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Abstract

ABSTRACT

Zirconia has attracted considerable interest owing to its broad range of
applications in various fields, ranging from catalysis to high performance transformation-
toughened structural engineering ceramics, solid oxide fuel cells, gas sensors, electro-
optical materials, fabrication, automotive exhaust treatment, etc., in addition to the
classical application of catalyst support. But zirconia has poor thermal stability and is
known to sinter at high temperatures, which leads to catalytic deactivation. Therefore,
more efforts have been devoted in recent years to design a suitable porous zirconia
having enhanced thermal stability, high surface area and catalytically active tetragonal
phase. After, exhaustive literature survey, very few reports are found wherein tetragonal
phase along with high surface area zirconia are stable at higher temperatures, however it
is seen that the detailed comparative studies are not reported. As a result optimization of
synthesis parameters for the preparation of high surface area tetragonal zirconia with
good thermal stability using facile synthesis procedures was the primary objective of this
work. The emphasis has been placed on the characterization of the structure at each stage
of the route, leading to an understanding of the various possible mechanisms that play an
important role in stabilizing the tetragonal zirconia. This study has also provided an
opportunity to investigate broader issues concerning the solution based processing of
zirconia. The redox and catalytic properties of porous zirconia and zirconia supported
materials as composite oxides are dependent upon numerous factors, which include
crystallite size, phase modification, acidity, oxidation state, dispersion, morphology etc.
In addition, catalyst prepared with in nano-meter scale results in increasing the specific
surface area, narrow pore size distribution, ordered channels, thus improving the catalytic
performance. In order to enhance the thermal stability of tetragonal zirconia and its acidic
nature, incorporation of the Group VI elements of the periodic table such as chromium,
molybdenum and tungsten oxides which are thermally more stable than sulfated zirconia,
is required. Especially, MoO3; and WO3; supported zirconia when calcined at high
temperatures are found to be highly acidic and used as a powerful catalyst for vide
variety of industrially important acid catalyzed reactions. Therefore, it is interesting to
investigate the structural and catalytic properties of novel MoO3; and WO3 supported

zirconia composite oxide materials. However the nature, number and strength of acid
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Abstract

sites, morphology, surface area, pore size, surface density, suitable phase for high
selectivity toward the desired products etc and other physicochemical properties of solid
acid catalyst strongly relies on the preparation methods, precipitating agent, starting
precursors, calcination temperature, pre-treatment etc. Generally, two main methods are
most commonly reported in the literature for the preparation of metal oxides; the
conventional precipitation method and sol-gel method. However, most of the synthesis
routes to prepare high surface area of t-ZrO, supported solid acid catalyst are complicated
and require tedious procedures involving close control of synthesis parameters such as
temperature, pressure, pH, and/or the use of relatively expensive zirconium alkoxides. In
such context, simple and easy synthesis routes are highly desired especially for the
practical applications of ZrO, based solid acid catalyst with high surface area. Therefore
in the present investigations, MoOz and WQOj3; supported zirconia solid acid catalyst,
possessing high specific surface area and better thermal stability are synthesized. The
thermal and structural stability of the solid acid catalyst prepared during these studies are
strongly influenced by the synthetic methodology. All the samples are systematically
characterized by using various analytical and spectroscopic techniques; the data obtained
are co-related with synthesis parameters. This requires a wide range of complementary
characterization techniques, including Powder XRD, N, adsorption-desorption, TG-DTA,
TEM, SEM, UV-Vis, RAMAN, NH3-TPD, XRF, AAS, ICP, SAXS, FT-IR and TPD. In
conclusion, thermally stable high surface area, pure zirconia, molybdenum and tungsten
oxide supported zirconia solid acid catalyst are successfully prepared after optimization
of various synthesis parameters. Physico-chemical characterization of all these materials
show that they are thermally stable up to 800 °C temperature; possessing high surface
area, tetragonal phase and excellent textural properties. The results of this investigations
contribute not only to the understanding of a particular route for processing zirconia
based materials, but also to a broader understanding the effects of various other synthesis
parameters on the physical and chemical properties of the catalyst. Molybdenum oxide
supported zirconia solid acid catalyst is utilized for organic synthesis involving
biologically important molecules.

KEYWORDS: Tetragonal Zirconia; MoOs-ZrO;, Claisen-Schmidt Condensation,
Tungstated Zirconia, Solid Acid Catalyst, Chalcone.
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LITERATURE SURVEY




Chapter-1 Introduction

1.1. Catalyst and Catalysis

The terms catalyst and organic chemistry were both coined by the Swedish
chemist Jons Jakob Berzelius in 1835 and 1807 respectively [1]. Subsequently, catalysis
and organic synthesis evolved along different paths. Berzelius defined a catalyst as a
substance, which by its mere presence evokes chemical actions, which would not take
place in its absence. The definition seems to get modified as the surface properties and
the ideas of what constitute a catalyst and mechanism for catalytic activity have
undergone continuous refinement, and Ostwald scientifically defined the term catalysis
firstly in 1894. According to Ostwald, “Catalysis is the phenomenon in which a small
quantity of substance (catalyst) increases the rate of reaction or the rate of approaching
the equilibrium of a chemical reaction without itself being substantially consumed” [2].
In general catalysts are substances that facilitate a chemical reaction by lowering the
energy barrier of the reaction pathway and thus increasing the reaction rate as shown in

Fig. 1.1 [3].

separation

bondmg catafyst
/ reaction

potential energy

bonding reaction separation

reaction coordinate

Fig. 1.1: Pictorial representation of a catalysis process
Catalysis is a process in which the chemical reactions are facilitated by mere

presence of catalysts and plays a vital role in nature and society since almost every
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Chapter-1 Introduction

reaction requires a catalytic material [4]. Catalysis is primarily a technology that draws
on many fields such as organic chemistry, surface chemistry, chemical kinetics,
thermodynamics, solid states, physics ceramics and physical metallurgy and so the term
an interdisciplinary subject seems to be very aptful [4]. The branch of catalysis developed
initially as a sub-discipline of physical chemistry. It was not until the start of 20" century,
the organo-metallic chemistry, material sciences, physical chemistry, chemical
engineering and surface sciences enlarged the knowledge of catalysis and catalysts
considerably. Catalysis is important academically and industrially. With the advent of
petrochemical industry in 1920's, catalysis was widely applied in oil refining and to a
large extent in bulk chemicals manufacture. Most of the early applications of catalysis in
industry were confined to the manufacture of heavy chemicals, the major emphasis being
on the petroleum and petrochemical industries. Manufacturing fine chemicals remained
the domain of synthetic organic chemist who adhered to the stoichiometric reagents
developed in the 19™ century. As the catalysis research expanded, its role in the
manufacture of a wide range of products, from gasoline and plastics to fertilizers,
pharmaceuticals and herbicides also grew, which would otherwise be unavailable or
prohibitively expensive. Apart from manufacturing processes, catalysis is finding other
important and ever increasing uses; for example, successful applications of catalysis in
pollution control and its use in environmental control are certain to increase in the future.
Catalysts are now seen as a preferred way to improve process efficiency, lower costs,
increase output, use less energy, and meet both performance and environmental
standards. Catalytic technologies play a key role in the economic development and
growth of the chemicals industry and contribute to around 20% of world Gross National

Product. More than 90% of today’s chemical processes employ catalysts [5].

1.2. Homogeneous and Heterogeneous Catalysts

It is interesting to note that the first industrial catalytic process of soap making
and alcoholic fermentation used homogeneous catalysts or enzymes without knowing
anything of catalysis. If the catalyst is in the same state of matter as the reactants (i.e.
reactants and catalyst are in liquid phase) then it is referred as homogeneous catalysis. If

the catalyst is in another state of matter, then it is called heterogeneous catalysis. In
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Chapter-1 Introduction

homogeneous catalysis, all the constituents of the reaction are present or brought into the
same phase usually in liquid phase. Homogeneous catalysts, comprising of metal
complexes or salts are usually soluble in the reaction medium. Homogeneous catalysts
are usually known to their specific activity and eventually foster high selectivity
generally at low temperatures and pressures. The performance of homogeneous catalysts
depends on type of the metal, ligands, promoters and co-catalysts and in most cases the
selectivity. The main disadvantages of the homogeneous catalysts are difficult separation
of the catalyst from the product, degradation of the catalyst and high initial cost
especially if noble metals are required. On the other hand, heterogeneous catalysis
involves a reaction in which one or more of the constituents are in different phases. Thus,
a heterogeneous catalyst is normally insoluble in the reaction medium. This is the reason
why only 20 % of the industrial catalytic reactions involve homogenous catalysis whereas
80 % employing the classical heterogeneous catalysis involving supported metal
catalysts. The catalyst may be pure, mixed with other catalysts or dispersed on an inert
support e.g. metals and metal oxides. The advantages of using heterogeneous catalysts
are their low cost, easy recovery and adaptability to either batch or continuous flow
reactors. The disadvantages of these catalysts are their general lack of specificity and the
energy requirements of high temperatures and pressures in many catalytic systems. The
present day chemists, scientists, researchers in modern chemical industries, academic
institutions, national laboratories and R&D centers all around the world are having the
challenge of developing a catalyst which is economical, highly active and selective under
lower temperatures and pressures. The stress is on a technology which will reduce the
dispersion of harmful chemicals in the environment and impart regenerability and
durability to the catalysts in such a way as to increase the industrial competitiveness
[6,7,8,9]. Catalysis is predominantly known for its importance in process efficiency and
product selectivity in reactions practiced starting from large scale industry to small-scale
sector. It is evident that the key to cleaner process of fine chemicals and pharmaceuticals
is the concept of selectivity. Although, various types of selectivity’s have been
categorized such as chemo-, regio-, stereo-selectivity involving shape, substrate and
restricted transition state enantio- and diastereo-, selectivities etc., the major concern of

an industrial environmental chemist relatively overlooked by an organic chemist is atom
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economy and selectivity. The atom economy is obtained by dividing the molecular
weight of the desired product by the sum of molecular weights of all the products formed
in the process. But from the catalyst manufacturers’ perspective, it is to note that these
days economic and ecological environment directs their efforts towards cost/performance
improvement rather than to implement more sophisticated manufacturing technologies,
except the new technology results in a remarkable performance benefit of the catalyst at
lower manufacturing cost and at higher environmental standard. New production
technologies, usually, are associated with additional capital investment. The room for
such an investment in catalyst manufacturing plants gets smaller and smaller primarily
due to low catalyst prices caused by the increased buying power of catalyst users as a
result of recent mega-mergers and also because the industry faces stricter safety and

environmental regulations that make production equipment more expensive.

1.3. Environmental factors

In spite of the general advantages of being highly active and readily available the
classical stoichiometric technologies such as reductions with metal hydrides and
dissolving metals, oxidations with permanganate and hexavalent chromium compounds,
halogenations, nitrations, Grignard reactions and a wide variety of reactions employing
stoichiometric amounts of mineral (HF, HCI, H,SOs, etc.) or Lewis (AICl;, BF; etc.)
acids, produce large amounts of inorganic salts as waste, which, till recently was not
considered to be a serious problem. Acid-catalyzed reactions catalyzed by conventional
homogenous acids exhibit significant disadvantages in handling, containment, separation
and disposal because of their toxic and corrosive nature. On the contrary, solid
heterogeneous acid catalysts have some additional advantages over these conventional
homogenous acids, such as strong acid sites, ease of product separation, catalyst reuse,
non-toxicity, non-corrosiveness, easy handling, low cost, easy to recover and process
advantages through reactor operation in continuous flow versus batch configuration.
Table 1.1 provides a comparison of conventional homogenous catalysts with solid
heterogeneous catalysts. It is therefore of great interest throughout the world to find
appropriate solid acid catalysts to substitute conventional homogenous acid catalysts due

to the tightening legislation on the release of waste and toxic emissions causing
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environmental pollution. However, to maintain economic viability, a suitable
heterogeneous system must not only minimize the production of waste, but should also
exhibit activities and selectivity’s comparable or superior to the existing homogeneous
systems.

Table 1.1: Comparison of homogenous and heterogeneous catalysis.

Sr.No. Factors Homogeneous catalysis Heterogeneous catalysis

1 Reaction rate Fast and high conversion Moderate conversion
After treatment Catalyst cannot.be recove red, Can be recovered

2 must be neutralized leading

to waste chemical production

3 Processing Limited use of continuous Continuous fix bed
methodology methodology operation possible

4 Presence of water | Sensitive Less Sensitive

5 Catalyst reuse Not possible Possible

6 Cost Comparatively costly Potentially cheaper

1.4. Solid Acid and Base Catalysts

Solid Acid and Base catalyzed processes are fundamentals in the oil refining and
petrochemical industries as well as in the manufacture of a wide variety of specialty
chemicals such as pharmaceuticals, agrochemicals and flavors and fragrances. Some of
the solid Acid and Base catalysts that are employed in vide variety of organic reactions
are listed in Table 1.2.

Table 1.2: Some typical solid acid and base catalysts employed for catalytic reactions.

Solid acid catalysts Solid base catalysts
Nafion and Amberlyst -15 composites Cs-exchanged sepiolite, faujasites etc
MCM family and type mesoporous materials | Oxides like MgO, CaO, La,03, ZnO
Zeolites H-Y, H-Beta, H-ZSM-5 etc Zinc aluminates
Sulphated zirconia/alumina, tin oxide Metal salts of amino acids
Supported and pure Heteropoly acids Li-promoted CaO, CaCOs, Ba(OH),
Organo-sulphonic acid on mesoporous silica | Hydrotalcites (Mg-Al)

The number of solid acid, base, and acid-base bi-functional catalysts used in industry
processes are 103, 10 and 14 respectively [10]. The number of solid acid catalysts is
largest due to its great demand in the petroleum and petrochemical industry. There are
only ten processes for solid base catalysis because the study of solid base catalysts started
much later than that of solid acid catalysts. However, this study is now becoming more

active. For acid-base bi-functional catalysts, the number is estimated to be fourteen, since
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the solid acid-base bi-functional catalyst is strictly limited to those having evidence for
the bi-functional catalysis. Among the above mentioned heterogeneous catalyst, acid
catalysts play a substantial role in organic synthesis and transformations. Solid acid
catalysts are the topics of everlasting interest due to numerous applications in many areas
of the chemical industry. The present understanding of acid induced or catalyzed
reactions cover an extremely broad field, ranging from large-scale industrial processes in
hydrocarbon chemistry to enzyme-controlled reactions in the living cell. These are
extremely useful catalysts in large volume applications, especially in the petroleum
industry and in the production of fine and specialty chemicals. Solid acid catalyst used to
catalyze a plenty of industrially important reactions, such as isomerization, esterification,
Friedel-Crafts alkylation, oligomerization, etherification, dehydration, acylation,
condensation, nitration, and cracking have garnered a great deal of research momentum
because of its strong or super-acidic character. They have been also used in many new
fields such as coal hydroliquefaction, decontaminating radioactive pollutants, and so on

[11-23].

1.5. Acidity of Solid Acid Catalyst

Solid Acid Catalyst is a solid porous, rigid or non-rigid support, upon/into which
active acid groups are incorporated. A solid acid may be generally defined as a solid
which changes the color of a basic indicator or a solid on which a base is chemically
adsorbed. According to Brensted and Lewis definition solid acid catalyst is a solid
material which has a tendency to donate a proton or to accept an electron pair from a
molecule. Solid acids generally have both Brensted and Lewis acid sites. Solid-acid
catalysts are generally categorized by their Bronsted and/or Lewis acidity, the strength
and number of these sites, and the morphology of the support (e.g., surface area, pore size
etc). Considering the behaviors of the acid sites reaction, the acid sites on solid acid are
distributed into two groups, Brensted and Lewis acid sites. Bronsted acid site is known as
protonic acid site usually exists in the form of acidic hydroxyl group and Lewis acid site
usually appears in a metal which has coordinate unsaturated structure [24,25]. The
material’s used as a solid acid catalyst is governed by the number, type and strength of

acid sites present. The acid strength of a solid is defined as the ability of the surface to
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convert an adsorbed neutral base into its conjugate acid. The strength of an acid can vary
and can be determined by using appropriate Hammett indicators; the Hammett acidity
function, Hy [26], which has been extensively used as a measure of acidity. The lower the
value of the function, the stronger is the acid. The Hammett method is a feasible and
simple method, which is widely used to measure the acid strength. Acid strengths of

various liquid and solid acids materials as a Hammett acidity function is given in Fig. 1.2
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Fig. 1.2: Acid strengths of various liquid and solid acids materials.

Interpretation of acidic properties of solids is important for the investigation of solid acid
catalysis. Two methods are mainly applied for the determination of acid strength and

amount of solid acid, the amine titration method (n-butylamine titration) using Hammett
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indicators and a gaseous base adsorption (ammonia or pyridine) [27]. In the titration
method indicators are used, where the color of suitable indicators adsorbed on the solid
surface gives the measure of its acid strength. If the color detected is that of the acid form
of the indicator, then the value of the Hy function of the solid is equal or lower than the
pKa of the conjugate acid of the indicator applied. Temperature Programmed Desorption
of Ammonia (TPD-NH3;) is a method to determine the amount and strength of acid site,
but Brensted and Lewis, cannot be differentiated by this method. The amount of acid on a
solid is expressed as number or mmol of acid sites per unit weight or per unit surface area
of the solid acid. IR spectroscopy using pyridine as a probe molecule can be used to

ascertain the presence of Lewis or Brensted acid sites at the surface of solid acid catalyst.

1.6. Super Acidity

The strength of super acid can be usually characterized by so-called Hammett
acidity function, Hy. The Hammett acidity of 100% sulfuric acid is (Ho — 11.93), and this
is by convention the threshold of super acidity. Acids with acid strength higher than pure
sulfuric acid are classified as super acids [28]. Micro-calorimetric measurement is usually
used to measure the acidity of the super-acid because the method can be done at room
temperature and would not destroy the structure of the super-acid However; micro-
calorimetric measurement does not discriminate between Brensted and Lewis acid sites.
Gillespie’s definition of super-acids relates to Bronsted acid systems [29]. While the
Bronsted acid-base interaction always involves a proton transfer reaction that allows
meaningful comparison, in the Lewis acid-base interaction there is no such common
denominator [30]. The result is that the definition of acid strength has no real meaning
with Lewis acids. The use of the Hy function to determine the “superacidity” of
heterogeneous solid acids has many obstacles. To test the acidity, the basic indicator has
to be weak enough not to affect the original acidity of the solid acid sample. Over the
surface of a solid sample, it is hard to achieve the equilibrium measurement using these
indicators [31]. Moreover, the solid acid samples are often colored or dark and cause
inaccuracy in visual observations of color changes. The acid sites on a solid surface are of
different strengths and the indicators may be adsorbed only to part of the acid sites not

distinguishing how they are absorbed. The surface area available for acidity
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determinations may have widely different acidic properties from the bulk material. It is
possible that only a small part of the detected acidic sites are strong enough. The generic
term of acidity includes both acid strength and surface concentration of the acid sites. It is
apparent that a single technique can not provide adequate accurate information on solid
acids. The application of adsorption and desorption of base molecule provides other
techniques to measure the acidity of a solid acid. Beside Hammett indicator method, there
are many approaches to characterizing acid strength using some kind of adsorbed base as
a probe molecule and a spectroscopic measurement of the acid-base interaction, such as
TPD, FTIR, NMR etc. The adsorption heat and activation energy from temperature-
programmed desorption tests have been correlated with acid strength in terms of the
Hammett function [32,33]. However, this method can also lead to inaccurate conclusions.
For example, the TPD of adsorbate molecules may involve decomposition species,
especially on strong acids that can also be absorbed on both acid and base sites. The base
molecules could be absorbed on acid sites that are not catalytically active. The desorbed
molecules could diffuse and be reabsorbed on the acid sites [34]. Juskelis et al. have even
shown that a non-acidic solid, such as CaO, can also retain a base, NHj3, at high
temperatures [35], which points out the uncertainty of the correlation of acid strength
with the results of desorption tests. Umansky et.al. [36] reported that a sulfated zirconia
sample did not demonstrate strong superacidity and that its acidity was close to that of a
mordenite or a Y-zeolite sample. They also found that the acid strength was more
important than the acid concentration for the acidity of solids. Other researchers also
found that the acidity of sulfated zirconia was not as high as expected [37-42]. Since
there is a lack of satisfactory methods of determining the acidity of a solid, the
superacidity of anion-modified zirconias is in doubt. Because of the complexity of a solid
acid catalyst, all the experimental results should be interpreted with caution. In any case,
it is important to note that the catalytic properties of solid acid catalysts strongly depend
on the method of preparation, pre-treatment and storage. These differences add to the
disagreement of acidity among various researchers. Even if the acidic properties of a
solid acid could be accurately determined, it would still be difficult to relate acidity to
catalytic reactivity because of the wide distribution of the type and strength of the surface

acidic sites and the uncertainty about what sites are catalytically active.
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1.7. Types of Solid Acid Catalyst

There are wide variety of solid acid catalyst available e.g. Clays, Zeolites,
Mesoporous Materials, lon-exchange resins, Heteropolyacids (HPAs), Metal promoted
oxides, Sulfated oxides, Sulfonated polysiloxanes, etc. which are used in various
industrial processes. Hundreds of solid acids have been developed to date. Some of the
solid acids have been summarized here: (1) natural clay minerals (montmorillonite); (2)
zeolites (H-ZSM-5, H-Beta, H-Y); (3) cation exchange resins (amberlyst-15, nafion); (4)
heteropoly acids (MPA, TPA) (5) metal oxides (Al,O3, SnO3, Nb,Os, WO3); (6) mixed
oxides (Si0,-Al,03, Si0,-ZrO,, Ti0,-Mo00Os3). Table 1.3 gives general classification and

applications of various heterogeneous catalysts.

Table 1.3: General classification and applications of heterogeneous catalysts.

metal oxides (acidic or
redox)

AIPOs, SAPOs, Fe-Mo,
Perovskites, spinels.

Class of catalysts Examples Applications

Metals (supported- Pt, Pd, Rh, Ni, Fe, Co, Cu, Hydrogenation,

mono, bi-, multi- Ag, etc., on Si0,, Al,O3, dehydrogenation,

metallic), alloys, etc., activated carbon etc aromatization, oxidation.

Metal oxides Cu0, Si0»-ALOs, zeolites, Alkyla‘.uon', cracklpg, '

amorphous and . 1somerization, amination.
. . mesoporous metal oxides, . . :

crystalline and mixed disproportionation,

selective oxidation,
dehydration,ammoxidation.

Co-Mo, Ni-Mo, Ni-W on Hydrodesulfurisation,
Metal sulfides . :
(supported) Al,O3, Si0O; or other hydrotreatlr}g,

supports hydrogenation

Ion-exchange resins

Nafion-H, amberlyst etc
resins

Etherification, hydration,
esterification, dehydration,

Heteropolyacids H3PW 1,040, H3PM01,040, Acid catalyzed reactions,
(supported) H4SiW 15,040 Oxidation, condensation
Clays and pillared Kaolinite,K-10 é;tt;atazie?aiiesguons’
clays, Montmorillonite. 5 &Ky ’

nitration

Metal complexes
(supported or
encapsulated)

Metal porphyrins, salens
and pthalocyanins)

Selective oxidation and
epoxidation.

Zeolites are commonly grouped under ordered microporous molecular sieves,
which are oxides of silicon and aluminum, typically structured around an organic
template molecule in the form of a gel which later crystallizes. The template is then

removed via calcination leaving an ordered porous material. Zeolites are widely used
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within the petrochemical industry in acid catalyzed processes, and there are several
reports concerning recent developments in their use in the synthesis of fine and specialty
chemicals [43]. Clays were used for this purpose in early 1930’s, till they were replaced
firstly by ZSM-5, X and Y type etc zeolites in late 1960’s. When compared with other
solid acids, zeolites possess certain peculiarities which make them a unique type of
material such as ability to control the number and strength of acid sites; crystalline well
defined ordered porous structure enabling favorable high adsorption properties and the
inclusion of active acid sites etc. The control of the molecular dimensions of the pores
can result in shape selective effects and pre-activation of the molecules inside the pores
by strong dielectric fields and molecular confinement [44]. Unfortunately, the use of
zeolites under these conditions is restricted by their small pore sizes of (~ <1.2 nm),
which makes them unsuitable for reactions involving bulky substrates. However, recent
developments in materials chemistry have led to the discovery of the M41S family of
mesoporous molecular sieves [45] offering pore sizes in the range 2—10 nm which opens
up new possibilities for liquid-phase acid catalysis involving bulky molecules. Even if
there is great potential for catalyzing reactions with zeolites and mesoporous molecular
sieves, there are still many reactions which require stronger acid sites than those present
on these materials. Therefore it is necessary to develop stronger solid acid sites which can
be achieved using heteropolyacids or resins. Most of the work has been carried out on the
Keggin-type HPAs because it is easy to prepare and reasonably stable. These materials
exhibit very strong Bronsted acidity with stronger activity than some studied solid acid
catalysts like Si0,-Al,03, zeolites HX, HY, etc. and there are many reviews discussing
various aspects of catalysis using HPAs and summarizing all recent developments in this
field [46]. Commercially available heteropoly acids such as H3PW;,049, H4SiW 1,049,
H3;PMo,,049 and H4SiMo0;,04¢ and their metal promoted species have low surface areas
of 1-5 m?/g, limiting their use in catalysis, which has led the researchers to investigate
the use of HPAs immobilized on high surface area mesoporous materials such as MCM-
41 (Mobil Composition of Matter No. 41), HMS (Hexagonal Mesoporous Silica), SBA
(Santa Barbara), MSU (Michigan State University material) etc based supports in liquid-
phase organic reactions. Supported HPAs can be prepared either by post-modification of

the mesoporous support, or can be incorporated into the pore structure during the
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synthesis by sol gel process. These materials exhibit high activity in a range of acid-
catalyzed reactions, including the alkylation, esterification, hydrolysis etc. However, their
fairly low thermal stability causes lost of acidity especially at temperatures ranging from
350 to 450 °C and also lead to difficulty of catalysts regeneration. Materials prepared
using sol gel process is more resistant towards leaching of the HPA component but limits
the accessibility and efficiency of the catalyst. Commercially available sulfonated resins
Amberlyst-15 and Nafion-H based on sulfonated polystyrene and per-fluorinated sulfonic
acid resins, respectively are sulfonic acids having strong Brensted acid sites. Despite its
low surface area, they have been used in a wide range of organic reactions [47] including
alkylation, acylation, nitration, etherification, and esterification reactions. In an attempt to
overcome the low surface area of these ion-exchange resins, a group of workers has
developed Nafion-silica composites, in which Nafion particles are incorporated into silica
structure during the sol gel process [48,49,50]. The main advantage of silica-supported
solid sulfonic acid systems is its higher surface area (400-900 m*/g compared to <1 m?/g
for resins). However, the complexity of the preparation of these materials is not really
cost effective when compared other solid acid catalyst. The other issue associated with
these catalysts is thermal stability and catalyst regeneration [51]. In view of these reasons
there is an ongoing effort to develop stronger solid acid systems which are water tolerant,
stable at high temperatures and suitable for both liquid and vapor phase conditions. Metal
oxide based catalysts offer several advantages as they active over a wide range of
temperatures and more resistant to thermal excursions. Aside from organic-inorganic
supported solid acid catalysts, research has been carried out on alternative non porous
supports. During the period some transition metal oxides were found to be highly acidic,
containing both Lewis and Brensted acid sites, and like Nafion today, were claimed to be
“super-acidic”. In the early eighties, it was found that when some transition metal oxides
such as ZrO,, TiO,, SnO,, Fe,03, and HfO, modified by sulfate ion, such as SO42'/ZrOz,
SO4*/Ti0s, SO47/Ti0,-Si0,, SO4*/Zr0,-Si0; and SO4*/Fe;05 etc by sulfuric acid or
ammonium sulfate and were subsequently calcined, a remarkable increase in the surface
acidity has been developed and used as a powerful catalyst for various acid catalyzed
reactions [52]. Titanium dioxide has moderate acidic strength (Hy = +1.5) and weak

basic strength. The acidic and basic strengths of ZrO, are very weak. Ferric Oxide is an
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almost neutral oxide. However, these oxides begin to show superacidity when they
contain a small amount of sulfate ion or if a small amount (0.5-8 wt %) of ammonium
sulfate or sulfuric acid is added [53]. Sulfated metal oxides were claimed to be super
acidic on the basis of the following observations. Their acid strength measured by the
Hammett indicators method goes up to Hy<-16.4. Adsorbed benzene, is a very weak base,
desorbs at very high temperature in TPD experiments. These materials are able to
isomerize n-butane at temperatures below 100 °C. On these bases, it was accepted that,
indeed, a new type of solid super-acids were obtained. This opened new perspectives in
the friendly use of solid catalysts for carrying out reactions involving very strong acid
sites under mild conditions. It is not surprising that in this type of material the final
catalytic properties can be strongly dependent on the preparation conditions. Several
different methods are described for the preparation of these materials. The basic patent
was assigned to Phillips Petroleum in 1962 [54]. This patent is related to sulfated zirconia
doped with platinum for isomerization processes. Indeed, sulfated metal oxides were
initially prepared by a two step process which involved the mixing of a zirconium
hydroxide with sulfuric acid or ammonium sulfate and then calcining the mixture to
temperatures of 500-650 °C. It has been shown that each one of the steps, that is, the
formation of the zirconium hydroxide, sulfation and final calcination has to be optimized
in order to produce an adequate catalyst [55,56]. Furthermore, this optimum can be
different depending on the metal oxide to be sulfated. It appears that one of the key points
in preparing active catalysts by a two step procedure is the amount of tetragonal-phase
zirconia in the sulfated zirconia. The catalytic activity is higher when the amount of the
tetragonal phase is larger. This tetragonal phase appears to be stabilized by the sulfate
groups on the surface, and is responsible for the increase in surface area of the sulfated
material. It is possible to control the amount of the tetragonal phase by an adequate
control of the pH of precipitation of the zirconium hydroxide precursor. The reason for
the above could be that the tetragonal phase has a higher content of non bridging surface
hydroxyl groups than the monoclinic phase. This seems to be a crucial factor for
producing active materials. From a practical point of view, sulfated metal oxides have
some drawbacks. Besides possible problems in preparation, the maximum inconvenience

lies in the fast deactivation of catalyst. The reasons for catalyst deactivation can be
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sulfate loss during the process or catalyst regeneration, crystalline phase transformation
from the tetragonal to the monoclinic and finally formation of coke during the process

[57].

1.8. Advantages of supported materials

From some of the above mentioned solid acid catalysts, it is apparent that
supported catalysts have advantages over unsupported materials. Supports serve various
functions such as (a) acts as an inert substance onto which expensive catalyst components
can be deposited uniformly to have maximum active sites for catalytic reactions (b)
stabilizes the crystallites of the catalytically active component and prevent sintering (c)

improves the mechanical strength, thermal stability and the lifetime of the catalyst [59].

1.9. Zirconia as a support

The most commonly used catalyst supports are Alumina, Silica, Titania and
Activated Carbon etc [60]. High surface area alumina and silica both are commercially
available. However, catalytic reactions requiring higher temperatures, these supports
suffer from the loss in surface area, phase transformations, and chemical reactions with
the active phase [61]. Among the non-silica mesoporous oxides, zirconia has received a
particular interest in the past, due to the large field of applications ranging from catalysis
to ceramics. There have been several reports on the usage of zirconia as a catalyst and/or
catalytic support as compared to other transition metal oxides due to its high thermal
stability, remarkable mechanical strength, high melting point, low thermal conductivity,
high corrosion resistance, amphoteric behavior and unique properties of the surface due
to the hydroxyl groups [62,63,64]. The application of zirconia as a catalyst support has
been employed in many industrially important reactions as it is stable under oxidizing
and reducing conditions and it possesses both acidic and basic properties. Also, unlike
ALOs, zirconia does not form solid solutions upon addition of a second metal oxide
component. Commercially available zirconia has a relatively low surface area (40 m*/g or
less), which is rather lower than the conventional supports such as alumina and silica.
The use of zirconia, from both scientific and industrial application point of view requires
high specific surface area and suitable pore structure for catalysis applications. One way

of increasing the surface area is using amphoteric, anionic, or neutral templates.
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Depending on the synthesis pathway, zirconyl salt or zirconium alkoxide as zirconium
precursors, hexagonal, cubic or disordered high surface area mesoporous zirconia can be
successfully obtained [65,66,67]. However, as it is the case for most of other mesoporous
transition metallic oxides, it is very difficult to preserve the structure after the surfactant
removal at high calcination temperature, as the structure generally collapses after the
pores are freed from the surfactant causing loss of surface area and thereby its catalytic

activity.

1.10. Molybdenum and Tungsten oxide modified Zirconia

It is well known that zirconia has three stable crystalline phases: tetragonal,
monoclinic and cubic [68,69]. It is seen earlier that SO42'/Zr02 catalyst containing
tetragonal phase is more active as compared to other crystalline phases. Tetragonal phase
(t-ZrO,) has both acidic and basic properties [62] and gives the most active catalyst for
some catalytic reactions [63]. However, the thermal stability of t-ZrO; is crucial since the
transition from the tetragonal to the monoclinic phase results in sintering and deactivation
of the catalyst. The concentration and transformation among tetragonal, monoclinic and
cubic phases depend on synthesis procedure and doping zirconia with foreign ions and/or
thermal treatment conditions. Doping zirconia with a variety of oxo-anions such as
sulfate, phosphate and heteropolyanions results in stabilization of the tetragonal phase by
interacting with the surface, inhibiting the crystallite growth, and consequently, hindering
its transition into the monoclinic phase [70,71,72,73]. The acidic nature and crystalline
structure of zirconia can also be modified by group VI elements from the periodic table
like chromium molybdenum or tungsten oxides which are more thermally stable then
sulfated zirconia [23,53,74]. The acidic and basic strengths of ZrO, are very weak, while
modifying zirconia with CrOs;, MoO3; and WOs between 2-20 wt% were estimated to
have Hy = -14.5, indicating the formation of new acid sites, considerably stronger than
those of the ZrO,. The higher the content of metal oxide content, the higher the phase
transition temperature of ZrO, from amorphous to tetragonal. The formation of a solid
super acid was attributed to stabilization of the tetragonal ZrO, phase and the double
bond nature of the group six elements with ZrO, during the crystallization of tetragonal

71O, [75,76]. Applying this method, several authors found that the tungstated zirconia
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support can accede highly acidic properties with a Hy = -14.5. However, all the methods
described the preparation of powder catalyst, whereas formed catalysts are needed for
most of the applications in industry, e.g. for the isomerization of Cs/Cs mixtures in
refineries to enhance the octane number. In 1996, UOP, commercialized the first solid
acid catalyst based on zirconia (shaped as extrusions) [77] but the preparation method of
this catalyst was never published. Probably, the preparation procedure is based on the
patent of the Research Association for Utilization of Light Oil [78]. Even though these
catalyst are comparatively less active than sulfated zirconia at lower temperatures (<100
°C) in alkane isomerization reactions, they are more stable at higher temperatures [79]
and in reducing atmosphere [69].

Although supported chromium oxide catalysts have be used for reactions such as
polymerization, hydrogenation and oxidation-reduction, etc [53], the divalent, trivalent
chromium compounds and metallic chromium are toxic, whereas chromium (VI)
compounds are very toxic and carcinogenic [80]. Care must be taken when handling
chromium (VI) reagents in finely powdered form, because such compounds have
extremely high toxicity from inhalation and oral exposure. If chromium compounds are
used in excess, typically for the oxidation of alcohols to carbonyl compounds and
carboxylic acids, any remaining chromium (VI) species can be quenched by the addition
of 2-propanol. A color change from a typical orange to deep green indicates the complete
quenching.

Seaborgium is a synthetic 106" Element and the heaviest member of Group VI in
the Periodic Table, whose most stable isotope *’'Sg has a half-life of 1.9 minutes. This
element is projected to be the third member of the 6d series of transition metals, below
chromium, molybdenum and tungsten. All the members of the group readily portray their
group oxidation state of +6 and the state becomes more stable as the group is descended.
Therefore Chromium and Seaborgium have not been considered in the scope of our
studies. Tungsten is rare and its compounds are generally inert, the effects of tungsten on
the environment are limited. Direct inhalation or ingestion of molybdenum and its oxides
should be avoided. Acute toxicity due to molybdenum and its oxides has not been seen in
humans. The MoO3; and WOs3 supported on zirconia when calcined at high temperatures

were found to be highly acidic and used as a powerful catalyst for various acid catalyzed
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reactions [22,23,53,74]. The formation of a solid super acid was attributed to stabilization
of the tetragonal ZrO, phase and the double bond nature of the Group VI elements with
71O, during the crystallization of tetragonal ZrO, [76,79]. Even though, it is possible to
generate super solid acid catalyst without sulfation, it is not yet routinely possible to
obtain uniform pore architecture as well as the stability of the solid in the system. As a
general conclusion, it can be said that a large variety of solid acid catalysts are now
available and their acidic properties, their catalysis, and the structure of acid site have
been elucidated and these results have been reviewed by several workers. The nature,
number and strength of acid sites, morphology, surface area, pore size, surface density,
suitable phase for high selectivity toward the desired products etc and other
physicochemical properties of solid acid catalyst strongly relies on the preparation
methods, precipitating agent, starting precursors, calcination temperature, pre-treatment
etc [59,81,82,83,84]. Considering the drawbacks in the conventional synthesis of these
materials it is proposed to synthesize high surface area zirconia catalyst with/without
surfactant so that some of the above mentioned problems can be avoided. There is also
need to develop and optimize the synthesis procedure to obtain a solid acid catalyst with
strong acidity, high surface area, and high thermal stability and to relate its physical and
chemical properties, synthesis procedures and its catalytic activity. Further studies are
required to characterize solid acid catalysts in order to relate physical and chemical
properties to acidity and catalytic activity in liquid phase reactions. However, so far it is
not reported with any given catalysts to possess simultaneously very strong acidity, very
high surface area, high mechanical resistance, high thermal and hydrothermal stability,

and inexpensive catalyst production.

Ph.D Thesis -17 - University of Pune



Chapter-1 Introduction

1.11. Objectives of the Research

Since the last decades there has been a search for a catalyst that can meet the new

requirements from both the legislation and the market. One class of catalysts that has

received a lot of attention is anion modified metal oxides, which show good acidic

properties. The focus has been on anion modified zirconia in particular. Therefore, the

main aim of the present study is to design and develop, anion modified zirconia based

solid acid catalysts with high surface areas and thermal stabilities and their utility in

organic synthesis.

Zirconia requires a high specific surface area, suitable pore structure and
tetragonal crystalline phase for catalytic applications from both, scientific and
industrial application point of view. The present work deals with optimization of
synthesis parameters for the preparation of high surface area tetragonal zirconia

with/without surfactant having good thermal stability.

Although the synthesis, characterization and catalytic evaluation of solid acid
catalyst containing Group VI elements such as Mo, W, etc on zirconia have been
reported earlier, no systematic studies have been carried out and reported so far
for these materials. Therefore there is a need to develop facile procedures for the
synthesis of Solid acid catalyst containing Group VI elements having strong
acidity, high surface area, high thermal stability and economical catalyst

production.

Physico-chemical characterization of the above mentioned catalysts by Powder
XRD, N; adsorption-desorption, TG/DTG, TEM, SEM, UV-Vis, RAMAN, XPS,
Ammonia-TPD, XRF, AAS, ICP and EDAX to carry out the systematic studies
for exploring the cause and effective relationship of several synthesis variables
(viz. pH, starting precursor, gel composition, calcination temperature etc.) on the
physicochemical and morphological properties including its stability and catalytic

activity.
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1.12. Outline of the Research

On the whole, pure zirconia and zirconia-based solid acid catalysts were
successfully synthesized by various facile routes. Physicochemical characterization of all
these catalysts revealed that the incorporated group VI elements show a significant
influence on the surface and bulk properties of the ZrO, and stabilize the metastable
zirconia tetragonal phase at ambient conditions and enhance the total number and
strength of acid sites. Structural and surface properties strongly depend upon synthesis

parameters.

Chapter 1 comprised of a thorough literature survey on the significance of solid acid
catalysts in various domains of chemical industry and importance of anion promoted
zirconia catalysts. Classification of solid catalyst and their applications are given in short.
Various type solid acid catalyst, their brief advantages and disadvantages from industrial
and academic point of view. Importance of zirconia modified by group VI elements is
also outlined. The aims and objectives of the present investigation are also given at the

end of this chapter.

Chapter 2 deals with the experimental procedures and techniques employed in this
investigation. Scientific aspects of the precipitation, impregnation and sol-gel methods
were outlined. The experimental details of surface area measurements by BET method,
application of XRD studies for crystalline phase and size determination, TPD of
ammonia analysis for acid strength distribution, Raman, ICP, AAS, XRF and XPS
techniques to determine bulk and surface properties of the prepared catalysts have been
described. Theoretical background of various techniques is also provided with schematic

drawings and relevant literature references.

