and 12-molybdophosphate salts, was due to the creation of 
new paths energetically favorable for chain initiation and decomposition of the 
cyclooctyl-hydroperoxide intermediate. A strong upward shift of HOMO and 
LUMO with respect to those of the unmodified PMo12 and PW12 anions resulted 
from the insertion of cobalt into the Keggin anion primary structure, which in 
turn lowered the reducibility of the substituted catalysts. Consequently, incor-
poration of cobalt into the Keggin anion resulted in two effects, i.e., having a 
reverse effect on the chain initiation and the chain propagation. Chain initiation 
via H abstraction from cyclooctane was energetically less favorable because of 
the lower reducibility of the cobalt-substituted anions. However, the advent of a 
new path for the formation of radicals via oxygen activation over cobalt sites di-
minished the induction period. The observed final result was a drastic decrease 
in the induction period compared to those of the unsubstituted forms, which 
was even more evident than in the case of cationic cobalt species. According to 
the computational studies ΔG values of the relevant reactions are much lower 
than for those of other considered chain initiation reactions supported the ex-
traordinary efficient oxygen activation over the cobalt sites incorporated into the 
Keggin anions. The catalytic effect of adding cobalt on the chain propagation 
step was observed regardless of the cobalt position. However, its magnitude 
depended on the cobalt placement. The ΔG value of the interaction between the 
cationic cobalt species and cyclooctyl-hydroperoxide intermediate was there-
fore similar to those calculated for 12‐molybdophosphate anions, explaining 
the observed increase in the maximum turnover frequencies in comparison with 
the pure acid catalysts.

As for cobalt-containing heteropoly anions, the negative ΔG values indicated 
that the decomposition of the cyclooctyl-hydroperoxide intermediate over these 
catalysts probably took place spontaneously, and a very strong catalytic effect 
could be expected. As a matter of fact, the experimental data demonstrated that 
for both the W- and the Mo-based catalyst series, the highest maximum turnover 
frequencies values were observed for the cobalt-substituted heteropoly anions 
(Scheme 4.45).

SCHEME 4.45  Reaction products in the aerobic oxidation of cyclooctane.
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Li et al. [137] prepared and characterized two novel heteropolyanion-based 
ionic liquids with long-chain multi-SO3H functional groups. As homogeneous 
catalysts, they exhibited high activities in selective oxidation of alcohols (184) 
with aqueous hydrogen peroxide (35%) under solvent-free conditions without 
using a phase transfer catalyst (Scheme 4.46). The aldehydes or ketones were 
produced in good to excellent yields (63%–100%). Benzyl alcohols afforded 
related benzoic acids in yields of 64%–94%. The two ionic liquids were easily 
recoverable and reusable for five cycles without any considerable loss in their 
activities.

Given the efficiency of manganese- and cobalt-based catalysts for the oxi-
dation of cyclohexane, Mouanni and others [138] tried the introduction of 
these two elements as a counter ion of [PMo12O40]

3. Therefore, they prepared 
a series of polyoxometalates of the general formula H3-2(x + y) MnxCoyPMo12O40 
(x + y ≤ 3/2 and x, y: 0–1.5) and characterized them by several physicochemical 
techniques including infrared, scanning electron microscopy/energy dispersive 
X-ray (SEM/EDX), 31P NMR, X-ray diffraction, and thermogravimetric analy-
sis. Mouanni et al. used the species as catalysts for the oxidation reaction of 
cyclohexanone using H2O2 (30%) as an oxidizing agent. The results of the cata-
lytic examinations demonstrated that all examined systems were quite active in 
the oxidation of cyclohexanone and afforded adipic acid, succinic acid, glutaric 
acid, hexanoic acid, 6-hydroxyhexanoic acid, 7,7-dimethoxy and heptanoic 
acids, and 1,1-dimethoxy octane, which were identified by GC-MS. Among 
these, adipic acid was the major product, using a catalyst/substrate molar ratio 
of 2.84 × 10− 3 and 20 h of reaction. With a composition of HMn0.25Co0.75, the 
adipic acid yield attained the maximum (75%). The effects of factors such as 
the polyoxometalate counter ion, molar ratios of the catalyst to the reactants, 
and reaction time on the product distribution were examined. The used catalysts 
were analyzed by 31P NMR. The catalytic stability of HMn0.25Co0.75PMo12O40 
was investigated in five successive cycles.

The possible active species for the formation of carboxylic acids from the 
products formed in the first step could be a peroxo-polyoxometalate species. 
Application of H3-2(x + y) MnxCoy as catalysts, and hydrogen peroxide as an ox-
idizing agent without using any solvent, led to a clean and efficient process 
and might be an alternative to using toxic, harmful, and corrosive nitric acid. 

SCHEME 4.46  Selective oxidation of alcohols catalyzed by two novel heteropolyanion-based 
ionic liquids with long-chain multi-SO3H functional groups.
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Coronel and others [139] assessed the catalytic activity of a series of metal-
substituted Keggin heteropoly acids (M = Cu2 +, Co2 +, Fe3 +, Al3 +, and Ni2 +) 
in the oxidation of benzylic alcohol with hydrogen peroxide in liquid phase 
under phase transfer catalyst-free conditions. The catalysts were synthesized 
from the lacunar salt derivatives of the Keggin heteropoly acids (H3PMo12O40 
H3PW12O40, and H4SiW12O40). The resultant catalysts were characterized by 
BET, XRD, FT-IR, EDS, TG-DSC, and potentiometric titration. The effects of 
the main reaction variables, i.e., stoichiometry of the reactants, temperature, 
solvent, and catalyst concentration, were evaluated.

The solvent played a critical role in the completion of the reaction. The au-
thors thoroughly studied the correlation between the nature of heteropoly acid 
and their catalytic activities. The recovery and reuse of the heteropoly acid cata-
lyst were also evaluated.

Then, the oxidation of benzyl alcohol with hydrogen peroxide was achieved 
in the presence of metal-substituted phosphotungstate potassium salts as a po-
tent class of catalysts. A series of transition metal cations (Cu2 +, Co2 +, Fe3 +, 
and Ni2 +) were incorporated into the vacancy of the lacunar phosphotungstate 
salts. However, the more selective cation (i.e., Ni2 +) was also incorporated into 
two more Keggin lacunar salts (i.e., silicotungstate and phosphomolybdate 
potassium salts). Among the evaluated catalysts, K5PW11NiO39 exhibited the 
highest activity and selectivity. This species catalyzed the oxidation of benzyl 
alcohol in a biphasic system (i.e., toluene/aqueous hydrogen peroxide), chiefly 
affording benzaldehyde and benzoic acid.

This selective process was found to be a desirable alternative to the solid 
supported-catalyzed processes as it avoided the time-consuming synthesis of 
both support and metal catalyst doped-support. The catalyst was successfully 
recoverable and reusable with no loss of activity (Scheme 4.47).

Bertleff and coworkers [140] demonstrated a new method for fuel desul-
furization—that is, the selective oxidation of the organic sulfur compounds in 
fuels to water-soluble sulfur compounds to be extracted in situ into an aqueous 
phase. However, the authors presented a technique that extensively (60%−70%) 
converted the sulfur compounds in fuel to sulfate using oxygen as an oxidizing 
agent and an aqueous solution of H8PV5Mo7O40 (HPA-5) as a catalyst. Other 
water-soluble desulfurization products were sulfoacetic acid (10%–20%),  
2-sulfobenzoic acid, and 2-(sulfooxy) benzoic acid (with both less than 
10%). The new desulfurization method was optimized for the removal of 

SCHEME 4.47  Oxidation of benzyl alcohol with hydrogen peroxide.
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benzothiophene from isooctane to give the best results with a desulfurization 
degree of 99% at 120°C, under 20 bar oxygen pressure, and 1000 rpm of 6 h 
reaction time using a volume water/oil ration of 10:1. The potential advantage 
of this work from a sustainable viewpoint in refining processes was the fact that 
oxidative desulfurization could be combined with the aqueous extraction of sul-
fate in a single operation and water could be used as a green extraction solvent.

Lei and others [141] developed a catalytic system utilizing a Keggin-type 
phosphomolybdic acid (PMA) and hydrogen peroxide (H2O2) to degrade 
4-chlorophenol. They studied the degradation of 4-chlorophenol as a type of 
adsorbable organic halide (AOX), and its mechanism. The influence of the reac-
tion conditions, e.g., temperature, H2O2 concentration, phosphomolybdic acid 
concentration, pH, and other reaction parameters, on the oxidative degradation 
of 4-chlorophenol was studied in a systematic manner. The intermediates of 
degradation of 4-chlorophenol by a phosphomolybdic acid/hydrogen peroxide 
system were detected by HRLC-ToF-MS and GC-MS, and accordingly a plau-
sible path was proposed for the degradation of 4-chlorophenol. In addition, the 
cleavage of 4-chlorophenol indicated that the catalytic system for the oxidation 
of phosphomolybdic acid/hydrogen peroxide was an efficient method for the 
removal of halogenated organic pollutants.

Consequently, phosphomolybdic acid/hydrogen peroxide proved to be an ef-
fective catalytic oxidation system. Phosphomolybdic acid promoted the activa-
tion of hydrogen peroxide to afford free radicals while oxidizing and degrading 
the organic matter, and phosphomolybdic acid collaborated with free radicals 
to enhance and accelerate the degradation of the organic matter. 4-chlorophenol 
was completely oxidizable and degradable in phosphomolybdic acid/hydrogen 
peroxide homogeneous reactions with no pH restriction. At 90°C, the removal 
efficiency of 4-chlorophenol reached 100% after 120 min. The rate of AOX re-
moval was found to be 80.19%. The phosphomolybdic acid/hydrogen peroxide 
catalytic oxidation was able to degrade the organic matter relatively efficiently, 
not depending on pH with no iron sludge. Therefore, the method proved promis-
ing for toxic and difficult wastewater treatment.

4.5.  Photocatalysis

Photocatalysis is an astounding topic in many fields of chemistry, e.g., selec-
tive organic synthesis, water treatment, air cleaning, hydrogen production, and 
manufacture of disinfectants [142–144]. In the last 20 years, green photocata-
lysts such as polyoxometalates have been extensively introduced and used, and 
exhibited similarities to semiconductor photocatalysts in their photochemical 
characteristics and general properties. Among them, Keggin heteropoly acids 
and their derivatives have been widely used as oxidation and acid catalysts for 
many industrial applications and numerous organic syntheses [145–150]. In ho-
mogeneous catalysis, polyoxometalates have been widely applied in liquid phase 
owing to their high solubility in polar solvents. Therefore, in photo-assisted 
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oxidation reactions, they could be activated using ultraviolet light [151, 152]. 
Polyoxometalates exhibit a high photocatalytic performance, which is due to 
an electron transfer from the HOMO to the LUMO and this creates a positive 
charged hole in the HOMO orbital, which has a strong oxidative property [153]. 
As multielectron redox agents, polyoxometalates have some advantages, which 
are attributed to the huge number of metal centers existing in the structure of 
such species [154]. This renders them a strong light absorber in the range of 
200–500 nm owing to the O/M ligand-to-metal charge transfer absorption bands 
[155]. The reduced polyoxometalate may be re-oxidized in the presence of per-
sulfate. Consequently, even when harsh conditions are employed in the absence 
of organic ligands, the system reliability is preserved [155].

Balaska et al. [156] investigated the synthesis of several Wells-Dawson het-
eropoly acids and then applied them in homogeneous photocatalytic processes 
(Scheme 4.48). The efficiency of the photocatalytic process was evaluated by 
examining the initial concentration of phenol, pH, and catalyst loading. The 
authors assessed the effects of operational key parameters on phenol photodeg-
radation under ambient conditions and the first-order rate kinetics.

The experimental results revealed that the UV radiation assisted by hetero-
poly acids as effective acidic catalysts might be efficiently used in degradation 
of refractory organic compounds like phenol at relatively short times (60 min for 
H7P2W17VO62.14H2O and 90 min for H5P2W12Mo5Fe O62.10H2O). Clearly, var-
ious parameters, particularly pH, irradiation time, and catalyst loading, exerted 
intense influences on this photodegradation process. The photodegradation of 
phenol is more effective in acidic media. The optimal pH for the photodegrada-
tion was 2 for both heteropoly acids. To describe the photodegradation reaction, 
a first-order rate expression was used in which the rate constants k = 8.56 × 10− 2 
and 9.94 × 10− 2 min− 1 were obtained in the optimal conditions for the iron- and 
vanadium-substituted heteropoly acids, respectively. The total organic carbon 
(TOC) results revealed that the photocatalysis processes required more time 
to complete the mineralization of phenol into water and carbon dioxide. The 
photodegradation study and mineralization test indicated that the tungstate het-
eropoly acid, H7P2W17VO62.14H2O, was the most efficient photocatalyst deg-
radation of phenol.

SCHEME 4.48  Production of adipic acid by photocatalytic oxidation of cyclohexane.
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Developing a moderate process with high efficiency for the utilization of ni-
trous oxide (N2O) as a green oxidizing agent is of great academic and industrial 
importance in the synthesis of oxygenated products. She and others [157], for 
the first time, reported that a series of vanadium-substituted molybdophosphoric 
acids (PMo12 − nVn, n = 1–3), in the presence of hydrochloric acid in an aqueous 
solution, could catalyze the oxygenation of cyclohexane (189) by N2O (193) 
in liquid phase (acetonitrile) driven by visible light. The reaction yielded about 
26.2% cyclohexane conversion and 90.2% selectivity for cyclohexanol and cy-
clohexanone (KA oil) under optimal conditions; in addition, a small quantity 
of chlorination was observed. Among the catalysts explored, PMo10V2 and par-
ticularly PMo9V3 exhibited higher activities for this photocatalytic oxygenation 
in comparison with PMo11V. In addition, the amount of added water drastically 
affected this photocatalysis oxygenation, which is assisted by hydrochloric acid. 
The cyclohexanone selectivity was incessantly and considerably enhanced from 
21.8% to 82.7% as the water amount increased from 0 to 0.15 mL. However, the 
conversion of cyclohexane obviously diminished as the amount of the added 
water exceeded 0.12 mL. The assisting effect of hydrochloric acid on this pho-
tocatalysis reaction was likely because of the fact that the donor-acceptor adduct 
formed between hydrochloric acid and PMo12 − nVn could be excited by visible 
light so that an intra-molecular electron transfer from Cl− to PMo12 − nVn anions 
became achievable, which in turn resulted in the generation of Cl• radicals and 
the reduction of catalysts. As UV-vis spectral and cyclic voltammetric measure-
ments revealed, the subsequent reactions initiated by the Cl• radicals led to the 
oxygenation of cyclohexane by N2O to KA oil and regeneration of the catalysts.

The new catalytic system had several advantages:

●	 The photocatalyst and light source used in the proposed system were inex-
pensive and easily available.

●	 Using N2O as an oxidant was environmentally and economically significant 
in both its recycling and raising the yield of adipic acid production.

●	 It involved extremely mild operating conditions, high photocatalytic effi-
ciency, and good selectivity for KA oil (particularly cyclohexanone) under 
optimized conditions.

The authors ascribed the reaction performances to the mechanism of coop-
eration between the excited state of catalyst and that of its reduced form (hetero-
poly blue). The role of donor-acceptor interactions is important in this catalytic 
system. In addition, the donor-acceptor interactions between the heteropoly 
blue and N2O may assist the activation of N2O.

Yehia and coworkers [158] investigated the photocatalytic oxidation of aro-
matic aldehydes to their corresponding carboxylic acids in the presence of a 
Keggin heteropoly acid such as phosphomolybdic acid (H3PMo12O40), silico-
tungestic acid (H4SiW12O40), and phosphotungstic acid (H3PW12O40). These 
species were able to catalyze the oxidation of 4-carboxybenzaldehyde and  
p-tolualdehyde in homogeneous reactions. Furthermore, for additional studies, 
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the authors explored the application of these Keggin catalysts in the presence 
of persulfate as an oxidizing agent. Their results indicated that in the presence 
of persulfate ultraviolet light, the most active catalyst was H3PMo12O40 (80.9% 
yield) owing to the high oxidative ability of molybdenum. The influence of the 
catalyst concentration, time, and oxidizing agent load were examined as well. 
Moreover, the mechanistic aspects of the reaction were discussed.

The easily prepared and inexpensive catalysts showed the way to an alter-
native technology for other systems and different aromatic and aliphatic alde-
hydes, as important substances in nanotechnology, and many industrial fields 
with environmental advantages. Furthermore, easy procedure and experimental 
setup made this method a valuable addition to the existing methodologies.

Ji and others [159] synthesized the phosphotungstovanadic heteropoly acids 
with the formula H5PW10V2O40.5.76H2O, utilizing the hydrothermal method. 
Fe5(PW10V2O40)3, Al5(PW10V2O40)3, and Cu5(PW10V2O40)2 were obtained by 
doping H5PW10V2O40.5.76H2O with Fe, Al, and Cu in the molar ratios of 10:6, 
10:6, and 10:4, respectively. Then, their activities and mechanisms in the Photo-
Fenton reaction were studied. Under irradiation with a mercury lamp, 96% 
of phenol was degraded in less than 60 min in a solution containing phenol, 
50 mg/L; Fe5(PW10V2O40)3, 2 μmol/L; and hydrogen peroxide, 4 mmol/L. The 
activities exhibited by the catalysts were in the following order:

The photocatalytic activities for degradation of phenol over Fe5(PW10V2O40)3 
reached 96% within 30 min when hydrogen peroxide was added simultaneously. 
Notably, the hydrogen peroxide concentration was an essential factor in control-
ling the phenol degradation rate, due to the balance of the forming and self-
scavenging of OH radicals.

Zhu et al. [160] prepared the polyoxometalate, K6TiW11O39Sn.7H2O. They 
then assessed K6TiW11O39Sn.7H2O and K6ZrW11O39Sn.12H2O for photocata-
lytic degradation of triarylmethane (brilliant green and acid blue 9), bisazo (C.I. 
reactive black 5), and monoazo dyestuffs (C.I. reactive red 24, C.I. reactive red 
194, and C.I. reactive orange 5) under sunlight in homogeneous aqueous so-
lutions. K6TiW11O39Sn.7H2O and K6ZrW11O39Sn.12H2O were effectively and 
photocatalytically able to decolorize the abovementioned dyestuffs. Mediated 
by K6TiW11O39Sn.7H2O and K6ZrW11O39Sn.12H2O, the photocatalytic degra-
dation of the dyestuffs was found to involve a pseudo-first-order reaction, which 
was modeled by Langmuir-Hinshelwood-type kinetics. In general, the pseudo 
first-order rate constants (k′) observed for the triarylmethane dyestuffs were 
greater than those of the azo dyestuffs. Using partial least-square regression, 
quantitative structure-property relationship models of the k′ values were devel-
oped for the dyestuffs. For every optimized model, the cumulative variance of 
the dependent variable explained by the partial least-square components was 

Fe PW V O Al PW V O Cu PW V O
H PW V O
5 10 2 40 3 5 10 2 40 3 5 10 2 40 2

5 10 2 4

� � � � � � � �
� 00 25 76. . H O
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greater than 0.753. This value demonstrated that the model was of good robust-
ness and predictive ability. The authors attempted to establish an ideal model 
to be used in prediction of the k′ values from the structure and properties of 
dyestuffs, and draw the main factors influencing k′ from the model. There was 
indeed a correlation between the k′ values of the dyestuffs and the energies of 
their LUMO, and the most positive net atomic charge on a sulfur atom of the 
dyestuffs. The linear correlation coefficients between the predicted and experi-
mental values were all greater than 0.9950.

Yan and coworkers [161] synthesized a series of heteropoly acid salt cata-
lysts by adding various metal ions. Heteropoly acid salts (TBA)4Hx[PW11M(Q)
O39]·nH2O, with Keggin-type structure were formed (M = Fe, Co, Ni). A series 
of changes in the surface of the material after the addition of metal ions could be 
seen using scanning electron microscopy. The stability of the material was also 
experimentally designed and the material showed good stability. The synthe-
sized species were successfully subjected to the photocatalytic degradation of 
organophosphorus compounds followed by O,O-diethyl-S-(p-tolyl) phosphoro-
thioate as a degradation substrate. The catalytic activity of (TBA)4[PW11Fe(H2O)
O39]·2H2O turned out to be the best among all synthesized species as it com-
pletely degraded under visible light within 90 min. The degradation perfor-
mance was analyzed using ion chromatography by determining the presence 
of a phosphate ion. To study its degradation mechanism, ammonium oxalate, 
isopropanol, and benzoquinone were employed to quench holes (h+), hydroxyl 
radicals (•OH), and superoxide radicals (•O2 −). It was concluded that the •OH 
radicals played the most important role in the degradation reaction.

The above conclusions indicated the (TBA)4[PW11Fe(H2O)O39]·2H2O could 
be better applied to the degradation of organophosphorus compounds to de-
crease the environmental pollution caused by these chemicals, and they could 
prove promising in solving environmental issues at an industrial level.

Hori and others [162] investigated the decomposition of hydroperfluoro-
carboxylic acids (HCnF2nCOOH with n = 4 and 6) catalyzed by H4SiW12O40 in 
water as a heteropoly acid photocatalyst. Under the irradiation of UV-visible 
light, and in the presence of H4SiW12O40, hydroperfluorocarboxylic acids ef-
ficiently decomposed to F− and CO2, at relatively high pH (up to 5.2). At this 
threshold pH value, the conventional heteropoly acid H3PW12O40 could not act 
any more. The decomposition rate constants were 1.8–2.5 times more than those 
for the corresponding perfluorocarboxylic acids. The decomposition of hydro-
perfluorocarboxylic acids was initiated by elimination of the ɷ-H atom of the 
hydroperfluorocarboxylic acids as H+, followed by formation of perfluorodi-
carboxylic acids.

4.6.  Conclusion

Due to their unique, remarkable properties in comparison with other Brønsted 
acids, e.g., higher acidity strengths, thermal stability, water tolerance, and easy 
handling, heteropoly acids have attracted increasing attention. A wide variety 
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of organic reactions as well as photocatalytic processes could be catalyzed by 
this class of catalytic systems with high to excellent efficiency. The advantages 
of using these catalysts include selectivity, reusability, bifunctional properties, 
and simplicity of workup. In this chapter, a number of applications of hetero-
poly acids were discussed. Heteropoly acids could be used as a homogeneous 
catalyst in many different reactions like oxidation, multicomponent reactions, 
and synthesis of heterocyclic compounds. Based on the reported results, one 
can conclude that heteropoly acids are efficient, green, reusable, and inex-
pensive catalysts, and their use has been increasingly growing. In addition to 
catalytic applications in organic synthesis, they have intriguing applications in 
photochemistry.
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Chapter 5

Supported heteropoly acids

5.1.  Introduction

While homogeneous catalysis paved the way for advanced technological pro-
cesses using heteropoly acids, challenges regarding these reactions including 
precipitation, aggregation, loss of activity, and separation difficulties resulted 
in studies in which the use of heteropoly acids as heterogeneous catalysts was 
explored [1].

In comparison with homogeneous catalysts, separate immobilized catalysts 
(filtration, centrifuge, magnetic separation, etc.) are always much easier to sepa-
rate. As a result, reusing the as-prepared catalysts becomes more realistic. In 
addition, the product separation and purification, and the removal of the catalyst 
residues are carried out more efficiently, which is particularly important for the 
catalytic systems that involve toxic metals. Immobilization of the homogeneous 
heteropoly acid catalysts can ease up the isolation of the surface active species, 
which in turn prevents the agglomeration of the catalysts and maintains their ac-
tivity for longer times. Sometimes the support may even interact with the func-
tional groups immobilized on them to promote the overall catalyzed reaction. 
An immobilized catalyst is readily applied in different reactors, e.g., fixed bed 
reactors, membrane reactors, etc. In this manner, incorporation of the catalysts 
into the industrial chemical processes will be easier.

Bulk solid polyoxometalates were initially used as heterogeneous acid and 
oxidation catalysts. Nevertheless, the approach is often affected by low specific 
surface areas and the result is a reduction in activity [2]. Thus, later studies in-
cluded the immobilization of polyoxometalates on high surface area substrates, 
e.g., porous silica and other metal oxides [2]. More advanced materials like 
carbon nanostructures [3] and metal-organic frameworks (MOFs) have been 
investigated as well [4]. Such a strategy may maximize the exposure of the 
individual heteropoly acid molecules to the reactants. Furthermore, it facilitates 
the separation via centrifugation or filtration [5]. Heterogeneous supports were 
used for mechanical stabilization and maximized surface-area in early studies 
on polyoxometalate immobilization. Nevertheless, more recent studies have 
been shifting toward added properties caused by the support. They included 
light-absorption and charge transport in semiconductors (TiO2, CdSe, etc.), 
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electrical conductivity (by metals, carbons, and conductive polymers) as well 
as specific polyoxometalate binding sites, introduced into MOFs and organo-
functionalized supports.

5.2.  Techniques of immobilization

During the past decade, owing to the challenges related to their precipitation, ag-
gregation, and degradation under operational conditions and in order to extend 
their application range, many reviews have focused on the specialized aspects 
of the heterogenization of polyoxometalates. Focusing on recent advances in 
applications of such catalysts in liquid phase, Zhou and coworkers [5] provided 
an exhaustive overview of a wide variety of routes for the heterogenization of 
polyoxometalates. Ji and coworkers [3] summarized developments in POM-
nanocarbon composites focusing on (electro) catalysis, energy storage and sens-
ing. Herrmann and coworkers reviewed POM-conductive polymer composites 
and their applications. Ye et al. [4] provided an overview of the design, synthe-
sis, and catalytic properties of polyoxometalate-based solids including MOFs, 
polyoxometalate crystals and organic/inorganic polyoxometalate hybrids. Chen 
and coworkers [6] reviewed the progress of dye-sensitized solar cells containing 
polyoxometalate. Cherevan and coworkers [7] provided an outlook on emerging 
areas of academic and technological importance in which supported polyoxo-
metalate systems could promisingly result in new applications.

5.3.  Synthetic methods for the immobilization  
of polyoxometalates

In order to deposit polyoxometalates as individual molecules, micro- or nano-
structured particles, layers, or bulk materials on heterogeneous substrates, a 
wide variety of techniques have been developed [3,5,8], as shown in Fig. 5.1. 
These techniques are briefly introduced in the following sections.

5.3.1  Dip-coating

In this classical approach, the necessary heterogeneous substrate is immersed 
in a solution of the desired heteropoly acid. This methodology is plain, eas-
ily scalable, and applicable to almost any combination of polyoxometalates 
and substrates. Yet it usually suffers from reversible polyoxometalate-binding 
(leaching), which may result in nonhomogeneous distribution, because of poly-
oxometalate crystallization during drying. This gives little control over the de-
position process.

5.3.2  Solvothermal deposition

With this approach, it is often possible to anchor polyoxometalate crystals 
mechanically and chemically on substrates at elevated temperatures and pres-
sures in a stable manner. The process conditions facilitate polyoxometalate 
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crystallization, mostly in highly condensed, insoluble lattices so that leach-
ing and reversible deposition can be resolved. On the other hand, the harsh 
conditions of the process may lead to structural rearrangements of sensitive 
polyoxometalates as well. The degradation into solid-state metal oxides is also 
possible.

5.3.3  Sonication deposition

Sonication-driven deposition of heteropoly acids (performed in organic solvents 
under ambient conditions) has used been as a moderate alternative to solvother-
mal syntheses in recent studies [9]. Notably, in this method, the size, shape, and 
surface arrangement of particles are adjustable by varying the sonication param-
eters. Nonetheless, recent studies have also revealed that under the conditions 
of the sonication deposition, structurally labile species, particularly vanadates, 
may undergo structural rearrangements into nanostructured solid-state oxides 
[10–12].

5.3.4  Layer-by-layer assembly

The stepwise deposition of anionic polyoxometalate layers and cationic lay-
ers to form well-defined films of high stability with adjustable thickness on 
heterogeneous substrates is used in this approach. Nevertheless, if thick films 
are targeted, the approach can be laborious and time-consuming. Furthermore, 
depending on the conditions under which the films are used, leaching may be 
an issue.

FIG. 5.1  A schematic of a variety of attachment modes, substrate types, and immobilization strat-
egies, which are usually applied to prepare heterogenized polyoxometalates. A.S. Cherevan, S.P. 
Nandan, I. Roger, R. Liu, C. Streb, D. Eder, Polyoxometalates on functional substrates: concepts, 
synergies, and future perspectives, Adv. Sci. 7 (8) (2020) 1903511–1903533.
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5.3.5  Drop-casting

This method usually employs polyoxometalates (as micro/nanoparticles) dis-
persed in an appropriate solvent, which is subsequently dropped onto a substrate. 
The drop-casting method is usually used to alter the surface of an electrode 
with a polyoxometalate or polyoxometalate composite. For electrocatalysis, a 
protective layer of Nafion is frequently added on top of the polyoxometalate 
layer for the protection and stabilization of the electrode [13]. Fast surface-
modification of the electrodes is made possible with this method; however, the 
control that it gives the exact structure and morphology of the composite layer 
on the electrode is so challengeable and it can negatively affect the electrical 
contact between the electrode and composite.

5.3.6  Electrodeposition

In this method, cyclic voltammetry of a POM-containing homogeneous solution 
is used to deposit the polyoxometalate (or POM-composites) onto the electrode 
surface. The method is therefore restricted to conductive substrates for (photo) 
electrochemical applications. However, it benefits from controlled film growth 
providing direct electrochemical information on the polyoxometalate deposi-
tion process.

5.3.7  Entrapment

In this technique, the catalysts are prepared in a manner that they are entrapped 
inside the cavities of porous materials like zeolites, MCM-41, etc. The dimen-
sions of the polyoxometalates are usually bigger than the size of the cavity 
mouth so that immobilization techniques prevent the diffusion of the active spe-
cies out of them. However, catalysts prepared in this manner usually suffer from 
constraints on the diffusion of reactants and products and restrictions on the 
interactions between the substrates and active sites, meaning that this technique 
may not be generally used.

5.3.8  Impregnation and drying

Impregnation and drying is a preparation method often used owing to its simple 
operation and low streams of waste. As the first step, a polyoxometalate solution 
is contacted with a support. The most commonly used solvent for this technique 
is water due to the high solubility of polyoxometalates. On the other hand, or-
ganic solvents are mainly used for the organ salts of polyoxometalates. In order 
to avoid premature deposition in bulk solution, concentrations below (super) 
saturation are necessary.

There are mainly two distinguished impregnation methods, i.e., the pore vol-
ume impregnation (PVI) in which an exact amount to fill the pore volume of 
the support is used and wet impregnation (WI) in which an excess amount of 
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the solution is employed. The former method is also known as dry impregnation 
(DI) or incipient wetness impregnation (IWI), since the impregnated material 
keeps its dry character at macroscopic scales.

5.4.  Chemical interactions between the polyoxometalate 
and the support

Basically, three different modes of chemical binding are observed for POM-
substrate composites. These modes are briefly described here.

5.4.1  Electrostatic anchoring

Electrostatic binding of the anionic polyoxometalates is realized through the in-
troduction of cationic surface charges (e.g., ammonium or pyridinium groups). 
While the method is quite simple and may be used to anchor a majority of het-
eropoly acids, it is also liable to leaching so that the stability of the anchoring 
is dependent upon the strength of the electrostatic interactions, the pH of the 
solution, solvents, and of course the conditions under which the material will 
be deployed.

5.4.2  Covalent anchoring

In order to form covalent bonds between the heteropoly acid and substrate 
for stable and persistent anchoring, functionalization of the substrate surface 
and the heteropoly acid with complementary, typically organic groups is ap-
plied. Prominent examples are the imine bonds formed between aldehydes and 
amines, amide bonds formed utilizing amine and carboxylate functionalization, 
or 1,3-dipolar cycloadditions by alkyne and azide functionalization (CLICK 
chemistry) [14]. Although his approach provides stable covalent bonds, it is 
limited to heteropoly acids, which can be organofunctionalized; in addition, 
multistep reactions and expert knowledge are necessary us use this approach.

5.4.3  Supramolecular anchoring

Supramolecular interactions like hydrogen bonding or π-stacking may be used 
to anchor heteropoly acid to a substrate. For this purpose, appropriate interac-
tions between both species must be identified and the heteropoly acid has to be 
functionalized accordingly. A prominent example for this approach is the orga-
nofunctionalization of heteropoly acids with aromatic rings (such as pyrene) 
that enableπ-stacking attachment, e.g., to nanostructured carbon substrates [15].

5.5.  Substrate effects and functional properties

The selection of the appropriate substrate for a heteropoly acid deposition is 
principally ruled by the target application. Regarding the acid-, base-, or redox 
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catalysis, particularly in liquid phase, inorganic substrates with large, accessible 
surface areas, like porous metal oxides and nanostructured carbons, have been 
used to support heteropoly acids. State-of-the-art materials such as MOFs, ZIFs, 
COFs, and zeolites have attracted enormous attention as active supports to im-
mobilize polyoxometalate, since they incorporate a distinct porous environment 
with potentially added catalytic functionalities. However, for the applications 
in which conductive supports are desired, including electrocatalysis or opto-
electronics, conductive polymers, metals or nanocarbons with high electrical 
conductivity are preferred. This is while for application in which charge sepa-
ration or light harvesting are the important features, such as photovoltaics and 
photo(electro)catalysis, semiconducting materials with adjustable bandgaps, 
electronic structure, and (photo)conductivity have mainly received attention.

Based on the type and the chemistry of a substrate, a variety of synthetic ap-
proaches and attachment strategies must be utilized to deposit a certain hetero-
poly acid on a selected support. Usually, carbon-based and organic/polymeric 
materials provide a broad range of chemical adjust ability to enable controllable 
attachment of heteropoly acids and the desired interaction (e.g., supramolecular 
or covalent). On the contrary, the deposition of a polyoxometalate on an inor-
ganic substrate could benefit from the more hydrophilic characteristic of the lat-
ter. For instance, metal oxides have quite similar chemistry; therefore, they may 
be incorporated with polyoxometalate clusters through direct covalent bonding 
by forming MOM bonds so that no organic linking groups are necessary [16].

However, immobilizing a polyoxometalate ion on a heterogeneous substrate 
is not only ruled by both the physicochemical properties of the support and 
their synergistic functions. For instance, in the field of thermal heterogeneous 
catalysis, workers have demonstrated that the catalytic support type strongly af-
fects the total performance, which is referred to as metal-support interactions, 
or substrate effect [17]. Such substrate effects, in their simplest form, stem from 
both structural and electronic changes caused by strong interactions between 
the catalyst and support. Prominent examples are polarization effects in which 
a heterogeneous substrate results in charge density changes within the catalyst 
as well as the decoration of the metal nanoparticles through mobile molecular 
substrate species. Both cases drastically influence the catalyst’s selectivity and 
reactivity. The extent and role of synergistic effects in POM-based composites 
have been studied in some works. However, a few more recent studies have 
revealed that the changes in polyoxometalate structure and reactivity depend 
strongly on the type of the substrate and the interaction mode between both 
components.

As an example, Argitis and coworkers [18] investigated how the re-
dox properties of two immobilized Wells-Dawson ammonium salts, i.e., 
(NH4)6[P2Mo18O62], (NH4)6[P2W18O62], and their corresponding Keggin het-
eropoly acids [H3PMo12O40] and [H3PW12O40] are under the influence of the 
very substrate used. They compared metallic aluminum, dielectric silicon diox-
ide, and semiconducting ITO substrates and, using UV-vis and XPS techniques,  
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followed the reduction degree of the polyoxometalates immobilized in this 
manner. The authors observed spontaneous redox reactions between a polyoxo-
metalate ion and both aluminum and ITO substrates at room temperature and 
pressure to conclude that the extent of the polyoxometalate reduction depends 
upon the relative position of its LUMO with respect to the Fermi level of the 
substrate as well as the presence of ammonium counter ions. However, for the 
dielectric silicon dioxide substrate, no spontaneous charge transfer was ob-
served, which indicated that deposition of the polyoxometalate on the substrates 
might be utilized to alter the polyoxometalate redox state with immobilization.

According to the most pertinent examples found in the literature [7], im-
mobilization may influence the structure and reactivity of the heterogenized 
polyoxometalates from the following aspects:

•	 the nature and extent of the interactions between the substrate and the 
polyoxometalate;

•	 the attachment impact on the electronic properties; and
•	 the implication on the stability of the polyoxometalate species.

5.6.  Host/guest interactions in supported 
polyoxometalate hybrids

The hybrid species prepared by supporting a polyoxometalate onto a metal-
organic frameworks or incorporating it into it enjoy unique properties. When the 
polyoxometalate is encapsulated inside an MOF as a host, the POM-based MOF 
hybrids may be applied in catalytic systems (e.g., electrocatalysis, organoca-
talysis, or photocatalysis). While keeping the strong acidity, redox capability, 
and oxygen-rich surface of heteropoly acids, their drawbacks, i.e., difficult han-
dling, low surface areas, and a high solubility, are resolved in such systems. 
Owing to their high surface area, high adjustability in terms of the pore size and 
channels, and long-range ordered structure, MOFs may serve as ideal hosts. In 
certain cases, MOFs are able to increase the functionality of the hybrids. During 
the past few decades, a plenty of porous materials, such as silica, zeolites, ion-
exchange resin, and activated carbon have been investigated as a support to im-
mobilize a polyoxometalate ion [19–22]. Since the discovery of metal-organic 
frameworks (MOFs), considerable effort has been made to apply these porous 
materials as a support for a polyoxometalate. MOFs are inorganic/organic hy-
brid crystalline materials, which are built from organic linkers and metal ions or 
clusters via coordination bonds.

Férey and coworkers [23] reported the very first case of a POM@MOF hy-
brid in 2005. In this original work, a polyoxometalate, i.e., K7PW11O39 (with 
a van der Waals radius of 13.1 Å) was encapsulated into the large cavities of 
the highly stable chromium-based MOF, i.e., MIL-101, using an impregnation 
method. Since then, many other thermally and chemically stable MOFs have 
been used as supports to host polyoxometalates to be applied in catalytic systems 
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among which are UiO, MIL, NU-1000, ZIF series, and Cu-BTC frameworks. 
The polyoxometalates encapsulated into MOFs which have been examined 
most of all are the Keggin [XM12O40]n

 − polyoxometalates and Wells-Dawson 
[X2M18O62]n

 − polyoxometalates (X = Si, P, V, Bi, etc.; M = V, Mo, W, etc.) and 
their derivatives. These polyoxometalates are very important since their struc-
tures and properties are easily varied by eliminating one or more MO4 + units 
resulting to lacunary polyoxometalates like [PW9O34]

9 −. In addition, sandwich-
type polyoxometalates, such as [Tb(PW11O39)2]

11 −, can be derived via the sub-
stitution of X and/or M by different metals or a combination of two fragments 
of the Keggin structure.

Encapsulation of polyoxometalates into MOFs as a host matrix provides 
many advantages. Primarily, their unusually high surface areas and confined 
cavities/channels allow for a homogeneous distribution of a polyoxometalate 
in the MOF host. This not only inhibits the agglomeration of polyoxometalates, 
but also enhances their recyclability and stability while ensuring a fast diffu-
sion of substrates and products. Secondly, the highly regular cavities of MOFs 
ensure a high selectivity for the substrate; that is to say that only specific sub-
strates/products can reach the active polyoxometalate sites. Thirdly, because of 
the proper interaction and electron transfer between the MOF and polyoxometa-
late, usually an increased synergistic catalytic activity is observed. As the fourth 
feature, the chemical environment of polyoxometalates may be readily adjusted 
through modification or functionalization of MOFs. APOM@MOF hybrid not 
only incorporates the interesting properties of polyoxometalates and MOFs, but 
also permits the resolution of the mentioned drawbacks of polyoxometalates to 
increase the catalysis performance.

5.6.1  Synthesis of POM@MOFs

Thus far, a lot of highly stable MOFs, including UiO, MIL, and ZIF series, as 
well as NU-1000 and Cu-BTC frameworks, have been applied in the encapsu-
lation of polyoxometalates. Impregnation is among the most commonly used 
approaches to embed polyoxometalates in MOFs. A simple method is wet im-
pregnation, as most of the polyoxometalates are highly soluble in polar solvents. 
The activated MOF powder is usually dipped in the polyoxometalate solution 
to afford the composite. A plenty of POM@MOF hybrids have been prepared 
through the wet impregnation method among which are POM@ZIF, POM@
MIL, and POM@UN-1000. A prominent feature that permits the use of this 
method is that the polyoxometalate ion size must be smaller than the windows 
of the MOF. The impregnation approach may not be used for MOFs whose win-
dow size is smaller than the polyoxometalate ion size; the examples having this 
property are UiO, Cu-BTC, and ZIF. Accordingly, for these MOFs, the one-pot 
synthesis method has been applied to obtain POM@MOF hybrids. This one-pot 
methodology is also frequently used to prepare POM-encapsulated MOFs in 
which the anionic form of the heteropoly acid serves as an agent that directs the 
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structure to ensure the deprotonation of an organic carboxylate ligand. Usually, 
the synthesis parameters employed to afford the parent MOF are used upon 
addition of the polyoxometalate to prepare the POM@MOF hybrids. Although 
this one-pot method can be used to synthesize POM@MOF species, which may 
not be prepared by impregnation, it can confine the polyoxometalates in the 
MOF cavities to inhibit from leaching provided that the polyoxometalate ion 
size is larger than the MOF windows.

Gascon and coworkers [24] synthesized PW@MIL-101 (PW = [PW12O40]
3 −) 

composites using the one-pot, wet impregnation method. When applying the 
one-pot synthesis under stirring conditions, the authors observed a homoge-
neous distribution of PW. High loadings of PW in MIL-101 resulted in a dras-
tic decrease in the surface area and pore volume, when the wet impregnation 
method was used. This reduction in the surface area and pore volume was, how-
ever, smaller for the one-pot synthesis method compared with the impregna-
tion method when the same PW loading was used. The authors claimed that in 
the one-pot synthesis, both the large- and medium-sized cages were occupied, 
while solely the larger cages were accessible when the impregnation method 
was used.

Canioni and coworkers [25] compared various synthesis methods uti-
lized to encapsulate polyoxometalates inMIL-100 (Fe). They noticed a 
good agreement between the experimentally obtained polyoxometalate 
loading and the theoretical maximum loading for the PMo@MIL-100 
(PMo = [PMo12O40]

3 −), which was obtained by a one-pot solvothermal syn-
thesis. Additionally, the PMo@MIL-100 obtained solvothermally exhibited 
a good stability in aqueous media while no polyoxometalate leaching was 
detected after 2 months.

Using a one-pot, microwave-assisted synthesis, Gascon and coworkers 
[26] obtained PW@MIL-101-NH2(Al) since their attempts to afford MIL-
101-NH2(Al) containing PW by a solvothermal, one-pot synthesis had proved 
unsuccessful. However, 1 year later, Bromberg and coworkers [27] explored 
the encapsulation of polyoxometalates in amino-functionalized NH2-MIL-
53(Al) and MOFs (NH2-MIL-101(Al)by immobilization. They came to the 
conclusion that polyoxometalates formed a stable composite through electro-
static interaction with the MOF surface. The thermal stability of the compos-
ites PW@NH2-MIL-53(Al) and PW@NH2-MIL-101(Al) was similar to that 
of the parent MOFs.

In addition to MIL-101, Cu-BTC (i.e., HKUST-1 or MOF-199) has been 
used to serve as a host to encapsulate Keggin- or Dawson-type polyoxometa-
lates [28,29]. The larger cavities in Cu-BTC have an inner diameter of 1.3 nm 
with a pore window of 0.9 nm. This ideally guarantees the stable entrapment of 
polyoxometalates.

Shuxia Liu et  al. [30,31] synthesized a series of Keggin-type polyoxo-
metalates in Cu-BTC, denoted as NENU-n, where n = 1–10, and formulated 
as [Cu2(BTC)4/3(H2O)2]6[HnXM12O40].(C4H12N)2 (X = Si, Ge, P, As, V, Ti; 
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M = W, Mo). To this end, they used a hydrothermal, one-pot synthesis. The 
templating effect of the polyoxometalates resulted in highly crystalline com-
posite materials that showed improved thermal stability. Furthermore, since 
large crystals were formed, it was possible to elucidate the structures using 
single-crystal X-ray diffraction, which demonstrated that Keggin polyanions 
were entrapped in larger cuboctahedral cavities (with an inner diameter of 
1.3 nm) [31].

In addition to Cu-BTC and MIL-101, isostructural imidazolate frame-
works, i.e., ZIF-67 and ZIF-8, have often been applied as the host matrix. 
The size of sodalite-type cavities in ZIF-8 is about 1.1 nm, but the acces-
sible window of the cavity is quite small (0.34 nm). Keggin-based polyoxo-
metalates have relatively larger particle sizes of up to 1.3–1.4 nm compared 
with the cavities of ZIF-8. However, they can perfectly fit in their anionic 
form (1 nm diameter of PW). The one-pot method is therefore an ideal one 
for entrapping polyoxometalates inside ZIF-8 or ZIF-67 [32]. For example, 
Malkar and coworkers [33] encapsulated a polyoxometalate in ZIF-8 and 
used it as an esterification catalyst. In order to functionalize the surface of 
the ZIF-8 nanoparticles with a Keggin-type PW and gain a core-shell MOF-
POM composite, Jeon et  al. [34] used an impregnation method. Notably, 
because of strong interactions, the POM-decorated MOF became insoluble 
in polar solvents.

Lin et al. formed a POM@MOF molecular catalytic system with a nickel-
containing polyoxometalate [Ni4(H2O)2(PW9O34)2]

10 − (abbreviated as NiP) into 
an MOF derived from [Ir(ppy)2(bpy)]+ by means of the one-pot synthesis; the 
MOF was isostructural to UiO-66 with extended ligands. NiP polyoxometalates 
can been capsulated in the octahedral cages with an inner dimension of 2.2 nm 
[35]. Other efficient methods have been utilized for the construction of POM-
encapsulated MOFs in addition to the widely used one-pot and impregnation 
method. Zhong and coworkers [36] synthesized NENU-3(PW@HKUST-1) by 
a liquid-assisted grinding method. By using a two-step synthesis, PW and the 
Cu salt were first dissolved and evaporated to obtain the copper salt of PW. 
The H3BTC ligand was then added in the presence of small amounts of alcohol 
(MeOH or EtOH) as the grinding liquid. The mixture was ground for 5 min 
until the color gradually changed to blue. When washed and dried at 60°C for 
24 h, the obtained nanocrystalline, NENU-3, exhibited a high crystallinity, and 
the surface area was a little higher in comparison with NENU-3 obtained in a 
solvothermal, one-pot synthesis. Li et al. [37] employed an in-situ hot-pressing 
process to entrap the Keggin-type PW inside an In-based MOF (MFM-300(In)). 
As illustrated in Fig. 5.2, all the ingredients were ground in the absence of a 
solvent. Then they were packed with an aluminum foil and heated on a plate at 
80°C for only 10 min to afford PW@MFM-300(In) composites. The resulted 
substances showed a high crystallinity and stability with no PW aggregates ob-
served on the surface of the MOF.
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5.6.2  Organocatalysis

5.6.2.1  Oxidation reaction
Owing to the presence of acidic sites within MOFs as well as the strong acid-
ity and redox activity of polyoxometalates, POM@MOF hybrid materials are 
regarded as potential oxidation catalysts. For this reason, some well-known 
MOFs, including MIL (Cr, Fe, or Al), UiO (Zr), and ZIF series, as well as Cu-
BTC and NU-1000 frameworks, are able to encapsulate polyoxometalates to be 
used in oxidation reactions. Among the different oxidation reactions, oxidative 
desulfurization and the selective oxidation of alcohols and alkenes are among 
the most studied reactions using POM@MOF catalysts. Oxidative desulfuriza-
tion (ODS), as one of the methods that may be promisingly used in the removal 
sulfur-containing compounds from fuels, is very important from both academic 
and industrial viewpoints. During the past decade, many Keggin- and sandwich-
type polyoxometalates, e.g., [A-PW9O34]

9 − [38], [PW11Zn(H2O)O39]
5 − [39,40], 

[PW12O40]
3 − [41–44], [Tb(PW11O39)2]

11 − [45], and [Eu(PW11O39)2]
11 − [46], 

have been encapsulated in MIL (Cr, Fe, or Al) for the ODS reactions by means 
of H2O2 as the oxidizing agent. These heterogeneous POM@MIL catalysts 
could be easily recycled and reused, while showing a higher catalytic activ-
ity in comparison with their corresponding homogeneous polyoxometalates. 
For instance, Balula and coworkers [45] reported that the heterogeneous 
[Tb(PW11O39)2]

11 −@MIL-101catalyst was able to convert 95%of benzothio-
phene (BT) at 50°C within 2 h, whereas the homogeneous Tb(PW11)2 catalyst 
afforded a conversion of only 32% under similar conditions.

In addition, Naseri [47] and coworkers noted that the thermal stability 
of the materials they prepared, i.e., [(OCeIVO)3(PW9O34)2]

12 −@MIL-101 
and [(HOSnIVOH)3(PW9O34)2]

12 −@MIL-101, was enhanced in comparison 

FIG.  5.2  The hot-pressing process for the synthesis of PW@MFM-300(In). Reprinted from  
G. Li, K. Zhang, C. Li, R. Gao, Y. Cheng, L. Hou, Y. Wang, Solvent-free method to encapsulate poly-
oxometalate into metal-organic frameworks as efficient and recyclable photocatalyst for harmful 
sulfamethazine degrading in water. Appl. Catal. Environ. 245 (2019) 753–759. Copyright (2019), 
with permission from Elsevier.
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with the single MIL-101(Cr) framework. The thermally stable POM@MOF 
materials exhibited more than 95% conversion of the diphenyl sulfide after 
five cycles.

Cao and coworkers [48] studied the effect of the window size within MOFs 
on the catalytic activity of different POM@MOF materials on ODS reactions. 
PW was encapsulated into three potent MOFs with different window sizes, i.e., 
UiO-66 (6 Å), MIL-100(Fe) (8.6 and 5.8 Å), and ZIF-8 (3.4 Å). In comparison 
with ZIF-8 (9.1%) and UiO-66 (39.1%), PW@MIL-100(Fe) demonstrated the 
highest activity (92.8%) in the oxidation of 4,6-dimethyldibenzothiophene 
(3.62 × 6.17 × 7.86 Å3). The higher activity observed was ascribed to the large 
window size of MIL-100(Fe), which allowed for fast diffusion of the sub-
strate into the cavities, which in turn improves the reactivity and recyclability 
of POM@MOF materials in ODS reactions even more. Amine-functionalized 
MOFs were used for the encapsulation of polyoxometalates due to strong elec-
trostatic interactions between amine groups and polyoxometalate anions. For 
example, Cao and coworkers [49] reported the encapsulation of PW into NH2-
MIL-101(Cr) and using the resulted catalyst for the ODS reaction. The obtained 
material gave a full conversion of dibenzothiophene (DBT) at 50°C after 1 h. 
Interestingly, a series of reusability tests revealed that the conversion of DBT 
remained unchanged during six successive runs using PW@NH2-MIL-101(Cr) 
as a catalyst. The observation may be due to strong electrostatic interactions 
between the amine groups and PW. Another work by Su et al. revealed that the 
PW@MIL-101(Cr)-diatomite allowed for 98.6% conversion of DBT at 60°C 
for 2 h after three successive runs being attributed to the high dispersion of 
polyoxometalates.

In addition to the ODS reactions, selective oxidations of alcohols [50] and 
alkenes [51–56] were evaluated by means of POM@MIL catalysts. Bo and co-
workers synthesized a series of H3 + xPMo12 − xVxO40@MIL-100(Fe) (x = 0, 1, 
2) materials and their catalytic performance were evaluated in the oxidation of 
cyclohexene, using hydrogen peroxide as an oxidizing agent. H4PMo11VO40@
MIL-100(Fe) showed 83% conversion of cyclohexene, with an excellent se-
lectivity toward 2-cyclohexene-1-one (90%) after five consecutive runs. Based 
on a dual amino-functionalized ionic liquid (DAIL), Abednatanzi et  al. [50] 
developed a novel POM@MIL-101 catalyst. The DAIL was first introduced 
onto the chromium sites ofMIL-101(Cr) with unsaturated coordination sites. 
Then the Keggin-type PW was immobilized onto the DAIL-modified MIL-101 
through an anion exchange. The PW12/DAIL/MIL-101catalyst demonstrated a 
very high turnover number (TON: 1900) for the selective oxidation of benzyl 
alcohol toward benzaldehyde at 100°C for 6 h. The catalytic activity of PW/
DAIL/MIL-101 was higher in comparison with that of PW12/MIL-101 without 
DAIL functionalities (TON:1400). This observed higher activity was attributed 
to the presence of remaining free amino groups anchored on the imidazolium 
moieties of the DAIL, which drastically improved the accessibility of TBHP as 
an oxidizing agent.
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Another instance of MOF, i.e., Cu-BTC, has been utilized to encapsulate 
polyoxometalates. Sun and coworkers encapsulated six Keggin-type polyoxo-
metalates into Cu-BTC (aka NENU-n, NENU = Northeast Normal University) 
using a hydrothermal, one-pot method and their crystal structures were deter-
mined [31]. Subsequently, various polyoxometalates were encapsulated into the 
Cu-BTC framework and their catalytic activities were evaluated in ODS reac-
tions [57,58], oxidation of olefins [29,59–61], alcohols [62,63], benzene, and 
H2S [64,65].

Lu and coworkers [63] synthesized a series of composite catalysts, i.e., 
POM@Cu-BTC (POM = PW, PMo12 − xVxO40

(3 + x)− (x = 0, 1, 2, 3)) to exam-
ine their activities for the oxidation of benzyl alcohol to benzaldehyde, with 
hydrogen peroxide as an oxidizing agent (Fig. 5.3). The V-containing polyoxo-
metalates enhanced the conversion of benzyl alcohol owing to their high redox 
ability. However, as the vanadium content was increased in the polyoxometa-
lates, overoxidation to benzoic acid led to a lower selectivity toward benzalde-
hyde. PMo12@Cu-BTC demonstrated approximately 75% conversion of benzyl 
alcohol with a selectivity of ~ 90% toward benzaldehyde, whereas PMo9V3@
Cu-BTC demonstrated ~ 98% conversion of benzyl alcohol with a selectivity of 
~ 65% using the same reaction conditions. Simply put, the product distribution 
was adjustable by tuning the redox capability of the polyoxometalates. Notably, 
in several works, a synergistic effect was observed between Cu-BTC and the 
polyoxometalate [64–66].

FIG.  5.3  Oxidation of benzyl alcohol catalyzed by a variety of POM@MOF-199. Reprinted 
with permission from J. Zhu, M.-N. Shen, X.-J. Zhao, P.-C. Wang, M. Lu, Polyoxometalate-based 
metal-organic frameworks as catalysts for the selective oxidation of alcohols in micellar systems. 
ChemPlusChem 79(6) (2014) 872–878. Copyright (2014), John Wiley.
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Yu and coworkers [67] utilized UiO-bpy (bpy = 2,2′-bipyridine-5,5′-
dicarboxylic acid) for the encapsulation of polyoxomolybdic cobalt (CoPMA). 
The bpy sites on the UiO-bpy framework supplied an added interaction with 
the polyoxometalate in comparison with the UiO-67 robbed of its bpy moi-
eties. The catalytic activities of CoPMA@UiO-bpy and CoPMA@UiO-67 were 
evaluated over the oxidation of styrene, using oxygen gas as an oxidizing agent. 
The CoPMA@UiO-bpy showed the highest catalytic performance, with 80% 
conversion of styrene and 59% selectivity toward styrene epoxide.

Another zirconium-based MOF, NU-1000, with large hexagonal (31 Å) and 
smaller triangular (12 Å) channels, was used to support polyoxometalate ions 
such as [PW12O40]

3 − and [PMo10V2O40]
5 − [68–70]. For instance, Farha and 

coworkers [68] prepared PW@NU-1000 through an impregnation method for 
the oxidation reaction of 2-chloroethyl ethyl sulfide (CEES) using hydrogen 
peroxide as an oxidizing agent. The authors showed that the most probable lo-
cation for PW clusters is inside the small triangular channels; this was further 
established using powder X-ray diffraction, scanning transmission electron mi-
croscopy, and difference envelope density analysis. The PW@NU-1000 showed 
a higher conversion of CEES (98% after 20 min) in comparison with the intact 
NU-1000 (77% after 90 min) and homogeneous polyoxometalate (98% after 
90 min).

In addition to the well-known MOFs, many other POM@MOF hybrid ma-
terials, such as [Co(BBPTZ)3][HPMo12O40].24H2O and [CuI

6(trz)6(PW12O40)2], 
were prepared and utilized for ODS [71], oxidation of alkylbenzenes [72], aryl 
alkenes [73,74], and alcohols [75].

In addition to using polyoxometalates entrapped inside the cavities of MOFs, 
some polyoxometalates have been used to cover the surface of MOFs to achieve 
core/shell structured hybrid materials for the oxidation reactions [34,76]. For 
instance, PW was loaded onto the surface of ZIF-8 to afford a core/shell cata-
lyst for the oxidation of benzyl alcohol. Interestingly, strong formation of ON 
bonds between PW and the imidazole group of the ZIF-8 was detected by means 
of X-ray absorption near-edge structure and X-ray photoelectron spectroscopy 
techniques. Therefore, the ZIF-8@PW material was not soluble in hydrophilic 
solvents. The ZIF-8@PW material converted benzyl alcohol (more than 95%), 
with a selectivity of 90% toward benzaldehyde, outperforming the activity of 
pure PW (51%) and ZIF-8 (30%).

5.6.2.2  Condensation reaction
POM@MOF has proven useful in a range of condensation reactions, which are 
used for producing value-added cyclic organic compounds. Recently, Malkar 
et  al. [77] compared the catalytic activity of three different catalysts, i.e., 
20%-Cs-DTP-K10, 18%-DTP@ZIF-8, and Al0.66-DTP@ZIF-8 (DTP = do-
decatungstophosphate), for the aldol condensation 5-hydroxymethylfurfural 
(Fig. 5.4). It has been demonstrated that the substitution of heteropoly acids 
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protons with metal ions raises the mobility of protons, which in turn improves 
the acidity. In the NH3-TPD analysis, Cs-DTP-K10 exhibits the highest acid-
ity (1.51 mmol g− 1), while of acidic sites for DTP@ZIF-8 and Al-DTP@
ZIF-8 are 0.44 and 0.54 mmol g− 1, respectively. Cs-DTP-K10, with the high-
est acidity, exhibited the highest activity for the aldol condensation of HMF 
and acetone for the selective production of the desired C9 product (71.6% 
after 6 h of reaction); however, the selectivity was only 43.1%. Even though 
the total number of the acidic sites in the case of the Al-DTP@ZIF-8 catalyst 
was much lower, a conversion of 63.1% was observed after 6 h of reaction, 
which was comparable to the former value. It is noteworthy that the Al-DTP@
ZIF-8 catalyst demonstrated a much higher selectivity (~ 92%) toward the C9 
product in comparison with the C15 one. The lowest rate of conversion was 
accomplished in the case of the lowest acidic species, i.e., 18% -DTP@ZIF-8. 
However, a high selectivity was observed toward the C9 product. This higher 
selectivity toward the C9 product indicated the shape selectivity provided by 
the small pore diameter of ZIF-8 that allows for prevention from the C15 ad-
duct production.