Chapter 3 deals with the optimization, preparation and intensive characterization of pure
zirconia support, in terms of obtaining maximum possible surface area with tetragonal
phase. The bulk and surface properties of the catalyst have been examined by TG-DTA,
X-ray powder diffraction, BET surface area and IR spectroscopy techniques. All the
characterization results revealed that the incorporated ions showed a significant influence

on the phase formation and thermal stability ZrO, materials. In this investigation, various
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zirconium precursors are used for preparing zirconia materials and its thermal stability
was assessed. The role of the principal preparation variables controlling the phase
composition and thermal stability, such as pH, concentration of the solution, the nature of

parent zirconium salt as well as aging/digestion of the precipitate was studied.

Chapter 4 deals with the preparation and intensive characterization of molybdate
promoted zirconia solid acid catalysts and their application in organic synthesis and
transformation reactions. To investigate the structural and textural properties, the
synthesized catalysts are characterized by TG-DTA, X-ray powder diffraction, BET
surface area, temperature programmed desorption of ammonia, scanning electron
microscopy, Raman spectroscopy, and FT-infrared spectroscopy etc techniques. In this
study, molybdate promoted zirconia catalysts are evaluated for the synthesis of chalcones
under solvent free conditions. Optimization of reaction conditions were also carried out.
Molybdate promoted zirconia is found to be excellent catalyst for Claisen-Schmidt

condensation reaction.

Chapter 5 deals with synthesis and characterization of WO;-/ZrO, solid acid catalyst.
More emphasis is being given on how the properties may affect by altering the various
synthesis variables. A vast variety of characterization techniques have been used to
evaluate surface and bulk properties of the catalyst by means of X-ray powder diffraction,
ammonia-temperature programmed desorption, IR spectroscopy, TG-DTA, X-ray photo
electron spectroscopy and BET surface area measurements methods. Elemental
characterization for the determination of W in the catalyst has been carried out using ICP,
EDX, XRF and XPS and their results are compared. Effect of various synthesis
parameters and starting precursors are also studied in detail with respect to formation of
acid sites, thermal stability, surface area and surface density of W. All these aspects are

discussed in this chapter.

Chapter 6 summarizes the conclusion obtained from the above studies and scope of

future work.
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Chapter-2 Synthesis And Characterization Techniques

2.1. INTRODUCTION

Since last many years, the development and preparation of heterogeneous
catalysts were considered more as alchemy than science, with the predominance of trial
and error experiments. However, this approach is expensive, time-consuming and does
not offer assurances on the final results. But, now-a-days the approach is changed to
scientific and involves a wide number of specific competencies of solid state chemistry,
analytical chemistry, physical chemistry and spectroscopy. A wide range of techniques
has been employed for the incorporation of a catalytically active species onto a support
material. A summary of the most widely used techniques is given below as an
introduction to later sections in this Chapter, which describe the more important chemical
and physical factors involved in the dispersion of metal salts onto supports and their
influence on the activity, selectivity, and durability of the catalyst system. All the
techniques of catalyst preparation can be reduce to two simple steps, First, rendering a
metal-salt component into a finely divided form on a support and secondly; conversion of
the supported metal salt to a metallic or oxide state. The first stage is known as dispersion
and is achieved by impregnation, adsorption from solution, co-precipitation, or
deposition, while the second stage is variously called calcination or reduction. The art of
catalyst preparation is, has been, and probably always will be the art of preparing a
material or suitable combination of materials in a highly dispersed form, and in
maintaining that dispersion and combination against every natural thermodynamic
tendency towards agglomeration. The primary aim of applying a catalytically active
component to a support is to obtain the catalyst in a highly dispersed form and hence in a
highly active form when expressed as a function of the weight of the active component.
Preparation of good catalyst involves a sequence of several complex processes; many of
them are very complicated. As a result, subtle changes in the preparative details may
result in dramatic alteration in the properties of the final catalyst. The properties of a
good catalyst may be divided, at least for the purpose of easy classification, into two
categories: (1) properties which determine directly catalytic activity and selectivity, here
such factors as bulk and surface chemical composition, local microstructure, and phase
composition are important; and (2) properties which ensure their successful

implementation in the catalytic process, here thermal and mechanical stability, porosity,
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shape, and dimension of catalyst particles enter. The requirements which are fundamental
for catalyst performance generally require a compromise in order to produce a material
which meets the contradictory demands imposed by industrial processes. Catalysis is a
complex surface phenomenon occurring on the surface of a catalyst. The adsorption of
the reactant molecules and their interaction to give the product on the active phase of the
catalyst depend not only on the reaction variables, but also on the nature of sites on the
catalyst surface, which in turn determines the 'quality' of the catalyst system, In the
production of catalysts, even a minute change in the conditions of preparation changes
the quality of the catalyst. Hence utmost care should be taken during the preparation of
the systems. The performance of a catalyst can be better appreciated if one knows as
many of its physicochemical properties as possible. Measuring the same parameters after
use often helps in understanding the cause of catalyst deactivation. Supported Mo and W
catalysts form a complex class of catalysts, which are used in various reactions of
industrial importance. The nature of the active sites in these catalysts is expected to vary
over a wide range with % loading and with the nature of the support. To understand the
phenomenon of adsorption and catalysis on a molecular basis, the nature of the molecular
structure of the active oxide species on these catalysts should be thoroughly investigated
and it is essential that the adsorption and active sites are to be extremely probed. The
fundamental aspects in the preparation and characterization of solid acid catalysts are
discussed elaborately in this chapter. The materials used and the methodologies are
described in the following sections. In the preceding Chapter, the various synthesis
methods and characterization techniques have been reviewed. This chapter will present
the actual experimental procedures regarding (i) Synthesis of ZrO, (ii) Modified ZrO,
with Group VI elements such as Mo and W through various precipitation, impregnation

and sol-gel methods. (iii) Catalytic activity studies for the synthesis of chalcones.

2.2. MATERIALS

All chemicals and solvents used in this study were commercially available and used
without further purification. Few chemicals which have been used for standardization
such as AAS/ICP standard solutions, XRD-Silicon, UV-Barium Sulphate, NMR solvent

etc are mentioned in the below list.
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Acetone [CH3;COCH3, 99.5%, S.D. Fine, India]

Acetophenone [CH3;COCg¢Hs, 99%, Aldrich, USA]

Ammonium Hepta-Molybdate, [(NH4)sM07024, 99.8%, Loba Chemie, India]

Ammonium Meta-Tungstate [(NH4)¢sHoW 12040, 99.9 %, Aldrich, USA]

Benzaldehyde [CcHsCHO, 99%, Aldrich, USA]

Benzonitrile [CsHsCN, 99%, Merck, India]

Di-methyl Sulfoxide [(CH3),SO, 99.5%, Merck, India]

Ethanol [CH3CH,OH, 99.9 %, Changshu Yangyuan, China]

Hydrochloric acid [HCI, 35%, Analytical Grade, Thomas Baker, India]

Hydrofluoric acid [HF, 48%, Electronic Grade, Thomas Baker, India]

Isopropyl Alcohol [(CH3),CHOH, 99.9%, Thomas Baker, India]

Nitric acid [HNOs3, 70%, Analytical Grade, Thomas Baker, India]

o-Methoxy-acetophenone [CH;0CsH4COCH3, 98%, Fluka]

o-Methoxy-benzaldehyde [CH;0CsH4CHO 98%, Aldrich, USA]

p-Chloro-acetophenone [CIC¢H4COCH3,97%, Aldrich, USA]

p-Chloro-benzaldehyde [CICsH4CHO, 97%, Aldrich, USA]

Pluronic 123 [(A Nonionic Tri-Block Copolymer Surfactant); Ethylene Oxide (EO) —
Propylene (PO7) — Ethylene Oxide(EO,p), FW-5800, Aldrich, USA]

Zirconium (IV) butoxide [{Zr[OC(CHs)3]4}, 80% in n-butanol, Aldrich, USA]

Zirconium Chloride [ZrCls, 98%, Merck, India]

Zirconium Oxy-Chloride [ZrOCl,*8H,0, 98%, Loba Chemie, India]

Zirconium Oxy-Nitrate [ZrO(NO3),XH;0, 98%, Loba Chemie, India]

2.3. SYNTHESIS

The nature, number and strength of acid sites, morphology, surface area, pore
size, metal oxide surface density, metal dispersion on support, suitable phase for high
selectivity toward the desired products etc and other physicochemical properties of solid
acid catalyst strongly relies on the preparation methods eg hydrothermal, sol-gel, wet
impregnation, co-precipitation, mix-precipitation/impregnation, neutral templating
method, double hydrolysis, reflux, dry gel etc methods and subsequent calcination

treatments and temperature. Catalyst should have the essential attributes of activity,
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stability, selectivity, and regenerability. These can be related to the physical and chemical
properties of the catalyst, which in turn can be related to the variable parameters inherent
in the method used for the preparation of the catalyst. A wide range of methods has been
employed for the preparation of the catalyst some which has been listed below.
Preparation methods for supported catalysts

e Impregnation

e Jon exchange / equilibrium adsorption

e Gelation / Sol-Gel

e (Qrafting

e Anchoring / heterogenization of homogeneous catalysts

e Deposition-precipitation / Co-precipitation

e Spreading and Wetting

e Immobilization of metal particles and clusters

e Chemical vapor deposition (CVD)

Keeping in sight the advantages and disadvantages of the synthesis methods 3 techniques
have been employed (impregnation, precipitation and sol-gel) in this studies whose
detailed description has been explained.

There are only two main routes for the preparation of almost all catalysts. These can
be divided into the two categories: methods in which the catalytically active phase is
generated as a new solid phase by either precipitation or a decomposition reaction, and
methods in which the active phase is introduced and fixed onto a preexisting solid by a
process which is intrinsically dependent on the surface of the support. The method of
precipitation is the best known and most widely used procedure for synthesis of both
mono-metallic and multi-metallic oxides. Precipitation results in a new solid phase
(precipitate) that is formed discontinuously (i.e., with phase separation) from a
homogeneous liquid solution. A variety of procedures, such as addition of bases or acids,
addition of complex-forming agents, and changes of temperature and solvents, might be
used to form a precipitate. The term coprecipitation is usually reserved for preparation of
multi-component precipitates, which often are the precursors of binary or multi-metallic
oxide catalysts. The same term is sometimes improperly used for precipitation processes

which are conducted in the presence of suspended solids. Depending on the particular
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application, the newly formed solid phase may be further subjected to various treatments,
such as aging and hydrothermal transformation, washing, filtration, drying, grinding,
tableting, impregnation, mixing, and calcination. During all these preparative steps,
physicochemical transformations occur which can profoundly affect the structure and
composition of the catalyst surface and even its bulk composition. If the adage the
catalyst “remembers” how it was prepared, even after being subjected to various heat
treatments at elevated temperatures is valid, then any cause-and effect correlations that
can eventually be made between the precipitation procedures and the final characteristics
of the catalyst becomes significant. A scientific approach to the preparation of catalysts
by precipitation routes was introduced by [1-4]. The formation of the precipitate from a
homogeneous liquid phase may occur as a result of physical transformations (change of
temperature or of solvent, solvent evaporation) but most often is determined by chemical
processes (addition of bases or acids, use of complex forming agents). In almost all cases,
the formation of a new solid phase in a liquid medium results from two elementary
processes which occur simultaneously or sequentially: (1) nucleation, i.e., formation of
the smallest elementary particles of the new phase which are stable under the
precipitation conditions; and (2) growth or agglomeration of the particles. The process
involves dissolving a salt precursor, usually a chloride, oxy-chloride or nitrate. The
corresponding metal hydroxides usually form and precipitate in water by adding a base
solution such as sodium hydroxide or ammonium hydroxide to the solution. The resulting
chloride salts, i.e. NaCl or NH4Cl, are then washed away and the hydroxide is calcined
after filtration and washing to obtain the final oxide powder. In the synthesis of multi-
component systems, the problems are even more complex. Coprecipitation rarely allows
one to obtain good macroscopic homogeneity. In a system with two or more metallic
compounds, the composition of the precipitate depends on the differences in solubility
between the components and the chemistry occurring during precipitation. Generally,
under the conditions of either a slow precipitation rate or poor mixing within the reaction
medium, coprecipitation is selective and the co-precipitate is heterogeneous in
composition. This method is useful in preparing composites of different oxides by co-
precipitation of the corresponding hydroxides in the same solution. One of the

disadvantages of this method is the difficulty to control the particle size and size
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distribution. Very often, (uncontrolled) precipitation takes place resulting in large
particles. Co-precipitation is achieved by treatment of a solution containing both the
support precursor and the catalytic precursor with a suitable precipitating agent. The
resulting precipitate contains both the active component and the support material. One
disadvantage of this method is that a large portion of the active species is buried in the
support hence unavailable for reactions. Another method for preparing supported oxide
catalysts involves the dispersion of the active species or its precursor onto the surface of a
support oxide. This can be achieved by equilibrium adsorption, wet impregnation and
incipient wetness impregnation. Impregnation is the procedure whereby a certain volume
of solution containing the precursor of the active phase is contacted with the solid
support, which, in a subsequent step, is dried to remove the imbibed solvent. Two
methods of contacting may be distinguished, depending on the volume of solution. Those
are wet impregnation and incipient wetness impregnation. In wet impregnation an excess
of solution is used. After a certain time the solid is separated and the excess solvent is
removed by drying. In incipient wetness impregnation the volume of the solution of
appropriate concentration is equal or slightly less than the pore volume of the support.
The maximum loading is limited by the solubility of the precursor in the solution. For
both methods the operating variable is the temperature, which influences both the
precursor solubility and the solution viscosity and as a consequence the wetting time. The
concentration profile of the impregnated compound depends on the mass transfer
conditions within the pores during impregnation and drying. The incipient wetness
method involves the wetting of the support with just enough of a solution of the active
species to fill the pores of the support material. This is normally achieved by adding the
solution slowly to the solid material with continuous stirring. If the volume of the liquid
needed to reach this point is known, the concentration of the solution can be adjusted to
give the desired catalytic loading. Once the incipient wetness point has been reached, the
solvent is evaporated and the modified support is calcined to give the catalyst. With this
method of preparation it is essential to have an understanding of both chemical and
physical properties of the support and the chemistry of the impregnating solution in order
to control the physical properties of the finished catalyst. Incipient wetness can be used

with aqueous or organic solutions depending on the solubility of the catalytic precursor.
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Evaporation of high surface tension solvents such as water can result in pore disruption in
the support resulting in a decrease of the surface area of the catalyst. The average size of
the catalytic precursor particles depends on the concentration of the solution used. High
catalytic loadings tend to give larger particles than low loadings.

In recent years, a wide variety of porous materials have been obtained using sol-gel
method. This technique has long been known for the preparation of metal oxides and has
been reported in several journals, books and reviews [5-9].The process is typically used
to prepare metal oxides via the hydrolysis of metal reactive precursors, usually alkoxides
in an alcoholic solution, resulting in the corresponding hydroxide. Condensation of the
hydroxide molecules by giving off water leads to the formation of a network of metal
hydroxide. When hydroxide species undergo polymerization by condensation of the
hydroxy network, gelation is achieved and a dense porous gel is obtained. The gel is a
polymer of three-dimensional skeleton surrounding interconnected pores. Removal of the
solvents and appropriate drying of the gel is an important step which results in an ultra-
fine powder of the metal hydroxide. Heat treatment of the hydroxide is a final step that
leads to the corresponding ultra-fine powder of the metal oxide. Depending upon the heat
treatment procedure the final product may end up in the form of a nanometer scale
powder, bulk material or oxygen deficient metal oxides. The precursor in a sol-gel
preparation can either be a metal salt or metal alkoxide or a stable colloidal suspension of
preformed sols. The important variables are the relative rates of hydrolysis and
condensation. The high purity obtained by sol—gel technology starting from alkoxides can
also be obtained in case of conventional precipitation if high purity raw materials are
used. Conventional precipitation usually results in a homogeneous distribution on an
atomic level but is mostly restricted to stoichiometric compositions, whereas in case of
sol—gel technology, molecular distribution can only be obtained under ideal hydrolysis—
condensation conditions. However, sol-gel methods are superior to precipitation in the
ability to vary compositional homogeneity on a molecular level. Another advantage of
the sol—gel preparation lies in the possibility to better control grain size or porosity of the
formed catalyst precursor as compared to conventional precipitation where these
parameters are very difficult to control. However, since many catalysts regardless of the

technology used for the precursor preparation need further thermal treatment, some of the
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advantages of the sol—gel technology will disappear. The removal of the solvent must be
done very carefully in order to preserve the desired physical properties of the grains,
which is either time consuming and therefore expensive or needs expensive special
production equipment. These weaknesses of the sol-gel method are the reason why this
method has not found wide application in commercial catalyst production, except in case
of some carriers such as alumina, silica—alumina and hydrotalcites from alkoxides and
hydrothermal synthesis of zeolites. The experimental procedure used to synthesize pure

and supported catalysts are given in this chapter.

2.3.1. Synthesis of t-ZrO, materials

Under identical and judiciously pre-optimized synthesis conditions, the influence
of different combinations of zirconium sources and/or post treatment conditions on
structural properties, thermal stability, phase composition and morphology of zirconia has

been investigated.

2.3.1.1. Preparation of ZrO, via precipitation method.

In a typical synthesis, 23.12¢g of zirconium oxy-nitrate was dissolved in 200 ml of
distilled water whose initial pH was less then 2. To this a separately prepared dilute
aqueous ammonia solution (12wt%,~100ml) was added drop wise under vigorous stirring
followed by aqueous ammonia solution (25 wt.%, ~200ml) or until the pH of the
solution reached to 11. The pH was continuously monitored with a pH meter for next 2 h
and adjusted by addition of aqueous ammonia solution in such way as to maintain the pH
as follows: 10 < pH < 11. After 2h no further pH adjustment was done and the slurry was
aged overnight (~12 h) in the mother liquor with constant stirring. After aging the pH of
the precipitated solution was less then 10. This procedure also led to a precipitate that
could be easily filtered and washed free of the nitrates. After checking the supernatant
liquid for complete precipitation the precipitate obtained was filtered using Whatman No.
1 filter paper and vacuum suction. This precipitate was washed 3 times with 250 ml
deionized-distilled water and firstly dried overnight at room temperature then at 100 °C
for 6 h, powdered and dried for another 6 hrs. If large amounts of water are used
peptization of the gel occurs therefore the volume of water used for washing is also

important. Since residual nitrate ions are thermally decomposed, thorough washing of the
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precipitates is not needed; a few times is enough. The hydroxide precipitate was divided
into equal proportions and calcined in air using pre-optimized calcination procedure at
400, 500, 600 and 700 °C for 3 h at each temperature. In order to investigate the influence
of different zirconium source materials on the quality of ZrO, materials another batch of
Zr0O, was prepared by precipitation technique using zirconium tert-butoxide (31.2g in 200
ml of ethanol) instead of zirconium oxy-nitrate aqueous solution under identical set of
synthesis conditions. The procedures for synthesis of this zirconia sample is similar to
procedure given above expect the starting precursor. Another set of ZrO, samples from
ZrONit via precipitation was prepared to evaluate the effect of digestion on the thermal
and structural properties. Here in the wet un-dried washed hydroxide precipitate obtained
by using the above synthesis procedure was transferred to Teflon conical flask and
suspended in 100ml of basic ammonia solution (25 wt.%) and refluxed at 80°C under

continuous stirring using magnetic needle for 12 or 24 h as shown in Fig. 2.1.
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Fig. 2.1: (a) Typical schematic diagram of the experimental setup usually seen and used
for synthesis and digestion with ammonia, (b) Simple and facile experimental setup used
for synthesis and digestion of the catalysts prepared in this studies.

The pH was monitored periodically and adjusted as 11 < pH < 12, by adding aqueous

ammonia solution to cover up the losses during reflux digestion. After digestion

procedure the resulting hydroxide precipitate was filtered and divided into equal
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proportions and firstly dried overnight at room temperature and then at 100 °C for 6 h,
powdered and dried for another 6 h. These samples were calcined in air using pre-
optimized calcination procedure at 400, 500, 600, 700 and 800 °C for 3 h at each

temperature.

2.3.1.2. Preparation of ZrO; by modified sol-gel method

First, 22 g of Pluronic P123 was dissolved in 100 g of ethanol with continuous
stirring till clear solution is obtained. Then 7.2 g of zirconium chloride powder was added
slowly to the above solution using a spatula. At one point it is not possible to transfer the
powder using the spatula, then about 25 g of ethanol was used to transfer the remaining
powder instantly. After completion of this addition about immediately 31.2 g of
zirconium tert-butoxide mixed in 50 g of ethanol was added insuring minimum loss of the
alkoxide precursor due to its highly sensitive nature towards moisture. Zirconia to
surfactant molar ratio is 0.03. This mixture was stirred for another 1 h which is
transparent until further addition of 25 g water in 25 g of ethanol, wherein a white
precipitate starts to from. The pH of the gel was less then 2 at this point. After prolong
stirring (~12 h) the precipitate formed initially re-dissolves forming a transparent gel.
Then the formed transparent gel was divided into equal proportions and transferred to
about 300 mm petri-dishes for solvent evaporation at room temperature. The materials in
the dishes were some what sticky and gelatinous even after 24 h of ambient temperature
drying. Further drying was carried out slowly in a step wise programmed manner to avoid
instant shock to the structure. Initially the dishes were heated in an oven at 60 °C for 6 h,
washed with water followed by drying at 80 °C for 6 h and finally at 100 °C for 12 h.
These samples were calcined in air using pre-optimized calcination procedure at 400,

500, 600, 700 and 800 °C for 3 h at each temperature.

2.3.2. Synthesis of M0O3-ZrO; Solid Acid Catalyst

A series of MoO3-ZrO; catalysts with different MoOs loadings were prepared by
modified co-precipitation method. Although we studied samples containing MoOs up to
40 wt.%, we focused attention on catalysts with loading in the range 15-30 wt%, because

they are reported to show highest activity, surface area and better physicochemical
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properties. The co-precipitation from mononuclear molybdate and zirconium oxy-
hydroxide was first investigated, prior to preparation of MoQOs3/ZrO, catalysts by
impregnation method. The physico-chemical features of the MoOs-ZrO, materials
generated via impregnation and co-precipitation procedure are strongly dependent on the
synthesis conditions such as pH, Mo loading, temperature of calcination etc. In particular
pH plays an important role which will discussed in detail in the next chapter under the
heading influence of pH. At present we shall only discuss how pH may effect dispersion
and/or % loading of Mo or W on zirconia support. In the diluted aqueous solutions, AHM
exhibits pH close to 5.5. In the pH region between 2 to 6, (MoO,)* ions coexist with
(Mo07024)" ions, while at higher pH only (MoO4)* ions exist [10,11 ]. This dependence of
monomeric and polymeric ions upon solution pH is also agreed for AMT solutions, that
at alkaline pH >10, monomeric (WO4)™ is the only species in solution. It has also been
reported that at concentration values < 5 x10°M, no polyanions are formed [12,13]. At
higher pH, the use of low nuclearity anionic precursors does not allow to obtain samples
with the desired loadings because in neutral or basic solutions, the zirconia surface is
negatively charged [14,15] causing repulsion of the (M004)*/(WO4)* anions and
therefore limiting their interaction with zirconia surface. This is mainly the consequence
of electrostatic repulsions between zirconia surface and ions originating from AHM/AMT
solutions, which occur in equilibrium at the given pH [16]. However at lower pH,
zirconia surface is positively charged, but the anions are present in the form of large
nuclear polyanion species, leading to poor dispersion and formation of clusters with a
high degree of aggregation. These clusters may partially transform into bulk WO3/MoO3
or Zt(WQ4)2/Zr(Mo00Qy),, depending on the calcination temperature (< 700°C) and on %
loading (<10 wt. %). As seen in previous section fine dispersion of catalytically active
species on the support is prime importance in order to obtain a good catalyst. Also at
higher pH allows obtaining zirconia with a high specific surface area with tetragonal
phase and better thermal stability. Sighting above reasons all MoOs-ZrO, catalysts were

prepared in basic medium whose detailed procedure are given below.
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2.3.2.1. Preparation of M0oO3-ZrO; (10-30 wt %) catalyst via co-precipitation

MoOs3-ZrO; catalysts with varying amounts of MoOj loading (10-30 wt%), were
synthesized by co-precipitation method using zirconium oxy-nitrate, ammonium
heptamolybdate and aqueous ammonia solution as starting materials. In a typical
synthesis of 15 wt.% MoO; on zirconia, 2.48 g of ammonium heptamolybdate (AHM)
dissolved in 25 ml deionized-distilled water + 25 ml of dilute NH4OH. This AHM
solution was added drop wise to zirconium oxy-nitrate solution containing 21.5 gm of
zirconium oxy-nitrate dissolved in 200 ml of deionized-distilled water. To this a
separately prepared dilute aqueous ammonia solution (12wt%,~100ml) was added drop
wise under vigorous stirring followed by aqueous ammonia solution (25 wt.%, ~200ml)
or until the pH of the solution reached to 11. The pH was continuously monitored with a
pH meter for next 2 h and adjusted by addition of aqueous ammonia solution in such way
as to maintain the pH as follows: 10 < pH < 11. After 2h no further pH adjustment was
done and the slurry was aged overnight (~12 h) in the mother liquor with constant
stirring. After aging 100ml basic ammonia solution (25 wt.%) was added and the slurry
was refluxed at 80°C under continuous stirring using magnetic needle for 12h. The pH
was monitored periodically and adjusted to a value of 12 by addition of aqueous
ammonia solution to cover up the losses during reflux digestion. Subsequent to digestion
the slurry was stirred for another 4 h without pH adjustment and uncovered to allow
greater interaction between Mo and Zr species. The resulting precipitate was filtered and
washed with 500 ml deionized-distilled water and dried overnight at room temperature
and then at 100°C for 6 h. The dried sample was calcined in air using pre-optimized
calcination procedure at 400, 500, 600,700 and 800°C for 3 h at each temperature. Using
similar method, the MoOs;-ZrO, catalyst with different MoOs loading (10, 20 and 30)
were synthesized and calcined at 700 °C and 800 °C for 3 hrs.

2.3.2.2. Preparation of MoOs/ZrO; (15 wt %) catalyst via wet impregnation

In a typical synthesis of 15 wt.% MoO; on zirconia catalyst prepared using
impregnation method, 21.5 g of zirconium oxy-nitrate was dissolved in 200 ml of
distilled water whose initial pH was less then 2. To this a separately prepared dilute

aqueous ammonia solution (12wt%,~100ml) was added drop wise under vigorous stirring
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followed by aqueous ammonia solution (25 wt.%, ~200ml) or until the pH of the
solution reached to 11. The pH was continuously monitored with a pH meter for next 2 h
and adjusted by addition of aqueous ammonia solution in such way as to maintain the pH
as follows: 10 <pH < 11. After 2 h no further pH adjustment was done and the slurry was
aged overnight (~12 h) in the mother liquor with constant stirring. After aging the
precipitate obtained was filtered using Whatman No. 1 filter paper and washed with 500
ml deionized-distilled water. This hydroxide precipitate was transferred to Teflon conical
flask and suspended in 100ml of basic ammonia solution (25 wt.%) and refluxed at 80°C
under continuous stirring using magnetic needle for 12 or 24 h. The pH was monitored
periodically and adjusted as 11 < pH < 12, by adding aqueous ammonia solution to cover
up the losses during reflux digestion. The digested was filtered and suspended in 100 ml
deionized-distilled water. Under vigorous AHM (2.48 g) solution prepared in 25 ml
deionized-distilled water + 25 ml of dilute NH4OH was added drop wise. After complete
addition temperature of the mixture was slowly increased to 100 °C and maintained till
thick paste was obtained, which was further dried in oven. The dried sample was calcined
in air using pre-optimized calcination procedure at 400, 500, 600,700 and 800°C for 3 h

at each temperature.

2.3.2. Synthesis of WO3-ZrO, Solid Acid Catalyst

In the previous section we have learnt the effect of basic and acidic media on
dispersion and loading of active species. In the synthesis of WO3-ZrO2 catalyst we have
also tried to optimize and study the active species (W) precursor effect on the properties
of the materials formed, but their details have not been mentioned as they could not be
prepared under identical set of synthesis conditions due to reactive nature and sensitivity
towards moisture of some precursors. In our earlier publication we have successfully
determined the precursor effect on the properties and activity of the materials formed
[17]. Tungsten (VI) ethoxide (W(C;Hs0)s, , 5% w/v in ethanol 99.8%, Alfa Aesar),
tungsten hexa-chloride (WCls, 99.9 %, Aldrich), and ammonium metatungstate were
initially screened for the preparation of the catalyst. Considering the advantages and
disadvantages of these precursors and taking into account the structure characterization

results, we have selected the best precursor (ammonium meta-tungstate) for all further
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studies. Bulk monoclinic WO3; sample was also prepared by calcining ammonium meta-
tungstate in a muffle oven at 600°C for 6 h. This sample is used as reference when
discussing some of the characterization results reported in this work. In this work we
have prepared WO3-ZrO, catalyst using co-precipitation, impregnation and modified sol-

gel method whose detail synthesis procedures are given below.

2.3.2.1. Preparation of WO3-ZrO, (20 wt %) catalyst via wet impregnation

The procedure for synthesis of 20 wt.% WOs; on zirconia via impregnation is
similar to procedure for the synthesis of 15 wt.% MoOs on zirconia as given in section
2.3.2.2., besides the desired loading here AMT (3.03 g) solution is used instead of AHM,
rest all the parameters including the weights are same. In case were in Pluronic P-123
block copolymer surfactant has been used for the synthesis of WO3-ZrO, catalyst it was
added to zirconium oxy-nitrate dissolved in 200 ml and stirred till complete dissolution.
The molar ratio of zirconia to surfactant was 0.03. In addition one sample was prepared
using zirconium hydroxide precipitate which was not digested. In order to investigate the
influence of zirconium precursor on various physico-chemical properties another batch
was prepared by using zirconium oxy-chloride (29.9 g in 200 ml of water) instead of
zirconium oxy-nitrate under identical set of synthesis conditions. Thorough washing was
essential when zirconium oxy-chloride is used as a starting precursor, because from
application point of view ions as chlorides or sulfates act as poisons in many catalytic
reactions. Therefore after hydrolysis, the hydroxide precipitate was exhaustively washed
with distilled water until the absence of chlorides. After each wash, a couple of drops of a
3M AgNOs; solution were added to the filtrate liquid until it showed no visible signs of

AgCl formation. This procedure was followed were ever zirconium oxy-chloride is used.

2.3.2.2. Preparation of WO3/ZrO, (20 wt %) catalyst via co-precipitation

In the typical synthesis of 20 wt.% WOs3-ZrO,, zirconium oxy-nitrate/oxy-chloride,
ammonium meta-tungstate and aqueous ammonia solution are used as starting materials.
The procedure used for the synthesis is same as mentioned in section 2.3.2.1., besides the
desired loading here in AMT (3.03 g) solution is used instead of AHM, rest all the

parameters including the weights are same. In case were in Pluronic P-123 block
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copolymer surfactant has been used it was added to initial salt solution and stirred till

complete dissolution. The molar ratio of zirconia to surfactant was 0.03.

2.3.2.3. Preparation of WO3/ZrO, (20 wt %) catalyst via modified sol-gel

First, 22 g of Pluronic P123 was dissolved in 100 g of ethanol with continuous
stirring till clear solution is obtained. Then 7.2 g of zirconium chloride powder was added
slowly to the above solution using a spatula. At one point it is not possible to transfer the
powder using the spatula, then about 25 g of ethanol was used to transfer the remaining
powder instantly. After completion of this addition about immediately 31.2 g of
zirconium tert-butoxide mixed in 50 g of ethanol was added insuring minimum loss of the
alkoxide precursor due to its highly sensitive nature towards moisture. This mixture was
stirred for another 1 h to which 3.18 g of AMT dissolved in 25 g water + 25 g of ethanol,
was added very slowly. Stirring was continued overnight (~12 h) after which a
transparent gel is obtained. Then the transparent gel was transferred to a big shallow tub
for solvent evaporation at room temperature. The material was some what sticky and
gelatinous even after 24 h of ambient temperature drying. Initially the dishes were heated
in an oven at 60 °C for 6 h, washed with water followed by drying at 80 °C for 6 h and
finally at 100 °C for 12 h. These dried samples were immediately calcined in air using
pre-optimized calcination procedure at 400, 500, 600, 700 and 800 °C for 3 h at each

temperature.

2.3.4. Optimization of Calcination Temperature

Calcination involves the medium to high temperature treatment of the catalyst
with an aim to eliminate the extraneous materials such as organics, surfactants etc as well
as the volatile and unstable cations/anions that may have been previously introduced but
are not desired in the final catalyst. Calcination is generally carried out in an
oxidizing/inert atmosphere and the selection of calcination temperature is of critical
importance in catalysis. In the case of mixed metal oxides, substantially elevated
temperature may be required to cause mixing by diffusion of individual species to form a
desired compound or crystal phase. In the case of sulphated metal oxides, calcination
introduces strongly bonded sulphate moieties on the surface and immediately underneath

thereby imparting a combination of acidity and one electron oxidizing ability to the
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catalyst. The calcination temperature significantly affects the physico-chemical properties
and the catalytic performance of zirconia systems [18,19]. Calcination at an appropriate
temperature is also essential for the formation of the species with a proper configuration
that generates strong acidity [20,21,22]. The optimization of calcination conditions used
in the mixed oxide process, however, has not received detailed attention, and the effects
of applied dwell time and heating/cooling rates have not yet been studied extensively.
Therefore effect of calcination temperature, dwell time and heating/cooling rates on
phase formation of the powders were examined. Since the samples are prepared using
various synthesis methods and with a variety of precursors including surfactants, it was
difficult task to optimize and select calcination program which would be applicable to all
of them. Using different procedure of calcinations for different samples would render
then incomparable as their properties will change, therefore prior optimization of
calcination temperature, dwell time, heating rate was carried out. Out of several

programs, 4 have been demonstrated in Fig. 2.2.
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Fig. 2.2: Calcination programs used for optimization of calcination temperature, dwell
time and heating rate.
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As a illustrative example effect of different calcination program on the properties of 15
wt.% WO; on zirconia prepared via impregnation method (20WZim-II) is discussed in
Chapter-5. Similar studies were carried out for pure zirconia and MoO; on zirconia
catalysts. As seen from Fig. 2.2 calcination program “A” does not include any steps
which poses a problem with sample prepared with surfactant leading to pore collapse and
incomplete decomposition of surfactant, while program “B” is too slow and excessive
heating leads to lower surface area and formation of monoclinic phase. Therefore
program “C” was developed by reducing the time by half of program “B”, but when
using this program at final calcination temperature 500 °C for samples prepared using
surfactants and/or alkoxide precursors complete removal of carbon was not insured.
Calcination program “D” was therefore found to be suitable on the basis of data obtained
by XRD, surface area and IR analysis for calcination of samples prepared by various
techniques. Thus it can be seen how fine tuning of calcination program such as dwell

time, heating rate etc is required to obtain materials with best possible properties

2.3.5. Designation of samples

The samples are in general designated as follows, the letters M, W and Z denotes
to MoO3;, WO; and ZrO, respectively. The numbers 10, 15, 20 and 30 represents metal
oxide (MoOs or WOs) loading in Weight % while the numbers 4C, 5C, 6C, 7C and 8C
are referred to the calcination temperatures, (C = Calcination). The non-appearance of the
denotation like 4C, 5C etc indicates the samples are not calcined and are in as-
synthesized form. The short forms of the synthesis preparation method such as “cp” for
Co-precipitation, “im” for Impregenation and “sg” for Modified Sol-Gel are indicated
before the calcination temperature. For eg. 15MZcp7C-1 indicates the sample containing
15 wt. % MoO; on ZrO,, prepared by co-precipitation method, having serial number 1
and calcined at 700°C. Two digestion methods have been used for the preparation of
various catalysts. Depending upon the time of digestion they have been labeled as d1 and
d2, where dl conditions are as: pH=12, time = 12 h, temperature = 80 °C and d2
conditions are as: pH=12, time = 24 h, temperature = 80 °C. (The first number from the

time 12 h and 24 h is used for designation)
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2.4. PHYSICO-CHEMICAL CHARACTERIZATION

Most of the catalysts used in the chemical industry are prepared by dispersing an
active component in the form of very small particles on support. These moieties have
dimensions of 1 to 20 nm and are often referred to as nano-particles. Given that most
supports surfaces are structurally non-uniform and because supported particles are
extremely small and irregular in both size and shape, an understanding of catalyst
structure and texture is of vital importance for optimizing catalysts with respect to
performance and lifetime. For a given catalytic reaction, activity and selectivity are two
important parameters that indicate how good a catalyst is. However, these parameters
stem from measurements carried out at macroscopic scale, which is considerably greater
than the atomic scale of the molecular events taking place on the catalyst surface. From a
scientific point of view, research into catalyst composition, the structure of the
framework of the solid and the nature of its porosity are essential parameters to correlate
with catalyst performance. In most cases, this provides a way of understanding the role
that surface atoms play in the catalytic reaction. This basic information on the structure-
property relationship for existing catalysts is valuable in the design of more efficient
ones. The objective of understanding catalyst structure and texture has been pursued for
nearly thirty years with the advent of many new physical tools developed through surface
science and often reiterated. Thus, this chapter offers the non-specialist reader an account
of the most relevant methods employed to characterize the size, shape, structure, and
composition of the catalyst, as well an assessment of the specific area and pore size of the
catalysts. A short review of the instrumental methods employed, its physical basis and
relevant information gained from it is given in Table 2.1. Various types of spectroscopy,
diffraction and imaging techniques can therefore be used to achieve the ultimate goal of
determining and understanding quantitative structure/composition-activity/selectivity
relationships. The techniques such as XRD, XPS, TG, TEM, FTIR, DR UV-VIS, AAS,
ICP, and RAMAN are expected to be powerful tools to study the changes of the local
environment and nature of surface Mo and W species along with the support. Several
spectrometric methods were investigated prior to beginning of this study and considering
the advantages and disadvantages of each method were weighed in relation to each other

before a specific method or instrument technique was chosen to perform the analysis.
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Each technique is unique by itself and provides important information for the

understanding of different structural and compositional features. Among all, the most

commonly used characterization techniques in the field on catalysis are given in Fig. 2.3.

A brief description is provided for each technique used in this thesis of its physical basis

and relevant information.

How often are techniques used
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Fig. 2.3: Shows various characterization techniques frequently utilized to determine the

structure and composition of catalysts
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Table 2.1: A short review of information that can be by gained by different analytical
methods and its basis.

Analytical Physical basis Information/Uses
method
Change in welght (.)fa system as Determination of compositions of
the temperature is increased at a . .
linear rate/Measuring of thermal complex mixture, purity and
(TG-DTA) . : . thermal stability associated with
effects associated with physical and . " .
. . . physical/ chemical changes with
chemical changes by a differential
respect to temperature.
method
Monochromatic beam of X-rays % Crystallinity, Crystallite size,
incident on a sample made of small Phase analvsis. Unit cell
(XRD) crystallites will be diffracted by SIS,
: ! parameter, Rietveld refinement,
sets of planes of high atomic .
. composition etc
concentrations.
Adsorptions of gaseous molecules e
- Surface area, pore size distribution
(N2 - or liquids at lower temperature and . .
. . . and pore volume, micro-porosity
Sorption) high pressure and desorption of the . .
of solid materials.
same at decreased pressure.
Vibrational excitation of surface 11:&11?(383 ;I?;?p ?S:;lzn;zggfaiieon sites
(FTIR) atoms by adsorption of infrared Eroups, adsorp ’
. structure and bonding of
radiation
adsorbates.
Molecules containing n-electrons
or non-bonding electrons (n- Oxidation state and coordination
electrons) can absorb the energy in | environment of transition metal
(DR-UV) the form of ultraviolet or visible ions and its existence in the
light to excite these electrons to framework or extra-framework
higher anti-bonding molecular position of solids.
orbitals.
Measurement of base adsorbed
(TPD) over the acid sites and desorption Amount and nature of acid sites
of the same at elevated and acid strength
temperatures.
Energy distribution of electrons Composition at the surface,
(XPS) that are emitted from the catalyst chemical or electronic state of
due to photoelectric effect. each element in the surface.
Nature and dispersion of catalytic
Interaction of the electrons actlye comp Or}en‘F, mgrphology,‘
(TEM) . . particle size distribution, d spacing
transmitted through the specimen. o .
and compositions, phase analysis,
pore size and shape etc.
Secondary electrons and .
(SEM) backscattered electrons emitted are Morphology, Topograp hY’. particle
.. size, defects and compositions
used for producing images.
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EDX makes 8¢ of the X-.ray Non-destructive determination of
spectrum emitted by a solid sample wide range of metals and
(EDX) bombarded with a focused beam of ne L
. . metalloids (Qualitative and
electrons to obtain a localized o : o
. . quantitative, semi-quantitative)

chemical analysis

Identification and measurement of | Fast, accurate, non-destructive

"secondary" (or fluorescent) X-rays | determination of wide range of
(XRF) emitted from a material that has | metals and metalloids (Qualitative

been excited by bombarding with | and quantitative, semi-

high energy x-rays or gamma rays | quantitative)

The technique is based on the fact

that atoms of various metals at

ground state absorb light at specific | Destructive type Qualitative and
(AAS) wavelengths, the amount of light quantitative estimation of metals

absorbed can be measured against a | and metalloids

standard curve for estimation of

unknown

Emission spectroscopy that uses

plasma to produce excited atoms

that emit electromagnetic radiation | Destructive type Qualitative and
(ICP) at wavelengths characteristic of a quantitative estimation of metals,

particular element. The intensity of | metalloids and some non-metals.

this emission is indicative of the

concentration of the element.