In a different work [78], PW@MIL-101(Cr) composites were prepared 
through a direct hydrothermal process or a modifying postsynthesis route. The 
acidic sites within MIL-101 and PW@MIL-101(Cr) are desirable in the ca-
talysis of the Baeyer condensation of 2-naphthol and benzaldehyde, in a three-

 

 

FIG.  5.4  Aldol condensation of 5-hydroxymethylfurfural with acetone over Al-DTP@ZIF-8. 
Reproduced with permission from R.S. Malkar, H. Daly, C. Hardacre, G.D. Yadav, Aldol conden-
sation of 5-hydroxymethylfurfural to fuel precursor over novel aluminum exchanged-DTP@ZIF-
8. ACS Sustain. Chem. Eng. 7(19) (2019) 16215–16224. Copyright (2019), American Chemical 
Society.



280  Heteropolyacids as highly efficient and green catalysts

component condensation of benzaldehyde, 2-naphthol, and acetamide; the 
process is illustrated in Fig. 5.5.

Formation of 1-amidoalkyl-2-naphthol was achieved at 130°C using micro-
wave heating for 5 min with a high yield of ~ 95%.

Moreover, PW clusters were evenly encapsulated in the cavities of MIL-
101 serving as a heterogeneous catalyst for the self-condensation of cyclic 
ketones with high selectivity [79]. As illustrated in Fig. 5.6, depending on 
the active sites in the applied catalysts, the self-condensation of cyclopenta-
none can afford three products. With PW as a catalyst, a conversion of ~ 78% 
to trindane as the main product was obtained after 24 h. However, PW@
MIL-101 showed a substantially higher selectivity (more than 98%) toward 
the mono-condensed component (i.e., 2-cyclopentylidenecyclopentanone) as 

FIG. 5.5  Condensation reaction of 2-naphthol, benzaldehyde, and acetamide. Reprinted with per-
mission from L. Bromberg, Y. Diao, H. Wu, S.A. Speakman, T.A. Hatton, Chromium(III) terephthal-
ate metal organic framework (MIL-101): HF-free synthesis, structure, polyoxometalate composites, 
and catalytic properties. Chem. Mater. 24(9) (2012) 1664–1675. Copyright (2012), American 
Chemical Society.

FIG.  5.6  Cyclopentanone self-condensation reaction. Adapted with permission from Q. Deng,  
G. Nie, L. Pan, J.-J. Zou, X. Zhang, L. Wang, Highly selective self-condensation of cyclic ketones us-
ing MOF-encapsulating phosphotungstic acid for renewable high-density fuel. Green Chem. 17(8) 
(2015) 4473–4481. Copyright (2015), Royal Society of Chemistry.
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the desired product; this was because of the feasibility of shape-selective 
catalysis.

5.6.2.3  Esterification reaction
MOFs modified with polyoxometalates can be utilized as effective catalysts 
for a wide variety of esterification reactions. Xie and coworkers [80] examined 
the catalyzed one-pot transesterification of acidic vegetable oil over a function-
alized UiO-66-2COOH with a Keggin-type polyoxometalate, i.e., AILs/POM/
UiO-66-2COOH (AIL = sulfonated acidic ionic liquid). The whole process is 
depicted in Fig. 5.7. The synthesized catalyst exhibited synergic merits owing to 
the introduction of AIL as Brønsted acid sites. The fact that both Lewis acid sites 
and Brønsted acid sites of ionic liquids were present in the polyoxometalate ac-
celerated the catalytic reaction for green production of biodiesel. It was revealed 
by the control experiments that all of the utilized polyoxometalates (PW12O40

3 −, 
SiW12O40

4 −, and PMo12O40
3 −, abbreviated as PW, SiW, PMo, respectively) were 

capable of catalyzing the conversion of soybean oil to biodiesel with a high ef-
ficiency (~ 100% conversion). Notably, AILs/POM/UiO-66-2COOH catalysts 
can incorporate the advantages of AILs, polyoxometalates, and porous MOFs, 

FIG.  5.7  (A) Synthesis of the AILs/HPW/UiO-66-2COOH catalyst, and (B) one-pot 
transesterification-esterification of acidic vegetable oils. Reprinted from W. Xie, F. Wan, 
Immobilization of polyoxometalate-based sulfonated ionic liquids on UiO-66-2COOH metal-
organic frameworks for biodiesel production via one-pot transesterification-esterification of acidic 
vegetable oils. Chem. Eng. J. 365 (2019) 40–50. Copyright (2019), with Elsevier.
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thus providing the highest catalytic efficiency in the mentioned reaction (more 
than 90% conversion). In addition, the high extent of interaction between the 
AILs and polyoxometalates prevented leaching of active ingredients into the 
reaction media, which in turn led to an insignificant decrease in the catalytic 
conversion of oil to biodiesel after five successive runs of the catalyzed reaction.

Liu and coworkers reported an efficient procedure for designing NENU-3a 
with different crystal morphologies (octahedral and cubic) consisting of a 
Cu-BTC skeleton and encapsulated tungstophosphoric acid catalyst [81]. The 
NENU-3a with cubic crystals was able to accelerate the conversion of long-
chain (C12–C22) fatty acids into their corresponding monoalkyl esters (with 
more than 90% yield) in comparison with the octahedral counterpart (less than 
22% yield). Furthermore, the cubic NENU-3a catalyst was quite potent and 
reusable for five runs while its structure and catalytic activity was virtually 
preserved.

Zhu and coworkers [82] investigated the selective esterification of glyc-
erol catalyzed by a MOF-supported polyoxometalate. The catalytic activity 
of the POM@Cu-BTC catalyst they obtained was compared with that of the 
metal oxide-supported polyoxometalates as reference. Given that when using 
POM@metaloxide, there was no pore limitation impact, the glycerol conversion 
stopped at the acid stage without any more reaction and it could be freely re-
leased from the reaction site (Fig. 5.8). Nevertheless, when applying the POM@
Cu-BTC catalyst, diffusion of the acid product within the MOF pores was re-

FIG.  5.8  Restricted transformation of glycerol on MOF-polyoxometalates due to diffusion. 
Reprinted with permission from J. Zhu, P.-C. Wang, M. Lu, Study on the one-pot oxidative esterifi-
cation of glycerol with MOF supported polyoxometalates as catalyst. Cat. Sci. Technol. 5(6) (2015) 
3383–3393. Copyright (2015), Royal Society of Chemistry.
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stricted and acid product underwent further reaction to afford the corresponding 
ester compound.

5.6.2.4  Other organic transformations
HPW was examined in the hydrolysis of ethyl acetate in excess water. Formulated 
as NENU-3a, the catalyst caused almost a complete conversion (more than 
95%) after about 7 h, which proved totally better than most inorganic solid acids 
and similar to organic solid acids. Moreover, with the activity reported per unit 
of acid, NENU-3a was three to seven times more active than sulfuric acid, HPW, 
Amberlyst-15, and nafion-H.

Furthermore, water was not observed to deactivate the acid sites and for at 
least 15 runs, leaching of the polyoxometalate was not noted. The same group 
reported using polyoxometalates as templates to construct new hybrid com-
pounds, for which the properties of the polyoxometalate could be adapted to a 
definite application [83–85]. One of these definite applications was adsorption 
followed by hydrolysis of dimethyl methylphosphonate (a nerve gas) to methyl 
alcohol, for which the conversion was enhanced to 93% when the temperature 
was increased to 50°C [83].

Hupp and coworkers [86] studied the application of a zirconium-based MOF, 
i.e., NU-1000, loaded with HPW in the catalyzed reaction of oxylene isomerization/
disproportionation at 250°C (see Fig. 5.9). No activity was observed at low loadings 
of polyoxometalate (0.3 to 0.7 polyoxometalate per Zr6 node), which was attributed 
to the breakdown of the polyoxometalate and/or the MOF structure due to the acti-
vation or at the start of the reaction. Nevertheless, when the loading was extremely 

PW12@NU-1000

[Isomerization] [Disproportionation]

+

+

FIG. 5.9  Tungstophosphoric acid encapsulated in NU-1000 to be used in the aggressive isomeri-
zation of hydrocarbon. Reprinted with permission from S. Ahn, S.L. Nauert, C.T. Buru, M. Rimoldi, 
H. Choi, N.M. Schweitzer, J.T. Hupp, O.K. Farha, J.M. Notestein, Pushing the limits on metal-
organic frameworks as a catalyst support: NU-1000 supported tungsten catalysts for o-xylene isom-
erization and disproportionation. J. Am. Chem. Soc. 140(27) (2018) 8535–8543. Copyright (2018), 
American Chemistry Society.



284  Heteropolyacids as highly efficient and green catalysts

increased so that one Keggin unit per unit cell of NU-1000 was obtained, the hybrid 
catalyst showed an initial reactivity in the examined CC skeletal rearrangement 
reaction, which was even higher than that of the reference WOx-ZrO2 catalyst.

In a study [87], a mesoporous MOF, i.e., COK-15, was investigated in the 
alcoholysis of styrene oxide (Fig. 5.10); this reaction was characterized by low 
selectivity. The COK-15 catalyst not only demonstrated a significant activity 
(100% conversion), but also accomplished 100% selectivity for 2-methoxy-
2-phenylethanol after 3 h at 40°C. In comparison, the microporous Cu-BTC 
and POM@Cu-BTC only exhibited 2% and 40% conversion, respectively. The 
authors attributed this good performance of the COK-15 to the mesoporous fea-
ture that enabled an efficient mass transport. In addition, the catalyst was recy-
clable for at least four cycles, with insignificant loss of selectivity and activity.

The Mn-POM@MIL-100 (30 wt% loaded) was assessed for its catalytic ef-
ficiency in the reduction of p-nitrophenol to p-aminophenol by means of NaBH4 
[88]. While both compounds individually showed no catalytic activity, the com-
posite demonstrated an excellent performance, even comparable with those of 
the catalysts containing noble metals. The authors attributed the high observed 
catalytic activity to the fact that the Mn-POM facilitated the electron transfer 
from BH4

− to the Fe3 + Lewis acid sites of the MOF, since they thought that the 
MIL-100 alone was not able to accept electrons directly from BH4

−.
In addition, Shul and coworker [34] observed a distinct acid-base synergy 

when exploring the core-shell structured heteropoly acid-functionalized ZIF-8 
in the production of biodiesel via the transesterification of rapeseed oil with 
methanol. More than 95% of the rapeseed oil was converted to biodiesel be-

FIG. 5.10  A copper benzene tricarboxylate metal organic framework, COK-15, with a wide per-
manent mesoporous characteristic stabilized by Keggin polyoxometalate ions for the methanolysis 
of styrene oxide. Adapted with permission from L.H. Wee, C. Wiktor, S. Turner, W. Vanderlinden, 
N. Janssens, S.R. Bajpe, K. Houthoofd, G. Van Tendeloo, S. De Feyter, C.E.A. Kirschhock, J.A. 
Martens, Copper benzene tricarboxylate metal-organic framework with wide permanent meso-
pores stabilized by Keggin polyoxometallate ions. J. Am. Chem. Soc. 134(26) (2012) 10911–10919. 
Copyright (2012), American Chemistry Society.
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cause of simultaneous basicity of the imidazolate groups on the MOF and the 
presence of the acid functionalities of the polyoxometalate.

5.6.3  Electrocatalysis

In addition to the application of POM@MOF hybrids in organocatalysis systems, 
polyoxometalates demonstrate intriguing electrocatalytic properties since they 
can go through fast, reversible multielectron transfers [89]. In this setting, poly-
oxometalates have revealed great potential in the electrochemical oxygen evolu-
tion reaction (OER) as homogenous catalysts [90]. Although remarkable progress 
has been made in this field, not many reports may be found on the encapsulation 
of polyoxometalates in the cavities of MOFs for the electrocatalytic oxidation of 
water. This may be attributed to the fact that the MOFs mostly have a low electri-
cal conductivity while being highly hydrophobic. Das et al. [91,92] reported the 
very first case of the encapsulation of an unsubstituted Keggin polyoxometalate 
within an MOF to be utilized in the electrocatalytic oxidation of water. A one-pot 
synthesis was conducted to insert the [CoW12O40]

6 − anion in the size matching 
cavity of ZIF-8. The POM@MOF catalyst showed excellent stability, since only 
a very slight drop in the catalytic current was detected after 1000 catalytic runs 
and no leaching of the cobalt-based species was noted. Zhang and coworkers [93] 
successfully coated ZIF-67 with H3PW12O40. The unique yolk/shell structure of 
the ZIF-67@HPW catalyst enabled a fast charge transfer as well as high electrical 
conductivity giving rise to a substantial reduction of the overpotential.

Moreover, in these examples of oxygen evolution reaction (OER), poly-
oxometalates have demonstrated a great potential in the second half reaction 
for water-splitting, i.e., the hydrogen evolution reaction [94]. Nevertheless, to 
resolve their weak points, especially the limited stability of polyoxometalates 
in the highly acidic pH for, which is required for hydrogen evolution reaction, 
Zhang and coworkers [95,96] encapsulated polyoxometalates in metal-organic 
nanotubes (MONTs), which could be regarded as a special type of MOF. The 
best POM@MONTs electrocatalyst exhibited an overpotential of 131 mV (at a 
current density of 10 mA cm− 2), far better than other POM-based MOFs (exhib-
iting overpotentials above 200 mV) [97].

5.6.4  Photocatalysis

In view of the exceptionally large-scale application of solar energy, the POM@
MOF species have proven especially attractive for their utilization in the pho-
tocatalytic reactions driven by the visible light. In recent years, they have been 
particularly used as a catalyst for proton reduction. In this field, in et al. [35,98] 
reported the integration of the two necessary components, i.e., a photosensi-
tizer, [Ru(bpy)3]

2 + or [Ir(ppy)2(bpy)]+, and a hydrogen evolution catalyst, into 
a zirconium-based MOF to conduct the proton reduction. Using a prefunction-
alized [Ir(ppy)2(bpy)]+-derived dicarboxylate ligand, a nickel-based anionic 
polyoxometalate was embedded into the highly cationic MOF [35]. For the hier-
archically organized POM@MOF assembly, a TON value of 1476 was recorded 
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which allowed facile electron transfer owing to the proximity of the Ni4P2 to 
multiple photosensitizers in Ni4P2@MOF.

Li and coworkers [99] synthesized the first water-soluble supramolec-
ular MOF, i.e., SMOF-1, via a self-assembly process from the hex armed 
[Ru(bpy)3]

2 +-based precursor and cucurbit uril (CB). The resulted polyca-
tionic SMOF-1displayed a weak gas adsorption ability. However, it could 
receive the bulky redox active anion [P2W18O62]

6 −. The resultingWD-POM@
SMOF-1 produced hydrogen approximately four times more than that of its 
heterogeneous counterpart. The authors believed this high activity was due to 
a unique encapsulation pattern in which each cavity hosted one guest. Such 
a pattern allowed:

	 (i)	 quick diffusion and close contact of the hydronium and methanol mol-
ecules; and

	(ii)	 easy electron transfer from the excited [Ru(bpy)3]
2 + to theWD-POM.

Dolbecq and coworkers reported the first photoactive POM@MOF cata-
lyst free of noble metals [100]. A cobalt-based polyoxometalate with redox 
activity was embedded in a light-harvesting porphyrinic MOF, designated 
by MOF-545, for oxidation of water by the visible light as illustrated in 
Fig. 5.11; simply put, the catalyst and the photosensitizer were both incor-
porated into the same porous substance. The evolution of the oxygen gas 

FIG. 5.11  A POM@MOF catalyst completely free from noble metals for the photocatalytic oxi-
dation of water. Reprinted with permission from G. Paille, M. Gomez-Mingot, C. Roch-Marchal,  
B. Lassalle-Kaiser, P. Mialane, M. Fontecave, C. Mellot-Draznieks, A. Dolbecq, A fully noble metal-
free photosystem based on cobalt-polyoxometalates immobilized in a porphyrinic metal-organic 
framework for water oxidation. J. Am. Chem. Soc. 140(10) (2018) 3613–3618. Copyright (2018), 
American Chemistry Society.
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started when the system was exposed to light and increased linearly with 
time until a steady state was reached after the catalysis was continued for 1 h.  
The authors asserted that the unparalleled activity of this three-in-one photo-
active catalyst resulted from:

	 (i)	 the immobilization of the porphyrin ligand in the MOF, which raised its 
oxidizing power; and

	(ii)	 the entrapment of the Co-POM within the pores of MOF-545, which led to 
an increase in the stabilization the polyoxometalate catalytic sites.

In a novel study by Niu and coworkers [101], the integration of a photosen-
sitizer, electron donor, and acceptor into one single framework was realized. 
In order to synthesize this zinc-based framework, a photosensitizer compound, 
N,N′-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide (DPNDI), was used 
as the organic ligand; pyrrolidine-2-yl-imidazole and the [BW12O40]

5 − anion 
were used as the electron donor and electron acceptor, respectively (Fig. 5.12). 
The obtained Zn-DPNDI-PYI catalyst was tested over the oxidative coupling 
reaction of benzyl amine and displayed a conversion of 99% after 16 h. This 
great activity was resulted from the successive photo-induced electron transfer 
(con PET) processes; however, it was also assigned to a long-lived charge sepa-
rated state.

FIG. 5.12  Zn-DPNDI-PYI as a photocatalyst for the coupling reaction of primary amines and 
oxidation of olefins by means of air under visible light. Reprinted from J.C. He, Q.X. Han, J. Li, 
Z.L. Shi, X.Y. Shi, J.Y. Niu, Ternary supramolecular system for photocatalytic oxidation with air by 
consecutive photo-induced electron transfer processes. J. Catal. 376 (2019) 161–167. Copyright 
(2019), with permission from Elsevier.
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5.7.  Polyoxometalate hybrids covalently immobilized 
onto mesoporous supports

5.7.1  Polymer-supported polyoxometalates catalysts

Polymeric substances, particularly organic polymers, have been extensively ex-
amined owing to their adjustable and abundant structures, functionality, and 
easy operation [102]. Polymers have proven appropriate as supports for hetero-
geneous catalysts, due to advantages such as easy production and low weight. 
In addition, the organic frameworks of polymers allow them to be compatible 
with organic substrates. Consequently, during the past decade, the synthesis of 
polyoxometalates/polymer hybrid substances or polymer-supported polyoxo-
metalates catalysts has been of great interest [103]. Leng and Wang worked thor-
oughly on polyoxometalate-based hybrids for a variety of catalytic reactions, 
including esterifications [104], epoxidation of alkenes mediated by hydrogen 
peroxide [105,106], oxidation of alcohols [107,108], and hydroxylation of ben-
zene [109]. The synthesis of the catalysts was achieved by the anion exchange 
of different organic groups’ functionalized polymers or ionic copolymers with 
heteropoly acids of Keggin type. The was able to synthesize a polyoxometalate-
based cross-linked ionic copolymer via the anion exchange of a novel ionic 
copolymer with a Keggin heteropoly acid and containing amino groups and 
designed for a specific task (Fig. 5.13) [105]. The afforded hybrid catalyst was 
tested over the liquid-solid heterogeneous epoxidation of alkenes with aqueous 
hydrogen peroxide. Promising results were observed as the supported system 
displayed a conversion of 98.5% for the cyclooctene with 100% selectivity. The 
values were higher in comparison with the polyoxometalate alone, exhibiting 
the effectiveness of the hybrid substance.

Porosity significantly affects the interactions between the catalyst and the 
surface, the mass transfer efficiency, and the substrate accessibility [110].  

FIG.  5.13  Synthesis of the ionic hybrid AB-BM-POM. Reprinted from Y. Leng, W. Zhang, J. 
Wang, P. Jiang, A novel heteropolyanion-based amino-containing cross-linked ionic copolymer 
catalyst for epoxidation of alkenes with H2O2. Appl. Catal. A. Gen. 445-446 (2012) 306–311. 
Copyright (2012), with permission from Elsevier.
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Based on these factors, plenty of mesoporous polymers have been synthesized 
and utilized as a support for a heterogeneous catalyst. Additionally, many ap-
proaches have been proposed for the examination of the porosity effects of the 
polymeric supports on the reactions catalyzed by polyoxometalates.

Ryoo and coworkers [111] prepared an ordered mesoporous polymer. After 
the prepared polymers were functionalized with ammonium groups, the Ishi-
Venturello polyperoxotungstate anion, [PO4{WO(O2)2}4]

3 −, was immobilized 
by introducing it as a counter ion to the ammonium group. The hybrid material 
was observed to have good catalytic performance in the epoxidation of olefins 
in liquid phase, by means of an aqueous solution of hydrogen peroxide as an 
oxidizing agent. Easy filtration and reuse of the catalyst with no considerable 
loss of activity were among the other characteristics of the process.

As a final instance, Xiao and coworker [112] synthesized a hybrid cata-
lyst in which the polyoxometalate ion was covalently grafted on a polymer 
surface. Covalent immobilization was accomplished via the surface reaction 
of two polyoxometalate clusters modified azido-organically with functional-
ized groups on the channel surface of the macroporous resin. The prepared 
catalyst displayed high activity and selectivity for the oxidation of tetrahy-
drothiophene. The approach had the advantage that the catalyst was reusable 
many times.

5.7.2  Polyoxometalate catalysts supported on mesoporous 
transition metal oxide

As the materials science and synthetic technology develops, various mesopo-
rous transition metal oxide materials, such as zirconium dioxide, chromium 
(III) oxide, and iron (III) oxide, have been designed and used as catalyst sup-
ports. They are regarded as ideal supports owing to adjustable chemical com-
position, inert framework which is resistant against the corrosion of the guest 
materials, porous structure, as well as the ability to establish strong host/guest 
interactions for higher catalytic performance. Consequently, many efforts have 
been made to immobilize the active sites of a polyoxometalate on a mesoporous 
transition metal oxide to synthesize an anchored homogeneous catalysts. In or-
der to synthesize new hybrid catalysts, Armatas et al. [113] utilized phospho-
molybdic acid (HPMo) in combination with nanocrystalline zirconium dioxide 
or with nanocomposite mesoporous frameworks of Cr2O3. For the ZrO2 case, 
the synthesis was conducted via a sol-gel copolymerization route assisted by 
a surfactant, and different HPMo loadings were examined for the synthesized 
species. Various characterization techniques revealed that HPMo maintained its 
Keggin structure inside the mesoporous frameworks. These species were ap-
plied in the oxidation of alkenes by means of hydrogen peroxide as an oxidizing 
agent demonstrating an extraordinary stability. For the Cr2O3 case, the same 
Keggin-type heteropoly acid was utilized with Cr2O3 to prepare well-ordered 
mesoporous frameworks. The hexagonal mesoporous SBA-15 was utilized as 
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a hard template. Again, the hybrid species were applied in oxidation reactions, 
specifically in the oxidation of 1-phenylethanol with hydrogen peroxide as an 
oxidizing agent [114].

Skliri and coworkers [115] synthesized ordered mesoporous composite 
catalysts containing nano crystalline tetragonal zirconium dioxide and tungsto-
phosphoric acid (HPW) and silicotungstic (HSiW) acid via a copolymerization 
route assisted by a surfactant. The authors showed that the inclusion of HPW 
and HSiW clusters in the mesoporous framework efficiently affected the catalytic 
activity of these materials. Although ZrO2 and heteropoly acids alone exhibited 
little catalytic activity, the ZrO2-HPW and ZrO2-HSiW heterostructures displayed 
surprisingly high activity in the oxidation of 1,1-diphenyl-2-methylpropene by 
means of hydrogen peroxide under mild conditions. In addition, Guo and cowork-
ers [116–118] synthesized an array of mesoporous HPW/ZrO2-Si(Et/Ph)Si and 
HPW/ZrO2-Si(pH)Si hybrid catalysts using a template-assisted, one-pot, sol-gel 
condensation-hydrothermal treatment route. The first catalyst was used as a green 
solid acid catalyst in the transesterification of inexpensive oil from Eruca Sativa 
Gars with methanol to afford methyl esters of fatty acids under atmosphere reflux-
ing. The synthesized catalyst demonstrated higher catalytic activity in comparison 
with alkyl-free HPW-ZrO2 [116]. Su et al. [117] utilized the prepared catalysts for 
the esterification of levulinic acid with a variety of alcohols under moderate con-
ditions owing to their pore morphologies, acidity, and textural properties.

5.7.3  Polyoxometalate catalysts supported on zeolites

Zeolites may be utilized as a support for the synthesis of novel hybrid catalysts. 
Many types of processes can be accomplished with zeolites used as supports in 
the heterogenization of polyoxometalates. In most cases, heteropoly acids are 
impregnated onto the surface of zeolites or encapsulated within the pores. Wang 
and coworkers [119] supported HPW on dealuminated ultra-stable Y zeolite 
(DUSY) by an impregnation method. Then its physicochemical properties were 
characterized. The HPW catalyst supported on DUSY showed a high catalytic 
activity for the acetalization of ethylacetoacetate in liquid phase with ethylene 
glycol as a synthesis route to fructose. Nevertheless, continuous leaching of the 
heteropoly acids into the reaction medium resulted in poor catalytic stability.

In addition, Mukai and coworkers [120] used a Y-type zeolite for the encap-
sulation of HPMo as a catalyst for the esterification of acetic acid with etha-
nol. The authors studied the influence of the Si/Al ratio in the zeolite on the 
amount of HPMo encapsulation. They came to the conclusion that HPMo could 
be formed within the super cavities of the support when the number of alumi-
num atoms per unit cell was approximately in the range of 4–20. As soon as the 
number exceeded this range, it was probable that the support was destroyed dur-
ing the synthesis of the catalyst as the durability in acidic solutions was low for 
supports with high contents of aluminum. Besides, the encapsulation of HPMo 
using supports with very low aluminum contents was a difficult process.
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The same team [121] examined the effect of other parameters, such as the 
temperature and the solvent nature, on the amount of heteropoly acid inclusion 
as well as the stability of the resulted encaged catalyst. It was revealed that by 
tuning the reaction temperature, the stability of the resulted encaged catalyst 
could be improved. It was also established that adding t-butyl alcohol to the so-
lution of the catalyst synthesis resulted in an active and stable encaged catalyst, 
even at low temperatures.

Jarrahi et al. [122] prepared novel nanohybrid material, i.e., H6P2W18O62/
nanoclinoptilolite, to utilize it as a reusable, efficient catalyst in the mild, one-
pot condensation of an array of acetophenones. These zeolites contained open 
tetrahedral cavities that provide a system of channels; the sizes of such channels 
are determined by the silicon content. The cages are formed with a network of 
8- and 10-membered rings.

5.7.4  Mesoporous silica-based heteropoly acid catalysts

Mesoporous silica species are characterized by a variety of excellent textural 
parameters, e.g., great surface areas and pore volumes, a narrow distribution of 
pore sizes, as well as special quantum size effects [123,124]. Moreover, the syn-
thesis and modification of mesoporous silica is readily adjustable in a continuous 
wide arrangement. Therefore, mesoporous silica materials, particularly high-
ordered mesoporous silicas [124], have been extensively applied as supports for 
the immobilization of polyoxometalates in the heterogeneous catalysis reactions.

There are a variety of strategies, including impregnation, ion exchange, sol-
gel techniques, and covalent grafting, to synthesize mesoporous silica catalytic 
species loaded with heteropoly acids.

One can divide the immobilization of polyoxometalates onto the surface of 
mesoporous silica into three different groups. The first group includes no vacant 
heteropoly acids bound to the silica supports via the protonation of the hydroxyl 
groups on the surface and through the interaction of the resulted SiOH2

+ 
species with the external oxygen atoms on the heteropoly acids. In the second 
group, the polyoxometalate anchoring inside the channels of mesoporous sub-
stances functionalized by positive alkylammonium or imidazolium groups are 
concerned. Eventually, the third group deals with polyoxometalates covalently 
grafted on the surface.

5.7.4.1  Immobilizing heteropoly acids onto mesoporous 
silica by means of electrostatic interactions
There are numerous cases of heteropoly acids immobilized onto mesopo-
rous. Here, several representative examples will be given for the purpose of 
illustration.

Kaur et al. [125] and Kozhevnikova et al. [126] synthesized silica-supported 
heteropoly acid catalysts by impregnation of Aerosil 300 silica with aqueous 
solution of HPW. The first group tested the catalytic activity of their acquired 
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species over the Friedel-Crafts acylation while the second group tested theirs on 
the Fries rearrangement of aryl esters.

In the course of the reaction, even using nonpolar solvents, e.g., dodecane, 
HPW leached from the silica support. The catalyst could, however, be separated 
by filtration and washing with dichloroethane, and reused, although with a de-
crease in activity.

Yadav et al. [127] supported HPW on hexagonal mesoporous silica. The af-
forded catalyst was observed to be quite active and stable without any deactiva-
tion in green route for the synthesis of acetoveratrone.