F f the ligh .. . .

requency of the light scattered .by Determining the organic/inorganic
(RAMAN) | molecules as they undergo rotations .
S functional molecules/groups/atom.
and vibrations.
. . . tructural det ination b

Change in the direction of nuclear (S)frélguurl?n © dff;iln?ifn y means

(NMR) spin quantum number in the IPINE, ping,
resence of strong magnetic field coordination

P position of an atom/element

A scattering pattern is detected

when a monochromatic beam of X- | . .

rays is directed onto the sample Sizes and shapes of particles,
(SAXS) Y . IpIc. internal structure of disordered and

The scattering pattern contains the artially ordered svstems

information on the structure of the | P Y Y '

sample.

Note: 1] The curves, graphs and fittings were performed by Origin software (Origin-Pro

8, OriginLab Corporation) from the raw data obtained from various analytical techniques.

2] The term amorphous in this thesis will be used in the broad sense to describe a

material with no long range order, such as that which leads to diffraction. Amorphous

materials may still have considerable short-range order.
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2.4.1. Thermo Gravimetric - Differential Thermal Analysis (TG-DTA)

When a substance is subjected to a programmed heating or cooling it normally
undergoes changes, which may be physical, chemical, mechanical or magnetic in nature.
The analysis of these changes recorded as a function of temperature permits the study of
composition, structure, physical, and chemical behavior On the basis of the changes
involved, techniques that fall under thermal analysis can broadly be classified into the
following: (i) TG- (Thermo Gravimetric — Relates to mass changes) (i) DTA -
(Differential Thermal Analysis — Relates to energy changes). Thermo gravimetric
analysis is a technique measuring and recording the loss of weight of a sample over a
period of time under controlled heating rate. Changes in weight are due to the rupture
and/or formation of various physical and chemical bonds at elevated temperatures which
lead to the evolution of volatile products. Thermal analysis is widely used to study the
structural stability of molecular sieves and related porous materials. It also provides
information about temperature required for the removal of adsorbed water,
decomposition of the occluded organic cations in the pores and channels of porous
materials and de-hydroxylation at higher temperatures to produce Lewis acid sites. Data
obtained from DTA and DTG helps in evaluating the thermal properties of porous
materials. The shape and splitting of the low temperature endotherms helps to identify the
location of water molecules and also helps in studying the kinetics of dehydration. The
temperature at which an exotherm appears in the DTA after the loss of water molecules,
gives helpful information about the temperature required to remove the template
molecules from the pores of the materials under study during calcinations. Phase
transformations if any can also be understood from the exotherms obtained at higher
temperatures. The amount lost in the given temperature range also gives the estimate of
the concentration of that species.

Thermal analysis of all the as-synthesized samples (~15 mg) was carried out by
Perkin-Elmer Diamond TG-DTA thermal analyzer equipped with platinum pan under air
atmosphere (flowing 60ml/min) from ambient to 1000 °C with the heating rate of
10°C/min. The base line correction was made using inert a-alumina as the reference

sample.
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2.4.2. Powder X-Ray Diffraction (XRD)

X-rays are defined as short-wavelength electromagnetic radiation produced by the
deceleration of high-energy electrons or by electronic transitions involving electrons in
the inner orbitals of atoms. The wavelength range of X-rays is from perhaps 10* nm to
about 10 nm. For analytical purposes, X-rays are obtained in three ways, (1) by
bombardment of a metal target with a beam of high-energy electrons, (2) by exposure of
a substance to a primary beam of X-rays in order to generate a secondary beam of X-ray
fluorescence, and (3) by employment of radioactive source whose decay process results
in X-ray emission. X-ray tube and synchrotron are the well-known equipments for the
generation of X-rays. X-ray tubes are basically used for the measurements of scattering
and diffraction of X-rays and quite usual in the common X-ray labs due to their relatively
simple structures and much lower cost than synchrotron. In X-ray diffractometry, X-rays
are generated within a sealed X-ray tube under vacuum. In an X-ray tube, electrons
produced at a heated cathode are accelerated toward a metal anode (the target, commonly
made of copper, cobalt, iron or molybdenum) by a potential as great as 100 kV; upon
collision, part of the energy of the electron beam is converted to X-rays. These X-rays are
collimated and directed onto the sample, consisting of many crystallites and each
crystallite in turn is made up of a regular, ordered array of atoms. An ordered
arrangement of atoms (the crystal lattice) contains planes of high atomic density which in
turn means planes of high electron density. When a monochromatic beam of X-ray
photons hits a sample they will be scattered by these atomic electrons and if the scattered
photons interfere with each other, diffraction maxima occurs. In general, one diffracted
line will occur for each unique set of planes in the lattice. The distances between the
planes of the atoms of the sample can be obtained by applying Bragg's Law (nA = 2dsin)
Where n is the order of diffracted beam and it is an integer (1, 2, 3...); A is the
wavelength of the incident X-ray beam; d is the distance between adjacent planes of
atoms; 0 is the angle of incidence of the X-ray beam and the atomic plane. Since we
know A and we can measure 0, we can calculate the d spacing. The characteristic set of d
spacings generated in a typical X-ray scan provides an unique "fingerprint" of the
material comprising the sample, which is then processed either by a microprocessor or

electronically, converting the signal to a count rate. Because the wavelengths of X-rays
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are on the nanometer scale, they are especially suitable for investigating the substances in
nanometer or atomic scales, which are invisible by using electromagnetic radiations with
longer wavelengths, such as visible light or ultraviolet. Furthermore, in contrast to
neutrons, which are sensitive to the difference of nucleus of the matters, X-rays are
sensitive to the changes of electron densities. Therefore, they are mainly utilized to study
materials having non-uniform electron densities. X-ray diffraction is one of the non-
destructive techniques and does not require elaborative work for the sample preparation.
For characterization of oxides powder X-ray diffraction is the most important and
commonly used tool to monitor structure, phase purity, degree of crystallinity and unit
cell parameters of crystallite materials. Mixed oxide solids generally show characteristic
peaks in the 2 theta range of 10-80°. The results of this analysis are described graphically
as a set of peaks with intensity on the y-axis and the diffraction angle on the x-axis.
Identification of phase is generally based on the comparison of the set of reflections of
the specimen with that of pure reference phases, or with a database provided by the
International Centre for Diffraction Data (ICDD) (formerly ASTM then JCPDS). ICDD
is a non-for-profit organization located in Newtown Square, Pennsylvania. This group is
made up of a staff of permanent officers along with a number of academic and industrial
scientists who are active in the field of XRD. Besides the material identification the
XRD method can be used also for quantitative analysis, i.e., to determine average
crystallite size (D) of a material by using Debye-Scherrer equation (D = kA/BcosO) where
D is the averaged dimension of the crystallite (nm), k is constant (shape factor) =0.90, A
is the radiation wavelength (0.15406 nm for CuKa), B is the full-width at half maximum
height (FWHM) of the X-ray line (radians), 8 and is the diffraction peak angle. The X-ray
diffractometer can also be used to determine the crystal lattice parameters, changes in
phase or lattice parameters before and after thermal treatment, strain, composition and the
amount of each phase present in a sample.

About 1 g of dried sample was ground to fine powder, and then lightly pressed as
thin layers on glass/aluminum slides, prior to scanning. @ The powder X-ray
diffractograms of as-synthesized and calcined samples were recorded on Rigaku Miniflex
diffractometer using a Ni-filtered monochromatic Cu Ko radiation (A = 1.5406 A, hv =

8048.0eV). Radiation was produced by the X-ray tube operated at a voltage of 30 kV and
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a current of 15 mA. Following parameters were used for various slits, Divergence slit -
Variable, Scattering slit - 4.2 deg, Receiving slit - 0.3mm. The scanning range was 10-
80° (20) with a scanning rate of 2 °/min. Alignment of the instrument was verified on
daily basis using polycrystalline silicon reference standard supplied by Rigaku. Low
angle powder XRD patterns were collected on the Philips X’Pert Pro 3040/60

diffractometer in the 2 theta range of 0.5 to 5 with a scan rate of 1 deg/min.

2.4.3. Nitrogen Adsorption-Desorption Measurements (N, Sorption)

Surface area of a solid sample is generally determined by gas adsorption or
mercury penetration methods. The total surface is calculated from the amount of
physically adsorbed nitrogen at -196 °C. The other techniques that are not in extensive
use include electron microscopy, X-ray diffraction, and chromatography. During the
1930’s, Brunauer, Emmett and Teller presented a theory dealing with the multilayer
adsorption of gas on solids. The BET (Brunner, Emmet and Teller) method is the most
acceptable technique in determining the specific surface area of solid samples by
physisorption of gases. The significance of the BET theory lies in its ability to determine
the number of molecules required to form a monolayer of adsorbed gas on a solid despite
the fact that a mono molecular layer is never actually formed. The BET theory was
applied to multilayer adsorption with the following hypotheses. First, the first layer of gas
molecules is adsorbed more strongly than the subsequent layers, and the heat of
adsorption of all subsequent layers is constant. Second, lateral interaction between
adsorbed molecules is absent. Third, the Langmuir theory of monolayer adsorption can be
applied to each layer. From the adsorption isotherm, a value corresponding to the volume
of an adsorbed monolayer is calculated. With physical adsorption, the amount of gas
adsorbed is usually plotted as a function of the relative pressure P/Py, where the relative
pressure is the actual pressure divided by the saturation pressure at the same temperature.
The basic equation for finding out surface area by BET method is given by:

P _ 1+ C-1 4 P
V, (Po-P) VuC  VuC P

=}

Where, P = Desorption equilibrium pressure, Py = Saturation vapour pressure of

absorbate (liquefied gas) at the adsorbing temperature, V, = Volume (at standard
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temperature and pressure, STP) of absorbate adsorbed at pressure P, V,, = Volume of
absorbate (at STP) required for a monolayer coverage, C is a constant relating to the
energy of adsorption.

From the surface area of one molecule absorbed in the monolayer, the total surface area
can be calculated. Nitrogen is usually used as the adsorbate, although argon and xenon
can also be used. According to the BET method, a plot of P/V, (Py-P) against P/P yields
a straight line when P/Py < 0.03. From the slope and intercept of the straight line, V,, can
be calculated which in turn is used in calculating specific surface area of the catalyst by
the following equation:

Surface Area (m*/g) = _ VaxN  y Ap
22414 x W

Where, Vi, = Monolayer volume in ml at STP, N = Avogadro number, W = Weight of the
catalyst sample (g), Ay, = Cross sectional area of adsorbate molecule (0.162 nm? for Ny)
BET surface area was calculated using the conventional BET equation as shown above.
Pore size distribution and pore volume was calculated using Barrett-Joyner-Halenda
(BJH) model and t-plot analysis were used to determine the micropore surface area and
pore volume. According to the ITUPAC definition of porosity, it is the ratio of pore
volume to apparent volume of particle or granule. The pores are classified as follows: (a)
Micropore Pore of width less than 2 nm, (b) Mesopore Pore of width between 2 and 50
nm, (c) Macropore Pore of width greater than 50 nm. The understanding of the surface
area and porosity of an adsorbent can be achieved by the construction of an adsorption
isotherm. The adsorption isotherm is the relationship between the amount adsorbed and
the equilibrium pressure (or relative pressure) at a known temperature. Similarly the
desorption isotherm is the relationship between the amount of gas desorbed and the
equilibrium pressure at a known temperature. Generally, there are many different shapes
of isotherms depending on the type of adsorbent/absorbate and intermolecular
interactions between the gas and the surface. In 1945, Brunauer proposed the
classification of the different kinds of adsorption isotherms into five general forms while
the type VI is of recent origin [23]. The Brunauer, Deming, Deming and Teller (BDDT)

classification has also become the basis of the modern IUPAC classification of adsorption
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isotherms [23] (Fig. 2.3). There are six broad categories of adsorption isotherms shown in

Fig. 2.3 [24].

| 11 I

A% Vv VI

Amount Adsorbed

Relative Pressure

Fig. 2.3: TUPAC classification for adsorption isotherms (Types I-VI) with the x-axis
representing the relative pressure of the fluid and the y-axis denoting amount of gas

adsorbed.

Type | - these are typical of adsorbents with a predominantly microporous structure, as
the majority of micropore filling will occur at relative pressures below 0.1. The
adsorption process is usually complete at a partial pressure of ~0.5. Type Il - physical
adsorption of gases by non-porous solids is typified by this class of isotherm. Monolayer
coverage is followed by multi-layering at high relative pressures. Carbons with mixed
micro and meso-porosity produce Type II isotherms. Type Ill - the plot obtained is
convex to the relative pressure axis. This class of isotherm is characteristic of weak
adsorbate-adsorbent interactions and is most commonly associated with both non-porous
and microporous adsorbents. The weak interactions between the adsorbate and the
adsorbent lead to low uptakes at low relative pressures. However, once a molecule has
become adsorbed at a primary adsorption site, the adsorbate-adsorbate interaction, which
is much stronger, becomes the driving force of the adsorption process, resulting in
accelerated uptakes at higher relative pressure. This co-operative type of adsorption at
high partial pressures is known as cluster theory and examples include the adsorption of

water molecules on carbon where the primary adsorption sites are oxygen based. Type
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IV - A hysteresis loop, which is commonly associated with the presence of mesoporosity,
is a common feature of Type IV isotherms, the shape of which is unique to each
adsorption system. Capillary condensation gives rise to a hysteresis loop and these
isotherms also exhibit a limited uptake at high relative pressures. Type V - these
isotherms are convex to the relative pressure axis and are characteristic of weak
adsorbate-adsorbent interactions. These isotherms are indicative of microporous or
mesoporous solids. The reasons behind the shape of this class of isotherm are the same as
those for Type III and again water adsorption on carbon may exhibit a Type V isotherm.
Type VI - introduced primarily as a hypothetical isotherm, the shape is due to the
complete formation of monomolecular layers before progression to a subsequent layer. It
has been proposed, by Halsey [25] that the isotherms arise from adsorption on extremely
homogeneous, non-porous surfaces where the monolayer capacity corresponds to the step
height. Type VI shows the gradual formation of individual adsorbate layers, which stem
from a multimodal pore distribution.

Like for physisorption isotherms, the IUPAC classifies hysteresis loops in four
types (Fig. 2.4) and relates them with pore structures [26].

Type H1

I'é

Vaa

Type H2

Type H3

Type H4

IIII II'I ' _.-" . ::_-—:.:FF
F

P Po P Po

Fig. 2.4: Possible hysteresis loops for mesoporous materials.

Po p Po

According to the IUPAC classification of physisorption hysteresis loops, Type-H1 is
representative of an adsorbent with a narrow distribution of relatively uniform
mesopores, whereas Type-H2 is associated with a more complex pore structure in which
network effects are important. Type-H2 loops are given by adsorbents containing narrow
slits-shaped pores such as activated carbons. Type-H3 and H4 do not exhibit any limiting
adsorption at high relative pressure. This is clear indication that the adsorbents do not

possess well-defined mesopore structures and therefore it is not possible to attempt to
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derive either the pore size distribution or the total pore volume from these isotherms.
Type-H3 loops are often obtained with plate like materials such as clays. A particular
feature of many hysteresis loops (Types-H2, H3, and H4) is the very steep region of the
desorption branch which leads to a lower closure point of the loop at a constant P/P, for a
given adsorbate and temperature (e.g. P/Po = 0.42 for nitrogen at -196°C). This feature is
thus dependent on the nature of the adsorbate rather than the distribution of pore size.

J. De Boer [27] in 1958 has identified five types of hysteresis loops and correlated

them with various pore shapes as shown in Fig. 2.5.

|r" !r“ = P“ II" |!“ F |'“ l,.. l,”

Fig. 2.5: De Boer’s five types of hysteresis

Type A hysteresis is attributed to cylindrical pores; Type B is associated with slit shaped
pores; Type C hysteresis is produced by wedge-shaped with open necks at one or both
open ends. Type D loops result from wedge-shaped pores with narrow necks at one or
both ends. The type E hysteresis loop has been attributed to “ink-bottle” pores.
Characteristically, the hysteresis loops in all isotherms close before reaching a relative
pressure of 0.3 in the desorption process except when microporosity is present. The
distribution of pore volume with respect to pore size is called a pore size distribution. It is
generally accepted that the desorption isotherm is more appropriate than the adsorption
isotherm for evaluating the pore size distribution of an adsorbent due to the attainment of
thermodynamic equilibrium.

The nitrogen adsorption—desorption isotherms for the solid samples were
measured using a (Micromeritics ASAP 2010 system/ NOVA-1200[Quanta chrome,
USA]). Prior to measurements, the samples were degassed for 12 h under a flow of
nitrogen at temperatures 200°C — 300°C in order to remove any adsorbed moisture and

organic impurities. 100 — 200 mg of sample was usually measured in the special quartz
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sample tube with a bulb end and then cooled to —196°C using liquid nitrogen and the
sorption of nitrogen was carried out at different equilibrium pressures. Analysis of the
shape of the adsorption/desorption isotherms yields information about the surface, porous
structure and internal pore characteristics of the material. The instrument accuracy is
approximately £5% of measured value, with the instrument calibration verified by a
Si0,/Al,05 reference standard. The specific surface area of the sample was calculated
using BET method. The calculation of the particle size or BET surface area was also
attempted from by the equation “d = 6000/( p X Sggr)”, where d is the average particle
size (nm), Sger is the specific surface area expressed in m*/g ' and p = specific density of
zirconia or WO;3 modified zirconia sample expressed in g/cm’. Theoretical density of
WO; = 7.16 g/em® and ZrO, = 5.68 g/cm’ while the actual measured density of our
catalyst samples is between 1.4 to 1.6 , which far less the individual theoretical calculated
components. Therefore it was nearly impossible to get values any close to calculated

from XRD, N; sorption and TEM measurements.

2.4.4. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy has been highly successfully applied in both organic and
inorganic chemistry. In heterogeneous catalysis, infrared spectroscopy can be used for
study of solid catalysts. Such characterization can be very useful in determining the
nature of the support, and surface groups such as hydroxyls on the surface of oxides.
Bands arising from the bulk structure of catalysts or supports can readily be observed.
Infrared bands are produced if the vibration causes a change in the dipole moment (or
induced dipole moment). From the infrared spectra of supported metals oxides, the
information of the bonding modes of metal atoms with oxygen atoms can be determined,
and hence the coordination structures of the supported and bulk metal oxides are
determined. It is basically a bulk technique that takes advantage of the surface aspects of
the catalyst and provides information about the structure of surface sites those are either
directly observable or made observable by pre-adsorption of probe molecules. The
frequencies and intensities of the IR bands can give abundant evidence on the state of
supported metal dispersion, structure, metal-support interaction, metal-metal interaction,

etc. It can also be used to measure the surface acidity of catalysts. FTIR offers higher
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sensitivity and higher resolution than conventional IR. Fundamentally, the FT Infrared
Spectroscopy testing system transmits an IR (infrared) beam of light through an area that
is to be analyzed then captures this beam after passing through the area and finally
generates a full infrared spectrum of the light, resulting in the identification of the
materials present and allows for the concentration to be identified. The infrared light
emitted from a source (e.g. a SiC Globar ) is first directed into an interferometer, which
modulates the light after which the light passes through the sample compartment and is
then focused into the detector. FT-IR (Transmission) Testing is the most fundamental of
the infrared spectroscopic sampling procedures. In many cases, sample preparation
requires production of potassium bromide (KBr) discs.

The technique use for FTIR analysis of the samples is potassium bromide (KBr)
pressed pellet technique. For each pellet the sample to KBr ratio was maintained as 1:100
respectively, and the mixture of the sample and the KBr was grounded in an agate mortar
for 5 min and then this mixture was placed between two 13 mm evacuable die under 10
tons of pressure for 2 minutes to form transparent pellet. These KBR pellets were made
using Techno-search KBr press model # M-15. FT-IR spectra of the samples were
recorded on a Thermo Nicolet IR instrument as KBr pellets with resolution of 4 cm-1 and

averaged over 100 scans.

2.4.5. Diffuse Reflectance UV-Vis Spectroscopy (DR-UVis)

The diffuse reflectance UV-Vis spectroscopy is known to be a very sensitive and
useful technique for the identification and characterization of the metal ion coordination
and its existence in the framework or extra-framework position of solids samples or
molecules embedded on the solid surface. Diffuse reflectance UV-visible spectroscopy
allows the study of electronic transitions between orbital’s or bands in the case of atoms,
ions and molecules in gaseous, liquid or solid state. In catalysis, DR-UVis is used for
studying the speciation of supported transition metal ions because it measures both their
d-d transitions and charge transfer bands. This technique can therefore be used from
detecting the presence of a certain oxidation state to a detailed distribution of different
oxidation states and coordination environments of the catalyst under study. However

DRS (Diffuse reflectance spectrum) are usually broad and overlap with each other,
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leading to a biased spectral analysis. In addition, the origin of the specific electronic
transition is sometimes difficult to isolate due to its dependence on the local coordination
environment, the polymerization degree and the specific oxidation state. Diffuse
Reflectance UV-Vis (DR-UVis) spectroscopy is a spectroscopic technique based on the
reflection of light in the ultraviolet (UV), visible (VIS) and near-infrared (NIR) region by
a powdered sample. In a Diffuse Reflectance spectrum (DRS), the ratio of the light
scattered from an “infinitely thick™ closely packed catalyst layer and the scattered light
from an infinitely thick layer of an ideal non-absorbing (white) reference sample is
measured as a function of the wavelength A. The scattered radiation, emanating from the
sample and the reference material is collected by an integration sphere and the detector of
the double beam spectrometer. The most popular continuum theory describing diffuse
reflectance effect is Schuster-Kubelka-Munk (SKM) theory. If the sample is infinitely
thick, the diffuse reflection of the sample (R.) is related to an apparent absorption (K)
and apparent scattering coefficient (S) by the SKM equation [28,29]: F(Rs) = (1-Ry)2 /
2R, =K/S . At low concentrations of supported transition metal ions (TMI), this equation
is a good representation of the absorbing spectrum and allows a quantitative
determination of the TMI. F(R,) = (1- R)2 / 2R =K/S = aCrmi / S =k Crmr . At a given
wavelength A, S is constant, the above equation gives a linear relation between F(R.,) and
the TMI concentration, Ctyy. The coefficients a and k are proportionality constants.
Diffuse reflectance UV-visible spectra of fine powder samples were recorded on a
Perkin-Elmer Lambda-650 UV-vis spectrometer equipped with a diffuse reflectance
attachment. BaSO, was used as an external standard to correct the baseline in the spectra.
Few g of sample is pressed in the sample holder and the spectrum was measured in the
range of 200-800 nm in air at room temperature. The reflectance spectra were converted
into the Kubelka-Munk function, F(R), which is proportional to the absorption coefficient
for low values of F(R) and plotted vs. wavelength. Though only charge transfer
transitions in the UV region (200-400 nm) are of interest, no absorptions were found in

the visible region.
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2.4.6. Temperature Programmed Desorption of Ammonia (TPD-NH3)

The strength, the type and the amount of acidity can be determined using probe
molecules by temperature programmed desorption (TPD). In TPD of NHj; technique, NHj3
is initially allowed to adsorb on an activated solid catalyst at a defined temperature. The
adsorbed molecules are then allowed to desorb in a flow of He or Ar by heating the
catalyst material in a programmed manner. The amount of ammonia desorbed from the
catalyst is estimated by a TCD close to the reactor outlet. Based on the amount of base
molecules desorbed, the total acidity and the relative strength of the acid sites can be
determined. Ammonia, n-butylamine, and pyridine are gaseous bases commonly used for
the determination of strength and amount of a solid acid. The advantages of the gaseous
base adsorption and desorption method are: (1) It can be used to determine the amount of
acid sites for a solid at high temperature or under its actual working conditions. (2) It can
also be applied even to colored samples. However, the disadvantage is the Bronsted and
Lewis acid sites can not be differentiated by this method. This technique can be used to
characterize the acid sites present in solids such as zeolites, mesoporous materials and
oxides Gaseous bases adsorbed on acid sites give information about the acidity of the
solid surface. A base adsorbed on strong acid site is more stable and more difficult to
desorb than one adsorbed on a weak acid site. As temperature is increased, evacuation of
the adsorbed bases from acid sites occurs. Bases adsorbed at weaker acid sites will be
evacuated at lower temperature than those at stronger acid sites. Thus, the evacuation
temperatures indicate the strength of various acid sites. Based upon above desorption of
gases at different temperatures a TPD spectrum may have one or more peaks, the ones at
low temperatures corresponding to NH3 desorbing from the weaker acidic sites and the
ones at higher temperatures corresponding to the stronger acidic sites. The areas under
these peaks give information about the amount of acidic sites of different acidity, whereas
the peak (—maximum-—) temperatures give information about the relative acid strengths.
The TPD curves can be de-convoluted into individual peaks and the areas under the peaks
are converted into mmol of NHj3 per g catalyst based on injection of known volumes of
NHj3 at similar conditions. The acid sites per unit area are calculated as follows: The acid

sites per unit area are calculated as follows: Acid site (umol/m”) = Acidity (umol/g) X

SBET (mz/ g), where Sggr is the surface area of the catalysts.
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The overall acidity and acid strength associated with sites were measured by Ammonia
Temperature Programmed Desorption (NH3-TPD) using a Micromeritics AutoChem
(2910, USA) equipped with thermal conductivity detector. Prior to the measurements,
sample was heated to 600 °C with heating rate 20 °C/min in He flow (30 ml/min) for 1 h.
The temperature was then decreased to 60 °C with He flow (50 ml/min), after the
temperature was stable NH3 was allowed to adsorb by exposing sample to a gas stream
containing 10% NH; in He (30 ml/min) for 1/2 h or till no further adsorption was
observed. Temperature was then increased to 100 °C and flushed with He (30 ml/min)
for another 1 h to remove physisorbed NHs. The NH3 desorption was carried out in He
flow (30 ml/min) by increasing the temperature up to 550 °C with a heating rate of 10°

C/min.

2.4.7. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is widely used for probing the electronic
structure of atoms, molecules and condensed matter. It gives information on the
elemental composition, the oxidation state of the elements and in some cases on the
dispersion of one phase over another. XPS is based on the photoelectric effect. When an
X-ray photon of energy hv is incident on a solid matter, the kinetic energy (Ex) and the
binding energy (Ep) of the ejected photoelectrons can be related as follows: Ex=hv+E,,
This kinetic energy distribution of the photoelectrons is fabricated by a series of discrete
bands, which symbolizes for the electronic structure of the sample. The core level
binding energies of all the elements (other than H and He) in all different oxidation states
are unique, which provides instant detection of the chemical composition of the sample
after a full range scan. However, to account for the multiplet splitting and satellites
accompanying the photoemission peaks, the photoelectron spectra should be interpreted
in terms of many-electron states of the final ionized state of the sample, rather than the
occupied one-electron states of the neutral species [30,31]. Photoelectron peaks are
labeled according to the quantum numbers of the level from which the electron
originates. An electron coming from an orbital with main quantum number n, orbital

quantum number 1 (0, 1, 2, 3.... indicated as s, p, d, f ...) and spin quantum numbers (+1/2
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or -1/2) is indicated as nls. Almost all photoelectrons used in the laboratory XPS have
kinetic energy in the range of 0.2 to 1.5 keV, and probe the outer layer of the catalyst.
X-ray photoelectron spectra were obtained using X-ray Photoelectron
spectrometer [V. G. Scientific (UK) ESCA-3000). All the measurements are made on as
received powder samples using X-ray source Mg Ko (hv = 1253.6eV) at room
temperature. The spectrometer was operated at 12 mA and 12.5 kV with analyzer at a
constant pass energy mode (50 eV) for wide scan spectra. High resolution spectra (pass
energy 20 eV, step size 0.1-0.2 eV) of the W4f, Zr3d, Cls and Ols regions were
measured with the largest possible aperture in order to obtain maximum signal intensity.
The residual gas pressure in the spectrometer chamber during the data acquisition was
less than 1.3X10” Pa. Multi-channel detection system with nine channels is employed to
collect the data. The overall energy resolution of the instrument is better than 0.7 eV,
determined from the full width at half maximum of 4f7, core level of clean gold surface.
Before the experiments the spectrometer was calibrated against (Au 4f;,) - 84.0 eV and
(Cu 2p32)-932.6 eV. The Zr3ds,; and/or Cls lines were taken as internal references with a
binding energy of 182.0 and 285.0 eV, respectively [32,33]. An estimated error of +0.1
eV in all BE (binding energy) values can be assumed for the measurements. A drop of
thick paste made from acetone and finely grounded oven dried samples were mounted on
the standard sample holder. The sample holder was then fixed on a rod attached to the
pretreatment chamber. Before transferring them to the main chamber the samples were
degassed in the pretreatment chamber at room temperature. The degassed samples were
then transferred into the main chamber and the XPS analysis was done at room
temperature. A minimum of 3 spots for each sample were simultaneously analyzed to test

sample heterogeneity; the results reported here are averages of these multiple spots.

2.4.8. Transmission Electron Microscopy (TEM)

The TEM working principle can be described as follows: the electron beam is
generated in an electron gun (heated tungsten filament). The electrons are accelerated
towards the anode by applying a high voltage between the anode and the cathode (gun).
The accelerated beam is focused by a condenser lens and travels through the specimen,

where the objective lens produces the primary magnified image of the specimen. A series
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of projector lenses further enlarges this image, which is displayed on a fluorescent screen,
or recorded photographically or digitally. As SEM, the TEM can be connected to an
energy dispersive X-ray analyzer. TEM offers the unique advantage of allowing the
direct information about the micro texture of the catalyst and structural information by
lattice imaging. The technique of high-resolution electron microscopy (HRTEM) is
performed with axial illumination using an objective aperture, which allows several
diffracted beams to be combined with the axial transmitted beam to form the image.
From images it is possible to obtain accurate information on the shape and size of
particles belonging to active phases, structural information such as symmetry and unit
cell parameters of crystallites, crystal orientations and lattice defects can be obtained by
electron diffraction and lattice imaging techniques. The topographic information obtained
by TEM is in the vicinity of atomic resolution which can be utilized for structural and
compositional characterization and identification of various phases. In addition it can also
be used to detect the location and dispersion of metal clusters on the support material.
The critical step in electron microscopy is specimen preparation, because the quality of
the image and the significance of the analyses are highly dependent on how the different
solid phases are dispersed on the microscope grid and how thin they are. The thickness
should be less than 50-100 nm to allow transmittance through the sample. The thinner the
specimen, the better will be the resolution and contrast of the image. Specimens should
be deposited on 2/3 mm diameter copper grids (100—400 mesh) covered with a thin
amorphous carbon film. The easiest way is to ultrasonically disperse a very few
milligram of the powder in a few milliliter of ethanol, take a drop of the suspension
deposit it on a carbon coated grid and let the liquid evaporate. Electron diffraction and
transmission electron microscopy are combined to study crystalline or periodic materials.
The results gained from both techniques are complementary, since the formation of an
image and diffraction are intimately related. The image of a specimen obtained on a
screen or a photographic film by TEM is formed by scattered or diffracted electrons. By
varying the focus mode of the projection system of the electron microscope, one can
obtain either an image or a diffraction pattern on the screen or film. In imaging mode, one
generates either a bright field image or a dark field image depending on the position of

the microscope objective aperture (contrast aperture). In the dark field image, only the
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beams corresponding to a selective reflection hkl contribute to the image formation. The
dark field imaging allows working in diffraction mode with the formation of an electron
diffraction pattern, when a selected area aperture is used instead of an objective aperture.
The aperture is used to define the area from which a diffraction pattern is formed in a
TEM specimen. The resulting pattern contains information about the phases present
(lattice spacing) and sample orientation. The electron diffraction pattern can be described
as a plane section of the diffracted lattice in the reciprocal space, and Bragg’s fringes can
be indexed. In this study, the electron microscopic investigations were carried on a
Tecnai G* F20 U-TWIN from FEI (USA), transmission electron microscope with Energy
Dispersive Spectroscopy detector for micro-analysis and at an accelerating voltage of 200
kV. The samples for TEM analysis were prepared by dispersing tiny amount of finely
grounded powder as slurry in iso-propanol and ultra-sonicated for minimum 45 min. A
drop of the sol was then placed onto a carbon-coated copper grid and left for evaporation,

after evaporation it was mounted on a sample holder

2.4.9. Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy is one of the most versatile and widely used
tools of modern science, which provides information about the morphology (shape, size,
arrangement of the particles), the topography (determination of the surface features of an
object, its texture), the compositional differences, the crystal orientation and the presence
of defects. SEM requires that the specimen have some composition or topographical
variation on the specimen surface in order to produce a sharp image of sufficient contrast.
Therefore, a very smooth surface of uniform composition will produce a featureless
image on SEM. The basic working principle of the scanning electron microscopy is based
on the bombardment of the sample with a scanning beam of electrons to collect the slow
moving secondary electrons generated by the sample. These electrons are collected,
amplified, and displayed on a cathode ray tube. The electron beam and the cathode ray
tube scan synchronously, so that, an image of the surface of the sample is formed. The
main difference between SEM and TEM is that SEM sees contrast due to the topology of
a surface, whereas TEM projects all information in a two dimensional image, which is of

nanometer resolution. The path of the electron beam within the scanning electron
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microscope differs from that of the TEM. The technology used in SEM is based on

television techniques.

Table 2.2: Detailed comparison of TEM and SEM is given in below.
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Fig. 2.6: Schematic diagrams of the setups of TEM (a) and SEM (b).
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The size and shape of the particles was examined using scanning electron
microscope JEOL JSM-5200-Model/ FEI Quanta 2003D Dual Beam-ESEM. Small
amount of finely grinded powder was spread on double-sided carbon tape stuck on a stub,
which was then fixed to the sample holder and placed into the testing chamber which is
protected with nitrogen gas. During the observation and photo sessions the SEM was
operated between 10-20 kV in low vacuum with a resolution of 6nm. In addition to the
SEM, energy dispersive x-ray analysis (EDX) analysis was used with the same setup to
identify the major element distribution of any spot over the sample. Using EDX, we can
identify the composition of particles of interest on a SEM image. Usually to prevent
charge build up on the specimen surface it is coated with a conductive material. For
coating, vacuum evaporation method and sputtering method are been used. Various
substances are used for coating such as C (for general analysis), AU, AU-Pd, and Pt
depending on the purpose, type of sample and magnification. Coating is usually

necessary for higher magnification

2.4.10. Energy Dispersive X-Ray Spectroscopy (EDX)

Information about the chemical composition of the samples can be obtained using
an Energy Dispersive X-ray spectrometer with the SEM. In the SEM-EDX, electrons
interacting with samples cause x-rays to be generated from the atoms present. These x-
rays have varying energy depending on the element it came from. In this technique the X-
rays emitted from a sample, under electron bombardment, are collected with a liquid
nitrogen cooled solid-state detector and analyzed via a computer according to their
energy. The computer programs used in EDX display a histogram of the number of X-
rays detected versus the energy. The energy of the detected X-rays relates to the elements
present in the sample and the intensity of the peaks is proportional to the amount of the
element present in the compound. In this way qualitative analysis (identification of
elements) as well as quantitative analysis (amount of each element in the sample) can be
performed. Once these x-rays are seen on the detector they are amplified and passed
through a multi-chemical analyzer, the elements can be identified and semi-quantified.
The elements are essentially identified based on the energies of the x-rays which are

emitted from the sample. This is a powerful analytical tool as it can detect most of the
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elements in the periodic table above an atomic number of 4. Detection limits are in the
low percentage range. The method is a surface analytical procedure.

Chemical composition of the samples was obtained using FEI Quanta 2003D
Dual Beam-ESEM with EDX (Genesis) attachment. This system was equipped with a
standard Si(Li) large field detector and Tungsten Filament (Thermionic emission) as
electron source. The EDX was calibrated with the pure elements Cu and Al. During the
EDX measurements the system was operated at 30 keV in low vacuum. The collection
time for the EDX spectra was 30-60 s and the working distance was set to 15 mm. ZAF
Correction - Specific factors related to sample composition (called matrix effects) can
affect the x-ray spectrum developed in an electron microprobe analysis and may have to
be corrected for if a precise analysis needs to be performed. These matrix corrections are
known as ZAF corrections, referring to the three parts of matrix effects - the atomic
number (Z), absorption (A), and fluorescence (F). EDX was employed for the elemental
mapping of the W, Mo, Zr and O applying ZAF corrections.

2.4.11. X-Ray Fluorescence Spectrometry (XRF)

X-ray fluorescence (XRF) spectrometry is a powerful multi-elemental and
nondestructive analytical technique, which provides accurate analysis of the bulk
chemical composition of a solid/liquid sample. In this method a suitable sample is
radiated by high energy X-rays by which electrons can be expelled from the different
atoms, leaving empty space (holes) in low lying orbitals. The main mechanism for
relaxation then is that an upper electron falls into this vacancy. The energy released may
result either in the generation of radiation, which is called X-ray fluorescence (Fig. 2.7),
or in the ejection of another electron, the secondary electron of the so-called Auger effect.
Both X-ray fluorescence radiation and the Auger electrons are characteristic for the
emitting atoms and can be used for quantitative elemental analysis. X-ray fluorescence
makes use of the ability of high energy X-rays (10° nm to 10 nm) to excite electrons in
an atom to a higher energy state. In most cases, but not all X-rays are produced by
accelerating electrons through a vacuum tube from a heated tungsten cathode towards a
metal anode, often molybdenum, chromium, rhodium, scandium, cobalt, tungsten etc

with a potential difference of up to 100kV. When these electrons strike the large anode
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plate, made of copper with the anode material embedded in it, an X-ray continuum or line
spectrum is produced. The apparatus must be cooled to avoid melting the anode. These
X-ray radiations when strikes the sample are electronically excited. When the sample
returns to its ground state it fluoresces, emitting a photon which is lower in energy then
the initial excitation photon. These emitted X-rays are first collimated and then
selectively separated on an analyzing crystal often lithium fluoride or sodium chloride by
diffraction applying Bragg’s law. The number of emerging X-ray photons is detected by a

transducer such as Geiger counter, ionization chamber or scintillation counter.

Photoelectron
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Fig. 2.7: Production of X-ray fluorescence

The energy (or wavelength or "color") of the fluorescent photons is an indication about
the elemental composition of the sample. The intensity of the fluorescent beam (number
of photons per sec) is an indication of the element's concentration in the sample. The goal
of the spectrometer is to analyze the fluorescent beam and measure its characteristics in
energy (or wavelength) and in intensity. Software coupled to the spectrometer converts
this information into concentration’s values. Corrected intensities from inter-element
effects are linearly correlated with certified concentrations of reference materials.

The composition of catalyst was measured using a PANalytical MiniPal 4
EDXRF (Energy Dispersive XRF) spectrometer, equipped with a 30 kV, rhodium anode
9 Watt tube with a helium purge facility having five filters and a silicon drift detector
which can analyze elements in the range from Na to Bi, in concentrations from 100%
down to ppm levels. Following EDXRF conditions were used for the determination of W,

Mo and Zr concentration from the catalyst in air atmosphere. Voltage of 30 kV was set
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and automatically adjustment of the current was done. Approximately 5 g of finely
grounded sample was taken in a 30mm sample cup having nylon-6 foils at the bottom.
The sample cups were allowed to spin twice for 30 sec to obtain maximum homogeneity
in sample powders. 3 measurements were carried out for with 100 s acquisition time

without any filter and the average of the 3 readings was considered.

2.4.12. Atomic Absorption Spectrometry (AAS)

Atomic absorption is the process that occurs when a ground state atom absorbs
energy in the form of light of a specific wavelength and is elevated to an excited state.
The amount of light energy absorbed at this wavelength will increase as the number of
atoms of the selected element in the light path increases. The relationship between the
amount of light absorbed and the concentration of analyte present in known standards can
be used to determine unknown concentrations by measuring the amount of light they
absorb. Instrument readouts can be calibrated to display concentrations directly. The
principle of atomic absorption is based on energy absorbed during transitions between
electronic energy levels of an atom. When some sort of energy is provided to an atom in
ground state by a source such as a flame, most commonly in the form of an air-acetylene
or nitrous oxide-acetylene flame (temperature ranging from 2100-2800 °C), outer-shell
electrons are promoted to a higher energy excited state. The radiation absorbed as a result
of this transition between electronic levels can be used for quantitative analysis of metals
and metalloids present in solid matrices, which have to be dissolved by appropriate
solvents before analysis. The basis of quantitative analysis depends on measurement of
radiation intensity and the assumption that radiation absorbed is proportional to atomic
concentration. Analogy of relative intensity values for reference standards is used to
determine unknown elemental concentrations.

Although AAS it is a destructive technique, the sample size needed is very small
(typically about 10-100 milligrams). Small amount of solid sample approximately 100mg
was weighed out accurately using the microbalance and dissolved in mixture containing
few drops of 48% Hydrofluoric acid (HF) and 5ml 70% Nitric acid (HNO3). Dissolution
times are generally in the region of 1-6 hours for the samples to completely dissolve

depending upon the type of sample. After complete dissolution of the sample the
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solutions are then diluted with ultra-pure water to decrease their element concentrations
to within the linear range for the particular element under study. Neutralization of the HF
was then done by adding boric acid (~2g) in excess. All standards were also spiked with
same amount of acid added for sample preparation to reduce matrix effects. The resulting
solution is introduced as an aerosol into the flame of the instrument and atomized. Light
of a suitable wavelength for a particular element is shone through the flame, and some of
this light is absorbed by the atoms of the sample. The amount of light absorbed is
proportional to the concentration of the element in the solution, and hence in the original
object.

Concentrations of Mo, W and Zr in the dissolved samples were determined using
Varian SpectrAA-220FS-Fast Sequential atomic absorption spectrometer. Calibration
was carried out using standard solutions, and the wavelength was adjusted to 313.3 nm,
255.1 or 455 nm, and 360.1 nm for estimation of Mo, W and Zr respectively using single
element hollow-cathode lamps. The instrument has 4 fixed sockets in which the
respective hollow-cathode lamps can be fixed and these elements can be analyzed in a
sequential mode. Atomic absorption measurements were carried out in (N,O) nitrous
oxide-acetylene flame without background correction. The measurement time and pre-
ready delay was set to 10 s. Some important operating parameters are given below in the
Table 2.3 while other parameters were set as recommended by the manufacturer’s
manual.

Table 2.3: AAS operating parameters optimized for the estimation of Zr, Mo and W

Parameter Zr Mo W
Slit Width: 0.2 nm 0.5 nm 0.2 nm
EHT: 59 volts 34 volts 52 volts
Lamp Current: 10.0 mA 12.0 mA 20.0 mA
Lamp Position: 4 3 2
N,O Flow: 9.98 L/min 10.50 L/min 10.60 L/min
Acetylene Flow: 7.49 L/min 7.71 L/min 7.05 L/min
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2.4.13. Inductively Coupled Plasma (ICP)

Inductively coupled plasma atomic emission spectrometry (ICP-AES), despite the
necessity to decompose the sample, is sensitive enough for the determination of broad
type of samples with high accuracy and precision. Another great advantage of the
technique is that it allows the simultaneous determination of major, minor and trace
elements. Inductively Coupled Plasma (ICP) is a high energy source that permits the
excitation of most elements, both metals and non-metals. The coupling of ICP with
atomic emission spectroscopy (ICP-AES), a reproducible and very accurate analysis
technique, is for all types of liquid and some solid samples. Atomic emission
spectroscopy is an analytical method whereby the radiation emitted by excited atoms and
ions are measured. The emission occurs when sufficient thermal or electrical energy is
available to excite a free atom or ion to an unstable energy state. Light is emitted when
the atom or ion returns to a more stable configuration or the ground state. The
wavelengths of light emitted are specific to the element which are present in the sample.
The basic instrument used for atomic emission is very similar to that used for atomic
absorption with the difference that no primary light source is used for atomic emission.
One of the more critical components for atomic emission instruments is the atomization
source, because it must also provide sufficient energy to excite the atoms as well as
atomize them. Due to the limitations of the early sources, atomic emission initially did
not enjoy the universal popularity of atomic absorption. This changed dramatically with
the development of the Inductively Coupled Plasma (ICP) as a source for atomic
emission. The ICP eliminates many of the problems associated with past emission
sources and has caused a dramatic increase in the utility and use of emission
spectroscopy. The ICP is argon plasma maintained by the interaction of Radio frequency
(RF) field and ionized argon gas. The ICP is reported to reach temperatures as high as
10,000 °C, with the sample experiencing useful temperatures between 5,500 °C and
8,000 °C. These temperatures allow complete atomization of elements, minimizing
chemical interference effects. When a RF power is applied through the coil, an oscillating
magnetic field is formed. When argon gas is passed through a micro wave RF coil an
excitation is initiated with a high voltage spark which creates seed electrons and ions,

these charged particles (electrons and ions) are forced through a closed annular path,
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where additional heating and ionization occurs, this ionizes the argon and produces a
plasma state which is at a temperature of 6000°C to 10,000°C. The process occurs almost
instantaneously, and the plasma expands to its full dimensions. The cont. plasma is
formed by a tangential stream of argon gas flowing between two quartz tubes. As viewed
from the top, the plasma has a circular, “doughnut” shape. The fluid sample is pumped
into a nebuliser via a peristaltic pump. The nebuliser generates an aerosol mist and injects
humified Ar gas into a chamber along with the sample. The fine aerosol mist containing
Ar gas and sample is interjected vertically up the length of the torch assembly into the
plasma. When this fine aerosol of aqueous or organic solutions or suspension of metals
/non metals is injected to the argon plasma, excitation of the elements will occur resulting
in emission of specific wave lengths of electromagnetic radiation. Light emitted from the
plasma is focused through a lens and passed through and entrance slit into the
spectrometer. Emission spectroscopy requires identification and selection of suitable
analysis lines (wavelengths). Often, analysis lines of reasonable intensity and those with
the least spectral interferences with the other elements present are chosen. The intensity
of radiation is proportional to the concentration of the element in the solution. Each
element emits at multiple wavelengths. These wavelengths are separated by a diffraction
grating and sent to photo multiplier tubes. With appropriate amplifiers, A to D converters,
computers and software a powerful analytical instrument is then at the disposal of
experienced analytical chemists. The main advantage of ICP Atomic Emission
Spectrometry is the linear dynamic concentration of the analysis from ppb levels to high
ppm levels and the ability to analyze for multiple elements simultaneously. The reason
for this advantage is because the sample is injected as an aerosol through the center of the
doughnut which confines the sample to a narrow region and provides an optically thin
emission source and a chemically inert atmosphere, resulting in a wide dynamic range
and minimal chemical interactions in an analysis. ICP-AES usually gives linear
calibration curves, thus making it possible to determine both high and very low
concentrations. The accuracy of the analysis can be optimized by using blank solutions
with a similar matrix as the samples to be determined. The background correction will
then produce good results. ICP-AES provides the lowest detection limits for a number of

high melting elements such as B, W, Zr, Al and Ti.
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ICP-AES analysis was performed to determine the bulk composition of the
catalysts. The total W and Zr concentration was determined by means of ICP-AES
SPECTRO ARCOS-Advanced Rowland Circle Optical System, instrument. The
spectrometer optical system is optimized paschen-runge assembly and aluminum half
shell technology having a resolution of 8.5 picometer. The wavelength range is 130-770
nm with 32 Linear CCD detectors. The monochromator is equipped with an 1800
grooves/mm holographic grating. Sample was introduced using 4 channel peristaltic

pump with auto diluter. The general ICP-AES operating conditions were:

Parameter Value
Injector ceramic tube internal diameter (mm) 2
Spray chamber type Cyclonic
Nebulizer type Lichte model
Plasma power (kW), 27.12 MHz 1.4
Auxiliary argon flow rate (liters/min) 1
Nebulizer argon flow rate (liters/min) 0.777
Coolant gas flow (liters/min) 13
Plasma viewing mode Radial
Background correction 2 points per peak

The axially viewing observation mode is usually recommended for the improvement of
the detection limits; however matrix effects are larger in axial mode as compared to radial
view mode [34] Therefore radial view was chosen because accuracy and precision was
vital then detection limit. The most sensitive W (239.709/400.87 nm) and Zr (339.198
nm) wavelengths were used for their determinations. Ultra spec single element standards
from Aldrich were used for preparation of calibration solutions and standardization.
Deionised water (resistivity of 18.2 MQ cm), purified by a Milli-Q system (from
Millipore) was employed for preparing calibration solutions and samples. All glassware
and polyethylene bottles were kept overnight by soaking in 10% HNOs3, and cleaned by
rinsing five times with distilled deionised water. All standard solutions were prepared in

5% (v/v) HNO; with few drops of HF. Blank digestion was also carried out by
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completion of full analytical procedure without sample. All determinations were made in
triplicate and average value was reported. All results were obtained as ppm (parts per
million) which was converted to atomic weight % since the weight of the sample is
known. The atomic weight % was converted to oxide weight % and normalized to 100.
Sample preparation was similar to the procedure given in previous AAS section 2.4.12.
For estimation using ICP the sample solutions were further diluted in order to bring them
within the instrument calibration range of 10-20 ppm.

With the availability of a variety of atomic spectroscopy techniques such as flame
atomic absorption, graphite furnace atomic absorption, inductively coupled plasma
emission, and ICP mass spectrometry, we must decide which technique is best suited for
our samples. Important selection criteria for atomic spectroscopy techniques include
detection limits, analytical working range, sample throughput, cost, interferences, ease of
use, and the availability of proven methodology all these are summarized in Fig. 2.8 and

tabulated in Table 2.4.

High

Speed

Low
High Detection Limits Low

Fig. 2.8: A general selection guide for atomic spectroscopy instrumentation based on
sample throughput and concentration range.

(ICP Em - Inductively Coupled Plasma-Emission spectroscopy, ICP MS - Inductively
Coupled Plasma-Mass Spectroscopy FL AA- Flame-Atomic Absorption spectroscopy,
GF AA - Graphite Furnace-Atomic Absorption spectroscopy).
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Table 2.4: AAS Vs ICP quick selection guide.

Factor

AAS

ICP

Detection Limits

Best for group I metals,
volatile elements, rare earth.
For AAS the detection limits
are in the range of ppm

Best for Refractory metals,
metalloids, Non-metals.
Detection limits are generally
very low: 0.1 to 1

whereas these may go down ppb

to ppb level for GFAAS

Best if less then 6 elements Best if more then 6 elements
Sample through put

per sample per sample
Precision 0.1-1% 0.3-2%
Spectral Interferences Virtually None Many
Chemical Interferences Some Virtually None
Ionization Some Minimal
Operational Cost Low High
Combustible gases Yes No

Advantages

Fast, accurate, well
documented, lower
operational cost

Fast, accurate, extensive
dynamic range, multi-element
detection.

Dis-Advantages

Must have element specific
lamp, Short dynamic range.
Not suitable for the elements
like, B, Ce, La, Nb, Pr, Ti etc

Spectral Interferences. The
elements that are difficult to be
determined by AAS, can be
measured by AES.

Dynamic Range

The dynamic range is spread
over three orders of
magnitude for FAAS and two
orders for GFAAS.

The dynamic range is large and
extends over a range of 4 to 6
orders of magnitude. It is
suitable for analytes from parts
per billion to 99.9 per cent.

Back ground Interference

The flame constituents
contribute to the spectral,
background and chemical
Interferences.

Plasma is an optically thin
emission source and is
relatively free from chemical
interferences.

Flame AAS is easy to set up
and to use, and requires

It falls between these two AAS
techniques; however, it is a bit

Operation minimal operator skills, the easier to master than

GFAAS on the other hand is GFAAS.

considerably more difficult.

FAS procedure cannot be ICP-AES measurements can be
Automation automated whereas it is automated.

possible to automate GFAAS.

The AAS determinations It can be used for the

using flame are rapid and determination of most elements
Versatility precise and are applicable to except Ar. In practice,

about 67 elements.

approximately 70 elements can
be determined.

Bases upon above table and diagram one can select the best suited atomic spectroscopy

technique.
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2.4.14. Raman Spectroscopy (RAMAN)

Raman spectroscopy is an invaluable technique, which offers non-destructive
qualitative (identification) and quantitative (particle size determination) microanalysis of
materials. This technique relies on inelastic scattering of monochromatic light, usually
from a laser in the visible, near infrared, or near ultraviolet range. The laser light interacts
with phonons or other excitations in the system, resulting in the energy of the emitted
photons being shifted up or down. The Raman Effect arises when the incident light
excites molecules in the sample, scattering subsequently the light. While most of this
scattered light is at the same wavelength as the incident light (Raleigh scattering), some
part is scattered at different wavelengths. This inelastically scattered light at different
wavelengths is called Raman scatter (Raman scattering). It results from the molecule
changing its molecular motions. The energy difference between the incident light (Ei)
and the Raman scattered light (Es) is equal to the energy involved in changing the
molecule's vibrational state (i.e., getting the molecule to vibrate, Ev). This energy
difference is called the Raman shift and is given as follows: Ev = Ei — Es. Several
different Raman shifted signals will often be observed, each signal being associated with
different vibrational or rotational motions of molecules in the sample. The particular
molecule and its environment will determine which Raman signals will be observed. A
plot of Raman intensity versus Raman shift represents a Raman spectrum. The Raman
spectroscopy technique is used to investigate the vibrational, rotational and other low
frequency modes in a system.

Raman measurements were performed on Horiba Jobin Yvon HR 800 instrument
having mirror based reflective optics equipped with a confocal microscope (Olympus
BX41). The excitation source used was He Ne Laser system which provides a wavelength
of 632.81nm resolution 0.3cm™/pixel. For conventional Raman spectroscopy, the laser
power of the He Ne laser attached to the LabRam spectrometer was limited to ~ ImW in
order to prevent heating of the samples by neutral density filters. The slit width was
usually set to 200 um resulting together with the grating in a spectral resolution of 2
cm . The achromatic flat field monochromator is equipped with an 1800 grooves/mm
grating. Light from the illuminated spot is collected with a lens and sent through a

monochromator. Wavelengths close to the laser line, due to elastic Rayleigh scattering,
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are filtered out (Rayleigh frequency rejection upto 10 cm™) while the rest of the collected
light is dispersed onto a detector. The scattered light was removed effectively by two
notch filters. The spectra were recorded in the back-scatter mode using a thermoelectric
cooling Synapse CCD camera and the identifications of the various peaks were carried
out by taking references to the various literature values. About 500 mg of finely grounded
sample is pressed in the sample holder and the spectrum was measured in the range of
100-1200 cm'. The Raman shift was corrected before taking measurements using a
silicon reference sample and spectrum. Even though it is a complementary technique to
classical IR spectroscopy, it is the only spectroscopy able to detect adsorbent vibrations

in a wave number range where the support itself is not transparent to IR radiation.

2.4.15. Small Angle X-Ray Scattering (SAXS)

SAXS is an analytical technique that is based on the interaction of monochromatic
X-rays with matter. It differs from XRD in that it is used to examine substances with
large d-spacings (1 to 100 nm). According to Bragg’s law, when the wavelength of the X-
ray is constant, smaller angles lead to the detection of large d-spacing. In SAXS, the
angle of incidence is usually smaller than 5 degrees, which means that it detects the d-
spacing in the domain of nanometers. Therefore, SAXS is a technique for studying
structural features in the nanometer range. It is performed by focusing a low divergence
X-ray beam onto a sample and observing a coherent scattering pattern that arises from
electron density inhomogeneities within the sample. Due to its considerable ability to
probe the materials in nanometer scales, SAXS plays an important role in polymer
research, nanoscience, medical-biological studies, liquid crystals, microemulsions,
catalyst development, nanoporous materials and so on. Due to their quasi-crystalline
nature, surfactant meso-phases respond well to SAXS analysis. At low concentrations,
information can be collected (gained) describing the size and shape of the molecules and
at higher concentrations (from above about 5%) the different mesophases give rise to
different SAXS "fingerprints".

Small-angle X-ray scattering data were obtained with a Bruker Nanostar equipped
with a rotating anode X-ray generator with a pinhole camera (Nanostar, Bruker AXS)

with CuKa radiation monochromatized and collimated from crossed Goebel mirrors and
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detected by a 2D position sensitive detector (HiISTAR). The machine was operated at
voltage of 45kV and a current of 100mA. Data was collected over a q range of 0.01 -
0.2A. All SAXS patterns were radially averaged and corrected for background scattering
to obtain the scattering intensities in dependence on the scattering vector Q= 4x sinf / A,

being 20 the scattering angle and k = 0.1542 nm the X-ray wavelength.

2.5. CATALYTIC ACTIVITIES

Anhydrous AR grade chemicals and solvents used in this study are commercially
available and used without further purification. All the reactions were carried out in
liquid phase batch mode. These reactions were carried out by taking the mixture of
reactants, catalyst and a suitable solvent in a round bottom flask provided with a
condenser and stirred / refluxed for appropriate time. Completion of the reaction was
monitored by GC. After completion of the reaction, catalyst was recovered by simple
filtration and reused. The product were recovered from the filtrate, concentrated on a
rotatory evaporator and re-crystallized in ethanol. The products were also confirmed
using FT-IR, GC-MS (Shimadzu 2000 A) by injecting authentic samples and '"H-NMR
and "C-NMR (Bruker AC200). Detail experimental setup, reaction conditions and
product analysis techniques are described.

NMR (Nuclear Magnetic Resonance) spectroscopy is the procedure that takes
advantage of the magnetic properties of nuclei. NMR spectra arise from the spinning of
nucleus. In its most straightforward form, NMR Spectroscopy allows for the
identification of each atom in a pure molecule. Similar to using IR spectroscopy in the
identification of functional groups, examination of a 'H proton NMR spectrum shows
how many atoms of each type and what atom environments exist within the specimen
(sample). Since it is based in quantum mechanical nuclei properties, NMR spectroscopy
is reproducible, predictable, and very reliable. Mass Spectrometer when coupled with GC
the detection system is often referred to as the mass selective detector or more simply
GC-MS. The power of this technique lies in the production and identification of mass of
each analyte detected, instead of merely an electronic signal that varies with the amount
of analyte. This data can be used to determine the identity as well as the quantity of

unknown components after comparing with reported standard database.
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2.5.1. Experimental setup

MoOs-ZrO, catalysts were found to be a good catalyst for various types of
reactions such as oxidation, condensation etc. The applications of these MoO;-ZrO;
catalysts in preparation of biologically important species have not been explored yet,
hence Claisen—Schmidt condensation (CSC) which is an important C-C bond forming
reaction for the synthesis of chalcones was carried out over MoOs3-ZrO; catalysts. In the
present work we report the use of for CSC under solvent-free conditions to give
Chalcone. The liquid phase Claisen—Schmidt condensation (CSC) of benzaldehyde (BA)
with acetophenone (AP) was carried out in a magnetically stirred two necked round
bottom flask (capacity 50 mL) attached to a condenser and a septum, immersed in a
thermostat bath with a magnetic stirrer as show in Fig.2.9. The reaction was done under
N, atmosphere and solvent-free conditions to give Chalcone. The temperature of the
reaction vessel was maintained using an oil bath. The reaction mixture was magnetically
stirred and heated to the required temperature at atmospheric pressure. In a typical
experiment, benzaldehyde (2.12 g), acetophenone (2.40 g), {Benzonitrile (5 g) for the
reaction in the presence of solvent} and dried catalyst (0.06 g) were added to the reactor,

and then heated to 150 °C for 16 h.

—> Water out

Water condenser

<+«—— Water in
Thermometer —»

Glass reactor

Heating coil > [F"fl-X....h="" l«— Oil bath
in oil bath — Reaction mixture +

L= Catalvst +Magnetic needle

B o <«+— Magnetic stirrer

Fig. 2.9: A typical schematic diagram of the experimental reaction setup.
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2.5.2. Analysis of reaction products

The product samples were withdrawn at regular intervals of time and analyzed on
a gas-chromatograph (HP 6890) equipped with a flame ionization detector and a capillary
column (HP-5 capillary column, 30 m length X 0.32 mm internal diameter).
The following GC-FID program set up was used for identifying product distribution.
GC parameters: FID: 300 °C, Injector: 280 °C, 0.2 ul sample.

Rate Oven Temp. Hold Time
Initial Set 100 °C 1 min

15 °C/min 180 °C 2 min

30 °C/min 280 °C 12 min

15 °C/min 300 °C 1 min
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3.1. INTRODUCTION

Among the non-silica mesoporous oxides zirconia has received a particular
interest, due to the large field of applications ranging from catalysis to ceramics because
of its high thermal stability, remarkable mechanical strength, easy availability, high
melting point, low thermal conductivity, high corrosion resistance, amphoteric behavior
and unique properties of the surface. Zirconia exhibits several crystalline modifications:
(a) monoclinic, that is thermally stable at the temperature below 1172 °C, (b) tetragonal,
that is stable at the temperature range 1172- 2347 °C, (c) cubic, stable above 2347 °C and
(d) rhombic, which is stable at a high pressure. However, tetragonal and cubic zirconia
can be prepared at low temperatures (500-700 °C) in the form of highly dispersed
metastable phase. The crystalline structure, concentration, transformation between each
other and catalytic properties of zirconia are generally depends upon its synthesis method
and thermal treatment. The common reported methods for preparation of zirconia are by
precipitation and sol-gel. The source may be zirconium oxy- chloride/nitrate, zirconium
n-butoxide, zirconium propoxide, zirconium nitrate/chloride etc. The hydrolysis of these
materials results the formation of zirconium hydroxide and the calcination leads to the
zirconium oxide. The traditional precipitation technique may give rise to microcrystalline
zirconia; but the sol-gel method produces nanocrystalline zirconia, which is very
attractive for novel applications. Commercially available zirconia has a relatively low
surface area 40 m*/g or less, which is rather lower than the surface area of conventional
supports such as alumina and silica. The use of zirconia, from both scientific and
industrial application point of view requires high surface area, crystalline tetragonal
phase and suitable pore structure for catalysis applications; eg. High surface area zirconia
is widely used as a catalytic support or oxygen censor electrolytes in automobile exhaust
emission control system. However, loss of surface area and transition from the tetragonal
to the monoclinic phase results in sintering and deactivation of the catalyst after thermal
treatment thereby the stability of tetragonal phase is crucial. The concentration and
transformation among tetragonal, monoclinic and cubic phases depend on synthesis
procedure and doping zirconia with foreign ions and/or thermal treatment conditions.
Molybdenum and Tungsten oxide species form strong acid sites on zirconia supports and

inhibit ZrO, crystallite sintering and tetragonal to monoclinic structural transformation.
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These catalysts are active for vide variety of catalytic reactions. Zirconia and its mixed
oxides can be used as an acid-base bifunctional catalyst. In this case where an acid site
acts as an active site in one step of a reaction and a basic site acts as an active site in
another step. It is therefore called acid-base concerted bifunctional catalysis. This is due
to its pronounced catalytic behavior in spite of its almost neutral surface property. The
co-operation of weakly acid sites and weakly basic sites of which acid-base pair sites are
suitably oriented on zirconia surface is surprisingly powerful for particular reactions and
causes highly selective reactions and long catalytic life. Apart from addition of foreign
ions the retention of tetragonal phase is possible if the particle size is below some critical

value primarily due to high surface energy.

3.2. IMPORTANCE OF ZIRCONIA

The two main source of zirconia are baddeleyite (impure monoclinic zirconia) and
Zircon, (ZrSi04) which occurs as secondary deposits in Kerala, Florida and South Africa.
It is frequently mixed in sand with other minerals like rutile and monazite. Baddeleyite is
found in smaller deposits and usually contain contaminants such as silica and iron oxide.

Zirconia is a remarkable material, which has attracted a great deal of attention
from scientists, technologists and researchers. It is one of the most widely studied
materials in the aspects of mechanical, structural and electrical properties. It is well
known for good wear resistance, hardness, low coefficient of friction, chemical inertness,
elastic modulus ionic conductivity, low thermal conductivity and high melting
temperature which make it attractive as an engineering material. Due to these properties
zirconia is used in extrusion dies, machinery wear parts and piston caps. Zirconia
(monoclinic and partially stabilized) powder is used for the production of refractory
composites with enhanced thermal shock resistance and abrasion resistance. These
materials find applications as sliding gate plates for pouring steel, and in steel immersion
applications such as stopper rods and as components in submerged entry nozzles for
oxygen lances and sensors. In addition, they are used in electrochemical cells (fuel cells,
oxygen pumps, etc.) due to their high oxygen-ion conductivity at elevated temperature.
Its low thermal conductivity allows its use for thermal barrier coatings for aerospace

engine components. It is also used in resistive heating elements which can be operated in

Ph.D Thesis -82- University of Pune



Chapter-3 Synthesis And Characterization of t-ZrO,

air beyond the temperature range of conventional elements [1]. While refractory
applications represent the tonnage usage of stabilized zirconia it is also used as a glower
for incandescent lighting. Industrial application of zirconia has been increased after the
discovery of the concept of transformation toughening. In addition to that amorphous
zirconia is used as a catalyst in various reactions and it is an important high-K dielectric
material that is being investigated for potential applications as an insulator in transistors
in future nano-electronic devices. Other applications are in cathodes for plasma torches
and as a nucleating agent for glass ceramics. Zirconia ceramics are used as orthopaedic
implants, notably as a femoral head component in hip implants. Zirconia also finds
applications in dental prosthetics, where the high strength and good biocompatibility of
the material makes single-piece implants with excellent aesthetic appearance. Zirconia is
a suitable material for applications as seals and impeller blades because of its chemical
resistance, hardness, good surface finish and high toughness to prevent damage during
assembly or by impact in operation [2]. Further, zirconia based mixed oxides are of great
importance due to their multiple applications, including catalysis and solid-oxide fuel
cells [3]. It is known that the catalytic efficiency of metal oxides can be improved by
doping the metal oxide with a metal [4] and functionalizing the acidic organo-species

over support materials [5].

3.3. DIFFERENT POLYMORPHS OF ZIRCONIA

Zr0O; is a high temperature ceramic oxide. Its physical properties include high
melting point (2710 °C) and is resistant to chemical attack by strong acids. Zirconia is
also stable in oxidizing environments, allows oxygen diffusion through its bulk, exhibits
good thermal conductivity, and is electrically insulating. Zirconia exists in three phases
[6,7,8]. However, tetragonal and cubic zirconia can be prepared at low temperatures
(500-700 °C) and are known as metastable phases. At atmospheric pressure, pure zirconia
may exist as one of three phases: cubic, tetragonal and monoclinic. The monoclinic and
tetragonal phases can be thought of as distortions of the ‘parent’ cubic fluorite structure.
At pressures above 3.5 GPa (Giga-pascals), several orthorhombic phases may be formed,

but these phases will not be discussed.
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Cubic Phase of Zirconia (c-ZrO,)

The cubic phase, c-ZrO,, is the simplest structure formed by pure zirconia, and is
stable from the melting point temperature at 2710 to 2380 °C. The structure is based on
the fluorite (CaF,) structure, in which each zirconium atom is coordinated by 8
equidistant oxygen atoms. This can be visualized by cations occupying FCC positions in
a cubic lattice, with eight interstitial oxygen atoms and a large vacancy in the centre, as

shown in Fig. 3.1. The space group of this structure is Fm3m.

0‘~—_.___$__.__.~____n2_\_.

Fig. 3.1: Unit cell of the cubic zirconia phase. (Zirconium atoms: small grey dots,
Oxygen atoms: big red dots).
Tetragonal Phase of Zirconia (t-ZrQO,)

The tetragonal phase, t-ZrO,, is thermodynamically stable in bulk zirconia from
the temperature 2380 °C to ~ 1100 °C. It is closely related to the cubic structure, as

shown in Fig. 3.2, but differs in two respects.
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Fig. 3.2: Unit cell of the tetragonal zirconia phase, using the P4m2 ‘supercell’.
(Zirconium atoms: small grey dots, Oxygen atoms: big red dots).

Firstly, there is a distortion in the lattice, corresponding to a slight elongation along the ¢
axis. Secondly, there is a displacement of columns of oxygen atoms alternately up or

down the c axis. The effect is to move four oxygen neighbours closer to the zirconium
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atom, and the other four oxygen neighbours away from it. These interdependent
distortions are required to prevent O—O contact. Each zirconium atom maintains its eight-
fold co-ordination of oxygen: four oxygen atoms at a distance of ~ 2.1 A, and four at a
distance of ~ 2.3 A. Note that the ‘outer’ oxygen neighbours for one zirconium atom, are
also the ‘inner’ neighbours for neighbouring zirconium atoms. The space group of the
body-centered, primitive unit cell is P4,/nmc. The tetragonal phase can also be indexed to
a higher symmetry, face-centred ‘supercell’, P4m2. This ‘supercell’ has a parallel ¢ axis.
The near-cubic ‘supercell’ is useful when examining phase transformations and
comparing the structure to the other phases, as its axes are parallel to those of the cubic
FCC fluorite cell, and near-parallel to those of the monoclinic cell. It is unfortunate that
in the literature the distinction between the primitive cell and ‘supercell’ is rarely made
clear. The diffraction pattern of the tetragonal phase is almost identical to that of the
cubic phase, except for the ‘splitting’ of a number of peaks to form doublets, caused by
the slight elongation of the ¢ axis. When the peaks are broad, for instance due to small
crystal size, it may be difficult to distinguish the diffraction patterns of the two phases

unless the high-angle peaks are examined or vibrational spectroscopy is used [9,10,11].

Monoclinic Phase of Zirconia (m-ZrO,)
The monoclinic zirconia phase m-ZrO, is thermodynamically stable in bulk

zirconia at temperatures below ~ 1100 °C.

Fig. 3.3: Unit cell of the monoclinic zirconia phase. (Zirconium atoms: small grey dots,
Oxygen atoms: big red dots).

The unit cell can be described as a distorted cubic cell, although the structure is

significantly more complex than that of the cubic and tetragonal phases. Unlike the
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simpler phases, each zirconium atom in the monoclinic structure is coordinated by 7
oxygen atoms, with bond lengths varying from 2.04 - 2.26 A, and with a range of O-Zr-O
bond angles. The oxygen atoms are arranged in two parallel (100) planes, separated by
layers of zirconium atoms. The structure is indexed with the space group P,1/c. The unit

cell parameters at room temperature vary somewhat during studies.

3.4. META-STABLE ZIRCONIA AND ITS TRANSFORMATIONS

The crystallisation of metastable phases from amorphous materials is not unusual
in transition metal oxides, although the mechanisms vary. Well known examples include
the crystallization of amorphous titania into the anatase phase, alumina into the y-Al,O3
phase, and yttria into a monoclinic phase [12].

Ruff and Elbert first reported in 1929 that nominally-pure zirconia could exist in
the tetragonal phase at room temperature [13] and in the following decades a few other
papers were published on the phenomenon [14,15].These papers attributed the
appearance of this phase to trapped anions in the crystal lattice. The low-temperature
tetragonal phase is generally referred to as ‘metastable’ (i.e. stabilised by kinetic factors).
In 1965, Garvie suggested that differences in the surface energy between the tetragonal
and monoclinic phases could cause the tetragonal phase to be thermodynamically stable
in very small crystals, [16] and since then many other theories have been suggested,
based on various thermodynamic and kinetic arguments. It has been established that the
stabilization of the metastable tetragonal phase in nano-crystalline zirconia is the result of
the minimization of surface energy [17]. There has been a wide range of suggested
mechanisms for the nucleation and stabilization of the tetragonal phase at low
temperature, such as lattice defects, non-stoichiometry, structural similarity with the
amorphous precursor, retention of various anions or water, strain, surface energy, etc.
Over the past 30 years there have been many theories proposed to explain the
crystallization and meta-stability of the tetragonal phase, and its eventual transformation
to the monoclinic phase. However, none have achieved universal acceptance.

When tetragonal to monoclinic transformation (t=>m) occurs, it is called a
Martensitic transformation, and is accompanied by a 3-5 vol% expansion which may

result in material fracture [18]. Thus, the need to stabilize higher temperature forms of
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zirconia at room temperature arises. It is note worthy that when carbon-free amorphous
zirconia-precursors are crystallized in air by heating; the tetragonal phase always forms,
regardless of preparation route. However, the chemical conditions under which the
precursor material is prepared may affect the crystallization temperature considerably,
and this is attributed to primary particle size in the precursor. The metastable tetragonal
phase can be held for some hours at any temperature while remaining stable. Some
studies have found that transformation occurs slowly during holding at temperatures
below 800 °C [19,20] while others reported no transformation over several hours at
temperatures above 900 °C [21,22] These different observations are most probably due to
differences in preparation and structure of the precursor. The extent and conditions of
heat treatment also strongly affect the t>m transformation. A greater maximum heating
temperature, and a longer holding time, increased the fraction of material transformed to
monoclinic phase. Increasing the rate of cooling delayed the onset temperature of the
formation of monoclinic zirconia. By reducing the heat treatment, the onset temperature
could be delayed so that the transformation did not go to completion, resulting in mixed
phases after cooling [21,22]. The metastable tetragonal phase will partly, or fully,
transform to the equilibrium monoclinic phase after heat treatment at 500 — 600 °C or
greater. Until relatively recently, all studies of the tetragonal-to-monoclinic (t>m)
transformation were carried out after the material had been cooled from heat treatment
[23,24,25]. These studies showed that samples contained a small fraction of monoclinic
zirconia after heating in air to ~ 500°C, and that the fraction transformed increased with
increasing temperature or heating time, up to ~ 900°C, by which point the transformation
to monoclinic was complete. Naturally, this data was interpreted assuming that the
transformation occurred during heating. Recent in-situ studies have shown that the
tetragonal phase is largely stable at high temperature, and that the t->m transformation
mainly occurs during cooling from high temperature [21,26]. The temperature at which
transformation occurs may be as low as 400°C or less. Much of the previously-gathered
data now needs to be reinterpreted in the light of these recent discoveries.

Zirconia is very useful in its 'stabilized' state. If sufficient quantities of the
metastable tetragonal phase is present, then an applied stress, magnified by the stress

concentration at a crack tip, can cause the tetragonal phase to convert to monoclinic, with
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the associated volume expansion. This phase transformation can then put the crack into
compression, retarding its growth, and enhancing the fracture toughness. This mechanism
is known as transformation toughening, and significantly extends the reliability and

lifetime of the products made with stabilized ZrO,.

3.5. SYNTHESIS METHODS OF ZIRCONIA

Number of methods have been explored to get ZrO, powders with high surface
area and suitable pore size distribution viz glycol-thermal process, alcohol-thermal-SCFD
(supercritical fluid drying) process, CO; supercritical drying , sol-gel method , solid-state
reaction method etc [19,27,28,29,30,31,32].The most common methods described include
the precipitation from soluble inorganic zirconium salts (e.g., zirconium oxy-chloride and
zirconium oxy-nitrate) [33-44]. While the synthesis of undoped nanocrystalline t-ZrO,
has been achieved by using zirconium alkoxides as precursors via sol-gel, solvothermal,
and spray pyrolysis methods [45-53]. Recently, much attention was paid to the synthesis
of the nano-structured mesoporous oxides with high surface area and uniform pore size
distribution using a surfactant-assisted route which is discussed in detail in next section
[54,55,56 ]. Very few papers have dealt with the synthesis of zirconia by using a stronger
reducing agent such as sodium boro-hydride [57].

However, most of these synthesis routes to prepare stable high surface area t-ZrO,
are complicated and require tedious procedures, close control of reaction parameters such
as temperature, pressure, pH and the use of relatively expensive raw materials. In this
context, simple, easy synthesis routes are highly desired, especially for the practical
applications of ZrO,. Having said that we have selected the most facile synthesis

procedures: Precipitation and Sol-Gel, these are discussed below in detail.

Precipitation

Precipitation is one of the most widely employed and easiest methods to obtain
single component catalyst or supports. It is obtained by precipitating the hydrous oxide
from the aqueous solution of a precursor salt by addition of a base, with subsequent
washing, drying and calcination. However, the relative ease of the experimental
technique is in strong contrast with the complexity of the involved processes of

polymerization, nucleation and growth. Small changes in the conditions (pH, ionic
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strength, presence of complexing ions) may strongly affect the rates of growth, the
aggregation and re-organization of oxide particles, thus leading to severe changes in the
texture and phase composition of the resulting solid. Factors that affect the properties of

precipitated catalyst are schematically mentioned in Fig. 3.4.

S'pnlutlml

hase;
- phase; pmtm
marphology; pumnity; crystallinity;
textural properties FMLE“T:,': textural
\‘ cu-r:pﬂm ion properties
Precipitating phase; » | Precipitate | o textural Additives
agent homogeneity properties
o / / \ \ phase;
particle sizes; . textural
rate of precipitation e pim| precipitate pmpn:rl:itﬁ

EDI‘I‘.I'EH.'IGIII{:I]
roperties;
cpryst allinity homogeneity

Super= Mlxmg

Fig. 3.4: Factors affecting the properties of catalyst or supports prepared by precipitating
method.

Thus it can be seen from the above diagram that there are numerous factors that can
affect the properties of the precipitate, thus optimizing each parameter is important for

preparation of good quality materials.

Sol-Gel

Sol-gel is a chemical synthesis technique for preparing glasses, gels and ceramic
powders. A process that has, in the past years, gained much notoriety in the glass and
ceramic fields is the sol-gel reaction. This chemistry produces a variety of inorganic
networks from silicon or metal alkoxide monomer precursors. Although first discovered
in the late 1800s and extensively studied since the early 1930s, a renewed interest
surfaced in the early 1970s when monolithic inorganic gels were formed at low

temperatures and converted to glasses without a high temperature melting process.
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[58,59,60]. Through this process, homogeneous inorganic oxide materials with desirable
properties of hardness, optical transparency, chemical durability, tailored porosity, and
thermal resistance, can be produced at room temperatures. The specific uses of these sol-
gel produced glasses and ceramics are derived from the various material shapes generated
in the gel state, i.e., monoliths, films, fibers, and mono-sized powders. Many specific
applications include optics, protective and porous films, optical coatings, window
insulators, dielectric and electronic coatings, high temperature superconductors,
reinforcement fibers, fillers, and catalysts. In the sol-gel process a system of colloidal
particles in a solution (sol) becomes a macroscopic material (gel) after gelation of the sol
to form a network in a continuous liquid phase. Once the liquid evaporates, a strong
glass-like material remains. The basic sol-gel reaction of Zr alkoxide consisting of
hydrolysis and condensation steps is illustrated below. The hydrolysis reaction produces
the sol, and then, in the condensation reaction, a macroscopic gel is formed.

Hydrolysis: Zr(OR);OR + H,O - Zr(OR);0H + ROH.

Condensation:

Zr(OR);0H + Zr(OR);0R = (OR)3Zr-O-Zr(OR); + ROH

and

Zr(OR);0H + Zr(OR);0H - (OR)3Zr-O-Zr(OR); + H,O
The precursors for synthesizing these colloids consist of a metal or metalloid element
surrounded by various reactive ligands. Metal alkoxides are most popular because they
react readily with water. However, the characteristics and properties of a particular sol-
gel inorganic network are related to a number of factors that affect the rate of hydrolysis
and condensation reactions, such as, pH, temperature and time of reaction, reagent
concentrations, catalyst nature and concentration, water/alkoxide ratio, aging temperature
and time, and drying. All these parameters are interrelated to each other and usually one
step affects the next step. Thus, by controlling these factors, it is possible to vary the
structure and properties of the sol-gel-derived inorganic network over wide ranges.
Though important, the sol-gel synthesis parameters were not thoroughly optimized in this
work because of wide variety of fine tunable number of factors affecting the properties of

the product, however one sample is prepared via modified sol-gel for comparison.
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3.6. MESOPOROUS ZIRCONIA

Many heterogeneous catalysts are less active for fast reactions than the
corresponding homogeneous catalysts because the reaction rates are limited by the
transport of reactant to the active sites on the particle surface. The rate of a reaction that
is limited only by mass transfer is directly proportional to the particle surface area [61].
The best approach to get highly active heterogeneous catalysts is to use porous supports
such as mesoporous silica or mesoporous metal oxides. Transition metal oxides are
widely used as industrial catalysts and as catalysts supports. Unfortunately they usually
have poorly defined pore structures. The synthesis of mesoporous silica partially
substituted by zirconium has been attempted to circumvent the difficulty of preparing
stable mesoporous zirconia. Zirconium oxide is of particular interest because it is stable
under oxidizing and reducing atmosphere and possesses both acid and base properties.
The acid site (Zr4+) and base site (O) present in ZrO, are very weak [62]. In solution,
acidic and basic sites are neutralized immediately; however, they may exist
independently at the surface. Thus acidic and basic sites on the surface of oxides work
both independently and cooperatively and hence ZrO, act as an acid-base bifunctional
oxide and hence show acid-base bi-functional catalysis. The existence of both acidic and
basic properties is evidenced by the adsorption of CO, and NHj [63]. These are critical
for some reactions that need bifunctional catalysts. The search for zirconium oxide as
supports for various catalysts has received keen interest in the past decade. Porous
zirconia is attracting increasing interest on account of its use as a catalyst support or
membrane partially because it is chemically more stable. Therefore zirconium is chosen
as the metal species and also for the reason that it has only one stable oxidation state and
exhibit pronounced polyoxo ion chemistry in aqueous solutions [64]. Usually
mesoporous metal oxides are prepared through a template-assisted mechanism. After the
formation of pore structure, the template will be removed by extraction or calcination at
550 °C. If the calcination temperature is above 600 °C the porous structure collapses and
zirconia starts to transform from the metastable tetragonal phase to the stable monoclinic
phase with increasing temperature. This phase transformation is accompanied by a

dramatic change in pore structure of zirconia. Great efforts have been made to prepare
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mesoporous zirconium oxide with high surface area via a surfactant templating route due
its complexity in achieving high surface area porous structure with suitable stability.