Blasco and coworkers [128] used supported the same heteropoly acid (HPA) 
on three different carriers: a commercial silica, an amorphous aluminosilicate 
(MSA) of a high surface area and an all silica-mesoporous MCM-41. Their cata-
lytic properties were assessed for the alkylation of 2-butene with isobutene. The 
high surface area of the MCM-41 and MSA displayed higher acid dispersions in 
comparison with silica; however, HPW/SiO2 exhibited the highest activity and 
selectivity toward trimethylpentane, and the highest stability. The authors demon-
strated that the heteropoly acid activity was directly dependent on its interaction 
with the functional group on the support. Therefore, in the PW/MSA samples, in 
which the heteropoly acid and the surface sites of the aluminosilicate interacted 
strongly, a lower catalytic activity was predicted. In the PW/MCM-41 samples, 
limited blockage of the monodimensional pores on MCM-41 reduced the avail-
ability of the Brønsted acid sites of the heteropoly acid included inside the pores 
to the reactants. To resolve this pore blockage, a MCM-41 sample with larger pore 
diameters could be used. Chen et al. [129] compared the catalytic and structural 
properties of SBA-15 and MCM-41 as supports for HPW. The results demon-
strated that the mesoporous substances maintained the typical hexagonal meso-
porous as a support for HPW. It was revealed that the heteropoly acid displayed a 
higher degree of dispersion within MCM-41 than SBA-15 and other mesoporous 
molecular sieves. Furthermore, the synthesized materials were observed to be the 
effective catalysts for the environmentally benign synthesis of benzoic acid. HPA/
MCM-41 in particular displayed the best catalytic properties, due to appropriate 
structural and textural characteristics.

Popa and coworkers [130] synthesized an array of HPA-mesoporous silica 
composites fromNiHPMo12O40 by supporting it on SBA-15 mesoporous silica 
in active phase with different concentrations. By impregnating a Ni2 + salt on 
mesoporous silica, the thermal stability of the Keggin structure was raised 
compared with its parent bulk heteropoly acid. In fact, the total acidities of the 
strong and weak acidic sites of NiHPMo12O40/SBA-15 composites were evi-
dently increased compared with the bulk Ni salt.

5.7.4.2  Polyoxometalates noncovalently immobilized onto 
mesoporous materials functionalized with Alkylammonium/
imidazolium groups
Recently, anchoring inside the channels of mesoporous materials or at the surface 
of oxide nanoparticles functionalized with positive alkylammonium or imidazolium 
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groups has been used more than before. These electrostatic interactions, though they 
strengthen the POM-support link, do not thoroughly prevent the leaching of the sup-
ported active phase, especially for catalytic processes that take place in usual polar 
solvents or in ionic liquids. Several examples of such case will be presented.

As the very first workers, Kera et al. prepared a series of catalysts by deposit-
ing a heteropoly acid on silica gel utilizing their ion-exchange properties modi-
fied by an agent with an amino group. Indeed, the amounts of the heteropoly acid 
adsorbed and/or deposited increased in proportion with the modification extent.

Amini and coworkers [131] immobilized HPW and H14[NaP5W30O110] on 
the inner surface of mesoporous MCM-41, silica gel and fume silica using 
chemical bonding to aminosilane groups. Of the functionalized silica species, 
MCM-41 exhibited the largest amine/silica and the least heteropoly acid/silica 
ratios. The species were characterized by different methods including IR spec-
troscopy, low-angle XRD, and BET surface area analysis.

Yamanaka and coworkers [132] designed and prepared catalysts consisting 
of a heteropoly acid and organ grafted mesoporous silica. The resulted species 
were used over the ester hydrolysis in water with extraordinary catalytic activ-
ity. The authors demonstrated that the nanostructure due to mesoporous silica 
raised the availability of the active sites to the aqueous reaction mixture in spite 
of being surrounded by hydrophobic moieties.

Richards et  al. [133] formulated a hybrid catalyst consisting of 
tetrairon(III)-substituted polytungstates immobilized on SBA-15-modified by 
3-aminopropyltriethoxysilane. The synthesized material demonstrated excellent 
catalytic performance for the solvent-free oxidation of long-chain n-alkanes 
using air as an oxidizing agent under ambient conditions via a classical free-
radical chain autoxidation mechanism. In addition, the anchored catalyst was 
recyclable for several runs without losing catalytic activity. Nomiya et al. [134] 
proposed a new methodology for grafting polyoxometalates with transition 
metal substitutes onto a modified silica surface. A Keggin-type, VV-substituted 
polyoxomolybdate, i.e., [PMo11V

VO40]
4 − (PMoV), was electrostatically an-

chored to a modified silica surface with a cationic ammonium moiety. The re-
sulted PMoV-grafted silica material displayed higher activities in comparison 
with those of homogeneous PMoV reactions for the oxidation of a variety of 
alcohols under oxygen gas (1 atm) in the presence of isobutyraldehyde (IBA).

Fraissard and coworkers [135] devised a protocol for the preparation of acid 
onium salts of Keggin heteropoly acids through an ion exchange process on the 
amorphous silica functionalized with pyridinium and alkyl imidazolium cations 
(SiO2-Q). The interaction between the heteropoly acid and the surface-grafted cat-
ions provided the acid salts of the heteropoly acid with the Keggin structure intact.

5.7.5  Covalent grafting of polyoxometalates onto mesoporous 
materials

There exist a few examples in which polyoxometalates are covalently bound 
to an oxide support. This covalent linking may be accomplished by two 
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different methods. In the first approach, polyoxometalates with transition-
metal substitutes are attached onto the surface by means of coordination of the 
transition-metal centers of the polyoxometalates with the nitrogen atoms of 
porous materials with alkylamine substitutes. As an example, this method has 
been followed with [M(H2O)PW11O39]

5 − (M = CoII, NiII) (Fig. 5.14). A study 
by Stein et al. [136] was among the very first ones revealing a covalent linkage 
between the polyoxometalate with transition-metal substitutes and mesoporous 
silica. Polyoxometalate with transition-metal substitutes of the type [MII(H2O)
PW11O39]

5 − (M = Co, Zn) and [SiW9O37{CoII(H2O)}3]
10 − has been chemically 

anchored to modified macroporous (400 nm pores), mesoporous (2.8 nm pores), 
and amorphous silica surfaces. The availability of the open coordination sites 
to such clusters of polyoxometalates with transition-metal substitutes enabled 
them to be chemically anchored to the surfaces of the functionalized supports. 
The catalytic activity of each supported cluster was tested over the epoxidation 
of cyclohexene to cyclohexene oxide in the presence of isobutyraldehyde. More 
examples are described in [138,139].

Yet, many questions remain regarding the strength of the link between the 
transition metal cations and the surface in the course of the catalytic process, 
while these cations play the role of active centers as well. The second method is 
related to the direct grafting of a Keggin-type, mono-, or divacant polyoxometa-
late on the surface of the ordered porous silica through organosilane moieties. 
In that case, polyoxometalates are incorporated either by a postsynthesis route 
or by copolymerization with silicon precursors. Following the second approach, 
Stein and coworkers [137] prepared three-dimensionally ordered macroporous 
(3DOM) silica species functionalized with the direct synthesis of highly dis-
persed polyoxometalate clusters. Lacunary clusters of γ-decatungstosilicate 
were entrapped inside the wall structures of macroporous silica through the 

FIG. 5.14  A schematic of the covalent linking of polyoxometalates via grafting organosilanes 
onto the silica or direct coordination of polyoxometalate with transition-metal substitutes and or-
ganically modified supports [136,137]. ACS publication.
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reaction of the clusters in an acidic solution with tetraethoxysilane, with or 
without adding the polyfunctional linking group 1,2-bis(triethoxysilyl)ethane. 
Afterward, condensation around polystyrene colloidal crystals was effected. 
The porous hybrid species were produced upon the removal of the polystyrene 
template by extraction with a tetrahydrofuran/acetone solution. The prepared 
species were observed to show catalytic activity over the epoxidation of cy-
clooctene with an anhydrous hydrogen peroxide/t-BuOH solution at ambient 
temperature. Yang and coworkers [139] prepared new polyoxometalate (POM)-
grafting mesoporous hybrid silicas, XW11/MHS (X = P, Si) and TBAPW11Si2/
MHS through cocondensation and postsynthesis routes utilizing the Keggin-
type monovacant XW11 or a Si-substituted compound, i.e., TBAPW11Si2, as 
precursors for the polyoxometalates in the presence of block copolymer P123 
(EO20PO70EO20) under acidic conditions [140,141]. These species, particularly 
the cocondensed samples, displayed reversible and stable photochromic proper-
ties under ultraviolet irradiation even though no additional organic component 
was supplied as an electron donor. Nevertheless, in both cases the authors have 
mentioned the cleavage of some links between the polyoxometalate and the sur-
face because of the rather weak {SiOW} bonds, even after mild heating of the 
materials (45°C). Moreover, no more nucleophilic oxygen atoms were available 
for metal substitution due to the implementation of the binding strategy.
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Chapter 6

Applications of heteropoly acids 
in industry

6.1.  Introduction

Green catalytic processes as well as catalytic processes for greener products 
play key roles in green chemistry [1,2]. However, since green chemistry takes 
the whole life cycle of a product into account, the priority of research and de-
velopment could not be determined unless the greenness of the product or pro-
cess for the whole system is assessed. Therefore, it is necessary to establish the 
concept of greenness or a green index, which is usable without much difficulty. 
It should be noted that this is not an easy task. In order to assess the greenness 
in a quantitative manner, or the extent to which the undesirable environmental 
impact is reduced, the following factors should be considered:

(1)	 resource consumption;
(2)	 energy consumption;
(3)	 distasteful effects on humans;
(4)	 undesirable effects on eco-systems; and.
(5)	 safety (physical, chemical, and biological) in addition to efficiency.

Thus, for conducting the chemical reactions in large-scale production [1], 
the principles suggested for green chemistry should be practically considered. 
The most important one is selection of green and eco-friendly catalyst. In this 
regard, heteropoly acids are considered as promising candidates. Several suc-
cessful examples have already shown that heteropoly acids are actually applied 
as green catalysts in different industries. In addition, since they have been used 
as active solid acid catalysts offering unique reaction fields such as pseudoliq-
uid, i.e., catalytically active solid solvent, they are expected to find more sus-
tainable applications in future. It is worthy of mention that in spite of their great 
properties and merits, heteropoly acids show some limitations in industrial ap-
plications due to their low surface area, usually less than 10 m2/g, difficulty of 
handling, and high solubility in many solvents that lowers their recyclability. 
Therefore, different methods have been tried to immobilize such homogeneous 
catalysts on various supports to transform them into heterogeneous ones and 
resolve the abovementioned serious drawbacks [3].
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6.1.1  Successful industrial applications of heteropoly acid 
catalysts and their greenness

There are already many large-scale industrial processes in which heteropoly 
acid catalysts are utilized [4–6]. Two examples are presented highlighting their 
characteristic features and greenness aspects. Both instances show that hetero-
poly acid catalysts can affect highly efficient and green synthetic processes not 
only as solid catalysts but also as soluble biphasic catalysts.

(a)	 Hydration of isobutylene. This process furnishes the starting material (t-butyl 
alcohol or a mixture of isobutylene and water) for the oxidation of isobutylene 
to methacrylic acid in two steps. The process proceeds by separating selectively 
isobutylene from BB spent (BBS) of naphtha cracking, which contains isobu-
tylene, ~ 50%, and 1- and 2-butenes, ~ 50%. The 1-butene and 2-butene left 
after the reaction (BBSS) are used as raw materials, e.g., for linear low density 
polyethylene (LLDPE) (Scheme 6.1).

The excellent activity and selectivity of heteropoly acid catalysts are realized 
when their concentrations are more than 50 w/w%. The high activity observed is 
attributed to the strong acidity, increased solubility of butenes, as well as the for-
mation of a complex with the carbocation intermediate. The high selectivity is 
because of the preferred coordination of the heteropoly anion with isobutylene 
[7]. The established process is comparable with competing processes in which 
H2SO4 and ion-exchange resins are used as catalysts.

Depicted in Fig. 6.1 is the flowchart of the process industrialized by Asahi 
Chemical Company. An under-pressure mixture of butenes is counter-currently 
put in contact with 50 w/w% or more concentrated aqueous solution of hetero-
polymolybdate below 83°C to give tert-butyl alcohol with a yield of 90%–100%. 
The reactions of 1-butene and 2-butene are quite low. In the biphasic liquid, 
tert-butyl alcohol is chiefly present in the aqueous catalyst solution, which is 
readily separable by a decanter. After removing the small amount of butenes, it 
is distillated under reduced pressure. Then, tert-butyl alcohol is collected from 
the top of the distillation column, while the bottom is directly recycled back to 
the reactor. Although the product, tert-butyl alcohol, contains about 15 w/w% 
water, it can be directly fed to the subsequent oxidation process which requires 
steam as well.

The described process is a simple, one-step process. Water, butenes, and the 
catalyst are the only used components. The catalyst, which is not corrosive, is 
directly recycled after a simple separation. It is remarkable that the heteropoly 

SCHEME 6.1  The hydration of isobutylene.
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acids catalyst has a life cycle of more than 10 years. The plant investment was 
about one half and the utility consumption was around 60% of that of the sul-
furic acid process. In the sulfuric acid process, extraction and decomposition of 
the sulfuric ester is required. In addition, sulfuric acid is extremely corrosive. 
On the other hand, the ion-exchange resin process requires a mixture of water 
and acetic acid as the solvent to enhance the contact of the reactants with cata-
lyst. The corrosion problem caused by acetic acid may therefore be inevitable, 
and the hydrolysis of butyl acetate is an unavoidable coproduct.

Regarding the by-products, the heteropoly acid process proceeds quite selec-
tively; the oligomer of isobutylene is formed less than 0.1% and the conversion 
of n-butene takes place less than 0.05%. In comparison, the values for the sulfu-
ric acid process are 4%–8% and 0.4%–0.8%, respectively. Thus, the latter needs 
laborious treatment of wastes. Therefore, because of the high selectivity, simple 
separation, and involvement of only reactants and catalyst, the heteropoly acid 
process is a neat, noncorrosive, closed (no waste), energy- and resource-saving, 
compact system, which may be regarded as a highly green process.

(b)	 Polymerization of tetrahydrofuran. This reaction serves as a ring-opening 
polymerization process to convert tetrahydrofuran to polyoxytetrameth-
yleneglycol, which has applications in the manufacture of elastics fiber and 
elastomers. The reaction proceeds with efficiency and selectivity (narrower 
molecular weight distribution) also in a biphasic liquid system (tetrahydro-
furan and catalyst phases). Over a definite range of the molar ratio of water, 
tetrahydrofuran, and heteropoly acid, the reaction proceeds in a biphasic 
system, giving the desired catalytic activity. The product is recovered from 
the tetrahydrofuran phase, and the catalyst phase is recycled repeatedly. It 
was supposed that the proper solubility of the product in the tetrahydrofuran 
phase controlled the molecular weight providing a narrower distribution of 

FIG.  6.1  Flowchart of the process for selective hydration of a mixture of isobutylene, 1- and 
2-butene (Asahi Chemical Company).
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the molecular weight [8]. The flowchart of the process also industrialized 
by Asahi Chemical Company is essentially the same as that for the tert-
butyl alcohol process illustrated in Fig. 6.1, but even simpler. The separa-
tion step is very simple. The catalyst, unreacted tetrahydrofuran, containing 
water, and a small amount of by-product (tetrahydrofuran oligomers) may 
be recycled to the reactor without any purification, as they are indeed the 
ingredients of the reaction system. The heteropoly acid process is therefore 
a simple closed system without producing waste. These features are in con-
trast with preceding processes utilizing super acids like fluorosulfuric acid 
as a catalyst or a combination of acetic acid and perchloric acid. In the lat-
ter, case the catalysts are not totally reused, and the waste treatments as well 
as further treatment of the product are inevitable. The plant investment and 
cost of utility consumption for the heteropoly acid process were evaluated 
to be less than one half of the preceding processes.

This is another good instance of green processes utilizing heteropoly acids 
as a soluble acid catalyst.

Due to the importance of heteropoly acids as solid acids in organic chemis-
try and industrial, in this chapter we try to highlight the applications of hetero-
poly acids in chemical (e.g., desulfurization), pharmaceutical, food industries, 
biomass, and removal of pollutant.

6.2.  Applications of heteropoly acids in the chemical 
industry

In recent decades, desulfurization of gasoline has received increasing atten-
tion, chiefly for environmental reasons. The growing strict regulations restrict-
ing sulfur contents in the gasoline produced by fluid catalytic cracking (FCC) 
drastically demand developing novel refining techniques [9]. Responsible for 
85%–95% of the total sulfur emission, mostly in the form of SOx, FCC gasoline 
has the largest contribution to the sulfur pollution. To resolve this, one feasible 
approach is hydrodesulfurization (HDS) [10]. On the other hand, hydrogenation 
is an energy-consuming process decreasing the octane number and the quality 
of gasoline [11,12].

Lately, new non-HDS approaches for production of clean, low-sulfur fuels 
have been studied to eliminate organic sulfur from petroleum fractions. One of 
these approaches is olefinic alkylation of thiophenic sulfur (OATS), first developed 
by British Petroleum in 1999. It is an intriguing way to resolve the problem without 
reducing the octane number and consuming a plenty of energy [13]. In this ap-
proach, acidic catalysis is employed for the alkylation of thiophene and its deriva-
tives in the presence of olefines in gasoline in order to modify the b.p. of thiophene 
and its derivatives. In this way, heavier thiophenic derivatives may be eliminated 
from gasoline by distillation to realize the goal of desulfurization [14,15].

Thiophene and its derivatives are alkylated with olefin through the forma-
tion of a carbocation, for which an acid catalyst is necessary [16]. Among such 
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catalysts, heteropoly acids are increasingly favored by researchers and receiving 
more attention as green solid acid catalysts owing to their very strong Brönsted 
acidity, unique pseudoliquid phase and multifunctionality [17].

Arias et al. [18] reported that silica-supported heteropoly acids were the best 
catalysts among the acidic catalysts of zeolites (Hβ, USY, and MCM-22), silica-
supported phosphoric acid, and silica-supported 12-phosphotungstic (HPW) 
and 12-silicotungstic (HSiW) acids for the alkylation of 3-methylthiophene 
with 2-methyl-2-butene.

To study the FCC gasoline desulfurization, the authors chose the supported 
Keggin-type H3PW12O40 (HPW). Providing a larger surface area and improv-
ing the accessibility of active sites, the supported HPW presented a means to 
eliminate the feature of water-soluble low surface area of bulk HPW. Different 
types of supports have been reported for this purpose, among which notably 
are SiO2 [19], ZrO2 [20], and aluminophosphate molecular sieves [21]. Due 
to aspects such as small size and superparamagnetism, catalysts supported by 
magnetic nanoparticles could be employed in a magnetic fluidized bed reactor 
(MSFBR) and suspension catalytic distillation (SCD), in which fine catalyst 
particles were mixed in the liquid so that sufficient contact with the reactants 
is provided. Additionally, catalysts in these reactors are easily separated in an 
external magnetic field [22–24].

In 2014, Zili and coworkers [25] demonstrated that the alkylation of sulfur 
compounds with olefins was an attractive way to achieve high levels of sulfur 
removal by raising the boiling point of sulfur-containing chemicals to facilitate 
their separation from lighter fractions by distillation. A number of superpara-
magnetic supported catalysts, used for alkylation of thiophene with 1-octene, 
were synthesized by loading HPW onto commercially available nanoparticles, 
γ-Fe2O3 using the wet impregnation method. γ-Fe2O3 nanoparticles with high 
magnetization were chosen as a magnetic support. The catalytic activity of 
HPW supported onγ-Fe2O3 (HPW/γ-Fe2O3) fully optimized in respect with the 
alkylation of thiophene with 1-octene as model compounds of an FCC feed was 
reported. Physicochemical characterizations demonstrated that γ-Fe2O3 could 
be accommodated to immobilize and disperse HPW. In addition, the species 
with 40% loading of the HPW catalyst was found to be the proper catalyst for 
olefinic alkylation of thiophenic sulfur (OATS) being separable in an external 
magnetic field with high magnetization of 26.1 A m2/kg and a mesoporous struc-
ture with a specific surface area of 35.9 m2/g. The catalytic activity was studied 
in the alkylation of thiophene with 1-octene to reveal that the conversion of 
thiophene was up to 46% at 160°C within 3 h. The 40% HPW/γ-Fe2O3 catalyst 
was reusable for six runs without any appreciable loss of activity, being able to 
keep its property of superparamagnetism.

The production of energy has been growingly entangled in environmental 
issues. Fossil fuels account for more than 82% of the world’s energy supply 
[26,27]. In addition, petroleum, with a plethora of hydrocarbons of different 
small molecular weights and large organic compounds, provides half of the fossil 



310  Heteropolyacids as highly efficient and green catalysts

oil [28]. Unfortunately, petroleum-based fuels contain various molecular forms 
of sulfur with huge negative effects on industry and environmental sustainability. 
Furthermore, during combustion, the formed SOx had a major role in air pol-
lution, causing acid rain and destroying after-treatment devices [29,30]. These 
hazards have increased stringent restrictions for fuels to contain the least possible 
sulfur level. Therefore, the desulfurization equipment used in S-containing com-
pounds, mainly for dibenzothiophene (DBT) and its derivatives have to be reno-
vated [31,32]. However, they are hard to remove by the conventional process, 
hydrodesulfurization (HDS), due to the severe temperature and pressure condi-
tions, high levels of hydrogen consumption, and longer times [33]. Therefore, 
finding supplementary and/or alternative cost-effective, energy-efficient tech-
nologies for the purpose of desulfurization are in much demand [34].

Oxidative desulfurization (ODS) may be a good, promising choice under 
mild operation conditions (< 100°C) with no hydrogen requirement under low 
cost [35]. In the ODS process, the O2 gas used as an oxidizing agent is the 
most satisfactory regarding environmental and economic concerns [36,37]. 
Employing graphene oxide and HNO3 modified carbon black as adsorbents, 
Zhang [38] reported a highly effective oxidative-adsorption desulfurization pro-
cess with O2. This method achieved a prominent desulfurization effect on sulfur 
compounds. Jiang [39] used a sort of reverse micellar catalyst in the oxida-
tion of DBT to sulfone using O2. The direct oxidation rate of sulfur level from 
500 ppm to 1.0 ppm was received, chiefly at ambient temperature and pressure. 
During the ODS process, choosing not only the oxidizing agent, but also the 
catalyst, was important. While extensively applied in many fields, heteropoly 
acids have limited industrial uses for their low surface area, usually less than 
10 m2/g, and are difficult to handle [40]. Therefore, different methods have been 
tested to immobilize homogeneous catalysts on various supports to give hetero-
geneous catalysts [41].

Rafiee [42] reported γ-Fe2O3 nanoparticles encapsulated in silica incor-
porated with H3 + nPMo12 − nVnO40 for the deep extractive desulfurization to 
yield a high DBT conversion rate from a model fuel. Qianghua Qiu and co-
workers [43] precipitated phosphomolybdic acid (HPMo) on mesoporous 
silica to study them in the oxidative desulfurization process. Owing to their 
well physicochemical properties, chiefly for their low volatility and tenabil-
ity, ionic liquids are regarded as promising alternative solvents for desulfuriza-
tion. In addition, such green solvents make the most important contribution to 
the extraction of the oxidized products [44,45]. Replacing cations in polyoxo-
metalates by ionic liquids as catalysts is extensively used in the ODS process 
[46,47]. Ali Abdalla and coworkers [48] prepared highly ordered mesoporous 
materials such as (Bu4N)4H3(PW11O39)/MCM-41 with different loadings of 
(Bu4N)4H3(PW11O39) by impregnation methods. Under the application of ODS, 
97.2% of the sulfur was removed. Benefiting the large lipophilic hydrocarbon 
moiety of the quaternary ammonium salt, the catalysts could be distributed in 
oil, favoring faster reaction rates and less mass transfer resistance.
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Zhao et al. [49] examined catalysts with polyoxometalates modified by one 
N atom, two N atoms, and cyclic N type of quaternary ammonium salt ionic 
liquid (S-POM, D-POM, and C-POM, respectively) to accomplish the advan-
tages of heteropoly acids and ionic liquids. The authors focused on the catalytic 
performance on the polyoxometalates modified by ionic liquids. In addition, 
different types of ionic liquids were compared to obtain the best catalytic per-
formance on the industrial scale. The relative heterogeneous catalysts system 
for oxidative desulfurization was obtained from simple one-pot hydrothermal 
reaction and modified heteropoly acids in the pores of MCM-41 after the MOF-
199 template self-assembly (S/D/C-POM@MOF@MCM-41). Results revealed 
that the S/D/C-POM active species could be successfully immobilized into 
the mesoporous materials without any change in their Keggin structures. The 
C-PMM demonstrated excellent performance for oxide sulfurization and under 
optimal conditions, the DBT removal rate could reach 100% in 90 min and the 
catalyst was reusable for more than 10 runs with almost no significant reduction 
in its activity. Testing the method on the real diesel oxidative desulfurization 
revealed that almost all the sulfur compounds could be completely removed.

In order to solve the problem of heteropoly acids with low solubility in or-
ganic solvents, catalysts with supported heteropoly acids are widely prepared 
in which the support could increase their catalytic activity and recovery rate 
[50]. Common supports such as carbon materials [51,52], MOFs [53,54], and 
metal oxides [55] share features like high surface area and high thermal stabil-
ity. Much effort has been devoted to the modification and functionalization of 
the abovementioned supports [56] or combinations of them [57] to better immo-
bilize the heteropoly acids and achieve the highest catalytic property. MOF-199 
is a porous support of high surface area as well as high thermal and chemical 
stability. Owing to their porosity, MOFs can be employed to promote the ap-
plications in the field of catalyst under ODS [58]. In addition, it was proved 
that the catalytic activity could perform better when heteropoly acid was en-
capsulated in MOF-199 [59]. Under the conditions of 1.0 g/L catalyst, 150 min, 
60°C, and 500 rpm in the lab environment, sulfur conversion efficiency reached 
100%. However, powder catalysts were found to be inappropriate for the real 
industrial settings. In those settings, it was highly expensive to filter and recover 
the powder catalysts. When the powder was compressed into tablets for eco-
nomic considerations in the industry, the advantage of high surface area of the 
catalyst was lowered and its catalytic ability was largely restricted. To produce 
catalysts fitting into the needs in the real industry, the author tried three differ-
ent methods—hydrothermal, impregnation, and impregnation-hydrothermal—
to design a series of catalysts through immobilizing the heteropoly acid and 
MOF-199 on cellulose acetate.

The model oil was prepared by transferring 0.663 mL of thiophene into a 
250-mL volumetric flask and diluting with n-octane to volume and mixing. The 
sulfur content in the model oil was 1000 ppm. The oxidative reactions were 
conducted in a 100-mL three-neck flask connected to a pump to feed oxygen, 
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a magnetic stirrer, and a reflux condenser. The flask contained 50 mL of the 
model oil (containing 0.133 mL thiophene and 49.867 mL n-octane), as shown 
in Scheme 6.2. Before the experiments, the catalysts were dried under vacuum 
pressure at 50°C overnight. From the test sample, 0.2 mL was collected from n-
octane solution every 30 min and analyzed by gas chromatography to calculate 
the sulfur removal efficiency calculated by the following equation.

where C0 and C are the initial and final concentration of S-compounds in the oil 
phase at initial and final reaction time (t), respectively.

The best heteropoly acid loading and optimal conditions for desulfurization 
were also investigated, while the removal efficiency reached 99.23% with O2 as 
an oxidizing agent at 40°C after 3 h. The authors believed that HPA@MOF@CA,  
as a novel catalyst, had a high catalytic activity for thiophene and could be con-
sidered as a potential in industry. Consequently, in comparison with the previ-
ous powder catalysts, this type of catalyst could be better suited to real industrial 
needs [60].

An interesting group of oxygenated compounds in the perfume and fla-
vor industry consists of ethers, acetals, ketals, and hemiacetals. Substituted 
phenyl and phenethyl ethers have eminent characteristics and they could be 
typically prepared by the Williamson synthesis on a laboratory scale, which 
works best for primary halides while it is least successful for tertiary halides. 
Water, dimethyl formamide, acetone, or even alcohols may be employed 
as solvents. Alkyl phenethyl ethers like phenethyl methyl ether (PEME), 
phenethyl isopropyl ether (PEIPE), phenethyl ethyl ether (PEEE), phenethyl 
isoamyl ether (PEIAE), and ethyl-ortho-methoxy benzyl ether (EOMBE) are 
important perfumery ingredients, whereas methyl-tert-butyl-ether (MTBE), 
ethyl-tert-butylether (ETBE), and tert-amyl-methyl ether (TAME) are 

� � �� �C C C0 0/

SCHEME 6.2  Preparation of catalysts and setup of oxidative desulfurization.
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important oxygenates in reformulated gasoline meeting strict environmental 
antipollution measures.

The main raw material for preparation of ether in this study was phenethyl 
alcohol, also known as rose oil. It was synthesized via the Fridel-Crafts reaction 
of benzene with ethylene oxide, using stoichiometrically excessive amounts of 
aluminum chloride. This route was not a clean one and a better and cleaner pro-
cess was via epoxidation of styrene and direct hydrogenation of styrene oxide 
to phenethyl alcohol. The epoxidation route was generic and substances like 
methyl styrene, p-isobutyl styrene, etc. could be used. The reaction equations 
for acid catalyzed etherification reactions are given in Scheme 6.3.