The discovery of silica-based mesoporous materials raised an enormous interest in
catalysis because of the possibility to extent the concept of shape selectivity to large
molecules [65,66]. Soon after the discovery of the MCM materials, various researchers
put forward an idea of non-silica-based mesoporous oxides. Titanium [67,68], zirconium
[69-82], niobium [83], tantalum [84], aluminum [85], hafnium [86], tin [87], and
manganese [88] have been synthesized using ionic or neutral templates as structure
directing agents, although most of them were comprised of mainly non-porous
framework walls, which would limit their thermal and hydrothermal stability and greatly
compromise their usefulness in catalytic application. Stucky et al. then synthesized
mesoporous metal oxides with a semi crystalline framework by block copolymer
templating materials [89]. Hudson and Knowels [69], first achieved the synthesis of
zirconium-based mesoporous materials by cationic surfactant adopting the scaffolding
mechanism, where the preparation of mesoporous zirconium (IV) oxide samples was
obtained by surfactant exchanged hydrous zirconium oxide. The proposed scaffolding

mechanism by the authors is given in Scheme 3.1.

Hydrous zirconium (iv) oxide
axchanged with ammonium cations
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Scheme 3.1: Synthesis of mesoporous zirconia using zirconium (IV) oxide with cationic
surfactant via scaffolding mechanism [69].

Ciesla et al. [71,72] studied the formation of porous zirconium oxo-phosphate by a
surfactant assisted synthesis, where they used two different syntheses leading to zirconia
compounds with high surface areas and regular pore systems, in which either zirconium
sulfate or zirconium propoxide is used as zirconia source with cationic surfactant to

obtain sulfate containing material. Blin et al. [72] synthesized the mesoporous zirconia
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using cationic surfactant with zirconyl chloride as zirconia source and studied the kinetics
of synthesis mechanism. They postulated a scaffolding mechanism with zirconia, where
only a few detergent molecules formed a loose scaffold that kept the pores from collapse.
This mechanism differs from the micelle templating mechanism that is prevalent in the
silica system. Unlike the well-ordered templated material, the scaffolded material is
disordered and porous with no relationship between the d-spacing and the chain length of
alkyl trimethyl ammonium bromide surfactants. Ordering in the scaffolded material only
develops during calcination. Further heating to 700-800 °C resulted in a collapse of the
porous structure and the material converted to dense zirconia in the tetragonal form. The
scaffolding mechanism was also postulated for mesoporous zirconia formed by slow
hydrolysis of zirconium propoxide in the presence of anionic surfactants-doceyl
phosphate, [90]. The question how ZrO,/surfactant mesophase nucleate was addressed by
Ne’ et al. [91]. They used in-situ time resolved small angle scattering of X-rays and
neutrons with CTMABr as template. Ulagappan et al. [73] reported the preparation of
lamellar and hexagonal forms of mesoporous zirconia by the neutral amine route. They
further reported that the lamellar form of mesoporous zirconia turned in to hexagonal
form upon removal of template. Antonelli [92] reported the synthesis and mechanistic
studies of sulfated mesoporous zirconia with chelating carboxylate surfactants where he

used long chain acid as surfactant (Scheme 3.2).
Zr(OH) 1. H, O/Heati
A COOH m— -~ ~_~COOZI(OR), H
-ROH 2. MeOHH, SO,

Scheme 3.2: Synthetic strategy for mesoporous ZrQO,. In the first step the metal alkoxide
is combined with the carboxylic acid prior to addition of water. After addition of water
and aging from ambient to 150 °C over several days the meso-structure is obtained. [92].

Reddy and Sayari [75] studied the formation of nanoporous zirconium oxide using
cationic template at acidic pH via supramolecular templating approach. Zhao et al. [76]
reported metal doped mesoporous zirconia using anionic surfactants with various Al/Zr
ratios. Pacheco et al. [77] studied the formation of mesoporous zirconia from anionic and
neutral surfactants. Wong and Ying [78] reported the extensive study of mesostructured

zirconium oxide via amphiphilic templating mechanism with a variety of headgroups
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(anionic and nonionic) and tail group chain lengths (1-18 carbons). They further proposed

two types of interaction between the surfactants and zirconium source (Scheme 3.3).
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Scheme 3.3: Representative schematic drawings of (A) the anionic amphiphile zirconium
n-propoxide interaction, and (B) the nonionic amphiphile-zirconium isopropoxide
interaction [78].

Parvulescu et al. studied extensively the synthesis of mesoporous zirconium oxide using
cationic surfactant and claimed that the synthesis occurred via a scaffolding mechanism

[94]. The possibility of obtaining such material with a mesoporous texture has made this

oxide even more interesting.

3.7. STABILIZATION OF ZIRCONIA

3.7.1. Influence of the starting precursor

The name zirconium comes from the Persian word zargun, which means gold-like
metal. Zirconium is able to form compounds with 1, 2, 3 or 4 valences. Oxidation states
lower than 4 are difficult to find. Zirconium compounds commonly exhibit coordination
numbers of 4, 6, 7 and 8, with tetrahedral, octahedral, pentagonal bi-pyramidal and
dodecahedral forms respectively. Aqueous solution chemistry is dominated by hydrolysis
and the presence of polymeric species. These species are sensitive to their environment
and their equilibrium is established slowly, making study results difficult to obtain. The
practical effect of this is that it is difficult to control the production of zirconium
chemicals with consistent properties. It was noted earlier that the influence of the

precursor is so strong that a precursor obtained from the same supplier at different times
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may produce significantly different tetragonal over monoclinic (t/m) ratios [95]. The
reason is seemingly the presence of polymeric zirconium cations in the crystalline salts,
which persist in the solutions. The degree of polymerization can vary widely, with the
composition of the salt, especially for the commercial oxy-nitrate. The properties of the
precipitate are also strongly affected by the nature of the anions present in the solution
because the equilibria of complexation and hydrolysis determine the rates of
polymerization of zirconium species [96]. Zirconium oxy-nitrate obtained from Aldrich
gave a turbid aqueous solution at its own pH, probably because of the presence of large
polymeric species. The nitrate anion presents no complexing properties to Zr(IV)
polycations at any reasonable pH [97]. Therefore rapid nucleation and growth occurred,
leading to a dense microporous precipitate. Zirconium oxy-chloride solutions at
gradually increasing pH undergo complex transformations of polymeric species,
beginning from the tetramer initially present in the crystalline ZrOCl,.8H,O [98], to
octamers [99] and finally tridimensional agglomerates [100]. It has be stated that the
anion of the precursor salt should not be too complexing (sulfate anion has strong
complexing properties in a wide range of pH, so that upon pH increase, the precipitation
of different basic sulfates might occur) that it then remains in the precipitate, neither too
weakly complexing that rapid uncontrollable hydrolysis of Zr(IV) species occurs just
upon dissolution in water. Chloride ion seems to provide an optimum of the complexing
properties [101]. Lastly preparation of pure ZrO, under identical synthesis conditions
using zirconium oxy-nitrate and zirconium nitrate precursors didn’t have a much effect

on the specific surface area and other physiochemical properties [102].

3.7.2. Concentration of initial salt solution
The concentration of the zirconyl salt solution was found to affect the surface
area. Smaller crystallites were formed from the more dilute solutions, resulting in

material with higher surface area even after calcination [6,103].

3.7.3. Effect of addition of anionic, cationic or neutral surfactants
The addition of anionic, cationic or neutral surfactants in the suspensions of
aqueous zirconium hydroxides have been successfully used to control its agglomeration

[104]. Mesoporous zirconia was obtained recently [54,69,105,106] using tetra-alky-
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ammonium templates, by analogy with the silica “MCM” syntheses. It was claimed that
the scaffolding and decreasing surface tension by large organic ions is crucial for the
texture improvement. The first unambiguous synthesis of a MCM-41 type zirconia
analogue was presented by Ciesla et al. in 1999 [71]. XRD and electron micrographs
confirmed the hexagonal MCM-41 structure. These authors used quarternary ammonium
surfactants with different chain length. V.I. Parvulescu et. al. have done vast amount of
studies on mesoporous zirconia using tetra-alky-ammonium templates [108]. Recently
non-siliceous ordered zirconium mesoporous materials having high surface area ~150
m®/g were obtained after calcination at 400 °C using zirconium alkoxide and/or zirconium
tetrachloride in non-aqueous medium with the help of Pluronic P123, with relatively
thick amorphous walls via sol-gel technique [89,109]. Nonionic alkyl poly(oxyethylene)
surfactants and poly(oxyalkylene) block copolymers are important families of surfactants
that are widely used in emulsifying, defoaming/antifoaming, coating, thickening,
solubilizing, cleaning, lubricating, wetting, pharmaceutical, coal and petrochemical
industries, and household applications [110,111,112]. They display excellent interfacial
stabilization properties and are low-cost, nontoxic, and biodegradable. In composite
materials synthesis, nonionic block copolymers are an interesting class of structure-
directing agents whose self assembly characteristics lead to kinetically quenched
structures. Block copolymers have the advantage that their ordering properties can be
continuously tuned by adjusting solvent composition, molecular weight, or copolymer
architecture. Moreover, they permit solution organization of larger structural features
than is possible with low-molecular-weight surfactants. Several authors have therefore
preferred and successfully prepared high surface area mesoporous metal oxides using of
nonionic block copolymers [89,109]. It is worth mentioning that the preparations used in
the some of the cited works include reflux of the precipitates in supernatant solutions
having high values of pH for extended times for attaining high surface area and thermal
stability. However, after calcining at high temperatures, the ordered structures collapsed,
resulting in the dense material containing wormhole-like pores with reduced surface area
and tetragonal phase. Structural collapse on removing of the pore-filling micelle formers

from the precursor material was also reported by Ciesla et al. [70].
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3.7.4. Influence of the precipitation pH

The pH of the solution of the precursor has a marked influence on the phase
formed as well as on the crystallite growth in ZrO2 precipitates [113]. The control of the
pH of the liquid in contact with hydrous zirconia precipitate was used to prepare either
tetragonal or monoclinic phases of zirconia [20]. Differences in the solubility of hydrous
zirconia at different pH was put forth to explain the formation of different crystallite
phases. At low pH, the solubility is high and the amorphous hydrous zirconia undergoes
dissolution-precipitation to form the monoclinic phase. At intermediate pH of 4-6 where
the hydrous zirconia has low solubility, the phase changes from amorphous to tetragonal
to monoclinic with extended refluxing or hydrothermal treatment. With increase of pH
from 6 to 14, the solubility of hydrous zirconia increases but in situ crystallization of
hydrous zirconia to the tetragonal form predominates over production of the monoclinic
form, so that at the highest pH of 14, only the tetragonal phase is formed. The textural
properties of the hydrated zirconias prepared at pH values 3, 6, 10 and 12 are
significantly different but no stabilisation of any pure phases was there. The solids
prepared at a strongly basic pH i.e. in a large excess of ammonia showed better
properties. A thorough washing of precipitates with NH4NOs solution followed by
treatment with boiling distilled water in a Soxhlet apparatus decreased the difference
between the samples prepared at low and high pH, and therefore substantially decreases
the “influence of precipitation pH” on the properties of the oxide.

The crystallization of zirconia from hydrous zirconia involves three stages [114]:
(a) loss of loosely bound water and terminal hydroxo groups (b) oxolation of hydroxyl
bridges to from embroyonic oxide nuclei and lastly (c¢) the growth of the nuclei to
crystallites. Mamott et al. [115] used dynamic diffraction technique to show that the pH
of the liquid in contact with the hydrous oxide affects the temperature and rate at which
the amorphous precursor transforms to crystalline zirconia. A higher pH of preparation
also lowered the transformation temperature for the metastable tetragonal to monoclinic
phase. The authors proposed that at a higher pH, the polymerization rate of the tetrameric
units increases, and although the resulting material is amorphous, numerous units of two-
or three-dimensional ordered assemblages are present. These can act as nuclei for

crystallization of zirconia.
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3.7.5. Rate and sequence of addition of precipitation agent

Srinivasan et al. [35] reported that in addition to the pH, the time taken to reach
the final pH of the mother liquor containing the precipitate determines the crystal
structure of the zirconia. Rapid precipitation in the pH range of 7-11 results in the
monoclinic zirconia while the tetragonal phase was observed for precipitates formed
under slow conditions. At high pH of 13, only the tetragonal phase was formed,
irrespective of the rate of precipitation. A mechanism involving the incorporation of
hydroxyl ions into polyzirconium species was proposed to explain the difference in
crystal structure. With rapid precipitation, the penetration of hydroxyl ions into the
polyzirconium species is slow while a slow rise in pH allows hydrolysis reaction to occur
so that the polyzirconium species have a lower valency. These different species in turn
determine the zirconia crystal structure. The X-ray powder patterns showed that hydrous
zirconia with monoclinic or tetragonal structure had almost similar d-spacings as the
calcined oxides, thus suggesting that the bulk of the solid is zirconia and only the surface
layers contain hydroxyl groups and water [116]. However, some authors stated [35,117]
that instantaneous mixing of solutions always gave somewhat superior textural properties
compared to slow drop wise addition. Data on the influence of the mixing rate are not

given since it seems to be a less reproducible.

3.7.6. Aging of the precipitate in the mother liquor

Aging of the precipitate in the mother liquor or ethanol produced further
precipitation of fine particles and a corresponding higher surface area was noted as
compared to the un-aged sample. Aging in the suspension may also lead to various
modifications of the resultant precipitate such as change in particle size and morphology
or even cause the crystallization of amorphous particles [118]. Rinsing with ammonium
hydroxide instead of water was also helpful in attaining a higher surface area [119]. An
additional stabilization of the nano-structured t-ZrO, can be achieved by preferential
erosion of the high energy facets, upon prolonged digestion of the precipitate. Digestion
in a strongly basic medium by preferential erosion of high energy planes should,
therefore, lead to restructuring of the morphology of zirconia particles. In addition, a

sequence of crystallization-dissolution processes, occurring during aging, gives rise to
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reticulation of the hydrous zirconia precipitate via deoxolation, constituting an apposite
proto-structure for direct crystallization into the t-ZrO, polymorph. Another beneficial
effect of aging is the stiffening of the hydrated gel, which inhibits the extent of shrinkage

that takes place during drying and subsequent calcination.

3.7.7. Influence of digestion

Freshly precipitated or aged (at room temperature) hydrous zirconia consists of a
loose agglomeration of primary particles. In alkaline solution, these particles are
negatively charged and repel each other. During digestion, the higher temperature leads
to increased thermal agitation. Collisions between the charged particles occur at a higher
rate than at room temperature. This enhances the formation of surface bonds between
particles by condensation of surface hydroxyl groups. Thereby, a network of particles
with higher porosity than in the undigested sample forms. In addition to the network
formation by coalescence of primary particles, another effect of the higher temperature is
the dissolution and re-precipitation of material which helps in strengthening the network
of particles. It is then possible to remove the water from the pores without collapse of the
network structure. Undigested samples do not form a stabilized network because of
electrostatic repulsion between the charged particles. Hence, it can be envisaged that
during drying, the coagulated particles collapse and form a dense structure. Previous
results indicate that the dissolution/redeposition is enhanced at pH ~14 as compared to
pH 9. This is in agreement with the thermodynamic calculations of Denkewicz et al.
[120]. who showed that the solubility of zirconium hydroxide at pH 9 is smaller than at
pH 14 by a factor of 10*. However, the trend is that the longer-digested samples are better
able to withstand higher temperatures. It is assumed that, this may be the result of greater
crystalline perfection in these samples. The most frequently occurring type of defects in
zirconia is Schottky defects consisting of pairs of cation and anion vacancies [121]. A
more defect-free structure is expected as digestion progresses. Diffusional mass transport
got reduced in the longer-digested samples so that nucleation and grain growth are
hindered. The influence of digestion is interpreted in terms of the enhanced
agglomeration of primary particles during digestion and the strengthening of the network

structure which is then better able to withstand thermal treatment. While it is impossible
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to achieve a surface area (100 m*/g for pure zirconia without silica doping, digestion still
has a beneficial effect in enhancing the surface area). Aguila et al. [122] observed that
refluxing of hydrous zirconia in ammonium hydroxide led to an increase in the surface
area of the zirconia obtained after subsequent calcination at 700 °C for 3 h. The reflux
times of 3 to 9 h, the Si concentration in the samples is below detection limits. The effect
of digestion on hydrous zirconia has been postulated to be as follows [40]. The initially
precipitated hydrous zirconia undergoes dissolution and re-precipitation during digestion
so that the network of primary particles is strengthened. This allows a porous network to
be formed which can withstand collapse during drying and calcination. Greater
crystalline perfection also occurs from Ostwald ripening and annealing in the samples so
that mass transport leading to nucleation and grain growth is hindered during the

transformation to zirconia.

3.7.8. Effect of crystallite size

Besides the attribution to dopants or impurities in the formation of the metastable
tetragonal zirconia, a crystallite size effect has also been put forth by Garvie [16]. Garvie
developed the following equation for critical grain size in pure unconstrained ZrO, based
on surface free energy considerations as given below. On the basis of the lower value of
the surface energy t-phase (yt) in relation to m-phase (ym), Garvie considers that in order
to stabilize t-phase at low temperature the following equation must be satisfied: (G; -G,)
+ Syt - Smym < 0, Where G is the molar free energy and S is the surface area in the single
crystal particle. It was determined that particle size for stabilizing t-phase must be < 30
nm. The surface energy theory proposed by Garvie is that crystal surface area determines
the relative stability of the tetragonal and monoclinic phases. This is generally expressed
as a ‘critical crystal/particle size’, and there has been considerable interest in the
measurement of ‘crystal size’ in order to evaluate the theory. However, most studies have
used diffraction to measure the average diffracting crystal size, which is not necessarily a
reliable measure of crystal surface area, and the evidence remains inconclusive. It is
suggested that domain boundaries inhibit t>m transition; existence of an active
nucleation site and mobility of grain boundaries can be strongly reduced by pores,

dopants and particles of a second phase. The most stable polymorphic phase is the one

Ph.D Thesis -100 - University of Pune



Chapter-3 Synthesis And Characterization of t-ZrO,

that has the lowest free energy under given conditions (composition, temperature and
pressure). Other researchers have investigated strain in the crystals. One study has shown
that stress is relieved during the transformation, and may be a driving force [25]. Another
study shows that the t>m transformation appears to take place when strain generated by
realignment of crystals during heating exceeds ~ 2 % [24]. These studies are important,

as it is well known that stress can influence martensitic transformations.

3.7.9. Effect of calcination temperature and time

Calcination of zirconium hydroxide precipitate to form ZrO, can be described by
the equation:  ZrO(OH),-H,O - ZrO, + 2H,0 or Zr(OH)4-H,O = ZrO, + 3H,0.
Carter et al. [123] has shown that the hydrous zirconia produced at acidic pH~3 is best
formulated as Zr[OH]4, whereas at basic pH~12 the product is more consistent with
ZrO(OH),. The different observed transformation behaviors may be due to the
differences in the structures. Murase and Garacia suggest that the presence of
water/moisture during drying, calcination and other processing steps [23,124,125]
reduces the amount of tetragonal zirconia present. Duchet et al. [126] reported that
surface area of 126 m*/g for zirconia formed after calcination of the hydrous zirconia for
2 h at 500 °C. This decreased to 60 m?/g after a further treatment at 700 °C. It can
therefore be concluded that a calcination time of 10-12 h and absence of water during
calcination process is necessary to obtain a stable surface area with more % of tetragonal
zirconia. Where shorter calcination times had been employed, the reported surface area is

probably an upper limit, and may not be stable under reaction conditions.

3.7.10. Effect of synthesis method (Sol-Gel)

Research has also been carried out with the use of sol-gel synthesis methods to
obtain high surface area zirconia [58,117,127]. The hydrolysis of zirconium alkoxides
differs from silicon, aluminum or titanium alkoxides as oxo and aqua groups are formed
rather than true hydroxides [128]. The sol-gel process is usually chosen to obtain a gel
privileging with maximum association of Zr-O-Zr. The overall hydrolysis and
condensation reactions are already shown in previous section of sol-gel / synthesis
methods. The relative rates of hydrolysis and condensation depend on pH, temperature,

nature of the alkoxide and the water/alkoxide ratio. In water, zirconium alkoxides
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undergo rapid hydrolysis and condensation, so that in the absence of acid a precipitate
forms readily. The resulting gel is weakly cross-linked, and a low surface area oxide
forms on calcination. At lower pH, the protonated species (RO);Zr—OH," predominates.
The electrostatic repulsion reduces the rate of condensation relative to that of hydrolysis.
This allows branching to occur, producing a strongly cross-linked gel, which during
calcination transforms to zirconia with high surface area and a large pore volume.
However, with high acid concentration, condensation is so severely hindered that only a
weakly branched network can form. This gel shows poor stability and collapses to a low
surface area material upon calcination. Yoldas [129] found that the particle size and
morphology of the resultant zirconia was also affected by these parameters. In addition,
use of a longer alkyl group in the alkoxide led to a coarser texture of the final zirconia.
Although the nature of the acid used, e.g., acetic or nitric acid, appears to have very little
effect on the morphology of the resulting zirconia [130], the acid concentration does
affect the transparency and bounce of the gel [131,132]. At low acid concentration, an
opaque precipitate is formed but with increasing acid concentration, the gel formed is
translucent containing precipitates within the gel network and, finally, a transparent
polymeric gel with good bounce is obtained. It is postulated that the transparent gel has a
rigid porous framework so that after calcination at 500 °C for 2 h, the resulting zirconia
had a surface area of 100 m*/g. The acid concentration also affects the average pore size:
at high acid concentration, a lower degree of cross-linking is present in the gel, and
consequently, smaller pores are formed. Aging the gels led to a narrower distribution
without affecting the pore volume. Additionally, aged samples had higher surface areas
than un-aged ones [29]. For example, aerogels aged for 2 and 47 days at room
temperature formed zirconia with surface areas of 114 and 136 m%/g respectively after
calcination. Aging at elevated temperatures led to similar results as those obtained at
room temperature. The nature of the solvent can influence the molecular structure of the
zirconium alkoxide and in turn affect the rate of hydrolysis and condensation. Highest
surface area was obtained when ethanol was used as the solvent while propanol, butanol
and tert-amyl-alcohol resulted in lower surface area. Aerogels are typically dried by

supercritical drying to retain its pore structure and high surface area since calcination at
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higher temperature leads to loss in surface area which can be largely attributed to pore

collapse as a result of the high surface tension of pore water.

3.8. RESULT AND DISCUSSION

3.8.1. Synthesis of Catalysts

3.8.1.1. Literature review
An exhaustive literature search on zirconia based materials was carried out to collect all
the relevant information on synthesis method, characterization technique and catalytic
applications. More emphasis was given on synthesis methodologies for the preparation of
high surface area pure tetragonal zirconia and zirconia based materials containing group
VI elements like W and Mo. A brief review of the various strategies which have been

employed to prepare high surface area zirconia has been given.

1. A. Shrivastava et. al. [133] prepared zirconium citrate using zirconium oxy-
chloride and citric acid. The XRD studies showed that powder prepared by
this method is tetragonal up to the temperature 600 °C after which it
progressively transforms to monoclinic. Beyond the temperature 800 °C the
phase is completely monoclinic.

2. R. Ramamoorthy et. al. [134] observed that tetragonal phase stabilization and
the associated phase transformations processes seem to depend on the grain
size to a certain extent and more dependent on the chemical composition of
the powders. The nano crystalline ZrO, powder was prepared by the method of
hydrolysis of zirconium oxy-chloride and neutralizing it with ammonia solution.

3. G.K. Chuah et. al. [40,135] prepared high-surface-area zirconia by digestion of
hydrous oxide precipitated with ammonia and sodium hydroxide. Zirconia
formed using sodium hydroxide has the highest surface area after 24 h of
digestion; a longer digestion time leads to a decrease in surface area. In
contrast, the surface area of zirconia formed by precipitation with ammonia
increases with digestion time. The acid strength of the digested samples was
higher than that of undigested samples. This is attributed to the smaller
crystallite size, which results in a larger number of highly uncoordinated
zirconium ions. The use of sodium hydroxide as a precipitant results in the
adsorption of sodium ions at the surface regions of zirconia, which reduces
the acidity. Hydrous oxides digested at pH 9 are less thermally stable than those
digested at pH 14.

4. JLA Wang et. al. [30] made a comparative study of zirconia powders
synthesized by sol-gel and precipitation technique. For the powder prepared by
precipitation technique the crystallization temperature is 470 °C shown by
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DTA. An additional phase also exists with zirconia at that temperature. Based on
the XRD analysis, they ascribed this phase to a quasi-amorphous tetragonal
produced in the decomposition process of zirconium hydroxide whereas in sol
gel method ZrO, crystallization occurs around the temperature 650 °C.

5. B. Ksapabutr et. al. [136] prepared zirconia powders by sol gel method using
sodium glycol-zirconate complex. The resulting zirconia was characterized
using XRD, based on which it is reported that the first crystalline structure
developed from the amorphous phase was the tetragonal, which was formed
between the temperatures 500 °C and 800 °C.

6. B. Tyagi et. al. [137] prepared zirconia having predominantly tetragonal
crystalline phase by sol-gel method as well as conventional precipitation
techniques from zirconium hydroxide obtained by the hydrolysis of both
zirconium propoxide and zirconium oxy-chloride precursors. Both the techniques
result in nano-crystalline zirconia; however, the sol-gel technique is
advantageous particularly to prepare stabilized nano-crystalline tetragonal
zirconia. Thermal drying of zirconium hydroxide gel in an oven (Temp. - 110
°C, Time - 12 h) results in lower crystallite size (11-13 nm) as compared to
drying under vacuum (50 mbar, Temp. - 70 °C), which results in higher
crystallite size (20-21 nm) in both sol-gel and conventional precipitation
synthesis.

7. M Rezaei et. al. [103] produced nano crystalline zirconia powder with high
surface area, pure tetragonal phase and mesoporous structure by a surfactant-
assisted route in which the precursor solution was zirconium oxy-nitrate to which
ammonia solution was added drop wise. The zirconium to surfactant molar ratio,
pH of precipitation, aging time and zirconium molarity were optimized. The
sample prepared under optimized conditions (surfactant to zirconium molar
ratio 0.03, pH 11, aging time 24 h and Zr molarity 0.001460) showed a high
surface area of 129 m%g, pure tetragonal crystallite phase and a mesoporous
structure after calcination at temperature 700 °C for 5 hrs. The obtained
results also indicated that the surface area was decreased by increasing the
molar ratio of surfactant to zirconium more than 0.03. The XRD results of the
samples calcined at temperature 600 °C for 5 hrs showed a pure tetragonal
crystallite phase, except for the sample prepared without the addition of
surfactant.

8. S.G. Liu et. al. [54] synthesized mesoporous zirconia with ultra high thermal
stability via a controllable and facile sol—gel approach using Pluronic P-123 and
zirconium propoxide as starting materials. It is found that the strong alkaline
solution of NaOH or KOH, post-treatment exerted a critical influence on
improving the thermal stability of the product. Even after calcination at the
temperature 700 °C for 4 h, the mesopore system was fairly preserved in the
post-treated product and the sample exhibited a high specific area. Whereas
for samples without any post-treatment, its pore walls totally collapsed during
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10.

11.

calcinations above the temperature 400 °C, and the specific area decreased
drastically. Therefore, NaOH or KOH post-treatment seemed to be more effective
than ammonia post-treatment in promoting the thermal stability of mesoporous
zirconia in this process.

M. Tahmasebpour et. al. [138] produced pure monoclinic zirconia via a simple,
fast and low cost method: poly acryl amide gel method. Also, the effect of initial
salt precursor on thermal behavior of gel network and structure of the synthesized
nano particles was studied TG-DTA, XRD and TEM analysis. The XRD pattern
of the products calcined at the temperature 400 °C contains only tetragonal phase.
As the calcination temperature increases to 600 °C, both monoclinic and
tetragonal phases are detected. Further increasing of the temperature, causes an
increase in the proportion of monoclinic phase and at temperature 800 °C the
transformation to monoclinic phase is completed. The XRD results showed that
the presence of nitrate ions not only retarded the crystallization, but also
delayed the tetragonal to monoclinic phase transformation of zirconia nano
particles which resulted in smaller particle sizes in comparison with the
chloride samples. However, TG-DTA analysis confirmed accelerator role of
nitrate ions on degradation of polymeric network. Therefore, the presence of
nitrate ions affects the synthesized nano particle size via two different
mechanisms: the retarded crystallization and polymeric network degradation. But,
TEM images revealed that the controlling mechanism is the former.

M.M. Rashad et. al. [139] prepared ZrO, nano powders via three processing
routes: precipitation, citrate gel combustion and micro emulsion refined
precipitation. The change in processing routes at different thermally treated
temperatures led to the change of crystalline phases and properties of the
produced ZrO, nano powders. Precursors derived from these three processing
routes exhibited very different formation temperature for ZrO, phases. Directly
precipitated precursor and the citrate ZrO, precursor gave tetragonal ZrO,
phases at the temperature 700 °C which inverted to monoclinic ZrO, phase at
higher temperatures. On the other hand, micro emulsion refined precipitation
technique gave tetragonal ZrO, phase at the temperature 500—700 °C and cubic
ZrO; phase at 1000-1200 °C. Amorphous ZrO, was converted to tetragonal phase
at low temperatures for all synthesis techniques and the tetragonal phase is
transformed to cubic or monoclinic phase by increasing the temperature,
depending on the particular kinetic conditions and chemical environments. It is
reported that the morphology of zirconia particles was affected by synthesis
routes and thermally treated temperature.

B.B. Nayak et. al. [140] synthesized ZrO, nano-particles by chemical reduction of
zirconium salt in an aqueous medium with sodium boro-hydride (NaBHy) as a
reducing agent, at two different pH of 3.0 and 8.7. Pure t-ZrO, nano-particles
with crystallite size as small as 7 to 8 nm resulted on heating the amorphous
as-prepared precursor powders at the temperature 600 °C. The tetragonal to
monoclinic phase transformation occurred at the temperature 800°C as the
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13.

14.

15.

16.

17.

18.

crystallite size increases to 30 nm. This is a novel technique for stabilizing the
t-phase of ZrO, at moderate temperature for different applications.

Ciesla et. al. / J. Hudson et. al. and G. Stucky et. al. [69,71,105] have obtained
high surface area zirconia from a large number of preparation routes. The use of
surfactants-anionic, cationic, non-ionic and zwitter ionic in acidic as well as
basic medium has resulted in well-ordered porous materials with a narrow
pore size distribution. However, it is reported that after calcination at higher
temperatures above 500 °C the ordered structures collapsed.

P. Yang et. al. / B. Tian et. al. [89,109] have prepared non-siliceous ordered
zirconium mesoporous materials having high surface area ~150 m%g using
zirconium alkoxide and/or zirconium tetrachloride in non-aqueous medium
with the help of Pluronic P123 surfactant, with relatively thick amorphous
walls via sol-gel technique.

Cao et. al. [141] synthesized ZrO, having a surface area of 462 m%g as
prepared, 270 m%g surface area at 400 °C temperature and 206 m?/g surface
area after calcination at the temperature 500 °C. They used a combined
alcothermal and super-critical fluid drying technique to prepare the zirconia
sample. It was reported that the sample was a grey in color instead of white, most
probably due to the presence of carbon.

Cassiers et. al. [142] used dodecylamine and N, N-dimethyl dodecylamine as a
templating agent and zirconium propoxide as a zirconium source. They used
an evaporation induced self-assembly technique followed by digestion in an
ammonia solution and obtained a maximum surface area of 438 m”/g and 153
m?/g after calcination at 300 °C and 700 °C temperature respectively.

N.L. Wu et. al. [143] synthesized tetragonal ZrO, nano-crystallites with or
without yttria via a precipitation process in which the hydrous oxide precipitate
reacts with hexamythyl disilazane vapour before calcinations. The nano-
crystallites are formed and retain a tetragonal structure after calcinations at
high temperatures. The enhanced structural stability has been attributed to
the combined effect of suppressed grain growth and reduced surface energy.

J. Liang et. al. [144] synthesized pure ZrO; via sonochemical method, which is
a simple and energy efficient way to synthesize inorganic materials.

H. Zhu et. al. [145] worked on the synthesis of tetragonal zirconia with
diameter of 5nm by hydrothermal process of hydrazine hydrate. Structural
characterization of the ZrO, products using X-ray diffraction and Raman
spectroscopy revealed that the predominant crystal phase was the tetragonal
phase. High resolution transmission electron microscopy images further showed
that the diameter of the majority of the tetragonal ZrO, was < 5nm. The
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20.

21.

mechanism of hydrothermal process and the critical roles of hydrazine
hydrate in the hydrothermal formation of the small-sized ZrO;, have been
discussed.

R. Srinivasan et. al. [146] studies was undertaken to examine the crystallite size
effect on the low-temperature transformation of tetragonal zirconia. Zirconia was
prepared by precipitation from a solution of zirconium tetrachloride by adding
ammonium hydroxide. Portions of the sample, after drying, were calcined at 500
°C for various time intervals. Phase transformation was followed by X-ray
diffraction, the data shows that the tetragonal phase was initially formed and it
was transformed to the monoclinic phase at longer periods of calcinations. TEM
and XRD results showed that the transformation does not appear to be due
to a critical particle size effect.

F.J. Berry et. al. [147] studied the influence of the pH of the reaction mixture on
the nature of zirconia formed from zirconium (IV) acetate solution processed
either by boiling under reflux or by hydrothermal methods. The resulting gels and
powders were calcined in air at various temperatures and characterized by XRD
and Raman Spectroscopy. The latter technique was found to be superior in
differentiating tetragonal and cubic zirconia. Zirconia formed from solutions
at high pH was found to contain a greater quantity of the tetragonal
polymorph, suggesting that the addition of alkali to the solution tends to
stabilize the tetragonal form against the conversion to the monoclinic form.
The high pressure associated with the hydrothermal treatment is important for the
direct formation of monoclinic zirconia under acidic condition.

R. D. Carter et. al. [123] studied the effect of pH of precipitation, starting solution
concentration, and agitation levels on the particle size of hydrous zirconia
precipitates. It was found that all three variables affect the particle size of the
hydrous zirconia. The smallest particle size is produced by a 0.81 M starting
solution, precipitated at pH 12 with a high agitation level. The pH of
precipitation was also found to have a significant impact on the type of hydrous
zirconia produced. TG-DTA, micro-combustion and TEM-EDX were used to
investigate the difference in the powders produced at pH 3 and 12. This study
suggests that powders produced at pH 3 will have a structure similar to Zr[OH]4
whilst those prepared at pH 12 are more likely ZrO[OH],. XRD and micro-
combustion results suggest that the powders produced at pH 3 retained
ammonium chloride whilst those produced at pH 12 did not. The filtration
rates for the pH 3 products were significantly faster than that of the powders made
at pH 12 which are significant in the industrial production of these materials.

3.8.1.2. Summary of literature review

There are several more reports which have contradicting results and have been

omitted to avoid confusion. From the above literature survey it is observed that high
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surface area tetragonal zirconia can be obtained from a large number of preparation

routes. A summary of common conclusions are as follows.

e High-surface-area and thermally stable tetragonal zirconia can be obtained by
digestion of hydrous oxide precipitated with ammonia hydroxide and sodium
hydroxide for 24 hrs at elevated temperatures. Sodium hydroxide post-treatment
seemed to be more effective than ammonia hydroxide post-treatment in promoting
the thermal stability of high-surface-area zirconia. But the use of sodium
hydroxide as a precipitant results in the adsorption of sodium ions at the surface
regions of zirconia, which reduces the acidity. Hydrous oxides digested at pH 9

are less thermally stable than those digested at pH 14.

e Garvie was the first to study and propose the critical size of the crystallite for
tetragonal to monoclinic transformation. It was determined that particle size for
stabilizing t-phase must be < 30 nm [16]. The tetragonal phase stabilization and
the associated phase transformations processes seem to depend on the crystallite
size and chemical composition. Stabilization of t-phase is most likely due to low

surface energy of the t-phase relative to m-phase.

e It was reported that the tetragonal phase could be obtained either at a low pH (3-
5) range or at a high pH range (13-14), and that the monoclinic phase could be
obtained in the medium pH (8-11) range. High percentage of monoclinic form
was obtained by precipitation at pH 10 only when the initial zirconium species is

well dispersed.

e The addition of anionic, cationic or neutral surfactants in the suspensions of
aqueous zirconium hydroxides have been successfully used to control its

agglomeration and increase in surface area and pore volume.

e Precipitation from zirconium salts offers the most economical route, as compared

to use of zirconium alkoxides or surfactants to form high surface area zirconia.
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Thermal drying of zirconium hydroxide gel in an oven results in lower crystallite
size as compared to drying under vacuum which results in higher crystallite size
in both sol-gel and conventional precipitation synthesis. Flowing air/nitrogen

during calcination gives ZrO, having higher tetragonal content.

As the calcination temperature increases to 600°C, both monoclinic and tetragonal
phases are detected. Further increasing of the temperature, causes an increase in
the proportion of monoclinic phase and at temperature 800°C the transformation
to monoclinic phase is completed. Heating to higher temperatures led inevitably

to a loss in surface area and increase in the crystallite size.

The use of surfactants - anionic, cationic, non-ionic and zwitter ionic in acidic as
well as basic medium has resulted in well-ordered porous materials with a narrow
pore size distribution. However, after calcining at temperature above 500 °C the
ordered structures collapsed, resulting in the material containing wormhole-like

pores having reduced surface area and mesoporosity.

Sol-gel technique is advantageous particularly to prepare stabilized nano-
crystalline tetragonal zirconia. The relative rates of hydrolysis and condensation
depend on pH, temperature, nature of the alkoxide and the water/alkoxide ratio.
The sol-gel process also depends upon: gel formation, aging, drying, and heat
treatment each of which consists of a large number of tunable parameters.
Aerogels are typically dried by supercritical drying to retain its pore structure and
high surface area since calcination at higher temperature leads to loss in surface
area which can be largely attributed to pore collapse as a result of the high surface

tension of pore water.

3.8.1.3. Optimization of synthesis parameters

From the above exhaustive literature survey it is seen that very few reports are

there wherein tetragonal phase and surface area are stable at higher temperatures. Further

it is observed that they have either used less economical zirconium alkoxides or

surfactants, tedious post digestion methods or complex preparation method using
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additional chemicals. Therefore optimization of synthesis parameters for the preparation
of high surface area tetragonal zirconia with/without surfactant having good thermal
stability was attempted. The primary objective of this study is to synthesize high surface
area tetragonal zirconia with good thermal stability using facile synthesis procedures. As
seen from the above literature survey the formation and transformation of crystalline
phases and thereby the catalytic properties of zirconia depend on synthesis parameters
such as type of precursor, pH during hydrolysis, doping with ions and the post-thermal
treatments.

In order to investigate the influence of various synthesis parameters on the
formation and quality of the ZrO, materials, numerous synthesis trials were conducted
using ZrONit as a source of Zr by varying one parameter at a time. The results obtained
from these runs indicated that, t-ZrO, (400 °C-calcination temperature) could be
synthesized with high yield and in cost-effective manner from 1M solution of ZrONit at
pH-11 using aqueous ammonia solution as a precipitant. Therefore, it was thought to
undertake further synthesis trials using these pre-optimized conditions for further
enhancing the quality of ZrO, materials. Further optimization was aimed at screening
various synthesis variables such as effect of rate of addition of precipitant, influence of
calcination temperature and time, effect of digestion time and temperature, aging of
precipitate in mother liquor, influence of addition of surfactant, modification of synthesis

method etc.

e From the viewpoint of the t-ZrO, content in the final oxide, the nature of the
precursor plays also an important role. This can be inferred from the studies
where both ZrOCl, and ZrO(NOs), salts were used as precursors [91]. Chlorides
appear to be superior as a parent compound for preparation of the tetragonal
zirconia in comparison to nitrates used in the same concentration and subjected to
the same preparation method. The content of t-ZrO, in the latter case was not
higher than 60%. The importance of the starting zirconium salt has been ignored
repeatedly by workers in the preparation of crystalline zirconia ceramics by
precipitation, and it is felt that this is a likely source for the diversity of results

that have been reported. Jada and Peletis [113] suggested that the solution
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chemistry of zirconia precursor materials plays a key role in controlling the
formation of the crystal structure, polymorphic transformation, and crystalline
growth. Oxy-chlorides are well studied and are known for their complexing
abilities while nitrates are not. But from practical and industrial point of view
nitrates are more suitable for the large scale synthesis and down stream processing
as nitrates may be easier to remove than chloride in the calcination stage [148].
Bearing in mind the above benefits and large scale synthesis of t-ZrO,, it is
challenging study to prepare tetragonal zirconia from ZrO(NOj;), salts by
optimizing synthesis parameters. Sulfate solutions, although used in industry, will
not be covered, as the chemistry of these solutions is more complex and less well
understood, also sulfate anion is difficult to remove consequently it will not be
used in the experimental part of this thesis. Also from further application point of
view ions as chlorides or sulfates act as poisons in many catalytic reactions. Such

ions should therefore be avoided in the precipitation.

e A concentration of 1 M, zirconyl salt solution was selected on the basis of
practical application for all our catalyst synthesis, even though dilute solution
could have given better results, the reason been that very dilute solutions produce

voluminous gels which are difficult to handle, filter and reproduce.

e Hydroxides and carbonates are the preferred precipitates because of their low
solubility, minimal toxicity and easy decomposition during thermal treatment.
Precipitation of zirconium hydroxide from aqueous solution of zirconyl salt by
using aqueous ammonia solution is widely used in the literature to synthesize
stable zirconia while the use of carbonates decreases the surface area [149],

therefore we have preferred the use aqueous ammonia solution.

e The temperature of precipitation and the thermal conditions of subsequent aging
were also found to be important factors governing the phase composition of the
final ZrO,. Only for the samples precipitated at room temperature a single phase t-
ZrO, was obtained upon aging. When the precipitation temperature was increased

above 80°C, the content of t-ZrO, dropped down to just few percents, and at
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100°C almost pure m-ZrO, was produced. Seeing the results the precipitation is

carried out at room temperature.

e pH — 11 is selected for precipitating hydrous zirconia from the salt solution, pH
values higher than 11 is difficult to maintain for longer times using aqueous
ammonia solution. While digestion of the precipitate could be done at pH~12
which could be maintained due to closed system. During precipitation and

digestion, the desired pH level is adjusted and kept constant.

e Due to contrast results available in the literature regarding rate of addition of
precipitant, very slow or fast additions are avoided. Rate of addition is maintained
such that the pH of the mother liquor would remain in the desired pH range for

maximum time.

e When the sequence of mixing of both components is reversed i.e. (the zirconium
salt solution is added directly to the concentrated ammonia solution), the content
of t-ZrO, did not exceed 70%, for both the aged and non-aged samples which
matches with previous reported results [150]. Hence both the solutions were

added simultaneously.

e Aging in the mother liquor led to both: enhancement of the t-ZrO, content in the
final solid and to a more uniform particle size distribution. In the case of aged
samples a narrow size distribution with a maximum at 15 nm, distinctly below the
critical value of 30—40 nm, was observed [151]. Aging of the precipitate in the
mother liquor over night (10-12 h) for further precipitation of fine particles was
done. Effect of aging time in mother liquor for 6 h and 24 h was also done, it was
found that 24 h to be optimum, but only comparable enhancement was observed
hence to save catalyst synthesis time we have utilized 12 h aging time for all our
experimental runs. It is worth noting here that the precursor effect cannot be

leveled off by subsequent aging.

e Influence of digestion time had the greatest effect on the thermal stability, surface

area, pore volume etc keeping other synthesis conditions same. A low temperature

Ph.D Thesis -112 - University of Pune



Chapter-3 Synthesis And Characterization of t-ZrO,

of digestion (< 40 °C) and using zirconyl salt, monoclinic zirconia is obtained
whereas higher digestion temperatures resulted in increasing amounts of
tetragonal phase [152]. The pure tetragonal phase was formed from zirconium
oxy-nitrate after digestion at 80 °C temperature or higher. Digestion time from
our studies indicated for 48 h to be ideal based upon XRD and surface area data,
collected after calcination of samples at temperature 500 °C. However when the
samples were calcined at higher temperatures (700 °C) surface area dropped down
to 92 m%/g, 90 m%g and 73 m?g for 48, 24 and 12 h of digestion time
respectively. From the above experimental data it is observed that the increase in
digestion time to above 48 h is essential for generating high surface area sample
when calcined at lower temperature, but when calcined at 700 °C temperature it is
observed that the surface area is not more then 90+5 m?/g. This judgment is done
on the basis of previous literature and data obtained during our experiments.
Therefore the digestion time adopted is either 12 and/or 24 h at digestion
temperature 80 °C keeping other synthesis parameters constant for preparation of

the catalysts.

e Sodium hydroxide post-treatment seemed to be more effective than ammonium
hydroxide solution post-treatment in promoting the thermal stability of high-
surface-area zirconia. But the use of sodium hydroxide as a precipitant results in
the adsorption of sodium ions at the surface regions of zirconia, which reduces the
acidity. Therefore digestion is carried out using ammonium hydroxide solution at

maximum sustainable pH of value 12.

e Thermal drying of zirconium hydroxide gel in an oven results in lower crystallite
size as compared to drying under vacuum in both sol-gel and conventional
precipitation synthesis. The surface area is also high when as-synthesized samples
are calcined in flowing air/nitrogen rather then static air [149]. Hence for all the
samples, drying and calcination is carried out in static air instead of flowing inert
gas/air to evaluate their practical thermal stability [153]. For comparative purpose

all calcinations are carried out for 3 h at their respective temperatures.

Ph.D Thesis -113 - University of Pune



Chapter-3 Synthesis And Characterization of t-ZrO,

e The small size of the crystallites causes broadness of the X-ray diffraction peaks
which leads to some ambiguity in attributing the phases using powder X-ray
diffraction. Therefore in addition to XRD measurements, the phase composition
of the samples is verified by Raman spectroscopy and FTIR, which is much more
sensitive to small differences in the position of oxygen ions, characteristic of
different zirconia polymorphs. This latter spectroscopy technique allows for facile
distinction between the cubic and tetragonal zirconia, which, by using XRD
technique alone, is much more demanding. With Raman spectroscopy, the cubic
phase sample has a distinguishing single band at 490 cm™ which is not present in
a tetragonal sample [35]. Five additional characteristic Raman bands can be

observed for tetragonal zirconia which is not seen in cubic zirconia.

e Sol-gel technique is advantageous particularly to prepare stabilized nano-
crystalline tetragonal zirconia. The relative rates of hydrolysis and condensation
depend on pH, temperature, nature of the alkoxide and the water/alkoxide ratio.
The sol-gel process also depends upon the following stages such as: gel
formation, aging, drying and heat treatment, each consists of a large number of
tunable parameters. All these parameters are interrelated to each other and usually
one step affects the other step. Therefore more systematic studies are necessary to
identify the key parameters in each sol-gel step and to understand the underlying
physical and chemical processes affecting the properties of the material formed.
Though important, the sol-gel synthesis parameters are not thoroughly optimized
in this work because of wide variety of fine tunable factors, however one sample
is prepared via modified sol-gel using zirconium alkoxide and zirconium chloride
in the presence of surfactant for comparison. A new approach for preparing high
surface area ZrO; with zirconium (IV) tert-butoxide [Zr(OCs;H7)4] used as the
main zirconium source, and zirconium tetrachloride [ZrCly] serving as the pH
‘adjustor’ and hydrolysis—condensation ‘controller’, in the presence of Pluronic
P123 is attempted. The earlier problems such as long synthesis period can be
conquered since the pH value of the mother solution is significantly and

controllably reduced. (highly ordered mesostructure is formed when the pH value
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is 1-2) [54,89,109]. Compared to single ZrCly, the Zr—O—Zr bridges may partially

result from the condensation between Zr—Cl and Zr—OR formations as shown in

Scheme 3.4.
Hyilrolvsis Copdensation
| | | | | |
—T—Dﬂ + Hs —M—0H 4 BR—0OH —M—0H 4+ X0—-MW— —— —M—G—T— 4+ X—0H
—M= + HO —— —M=0H 4 R=—{1 —M—0H + Cl-M— —.._||.|_|:|_H_ 4 HCI
|

Scheme 3.4: Possible condensation reaction of mixed inorganic precursors under
aqueous condition. (M — Metal, X=H or R).

The reaction mechanism of non-aqueous sol-gel chemistry is more complex than aqueous
sol-gel chemistry, and a lot of studies on it are still going on [154]. Therefore, the general
reaction schemes of non-aqueous sol-gel process are not presented here.

Following above optimized conditions ZrO, was synthesized by different methods
including standard precipitation, followed by digestion and modified sol-gel using
various starting precursors with and without surfactant. Here five samples of zirconia are
prepared using different methods and precursors for the study which are as follows:
precipitation from zirconyl salt (Z1), precipitation from zirconium alkoxide (ZII),
precipitation followed by digestion-d2 from zirconyl salt (ZIII), precipitation followed by
digestion-d1 from zirconyl salt (ZIV) and modified sol-gel using zirconium alkoxide and
zirconium chloride in the presence of surfactant (ZV). The details of the samples
prepared are given in Table 3.1.

Table 3.1: Details of the zirconia samples prepared by various synthesis methods.

Sr. | Sample Synthesis Zr Surfactant | Syn Digestion % Weight
No | Name Method Source Used pH* | pH/Time/Temp | Loss (TG)
1 Z1 Precipitation | ZrONit Nil 11 Nil 26.93
2 ZI1 Precipitation ZrBt Nil 11 Nil 22.09
3 ZI1 Precipitation | ZrONit Nil 11 12/24 h/80 °C 26.13
4 ZIV | Precipitation | ZrONit Nil 11 12/12 h/80 °C 30.95
5 N Sol-Gel ZrBtCl P123 2 Nil 51.26
* = precipitating pH

The samples are designated as follows, the letter Z denotes ZrO,. The numbers 5C, 6C,

7C and 8C are referred to the calcination temperatures (C — Calcination). The non-
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appearance of the denotation like 4C, 5C etc indicates the samples are not calcined and
are in as-synthesized form. Two digestion methods have been used for the preparation of
zirconia materials. Depending upon the time of digestion they have been labeled as dl
and d2, where d1 the conditions are: pH=12, time = 12 h, temperature = 80 °C and for d2
the conditions are: pH=12, time = 24 h, temperature = 80 °C. (The first number from the
time 12 h and 24 h is the time used for digestion). The term sol-gel process should only
be applied to those procedures which yield gel materials after formation of a true sol.
However, in practice the term sol-gel is often loosely used for a much wider range of
processes, such as solution-based preparations of materials involving hydrolysis reactions
from alkoxide precursors to form colloidal particles and/or a gel. Therefore in this study
the sample ZII even though prepared using zirconium alkoxide, is designated as prepared
by precipitation method, while sample ZV as sol-gel. Characterization of these zirconia
samples was made using several techniques such as: TG-DTA, Ny-adsorption—desorption,

XRD, SAXS, FTIR and SEM.

3.8.2. TG-DTA Studies

Fig. 3.5 shows the TG-DTA profiles of as-prepared zirconia powders prepared by
different synthesis procedure and starting precursors. The weight loss according to TG
curves for zirconia samples prepared using precipitation technique are between 22 to 31
wt%, while that of sample prepared using sol-gel method had a weight loss 51.2 %, due
to the presence of surfactant. The values are given in Table 3.1. In DTA curves the
positive peaks indicate exothermic processes whereas negative peaks represent
endothermic processes. The DTA figures of all samples show an endothermic peak
accompanied by weight loss in the temperature region between 50-200 °C, this peak is
due to loss of water of crystallization or physically absorbed water decomposition of the
organic groups. It is usually found that there are two separate endothermic mass losses
that occur during heating: the first loss is of free water at approximately 100 °C, and the
second loss is of bound water between 150-200 °C [155]. The second step (200-400 °C)
is probably the decomposition of organics residues, trace amounts of ammonium nitrate
and nitrate containing zirconium hydroxy compounds through high temperature

hydrolysis [105].
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Fig. 3.5: TG-DTA of as-synthesised ZrO, samples ZI, ZII, ZIII, ZIV and ZV.

The third decomposition step, with the highest rate between 400-500 °C, is the complete

removal of nitrates through pyrolysis as seen in DTA profile of samples ZIV and ZV.

This peak might have got masked in other sample due to presence of nearby peaks or the

decomposition of the nitrate containing zirconium compounds is accompanied by

appreciable heat absorption related to crystallization process. The pyrolytic character of
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the high temperature nitrate decomposition step is supported by the DTA curves in this
temperature range. It can be seen that the exothermic zirconia crystallization process
occurs concurrently with this decomposition process. As a result, the net heat effect of the
process is insignificant in magnitude [156].

When the temperature of the amorphous material is raised so does the vibrational
energy and mobility of the atoms until a point is reached in some regions where they may
rearrange into energetically-favorable crystalline structures. Crystallization occurs when
nuclei of a crystalline phase form in the amorphous material, and grow to convert it to a
polycrystalline material. Crystallization of zirconia precursors is frequently studied by
heating the precursor at a constant rate, usually 5-20 °C/min, through the crystallization
reaction by in-situ diffraction or TG/DTA. During the transformation to the oxide, a sharp
exothermic peak is normally observed in the differential thermal scan of the hydrous
zirconia in the temperature range from 400 to 450 °C [35,36] Since optimized synthesis
conditions are used in this study, this sharp exothermic peak is found shifted in the
temperature zone from 470 °C to 570 °C. This exothermic peak, not accompanied by any
weight loss is due to conversion of the amorphous zirconia phase to the tetragonal
zirconia [155]. The glow phenomenon is essentially a surface process, corresponding to
the destruction of a thermodynamically meta-stable surface condition. Also it is noticed
that this crystallization peak is occurred at higher temperature (566 °C) for sample ZIII
due to digestion-d2 process whereas for the sample ZIV wherein the digestion process is
reduced to half time, the crystallization peak is at 493 °C, both the values are higher,
when they are compared with samples prepared without digestion. This shows that on
increasing the digestion time, the crystallization peak can be shifted and retain the
tetragonal phase up to higher temperature. Another noteworthy feature observed in
present TG-DTA analysis concerning sample ZV prepared by sol-gel method which
exhibited a broad exothermic peak rather a sharp peak pertaining to conversion of the
amorphous to the tetragonal zirconia. There is no specific peak to indicate the tetragonal
to monoclinic phase transformation although in the present studies all zirconia samples
show a mixture of tetragonal and monoclinic phases. The likely reason for non-
appearance of the peak and presence of mixed phases could be that the transformation of

tetragonal to monoclinic phase happens during cooling instead of heating. It is suggested
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that the elimination of organic surfactants through combustion generates an exothermic
reaction. As it can be seen, a separate exothermic peak corresponding to the removal of
surfactant has not appeared in this DTA profile of sample ZV, this may be due to the
coincidence between the strong endothermic peaks related to the water removal and
exothermic peak corresponding oxidative decomposition of trace amounts of HCI,
organic residues and various zirconium hydroxy compounds incorporated into the
hydrous oxide. Block copolymer surfactant species are decomposed and desorbed from
the mesoporous silica materials channels between the temperature 145-190 °C, these
temperatures are much lower than the decomposition temperature of pure surfactant itself
(250°C). 1t is also much lower than the temperature required (360 °C) to remove lower-
molecular-weight cationic surfactant (CTMABr) [157]. Thermo-gravimetric experiments
indicate that the block copolymers are completely removed from the as-synthesized
zirconium composites upon calcination at 400 °C. A single exothermic peak assumed to
be corresponding to the removal of surfactant appeared at 280 °C temperature. A large
peak in the DTA profile of sample ZV at 288 °C, can be due to the loss of surfactant
which is a close match with reported peak value of 280 °C temperature [158]. The trivial
difference in the exothermic peaks may be due to variation of synthesis procedure and
staring precursor. No further weight loss is observed on the TG curve after 500 °C,
indicating that the samples has been completely crystallized and all the organics have
been removed. This is also confirmed by FTIR results. It is learned from the results of a
detailed thermal analysis [150], the process of ZrO, formation is quite complex and
involves several mutually related steps such as dehydration of hydrous zirconia,
nucleation of ZrO, proto-structures and coalescence of primary particles [159]. The glow
exotherm is usually accompanied by a steep decrease in the surface area. To substantiate
the above results, the as-prepared powders are calcined at various temperatures ranging
from 500 to 800 °C and their XRD patterns are analyzed which will be discussed in detail

in the forth coming sections.

3.8.3. Nitrogen Adsorption-Desorption Studies
From N, gas sorption studies of calcined zirconia samples showed not well-

defined type of isotherm as per IUPAC; however, the shape of isotherms shows the
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presence of micropores, mesopores and in some cases macropores. The presence of both
H3 and H2 hysteresis indicates the combined presence of ink-bottle, wedge and slit-
shaped pores in these samples [160]. Even though the shapes of isotherms did not fit
clearly with defined isotherms as per [IUPAC, the closest possible isotherm and hysteresis
have been used for describing the type of materials and porosity. Type II, III and IV
isotherms with obvious hysteresis loops were observed for samples calcined at 500 °C
indicating the presence of mesopores. As an illustrative example the N, physisorption
isotherms of the ZIII sample calcined at 500 and 700 °C is given in Fig. 3.6.
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Fig. 3.6: N, adsorption/desorption isotherms and corresponding BJH pore size
distribution (Inset) of sample ZIII calcined at 500 and 700 °C.

N, physisorption isotherms of the ZIV were identical to ZIII with lower surface
area values. The nitrogen sorption isotherms of ZIII-5C and ZIII-7C exhibit a type-III
isotherm with a H3-type hysteretic loop at P/Py ~ 0.6—0.9 and P/Py ~ 0.8—0.9 respectively.
H3 type hysteresis indicates that the samples exhibit an inter-particular porosity which
can be ascertained by the uptake at high pressure associated with the void spaces between
the particles. Type H3 is usually found on solids consisting of aggregates or agglomerates
of particles forming slit shaped pores (plates or edged particles like cubes), with non-
uniform size and/or shape. Conversely presence of regular pores is depicted in Fig. 3.6
(Inset) which shows pore size distribution (PSD) with a peak maximum around 5 and 9.8
nm for samples ZIII-5C and ZIII-7C respectively. The shift of the hysteresis loop to

higher relative pressure with increasing calcination temperature suggests an increase in
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the pore size, which is confirmed from PSD. The adsorption-desorption curves of N, and
the BJH pore size distribution determined from desorption isotherms of sample ZI and

Z1I calcined at 500 °C are presented in Fig. 3.7.
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Fig. 3.7: N, adsorption/desorption isotherms and corresponding BJH pore size
distribution (Inset) of sample ZI and ZII calcined at 500 °C.

Adsorption—desorption isotherm of zirconia sample prepared using zirconium oxy-nitrate
as a starting precursor calcined at 500°C is not well defined since it exhibits a linear
region from P/Py 0.1 to 0.4 before reaching a plateau. This kind of isotherm is situated
between the type I, related to microporous materials, and the type IV, characteristic of
mesoporous materials. In agreement with M.M. Dubinin [161], such types of materials
are known to possess super-micro-pores, i.e. pores with sizes ranging from 1.5 to 2.0 nm
[56]. However the sample posses PSD with a peak maximum at 4.9 nm demonstrating
that it may be more of mesoporous type then of microporous one. Adsorption—desorption
isotherm of ZII-5C is also not well defined with a H3-type hysteretic loop at P/Py ~ 0.5—
0.8. This kind of isotherm is situated between the type I, related to microporous materials,
and the type II, characteristic of non-porous solids. The PSD shows bimodal pores with a
peak maximum at 4.4 nm. The effect of calcination temperature on the surface area and
crystallite size of the zirconia materials are studied using nitrogen adsorption/desorption
and XRD respectively. The resulting specific surface areas are calculated using the BET

method, while crystallite size was determined from the line broadening of the (111) reflex
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at 28.1° for the monoclinic and (101) at 30.2° for the tetragonal phase, using the Scherrer
formula. Linear decrease in surface area and increase in crystallite size with increasing

calcination temperature was found in the temperature range studied as shown in Fig. 3.8.
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Fig. 3.8: Crystallite size of tetragonal phase of the zirconia samples as a function of
calcination temperature. The crystallite size of the tetragonal phase was calculated from
its characteristic peak at 30.2° (101) 20 angle using Scherrer formula. Surface area values
of the corresponding calcination temperature are in given brackets.

The crystallite size of the digested samples of both series d1 and d2 have smaller
crystallite sizes, with expected digestion-d2 having smaller size as compared to digestion-
d1. Stabilization of small crystallites is an effect of digestion and results in the high
surface area of digested samples. An unusual lower crystallite size was shown by
undigested samples calcined at 500 °C having lesser value then sample ZIV prepared
using digestion-d1. Sample ZI and ZII has tetragonal phase when calcined at 400 °C,
when the temperature is increased to 500 °C this phase collapsed giving birth to
monoclinic phase. Due to mixed phase content of tetragonal and monoclinic and poor
peak intensity, as seen in subsequent section of XRD (Fig. 3.13) of these phases, may
have resulted in the deviated values. Further in our system the relationship between the
crystallite size and the surface area is not observed due to diverse factors. Ideally smaller
crystallites should give higher surface areas, while at higher calcination temperature
larger crystallites should have corresponding lower surface areas. Even though there is
linear decrease in surface area and crystallite size for each sample, no co-relation between

the surface area and crystallite size is observed. This was specially true for samples ZI
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and ZII. Though there is no satisfied interpretation for this, it is suggested related to
preparation method that results in different phase compositions and crystalline size
distributions. For example, if a batch of powder is composed of equal amounts of very
large and very small crystallites the result of FWHM measurement may only stand for the
larger crystallites [162]. Also if powders contain strong agglomerates which are difficult
to separate, the results may be affected [152]. In agreement with the literature
[152,162,163], an almost linear decrease of surface area with increasing calcination
temperature is found, although the linearity is not similar for all the samples studied.
Increasing the calcination temperature leads to a continuous decrease in the BET surface
area as the initial zirconia sinters, crystallizes and undergoes significant pore collapse.
The surface area of the undigested samples ZI and ZII prepared by precipitation method
and calcined at 500 °C was less, 122 and 88 m?/g respectively while digested samples
calcined at same temperature have higher surface areas in excess of 160 m*/g. It is also
observed that digested samples calcined at 700 °C possess surface area values similar to
undigested samples calcined at 500 °C e.g. sample ZIII-7C has surface area of 90 m?/g,
while sample ZI-5C, ZII-5C and ZIII-5C posses surface area about an average of 100
m?/g. It is worth-noting that the BET specific area of the zirconia samples remained 90
m?*/g for digestion-d2 and 73 m*/g for digestion-d1 even after 700 °C annealing, whereas
those samples without any digestion irrespective of preparation method exhibited specific
area as low as 20 m’/g at same calcination temperature. It is surprising, that sample
prepared with modified sol-gel using surfactant, has less surface area, against the sample
prepared using standard precipitation technique without surfactant. One possible reason
could be that synthesis conditions used for sample ZI are finely tuned after an exhaustive
literature survey, while the modified sol-gel synthesis parameters are not fine tuned or
optimized. Further optimization of the sol-gel synthesis can lead to higher surface area
sample, but it is not within the scope of this thesis due to large number tuneable
parameters, which affect the properties of the sol-gel derived materials. From Fig 3.8 it
can also be noted that ZIII sample has higher surface area as compared to other samples
of the same calcination temperatures. This finding is valuable because it shows that by
the optimized precipitation conditions thermal-resistant tetragonal zirconia can be

produced at a low cost. From above results it is possible to draw a linearity equation of
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decrease in surface area vs synthesis conditions, as ZIII > ZIV > ZI > ZV > ZII. This
equations states that sample ZIII sinters less with a smaller amount loss of surface area
with increasing calcination temperature as compared to sample ZIV and so on. This
behavior of samples suggests that the final materials produced are quite dependent upon
the mechanism in which they are formed. The mechanism of formation of hydrous
zirconia from zirconyl salt precursors is strongly connected with its aquatic chemistry.
The aquatic chemistry of zirconium is featured by its tendency to form inorganic
polymers via oxolation and olation processes [164]. The resultant oligomeric species,
depending on their particular molecular structure and the extent of a framework

development, gives rise to different zirconia polymorphs [165]. When zirconyl salt is

dissolved in water, cyclic tetramer complexes [Zr(OH),-4H,0],*" are formed as

dominant entities [166]. The four zirconium atoms in each tetramer complex are arranged
in a square, and each zirconium atom is coordinated by four bridging OH groups and four

H,0 molecules. This structure is illustrated in Fig. 3.9.

O=H,@=0;8=7r
Fig. 3.9: Illustrations of the cyclic-tetramer cation, using a) a ball and stick model and b)
a schematic model [167].

The tetramer is the dominant species in concentrated chloride solutions at pH below 1.5,
coexisting with minority species such as the trimers. The cyclic-tetramer has been
sometimes assumed to be the predominant zirconyl species in nitrate solutions with little
direct evidence. When enough base is added, the polycondensation of zirconyl species,
consuming all or most of the original species takes place. The rate of condensation
between species is particularly sensitive to the pH of solution. Although gradual
polycondensation occurs under most of the conditions, the rate of reaction is greatly

enhanced at higher pH, and can be inhibited by addition of an acid, decreasing the pH.
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The polycondensation takes place by olation (Zr-OH + H,O-Zr . Zr-OH-Zr + H,0) and
oxolation (Zr-OH + HO-Zr =, Zr-O-Zr + H,0) processes leading to the formation of
hydroxyl- and oxo-bridges between tetramer units, respectively. When the concentration
of the polymeric species reaches a critical super saturation level, crystal nuclei of hydrous
zirconia are generated, and primary particles of hydrous zirconia are formed by growth of
the crystal nucleus firstly, by hydrolysis which forms reactive terminal-hydroxy groups
required for the condensation reaction. Secondly, hydrolysis reduces the positive charge
on the zirconyl species, diminishing the electrostatic repulsion and increasing the chance
of interacting and reacting. In short the formation mechanism for hydrous zirconia

particles produced by hydrolysis can be given as in Scheme 3.5.
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Scheme 3.5: Scheme of formation mechanism for hydrous zirconia particles produced by
hydrolysis of Zr salt solutions. ((]) indicates tetramer complex. [Zr(OH),-4H,0]s*" Bent
dash line connected to two squares represents —ol bridge.[168].

The transformation of an amorphous hydrous zirconia to a metastable tetragonal zirconia
is attributed to the loss of the hydration water, and the water produced during the olation
process. While the hydrolysis and condensation steps of Zr alkoxide in the presence of
ZrCly the Zr—O—Zr bridges may partially result from the condensation between Zr—ClI and
Zr-OR formations as shown in Scheme 3.6. The metal alkoxide or metal chloride is
hydrolyzed and M-OH species are generated during the first step, while in the second

step, the hydroxy groups react with each other and/or other metal alkoxide/chloride and a
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M-O-M network is formed upon the propagation of the condensation reaction resulting

the elimination of ROH, water and/or HCI.
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Scheme 3.6: Possible condensation reaction of mixed inorganic precursors under
aqueous condition. (M — metal, X = H or R).

The presence of surfactant during controlled hydrolysis and condensation of zirconium
alkoxide and zirconium chloride can lead to formation of ordered metal oxides generally
suggesting inorganic-oxide/block-copolymer assembly mechanisms as shown in Fig.

3.10.

«— Hydrophilic chain of P123

/ Water Molecules

Zr-Hydroxide

Hydrophobic part of P123

Fig. 3.10: Model of the self-assembly processes of hydrous zirconium (IV) oxide
incorporated in 4 molecules of Pluronic 123, A Nonionic Tri-Block Copolymer
Surfactant; Ethylene Oxide (EOy) — Propylene (PO7y) — Ethylene Oxide(EO,o). Note: E and P
units are shown in schematic form. [169].
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After hydrolysis, the multivalent metal species can associate preferentially with the
hydrophilic poly(ethylene oxide) (PEO) moieties mediated by HCI released by ZrCl4.
Zirconium tetrachloride reacts rapidly with water, vapour or liquid to exchange two
chlorines for oxygen. In powder form, it reacts in water to form =zirconium
hydroxychloride and free hydrochloric acid. The proposed assembly mechanism for these
diverse mesoporous metal oxides uses PEO-metal complexation interactions, in
conjunction with electrostatic, hydrogen bonding, and van der Waals forces to direct
mesostructure formation. Controlled hydrolysis and condensation of the inorganic-
organic species appears to be important for forming mesophases of most of the non-silica
oxides, because of their strong tendency to precipitate and crystallize into bulk oxide
phases directly in aqueous media. Thus it can be seen from the above mechanisms the
diversity of the properties the materials can exhibit due to different path and chemistry

involved in their formation.

3.8.4. Powder XRD and SAXS Studies

Mixture of m-ZrO, and t-ZrO, shows intense and well defined diffraction peaks at
20 values of 28.2° and 31.5° corresponding to the reflections from the 111 and (-111)
planes of monoclinic zirconia phase (JCPDS file no. 37-1484) and at 30.2° corresponding
to the reflections from the (101) plane of tetragonal phase (JCPDS file no. 79-1770). The
volume fractions of monoclinic (V) and tetragonal (Vi) phases were calculated in the
way reported previously on the basis of the integrated intensities of (111) and (-111)
peaks of m-ZrO, and the (101) peak of t-ZrO, [170]. Im = Intensity of corresponding
XRD monoclinic peaks mentioned in the brackets and It = Intensity of tetragonal (101)
peak.

Vi =1311x , Vi=1-Vp, x=__ Im(111D)+Im(-111)
14+0.311x Im(111)+Im(-111)+1t(101)

This calculation cannot account for amorphous zirconia fractions, because they are not
detectable by XRD. 20 values and intensities of different phases of ZrO, are tabulated in
Table 3.2. The values are collected from the respective JCPDS cards, by selecting

variable silt and wavelength as 1.54184. For monoclinic phase, intensity values smaller
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than 10% are not given. Fig. 3.11 gives presentation of JCPDS cards as a visual aid of
monoclinic, tetragonal and cubic zirconia

Table 3.2: 20 position and intensity of standard peaks of different phases of ZrO,.

(37-1484) m-ZrO, | (79-1770) t-ZrO, | (49-1642) c-ZrO,
26 Intensity 20 Intensity 26 Intensity
24.068 12 30.267 100 30.145 100
24.461 9 34.624 9 34.989 20
28.198 100 35.322 15 50.236 52
31.494 76 43.042 2 59.793 31
34.188 25 50.296 54 63.736 4
34.412 13 50.815 29 74.010 2
35.338 16 59.370 22 81-840 5
40.759 17 60.296 43 84.483 8
49.309 31 62.952 11
50.159 38 73.046 4
50.603 23 74.713 10
54.151 21 81.876 20
55.449 21 82.684 10
59.828 16 83.828 8

It is well known that most XRD peaks of cubic ZrO, overlap with those of tetragonal
ZrO,, resulting in the difficulty to unequivocally proof the presence or absence of cubic
71O, from the XRD patterns. According to JCPDS cards 79-1770 and 49-1642 (Fig. 3.11
and Table 3.2), the diffraction peaks of tetragonal zirconia appear at same 20 as that of

cubic zirconia with similar relative intensities.

JCPDS 37-1484 JCPDS 79-1770 JCPDS 49-1642
m-ZrO, = t-ZrO, c-ZrO,

E- 33

g ;
N B
T e e e

® ®m ®m % ® B ¥ B W H € ® & & W W K N M4 W © A N
®n i i

-Fig. 3.11: Standard peaks of }n-ZrOz, t-ZrO, and c-ZrOs.
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B

However tetragonal phase can occasionally be distinguished from the cubic phase by the
characteristic ‘peak splitting’ in the 20 range 34-36°. But this splitting is often not
resolved well in the XRD figures due to small particle size, stress, poor resolution and
many other factors. In such a case additional spectroscopy and microscopy techniques

may be employed for verifying the meta-stable tetragonal phase. XRD patterns were used
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to identify the various phases and the crystallite sizes of the samples. Figure 3.12 shows

the XRD patterns of zirconia sample ZIII calcined at different temperatures.
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Fig. 3.12: XRD patterns of as-synthesized zirconia sample ZIII and calcined at 400 °C,

500 °C, 600 °C, 700 °C and 800 °C.

It is seen that, the as-synthesized zirconia powder has amorphous structure as they are not
heated above 100 °C during drying process. When the sample was calcined at 400 °C, a
semi-crystalline structure with major part still amorphous can be detected from XRD
pattern. By rising the calcination temperature to 500 °C pure tetragonal phase is formed.
The crystallization DTA peak of t-ZrO, from zirconium hydroxide for sample ZIII was
observed at 566 °C from TG-DTA studies whilst the XRD pattern of ZIII-5C should have
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been more of amorphous type rather then crystalline. The possible reason for this
behavior could be that in TG-DTA analysis the sample is heated at a rate of 10 °C/min,
while during calcination, sample is heated at a maximum rate of 4 °C/min with a dwell
time of 3 h, which is also absent in TG analysis, due to which hydroxide must have
converted to crystalline form relatively earlier as compared to temperature reported in
TG/DTA. Garcia et al. [23] crystallized zirconium hydroxide precipitate after 12 hours of
heating at 375°C which usually crystallites between the temperature 400-450 °C, thus
supporting our possible reason of crystallization of zirconia at lower temperature as
compared to TG-DTA study. Further increasing the temperature up till 700 °C only
tetragonal phase is seen, however both monoclinic (25%) and tetragonal (75%) phases
are detected at temperature 800 °C. Thus it can be concluded that high surface area
tetragonal zirconia with thermal stability up to 700 °C can prepared via precipitation
followed by digestion-d2 under optimal synthesis condition. Reduction in the digestion
time also reduces the amount of tetragonal zirconia present at 700 °C. During digestion,
the higher temperature leads to increased thermal agitation of negatively charged
particles which repel each other in alkaline solution. Collisions between the charged
particles occur at a higher rate than at room temperature. This enhances the formation of
surface bonds between particles by condensation of surface hydroxyl groups. Thereby, a
network of particles with higher porosity than in the undigested sample forms. In addition
to the network formation by coalescence of primary particles, another effect of the higher
temperature is the dissolution and re-precipitation of material which helps in
strengthening the network of particles. It is then possible to remove the water from the
pores without collapse of the network structure. Previous results indicate that the
dissolution/re-deposition is enhanced at pH ~14 as compared to pH 9, also longer the
digestion time higher will the interaction between the primary charged particles thus
enhancing the network. The influence of digestion is thus interpreted in terms of the
enhanced agglomeration of primary particles, strengthening the network structure which
is then better able to withstand thermal treatment. All the zirconia samples when calcined
at 400 °C, only tetragonal phases were obtained but due to presence of carbon residual
impurities detected by IR in the samples prepared using ZrBt, studies of all the samples

calcined only above 400 °C have been considered in these studies. This is in agreement
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with the TG-DTA data, which showed that the onset of the conversion of the amorphous
to tetragonal phase started in the temperature range 450-500 °C. Although at 400 °C the
main phase is tetragonal, but when the temperature increased, the tetragonal phase
concentration decreased with an increase in concentration of monoclinic phase. Fig. 3.13
shows the XRD patterns of zirconia powders prepared by altering various synthesis

parameters/precursors and calcined at 500 °C and 600 °C.
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Fig. 3.13: XRD patterns of zirconia samples prepared by different synthesis parameters
and precursors (a) calcined at 500°C, (b) calcined at 600°C.

The XRD patterns of zirconia samples ZI and ZII calcined at 500 °C synthesized using
different precursors, ZrONit and ZrBt respectively under identical synthesis conditions
consists of tetragonal and monoclinic phases. As it can be seen, the digested samples ZIII
and ZIV retain majority of the tetragonal phase up to 600 °C. The sample ZIV digested
with lesser amount of time as compared to ZIII contain small amount of monoclinic

phase with dominant tetragonal phase when calcined at 600 °C, indicating digestion time
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plays an important role in stabilizing t-ZrO,. Sample ZV calcined at 500°C and 600°C
prepared using sol-gel technique in acidic pH consists mixture of tetragonal and
monoclinic phases which converts to monoclinic at higher temperature. It is observed
that, the samples prepared without digestion irrespective of the preparation method, in an
acidic or basic media contained both tetragonal and monoclinic without cubic phase when

calcined at 600°C. Fig. 3.14 shows XRD patterns of samples calcined at 700°C.
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Fig. 3.14: XRD patterns of zirconia samples calcined at 700°C prepared by different
synthesis parameters and precursors.

The annealing of the samples at higher temperatures (700°C) increased the crystallite size
and caused irreversible transformation of the tetragonal phase into the monoclinic one. In

case of samples ZI and ZII prepared using precipitation process using ZrONit and ZrBt
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shows complete monoclinic phases. Also in case of zirconia powder obtained from sol-
gel method in acidic pH using ZrBtCl shows only monoclinic phase with some traces of
tetragonal (12%) zirconia. Sample ZIV prepared with digestion time 12 h contains a
mixture of monoclinic and tetragonal phase (60%), increasing the digestion time up to 24
h for sample ZIII led to complete stabilization of t-ZrO, containing only tetragonal phase.
Fig. 3.15 illustrates the variation of the tetragonal phase content as a function of
calcination temperature for zirconia samples prepared using various staring precursor and
synthesis parameters. As mentioned earlier, increasing of calcination temperature leads to
increase of monoclinic phase content radically with the decrease in tetragonal phase
content. Samples ZI and ZII prepared using different staring precursors ZrONit and ZrBt
respectively under identical synthesis conditions shows small variation in tetragonal
phase content when calcined at 500°C indicating the sample prepared with ZrONit is
more stable as compared to sample ZII prepared from ZrBt. Before comparing the results

some possible mechanisms regarding stabilization of tetragonal zirconia must be

understood.
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Fig. 3.15: Volume % of tetragonal zirconia of samples ZI-ZV as a function of calcination
temperature.

As stated earlier, the high temperature stabilization of tetragonal zirconia was its
crystallite size [16]. All the samples prepared during this study, calcined at various
temperatures have crystallite size less then 30 nm (Fig. 3.8) and yet few of them have
transformed to monoclinic phase. The studies on the t>m transformation with heating
found a weak correlation between crystal size and the point at which the transformation
takes place; however, it is known that that other factors, such as chemical preparation

conditions, are more important [42,117,171,172]. Other studies have found no significant
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correlation thus supporting the idea of stabilization of tetragonal phase is not only related
to crystallite size [19,26,146,173]. Thus another mechanism involving the incorporation
of hydroxyl ions into poly-zirconium species is adopted to explain the difference in
crystal structure and thermal stability. The freshly derived zirconium gels of the
precipitation samples are amorphous and have a solid skeleton that contains many
hydroxyls. During annealing, surface hydroxyls condensation causes the nucleation of
new oxide crystals for the growth of the existing ones. The phase transformation from
zirconium hydroxide to ZrO, involves several possible steps: the loss of the loose water
and terminal hydroxyl groups, oxolation of hydroxyl bridges to form embryonic oxide
nuclei and growth of the nuclei to form observable crystallites. With rapid precipitation,
the penetration of hydroxyl ions into the poly-zirconium species is slow while a slow rise
in pH allows hydrolysis reaction to occur so that the poly-zirconium species have a lower
valency. These different species in turn determine the zirconia crystal structure. In water
under basic conditions, zirconium alkoxides undergo rapid hydrolysis and condensation,
so that in the absence of acid a precipitate forms readily, resulting in a gel is which is
weakly cross-linked containing less amount of hydroxyl ions as compared gels prepared
from zirconyl salt solutions. Possibility of ions other then OH™ has also been considered.
During sample preparation, H,O, OH ions, H' ions, nitrate and chloride ions vacancies
occur. When samples are annealed to 300 °C, the H,O present left them. Therefore, water
did not stabilize the tetragonal structure. It is known that zirconia prepared from strongly
acidic solutions (pH<I) gives rise to the monoclinic phase [174] which also eliminated
H' ions from stabilizing the tetragonal structure. These results suggest that a mixture of
OH' ions and Zr vacancies in the crystalline structure could cause the observed tetragonal
structure stabilization under basic conditions. However when the sulphuric acid is used as
hydrolysis catalyst, the SO4> ions present in the Zr-O framework would replace for OH
ions. Because the thermal stability of the sulphate to zirconium linkages is much higher
than that of the hydroxyl bridges across two Zr atoms, the removal of SO, ions needs a
higher temperature, i.e., 600°C, which delays the formation of some oxo bonds and thus
stabilizes the low-temperature tetragonal structure. Similar results are obtained by
Bokhimi et al. [175] who prepared zirconia powders using sol-gel process with

zirconium n-butoxide under different hydrolysis conditions and pH. When the calcination
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temperature increased, the unit cell of monoclinic showed a distortion because it
expanded in ¢ dimension with a contraction in a direction. The lattice cell distortion is
usually caused by the guest ions like OH inserting in the crystalline structure and the
calcination temperature. The foreign ions with different radius or charges produce charge
unbalance in the local structure and the calcination temperature may affect the behavior
of lattice sites vibration, these factors, in turn, lead to the lattice cell modification in
comparison with the ideal crystalline structure. The presence of nitrate and chloride ions
also affects the crystallization temperatures and delay tetragonal to monoclinic phase
transformation of zirconia. Negatively charged ions such as sulphates, nitrates and/or
chlorides are found to be important in forming the tetragonal and cubic phases of zirconia
[171,176,177]. One report found that the presence of NH4Cl inhibited the t>m
transformation [171] while others found that the presence of CI" anions had no effect
[35]. The dehydroxylization behavior and presence of stabilizing ions in the zirconia
structure depend upon the synthesis procedure and starting precursors thus affecting the
quantity of tetragonal phase in zirconia at a particular temperature. At the same
calcination temperature the structural distortion caused by the insertion of OH in the
structure is more important. The sample precipitated from ZrBt retained less hydroxyl in
its structure as compared ZrONit to due to its highly reactive nature. When these samples
were calcined at 500 °C, their dehydroxylation behavior and phase transformation thus
crystal grain varied from one to another. Therefore the sample precipitated from ZrONit
gave slightly higher % of tetragonal zirconia at 500 °C since it retains a more of
hydroxyls in its crystals producing many cationic defects. Another possible reason could
be due to presence of nitrates ions in the structure which could not be confirmed using
available analytical techniques used in these studies. Accordingly when samples are
annealed at temperatures higher then 500 °C, there was drastic decrease in hydroxyl ions
thus destabilizing the tetragonal structure and transforming it into the monoclinic one.
This transformation, however, is not reversible since the O* ions associated to the OH
ions left the sample. Thus samples ZI and ZII showed less then 15% of tetragonal phase
when calcined at 600 °C, with a further decrease in tetragonal phase when calcined at 700
°C. In each sample, tetragonal and monoclinic crystals coexisted. Their concentrations

changed with the annealing temperature. The obtained results showed that the type of
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zirconium precursor affected the quantity of tetragonal phase at temperature lower then
700 °C. The acidic pH chemically controlled condensation of zirconium alkoxide leading
to stable colloidal solutions of monodispersed zirconia nanoparticles. In contrast to basic
medium as discussed above at acidic pH, the protonated alkoxide species (RO);Zr-OH,"
predominates. The electrostatic repulsion reduces the rate of condensation relative to that
of hydrolysis. This allows branching to occur, producing a strongly cross-linked gel,
which during calcination transforms to zirconia with comparatively more stable structure.
However, with high acid concentration, condensation is so severely hindered that only a
weakly branched network can form. This gel shows poor stability and collapses to a low
surface area material upon calcination. Thus sighting above advantages of controlled
hydrolysis and condensation sample ZV prepared under optimal acidic condition is more
stable and contains higher proportion of tetragonal zirconia as compared to sample ZI and
ZI1 prepared under basic conditions when calcined at 600 °C. However further
calcination at 700 °C leads to monoclinic phase demonstrating collapse of the structural
integrity. Non-siliceous mesostructures are usually more sensitive to thermal treatments
and calcination at higher temperatures result in loss of mesoporosity, structural orderness

and stability, confirmed by low angle XRD and SAXS, shown in Fig. 3.16.
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Fig. 3.16: Low angle XRD and SAXS (Inset) pattern of ZV sample prepared by modified
sol-gel method and calcined at 500°C

Hydrolysis, redox reactions or phase transformations account for this lower thermal

stability. But further optimization of gel parameters for sample ZV can greatly improve
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its thermal stability and porous structure. Typical low angle XRD and SAXS (inset)
patterns are shown in Fig. 3.16. The relative position of the SAXS diffraction peaks on
the scattering vector (q) axis can be applied to determine the structure of the mesophases
[178,179]. The patterns exhibited a continuous decay without any peak, indicating the
existence of a size controlled porosity. The decay of the curves clearly demonstrates that
the mesoporosity of these samples differs from that of MCM or SBA type mesoporous
materials having long range ordering. Although the pore size distribution corresponding
to these samples exhibited very narrow shapes, several other causes, such as the
tortuosity of the pores or the random position with respect to each other, could contribute

to this behavior.