Bokade and coworkers [61] reported the O-alkylation reaction of phenethyl 
alcohol with alkanols like methanol, ethanol, isopropanol, and isoamyl alcohol, 
in the presence of tungstophosphoric acid, supported on K10 (montmorillon-
ite) to achieve selective formation of PEME, PEEE, PEIPE, and PEIAE, re-
spectively. The initial reaction rate of phenethyl alcohol with different alkanols 
was found to be independent of the concentration of the alkanol for an initial 
phenethyl alcohol concentration of 1.465 × 10− 3 gmol/cm3. Despite the fact that 
different initial concentrations of alkanols were chosen, the reaction time was 
also independent of the concentration of alkanols.

Abundant, natural monoterpenes and their epoxides are important precur-
sors in the flavor and fragrance industry [62,63]. α-Pinene is extensively used 
in the production of synthetic substitutes for natural aromas. Rearrangements 

SCHEME 6.3  Reaction scheme for acid catalyzed etherification reactions.
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of α-pinene oxide can lead to campholenic aldehyde 16 and trans-carveol 17, 
which are the constituents of the East Indian sandalwood and Valencia orange 
essence oils, respectively. Ampholenic aldehyde and trans-carveol are both ex-
pensive ingredients in the flavor industry used as intermediates in the manufac-
ture of sandalwood-like fragrances [64]. The acid-catalyzed isomerization of 
α-pinene oxide, which is a very reactive substrate, can lead to various products. 
More than 200 compounds have been found at temperatures above 100°C [65].

Gusevskaya et al. reported that homogeneous and silica-supported hetero-
poly acid catalysts were efficient for the hydration/acetoxylation of monoter-
penes [66], cyclization of citronellal [67], Friedel-Crafts acylation [68], and 
Fries rearrangement of aryl esters [69]. Solid heteropoly acids were the active 
catalysts for isomerization reactions as well [70]. In their work, they described 
the application of silica-supported H3PW12O40, the strongest heteropoly acid in 
the Keggin series [71], as a solid Brønsted acid catalyst for the isomerization 
of α-pinene oxide in the liquid phase with an emphasis on the optimization of 
catalyst performance to accomplish high selectivity toward the desired prod-
ucts, i.e., campholenic aldehyde and trans-carveol (Scheme 6.4). The authors 
directed their efforts to achieve high selectivity to a more valuable product, i.e., 
campholenic aldehyde 16. The formation of tran-scarveol 17 and other para-
menthenic compounds was also expected in the presence of HPW as a Brønsted 

SCHEME 6.4  The reactions of α-pinene oxide.
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acid catalyst. The acidity of HPW supported on silica was measured by calo-
rimetric techniques using ammonia and pyridine adsorption [72]. The results 
revealed that HPW/SiO2 was also a strong Brønsted acid. The silica-supported 
HPW was found to be a quite effective and environmentally benign solid acid 
catalyst for the isomerization of α-pinene oxide 14 in liquid phase. The reac-
tion was performed in cyclohexane solutions at 15–40°C to afford campholenic 
aldehyde 16 and trans-carveol 17 as the main products with total yields of up to 
98% and 70% selectivity toward the more valuable product 16 [73].

Terpenic compounds are natural products derived from essential oils of a va-
riety of plants and flowers at relatively low costs [74,75]. For instance, α-pinene 
is the major component of the turpentine oil, which is obtained from coniferous 
trees. It is also available as a by-product in the paper industry. α-Pinene pro-
vides α-pinene oxide upon epoxidation, which in acidic media it can be trans-
formed into valuable products with many industrial applications [64,76]. The 
isomerization of α-pinene oxide is among of the most prominent reactions in the 
fragrance industry. In this regard, the development of processes with high selec-
tivity toward specific products has always been a challenge owing to high reac-
tivity of α-pinene oxide in the presence of acids. Gusevskaya et al. reported the 
isomerization of α-pinene oxide in the presence of Cs2.5H0.5PW12O40 (CsPW) as 
a solid acid catalyst. The reactions were conducted in various solvents affording 
trans-carveol, trans-sobrerol, and pinol each with a yield of 60%–80%, which 
exceeded yields reported previously. The CsPW catalyst was recoverable and 
reusable without any loss in its activity and selectivity.

Acid-catalyzed transformation of α-pinene oxide 14 may result in many 
products, e.g., campholenic aldehyde 16, trans-carveol 17, trans-sobreol 18, 
and pinol 22 (Scheme 6.5), as well as isopinocamphenol, p-cymene, and isopi-
nocamphone. Unlike the most of the studies, in which campholenic aldehyde 
was the major target and other products were usually detected in low yields, 

SCHEME 6.5  Products of the acid-catalyzed transformations of α-pinene oxide.



316  Heteropolyacids as highly efficient and green catalysts

this work focused on the development of heterogeneous catalytic systems for 
the synthesis of para-menthenic compounds 17 and 18 from α-pinene oxide. 
In their previous studies [77,78], the authors proposed that the chemoselectiv-
ity of the α-pinene oxide rearrangements in acidic solutions could be tuned by 
solvent and that polar solvents such as acetone would favor the formation of 
para-menthenic products. Acetone is ranked as an environmentally friendly sol-
vent [79], as it is biodegradable. Additionally, the low boiling point of acetone 
allows easy solvent recovery during the separation of the reaction products [80].

Yadav et al. [81] found that tungstophosphoric acid supported on K10—a 
montmorillonite clay—is a very efficient and novel catalyst compared to sev-
eral other catalysts in the etherification of phenethyl alcohol with a variety of 
alkanols. The reactions were 100% selective toward the formation of the ethers 
with significant application in the perfume industry. The experimental data re-
vealed that the chemisorption of.

onto the catalytic site would control the overall rate of the reaction for ev-
ery etherification reaction with methanol, ethanol, isopropanol, and isopentanol 
(Scheme 6.6). A mechanism of Eiley-Rideal type was in operation. The basic 
reaction was as follows.

Five catalysts, i.e., HPA, HPA/C, HPA/K10 clay, K10 clay, and Indion 830, 
were examined. The HPA loading on the support was 20% w/w. The typical 
catalyst loading in the reaction mixture was 10% w/w of the entire mass of the 
reaction mixture (0.08725 g/cm3 of the liquid phase). The reactions were carried 
out at 70°C. Each run was typically conducted for 5 h.

The Friedel-Crafts alkylation and acylation reactions are conducted using 
alkyl/acyl halides as alkylating/acylating agents and Lewis acid catalysts (e.g., 
AlCl3) or Brønsted acids (e.g., sulfuric acid) as a catalyst. Among Brønsted 
acids, heteropoly acids have been widely investigated for many organic trans-
formations and industrial applications owing to their strong acidity [82–87]. 
Due to low surface area and difficulties with recycling heteropoly acids, Sugi 
and coworkers [88] examined the catalytic applications of mesoporous silica-
supported heteropoly acids, i.e., HPA/MCM-41, HPA/FSM-16, and HPA/
SBA-15, for the Friedel-Crafts benzylation of aromatic compounds with benzyl 
alcohols (Scheme 6.7). Heteropoly acids such as HPW, H3PMo12O40 (HPMo) 
and H4SiW12O40 (HSiW) were supported on mesoporous silica, e.g., MCM-41,  
FSM-16, and SBA-15 by an impregnation method to improve the catalytic ac-
tivity of the mentioned solid acids through dispersing them on supports with 
a high surface area. The supported solid catalysts were employed in the ben-
zylation of benzene and substituted aromatic compounds with benzyl alcohol. 
The immobilization improved the catalytic activities and HPW supported on 

SCHEME 6.6  The etherification of phenethyl alcohol.
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MCM-41 demonstrated the best activity for benzylation among the heteropoly 
acids, although formation of dibenzyl ether through the dehydration of benzyl 
alcohol occurred as well. The mesoporous architecture of the silica improved 
the activity of benzylation due to the high dispersion of HPW on supports with 
high surface areas. However, no steric restrictions by the pores of mesoporous 
silica were observed. The catalysts used in this study preserved their catalytic 
activity for five successive runs. The rate of benzylation of substituted benzenes 
and benzylating agents was affected by the electronic nature of the substituent. 
The formation of the polybenzylated products was under the influence of the 
reactivity of diphenylmethane products.

Phenol, as one of the most important basic chemicals, is commercially pro-
duced by the cumene process in the chemical industry. There are three main 
pathways for the one-step hydroxylation of benzene to phenol, which is increas-
ingly attracting attention. Benzene can be selectively oxidized to phenol in gas 
phase over zeolite catalysts such as Fe-ZSM-5 using N2O as an oxidizing agent 
[89,90]. However, N2O is not readily available. In addition, used zeolite-based 
catalyst is easily deactivated due to coke formation [90]. The gas-phase oxida-
tion of benzene can also produce phenol using hydrogen peroxide formed in 
situ from the reaction of oxygen with hydrogen gas in a Pd-based composite 
membrane reactor. However, its low selectivity for phenol and the difficulties 
with scaling up the membrane reactor prevents the process from being industri-
alized [91,92].

Given the abovementioned problems, various heterogeneous catalysts have 
been used in the hydroxylation of benzene to phenol by hydrogen peroxide 
[93,94]. Thus, the used catalysts have not been able to have a reasonable activity 
as well as high selectivity toward phenol since the results are the rather low yield 
of phenol. Pleasingly, vanadium containing heteropoly acids have been proven 
to be effective catalysts for the hydroxylation of benzene to phenol [95–97].

Zhang and coworkers [98] prepared and characterized a variety of catalysts, 
including the heteropoly acid H4PMo11VO40, its cesium salts, and modified 

SCHEME 6.7  The rate of benzylation of substituted benzenes.
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inorganic/organic dual (hybrid). The prepared catalysts were used in the hy-
droxylation of benzene to phenol by hydrogen peroxide as an oxidizing agent. 
The inorganic/organic modified dual Cs2.5(MIMPS)1.5PMo11VO40 was pro-
vided by partially exchanging Cs+ with protons in H4PMo11VO40, followed 
by the immobilization of 3-(1-methylimidazolium-3-yl)propane-1-sulfonate 
(MIMPS), which resulted in a liquid-solid biphasic catalysis system in the 
hydroxylation. It actually exhibited the best catalytic performance in terms 
of reusability and activity in the conversion of benzene to phenole. The high 
reusability of Cs2.5(MIMPS)1.5PMo11VO40 in the heterogeneous hydroxylation 
might be due to its high resistance in leaching of the bulk heteropoly acid into 
the reaction medium. The minor enhancement in the catalytic activity for the 
catalyst was due to the acid sites available from MIMPS, which was beneficial 
to the hydroxylation. The organic segment acted as a dynamic trap to enhance 
the probability of an interaction between the substrate and the catalytic cen-
ter improving their catalytic activity and selectivity. On the other hand, the 
inorganic segment (e.g., Cs+) could significantly adjust the crystalline nature 
and high lattice energy of heteropoly acids due to strong ionic interactions 
[99,100]. Consequently, water-soluble pure heteropoly acids could be trans-
formed into insoluble salts in polar media via inorganic modification to facili-
tate their recovery.

In general, alcohol dehydration reactions take place by heating the alco-
hol with a strongly acidic compound like sulfuric acid, potassium bisulfate, or 
phosphoric acid as a catalyst. In addition, other Brønsted acids and some Lewis 
acids have been used as catalysts as well [101]. Among the advantages of using 
Keggin-type heteropoly acids, the greater catalytic activity can be mentioned 
since they are stronger acids, and milder experimental conditions are required 
and lower proportions of side reactions are possible [83]. Another advantage is 
that no toxic waste is produced during the process thus helping to incorporate 
clean technologies and reduce environmental concerns. Moreover, the presence 
of heteropoly anions as conjugated bases accelerates the reactions quite effi-
ciently. This is unlike the case of conventional protic acids, in which the counter 
anion is not involved in the activation of the reactants [102].

Baba and Ono [103] have investigated the dehydration of 1,4-butanediol, 
both in aqueous solutions and in dioxane, using a heteropoly acid as a catalyst. 
They found that the reaction was completed 70 times faster in the latter solvent 
and attributed this behavior to the inhibitory effect exerted by water.

The dehydration of alcohols of low molecular weight using heteropoly acids 
as a catalyst has been extensively studied [104,105] by Misono and coworkers 
[106,107], who reported the results obtained in the dehydration of ethanol.

To carry out heterogeneous reactions in liquid phase, the heteropoly acids 
were supported on a carrier, in order to ensure high dispersion. A measure of 
the acid strength of the supported heteropoly acids can be obtained by deter-
mination of the catalytic activity in the dehydration of isopropanol in vapor 
phase. Vázquez et al. [108] have studied the behavior of diverse catalysts based 
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on heteropoly acids supported onto silica, titania, or alumina. They observed 
that such catalysts would present specific conversions higher than those of bulk 
acids. Accordingly, the authors prepared and characterized the catalysts and ex-
amined the min dehydration reactions. In particular, the catalytic behavior of 
molybdophosphoric acid (MoPA) and tungstophosphoric acid (WPA) supported 
on silica after washing with the solvent used as the reaction medium was studied 
in the industrial dehydration of 1,2-diphenylethanol, 1-3,4-di-methoxyphenyl-
2-phenylethanol, and cholesterol.

Blanco and coauthors [109] prepared catalysts based on Keggin-type hetero-
poly acids supported on silica to use them in dehydration of alcohols in liquid 
phase. Both HPMo and HPW were found with their primary Keggin structures 
intact. Blanco et al. obtained a process for the direct dehydration of cholesterol. 
They found that the catalysts were quite active and selective, while allowing 
easy separation from the reaction medium. The same catalysts were employed 
for several cycles without considerable loss of catalytic activity. After the re-
action and upon recovery, they showed physicochemical properties similar to 
those of the original catalysts.

An important intermediate in chemical industries is styrene oxide which 
can be produced by epoxidation of styrene. Yadav et  al. [110] reported the 
epoxidation of styrene to styrene oxide using a synergism of heteropoly acids 
and phase-transfer catalysts via Ishii-Venturello epoxidation. Several methods 
are used in preparation of epoxides, starting from olefins, R-halocarbonyls, 
carbonyls, epichlorohydrin, and substituted hydroxyl compounds [111–113]. 
Epoxidation with commercially available peroxyacids such as peroxyben-
zoic acid, peroxyacetic acid, m-chloroperoxybenzoic acid, peroxyfluoroace-
tic acid, and m-nitroperoxybenzoic acid is a method often used for laboratory 
preparations.

Heteropoly acids such as tungstophosphoric acid and molybdophosphoric 
acid are usually employed not only for the oxidation of organic substrates but 
also to catalyze reactions as they possess the dual characteristics of oxidizing 
ability and strong acidity. In general, using a heteropoly acid for the oxidation of 
olefins with hydrogen peroxide produces trans glycols owing to the subsequent 
cleavage of the oxirane ring of the reacting epoxide as a result of the electro-
philic attack of strong acid. However, with a phase transfer catalyst, the epox-
ides are easily formed under milder reaction conditions. Since the concentration 
and partitioning of the epoxidizing species were functions of the heteroatom in 
the heteropoly acid, the effect of the type of heteropoly acid on the epoxidation 
of styrene was studied as well. The efficacy of different heteropoly acid cata-
lysts was evaluated at 50°C under similar conditions in the absence of any mass 
transfer resistance. The catalysts used were namely, HPW, HPMo, and tungsto-
silicic acid (HSiW). The result revealed that HPW was the best heteropoly acid, 
affording very high conversions. The concentration of the epoxidizing species 
in the organic phase was also dependent on the concentration of quaternary 
cation Q+ (Scheme 6.8).
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With two carbonyl groups, methyl phenylglyoxylate is a chemical used as an 
important intermediate in the fine chemical industry. R-Dicarbonyl compounds 
are synthesized via the oxidation of R-hydroxylcarbonyl precursors. Because 
of the sensitivity of the R-dicarbonyl compounds, particular reagents and reac-
tion conditions are necessary to inhibit side reactions accompanying the oxi-
dation of R-hydroxycarbonyls [114]. Several methods have been developed to 
accomplish this transformation, but most of them have disadvantages such as 
using corrosive acids or toxic metallic compounds, which produce undesirable 
waste materials. There are a number of methods available for the oxidation of 
α-hydroxyl compounds using oxidizing agents like bromosuccinimide [115], 
N-bromoacetamide [116], trichloroisocyanuricacid [117], N-bromobenzene sul-
phonamide [118], N-chlorobenzenesulphonamide [119], 1-chlorobenzotriazole 
[120], N-bromosaccharin [121], bromate [122], and N-bromophthalimide [123]. 
The oxidation process has also been reported with catalytic amounts of vana-
dyl chloride (VOCl3) in acetonitrile under an oxygen atmosphere [124]. Methyl 
phenylglyoxylate was synthesized via ozonolysis of 1-bromophenylacetylene, 
and then reaction with potassium iodide [125], while the oxidation step was en-
hanced [126] by treating trimethylsilylphenylacetylenes with osmium tetroxide 
and tert-butyl hydroperoxide in methanol to afford methyl phenylglyoxylate.

Yadav and coworkers [127] developed a novel nanocatalyst using HPW 
partially substituted with cesium and supporting it on acid activated clay. 
Nanoparticles of 20% w/w Cs2.5H0.5PW12O40 were therefore created in the pore 
network of acid treated K10 clay (designated as Cs-HPW/K10) and applied for 
a series of acid-catalyzed reactions [128,129].

Methyl mandelate was oxidized to afford methyl phenylglyoxylate, with 
85% selectivity, using H2O2 in the presence of the novel catalyst, i.e., 20% w/w 
Cs2.5H0.5PW12O40/K10 catalyst, which was reusable. The workup was easy. 
H2O2 is an excellent nucleophile with the structure OOH. Therefore, it is 
also a superb reactant for the preparation of a hydroxyperoxide in the presence 
of catalytic amounts of an acid like Cs-HPW/K10 which can be used as a pro-
ton source to go through an SN1 displacement, which involves a carbonium ion 
intermediate. In addition, the CH bond is ruptured by losing a hydrogen atom 
as a proton to give the methyl phenylglyoxylate. This supports the mechanism 
proposed by Kwart and Francis [130] for the oxidation of secondary alcohols 
involving the rupture of a CH bond. It is already reported in the literature 
that mandelic acid [131] reacts about six times faster than its methyl ester. 
The slower oxidation of the ester in comparison with mandelic acid could be 

SCHEME 6.8  The epoxidation reaction.
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accounted for as the − COOH group has a stronger –I effect than the –COOMe 
group. The formation of mandelic acid might be attributed to the fact that the 
ester-acid equilibrium is sensitive to the amount of water present in the reaction 
at any time and the ester might be hydrolyzed to the acid. This mandelic acid 
goes through further degradation to give benzaldehyde and is decarbonalized 
by losing a proton, as illustrated in Scheme 6.9. H+ represents the Cs-HPW/
K10 catalyst.

Cyclohexanone is a key intermediate in the synthesis of caprolactam and 
adipic acid, which are, in turn, the main ingredients for the manufacture of 
Nylon 6, Nylon 66, and polyamide resins [132–134]. The industrial processes 
for cyclohexanone production are oxidation of cyclohexane [135] and hydro-
genation of phenol [136]. In comparison with the hydrogenation of phenol, the 
oxidation of cyclohexane has more drawbacks as it requires higher temperatures 
and pressures, while generating several undesirable by-products. In the hydro-
genation of phenol, cyclohexanone is usually produced through a one- or two-
step process [137]. Phenol hydrogenation in the gas phase normally requires 
high temperatures (150–300°C) along with generation of carbonaceous deposits 
in the course of the reaction, which results in the deactivation of the supported 
catalyst. On the other hand, a liquid-phase process reduces the cost and saves 
energy, since hydrogenation is performed at relatively low temperatures.

Joshi et  al. had reported that molybdophosphoric acid-catalyzed would 
transfer the hydrogenation of nitroaromatics with excellent catalytic perfor-
mance into a homogeneous phase [138]. Cobalt-containing catalysts modified 
with Keggin-type heteropoly acid salts were demonstrated to enhance the selec-
tivity on hydrogenation of crotonaldehyde [139]. The one-pot transformation of 
(+)-citronellal into menthol over a Pd-H3PW12O40/SiO2 catalyst yielded 92% 
of menthol with 100% conversion of citronellal and 85% stereoselectivity of 
the desired (−)-menthol [140]. The catalyst modified with a heteropoly acid 
exhibited better catalytic performance for the hydrogenation. Consequently, Liu 
et al. [141] studied the hydrogenation of phenol using the bifunctional catalyst 
Pd/C-HPA in the liquid phase.

Hydrogenation/oxidation of phenol 31 to cyclohexanone 33 was achieved 
within 3 h under 80°C and 1.0 MPa hydrogen pressure in the presence of the 
composite catalytic system of Pd/C-heteropoly acid in dichloromethane 32 with 
100% conversion of phenol and 93.6% selectivity toward cyclohexanone. It has 

SCHEME 6.9  Oxidation of methyl mandelate to methyl phenylglyoxylate.
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been found that the effect of Pd/C with a heteropoly acid would improve the 
catalytic performance of the composite catalytic system (Scheme 6.10).

The heteropoly acids can be used in multiphase reactants as a phase transfer 
catalyst. In addition, Liu and coworkers [142] achieved both excellent conver-
sion and selectivity in the hydrogenation of furfural and cinnamic aldehyde us-
ing modified heteropoly acid salt as catalysts.

Preparation of a gasoline cut with a high octane number is possible through 
the alkylation of isobutane with n-butene. Industrially, only anhydrous hydro-
fluoric acid and concentrated sulfuric acid are applied as catalysts [143–145]. 
However, the expected increase in alkylation capacity in the future is relatively 
low because restrictions imposed on the use of highly corrosive and contaminat-
ing acids as industrial catalysts.

Recently, reactivity of cesium salts of HSiW and HPW in the alkylation of 
isobutane with 2-butene have been studied [146,147]. Wu and coworkers [148] 
reported the use of catalysts containing heteropoly acids supported on different 
silica and mesoporous molecular sieves prepared by impregnation and sol-gel 
methods, respectively. They investigated the behavior of their catalysts in fixed-
bed alkylation of isobutane with butene. The activity, selectivity, and stability 
of the supported-HPA catalysts could be correlated with the surface acidity of 
the catalysts, the structure of the supports, and the time on stream. In the fixed-
bed reactor, the acidity of the heteropoly acid was beneficial to the formation 
of dimerization products (C8); in particular, the pore size of supports was found 
to be an important factor affecting the activity and product distribution of the 
catalysts. Opposite to the traditional solid-acid catalysts, the supported-HPA 
catalysts had excellent stability for alkylation, allowing for the supported cata-
lysts to replace the liquid-acid catalysts currently used in industry.

Jiang and coworkers [149] directly hydroxylated benzene to phenol [150] 
and investigated the reaction as a promising route for the production of phenol. 
Various oxidants have been used in the direct hydroxylation of benzene to phe-
nol including nitrous oxide [151,152], hydrogen peroxide [153], and molecular 
oxygen [154,155], as well as a mixture of oxygen and hydrogen.

SCHEME 6.10  Hydrogenation/oxidation of phenol.
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Molecular sieves, particularly those with mesopores, have been widely stud-
ied in heterogeneous catalysis due to their large surface area, large pore volume, 
uniform pore size, and well-ordered structure. Selective oxidation of organic 
compounds with H2O2 as an oxidizing agent and molecular sieve catalysts is 
an attractive, high-potential area in the development of environmentally benign 
technologies. Two industrial applications (phenol hydroxylation and cyclohexa-
none ammoximation) were demonstrated on an industrial scale employing a 
titanium silicalite-1 (TS-1) catalyst [156]. Active catalysts were synthesized 
by incorporation of transition metals such as titanium, vanadium, iron, cobalt, 
nickel, and copper into the framework of mesoporous materials [157]. Some 
of active species like metal ions or metal oxides could be directly supported 
on such materials to provide effective catalysts applied in the hydroxylation of 
benzene [158,159].

However, the production of phenol in a selective manner with high yields is 
still a challenge as phenol exhibits more reactivity toward oxidation in compari-
son with benzene. Achieving high selectivity using molecular oxygen is diffi-
cult owing to the high reaction temperatures and overoxidation arising from the 
more active catalysts used for activating oxygen. Among the oxidizing agents, 
H2O2 has evident advantages since it generates water as the only by-product. A 
variety of catalysts have been designed and used for the direct hydroxylation 
of benzene with H2O2 as an oxidizing agent. Heteropoly acids supported on 
molecular sieves are widely used as homogeneous and heterogeneous catalysts 
for some of their typical properties, such as Brønsted acidity, capability to cata-
lyze redox reactions as well as high solubility in water and organic solvents. 
Heteropoly acids based on the Keggin structure are thermally stable, strongly 
acidic with oxidizing abilities [71].

A Keggin-type V-substituted molybdophosphoric acid (H5PMo10V2O40.
nH2O) supported on the amine-functionalized SBA-15 was assessed in direct 
hydroxylation of benzene to phenol in the liquid phase [160]. The supported 
catalyst demonstrated good stability with negligible leaching of the heteropoly 
acid from the support during the reaction, which was due to strong acid-base 
interactions between the heteropoly anions and amine groups on the surface. 
Twenty percent conversion of benzene and 95% selectivity to phenol was ac-
complished in acetonitrile at 60°C after 6 h. The vanadium species was found to 
be the active site in this reaction. In the hydroxylation of benzene, the amount 
of H2O2 consumed by self-decomposition was much more than hydroxylation, 
which led to the very low selectivity observed in the conversion of hydrogen 
peroxide (Scheme 6.11) [160].

SCHEME 6.11  The direct hydroxylation of benzene to phenol using different oxidants.
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A large number of solid catalysts have been synthesized in nano sizes or 
created as nanomaterials inside a porous matrix. A plenty of inorganic ox-
ides, mixed oxides, e.g., alumina, silica, zirconia, titania, zeolites, and clays, 
have been used as both supports and catalysts [161–163] to fulfil the green 
chemistry requirements. Among them, clays have resurfaced as solid acids. 
Clays were the original fluid catalytic cracking (FCC) catalysts, but they 
were replaced by silica-alumina, which were thermally more stable in the 
1940s. Then, in the 1960s, zeolites of different hue were used as they were 
most profitable. Clay structures collapse at high temperatures and must be 
somehow stabilized. The thermal stability and pore size issues were resolved 
via pillaring of the clays, which resulted in a wide variety of new applica-
tions. Natural clays are acid treated or ion-exchanged to be used as solid 
acids, with their acidity and pore structure being dependent on the treatment 
method [164,165]. As another important class of catalysts, heteropoly ac-
ids possess both redox and acid properties [166,167]. Yadav and coworkers 
[168] investigated different aspects of green processes with benign solid acid 
catalysts, having direct industrial applications in refineries, pharmaceuti-
cals, petrochemicals, dyestuff, rubber chemicals, agrochemicals, perfumery, 
and flavor chemicals. Clays, heteropoly acids supported on clays, sulfated 
zirconia, and ion exchange resins have been evaluated in several processes 
[166,167].

Glycerol (GL) is the primary by-product of biodiesel production. Around 
10% of the global glycerol production is the result of transesterification of 
vegetable oils with methanol [169]. Given the growing demand for biodiesel 
fuels like fatty acid methyl ester via transesterification of triglyceride, an ex-
cessive amount of glycerol is accumulated unavoidably [170]. Glycerol is an 
edible, nontoxic, and biodegradable viscous liquid that can readily be oxidized, 
reduced, halogenated, etherified, or esterified to obtain alternative valuable 
chemicals [171–173]. Among the various derivatives produced from glycerol, 
glycerol acetates as a product of acetylation of glycerol with acetic acid is a 
practical option.

As shown in Scheme 6.12, acetylation of glycerol with acetic acid typically 
consists of three correlated steps, which are consecutive formations of glycerol 
monoacetate, glycerol diacetate, and glycerol triacetate in the presence of ex-
cessive water. An esterification reaction may generally be accelerated by acid 
catalysts in homogeneous media, e.g., over hydrofluoric acid, sulfuric acid, 
p-toluenesulfonic acid, or acidic ionic liquids [174,175]. However, such min-
eral acid catalysts usually have environmental and economic issues. In order 
to resolve these problems, heterogeneous catalysts like zeolites [176], surface-
functionalized mesoporous silicas [177], ion-exchange resins [178], niobium/
zirconium [179], as well as supported heteropoly acids [180,181] have been 
investigated.
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Liu et al. [182] synthesized a series of homogeneous catalysts consisting of 
pyridinium propyl sulfobetaine (PPS), HPW, and acetic acid (HOAc) and uti-
lized for catalytic acetylation of glycerol. Their acid properties were character-
ized by 31P NMR of trimethylphosphine oxide as the probe molecule, the factors 
affecting acidic strength, PPS/HPW, HPW/GL, and HOAc/GL ratios as well 
as the reaction temperatures on catalytic performances during the acetylation 
reaction were investigated. Tending to segregate from glycerol acetate prod-
ucts and form distinct biphasic liquid layers spontaneously after the reaction, 
these water-tolerable catalysts (PPS-HPW-HOAc) was found to be highly effec-
tive and durable for the acetylation reaction under continuous operation condi-
tions. Usually, a complete conversion of glycerol may be achievable with a very 
good selectivity of 86%–99% toward glycerol triacetate. Besides, the unique 
self-separation biphasic features of the catalyst system assists in facile product 
separation and catalyst recycle, rendering the acetylation process feasible at an 
industrial level. However, notable decrease in activity was commonly observed 
for the heteropoly acids salt during esterification. Therefore, catalyst degrada-
tion and recyclability are still regarded as challenging and demanding issues.