3.8.6. FT-Infrared Spectroscopy Studies

Vibrational spectroscopies are very useful techniques for the determination of the
crystal phase for zirconia. During the studies the band observed at 470-501 cm™ is
attributed to Zr-O-Zr [137]. A broad absorption band at 3000-3600 cm ™', is assigned to
the stretching modes of OH bands related to free water (capillary pore water and surface
absorbed water). A peak at 1630 cm' is due to the bending vibration of H-O-H bond,
which is assigned to the chemisorbed water. In addition, all of the samples have the band
at around 2360 cm™' that can be attributed to the absorption of CO,. The water loss is
confirmed by FTIR for all samples as the bands related to the presence of hydroxyl group
showed a decrease in the intensity with the increase of annealing temperatures, and at 700
°C they almost disappeared for all samples prepared without digestion. The first
crystalline phase formed after calcination of zirconium hydroxide precipitate is usually
metastable tetragonal phase, unless some carbon is present, in such case the metastable
cubic phase may form. The formation of the cubic phase has been strongly associated
with the presence of residual carbon [180,181]. Therefore in order to confirm the
presence of tetragonal form and absence of cubic form IR spectra of samples calcined at
700°C were compared as shown in Fig. 3.17. As seen previously the XRD peaks of cubic
Zr0O; overlap with those of tetragonal ZrO,, resulting in the difficulty identifying the
presence of cubic ZrO,. IR spectra might be more sensitive than X-ray diffraction

patterns to small changes in the crystal lattice of the phases of ZrO,. The spectra for the
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cubic phase are expected to be very simple, with broad main maximum at 530 cm™, with
a pronounced shoulder near 620 cm™', while the IR spectra of tetragonal zirconia shows
one broad dominant maximum around 500 cm™ , the spectrum is similar to that of the
cubic phase, but without the component near 620 cm™ [182]. Owing to the different
spectra, vibrational spectroscopy (IR and RAMAN) was used widely in the past to
characterize zirconia for distinguishing cubic, tetragonal and monoclinic phases [183-

188].
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Fig. 3.17: FT-IR spectra of (@) zirconia samples calcined at 700°C (b) expanded view of
the region 400-800 cm™ and 3000-3800 cm'.

Actually, Raman spectra are generally well defined and very useful for characterization,
while IR spectra are more difficult to apply. The IR spectrum of sample ZIII-7C shows a
broad main maximum at 471 cm™ and absence of peaks around 530 cm™ with shoulder
near 620 cm™' confirms tetragonal zirconia. For the samples ZI, ZII, ZIV and ZV calcined

at 700°C the OH groups were driven off as water and simultaneously the formation of the
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monoclinic phase was noted by the new bands occurring around 417, 575 and 740 cm’
[133,189,190,191]. The details of the band assignments of various phases and groups are
tabulated in below Table 3.3.

Table 3.3: Infrared characteristic bands observed in ZrO, samples

Band Position (cm™) Tentative Band Assigments

3000-3600 O-H stretching in ZrO(OH),.xH,0 or adsorbed water
1630 O-H bending in H,O

1400-1418 O-H bending in ZrO(OH),

1348 asymmetric O-H stretching

‘6%471:46%%: ;‘3979__75 izs > STT-579, | Monoclinic Zr-O stretching vibration

471-501 Tetragonal Zr-O stretching vibration

FTIR spectra of as-synthesized and unwashed ZV sample had strong absorption bands
associated with residual surfactant, water and solvent present after sample preparation.
The absorption intensity of the methyl groups (2854 cm ' and 2924 cm™') of the block
copolymer surfactant (PEO-block-PPO), P123 becomes rather weak after washing,
indicating that there is still some surfactant remaining in the pores. This also shows that

the interaction between the Zr—O—Zr framework and surfactant is weak.
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Fig. 3.18: FT-IR spectra of ZV sample as-synthesized and calcined at 500°C.
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However, the peaks arising from the surfactant completely disappear after the
calcinations at 500 °C as seen in Fig. 3.18. For samples ZII and ZV where in zirconium
tert-butoxide is used as starting precursor bands at 1573 cm ' and 1433 c¢m™! attributed to
C-H (-CH; and -CHy-) vibrations are observed when calcined at 400°C, these bands
disappear when the temperature is above 500 °C. It means that to completely remove the
surfactant and residual carbon species from the pores, calcination at 500 °C and above
temperature is required which is in agreement with TG/DTA curves of the sample ZII and
ZV indicating almost no weight loss after 500 °C. Whereas zirconia prepared via
precipitation route using zirconium oxy-nitrate calcined at 400 °C is sufficient to convert

into tetragonal phase without impurities.

3.8.7. Scanning Electron Microscopic Studies
SEM images of the ZrO, samples calcined at 700 °C are shown in Fig. 3.19. The
particles of all the samples prepared are found to be agglomerated and of irregular shape

and size.

Fig.3.19: SEM images of samples ZI to ZV calcined at 700°C and ZIII calcined at 500°C.
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The average particle size for ZI-7C and ZV-7C samples is found to be between 10 to 20
um, while rests of the materials have particles with sizes ranging from 5 to 15 um. Some
uniformity in particle size and shape is seen for ZIII-5C sample due to lower calcination
temperature. The particles of sample ZII-7C prepared via precipitation technique using
ZrBt appear spongy in nature. SEM micrographs do not show any fractures in the
particles although calcined at 700 °C, due to the tetragonal— monoclinic transformation of
zirconium oxide which is wusually seen in zirconia samples calcined at higher
temperatures. In general, shape and surface properties of samples ZI-7C, ZIV-7C and
ZV-7C seem to be identical, which is quite surprising even though these 3 samples are
prepared in completely different manner and with different precursors. Similarly sample
ZIII-7C and ZII-7C shows some identical features in their images; here also ZIII sample
is prepared using ZrONit followed by digestion-d2 while sample ZII is prepared from
ZrBt without digestion. Therefore in the present studies, it implies that particle
morphology is neither dependent on synthesis procedure nor on starting precursor which

may be due to substantial agglomeration of small crystallites.

3.9. CONSLUSIONS

In conclusion, a large number of preparation routes have been developed earlier to
obtain high surface area zirconia. The role of the principal preparation variables
controlling the phase composition and thermal stability, such as pH, concentration and
temperature of the solution, the nature of parent zirconium salt as well as aging of the
precipitate is studied. Precipitation from zirconium salts using optimized synthesis offers
the most economical route, as compared to use of zirconium alkoxides or surfactants to
form mesoporous zirconia. Digestion of the hydrous oxide can increase the thermal
stability of the resulting zirconia considerably. It was shown that extended digestion of
the precipitated gel at 80 °C for 24 h is beneficial for preparing t-ZrO, with a specific
surface area of 90 m”/g, which is stable up to 700 °C. Surface areas ~200 m”/g can be
obtained as long as the calcination temperature is kept below 500 °C. Heating to higher
temperatures led inevitably to a loss in surface area. Phase transformation and
stabilization was observed to be related to OH ions and Zr vacancies in the crystalline

structure, while satisfactory explanation of the stabilization based of the critical crystallite
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size is not found. Modified sol-gel synthesis shows the stabilization of tetragonal phase
whereas complete phase transformation was observed in the samples prepared by
precipitation method at same temperature. Irrespective of preparation method and

precursor used the morphology of the particles remained same.
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Chapter-4 Molybdenum Oxide Supported Zirconia

4.1. INTRODUCTION

The development of environmentally friendly solid catalysts for the synthesis of
fine chemicals and pharmaceuticals is becoming an area of growing interest because the
use of heterogeneous catalytic processes allows easier separation, recovery and recycling
of the catalysts from the reaction mixtures [1,2,3]. To maintain economic viability, a
suitable heterogeneous system should also display activities and selectivity’s comparable
or superior to the existing homogeneous route [4]. However, most of them require rather
complicated preparation of the catalysts or the use of expensive toxic solvents to facilitate
heat and mass transfer in liquid-phase reaction systems. As a clean route for organic
synthesis, the ultimate goal of many heterogeneous catalytic processes is to eliminate the
use of solvents. Among heterogeneous catalysts employed, heteropoly acids, zeolites,
sulfated metal oxides, clays and composite oxides are the most widely investigated
catalysts. Metal oxides based solid acid catalysts offer several advantages over
microporous and mesoporous based catalysts. These are active over a wide range of
temperatures and more resistant to thermal excursions. During the past decade there has
been an increasing interest to study the effect of various elements upon the textural,
structural and catalytic properties of composite oxide catalysts. Among them, WO3 and
MoOs; based oxides are the most extensively investigated catalysts. These oxides show
strong surface acidic and redox properties and varied surface molecular structures [5].
Among different supported MoO; materials, supported MoO;-/ZrO, catalyst is the most
promising heterogeneous catalyst used in extremely important industrial reactions. The
MoO;-/ZrO; catalyst have also been investigated for several industrial applications such
as cumene dealkylation, ethanol conversion, ammoxidation of picoline and toluene,
synthesis of methoxymethyl benzene, methylcyclopentane conversion, methanol
oxidation reactions and methane combustion reaction [6-11]. Recently, it was observed
that MoO;-/ZrO, materials exhibit good catalytic properties in some vital organic
reactions [5,12,13,14,15]. The high flexibility of supported Mo-catalysts is related to the
different molecular structures that molybdenum species can simultaneously posses when
supported and to the ability of Mo atoms to assume various oxidation states, depending
on the synthesis procedure and post-treatment. Molybdenum species supported on a

variety of oxide supports such as SiO,, Al,Os, and TiO, etc have been extensively
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investigated in the recent past [16-21]. The dispersion of molybdenum oxide, its
oxidation state, and structure strongly depend on the support. In turn, all these factors are
likely to affect the catalytic properties. In the recent past, zirconia has attracted
considerable interest because of its potential use as a catalyst support as well as a catalyst.
[22-34]. Porous ZrO, is attracting increasing interest as a useful catalytic support partly
due to its reducing and oxidizing surface properties, mechanical properties, acid-base
nature [22,35], and also because it is chemically more stable than the classic materials
such as y-alumina and silica [36]. Different methods have been used to synthesize such
catalysts based on zirconia modified by molybdenum oxides, aimed at optimized
materials, especially those characterized by high surface area, low contents of impurities,
and a significant proportion of tetragonal zirconia [8,37]. These aspects are of
considerable importance due to their effects on the crystalline structure, which determines
the properties of the oxides. The crystal phase of ZrO, (monoclinic and/or tetragonal)
strongly influences the catalyst activities and selectivitys [38-41]. These marked
differences in catalytic performance clearly necessitate high surface area and the
existence of pure t-ZrO; phase in the catalyst, for which a variety of synthesis approaches
have been accordingly employed to date. Unlike m-ZrO,, at room temperature t-ZrO; is
meta-stable and tends to transform to m-ZrO, upon thermal treatment or contact with
water vapor [42,43]. Stabilization of the surface area and meta-stable tetragonal phase
can be accomplished by manipulating the preparation variables. In this regard pH,
starting precursor, temperature and time of digestion of the precursor etc seem to be the
key parameters to obtain high surface samples which are stable after calcination at
temperatures above 600 °C [44,45]. Stabilization of the tetragonal phase of ZrO, has also
be achieved by doping a second oxide on the zirconia grain surface [46,47,48], which is
often accomplished with the co-precipitation, wet-impregnation and thermal-dispersion
methods [49]. Zhao et al. have found that the surface areas of several ZrO,-supported
catalyst systems such as MoO3;, WO3, CuO, Fe,Os3 and NiO etc, are much larger that that
of pure ZrO, treated at the same temperature [46]. Similar results have been obtained by
Arata et al. for similar catalyst systems [47,48]. Deposition of MoO3; and WOs3 on ZrO;
increases acidic character of zirconia, and there are even claims that it can lead to super-

acidity [50,51]. These facts seem to indicate that t-ZrO, supported catalysts with high
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surface area could be obtained at different preparation conditions. However, most of
these synthesis routes to prepare high surface area t-ZrO, are complicated and require
tedious procedures, close control of reaction parameters such as temperature, pressure,
and pH, or the use of relatively expensive and zirconium alkoxides. In this context,
simple, easy synthesis routes are highly desired, especially for the practical applications
of t-ZrO, with high surface area. Inexpensive and nontoxic inorganic zirconium salts
(e.g., zirconyl nitrate) with facile synthesis procedures were used for initial ZrO, support
preparation, and these pure zirconium hydroxide precursors are then used to prepare ZrO,
supported MoO; catalysts. The majority of MoQOs/ZrO, catalysts described in the
literature were conventionally synthesized by wet impregnation of the zirconia support
with an aqueous solution of ammonium hepta molybdate (NH4)¢Mo070,4 (AHM),
[7,52,53,54], but to the best of our knowledge, none of them have optimized the synthesis
parameters in order to have high surface area with t-ZrO,. We are therefore particularly
interested in the preparation conditions of MoO;/ZrO, catalysts obtained by the
impregnation method, as some detailed studies for co-precipitation method have already
been reported [8]. The purpose of this work is to investigate the thermal stability,
structural and physico-chemical properties of molybdenum oxide on zirconia surface as a
function of molybdenum loading, digestion time, surfactant addition, calcination
temperature, synthesis method etc. Although there are investigations on the catalytic
applications of MoO3;—/ZrO; for industrially important reactions, the applicability of this
important material to organic synthesis involving biologically important molecules is yet
to be explored.

For the last 50 years, the synthesis of chalcones and their derivatives have been a
research topic of great interest. Every year, several thousands of chalcones and chalcones
derivatives have been synthesized in the research laboratories. The sustained interest in
chalcones is due to their wide range of biological activity. The Claisen-Schmidt
condensation (CSC) reaction is extremely useful and important method for the synthesis
of vide variety of biologically active chalcone-structure compounds for over a century
due to its simplicity and efficiency. Chalcones constitute an important group of natural
products and some of them possess anticancer, anti-malarial, anti-microbial, anti-

tuberculosis, anti-hyperglycemic and anti-inflammatory activities [55-62]. Chalcones also
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serve as precursors for the synthesis of different classes of flavonoids [63,64]. The name
“Chalcones” was given by Kostanecki and Tambor [65]. These compounds are also
known as benzalacetophenone or benzylidene acetophenone. In chalcone, two aromatic
rings are linked by an aliphatic three carbon chain. The Claisen-Schmidt condensation
(CSC) is an important C-C bond forming reaction for the synthesis of chalcones [66].
Chalcones are a,pB-unsaturated ketone containing the reactive ketoethylenic group “-CO-
CH=CH-". These are colored compounds because of the presence of the chromophore “-
CO-CH=CH-", which depends in the presence of other auxochromes. Traditionally,
synthesis of these chalcones was carried out in basic (NaOH, KOH) or acidic (AICls,
HCI) media under homogeneous conditions [67-71]. The formation of chalcone by the
acid catalyzed condensation of acetophenone and benzaldehyde has been studied earlier
[72,73]. The acid catalyzed methodologies also include the use of Zn(bpy)(OAc),, TiCly,
Cp2ZrH,/NiCl,, and RuCls. Recently BF3-Et,O, SOCI,/EtOH, and Brensted acidic ionic
liquid catalysts have been used to effect this reaction [74-81]. The above reported
procedures have several disadvantages such as poor selectivity, long reaction times,
generation of wastes, difficulty in the catalyst preparation, use of special apparatus, costly
reagents/solvents and laborious separation techniques make these catalysts practically
inconvenient. Heterogeneous solid basic catalysts like magnesium oxide, potassium
carbonate, hydrotalcites, barium hydroxide, aminopropyl-functionalized SBA-15
mesoporous silica, alumina and natural phosphates modified with NaNO; or KF and
alkali exchanged zeolites have been used as alternatives for the conventional
homogeneous alkaline hydroxides [4,82,83]. Even though, the solid basic catalysts
provide advantages due to its heterogeneous nature, the major drawback is associated
with the poor selectivity to chalcone due to the competitive Cannizzaro reaction of the
aldehyde and other undesired side reactions like Michael addition at the strong basic sites
[84]. To improve the selectivity in synthesis of chalcones, solid acid catalysis has been
tried, but only few have been reported [85,86,87]. It is also known [88] that acid zeolites
can catalyze crossed Aldol reactions of an aliphatic aldehyde with formaldehyde.
Although zeolites are quite reliable, activities of these materials are much lower than the
conventional homogeneous acids due to pore blocking and hydration. In the present work

we report the use of MoOs-/ZrO, catalysts for CSC of benzaldehyde (BA) with
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acetophenone (AP) under solvent-free conditions to give Chalcone. We feel that our
results will extend the scope of molybdenum oxide supported zirconia solid acid catalyst

in organic synthesis involving biologically important molecules.

4.2. RESULT AND DISCUSSION
4.2.1. Synthesis of Catalysts

A series of M00Os3-ZrO, catalysts with different MoO; loadings (140 wt%) were
prepared by modified co-precipitation method. Although we studied samples containing
molybdenum oxide up to about 40 wt.%, we focused our attention on catalysts with
loading in the range 15-30 wt%, because they are reported to show highest activity,
stability, surface area and acidity [7,53,54,87]. Further we have narrowed down to 15
wt% MoOs for the preparation and optimization of the impregnation catalyst, from the
initial characterization data. Three impregnation MoOs/ZrO, catalysts were prepared by
varying the synthesis parameters, the details of the preparation procedures and sample
designation is given in Chapter-2, Section 2.3.2. Where ever possible in this chapter for
simplicity we have denoted “MoO3/ZrO,” for impregnation and “MoQO;-ZrO,” for co-
precipitation. Please note the difference “/” for impregnation and “—" for co-precipitation,
while the denotation “Mo0Os-/ZrO,” in general means catalyst, prepared via impregnation
and co-precipitation. The particulars such as samples designation, digestion time,
temperature, synthesis method of the MoOs-/ZrO, samples studied in this chapter is given
in Table 4.1.

Table 4.1: Details of MoQO3-/ZrO, catalyst prepared with different MoOs loadings (10-30
wt%) via co-precipitation method and 15 wt% MoOs via impregnation method.

Sr. Sample Synthesis Surfactant Digestion % Weight
No. | Designation Method used pH/Time/Temp | Loss [TG]

1 10MZcp-1 Co-Precipitation Nil 12/12 h/80 °C ND*

2 15MZcp-1 Co-Precipitation Nil 12/12 h/80 °C 25.69

3 20MZcp-I1 Co-Precipitation Nil 12/12 h/80 °C ND*

4 30MZcp-I1 Co-Precipitation Nil 12/12 h/80 °C 28.89

5 15MZim-I Impregnation Nil 12/12 h/80 °C 27.59

6 15MZim-I1 Impregnation Nil 12/24 h/80 °C 23.99

7 15MZim-I11 Impregnation P123 12/12 h/80 °C 26.51

ND*-Not Determined
The catalysts used in the study were characterized by a number of techniques, and these

results are presented and discussed in this following section.
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4.2.2. TG-DTA Analysis

The thermal behavior of un-calcined MoQOs-/ZrO; samples is represented in Fig. 4.1.
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Fig. 4.1: TG-DTA curves of various as-synthesized Mo0QO;-/ZrO, samples (Analysis
carried out in air atmosphere with heating rate 10 °C/min.)
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Irrespective of the preparation method the weight loss for MoOs;-/ZrO, samples was
found to be between 25 to 30 wt% according to TG curves, actual values are given in
Table 4.1. Astoundingly sample 15MZim-III prepared using impregnation technique with
the use of surfactant shows a weight loss of only 26.5 %, which is very low for the
materials, prepared using surfactant. The reason for the lower weight loss, is due to
washing given to zirconium hydroxide precursor used for sample 15MZim-III, before
impregnation was done, thereby loosely bound surfactant could not been retained in the
structure. In DTA profiles positive peaks indicate exothermic processes whereas negative
peaks represent endothermic processes. One broad endothermic peak was detected
between 50-200 °C which was likely due to removal of adsorbed water. In fact, when
samples were dried at 110 °C for few hours prior to DTA measurements, the intensity of
the peak reduced drastically. There is continuous step by step elimination of water from
these types of materials. After the initial loss of physically absorbed water, terminal water
and hydroxy groups are lost approximately between 100 and 200 °C along with limited
oxolation of hydroxy bonds in the first stage. The second stage was thought to involve
loss of ‘inner water’ and non-bridging hydroxy groups between 200 and 400 °C. The
third stage is final oxolation of all remaining hydroxy bridges immediately before
crystallization of tetragonal from amorphous hydroxide. For samples of low MoO;
loading, namely less then 20 wt.%, minute weight loss was observed above 450 °C
corresponding to the decomposition of Zr(MoQOy),, while the samples containing high
MoOj; loading equal or exceeds 25 wt.% exhibits a sharp weight loss at 900 °C in TG
curve associated with the decomposition of Zr(MoOQs),. It was reported that, this is may
be due to melting of molybdenum oxide, after which, a progressive decrease in weight
loss is observed due to the evaporation of this phase [88,89]. A separate exothermic peak
assigned for the formation of Zr(MoQ,), around 500 °C and above temperatures could
not seen in the DTA curves but this phase was observed in XRD, IR and RAMAN data,
this peak might have got merged with crystallization peak of tetragonal zirconia [53].
Two exothermic peaks are also present in all samples. The first peak occurs around 200-
400 °C for all samples is probably the decomposition of organics residues, trace amounts
ammonium nitrate and nitrate containing zirconium hydroxy compounds through high

temperature hydrolysis [90]. This process occurs in parallel with oxolation of hydroxy
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bridges as explained above. Complete removal of nitrates through pyrolysis occurs above
400 °C. Second exothermic peak was observed in the temperature zone 570-670 °C. This
exothermic peak was not accompanied by any weight loss. This peak was due to a change
in phase, conversion of the amorphous zirconia phase to the meta-stable tetragonal
zirconia, confirmed by XRD and TEM results. DTA measurements clearly reveal the
influence of the MoO; loading on the zirconia crystallization process. Pure ZrO, sample
Z1IV (Please refer to Chapter-3, Fig. 3.5) had showed exothermic peak of crystallization at
493 °C, but as soon as MoOj is loaded on zirconia using the same synthesis condition the
peak has shifted to higher value. Analogous results can be seen for pure ZrO, sample ZIII
and 15MZim-II. It is also observed that this temperature of conversion increases as the
digestion time increases or synthesis method changes from impregnation to co-
precipitation. Sample 15MZim-II prepared utilizing digestion-d2 exhibits exothermic
peak at 663 °C, while sample 15MZim-I prepared utilizing digestion-d1 show the same
peak at lower temperature (572 °C). Also when the synthesis method is changed this peak
maxima also changes, for eg sample 15MZim-I which showed exothermic peak at 572 °C
is prepared using impregnation method with digestion-d1, while sample 15MZcp-I is
prepared using co-precipitation method with same digestion-d1 shows the peak at 619 °C.
The position and exothermity of such peak is also affected by amount of MoOs loading.
DTA results indicate that the exothermic crystallization peak shifted to higher
temperatures when the amount of MoO; was increased. Samples prepared via co-
precipitation method with varying amount of MoOs, the crystallization peak is shifted to
higher temperature, the exothermic peak for 15MZcp-I occurred at 619 °C, while that of
30MZcp-I occurred at 664 °C. These differences are definitely due to difference in the
synthesis methodologies adapted which in turn modifies the structure and thermal

stability properties.

4.2.3. Powder X-Ray Diffraction Analysis

The peak position 260, full width at half maximum (FWHM) and intensity was
calculated using commercially available soft ware (Origin 8.0) for each peak of the XRD
data. The indexing of the peaks was carried out using 26 and intensity value of each peak

using standard computer software supplied with the instrument (Rigaku Miniflex). The
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XRD lines have been examined with the help of JCPDS (PCPDFWIN v.2.02) data to
identify the species present in the samples. ZrO, exhibits three well-established
polymorphs: the monoclinic, tetragonal and cubic phase of ZrO,. The diffraction lines at
20 =24.0° 24.4°,28.1°, 31.4°, 34.1°, 34.3°,35.3°, 40.7°, 44.8°, 45.5°, 49.2°, 50.1°, 54.1° ,
55.4°, 55.8°, 60.0°, 62.8° and 65.7° correspond to the monoclinic phase of ZrO,, peaks at
20 = 30.2° 34.60°, 35.2°, 43.0°, 50.2°, 50.8°, 59.3°, 60.3°, 62.9°, 73.0° and 74.7°
correspond to the tetragonal phase of ZrO,, while the peaks at 20 = 30.1° , 34.9° | 50.2°,
59.7°, 63.7° and 74.0° correspond to cubic phase of ZrO, and 20 = 23.1°, 30.5° , 35.4°,
38.6° 47.2°, 50.0°, 54.2°, 56.7°, 57.5°, 63.5°, 68.6° and 74.9° correspond to Zr(MoOs),
spinel phase. Molybdenum trioxide (MoQs3) can exist in two crystalline polymorphs, the
thermodynamically stable orthorhombic MoO3 and meta-stable monoclinic -phase. Pure
MoOs shows well defined diffraction peaks at 26 values of 12.7°, 23.3°, 25.7°, 27.3°,
33.7°, 38.9°, 46.2°, and 49.2° corresponding to orthorhombic phase ((JCPDS file No. 05-
0508). From above 260 values it can be seen that the diffraction peaks of cubic zirconia
appear at same 20 as that of tetragonal zirconia with similar relative intensities, thus
making it very difficult to differentiate cubic and tetragonal zirconia phase just with the
help of XRD spectrum. Also some of the 26 values of monoclinic phase either overlap or
fall adjacent to the 26 values of pure MoOj; and/or Zr(Mo0OQ,), phase. Therefore additional
spectroscopy and microscopy techniques were used to confirm the meta-stable tetragonal
phase and the formation Zr(MoQOs),, which will seen later in this chapter. MoOs-/ZrO,
catalyst prepared in this study clearly confirmed the beneficial effect of molybdenum on
zirconia, with respect to surface area and tetragonal phase stability (Table 4.2). The size
of the t-ZrO, crystallites, estimated from X-ray line broadening were found to be between
10 to 22 nm. The t-ZrO, crystallites of the impregnated samples were smaller as
compared to the crystallites of the sample prepared via co-precipitation method, with
same MoOj loading. Fig. 4.2 shows the XRD patterns of 15MZcp-I catalyst calcined at
temperatures from 400 °C to 800 °C. Initially at 400 °C 15MZcp-1I sample is totally
amorphous, when calcined at 500 °C poorly crystalline with majority of the phase still
amorphous is obtained. However, formation of pure tetragonal zirconia is observed at 600
°C. This phase is stable up to 800 °C. The characteristics peak reflections from the

monoclinic phase are absent in the XRD profile of 15MZcp-I sample calcined at all
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temperatures. The selective formation of the tetragonal phase can be ascribed to the
reduction in the grain boundary area which prevents the mobility of the ions during phase
transformation. It has also been reported that there is a critical crystallite size of zirconia

below which the tetragonal phase is stabilized [6].

@ - Tetragonal ZrO,
W - Hexagonal Zr(MoO,),

. .
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Fig. 4.2: XRD patterns of 15MZcp-I catalyst calcined at various temperatures from 400
°C to 800 °C.

In the present study, it is believed that, crystallites lower then 30nm and well dispersed
mono-layer formation of MoOs on the surface and grain boundary region helps in the
stabilization of the tetragonal phase. As no XRD lines were observed due to crystalline
MoO; phase, it can be inferred that the molybdenum oxide is in a highly dispersed state
or the formed crystallites if any are less than the detection capacity of the XRD
technique. This observation also back up the possibility that 15 wt % loading of

molybdenum oxide chosen in the present investigation corresponds to the monolayer
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capacity of the support. Calafat et al. [8] reported X-ray diffraction patterns of MoOs-
ZrO, catalysts and the formation of Zr(MoOQO,), at equivalent contents of MoO; for
catalysts obtained by co-precipitation and calcined at 700 °C. Such a product of the solid-
state reaction between the deposited MoO; and ZrO, matrix is often formed at higher
molybdena (>10wt%) loadings and upon calcination temperatures exceeding 500 °C
[8,91,92]. However in our studies, XRD patterns of the 15MZcp7C-I shows no detectable
crystalline phase by XRD corresponding to Zr(MoQO,),, even though the sample contains
more then 10 wt% of MoO; and has been calcined at 700 °C. Non observation of this
phase at the particular temperature may be attributed to the modified synthesis procedure
and optimized calcination programme, due to which the MoQOj is in amorphous phase or
in molecular-type species without well defined crystallinty and/or due to limitations of
XRD. But when calcination temperature is increased to 800 °C, along with pure
tetragonal zirconia small ratio of Zr(MoOQ,), is also formed, which could be detected by
XRD. When catalyst is calcined at 800 °C, slight decrease in the intensity of ZrO, line
was found, this clearly suggests the formation of Zr(MoQO,), compound is at the expense
ZrO; species. To assess the formation of bulk Zr(MoOQy), as a function of MoOs loading
at fixed calcination temperature (700 °C), MoQ;-ZrO, catalyst prepared via co-
precipitation method with different loading of MoOs were analyzed by XRD (Fig 4.3). In
addition to tetragonal peaks, a peak at 20 value 23+0.1 was observed for samples
20MZcp7C-1 and 30MZcp7C-1, which has been assigned to Zr(MoQOys),, whose XRD
reflections were indexed as a hexagonal cell (JCPDS file No. 38-1466). Assignment of
this peak to Zr(MoQOs), was done only after studying Raman and FT-IR data because of
their ability to discriminate various oxide species. The stable structure of Zr(MoQx), at
700 °C is hexagonal with two-dimensional networks of MoQ, tetrahedra and ZrOg
octahedra [93]. The intensity of the Zr(MoO,), peak was found to increase with the
increase of MoO; loading which is in accordance with earlier reports [54]. For
comparison purpose XRD pattern of orthorhombic MoOs is also given in Fig. 4.3. From
20 values mentioned at beginning and the XRD patterns given in Fig. 4.3, it can judged
that it is pretty difficult to identify and differentiate various phases formed in the MoOs-
Z1r0O; catalyst using XRD technique alone.
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Fig. 4.3: XRD patterns of MoOs-ZrO, catalyst prepared via co-precipitation method with

varying MoOjs content and calcined at temperature 700 °C. Orthorhombic a-MoQj is also
shown at the bottom.

Influence of various process parameters for impregnation catalyst as well influence of
synthesis method adopted on the phase formation was analyzed by XRD. Fig. 4.4 shows
XRD profiles of M0QO;-/ZrO; catalyst having 15wt% MoQs3, calcined at 700 and 800 °C.
The selective stabilization of the tetragonal phase was also noted for impregnated
samples, however, Zr(MoQOj), phase transformation is more pronounced, which may be
due to impregnation of MoOs; on ZrO, rather then co-precipitation. Formation of the
Zr(Mo0Q,), compound is been attributed to the resemblance in the sizes of ZrO, and Mo®

as suggested in literature [94]. Meanwhile, the increase of peak intensity at 20 value of
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234+0.1 when calcination temperature is increased from 700 to 800 °C indicates elevated
formation of Zr(MoQy), [6]. From the above results it can be concluded that different
materials are obtained by different methods of preparations which leads to the formation

of different phases when calcined at higher temperatures

(a) @ - Tetragonal ZrO, (b) @ - Tetragonal ZrO,
B - Hexagonal Zr(MoO,), B - Hexagonal Zr(MoO,),
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Fig. 4.4: XRD patterns of 15wt%MoOs-/ZrO, catalyst prepared by different synthesis

parameters and methods (a) calcined at 700 °C, (b) calcined at 800 °C.
4.2.4. N, Adsorption Analysis

It is necessary to examine the effect of molybdenum oxide on the surface
properties of catalysts, that is, specific surface area, pore volume/diameter, acidity, and
acid strength. The specific surface areas, pore volume, pore diameter etc of samples
calcined at 700 °C for 3 hr are listed in Table 4.2. The presence of molybdenum oxide
strongly influences the surface area in comparison with the pure ZrO,. Specific surface
areas of MoOs-/ZrO, samples are larger than that of pure ZrO, calcined at the same
temperature, showing a gradual increase in surface area with increasing loading of

molybdenum oxide content up to 20 wt%. The observed increase in the specific surface
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areas may be due to the formation of Mo—O-Zr linkages, resulting in mesoporosity [95].
Please refer to Chapter-3 wherein pure ZrO, sample ZIV-7C shows surface area of 73
m?*/g with some monoclinic phase, this sample is prepared and calcined under identical
conditions as that of sample 15MZcp7C-I.

Table 4.2: Volume % tetragonal phase of zirconia, particle size, BET surface area, pore
volume, pore diameter and acidity of MoOs-/ZrQO, catalysts calcined at 700 °C.

Sr. Sample Volume % Particle SgET Pore | Pore NH;
No Designation {-ZrO, [XRD] Size (nm) (m?/g) Dia. | Vol. | desorbed
) [XRD] (nm) | (cc/g) | (mmol/g)
1 10MZcp7C-1 100 15.2 79 7.8 0.15 0.35
2 15MZcp7C-1 100 15.3 81 6.0 0.13 0.38
3 20MZcp7C-1 100 14.7 93 6.0 0.12 0.40
4 30MZcp7C-1 100 22.0 64 5.6 0.10 0.40
5 15MZim7C-1 100 11.7 84 5.9 0.12 0.38
6 15MZim7C-II 100 10.3 96 7.7 0.18 0.45
7 | 15MZim7C-III 100 14.9 90 7.2 0.17 0.41

Comparing the surface area of sample ZIV-7C with M0Os-/ZrO, catalyst with varying
MoO; loading, indicates that difference in their surface areas is not noticeably higher
when compared with 10MZcp7C-I (79 m?/g), but as the MoO; loading increases the
surface area gradually increases, providing extra MoOs for stabilization of ZrO,. It seems
likely that the interaction between molybdenum oxide and ZrO, protects catalysts from
sintering. A loss in surface area is observed on increasing MoQOs loading beyond 20wt%
which is accordance with the earlier reports [53,96]. The pore volumes of the samples
also decrease with Mo loading at same calcination temperatures. The loss in pore volume
noticed is probably due to the blocking of some of the pores by large MoOs deposits or
solid state reaction between Mo and Zr forming bulkier Zr(MoOy), reducing the pore
volume without much affecting the diameter of the residual pores. These species are also
less effective in improving the thermal stability of ZrO,. In general, the average pore
diameters of samples loaded with 15wt% MoO; and calcined at 700 °C is between 5.9 -
7.7 nm. Sample 15MZim7C-III prepared in the presence of surfactant under identical
synthesis condition as that 15MZim7C-I show very marginal increase in surface area,
while a substantial increase in pore size and volume was observed [50,97]. Although the
results are not exciting since the increase in surface area is not high enough even after the
addition of surfactant, but indicates, addition of surfactant helps in increasing the

mesoporosity of the samples. One apparent possible reason for under achieved surface

Ph.D Thesis - 166 - University of Pune



Chapter-4 Molybdenum Oxide Supported Zirconia

area could be due to higher calcination temperatures, pore collapse and various other
reasons as discussed in detail under the section 3.6 (Mesoporous Zirconia) in Chapter-3.
Further more optimization of the synthesis parameters was not done for the preparation of
I15MZim-III, with respect to surfactant to zirconia ratio etc., if done can lead better
quality of materials with improved surface area. Highest surface area is obtained for
sample 15MZim7C-1 (96 m?/g), which is prepared using digestion-d2 method, is also
higher when compared to pure ZrO, sample ZIII-7C (90 m?*/g) prepared under identical
conditions in the absence of Mo. From these observations it can concluded that using
optimized synthesis parameters for obtaining high surface zirconia, loading them with
foreign ion will definitely increase its stability to a great level, but not the surface area, to
a higher extent. However MoOs-/ZrO, samples prepared in this study showed higher
surface area than found by other works in the literature [7,8]. This suggests that the
precursors and synthesis method used are appropriate for production of catalysts with
high surface area and single tetragonal phase. A comparison between synthesis procedure
used and the surface area obtained for 15wt% MoQ;-/ZrO, catalyst, calcined at 700 °C
(Fig. 4.5) gives an idea about the changes in the properties of the sample upon altering

the synthesis procedure.

120 T . T . T . T 10
—m— BET Surface Area (m’/g) —
—_— —o— Average Pore Diameter (nm) IS
=) NS
NE].OO 1 /l E
o 96[m*g] : @
(]
:: //./ gos[mzlg]_s_g
© 804 = 84[m’/g] | O
“_E, 7.2(nm) 7 S
n )
— 601 ‘ &
N o5
6.0(nm)  5.9(nm) 3:
40 : - : 5
15MZcp7C-I][ 15MZim7C-][ 15MZim7C-Ii][ 15MZim7C-lll

Fig. 4.5: Surface area and pore diameter of 15 wt%, MoQO3-/ZrO; catalyst prepared under
varying synthesis conditions and calcined at 700 °C.

The nitrogen adsorption—desorption isotherms in Fig. 4.6 are of mix type, primarily III
and IV type, with the presence of both H2 and H3 hysteresis indicating the combined
presence of ink-bottle, wedge and slit-shaped pores. Samples 15MZcp7C-1 and
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I5MZim7C-1 show isotherms closer to Type IV, with H2 type of hysteresis while
samples 15MZim7C-II and 15MZim7C-III display Type III isotherm, with H3 hysteresis.
Typically H2 hysteresis loop has a strong steep desorption branch and a more or less
sloping adsorption branch. It may arise from the same types of open capillaries as are
responsible for H1 hysteresis. H2 type hysteresis loop is typical for wormhole structured

mesoporous materials such MSU, disordered MCM-41 etc [98].
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Fig. 4.6: N, adsorption/desorption isotherms and corresponding BJH pore size
distribution (Inset) of 15 wt%, MoOs-/ZrO, catalyst prepared under varying synthesis
conditions and calcined at 700 °C

A change of hysterisis loop shape towards H3 type indicates changes in the mesopore
size and shape towards micro-porosity level. While Type H3 is usually found on solids
consisting of aggregates or agglomerates of particles forming slit shaped pores (plates or
edged particles like cubes), with non-uniform size and/or shape. Although there is

variation in the hysteresis loops, all of them have appeared in the relative pressure range
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0f 0.50-0.90, and also these samples showed narrow BJH pore size distributions, which is
probably cased by the oxygen escape from the metal oxide surface under high calcined
temperature [99]. These indicated that the samples were of mesoporous type rather then
microporous. Sample 15MZim7C-II is digested for longer period of time while
15MZim7C-II1 is prepared in the presence of surfactant, therefore both these samples are
expected to have pores larger in size as compared to samples 15MZim7C-I and
15MZcp7C-I. This was evident from pore volume and pore diameter data given Table
4.2. Surprisingly isotherms of the sample 15MZim7C-I and 15MZcp7C-I are some what
identical even though they have been prepared by different methods, impregnation and
co-precipitation respectively. On the other hand isotherms of the samples 15MZim7C-I
and 15MZim7C-II are different even though they have been prepared by impregnation
method. The relative changes in the synthesis parameters have led to formation different
isotherms. Dependence of the type and shape of isotherms and hysteresis loop for similar

type of materials was also observed earlier [100].