Monoethylene glycol is an industrial chemical compound applied in the 
manufacture of polyester resins and fibers and antifreeze agents. While global 
antifreeze agent demand is steady, demand for polyester is experiencing an an-
nual increase of 10%. The demand for ethylene, the raw material used to make 
monoethylene glycol, is outpacing supply, resulting in price increases for this 
chemical.

Direct synthesis of monoethylene glycol from syngas is possible but it re-
quires pressures between 1300 and 7000 atm, temperatures above 200°C, while 
giving very low yields [183,184].

SCHEME 6.12  Acetylation of glycerol with acetic acid.
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Bell and others [185] studied the manufacture of monoethylene glycol from 
methanol and its derivatives, e.g., formaldehyde. The process is potentially at-
tractive, because the carbon needed for it can be derived from syngas, which 
is a cheaper carbon source compared to ethylene derived from petroleum. The 
authors reported formaldehyde carbonylation using methyl formate as the 
source of carbon monoxide. They used silicotungstic acid and other hetero-
poly acids as catalysts. Methyl glycolate and methyl methoxyacetate, which 
are both precursors to ethylene glycol, were formed together with dimethoxy-
methane and dimethyl ether, as the primary by-products. Different factors, i.e., 
formaldehyde source, reaction temperature, time, and catalyst were studied. 
Methoxymethanol, paraformaldehyde, 1,3,5-trioxane, and dimethoxymethane 
were studied as sources of formaldehyde. The highest yields for methyl gly-
colate and methyl methoxyacetate were gained with 1,3,5-trioxane as a form-
aldehyde source. Carbon monoxide release from methyl formate was slow and 
limited the rate of carbonylation. Among the heteropoly acids studied, silico-
tungstic acid gave rise to the highest yields of methyl glycolate and methyl me-
thoxyacetate, while with methanesulfonic acid the products were not achieved 
with similar acid loading. The difference between the efficiency of heteropoly 
acids and methanesulfonic acid was attributed to the role of the of the hetero-
poly anion, a soft base, which is stabilizing the reactive intermediates involved 
in the carbonylation of formaldehyde.

Aniline is used as a building block for the manufacture of several products 
in chemical industries. Aromatic amines with alkyl groups on the ring have 
various applications in chemical synthesis. They were used as intermediates for 
substituted isocyanates, herbicidal compositions, dyestuffs, and textile auxil-
iary agents. Typically, Friedel-Crafts alkylation of aromatics is performed using 
highly corrosive homogeneous Lewis acids, e.g., AlCl3, AlBr3, ZnCl2, FeCl3, 
TiCl4, and strong Brønsted acids such as sulfuric acid and phosphoric acid with 
various alkylating agents [186].

Among alkylated anilines, tert-butylanilines are used in pharmaceuticals, 
pesticides, plastics, additives, and dyes. They are prepared by reacting aniline 
with pure isobutylene or C4 fraction from naphtha crackers containing isobu-
tylene in presence of a liquid acid as a catalyst. Alkylation of aniline is an acid 
catalyzed consecutive reaction. In the first step, N-alkylaniline is formed, which 
is further dialkylated to di-alkylaniline under suitable conditions.

Because of problems such as unavailability, difficulty of transportation and 
handling of isobutylene, especially when used in low-tonnage, fine chemical 
manufacture to produce tert-butyl derivatives, generation of isobutylene in situ 
has advantages. Cracking of methyl tert-butyl ether and dehydration of tert-
butanol are attractive means for this purpose. Tert-Butanol is available as a by-
product in the Arco process for the propylene oxide. Methyl tert-butyl ether 
is a good source for the generation of pure isobutylene. The coproduct of this 
process, i.e., methanol, can be recovered and reused. However, the in situ dehy-
dration of tert-butanol gives water as a coproduct in the alkylation reaction and 
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therefore, in comparison with methyl tert-butyl ether as an alkylating agent, dif-
ferent yields of the alkylated product are expected [187,188]. Yadav et al. [189] 
studied several solid acids, most of which were heteropoly acids supported on 
various clays, and found them to be novel catalysts [190] exhibiting excellent 
activity as a catalyst compared to other solid acids employed in the alkylation 
and etherification reactions that involve isobutylene [191]. They assessed the 
novel catalysts with both methyl tert-butyl ether and tert-butanol as alkylat-
ing agents under autogenous pressure in a pressure reactor (Scheme 6.13). The 
20% (w/w) tungstophosphoric acid on K10 montmorillonite clay (HPW/K10) 

SCHEME 6.13  Product distribution of acid catalyzed alkylation of aniline with generated in situ 
isobutylene.
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was observed to have the highest activity for the alkylation of aniline with both 
methyl tert-butyl ether and tert-butanol. Only C-alkylated products were gained. 
The yields of mono-alkylated products were more than 84% with a selectivity 
of 53% to 2-tert-butylaniline with methyl tert-butyl ether at 175°C. tert-Butanol 
solely afforded mono-alkylated products at 150°C with equal distribution of the 
isomers. Effects of various parameters on rates and selectivities were discussed. 
In the presence of HPW/K10, C-alkylated products were formed exclusively. A 
reaction mechanism is also described with a kinetic model.

Graphene, which indeed a one-atom-thick planar sheet of carbon atoms con-
nected through sp2-sp2 bonds, demonstrates a large specific surface area (theo-
retically 2630 m2/g for single-layer graphene) [192], extraordinary electron 
transport abilities [193], as well as excellent electrical and thermal conductivi-
ties [194]. Due to these properties, graphene materials exhibit high adsorption 
ability toward substrates to accelerate the reactions in catalysis. Consequently, 
graphene materials, particularly chemically modified graphene oxide (GO), 
serve as an ideal platform used for anchoring a variety of active sites [195]. The 
synergistic effect between the active sites and graphene oxide can promote the 
reactivity. Wanga et al. [196] reported a novel, two-step methodology for func-
tionalization of graphene oxide (GO) with heteropoly acids and the catalytic 
activity of the obtained species in the conversion of glycerol to lactic acid. The 
covalent bonding of a NH(CH2)2NH2

+CH2(CH2)8CH3 lipid-like bilayer to 
the graphene oxide surface was followed by embedding of heteropoly acids to 
afford HPMo@lipid(n)/GO, where n is the length of the diamine carbon chain 
(n = 2, 4, 6, 8, 10). The lipid bilayer tightly surrounds the heteropoly acid via 
electrostatic interactions with the protonated amine groups. As a result, the het-
eropoly acid became highly resistant to environmental changes and leaching 
from graphene oxide. The hydrophobic properties of the lipid bilayer as well as 
the hydrophilic property of the heteropoly acid and graphene oxide were readily 
adjustable by the length of the alkyl chain, and the redox potential was varied 
by the distance between the heteropoly acid and graphene oxide. The species 
exhibited excellent catalytic performance in the glycerol cascade conversion to 
lactic acid so that HPMo@lipid(4)/GO achieved the highest reported efficiency 
with a yield of 90% at 97% conversion under mild conditions (1 M glycerol, 
60°C, 3.5 h, 10 bar O2). This high efficiency was attributed to the combination of 
a number of parameters such as suitable redox potential, balanced hydrophobic 
and hydrophilic properties, and a capillary-like reactor formed by the wall of the 
lipid bilayer, which enhanced the adsorption of O2 and glycerol around the cata-
lytic active sites. HPMo@lipid(4)/GO works organic solvent-free conditions 
and in the absence of base, with high concentration of glycerol (9.2% (w/w)), 
in the presence of methanol and other impurities formed during the biodiesel 
production. The crude glycerol gives almost 87% yield. No structural changes 
or heteropoly acid leaching from graphene oxide took place in the course of 
reaction, with recyclability of up to 15 runs (Scheme 6.14).
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6.3.  Applications of heteropoly acids in pharmaceuticals

The Claisen rearrangement reactions are among the most powerful means for 
the formation of carbon‑carbon bonds in the art of organic synthesis [197]. This 
reaction may be used in the synthesis of o-allyl phenols, which are precursors 
to a wide variety of natural products moieties e.g., chromones and coumarones 
[198–200]. A series of novel catalysts with extraordinary acidities such as Lewis 
acids (BCl3, BF3, BBr3, AlCl3, SnCl4, ZnCl2, TiCl4, AgBF4, etc.), Brønsted acids 
(trifluroacetic acid, sulfuric acid, etc.), bases, and transition metal complexes 
(Rh (I) and Pt(0)) have been studied for their effectiveness in Claisen rear-
rangement [201]. The Claisen rearrangement of allyl-4-tert-butylphenyl ether 
to 2-allyl-4-tert-butylphenol is a commercially important reaction since the lat-
ter is used as a cross linking agent in polymers, antioxidant, reactive diluent in 

SCHEME 6.14  Synthetic methodology for the assemblage of HPMo@lipid(n)/GO hybrid catalyst 
materials.
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UV-curable coating composition, as well as an intermediate in preparation of 
drugs for the treatment of heart ischemia. It is also used in perfumes, flavors, 
and especially the formulation of products such as soaps, air fresheners, and 
detergents, and in cosmetic materials.

Yadav and coworkers in 2005 achieved [202] the Claisen rearrangement of 
allyl-4-tert-butylphenyl ether to 2-allyl-4-tert-butylphenol with 100% selectivity 
in an efficient, economically feasible, and green route using solid acid catalysts 
such as acid sulfated zirconia, treated clays, and 20% (w/w) tungstophosphoric 
acid/hexagonal mesoporous silica (HPW/HMS). Among them, HPW/HMS was 
observed to perform the best. The catalyst was totally reusable without any loss 
in activity, and was 100% selective toward 2-allyl-4-tert-butylphenol. Based on 
the experimental data, a suitable mathematical model was proposed to describe 
the reaction kinetics (Scheme 6.15).

The catalyst forms an acylium ion intermediate from the interaction of ac-
ylating agent with acid. The acid catalysts conventionally used in Friedel-Crafts 
acylation are homogeneous catalysts such as Lewis acids (AlCl3, FeCl3, ZnCl2, 
TiCl4, ZrCl4) and Brønsted acids (polyphosphoric acids, HF) [203].

Heteropoly acids supported on hexagonal mesoporous silica (HMS) have 
been found to be highly active catalysts for Friedel-Crafts acylation [204]. On 
the other hand, ion exchange resins deactivate the catalyst in the acylation of 
diphenyl oxide and thioanisole [205,206].

Yadav and coworkers [207] acylated 1,3-dibenzyloxybenzene with acetic an-
hydride using several solid super acids to obtain 3,5-dibenzyloxyacetophenone, 
which is a critical intermediate in the production of drugs for the treatment 
of various diseases and disorders. They studied the activities of 20% (w/w) 
Cs2.5H0.5PW12O40/K10 clay, UDCaT-5, sulfated zirconia, Amberlyst-36, and 
Indion-130. Among them, 20% (w/w) Cs2.5H0.5PW12O40/K10 clay demon-
strated the highest selectivity. The authors systematically studied the reac-
tion to understand the reaction mechanism and catalyst functioning with 
Cs2.5H0.5PW12O40/K10. The catalyst gradually deactivated over repeated use. 
The adsorption of reactants and products from pure component solutions and 
mixtures was also investigated. The acquired experimental data were used to 
develop a model in which the observed deactivation was taken into account. The 
model fitted the experimental data quite well (Scheme 6.16).

SCHEME 6.15  Claisen rearrangement.
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Fries rearrangement of phenyl benzoate has been catalyzed using various 
solid acids. Although the use of zeolites in Fries rearrangement appears to be 
promising [208–210], the selectivity and reactivity of zeolites must be enhanced 
and rapid deactivation of the catalysts has to be resolved so that they are apt for 
industrial applications. Olah et al. [211] tested Nafion-H to catalyze the Fries 
rearrangement of phenyl benzoate while Kozhevnikova et al. [212] used cesium 
salts of substituted heteropoly acids. The high temperature and high mole ratio 
required for this reaction along with low selectivity and long reaction time have 
rendered it highly energy-intensive and uneconomical.

A novel methodology to minimize the waste in this type of reaction should 
be the esterification and Fries rearrangement with the same catalyst capable of 
regeneration in a one-pot operation in the absence of solvent. Such a strategy 
was adopted and the reaction between phenol and benzoic acid was studied 
using an array solid acid catalysts. Yadav and coworkers [213] reported the re-
sults of the direct, clean Fries reaction together with the effects of different 

SCHEME 6.16  Acylation of 1,3-dibenzyloxybenzene (A) with acetic anhydride (B) leading to 
monoacylated product (M) and coproduct acetic acid (C). Subsequent diacylation leads to formation 
of by-products (P). Both C and P show deactivating effect.
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parameters on product profile to provide an insight into the reaction mechanism. 
They also studied the direct Fries rearrangement of phenyl benzoate to throw 
light on the reaction pathway.

Hydroxybenzophenones are important starting materials in manufacture 
of fine chemical and pharmaceutical industries. The esterification of phenol 
with benzoic acid, and Fries rearrangement of the product to hydroxyben-
zophenones in a one-pot operation in liquid phase was investigated with 
several catalysts in the absence of any solvent. Cesium substituted tung-
stophosphoric acid supported on K10 clay (Cs2.5H0.5PW12O40/K10) was 
observed to be the most active catalyst with the most selectivity toward 
4-hydroxybenzophenone in comparison with the others. The order of activ-
ity was as follows:

The reaction of benzoic acid 55 and phenol 33 in the mole ratio of 7:1, 
using 0.05 g/cm3 Cs2.5H0.5PW12O40/K10 at 200°C was studied, which gives a 
selectivity of 32.5% for the formation of 4-hydroxybenzophenone 58. The ef-
fects of different reaction parameters on the reaction rate and selectivity were 
studied. In addition, the direct Fries rearrangement of phenyl benzoate was 
investigated at 200°C in chlorobenzene as a solvent with a catalyst loading of 
0.05 g/cm3 which afforded 60% for phenyl benzoate 56 after 3 h. The selec-
tivities for 2-hydroxybenzophenone 57 and 4-hydroxybenzophenone 58 were 
4% and 12%, respectively. Unreacted phenol and benzoic acids were still the 
chief by-products. This suggested a reverse reaction was still predominant, 
as illustrated in Scheme 6.17. Therefore, direct acylation via routes 2 and 
3 contributed substantially in comparison with Fries rearrangement and the 
one-pot synthesis of 4-hydroxybenzophenone 58 from phenol and benzoic 
acid was most favorable.

Among heteropoly acids, the ones with the Preyssler structure are green 
catalysts in view of corrosion, safety, waste quantity, and easy separability. 
Heteropoly acids with 14 acidic protons are efficient solid supper acid cata-
lysts with unique hydrolytic stability (pH 0–12) [214,215]. During recent 
years, synthesis and characterization of catalysts of lower dimensions have 
been among the most interesting research topics due to the unique properties 
provided by nanoparticles along with their new characteristic and potential 
applications in different fields [216]. As the particle size is diminished, the 
relative number of surface atoms and consequently the activity increases. In 
their attempts to utilize heteropoly acids as catalysts in organic synthesis, 
Nazari and others [217] reported that the Preyssler-type heteropoly acid, 
H14[NaP5W30O110], exhibited strong catalytic characterization [218]. In 
view of the extraordinary properties of nanoparticles, the authors decided 
to immobilize H14[NaP5W30O110] into the SiO2 nanoparticles and examine 
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the catalytic behavior of the novel catalyst. Acetyl salicylic acid is com-
monly known by its trade name, aspirin. The synthesis of acetyl salicylic 
acid is indeed an esterification reaction. Salicylic acid is treated with acetic 
anhydride, and as a result, the hydroxyl group on salicylic acid is converted 
into an acetyl group. Catalytic amounts of sulfuric acid (or phosphoric acid) 
are almost always used. Both acids are strongly corrosive and care must be 
taken in handling them. The authors carried the esterification of salicylic 
acid with acetic anhydride in the presence ofH14[NaP5W30O110] alone and 
H14[NaP5W30O110] supported onto silica nanoparticles. The best results were 
obtained with the heteropoly acid supported onto silica nanoparticles. The 
catalyst was totally recyclable and reusable.

Acid-catalyzed alkoxylation of terpenes is an important synthesis route to 
valuable terpenic ethers with a myriad of applications in perfumery and phar-
maceutical industry [219]. For example, camphene is converted to alkyl isobor-
nyl ether; it is used in formulation of cosmetic and perfumes; it is also used in 
the commercial production of camphor. The reaction is usually conducted in 
the presence of homogeneous catalysts, such as sulfuric acid and silicotungstic 
acid [220].

SCHEME 6.17  Product profile for esterification and Fries rearrangement.
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Using heteropoly acids as efficient catalysts has the drawback of low sur-
face area (1–10 m2/g). In addition, the separation problem from reaction mix-
tures and low stability at relatively high temperatures are among their other 
disadvantages. To resolve these problems, Castanheiro et al. [221] immobilized 
heteropoly acids on silica-occluded. The resultant silica-included tungstophos-
phoric acid (HPW-Ssg) proved to be an efficient, environmentally benign het-
erogeneous catalyst for the alkoxylation of camphene compared with its more 
valuable alkyl isobornyl ethers in liquid phase. The alkoxylation of camphene 
with C1-C4 alcohols (methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 
and 2-butanol) to alkyl isobornyl ether in the presence of HPW-Ssg (4.2% 
w/w) at 60–80°C was examined. Different linear and branched alcohols were 
compared based on their activity toward the alkoxylation of camphene. The 
catalytic activity was decreased as the number of carbon atoms in the chain 
alcohol increased. This could be attributed to steric hindrance and diffusion 
limitations inside the porous system of the catalyst. The HPW-Ssg catalyst 
exhibited high selectivity toward the alkyl isobornyl ether. The effects of dif-
ferent parameters, such as initial concentration of camphene, catalyst loading, 
and temperature, were investigated to optimize the ethoxylation of camphene. 
The catalytic stability of HPW-Ssg in the ethoxylation of camphene was in-
vestigated by performing successive batch runs over the same catalyst sample 
and under the same conditions. After the third run, the catalytic activity did 
not decline. The catalyst was recovered and reused without any considerable 
leaching of HPW. The catalytic activity of HPW-Ssg was compared with that 
of tungstophosphoric acid immobilized on silica by the impregnation method 
(HPW-Sim). The activity of HPW-Ssg was found to be higher than that of the 
HPW-Sim catalyst. After reaction, the HPW-Sim sample lost 20% of its het-
eropoly acid content.

Microcrystalline cellulose (MCC) could be derived from biomass resources 
[222]. It is a type of odorless, white, water-insoluble fine powder or particle 
material [223]. Natural cellulose is generally hydrolyzed to hydrocellulose by 
acid. Then it undergoes posttreatment, i.e., grinding and screening, to obtain 
MCC for different applications [224].

Several methods have been reported for the preparation of MCC like the 
traditional acid hydrolysis [225], ionic liquids [226], enzymolysis technology 
[227], or combinations of these [228]. The acidic hydrolysis has also been cat-
alyzed by heteropoly acids among which the classic tungstophosphoric acid 
H3PW12O40 (HPW) was found to have the highest acid strength in comparison 
with H4SiW12O40 and mineral acids such as perchloric, sulfuric, or hydrochloric 
acids [229]. In view of these advantages, HPW has received considerable atten-
tion for cellulose hydrolysis. Under mild conditions (200°C in 0.5 h), cellulose 
can be transformed into methyl glucosides in methanol in a yield of 73% by 
HPW; tungstophosphoric acid also provides the highest turnover number among 
many acid catalysts examined such as phosphoric, sulfuric, nitric, or hydro-
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chloric acids [230]. Tian et al. reported that a significant high yield of glucose 
(50.5%) and selectivity (more than 90%) was accomplished using HPW for 
cellulose hydrolysis at 180°C for 2 h with a mass ratio of cellulose/HPW equal 
to 0.42 [231].

The cellulose molecular chains are composed of crystalline and amor-
phous regions [232]. To obtain MCC, it is necessary to protect such crystal-
line regions while selectively promoting the hydrolysis of the amorphous 
regions. Dandan Qiang and coworkers [233] thoroughly explored HPW for 
the selective hydrolysis of cellulose for the preparation of MCC. A variety of 
reaction parameters, such as acid concentration, reaction time, temperature, 
and solid-liquid ratio were optimized. Rod-like MCC was gained with a high 
yield of 93.62% at 90°C for 2 h with 58% (w/w) of the HPW catalyst and a 
solid:liquid radio of 1:40. In addition, higher crystallinity and narrower par-
ticle diameter distribution (76.37%, 13.77–26.17 lm) were observed in com-
parison with the raw material (56.47%, 32.41–49.74 lm). In addition, HPW 
could easily be extracted and recycled with diethyl ether for four cycles with 
no significant effect on the quality of the produced MCC. The protection of 
the crystalline region while selectively hydrolyzing the amorphous region of 
cellulose as much as possible with HPW was of great significance. Owing to 
the strong Brønsted acid sites as well as the highest activity in solid hetero-
poly acids, the use of effective homogeneous HPW may provide a green and 
sustainable means for selective conversion of fiber resources into chemicals 
in the future.

The naturally occurring sesquiterpene (+)-aromadendrene belongs to the 
hydroazulene family of terpenes. It is the main constituent of the essential oil of 
Eucalyptus globulus [234,235].

Superacids such as fluorosulfuric acid are used in the isomerization of 
(+)-aromadendrene at temperatures higher than 100°C [236]. The function-
alization of (+)-aromadendrene has been reported as well. Alcohols and 
ethers can be obtained using zeolites and formic acid [237]. Using ethanol 
as a nucleophile [238], the alcohols (−)-epiglobulol and (−)-globulol may 
be produced by the treatment of (+)-aromadendrene with acids. To obtain 
oxygenated compounds from this substrate, enzymes have been utilized 
[239].

Rocha and coworkers [240] reported the use of the heteropoly acid HPW 
as a homogeneous catalyst for the transformation of 59 to 60 and 61 through 
isomerization and functionalization, respectively. The reactions were con-
ducted using alcohols as solvents. The result was the formation of products 
after functionalization and isomerization of the carbon chain of compound 59. 
Transformations of (+)-aromadendrene 59 were performed in the presence of 
the HPW, which, in principle, can be recovered from polar solutions by pre-
cipitation with the use of a nonpolar solvent. In solutions of n-butanol and 
ethanol, (+)-ledene 60 was formed due to the isomerization of the double bond 
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in the carbon chain of the substrate. By nucleophilic addition of the alcohol 
molecule to the exocyclic double bond of 59, an ether was produced. In the 
ethanol solution, beside the formation of (+)-ledene 60 and the ether derived 
from ethanol, a product was also formed by the addition of a water molecule 
to the (+)-aromadendrene double bond to afford 61 derivatives. The products, 
alone or mixed, exhibited interesting pharmacological properties with the po-
tential for commercial applications (Scheme 6.18).

Reactions of terpenes with cuminaldehyde. Cuminaldehyde 68 is a monoter-
pene found in a variety of essential oils. Owing to its persistent pleasant odor, 
cuminaldehyde is commercially produced and used in perfumes and cosmetics 
[241]. Oxygenated diterpenic compounds with interesting fragrance properties 
and/or biological activity may result from the addition of cuminaldehyde 68 to 
other monoterpenes. The reaction between the latter and limonene 62 (it is a 
colorless liquid aliphatic hydrocarbon classified as a cyclic monoterpene, and 
is the major component in the oil of citrus fruit peels) was achieved in the pres-
ence of HPW/SiO2 and CsPW catalysts in various solvents. In the experiments 
conducted in the absence of a catalyst, limonene 62 was virtually stable under 
the reaction conditions. The chief product of the reaction was compound 69; its 
structure was identified by MS and NMR. The selectivity for 69 was drastically 
influenced by the reaction time and other reaction parameters. In addition to 
69, isomeric para-menthenic terpenes were formed from limonene under acidic 
conditions (chiefly terpinolene, α-terpinene, and γ-terpinene; see Scheme 6.19). 
With a pleasant woody smell, the isolated ether 69 was a new compound with 
commercial applications [242].

SCHEME 6.18  Transformations of (+)-aromadendrene (59) catalyzed by HPW.
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6.4.  Applications of Heteropoly acids in the food 
industry

Dietary phytosterols including phytostanols are believed to effectively lower 
the absorption of cholesterol. Typically, 0.5–3.0 g/day of plant sterols lowers 
the cholesterol absorption by 30–80% which in turn may result in a decrease 
of 10%–15% in LDL cholesterol [243,244]. Phytosterols are nontoxic natural 
products and inexpensive by-products of food processing. Although potentially 
attractive, their usefulness has been restricted by their lower solubility in both 
water and oil phases, higher melting point, and their chalky taste. Should they 
be used broadly as a food additive, phytosterols must also be conveniently in-
corporated into food, without the adverse organoleptic effects. Therefore, a 
number of ways have been suggested to increase the solubility or bioavailability 
of phytosterols [245,246]. It has been demonstrated that phytosteryl esters are 
much more soluble than the free phytosterols in the oil phase. Therefore, using 
phytosteryl esters in oil has been proposed in order to lower cholesterol absorp-
tion [247].

There are a variety of methods for the production of phytosteryl esters. The 
typical operation is a transesterification reaction of phytosterols and methyl 
esters of edible oil in the presence of sodium methylate as a catalyst. However, 
the acyl profile of phytosteryl esters is difficult to control since it depends on 

SCHEME 6.19  Cycloaddition of limonene (62), α-terpineol (63), α-pinene (64), β-pinene (65), 
linalool (66), and nerol (67) to cuminaldehyde (68) in the presence of HPW/SiO2 or CsPW.
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the array of fatty acids used in the oil employed in the reaction. In addition, 
the disposed sodium methylate, as a strongly corrosive chemical, may poten-
tially pollute the environment. Heteropoly acid is a strong solid acid with high 
catalytical activity and lower corrosiveness; it is often used as catalyst for 
esterification reactions in the food and chemical industries [248]. In order to 
develop a green method for the production of phytosteryl esters from phytos-
terols and fatty acids in high yields, and low cost on a large scale, Meng and 
coworkers [249] investigated the feasibility of replacing sodium methylate by 
a heteropoly acid salt. For this purpose, they evaluated four different hetero-
poly acids, tungstosilicic acid, tungstophosphoric acid, molybdosilicic acid, 
and molybdophosphoric acid, to determine the best catalyst and optimize the 
reaction conditions for the esterification reaction between various fatty acids 
and phytosterols. The results revealed that tungstosilicic acid was more selec-
tive toward butyric acid and caprylic acid than toward lauric, palmitic, and 
oleic acids. However, in terms of the selectivity of tungstosilicic acid catalyst 
toward stearic, oleic, linoleic, and alpha-linolenic acids, all with C18 chains, in 
the esterification reaction there was no significant discrimination. Phytosteryl 
ester higher than 90% was yielded when the esterification reaction was carried 
out at 150°C, with phytosterols and fatty acids in a molar ratio of 1:1.5, and 
catalyzed by 0.2% of tungstosilicic acid in silica gel. The catalyst recovery 
results revealed that the immobilized tungstosilicic acid would not consider-
ably lose its activity after six consecutive runs. Therefore, the immobilized 
tungstosilicic acid could be replaced with sodium methylate to synthesize 
phytosteryl esters with fatty acids and phytosterols as the starting materials 
on an industrial scale.

The Claisen rearrangement of 6-allyl-2,4-di-tert-butylphenylether 70 to 
6-allyl-2,4-di-tert-butylphenol 71 is an industrially valuable reaction. 6-Allyl-
2,4-di-tert-butylphenol is used as antioxidant, cross linking agent in polymers 
as well as a reactive diluent in UV-curable coating composition. In addition, 
it is used in perfumes, flavors, and especially in the formulation of products 
such as detergents, soaps, air fresheners, and cosmetics. Various solid acids 
have been used for the Claisen the above mentioned rearrangement including 
Al-MCM-41 [250], H-FAU and H-MOR [251,252], β-zeolite [253], mesopo-
rous silica [254], and bentonite [255] specifically for allyl phenyl ether as the 
reactant. Yadav and coworkers [256] accomplished the Claisen rearrangement 
of 6-allyl-2,4-ditert-butylphenyl ether 70 to 6-allyl-2,4-di-tert-butylphenol 71 
using different solid acid catalysts such as K10 clay, sulfated zirconia, 20% 
w/w tungstophosphoric acid (HPW)/hexagonal mesoporous silica (HMS), 
and 20% (w/w) HPW/K10. The 20% (w/w) HPW/HMS was observed to be 
quite active and stable without any significant deactivation with 100% atom 
economy toward preparation of 6-allyl-2,4-di-tertbutylphenol 71. The authors 
systemically investigated the effect of various operating parameters. They 
concluded that the high interaction level of a heteropoly acid with the sup-
port which have determined both acid structure and mobility. The Claisen 
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rearrangement of 6-allyl-2,4-tert-butylphenyl ether catalyzed by HPW is il-
lustrated in Scheme 6.20.

With a pleasant floral-sweet odor, α-bisabolol 80 is a monocyclic sesqui-
terpenic alcohol. It is a major component of the essential oils of chamomile 
(Matricaria chamomilla), candeia (Eremanthus erythropappus), and sage 
(Salvia runcinata) oils (up to 50%, 85%, and 90% contents, respectively) 
[257–260]. α-Bisabolol 80, also known as levomenol, has exhibited a strong 
therapeutic potential owing to its antiinflammatory, antibiotic, skin-soothing, 
analgesic gastro-protective, and antioxidant properties [257–262]. Nerolidol 74 
and farnesol 75 are acyclic sesquiterpenic allylic alcohols, which are industri-
ally available. Both compounds have a delicate sweet floral odor with extensive 
applications as fragrance and food flavor ingredients [241]. Farnesol 75 and 
nerolidol 74 are found in essential oils of various plants and flowers, e.g., neroli, 
lemon grass, and jasmine oils. They are also commercially produced from ac-
etone and acetylene [241].

Gusevskaya et al. [263] reported the application of HPW, the strongest het-
eropoly acid in the Keggin series, as a homogeneous catalyst for the isomeri-
zation of nerolidol 74 and farnesol 75 in order to obtain α-bisabolol 80. HPW 
proved to be an active and environmentally friendly homogeneous catalyst for 
the synthesis of α-bisabolol, an expensive and highly in-demand ingredient 
for the fragrance, cosmetic and pharmaceutical industries starting from more 
abundant sesquiterpenic alcohols that can be derived from biomass. The na-
ture of the solvent has remarkable effects on the reaction pathways and selec-
tivity. In acetone solutions, α-bisabolol 80 can be obtained in 60%–70% GC 
yields from farnesol 75 in 55%–60% GC yields and from nerolidol 74 with 
complete substrate conversions, which are probably the best results reported 
for these reactions thus far. The α-bisabolol 80 that was also synthesized by 
this method contained no farnesol 75, a potentially allergenic compound and 
commercially used α-bisabolol must be totally free of farnesol. This advan-
tage is particularly important since the separation of α-bisabolol and farnesol by 
means of distillation is a troublesome task. The catalyst exhibited high turnover 
numbers and operated under nearly mild ambient conditions. The results from 

SCHEME 6.20  Claisen rearrangement of allyl-2,4-tert-butylphenyl ether.
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the isomerization of nerolidol 74 in acetone solutions containing HPW were 
provided. The reaction gave α-bisabolol with a selectivity of up to 66% along 
with traces of farnesol 75, which usually disappeared when the conversion of 
nerolidol 74 was complete (Scheme 6.21). The rest of the substrate was mainly 
converted into bisabolenes (α-bisabolene 78 and β-bisabolene 79), which are 
formally the products of α-bisabolol dehydration. The oligomerization that of-
ten complicates the reactions with terpenic compounds under acidic conditions 
did not occur significantly.

6.5.  Applications of Heteropoly acids in biomass

Biomass resources are regarded as a good choice for raw material supply in the 
production of high value products owing to their low cost, accessibility, suffi-
ciency, and, most importantly, renewability [264]. Many industries are focusing 
on the production of chemicals and other products from biomass such as lactic 
acid, levulinic acid, formic acid, biodiesel, and cellulose derivatives.

The manufacture of biodiesel from waste lipid feedstock and acidic noned-
ible oil has the problem of forming soaps in conventional transesterification 
processes. A solution to this drawback is the esterification in which super 
acid homogenous catalysts are used. On the other hand, dangerous effluents 

SCHEME 6.21  Acid-catalyzed transformations of farnesol and nerolidol.
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are generated by such catalysts. To resolve this, Molina and coworkers [265] 
utilized heterogeneous acid catalysts such as heteropoly acid supported on 
activated carbon. Because of its high surface area, the activated carbon paved 
the way for the high dispersion of the active phase. The authors focused on 
the esterification of oleic acid over tungstophosphoric acid (HPW) supported 
on activated carbon derived from passion fruit biomass (ACP), which was 
prepared by chemical activation using zinc chloride. The composites (HPW/
ACP) were prepared to contain 10%–30% w/w of HPW by two procedures, 
i.e., aqueous impregnation method and incipient moisture. The results revealed 
that the activated carbon from the passion fruit seed residue provided a high 
surface area (465 m2/g) and the HPW impregnation method on activated car-
bon was a definitive factor on the catalyst performance. SEM, XPS, NMR, and 
N2 adsorption-desorption results revealed that in the catalyst acquired by aque-
ous impregnation (HPW/ACP), surface area was reduced to 50 m2/g; HPW was 
quite dispersed in the internal pores of the ACP support and provided superior 
acidity. The initial moisture impregnation (HPW/IACP) formed HPW particles 
on the external surface of the support. However, because of little interaction 
among them, a surface area of 90 m2/g resulted. The best result for the esterifica-
tion of oleic acid with methanol was 86.4% conversion with the catalyst HPW30/
ACP, at 100°C, after 2 h. The leaching of HPW active phase after the reaction 
was as low as ~ 1.0%–2.6%.

Levulinic acid is among the most important chemicals derived from biomass 
[266]. Some of useful compounds that can be synthesized from levulinic acid 
are illustrated in Scheme 6.22. Therefore, how to synthesize levulinic acid and 

SCHEME 6.22  Chemical compounds of great value that could be obtained from alkyl levulinates.
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different by-products from biomass derivatives is being studied. Among these 
derivatives, the alkyl levulinates, particularly n-butyl levulinate, are very impor-
tant, since they currently have many applications, such as in fragrance manu-
facture or an additive in gasoline and biodiesel [267]. A majority of the current 
industrial processes for the manufacture of levulinic acid and alkyl levulinates 
use phosphoric or sulfuric acids as a catalyst in each step [268], which are of 
course harmful to health and the environment due to their toxicity. In order 
to resolve these problems, Pizzio and coworkers [269] synthesized a magnetic 
catalyst based on Keggin-type heteropoly acids immobilized on mesoporous 
silica-coated magnetite particles having a core shell structure. The catalyst ac-
tivity was examined over the esterification of levulinic acid with n-butanol. The 
reaction kinetics was investigated by systematically varying all reaction param-
eters, e.g., catalyst loading, stirring speed, reactant molar ratio, and temperature. 
In addition, the reaction was observed to be free from any external mass transfer 
and intra-particle diffusion limitations, being kinetically controlled by nature. 
The experimental data fitted to a second-order kinetic equation. In addition, 
the experimental activation energy of 17 kcal/mol was found for the reaction. 
The reaction was conducted in the absence of a solvent, which helped put it in 
the green chemistry category. In addition, the resulting catalyst could be used 
repeatedly without any considerable decrease in activity.

Conversion of cellulose in biomass is complicated by the fact that it is in-
soluble in water as well as in most organic solvents. In addition, cellulose is 
quite resistant to many manners of chemical and biological transformations 
[270,271].

From an industrial point of view, novel concepts in the field of biomass-to-
energy conversion must fulfil the following three criteria:

(a)	 low specific investment cost even at small plants as big plants requires 
transport of biomass over long distances;

(b)	 low operation costs; and
(c)	 manufacture of a valuable product or a mixture of product.

Indeed, many of the methodologies developed to convert the lignocellu-
losic biomass to energy carrier molecules such as hydrogen, syngas, methane, 
or ethanol do not fulfil all of the above criteria. While gasification of biomass 
requires high temperatures and laborious efforts for gas purification [272,273], 
supercritical reforming has the problem of high investment necessary to provide 
corrosion-resistant equipment [274,275]. On the other hand, aqueous reform-
ing has been observed to be restricted to a small array of biogenic substrates 
and is usually operated in low concentrations. Even under such conditions, the 
reaction is still characterized by the formation of undesired solid carbohydrate 
polymers as dead-end products [276]. In addition, the fermentative processes 
responsible for the conversion of biomass to ethanol or methane are usually 
restricted to carbohydrate substrates which directly or indirectly compete with 
the food industry.
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Guldi and others [277] synthesized different Keggin-type polyoxometalates 
and characterized them to identify the optimized homogeneous catalysts for 
the selective oxidation of biomass to formic acid with oxygen gas as an oxidiz-
ing agent and p-toluenesulfonic acid as an additive. Employing the optimized 
polyoxometalate catalyst system H8[PV5Mo7O40] (HPA-5), a total yield of 60% 
for formic acid (with respect to carbon in the biogenic feedstock) could be 
achieved for glucose within 8 h and for cellulose within 24 h. The characteristics 
of the transformation were its mild reaction temperature, excellent selectivity 
toward formic acid in the liquid product phase, and its applicability to an array 
of biogenic raw materials including complex biogenic mixtures and nonedible 
biopolymers.

Not many processes for the direct conversion of biomass raw materials into 
valuable chemicals have been successful in practice. Formic acid and acetic acid 
are both important chemicals in high demand in the chemical, agricultural, and 
pharmaceutical industries.

Han and coworkers [278] managed to convert the raw biomass materials 
directly into fine chemical compounds of great value from both economic and 
ecological perspectives. They reported that a Keggin-type V-substituted phos-
phomolybdic acid catalyst, i.e., H4PVMo11O40, was capable of converting vari-
ous substrates derived from biomass to formic acid and acetic acid with high 
selectivity in an aqueous media and oxygen atmosphere. Under optimized reac-
tion conditions, the heteropoly acid H4PVMo11O40 gave an extraordinary high 
yield for formic acid (67.8%) from cellulose, which far exceeded the values 
gained by former catalytic systems. The study revealed that due to their strong 
acidities, heteropoly acids were generally efficient catalysts for the conversion 
of biomass, while the composition of the metal addenda atoms in the catalysts 
crucially affected the reaction pathway and the product selectivity.

Defunctionalization of biomass and then converting it into various platform 
molecules is a totally desirable means in the development of sustainable chemi-
cal industry. Such feedstock may be generated through the synthesis of syngas 
(Fischer-Tropsch method), fermentation, and extraction of biomass. Among 
these routes sugars, 5-hydroxymethylfurfural, glycerol, butanol, ethanol, eth-
ylene glycol, etc. are promising feedstock to make a variety of value-added 
chemicals. However, acetals and ketals are extensively used in fragrance and 
flavor industries, due to the type of notes they create, while some of these com-
pounds are used as oxygenated fuel additives. Therefore, glycerol and other 
glycols may be converted into more valuable commodities via acetalization and 
ketalization, which are acid catalyzed processes. The common method for the 
synthesis of acetals and ketals of glycerol or other glycols is the reaction with 
aldehyde or ketone catalyzed by an acid [279,280].

Acetals and ketals of glycerol provide invaluable components for the for-
mulation of diesel, gasoline, and biodiesel fuels. Such oxygenated compounds, 
when incorporated into standard diesel fuel, will result in emissions with sig-
nificant reduction in particulate matter, carbon monoxide, hydrocarbons, and 
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unregulated aldehydes [281,282]. Likewise, these compounds may serve as cold 
flow improvers in biodiesel and also reduce its viscosity [281]. This issue is 
very important because of the growing demand for novel additives especially 
for biodiesel, which are nontoxic, biodegradable and renewable. Acetals and 
ketals as additives to biodiesel enhance its viscosity and help it meet the con-
ventional requirements of flash point and oxidation stability [283]. The propyl-
ene glycol acetal of methyl naphthyl ketone is a flavoring material with orange 
blossom note, whose synthesis involves the acetalization of the methyl naphthyl 
ketone with propylene glycol [279].

The industrial process for the synthesis of acetals is catalyzed by strong 
acids, e.g., p-toluenesulfonic acid. The acetalization of ethylene glycol with 
methyl 2-napthyl ketone to afford 2-methyl-2-napthyl-1,3-dioxolane is com-
mercially important and it has the orange blossom fragrance.

Yadav et al. [284] catalyzed the synthesis of 2-methyl-2-napthyl-1,3-dioxolane 
by acetalization of ethylene glycol with methyl 2-napthyl ketone with several 
heterogeneous solid acid catalysts containing 20% (w/w) Cs2.5H0.5PW12O40/
K10 (Cs-HPW/K10), UDCaT-4, UDCaT-5, and K10 clay. Among the men-
tioned species, 20% (w/w) Cs-HPW/K10 catalyst was observed to be the most 
efficient catalyst, affording 87% conversion of methyl 2-napthylketone with 
100% selectivity toward 2-methyl-2-napthyl-1,3-dioxolane. Several parameters 
affecting the reaction were studied and optimized. The optimized reaction con-
ditions were 110°C, molar ratio of methyl 2-naphthyl ketone to ethylene glycol 
1:2, catalyst loading of 0.02 g/cm3, agitation speed of 800 rpm, and time 3 h 
(Scheme 6.23).

Among the different chemicals derived from biomass, 5-hydroxymethylfurfural 
of central importance, as it is convertible into high-quality fuels and totally value 
chemicals like γ-valerolactone, levulinic acid, ethyl levulinate, 2,5-dimethylfuran, 
5-ethoxymethylfurfural, etc. owing to its specific structure with two functional 
groups united with a furan ring [285–288].

In the past decade, an array of acidic catalysts have been prepared for the 
synthesis of 5-ethoxymethylfurfuralor ethyl levulinate. For example, Lanzafame 
and coworkers [289] studied the etherification of 5-hydroxymethylfurfural with 
EtOH over a series of mesoporous silica catalysts and compared the results with 
the behavior of Brønsted acids such as sulfuric acid and Amberlyst-15 resin. 
Although heteropoly acids are also extensively applied for the conversion of 

SCHEME 6.23  Acetalization of ethylene glycol with methyl 2-naphthyl ketone.
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biomass into biofuels [290], phosphomolybdic acid hydrate (HPMo) used as a 
catalyst in this reaction has rarely been reported. Chen and others [291] reported 
the conversion of 5-hydroxymethylfurfural into 5-ethoxymethylfurfuraland ethyl 
levulinate using MOFs-based polyoxometalate [Cu-BTC][HPM] (NENU-5)  
as a catalyst. The homogeneous distribution of HPMo in the pores of Cu-
BTC caused the composite combine the properties of catalytic activity of 
HPMo and the insolubility, large surface and hierarchical pores of Cu-BTC. 
The catalyst exhibited reusability and catalytic activity with 55% yield for 
5-ethoxymethylfurfural and 11% yield of ethyl levulinate (Scheme 6.24).

Arantes and coworkers [292] synthesized heteropoly salts containing differ-
ent numbers of vanadium atoms (K4[PVW11O40]-KPWV1 and K6[PV3W9O40]-
KPWV3) from the heteropoly acid HPW, and used them as catalysts in the 
hydrolysis of cellulose to change the redox properties and verify if the clusters 
of catalysts were involved in reaction mechanism. According to the conducted 
experiments, the catalysts were all observed to be active in the hydrolysis. 
The best results were obtained when HPW was used. This suggested that the 
redox properties were no of much influence on the depolymerization of cel-
lulose and the hydrolysis mechanism were attributed to acidic properties 
of the media. The main products afforded by the reactions were glucose and 
5-hydroxymethylfurfural, which are of great interest in the chemical industry.

Many terpenic compounds derived from essential oils are extensively uti-
lized in the pharmaceutical, fragrance, and cosmetic industries [293,294]. 
In addition, they may be transformed into more valuable products providing 
abundant feedstock of renewable biomass-based substrates for chemical in-
dustries [293–298]. Heteropoly acids, due to their special properties, provide 
a desirable, green alternative to conventional acid catalysts, i.e., mineral ac-
ids, ion-exchange resins, clays, and zeolites [299,300]. Gusevskaya et al. [242] 

SCHEME 6.24  Conversion of 5-hydroxymethylfurfural into 5-ethoxymethylfurfuraland ethyl 
levulinate in EtOH.
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described the cycloaddition of monoterpenes with a set of aldehydes in the 
presence of HPW supported on silica and bulk CsPW (Cs2.5H0.5PW12O40) as 
heterogeneous catalysts. In addition to conventional 1,2-dichloroethane, the re-
actions were conducted in nontoxic biodegradable green organic solvents, e.g., 
diethylcarbonate and dimethylcarbonate, as well as 2-methyltetrahydrofuran 
derived from biomass. The monoterpenes and monoterpenic alcohols used as 
substrates were limonene, α-terpineol, α-pinene, β-pinene, linalool, and nerol. 
Biomass-derived cuminaldehyde and trans-cinnamaldehyde, available from 
essential oils of eucalyptus and cinnamon, respectively, as the aldehydes were 
used along with crotonaldehyde and benzaldehyde.

Acidic cesium salt of tungstophosphoric acid, Cs2.5H0.5PW12O40, is an ex-
cellent solid acid catalyst suitable for cycloadditions of biomass-based, eas-
ily available from essential oils monoterpenic compounds, such as limonene, 
α-terpineol, α-pinene, β-pinene, and nerol, with aldehydes, including benz-
aldehyde, crotonaldehyde as well as biomass-derived cuminaldehyde and 
trans-cinnamaldehyde in liquid phase. The reactions afford oxabicyclo[3.3.1]
nonene compounds with potential applications in fragrance and pharmaceuti-
cal industries with satisfactory to excellent yields. The process is green and 
may be conducted in the biomass-derived solvent 2-methyltetrahydrofuran and 
eco-friendly, environmentally benign organic solvents like dimethylcarbonate 
and diethylcarbonate under moderate conditions with low catalyst loadings free 
of leaching problems. The solid CsPW catalyst could be easily separated from 
the reaction media, and low-boiling solvents could be removed by distillation. 
HPW supported on silica also demonstrated good performance.

A sustainable and renewable carbon source for the production of chemi-
cals via catalyzed or biotechnological processes, lignocellulosic biomass is re-
garded as one of the most promising alternatives to petrelium [301]. One of 
the chemicals derived from lignocellulosic biomass is lactic acid, which is an 
important, valuable chemical with various applications in various fields such 
as the food industry, pharmaceuticals, and plastics. Recently, this chemical has 
gained even more attention as a precursor for the synthesis of bio-based chemi-
cals, e.g., acrylic acid, 2,3-pentanedione, and acetaldehyde. The existing indus-
trial process for the synthesis of lactic acid is based on enzymatic fermentation 
of carbohydrates (such as sucrose), which as a sensitive process (in terms of 
feed quality/purity), requires rigorous adjustment of the reaction conditions and 
gives rise to a significant amount of waste. Lactic acid may be synthesized from 
glucose via a catalyst of noticeable Lewis acidity or following a retro-aldol 
reaction pathway, which is favored under basic conditions. However, glucose 
itself is produced from the hydrolysis of cellulose, which requires Brønsted 
acidity. Given the development of a one-pot catalyzed process for the synthesis 
of lactic acid from cellulose, Triantafyllidis and coworkers [302] investigated 
the influence of oxides (SiO2, SiO2-Al2O3, Nb2O5, Nb2O5-SiO2, Nb2O5-Al2O3), 
heteropoly acids (HSiW, HPW), and heteropoly acids supported on the oxides 
as bifunctional catalysts with varying ratios of Lewis to Brønsted acid sites 
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on the conversion of cellulose into lactic acid. The experimental data revealed 
that the acidity type would play an important role in the reaction pathway and 
accordingly in the product distribution. Amidst the supported catalysts tested, 
TSA/SiO2-Al2O3 with the highest Lewis to Brønsted acidity ratio led to the 
highest lactic acid selectivity (38.4%) and yield (23.5%), at 61.2% cellulose 
conversion. For this catalyst, the effect of reaction conditions, catalyst concen-
tration, cellulose crystallinity and the presence of other biomass components 
(hemicellulose and lignin) was further evaluated. The stability and reusability of 
HSiW/SiO2-Al2O3 were established for at least three reaction cycles, while the 
reaction route for the cellulose conversion was verified via a power law kinetic 
modeling scheme.

As the most plentiful class of natural products, terpenes are available at a 
relatively low cost from essential oils. In addition to direct applications in flavor 
and fragrance industry [241], terpenic compounds can be chemically converted 
into various valuable products [296,297]. Acid catalyzed reactions are exten-
sively employed for this purpose; however, many of these processes still involve 
mineral acids as homogeneous catalysts and/or toxic solvents as reaction media.

Heteropoly acid catalysts have been successfully applied in various reactions 
of terpenes [300]. For instance, Gusevskaya and coworkers [303] reported the 
isomerization [304,305] and etherification/esterification [306,307] of terpenes 
over the heteropoly acid catalysts and their coupling with aldehydes [308].

Limonene oxide, which can be synthesized from citric essential oils as well 
as the epoxidation of limonene, is one of the most widespread terpenic com-
pounds. Through acidic catalysis, limonene oxide may be converted into a va-
riety of valuable products for flavor and fragrance industry, such as carveol, 
exocarveol, dihydrocarvone, and carvenone [309]. In most cases, satisfactory 
selectivities were achieved only for para-menthenic allylic alcohols like carveol 
and exocarveol [310–313].

The authors reported the isomerization of limonene oxide over silica-
supported HPW in green solvents, i.e., dimethylcarbonate and diethylcarbonate. 
As low-toxin and biodegradable solvents, dimethylcarbonate and diethylcar-
bonate are highly recommended compared to ethanol and water [314–316]. 
The authors realized that the reaction can be directed to either dihydrocarvone 
or carvenone in these solvents merely by changing the reaction temperature. 
Additionally, kinetic separation of trans-limonene oxide and stereoselective 
synthesis of trans-dihydrocarvone were made possible by full control of the 
reaction parameters. The more reactive cis-limonene oxide was selectively 
transformed into the trans-dihydrocarvone, which is highly valuable, while 
trans-limonene oxide practically remained intact. The trans-limonene oxide 
is particularly used for the production of special biodegradable polymers such 
as polycarbonates and polyesters [317–319]. Commercial limonene oxide is a 
mixture of cis and trans isomers (which are hard to separate by physical means).

The isomerization of limonene oxide over the HPW/SiO2 catalyst is illus-
trated in Scheme 6.25. When the catalyst was not present or in the presence 
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of pure silica, the substrate conversion did not occur at all in blank reactions 
in any of the solvents used. The structures of reaction products were identi-
fied as dihydrocarvone, carvenone, 1-methyl-3-isopropenyl-cyclopentyl-1-
carboxaldehyde, and limonene-1,2-diol. Importantly, HPW is not soluble in 
dimethylcarbonate and diethylcarbonate (unlike 1,4-dioxane); this means that 
the reaction could proceed under truly heterogeneous conditions. The selectiv-
ity for carvenone formation was observed to be strongly dependent on the reac-
tion temperature.

6.6.  Applications of heteropoly acids in removal of 
pollutants

The deposition of solid waste generated by various industries that pollutes wa-
ter, air, and soil is one of the main environmental issues. Green chemistry dic-
tates that the elimination or reduction of hazardous waste and substances must 
be considered in every chemical/industrial process [320,321]. Great develop-
ments have been achieved regarding the application of heteropoly acids in this 
area, and a few examples will be addressed in this section.

While aerobic processes are usually employed to treat both domestic and 
industrial wastewaters, it has often been shown that they are not able to totally 
treat all xenobiotic, harmful organic compounds. The textile preparation, dye-
ing, and finishing industry is among the industrial sectors that produce large 
volumes of wastewater with a complex composition made of refractory colors, 
chemical oxygen demand (COD), total dissolved solids (TDS), temperature, 
and high pH [322].

SCHEME 6.25  Chief products of limonene oxide isomerization over HPW/SiO2.
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Dyes must exhibit a high extent of biochemical, chemical, and photolytic 
stability so that they fulfil the permanence requirements posed by both consum-
ers and retailers. Consequently, they are not easily degraded under usual aerobic 
conditions governing biological treatment plants [323,324]. Of the myriad dyes 
presently in use and listed in the Color Index, about two-thirds are unmetallized 
azo and metal complexed azo dyes, a majority of which are utilized as acid dyes 
with applications in wool and nylon fibers (2,3). In addition, it is known that 
acid dyes resist traditional physicochemical processes (coagulation, activated 
carbon adsorption, microfiltration etc.) due to their relatively low molecular 
weight (~ 1000 g/mol) and high water solubility (10 g/L) [325]. Recently, novel 
treatment catalysts, chiefly in the form of transition-metal salts or oxides, and 
heteropoly acids, have been designed and introduced to enhance the chemical 
oxidation of such dyes [326]. In particular, and interestingly, heteropoly acids 
and their salts have been used as oxidation catalysts since many of them may 
serve as mild oxidizing agents [327]. Their unique physicochemical, structural 
properties can be determined and adjusted at nano-dimensions. They have been 
applied as environmental catalysts for the degradation of several organic priority 
pollutants [328–330]. Oxidation reactions catalyzed by heteropoly acids are envi-
sioned as a mainly two-stage redox cycle, in which first an interaction takes place 
between the organic substrate (S) (the electron donor) and the oxidized form of 
the polyoxometalate (POMox), leading to products (P) and reduced form of the 
catalyst (POMred). The latter stage is also believed to be the rate-determining step 
throughout the polyoxometalate-catalyzed aerobic oxidation [71]:

(6.1)

After that, the catalytic cycle is completed by reoxidation of the reduced 
catalyst, preferably by a molecular oxygen [71]:

(6.2)

Treatment for Acid Dye Wastewater. Idil Arslan-Alaton [331] utilized tungs-
tosilicic acid (H4SiW12O40) as a photochemical and wet air oxidation catalyst 
for the treatment of aqueous Acid Orange 7. Acid Orange 7 (also known as 
Orange II) was selected as a well-studied, refractory, and representative textile 
azo dye [332–335]. The catalytic effect of SiW12O40

− 4 on wet air oxidation and 
photochemical treatment of Acid Orange 7 was investigated to obtain an insight 
into the differences between the reaction kinetics of uncatalyzed oxidation and 
catalyzed by SiW12O40

− 4. In the wet air oxidation experiments of Acid Orange 
7 catalyzed by polyoxometalate ions, an organic (isopropanol; IsOH) and inor-
ganic (bromide in the form of KBr) OH• scavenger was also added to probe the 
possible involvement of OH•.

Recently, perfluorocarboxylic acids (PFCAs) like perfluorooctanoic acid 
(C7F15COOH, PFOA) have received a great deal of attention since they are 
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contaminants ubiquitously present in the environment [336–338]. These com-
pounds have been extensively used as products or materials for surfactants. For 
instance, they are used as emulsifying agents in manufacture of fluoropoly-
mers, surface treatment agents for electronic materials, and additives for paint-
ings and waxes, because of their high thermal and chemical stability, high 
surface active effect, and high transparency [337]. Perfluoroether carboxylic 
acids are among important alternatives to PFCA-based surfactants [339,340]. 
In these molecules, ether linkages are incorporated into the perfluoroalkyl 
chain of PFCAs so that the molecules include only short perfluoroalkyl (≤ C4) 
groups (Scheme 6.26).

These chemicals are more likely to decompose easier than PFCAs, because 
of the presence of ether linkages. However, the decomposition of perfluoro-
ether carboxylic acids has not been reported. Conventional techniques for or-
ganic pollutants in water, e.g., treatment with Fenton’s reagent (Fe2 + + H2O2) 
[341] and irradiation with UV-vis light in the presence of hydrogen peroxide 
[342], can only slightly decompose PFCAs, since the reactivity of OH radicals 
with PFCAs in water is not very high [343,344]. Water-soluble heteropoly 
acids have proved to be attractive photocatalysts for the decomposition of 
PFCAs and related chemicals owing to their multielectron capability and high 
stability under highly acidic conditions [328,345]. The oxidation potential of 
[PW12O40]

3 − is estimated to be more positive than that of titanium(IV) ox-
ide (TiO2) [346]. The produced fluoride ions have substantial treatment pro-
cesses: addition of a calcium salt leads to the formation of CaF2, which is 
harmless to the environment, a raw material for hydrofluoric acid, the global 
demand for which is increasing. Development of a system for the decomposi-
tion of fluorochemicals is important since such systems not only reduce the 
environmental impact of these chemicals but also provide a means for the 
recycling of a fluorine resource.

SCHEME 6.26  PFCAs and perfluoroether carboxylic acids.
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Hori et  al. [347] reported the photochemical decomposition of a perfluo-
roether carboxylic acid C2F5OC2F4OCF2COOH, catalyzed by HPW. For the 
purpose of comparison, another water-soluble heteropoly acid, i.e., HSiW, treat-
ment with Fenton’s reagent, UV-visible irradiation in the presence of hydrogen 
peroxide, and UV-vis irradiation in the presence of titanium(IV) oxide, were 
investigated as well. The decomposition behavior of perfluoroether carboxylic 
using HPW was compared with that of the corresponding PFCA with no ether 
linkages, undecafluorohexanoic acid (C5F11COOH, UFHA).

Phenol, acetone, and bisphenol are highly important chemicals with nu-
merous industrial applications. Bisphenol-A is an important precursor in the 
manufacture of polycarbonate and polyester carbonate resins, plastics, and fire-
retardant chemicals. Bisphenol-A is produced by condensation of phenol with 
acetone over an acid catalyst (Scheme 6.27, step IV). The reaction can result 
in up to 28 by-products. Consequently, the separation processes for achieving 
resin-grade purity of bisphenol-A are quite difficult [348]. Phenol is almost ex-
clusively produced by the cumene process in three steps [348] (Scheme 6.27, 
steps I–III). In the first step, benzene and propylene are reacted on a fixed bed of 
a suitable solid acid as a catalyst to afford cumene; in the second step, cumene 

SCHEME 6.27  Cumene process for the manufacture of phenol (steps I–III) and manufacture of 
bisphenol-A from phenol and acetone (step IV).
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is purified and oxidized with oxygen to give cumene hydroperoxide; then, in the 
third step, this is isolated and decomposed with sulfuric acid to afford phenol 
with equimolar quantities of acetone. Using an excess of benzene in Step I is 
necessary (to avoid dialkylation) and much of this must be recovered and reused. 
As a chief product, the peroxide generated in step II is an explosive. Therefore, 
conversion of the cumene is restricted to ∼ 25% so that the concentration of 
cumene hydroperoxide is kept low. This is the most hazardous step, and sev-
eral accidents have been reported [349]. Step II produces around 35% (w/w) 
cumene hydroperoxide, which is then concentrated to 80% (w/w) in order to 
produce phenol and acetone. The manufacture and/or concentration of cumene 
hydroperoxide has inherent process hazards leading to runaway situations and 
explosions [349]. Then the unreacted cumene must be recovered and reused; 
in Step III, there are other by-products which need to be controlled [350,351]. 
Various Brønsted and Lewis acids are used to decompose cumene hydroperox-
ide in a temperature range of 0–75°C to yield phenol and acetone with some di-
cumyl peroxide. However, sulfuric acid is still preferred as it secures high yields 
of phenol. Dicumyl peroxide, in turn, is converted into a mixture of R-methyl 
styrene, phenol, and acetone [352,353]. The catalyst strength as well as reac-
tion temperature substantially affects the selectivity of the products during the 
decomposition of cumene hydroperoxide [354,355]. Decomposition of cumene 
hydroperoxide to acetone and phenol has been investigated by numerous re-
search groups, with various catalysts such as metals, clays, and resins.

Yadav and coworkers [356] engineered a novel technique for the synthesis 
of bisphenol-A from cumene hydroperoxide and phenol in a single-pot reac-
tion using 20% (w/w) HPW supported on acidic clay (K10) at 100°C, wherein 
cumene hydroperoxide produced in cumene itself and was used along with phe-
nol to make bisphenol-A. The process was atom economical, producing water 
as a coproduct. Compared to the traditional route of synthesizing bisphenol-A 
from phenol and acetone, the yield was improved by 58% and selectivity toward 
bisphenol-A was improved by 33%. Besides, the reaction mass efficiency was 
enhanced by 28% and the environmental impact factor was decreased by 25%. 
In addition to preserving the atom economy, the hazard due to the concentration 
and handling of cumene hydroperoxide was eliminated. In the current process, 
cumene hydroperoxide produced from cumene was used as such without any 
separation.

In recent years, bioglycerol has been converted into more valuable chemicals 
as a result of several characteristics of glycerol arising from its unique avail-
ability, structure, properties, and renewability. Biodiesel production gives rise 
to 10% (w/w) glycerol as a coproduct, rendering it available in huge amounts 
[357].A few reaction pathways for the selective catalytic conversion of bioglyc-
erol into commercially useful chemicals are oxidation, dehydration, hydrogena-
tion (hydrogenolysis), pyrolysis and gasification, thermal reduction into syngas, 
steam reforming, transesterification, oligomerization, etherification, polymer-
ization, chlorination, acetalization, and carbonylation [358].
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Epichlorohydrin may be synthesized from bioglycerol via green chlorina-
tion routes. It is therefore a source of further valorization. Chloromethyl-1,3-
dioxolane and its derivatives have important applications as pharmaceutical 
intermediates, which are obtained through the cycloaddition of epichlorohydrin 
with a ketone. Chloromethyl-1,3-dioxolane derivatives are used as plasticizers, 
tranquilizers, and potential monomers for polymerization and polycondensa-
tion. They are also important intermediates in the synthesis of a new class of 
adrenoceptor antagonists [359–361]. These chemicals are often used as pro-
tecting groups for 1,2-diols, aldehydes, and ketones in the synthesis of natural 
product. Several types of Brønsted and Lewis acid catalysts like TiCl4, SnCl4, 
RuCl3, BF3-OEt2, anhydrous CuSO4, TiO(TFA)2, TiCl3 (OTf), and methyl rhe-
nium trioxide have been utilized in the synthesis of 1,3-diooxolane derivatives 
[362–364]. The synthesis of 1,3-dioxolanes from epoxides and carbonyl com-
pounds with various solid acid catalysts, e.g., zeolites (ZSM-5, Y, and ultrasta-
bilized HUSY), bentonite clay, and K10 montmorillonite, has been achieved 
and found to provide satisfactory results [365,366]. These catalytic systems 
are awash with oligomerization and polymerization. Amrute et al. [367] over-
came these problems using 10% MoO3 supported on SiO2 as a reusable cata-
lyst. However, the reaction required high catalyst loadings and longer reaction 
times.

Yadav et  al. [368] successfully incorporated Cs2.5H0.5PW12O40(Cs-HPW) 
onto the K10 clay via in situ generation of the salt in the K10 clay [369,370]. 
They investigated the cycloaddition of epichlorohydrin with acetone using 20% 
(w/w) Cs-HPW supported on K10 clay. Different catalysts such as K10 clay, 
HPW-20%/K10 clay, Cs-HPW-20%/K10 clay, and Cs-HPW-20%/HMS were 
synthesized, and their efficiencies were studied. Cs-HPW-20%/K10 clay was 
found to be highly active. The catalyst was characterized by different methods, 
e.g., XRD, FTIR, SEM, and NH3-TPD. A temperature of 70°C and mole ratio 
of epichlorohydrin to acetone equal to 1:8 was observed to afford the best 
results. The reaction was 100% atom economical and green. The catalyst was 
reusable. A kinetic model for the cycloaddition was developed. The reaction 
mechanism was found to be of the Langmuir-Hinshelwood-Hougen-Watson 
(LHHW) type, with very weak adsorption of both reactants in the absence of 
any diffusion resistance. The activation energy of the reaction was 15.77 kcal/
mol (Scheme 6.28).

SCHEME 6.28  Cycloaddition of epichlorohydrin with acetone.
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Sathicq and coworkers [371] gathered different residues from a variety of 
wastes to prepare mixed compounds and used them as catalyst supports. Such 
wastes included sand and concrete from the building industry, used tires, and 
nonreturnable glass bottles. The prepared supports were impregnated with mo-
lybdophosphoric acid and characterized by various techniques such as potentio-
metric titration, SEM-EDS, optical microscopy, and textural property analyses. 
The bifunctional properties of the new catalysts were assessed in two relevant 
transformations under green conditions, i.e., the selective oxidation of sul-
fides to sulfoxides with a green oxidizing agent like tert-butyl hydroperoxide 
(Scheme 6.29). As a specific objective, the efficiency of recyclable materials 
was analyzed as well.

6.7.  Miscellaneous applications of heteropoly acids

So far, methyl tert-butyl ether (MTBE) has been the most widely used octane 
booster additive for automotive fuels. Its use has extensively allowed the elimi-
nation of tetraethyl lead as the antiknocking component of gasoline. The annual 
world production of methyl tert-butyl ether is as high as about 30 million tons. 
However, because of objections from an environmental viewpoint, the tendency 
appeared recently to limit or even totally eliminate its application. Synthesis 
of methyl tert-butyl ether via the electrophilic addition of methanol to isobu-
tylene or etherification of methanol/tert-butyl alcohol mixture needs catalysts 
with strong Brønsted acidity. Therefore, the zeolite acid catalysts [372–374], 
modified zeolites [375–377], and silicates [378] have been widely studied in the 
synthesis of methyl tert-butyl ether in gas phase. Another group of catalysts that 
have attracted the interest are heteropoly acids, which are considered among 
the strongest inorganic acids. Bielánski and coworkers in 2003 investigated the 
physicochemical aspects of the methyl tert-butyl ether synthesis in gas phase 
over tungstosilicic acid (H4SiW12O40) as a catalyst. They studied the interac-
tion of both substrates, i.e., methanol and isobutylene, and the product, i.e., 
methyl tert-butyl ether, with the crystalline tungstosilicic acid using FT-IR and 
calorimetric measurements. With kinetic measurements they managed to pro-
pose a mechanism for the catalyzed reaction. The mechanism suggested that the 
resulting reaction order was positive at the initial state of the catalytic process 
(low bulk concentration of methanol and high concentration of loose protons), 
and would become negative at the steady state. A set of kinetic equations were 
proposed to describe all the processes. For the preparation of tungstosilicic  

SCHEME 6.29  Selective oxidation of sulfides to sulfoxides using a tert-butyl peroxide/catalyst 
system.
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acid-supported catalysts, a series of oxide supports, i.e., TiO2, SiO2, SiO2-
Al2O3, γ-Al2O3, and AlPO4, with increasing basicity was used. It has been dem-
onstrated that the activity decreased with the increasing basicity as a result of 
strong bonding protons by the surface of the support [379].

Biodiesel has been extensively researched in the world because of its renew-
ability, nontoxicity, cleanness, and biodegradability. Raw materials of biodiesel 
are extensively produced by transesterfication of soybean oil, palm oil, colza 
oil, animal fat, and waste cooking oil [380–385].

The cesium salt of tungstophosphoric acid, i.e., Cs2.5H0.5PW12O40 (CsPW) 
is a super solid acid with intact Keggin structure. More specifically, it is widely 
used as a heterogeneous catalyst for its high acid value, strong Brønsted acid-
ity, thermal stability, and catalytic activity, and solubilization in water and 
organic solvent [386]. CsPW, as a green and economically practical solid het-
eropoly acid catalyst [387], is readily separable by filtration; thus it could help 
avoid the problems with liquid strong acids (e.g., sulfuric acid) or strong bases 
(e.g., KOH), equipment corrosion and acidic or alkali wastewater [388–390]. 
Therefore, CsPW may be a favorable candidate as an excellent catalyst for in-
dustrial production processes of biodiesel. Zou and coworkers [391] studied the 
transesterification of waste cooking oil. The CsPW protected by cucurbit[7]uril 
(CsPW-CB[7]) was prepared as a highly effective catalyst for the direct produc-
tion of biodiesel using the transesterification of waste cooking oil. The prepared 
CsPW-CB[7] was characterized by XRD and FT-IR techniques. In addition, to 
optimize the operating parameters affecting the conversion rate, response sur-
face methodology was used. Under the optimized experimental conditions, i.e., 
2% (w/w) of the catalyst, methanol/oil molar ratio of 11:1, reaction time of 
150 min and temperature of 70°C, a maximum conversion rate of 95.1% was 
reached. Assuming a pseudofirst order for the reaction, the activation energy 
was calculated to be 36.0 kJ/mol, which indicates that the reaction is easy to 
conduct. The results demonstrated that the CsPW-CB[7] catalyst could exhibit 
good catalytic efficiency and its excellent potential application in biodiesel 
production.

The biodiesel product was also analyzed by a GC/MS spectrometer, and 
the quality of the biodiesel product was compared with ASTM D6751 and GB/
T25199–2010 standards.

where AV is the acid value in mg KOH/g, V is the consumption volume of potas-
sium hydroxide solution in mL, CKOH is the concentration of potassium hydrox-
ide in mol/L, M is the mass of samples, g, C is the conversion rate of the waste 
cooking oil in percent, and AVI and AVF are the acid values of the initial waste 
cooking oil and the final biodiesel product in mg/g, respectively.
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Conventional industrial biodiesel processes occur using homogeneous alka-
line catalysts [392]. However, a limitation to alkali catalyzed reactions is their 
sensitivity to both free fatty acids and water [393,394].

Cyclodextrins are cyclic oligosaccharides with six to eight glucose units 
linked by 1,4-a-glucosidic bonds demonstrating a donut-shaped ring structure 
[395]. Due to the specific architectural conformation of the hydrophilic exterior 
shell and hydrophobic interior cavity, cyclodextrins can accommodate organic 
and inorganic molecules of proper size in their cavity to give host/guest in-
clusion complexes by hydrophobicity, particular steric effects, and a variety of 
interactions including dipole-dipole interactions, electrostatic forces, van der 
Waals forces, dispersive forces, and hydrogen bonding [396]. In a previous work 
[397], it was demonstrated that a bridged cyclodextrins dimer was able to form a 
stable host/guest inclusion complex with the heteropoly acid H9[P2Mo15V3O62]. 
Zou and coworkers [387] prepared the inclusion complex of Cs2.5H0.5PW12O40 
with bridged bis-cyclodextrin (CsPW/B) as a very efficient catalyst to be used 
in the direct production of biodiesel via the transesterification of waste cook-
ing oil. Under the optimized experimental conditions, i.e., methanol/oil molar 
ratio of 9:1, 3% (w/w) of the catalyst, temperature of 65°C, and reaction time 
of 180 min, up to 94.2% of the waste cooking oil was converted. The physical 
properties of the biodiesel sample met the requirement of the ASTM D6751 
standards. The novel CsPW/B catalyst used for the transesterification could re-
sult in 96.9% fatty acid methyl esters and 86.5% of the biodiesel product could 
act as an ideal substitute for diesel fuel, indicating its excellent potential appli-
cation in the production of biodiesel.

Acid-catalyzed esterification is usually conducted in the liquid phase using 
mineral acid catalysts, e.g., sulfuric, hydrochloric, hydrofluoric, and phosphoric 
acids, which of course cause corrosion in the reactors and also environmental 
problems [398].

In order to avoid the usual problems with heteropoly acids as a catalyst, 
Pires and coworkers [399] attempted to support them on an appropriated solid 
as a way to prevent leaching of the acid into the reagent solution and maintain 
the advantages of the heterogeneously catalyzed reaction. For this purpose, they 
used the widely available kaolin waste generated by kaolin industries together 
with the waste produced during the distillation process used in the deodoriza-
tion of palm oil. They reported the esterification of the distillate (DDPO) with 
ethanol for the production of ester over a line of catalysts containing 20%–40% 
of HPW supported on kaolin in the waste. The reaction was also performed over 
MCM-48, MCM-41, and SBA-15 molecular sieves modified with 20% HPW. 
EtOH was chosen because of its renewability, abundance, and low toxicity in 
comparison with methanol and other alcohols. The surface acidities were mea-
sured by titration. The catalytic performance of the catalysts in the esterification 
of the waste generated during the deodorization processes of palm oil were stud-
ied. The results showed that the materials had great potential in the promotion 
of heterogeneous acid-catalyzed organic transformations.

astm:D6751
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The orange juice industry generates a huge amount of citrus waste, which 
is almost half the weight of the used fresh fruit. It is composed of peel, seeds, 
pulp, and leaves, annually amounting to 15 million tons [400,401]. In some 
juice industries, the liquid is removed from the residue, and the dry solid is sold 
to cosmetic industries or used as cattle feed. At any rate, the treatment of citrus 
waste may represent a huge additional cost, and the disposal in open dumps is a 
traditional option some industries choose.

With respect to their application as redox catalysts, Belén et al. [402] used 
heteropoly acids and with hydrogen peroxide—an eco-friendly oxidizing agent 
due to its oxygen content, low cost, and the fact that water is the only by-product 
of the reaction—in the selective oxidation of anilines, alcohols, phenols, naph-
thols, and sulfides [403–405]. However, due to usual problems with heteropoly 
acids as a catalyst, the reactions were studied using heteropoly acids supported 
on conventional oxides [406] or their pyridine salts [407] to convert them to het-
erogeneous catalysts. Of the various methods used to convert bulk heteropoly 
acids to heterogeneous catalysts, their inclusion in a silica matrix during the 
sol-gel process has been one of the best strategies [408]. However, the selective 
conversion of sulfides to sulfoxides is very important both in the industry and in 
basic research [409,410], particularly due to their therapeutic properties [411]. 
The author used the orange waste as a source for charcoal, and its incorporation 
into a silica matrix that could serve as a support for heteropoly acids. The pre-
pared solids were tested as heterogeneous catalysts over the selective oxidation 
of diphenyl sulfide to diphenyl sulfoxide in a greener process utilizing aqueous 
hydrogen peroxide as an oxidizing agent and ethanol as a solvent, at ambient 
temperature (Scheme 6.30). We expect that this strategy could be used for the 
valorization of citrus waste generated by the juice industry.

Ethyl or methyl ester of a long chain fatty acid may be synthesized from 
vegetable oil via the transesterification reaction shown in the equation below, in 
which a fat (triglyceride of fatty acid) and a small alcohol (methanol or ethanol) 

SCHEME 6.30  Selective oxidation of diphenyl sulfide.
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are reacted to afford a monoester of fatty acid and glycerin. For instance, x = 17, 
y = 33, m = 2 and n = 5 correspond to the reaction between triolein (the main 
component of palm oil) and ethanol to afford ethyl oleate (Scheme 6.31).

Biodiesel has its own disadvantages in the conventional production process. 
A homogeneous base such as potassium hydroxide has been used for the trans-
esterification [412]. When the reaction is complete, the catalyst is dissolved 
into the product liquid, usually neutralized by an acid and then treated as waste. 
Because of the posttreatment necessary for the waste solution with hazard base 
and acid, the process is expensive. In addition, there is the corrosion of equip-
ment. It is difficult to utilize glycerin efficiently since it is contained in the waste 
aqueous solution and therefore it must be combusted during the posttreatment.

Under supercritical conditions (high pressure and temperature), the trans-
esterification proceeds in the absence of any catalyst [413]. The noncatalytic 
reaction does not suffer from the above disadvantages, but to achieve the su-
percritical conditions the energy consumption and cost for operation and equip-
ment are increased.

Therefore, using solid (heterogeneous) catalysts is favorable for this reac-
tion. As solid base catalysts, pure and modified CaO [414,415], alkaline zeolite 
[416], and alkali-modified alumina [417,418] have demonstrated high activities 
for this reaction. In general, efficient reaction rates are obtained at temperatures 
as low as 60°C, while the liquid phase reaction can be conducted under atmo-
spheric pressure since the reaction temperature is lower than the boiling point of 
alcohol. However, avoiding the dissolution of these base catalysts seems diffi-
cult, especially when the raw materials are contaminated with a small amount of 
free fatty acids and/or water; fatty acids are usually contained in natural fat and 
waste frying oil, while water is usually contained in crude alcohol. The problem 
results in the irreversible loss of the catalyst and the product is contaminated 
with inorganic residues.

Therefore, a process consisting of two steps is suggested. Before the reactor 
is filled with the solid base catalyst, a solid acid catalyst is applied to remove the 
fatty acids by the esterification of the fatty acid with the alcohol. The process 
uses the insolubility of the solid acid in an acidic medium. Many solid acids like 
sulfated mesoporous oxide [419], sulfonated carbon [420], and zeolite [421] 
exhibit activities for the esterification. The feasibility of this process has been 
investigated on a pilot scale [419]. Complexity of equipment and operation still 
remain problems for this two-step process.

SCHEME 6.31  The transesterification reaction.
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Considering the cons and pros given above, a highly active solid acid cata-
lyst which can achieve a practical reaction rate of the transesterification (but not 
the esterification) at temperatures as low as 100°C is favorable. In this regard, 
Katada and coworkers [422] reported that a heteropoly acid-derived solid acid 
catalyst, i.e., H4PNbW11O40/WO3-Nb2O5 calcined at 500°C (HPNbW/WNb), 
exhibited a higher catalytic activity for transesterification between triolein and 
ethanol into ethy loleate in comparison with the activities of conventional solid 
acid catalysts. The HPNbW/W-Nb was insoluble in the reaction mixture, while 
heteropoly acids like H4PNbW11O40 and H3PW12O40 that exhibit high activities 
were dissolved in the reaction mixture. The activity of the catalyst was sensitive 
to the temperature of calcination so that temperatures around 500°C led to cata-
lysts with the highest activity. The reaction rate was found to be maximal at 
10%–30% of the ethanol/triolein molar ratio.

A wide variety of catalysts, in both homogeneous and heterogeneous phase, 
may be utilized to accelerate the transesterification and esterification reactions 
from renewable raw materials such as vegetable oils, animal fats, or free fatty 
acids. Among these, different catalysts can be found (e.g., basic, acid, or even 
enzymatic catalysts). Basic homogeneous catalysis is currently the most widely 
used reaching conversions close to 100% at 80°C and reaction times less than 
3 h. However, minimizing the presence of water and free fatty acid in the raw 
materials is necessary since secondary reactions (e.g., soap formation) may take 
place between the catalysts and free fatty acids [423]. Such reactions result in 
the deactivation of the catalysts, a decrease in conversion, and an increase in the 
purification costs [424,425]. For this reason, using vegetable oils or animal fats 
with free fatty acid contents lower than 0.5% (w/w) is necessary. This neces-
sitates the use of high purity raw materials such as virgin oils, which raises the 
final cost of the produced biodiesel. It is estimated that 60%–75% of the final 
cost of biodiesel production may be ascribed to the refining process of the raw 
material used. By using recycled materials (e.g., waste cooking oils), the cost 
would be extremely reduced. However, the free fatty acid content in these ma-
terials is higher than 10% (w/w). A possible way to resolve this problem might 
be designing a two-step process [426,427]; in the first step, the free fatty acids 
are esterified using an acid catalyst. Then in the second step, a transesterifica-
tion by means of a basic catalysis is conducted. Strong Brønsted acids, such 
as H2SO4, HCl, or ortophosphoric acid, are usually used as catalysts. In this 
regard, heteropoly acids may be used as solid acids. In order to use heteropoly 
acids as heterogeneous acidic catalysts, they should be supported on porous 
materials [428–430]. Alcañiz-Monge et al. [431] prepared different catalysts by 
supporting heteropoly acids on activated carbon fibers for the esterification of 
palmitic acid. The influence of the catalyst (heteropoly acid) and the support on 
the catalytic activity have been analyzed. The results revealed that an appropri-
ate combination of both was required to accomplish the most suitable catalysts. 
As of the heteropoly acids, phosphomolybdic acid appeared to be the most suit-
able appropriate taking into account its lowest leaching. Regarding the support, 
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the ones with optimum microporosity, wide enough to permit the entrance and 
exit of the reagents and products but not too wide to allow the leaching of the 
catalyst, proved to work best. In addition, the decrease in the catalytic activity 
and its recovery after several runs were analyzed.

The emission of harmful gases is among the crucial problems when using 
internal combustion engines [432–436]. Many studies have been carried out 
globally to reduce gas emissions while maintaining the performance of the en-
gine. Modern cars require high-octane fuels with antiknock properties charac-
terized by motor octane numbers to function well 92, 95, and 98. Elaboration 
and implementation of processes for the synthesis of environmentally friendly 
additives to automotive fuels are priorities for the development of the petro-
chemical industry.

Among the well-known applied high-octane additives, alkyl tert-butyl ethers 
have the most usage. The alkyl tert-butyl ethers synthesized by the reaction of iso-
butylene with aliphatic alcohols in the presence of heterogeneous acid catalysts 
[437–441]. Sassykova et al. [442] attempted to develop a synthesis technology 
for a number of promising tertiary esters with the carbon atoms numbers be-
tween 6 and 8, i.e., ethyl tert-butyl, isobutyl-tert-butyl, and isopropyl-tert-amyl. 
To prepare the ethers, the process of interaction of isobutylene with aliphatic 
alcohols over an acid catalyst was conducted. The synthesis of the additives was 
effected according to two schemes. As a catalyst, standard gel sulfocationites and 
catalysts were prepared based on the heteropoly acid/aluminum oxide and het-
eropoly acid/natural zeolite were tested. The selectivity of the synthesis of alkyl 
tert-butyl ethers on the heteropoly acid catalysts was found to increase with the 
number of carbon atoms in alcohol. With the amount of gasoline additives vary-
ing from 1% to 12%, it was demonstrated that the synthesized additives would 
allow the octane number to be increased, by up to 20 points in some cases. The 
obtained results exhibited a good acceptance of the studied base gasoline to the 
components of the prepared composite additives.
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224s
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F
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Food industry, 337–340
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Green catalysts, 305
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synthesis, 142–155, 206–213
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acidic properties, 101–109
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in solution, 103–104

Anderson-Evans structure, 77–79
applications
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catalytic properties
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characterization, 113–120
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vibrational spectroscopy, 115–116
Wells-Dawson structure, 74–77
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Host/guest interactions, 271–287
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Hydroxybenzophenones, 332
4-Hydroxycoumarine, 157, 157s
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Immobilization, 266

nano polyoxometalates, 27–28
polyoxometalates

carbon-based materials, 40–43
titanium dioxide, 37–40

synthetic methods, 266–269
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148–149, 150–151t
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L
Langmuir-Hinshelwood-type kinetics, 253–254
Layer-by-layer assembly, 267
Layer-by-layer (LbL) deposition, 28–30
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Mass-spectrometry (MS), 118
Menadione, 232, 232s
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catalysts, 291–293
Metal-organic frameworks (MOFs), 271
Metal-support interactions. See Substrate effects
Methacrolein, oxidation of, 239, 240s
Methanol oxidation, 32–33
Methyl glycolate, 326
Methyl methoxyacetate, 326
2-Methyl-2-napthyl-1,3-dioxolane, 344
Methyl phenylglyoxylate, 320–321, 321s
Methyl tert-butyl ether (MTBE), 354–355
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Mixed oxides, 10
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Monoethylene glycol, 325
Multicomponent reactions (MCRs), 155–173, 

215–227

N
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applications, 30–36
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160, 160s
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234s
Nitrous oxide (N2O), 252
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Noble metals, 16
Nuclear magnetic resonance (NMR), 116–118

O
Octyl-free catalyst, 177–178
Orange juice industry, 357
Organic/inorganic materials, 10, 43–48
Organocatalysis, 275–284
Oxidation reactions, 173–184, 227–250, 

275–278
alcohol, 181, 181s
benzylic alcohols, 177, 177s, 183
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DBT, 178, 178s
diphenyl sulfide, 182–183, 183s
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2-propanol, 174
styrene, 179, 179s
sulfides to sulfoxides, 174, 174s
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benzoquinone, 183–184, 183s
Oxidative desulfurization (ODS), 180–181, 

310
Oxindoles, 226, 226s
Oxygen reduction, 33–36

P
Perfluorocarboxylic acids (PFCAs), 349–350, 

350s
Perfluoroether carboxylic acids, 349–351, 350s
Pharmaceuticals, 329–336
Phenethyl alcohol, etherification of, 316, 316s
Phenol, 317, 351–352, 351s
Phenoxy pyrazolyl chalcones, 144–145, 144s
4-Phenylcoumarins, 147, 148s

4-Phenyl-3,4-dihydro-4-phenylcoumarins, 147, 
148s

Phosphomolybdic acid (PNbMo), 153, 153s, 
168, 182–183

Phosphotungstic acid (H3PW12O40) 
nanophotocatalysts, 186

Phosphotungstovanadic heteropoly  
acids, 253

Photocatalysis, 21–22, 185–196, 250–254
Photocatalytic oxidation, 185–186
Photodegradation, of drugs, 186, 187–188t
Phthalhydrazide-triones, 173, 173s
Phytosterols, 337–338
α-Pinene, 313–315
Polyhydroquinolines, 164–165, 165s, 169–170, 

170s
Polymer-supported polyoxometalates catalysts, 

288–289
Polyoxometalates (POMs), 10–11, 181

applications, 64–66, 65t
bulk-type I catalysis, 24
bulk-type II catalysis, 25
historical backgrounds, 61–62
host/guest interactions, 271–287
immobilization

carbon-based materials, 40–43
synthetic methods, 266–269
titanium dioxide, 37–40

mesoporous supports
chemical interactions, 269
covalent grafting, 293–295
polymers, 288–289
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transition metal oxide, 289–290
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molecular structures, 110f
morphological shapes, 48–49
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properties, 64t
structures, 66–67
substrate effects, 269–271
surface-type catalysis, 24
survey on, 62–64

Polyoxymethyleneglycohol (PTMG), 16–17
POM@MOFs, 272–274
Potentiometry, 114–115
Preyssler structure, 86–89, 87f, 332–333
2-Propanol oxidation, 174
Pseudoliquid phase catalysis, 15

bulk-type I, 24
bulk-type II, 25
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Pyranopyrazole, 165–166, 166s
Pyranopyrazole derivatives, 171, 171s
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Pyrazolopyranopyrimidines synthesis, 

170–171, 170s
2-(Pyridyl)(1H-indol-3-yl)(methyl)

malononitriles, 221, 221s

Q
Quinoline derivatives, 151, 152s
Quinoxaline derivatives, 149–151, 152s, 206, 

206s

R
Reduced polyoxometalate, 11
Removal of pollutants, 348–354

S
Salicylaldehydes, 157, 158s
Silica-included tungstophosphoric acid (HPW-
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Silica-supported, copper-doped 
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144–145, 144s

Silica-supported, copper-doped 
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catalyst, 144–145, 144s

Silica-supported Preyssler nanoparticles 
(SPN), 152, 152s

Small angle X-ray scattering (SAXS),  
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182
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Solid acid catalysts, 10–12
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Solubility, 89–94
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Stability, 94–96
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Styrene oxidation, 179, 179s
Styrene oxide, 319
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Substrate effects, 269–271
Sulfides, selective oxidation of, 354, 354s
Supported polyoxometalate hybrids, 271–287
Supramolecular anchoring, 269
Supramolecular self-assembling, 48–49
Surface-type catalysis, 24
Surfactant-assisted sol-gel method, 185
Sustainable chemistry. See Green chemistry
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derivatives, 222, 222s
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Terpene alcohols, oxidation of, 243, 243s
Terpenic compounds, 315
Tetrahydrobenzo[b]pyran derivatives, 

169–170, 169–170s
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155–156, 156s
Tetrahydrofuran, 307–308
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Thermal analysis, 173–174
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Titanium dioxide-supported polyoxometalates, 

37–40
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Transesterification reaction, 357–358, 358s
Transition metal oxide supported 
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(TMSPOMs), 62
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polyoxometalate, 82–85
Trans-sobreol, 315–316, 315s
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2,3,6-Trimethylphenol, oxidation of, 237–238, 

238s
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Vibrational spectroscopy, 115–116
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W
Water oxidation, 30–32
Water-tolerant solid acid catalysts, 15
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