4.2.5. Temperature Programmed Desorption of NH3

Temperature-programmed desorption (TPD) using probe molecules like ammonia
and pyridine is a popular method for the determination of acidity of solid catalysts as well
as acid strength. In the present investigation the acidity measurements have been carried
out by the ammonia TPD method. The temperature-programmed desorption profiles of 15

wt % MoOs-/ZrO; catalysts are presented in Fig. 4.7.
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Fig. 4.7: NH;-Temperature programmed desorption profiles of 15 wt % MoOs-/ZrO,

catalysts prepared via different synthesis method and parameters.
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The temperature programmed desorption-curves were integrated and the total amount of
NH; desorbed was calculated from the curves by injection of known volumes of a
standard mixture of NHs/He. In order to understand the acidity characteristics of the
samples better, it was decided to remove the contribution from physical adsorption (if
any) and from very weak acid sites. Therefore, the acidities of the samples were
calculated from the amount of NH; desorbing in the temperature range of 100-500 °C.
The acidity values of MoOs-ZrO, catalyst with varying MoO; loading prepared by co-
precipitation method and 15 wt % MoO3/ZrO, catalyst prepared by impregnation method
by changing the synthesis parameters are given in Table 4.2. The area of the NH; TPD
profile in the temperature regions, < 250, 250-450, and >450 °C, are defined here,
respectively, as “weak”, “medium”, and “strong” acid sites to understand the distribution
of acid site concentration. A broad desorption peak, with a peak top at 200 °C was
obtained for sample 15MZcp7C-I, which indicates the equal contribution of weak and
medium acid sites in to the total acid amount of catalyst. Similar distributions of weak
and medium acid sites are observed for 10 and 30 wt.% MoOs loaded catalysts, whereas
20wt% MoOs3-ZrO; has slightly higher concentrations of both. It is evident from the data
that there is an initial increase in the acidity up to 20wt% loading, and thereafter no major
changes in the acidity could be seen. ZrO; is an almost neutral metal oxide, the acid site
(Zr*") and the base site (O”) being very weak [101]. As proposed earlier by Zaho et al.
[22,91,102], MoO; at monolayer coverage on ZrO, support leads to the formation of Mo-
O-Zr surface species. This Mo-Zr interaction was found responsible for the higher acidity
in the respective catalyst. The generation of acid sites attributed to polymolybdate species
was greatly improved upon increasing the molybdenum content up to 20wt%. However,
formation of MoO3 or Zr(MoQOs), phases at higher calcination temperature (700°C) and
MoOj; loading may lead to drastic decrease of both Lewis surface acidity and surface area
of the samples. However from Table 4.2 sample 30MZcp7C-I show decrease in surface
area but acidity remains same. Such differences are probably due to the basicity of
ammonia, pore blocking or due to the different extent with which ammonia and N,
diffuse into the interior of MoOs;-/ZrO, micro-pores, respectively. It was found that the
sample 15MZim7C-II calcined at 700 °C posses’ highest acidity (0.45 mmol/g) as
compared with all other samples. A broad desorption peak similar to the TPD profile of
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sample 15MZcp7C-1, with a peak top at 220 °C is observed for sample 15MZim7C-II. It
can therefore be concluded that all MoOs-/ZrO, catalyst irrespective of preparation
method or MoOs loading contains contribution of weak and medium acid sites only in the
total acid amount of catalyst. Form various spectroscopy and X-ray results, 15wt%
MoOs/ZrO, catalysts prepared by impregnation method, MoO; is present in highly
dispersed state below temperatures 600 °C and are transformed to Zr(MoQOy), crystallites
when temperature is increased above 600 °C, these crystallites are comparatively higher
in impregnated samples when compared with sample 15MZcp7C-I which shows very less
presence Zr(MoQy),. Inexplicably catalysts prepared by impregnation method shows
higher acidity as compared to catalyst prepared using co-precipitation method with same
loading of MoOs. There could various possible reasons for this kind of behavior; such as
difference in surface area, pore size etc and also due to some un-certainty of ammonia

TPD, few of which are mentioned in chapter-1.

4.2.6. Surface Density — EDX/AAS

The Mo surface densities per unit surface area were calculated from the MoO;
concentration and the BET surface area measured using EDX/AAS and N, physisorption
respectively. The molybdenum surface densities, expressed as the number of Mo atoms
per nanometer square area (Mo-atoms/ nm?®), were calculated using the following
equation: Surface density of Mo = {[MoOs loading (wt.%)/100] x 6.023x107} / {[144
(F.W. of MoO3) x BET surface area (mz/g) x 10'®]} and are given in Table 4.3.

Table 4.3: MoO; concentration (wt%) measured and surface density (Mo-atoms/nm?),
estimated by EDX and AAS, averaged values of both the techniques are also given.

St Sample Wt.% M0Q3 Mo—atgrns Average Average

No Designation Concentration /nm Wt.% MoO; Mo- )
Input | EDX | AAS | EDX | AAS Conc. atoms/nm

1 10MZcp7C-1 10 7.9 99 | 419 | 527 8.94 4.73

2 15MZcp7C-1 15 11.6 | 144 | 6.03 | 7.46 13.07 6.75

3 20MZcp7C-1 20 144 | 19.0 | 649 | 8.55 16.73 7.52

4 30MZcp7C-1 30 253 | 28.7 | 16.53 | 18.76 27.02 17.66

5 15MZim7C-1 15 12.0 | 13.8 | 598 | 6.87 12.91 6.43

6 15MZim7C-11 15 139 | 144 | 6.06 | 6.27 14.17 6.17

7 | 15MZim7C-III 15 13.1 | 143 | 6.09 | 6.65 13.74 6.39

They show that an increase of the MoO; loading results in an increase of the Mo surface

density. The Mo surface densities of MoO3-/ZrO; catalysts also depend on the calcination
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temperature and surface area. All 15 wt% MoO;-/ZrO, catalysts calcined at 700 °C
showed surface density ~ 6.4 Mo-atoms/nm®, well above the reported mono-layer
coverage. I. E. Wachs has determined monolayer coverages of several surface metal
oxides on different oxide supports by Raman spectroscopy [103]. In his report
molybdenum on zirconia formed a monolayer and almost completely covered the surface
with ~5 Mo-atoms/nm’. The polymolybdate saturation capacity on several metal oxide
supports has been reported to be ~5 Mo-atoms/nm’, from equilibrium adsorption
measurement from aqueous molybdate solutions [104,105,106] X-ray diffraction,
[10,49,107,108,109] and XPS [110,111]. These experimental results are in agreement
with the theoretical monolayer coverage of 4.9 Mo-atoms/nm” calculated from the
effective ionic diameter of MoOg octahedra [112]. The surface density of MoO; on ZrO,
is widely utilized to evaluate the activity, MoOs cluster size, acid nature, and structure of
Mo0Os3-/ZrO; and related materials [6,10,19,54,113]. As we can see that surface density
plays a very important role in these type of solid acid catalyst, and therefore its
estimation/calculation from measured MoQOs; concentration and surface area is also
important. Consequently surface density estimation/calculation depends on how
accurately/systematically MoOs concentration in the catalyst and surface area is
determined. There are barely any reports were in estimation of MoOs concentration has
been done systematically or given significance. During these studies we have tried to
estimate MoQO; concentration by different analytical techniques with highest possible
accuracy and an average value is used for calculation of surface density, thereby
achieving closet actual surface density. All the MoOs-/ZrO, sample surfaces were
analyzed by SEM-EDX to determine the surface composition and the morphologic
features. An illustration, 30MZcp7C-I sample EDX spectrum in given in Fig. 4.8. The
elemental wt % given in the inset of Fig. 4.8 is converted to oxide wt% and this value is
reported. Similarly MoOs; wt % for all other MoOs-/ZrO, catalyst is been estimated and
its corresponding surface density values are given in Table 4.3. If not otherwise
mentioned, all concentration values are given in percent of the element as oxide in its
highest stable state of oxidation in the sample. AAS was also employed for the estimation
of MoOs concentration, as the determination of bulk chemical composition is of

paramount importance in monitoring and evaluating the properties and stability of
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catalysts. Surface density values were calculated from the MoOj; concentration obtained
from AAS analysis. The results of the investigations by EDX and AAS are summarized
in Table 4.3. In general, the surface concentration of MoOs, determined by EDX, was
lower than that determined from AAS analysis. Similar results were observed previously
for MoOs based oxide materials [19]. Sighting differences in the MoOj; concentration and
its corresponding surface density values from the two analytical methods, an average of
EDX and AAS values are composed and tabulated, which throws light on surface and

bulk MoOs concentration and its surface density values.

cps/eV.
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ElI AN Series unn. C norm. C Atom. C Error

[wt.%] [wt.%] [at-%] [%]
Zr 40 L-series 59.63 73.34 74.31 3.1
Mo 42 L-series 21.68 26.66 25.69 1.9

o84 B | e

wo Total: 81.31 100.00 100.00

1 2 3 4 5 6 7 8 9 10

Fig. 4.8: EDX spectrum of 30MZcp7C-I sample. (Inset normalized Wt.% of Mo and Zr).

The strong variation and lower values of the EDX, is the result of a typical behavior of
the SEM-EDX, it is surface analysis, and shows therefore only a part of the whole
analytical information, this is in total contrast to conventional AAS which shows an
averaged analysis for every sample. However dissolution process necessary for
conventional atomic spectroscopy is sometimes tedious and requires a good analytical
hand, while sample preparation for EDX is fast and easy. AAS has the advantage of
lower detection limits with a higher accuracy, even for the light elements, compared to
the SEM-EDX. On the other hand SEM-EDX is non-destructive; able to detect elements
like S, but it is a standard-less technique (semi-quantitative). The final conclusion of this

investigation is that the ideal way is an analysis of the sample with both systems; first
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qualitative and semi-quantitative overview by SEM-EDX and then a precise

quantification of the results by AAS.

4.2.7. Raman Analysis

Zirconia supports possess strong Raman bands below approximately 700 cm
because of some covalent bonding character of Zr-O bond. Strong background
frequencies below 700 cm™ of tetragonal zirconia can mask the absorption of the MoOs.
If these support bands do not get subtracted off reliably; the region above 700 cm™ is
generally used for analysis, this is especially true when MoO; loading is below
monolayer coverage. As monolayer completes at surface density ~5 Mo-atoms/nm?, the
ZrO; bands are hardly seen above this loading, above monolayer loadings only MoOs
bands are seen [53]. Sighting above reasons Raman spectra for MoO;-/ZrO; catalysts
only above 700 cm™ was collected in the present study. This frequency range covers the
anti-symmetric Mo-O-Mo and symmetric and anti-symmetric Mo=O terminal stretches of
the isopolyanions of molybdenum and oxygen. Raman spectroscopy is a valuable tool for
the characterization of dispersed metal oxides and detects vibrational modes of surface
and bulk structures. The Raman spectrum of amorphous zirconia is characterized by a
168, 402, and 525 cm™' bands or a very weak and broad band is observed at 550-600 cm™
[53,54]. The Raman spectrum of a pure metastable cubic ZrO,, showed only a weak
broad line at 490 cm™ [114]. Tetragonal zirconia is expected to yield a spectrum
consisting of Raman bands with frequencies at about 148, 263, 325, 472, 608, and 640
cm™!, while monoclinic zirconia exhibits the characteristic features at 180, 188, 221, 380,
476, 618 and 637 cm™ [115,116]. Shown in Fig. 4.9 (a)(Inset), is our Raman result of
pure zirconia (ZIV-7C) scanned below 700 cm™. In the lower-frequency region,
characteristic bands of monoclinic and tetragonal zirconia were observed for the sample
ZIV-7C with no band at 490+10 cm™', which are consistent with XRD and FT-IR results.
The frequency shifts of the tetragonal and monoclinic vibrational modes are slightly
modified due to thermal broadening [117]. Confirmation of tetragonal phase for MoOs-
/ZrO, samples was confirmed by XRD and FT-IR results which are consistent with TEM
(SAED) results. The major vibrational modes of MoOs are located at 992, 818, 662, and
280 cm™ (Fig. 4.9 (a)), and have been assigned to the Mo=0 stretching mode, the Mo-O-
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Mo stretching mode, OMo3 vibration mode, and the Mo=0 deformation mode,

respectively [118].
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Fig. 4.9: Raman spectra of (a) Pure ZrO, and MoOs, 15 and 30 wt% MoO;-ZrO,
catalysts prepared by co-precipitation method and calcined at 700 °C. (Inset Raman
spectra of sample ZIV-7C) (b) 15wt%MoOs-/ZrO, catalyst prepared by different
synthesis parameters and methods calcined at 700°C

The Raman bands at 740, 940, and 998 cm’! were assigned to ysym(O-Mo-0), vasym(O-Mo-
0), and ,(M=0) vibrational modes of Zr(MoQOs),. S. Xie et. al. detected MoO; and
Zr(MoQy4), by Raman and for larger crystallites by X-ray diffraction, for MoOs-/ZrO,

samples with Mo surface densities greater than 5 Mo/nm? [54]. The detection limit of
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XRD for MoOj; crystals lays around 5 nm sized crystallites [119,120]. Raman
spectroscopy analysis is delicate in the present case because of the intense fluorescence
background of the zirconia support [121]. On the other hand, MoOs crystals, even very
small crystallites are strong Raman scatterer and are readily detected if present [122,123].
In the present studies all the 15 wt% MoO;-/ZrO, catalyst prepared, completes monolayer
coverage with surface densities greater than 5 Mo-atoms/nm” and show Zr(MoOy), phase,
(Fig. 4.9 (b)), identified by its characteristic Raman bands at 740, 940, and 998 cm™.
Also shown in Fig. 4.9 (a), the amount of Zr(MoOy), phase increased with the MoOs
loading from 15wt% to 30 wt% [10]. Zr(MoQy4), bands become more intense with
increasing MoO; loading at the expense of weaker MoO; bands, suggesting that
Zr(MoQy), forms via reaction of MoOs crystallites with ZrO,, as discussed earlier in the
XRD section. The two bands at 845 and 980 cm™ in the range of 800-1000 cm™ are been
masked by the more intense and broad 810 and 998 cm™ bands which may be due to the
strong interaction of molybdena with ZrO,. The distortion and different extent of
interaction among surface molybdenum oxygen species should be responsible for the
large width and shift of the bands as compared with the bands of lone oxides. The 845
and 980 cm” bands correspond to Mo-O-Mo and Mo=0 stretching vibrations in
polymolybdates, respectively [54,124,125]. The band at 980 cm™ arise from Mo=0
stretching modes of dispersed two dimensional polymolybdates and the band at 845 cm™
is assigned to isolated tetrahedral MoOy species [126]. Generally, tetrahedral MoO4
species have been assigned for low MoOs; loading samples, and two-dimensional
polymolybdates or octahedral molybdenum—oxygen species with characteristic band
around 950-980 cm', for high MoO; loading samples [110,127]. For samples with, well
below the monolayer value of ~5 Mo/nm’ neither Raman spectroscopy nor X-ray
diffraction detected bulk MoOj; or Zr(MoOs), structures at all treatment temperatures.
[54]. However in our case surface density is well above 5 Mo-atoms/nm” for all 15wt %
MoOs-/ZrO, catalyst, which showed band at 810 cm’' that is characteristic of crystallite
MoOs;, which suggests the presence of crystalline MoOs structure. The fraction of Mo
present as crystalline MoOs for this sample was estimated by Raman spectroscopy using
a method previously reported, [128] which was less then 5 % for sample 15MZcp7C-1.

Thus, we conclude that 15wt% MoO;-/ZrO, catalysts contain predominately
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polymolybdates, as also evidenced by the absence of any MoO; diffractions in the XRD
patterns (Fig. 4.4). In such polymolybdates most Mo sites on the catalysts are very much
accessible to the reactants [124]. At such low content of crystalline MoOs and its
relatively intense Raman peak at 810 cm™ reflects the consensus that Raman scattering
cross sections are 10-0° greater for crystallite MoO; than for dispersed MoO; species

[125,129,130].

4.2.8. DR-UVis Analysis

Among the polymorphic forms of zirconia, the octa-coordinated tetragonal (space
group P4,/nmc) and cubic (space group Fm3m) phases shows UV absorption maxima in
the range of 200-210nm where as the heptacoordinated monoclinic phase (space group
P,1/c) shows maxima around 240nm [131]. It has been observed that as the coordination
number of Zr*" ion decreases from 8 to 6, the ligand—metal charge transfer transition
(LMCT) absorption maxima progressively shifts to lower energy (higher wavelength)
[116,132]. UV and Raman spectroscopy is useful in distinguishing the monoclinic and
tetragonal phases of zirconia [133]. The UV—Vis spectra of pure ZrO, was also taken
(Fig. 4.10) in order to substantiate various phases observed in XRD and other
spectroscopy techniques. Even though, diffuse reflectance usually gives broad and
overlapping bands leading to a biased spectral analysis, (Chapter-2, DR-UVvis section
2.4.5) ZrO, spectrum was primarily used to ascertain any overlapping bands with that of
MoOs-/ZrO; catalysts. The prominent absorption band observed for pure zirconia (ZIV-
7C, Chapter-3) at peak maxima of 213 nm can be assigned to the O >Zr*" charge
transfer transition arising out of the tetragonal phase of zirconia. This observation is
complementary to the XRD and FT-IR result where stabilization of meta-tetragonal phase
was observed. Although the band is not sharp with peak maximum at 213 nm, it also
shows a broad absorption at around 248nm. These data strongly support the idea that
eight-coordinate tetravalent Zr species (like those of tetragonal zirconia) are responsible
for the absorption in the range 200 — 215 nm, while seven-coordinate Zr species (like
those of monoclinic zirconia) are responsible for a split absorption with an additional
component at 248 nm [134]. UV results corroborate with the XRD and IR values thus

supporting the evidence of tetragonal phase with small amount monoclinic phase in

Ph.D Thesis -177 - University of Pune



Chapter-4 Molybdenum Oxide Supported Zirconia

sample ZIV-7C (Chapter-3, Fig. 3.14). Addition of MoOj to zirconia matrix significantly

modifies the spectra of ZrO, materials (Fig. 4.10).
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Fig. 4.10: UVvis spectra of pure MoOs, ZrO, (Sample ZIV-7C, from Chapter-3) and 15
wt% MoOs-/ZrO, catalyst calcined at 700 °C, prepared under different synthesis
conditions.

The MoOs-/ZrO, catalyst shows absorption features which are different from the

individual oxide components. Earlier studies on the UV—vis spectra of dispersed MoOs
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system have revealed three absorption regions corresponding to the presence of isolated
molybdate species (220-250 nm), polymolybdate clusters (260—-290 nm) and bulk type
molybdate (>315 nm) [10,135,136,137,138]. Various oxo-molybdenum compounds give
absorption bands in UV-vis region due to ligand-metal charge transfer (O >Mo®"). The
position of this electronic transition depends on the ligand field symmetry surrounding
the Mo centre. For oxygen ligands, a higher energy transition is expected for tetrahedral
(Td) Mo®" than for an octahedral (Oh) one [111,139]. The absorption at 285 nm has been
assigned by earlier workers to octahedral Mo species, and 230 run to both octahedral and
tetrahedral Mo species [140]. As the absorption at 230 nm could arise from both
tetrahedral and octahedral Mo®" species, it is not possible to know if Mo is present in
tetrahedral coordination in the samples. In any case, more Mo ions are likely to be
present as octahedral species. These species are probably associated with defect sites. The
UV-visible DR spectra of 15wt% MoOs-/ZrO, catalysts calcined at 700 °C, prepared
under different synthesis conditions are shown in Fig. 4.10, are helpful in identifying the
structures of the molybdenum species dispersed in/on t-ZrO,. Broad absorption bands in

the range of 220-315 nm are observed for all the samples with the different absorption

maximum for co-precipitation sample 15MZcp7C-1 being at 284 nm, while the
absorption maximum for all impregnated samples was at about 314 nm. The UV—Vis
spectra of the MoO;-ZrO, materials prepared by impregnation method and calcined at
700 °C show a prominent peak at 314 nm corresponding to coexistence of surface poly-
molybdate species with Zr(MoQOy), compound. The inclination, broadness and the range
of the bands suggest the presence of a wide variety of Mo®" species in the samples with
both Tetrahedral (Th) and Octahedral (Oh) coordination. Considering the asymmetric
nature of the spectra for the MoO;-/ZrO, catalyst it is likely that poly-molybdate species
such as hepta-molybdate clusters can exist on the zirconia surface. Liu et al. have
assigned the peak at ~300 nm to the presence of hepta-molybdate clusters for MoO3/ZrO,
catalyst [10]. In the present study, such clusters can exist in the zirconia matrix in a well
dispersed state. However most likely species are of poly-oxo molybdenum with Oh
coordination and some dispersed zirconium molybdate with Td coordination. There is a
decrease in the band intensity after peak maximum at 284 nm for sample 15MZcp7C-I

suggests fewer formation Zr(MoQs),, also supported by XRD and RAMAN data. Pure
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MoOs shows two well defined absorption bands at 240 and 340nm (Fig. 4.10). Since
Mo®" has a d° electronic configuration, the only absorption feature expected is due to the
ligand—metal charge transfer transition (LMCT), O >Mo®" which occur in the range of
200—400 nm. Depending on the coordination preference and local symmetry, Mo (VI)
ions show different absorption bands in the electronic spectrum. The peak at 240nm for
pure MoO; has been assigned to the isolated MoO4 species with tetrahedral symmetry
where as the peak at 340nm has been assigned to bulk type polymolybdate species
[10,135,136]. UV Vis studies also ascertain that the molybdate species exist in a highly
dispersed from in the composite oxide and indication of the presence of bulk type
molybdate in the differently prepared 15wt% MoOs-/ZrO, catalyst calcined at 700 °C.
However the band with peak maxima at 340 nm corresponding to the bulk type MoOs
was absent for all samples, but showed absorption in that region, indicating presence of

small amounts of bulk type molybdate, also identified by Raman studies.

4.2.9. FT-Infrared Spectroscopy Analysis

The surface metal oxide species are usually the active catalytic components
(chromium oxide, molybdenum oxide, tungsten oxide, vanadium oxide, etc.) on the high
surface area oxide support (alumina, titania, zirconia, niobia, silica, etc.), in such
supported metal oxide catalysts. Raman and infrared are complementary spectroscopies
that are among the unique characterization techniques that provide fundamental
molecular level information about the surface properties of supported metal oxide
catalysts: molecular structure of the surface metal oxide species (ambient and in situ
conditions), location of the surface metal oxide species, surface coverage of the metal
oxide over layer, distribution of surface Lewis and Bronsted acid sites as well as the
structure of the active surface metal oxide species during catalytic reactions. The
intensities of IR absorption bands depend on the change of the dipole moment brought
about by variations in the molecular geometry for the vibration concerned, while the
intensities of Raman bands depend on the change of polarizability associated with the
vibration. Consequently, bonds possessing ionic character tend to give strong IR signals
and bonds possessing covalent character tend to give strong Raman signals [141]. The
oxide supports generally terminate with -OH bonds which are quite polar and give rise to

strong IR bands in the 3000-4000 cm™ region. The superior surface hydroxyl signals
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observed with IR spectroscopy has made this characterization technique the method of
choice when investigating the surface hydroxyl chemistry of supported metal oxide
catalysts. The IR band at the highest frequency has been assigned to the most basic
hydroxyl group and the decrease in frequency of the surface hydroxyls has been
associated with increasing acidity [103,142]. Deposition of metal oxides on alumina
reveals that the alumina surface hydroxyls are being consumed and that the consumption
of surface hydroxyls proceeds in a sequential fashion: the bands due to the most basic
hydroxyls, located at the higher frequencies, disappear first with bands due to neutral and
more acidic ones disappearing at higher loadings [143]. The broad band centered at about
3400 cm™ is characteristic of residual chemisorbed water. The presence of the adsorbed
moisture also causes the vibrations of OH groups to shift to lower frequency due to
hydrogen bonding [142]. In principle, it should be possible to determine monolayer
surface coverage of the surface metal oxide species from IR experiments since complete
consumption of surface hydroxyls of the oxide support should correspond to monolayer
coverage. However, the IR signal of the surface hydroxyls decreases somewhat more
rapidly than the increasing surface metal oxide coverages [143]. This trend may be due to
broadening of the surface hydroxyl IR signals at high surface metal oxide coverages,
which makes it more difficult to detect their IR signals. CO, chemisorption on oxide
supports, monitored by IR spectroscopy, also generally provides qualitative information
about the surface metal oxide coverage on oxide supports because of its preferential
chemisorption on the more basic hydroxyls that are usually titrated at low surface
coverages [144]. Thus, only qualitative information about the surface coverage of surface
metal oxide species on oxide supports can generally be obtained with IR spectroscopy.
Quantitative determination of the surface coverage of the surface metal oxide species on
oxide supports can be obtained from Raman spectroscopy measurements precisely
because of its ability to discriminate between surface metal oxide species and
microcrystalline metal oxides.

The infrared absorption spectra of various MoOs-/ZrO, samples prepared in this
study, calcined at 700°C are shown in Fig. 4.11. The IR bands at 987, 879 and 623 cm™
in Fig. 4.11 (b) of bulk MoOs are assigned to Mo=0 stretching mode, asymmetric Mo-O-
Mo stretching mode and Mo—O—Mo bending vibration mode, respectively [145]. The first
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strong band in the region 470-501 cm™ is attributed to Zr-O-Zr, stretching vibration

[146].
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Fig. 4.11: FT-IR spectra of (a) MoOs-ZrO, samples with different molybdenum loadings
(10, 15, 20 and 30 wt%) prepared by co-precipitation (b) Pure MoO; and 15wt%
MoO3/ZrO, samples prepared by impregnation methods calcined at 700°C.

A strong and wide band was observed amid 3400-3450 cm™ for all spectra expect for
bulk MoOs, this band could be attributed to O—H stretching vibration. The involvement
of zirconia surface hydroxyls in the interaction with molybdenum MoO,> species, during
catalyst preparation, is manifested by [147]; lower intensity of the band due to free
isolated OH groups compared with the unloaded sample. IR spectrum of all the MoOs-
/Z1O, catalyst also exhibits a band at 1630 cm™ (O-H bending vibration) indicating the
presence of coordinated chemisorbed water molecules, with the peak at 1400 cm™ (O-H
bending vibration) representing surface hydroxyl on the metal oxide surface [148]. In

addition, all impregnated 15wt% MoQOs/ZrO, samples and 10 and 15wt% MoQOs-ZrO;
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samples have a band at around 2361 cm™ that can be attributed to the absorption of COs.
Frausen at al. [149,150] reported the formation of Zr(MoQy); by heating ZrO, with MoOs
together which showed the IR bands at 980, 920 and 800 cm™. By virtue, our IR results
can give an evidence for the formation of the latter compound in spite of the expected
interference with polymolybdate and octahedral molybdenum species. The bands at 976,
905 and 810 cm™ are matching with those at 980, 920 and 800 cm™ respectively, which
confirms formation of Zr(MoOs), in all samples prepared by co-precipitation and
impregnation method. The intensity of these peaks was found to increase with increasing
MoO; loading (Fig. 4.11(a)). In 30MZcp7C-I sample, presence of higher quantity of
Zr(MoOy), fuses 905 and 950 cm™ bands thus giving a major band at 946 cm™ with a
down shoulder at 976 cm™. Also the intensity of Zr(MoO,), bands is higher for samples
by impregnation method as compared to co-precipitation method with same MoO3
loading. Thus, the IR results corroborate well with the Raman and XRD results. The
30MZcp7C-I sample showed a shoulder band at 751 cm™ along with strong band at 810
cm™’, which was related to Zr(MoOy), [96]. This band is usually assigned to monoclinic
zirconia [151,152,153], but none of analytical techniques used in this study for the
examination of 30MZcp7C-I sample confirmed its formation, therefore the existence of
monoclinic phase was ruled out. Generally, in the case of molybdate-promoted samples
the region at 900-1050 cm™ represents terminal Mo=O stretching vibration and that at

700-800 cm™ represents the region of anti-symmetric Mo—O-Mo or O-Mo—-O stretching

vibrations. In the present study a remnant shoulder at 950 cm™, which has been masked
by the presence of more intense band at 976 cm™ under ambient condition (Fig. 4.12) is
assigned to the terminal Mo=0 stretching vibration of the hydrated form of the surface
molybdenyl species [154,155]. This can be rationalized by assuming that the adsorption
of water causes a strong perturbation of the corresponding molybdenum oxide species,
with a consequent strong broadening and shift down of this band. This isolated
molybdenum oxides species is stabilized through multiple Mo-O-Zr bonds between
molybdenum and zirconia surface [10,156]. J. R. Sohn et.al. observed IR band at 997 cm’
' for 15wt% MoQs/ZrO, sample after evacuation at 500 °C, due to Mo=0 stretching
mode of the molybdenum oxide complex bonded to the ZrO, surface, on wet sample this

band shifted to 946 cm™, thus supporting our assignment and assumption [53,154,157].
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Absence of any band around 987 cm™ confirms that Mo oxide is in highly dispersed state

in to zirconia oxide support, which is inline with the earlier reported results.
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Fig. 4.12: FT-IR spectra in the region 700-1100 cm™ of 15wt% MoQ3/ZrO, samples
prepared by impregnation method calcined at 700°C.
4.2.10. SEM & TEM Analysis

The scanning electron micrographs (SEM) of MoOs-ZrO, catalysts prepared via
co-precipitation method with MoOj; loading varying from 10 to 30 wt% is shown in Fig.
4.13. Catalysts prepared by impregnation method with 15 wt% MoOs; are also shown in
this figure. From the SEM images it can depicted that MoOs-ZrO, catalysts consists of
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irregular shape and size particles with good dispersion of the component oxides.
However some visible difference can be spotted in terms of shape of the agglomerates of
the sample prepared via different synthesis methods. Samples prepared via impregnation
method shows mixture of particles consisting of different size (5-10 um) and shape
(round + irregular) while samples prepared via co-precipitation method consists of only
larger irregular agglomerates of size 10-12 um.

High resolution transmission electron microscopy (HRTEM) analysis was also
performed. As an example to compare samples prepared via different methods, TEM
images of samples 15MZcp7C-I and 15MZim7C-I are given in Fig. 4.14 which shows
particle morphology, pore structure and crystal lattice fringes of MoQO;-/ZrO, particles.
Interconnected particles with size of 6-12 nm are observed. Mo dispersion on zirconia
prepared by co-precipitation method seems to be more uniform comparatively to sample
prepared via impregnation method, which may be due to difference in the synthesis
procedure which is reasonably expected. The particles of sample 15MZcp7C-I appear to
be fused and more agglomerated while sample 15MZim7C-I shows loosely bound
particles of primarily round shaped, also supported by SEM images. Selected area
electron diffraction (SAED) pattern of the corresponding image is inserted into the TEM
micrograph. The corresponding diffraction pattern (Inset of Fig. 4.14) shows the presence
of few clear spots along with connecting diffraction rings. The presence of spots along
with the streaks shows the presence of crystallite of reasonably sufficient sizes to diffract.
It also indicates that, after calcination at 700 °C, the particles have been completely
crystallized, since only diffraction spots and not amorphous diffraction rings are
observed. The connecting streaks indicating the short-range order due to presence of
some smaller size particles. Therefore, a well interconnected crystal network has been
formed in the MoOs-/ZrO; particles. SAED pattern, Inset of Fig. 4.14 shows (101), (110),
(112) and (211) diffraction rings. The d-spacings corresponding to the diffraction rings of
the SAED pattern are in agreement with the tetragonal structure (JCPDS 79-1770).
Reflections, such as (102), are allowed for tetragonal structures and forbidden for the
cubic structures [158]. Thus, electron diffraction confirmed that the MoO;-/ZrO, catalysts

consist of tetragonal phase rather than cubic structure.
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Fig. 4.14: TEM micrographs of 15wt% MoQO;-ZrO, -catalysts prepared via co-
precipitation (15MZcp7C-I) and impregnation (I15MZim7C-I) method. (Inset-
corresponding SAED patterns).
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4.3. CATALYTIC ACTIVITY FOR SYNTHESIS OF CHALCONES

Chalcones have been found numerous applications as pesticides, food additives,
solar creams, plastics, pharmaceuticals due to its interesting biological activities.
Traditionally, the synthesis of chalcones via Claisen-Schmidt condensation is carried out
either in basic or in acidic media under homogenous conditions, but poor selectivity,
generation of wastes and laborious separation techniques makes these catalysts
practically inconvenient. In the latest decades, heterogeneous catalysis is widely accepted
as an environmental friendly alternative for fine chemicals synthesis. Metal oxide
catalysts have been used extensively either as such or as supports in conjunction with
other active components for many important industrial reactions. Especially,
molybdenum oxide loaded on various supports have been applied to a vide variety of
catalytic reactions. Molybdenum oxides are the most versatile catalysts which have been
used in a wide range of applications. Although MoQOs-/ZrO, catalyst is well known for its
use in industrially important reactions, the applicability of this important material to
organic synthesis involving biologically important molecules is yet to be explored. This
motivated us to extend their applications to our reaction. Here we report our recent
findings on the efficient synthesis of chalcones by the Claisen-Schmidt condensation
reaction under solvent-free conditions catalyzed by molybdenum oxide on zirconia
materials. Since elimination of organic solvents is a frequent goal in green chemistry, our
catalyst represents a potentially valuable and clean route to prepare a large group of
organic compounds useful for pharmaceuticals. A detailed study of the MoOs loadings,
reaction temperature, influence of solvents, various other reaction conditions and

substituting groups in the aromatic rings on the catalytic performance is carried out.

4.3.1. Catalytic testing of various catalysts

The reaction and analytical procedures adopted have been described in Chapter-2,
Section 2.5.1. The influences of various catalyst and process parameters on isolated yield
and product selectivity were investigated in the studies. The turnover frequency (TOF in
mol/moly, h) for all the catalysts was calculated from the mol. of product formed after 16
h, the actual Mo present and catalyst weight used during the reaction. These are reported

and discussed below. On the basis of some similarities and differences in the
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characteristics of various MoOs3-/ZrO, samples, some initial optimization studies were
carried out using 15MZcp7C-1 for evaluating the efficiency in Claisen-Schmidt
condensation reaction. 15MZcp7C-I sample was selected on basis of the results obtained
from XRD, UV-vis, RAMAN, IR and surface density characterization techniques and the
reactions were carried out with equimolar quantities of benzaldehyde and acetophenone.
The blank reaction carried with pure zirconia sample (ZIV-7C) without MoOs loading,
showed a chalcone product yield less than 30%, as expected, with the increase in

percentage MoOj3 concentration the yield of chalcone increases (Fig. 4.15).
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Fig. 4.15: Effect of MoO; loading (wt%) on the yield of chalcone when reaction was

carried out at 150 °C, 16 h in the presence of 1.5 wt% catalyst. TOF values also provided

The inactivity in the condensation reaction on pure zirconia suggests that Mo ions are
necessary for the higher activity. In order to confirm whether the reaction is based on
pure MoOs it was also tested for the reaction, which showed % yield of 65. Invariably,
the chalcone selectivity was found to be 100 % for all MoO;-/ZrO, catalyst, irrespective
of the conversion levels, except for the pure zirconia and MoOs where in selectivity was
less then 100 %. The details of reactions conditions and %yield are summarized in Table
4.4. Without column chromatography pure products in good yields are obtained using
simple ethanol recrystallization. Moreover, no by products other than chalcone were
observed in our reaction products, indicating that Cannizzaro reaction of aldehyde or
condensation of ketone does not take place under the present reaction conditions.
Increasing the Mo loading increases the product yield, up to 15wt % MoOs; when
calcination is done at 700 °C. Even though 20MZcp7C-I showed slightly higher surface

area and better acid strength the required active Mo species for the reaction may be
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buried/blocked due to formation of Zr(MoQ,), around 700 °C, due to which no increase
in the yield was observed for 20wt % MoOs loading. Further increasing the MoO;
loading decreases the yield.

Table 4.4: Effects of different parameters on MoOs-/ZrO; catalyzed CSC.

Ent BA/AP *Catalyst | Reaction | Reaction | % "
Nor.y Catalyst molar ratio | Wt. (‘%’)) temp (°¢C) | Time (h) | Yield TOF
(A) Comparison with other catalyst -- -- -- -- --
1 ZIV-7C 1:1 1.5 150 16 26 -
2 MoO; 1:1 1.5 150 16 65 499
3 15MZim7C-1 1:1 1.5 150 16 88 | 5235
4 15MZim7C-11 1:1 1.5 150 16 88 | 4770
5 15SMZim7C-I11 1:1 1.5 150 16 90 | 5031
(B) Effect of BA/AP molar ratio -- -- -- -- --
6 15MZcp7C-1 1:0.5 1.5 150 16 48 --
7 15MZcp7C-1 1:1 1.5 150 16 91 5347
8 15MZcp7C-1 1:2 1.5 150 16 92 -
(C) Effect of Solvent -- -- -- -- --
9 15MZcp7C-1 1:1° 1.5 150 16 50 | 2938
10 15MZcp7C-1 1:1° 1.5 150 16 7 411

*- Catalyst Wt% with respect to the weight of total reaction mixture.

a - Solvent benzonitrile (5ml), b - Solvent Dimethyl sulfoxide (5Sml).

* -TOF in mol/moly,h [Turn over frequency i.e. the number of molecules formed per
mole of Mo (catalytic site) per hour]

Using calcination temperature below 700 °C could have reduced the formation of
Zr(MoQy4), but for complete crystallization of zirconia, higher temperatures were
necessary as most of the catalyst prepared showed crystallization exotherm above 600 °C
(Section 4.2.2. TG-DTA Analysis, Fig. 4.1). The rate of chalcone formation (TOF)
decreases continuously due to corresponding increase in the concentration of Mo in the
total amount of catalyst used. This suggests that well dispersed active Mo-surface
polymeric species expected above monolayer coverage are present, while at higher
loadings these species convert into bulk MoO; and/or from solid solution of Zr(MoOs),
which are less active. Superior activity may be due to higher calcination temperatures
which favor formation of more polymeric species. Initial investigations of the various 15
wt% MoOs3-/ZrO; catalyst prepared via different method and synthesis parameters on the
reaction yielded some interesting results. Although, impregnated samples 15MZim7C-I,
15MZim7C-II and 15MZim7C-III are having more or less identical surface density ~6.3

Mo atom/nm’, the catalytic performance of co-precipitation sample 15MZcp7C-I whose

Ph.D Thesis -189 - University of Pune



Chapter-4 Molybdenum Oxide Supported Zirconia

surface density is ~6.7 Mo atom/nm® was found to be almost identical. Fig. 4.16 shows
that the catalyst under solvent-free conditions has much higher yields for chalcone,
indicating that solvent can hamper the conversion of the reactants. This may be due to
dilution of the concentration of the reactant by the solvent molecules, which would
reduce the contact probability between the reactant molecules and the acid active sites on
the catalyst. Conversion of the product was also found dependent on the basis of the
polarity of the solvents used (Table 4.4). The decrease in activity with increasing polarity
of the solvent may be due to stronger interaction of the surface hydroxyl group with the
solvent molecules. As a result, the solvent molecules block the active sites and hinder the
adsorption of the reactant molecules. In highly polar DMSO (Di-methyl Sulfoxide), the
product yield was only 7 % after 16 h. In comparison, when less polar Benzonitrile was

used as solvent, product yield was 50 %, with no variation in selectivity.
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yield and selectivity of chalcone when condensation was carried out at 150°C in the
presence of 15MZcp7C-I catalyst (1.5 wt%). Solvent — Sml.

4.3.2. Influence of the reaction time
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Fig. 4.17: Influence of reaction time on the yield and selectivity of chalcone when
condensation was carried out at 150°C in the presence of 15MZcp7C-I catalyst (1.5 wt%)
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The influence of run duration on product yield and selectivity during the Claisen-Schmidt
condensation reaction under solvent-free conditions catalyzed by 15MZcp7C-I at 150 °C
with 1.5 wt% catalyst is presented in Fig. 4.17. It is noted that the yields increased
linearly with the reaction time till 16 h. All the samples have shown the maximum
conversion after 16 h, continuing the reaction up to 24 h, only marginal increase in the
yield was observed. Therefore, for comparison purpose, the catalytic data after 16 h was

considered.

4.3.3. Influence of the catalyst concentration

The effect of catalyst (15MZcp7C-I) amount on the synthesis of chalcone was
investigated by varying the catalyst amount from 0.7 to 6.0 wt% with respect to total
weight of the reaction mixture (Fig. 4.18).

100’ e ° o °
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o . . .
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Fig. 4.18: Effect of catalyst weight (%) on the yield of chalcone at 150 °C, 16 h.

As the amount of catalyst increased from 0.7 to 1.5 wt%, formation of chalcone increases

from 85 to 91%. Above 1.5 wt% of the catalyst, no significant change occurred. The

optimum catalyst loading was found to be 1.5 wt% for the synthesis of chalcone

[benzaldehyde to acetophenone molar ratio (1:1)], indicating only catalytic amount of

catalyst is required for the reaction which is far less then usually reported catalyst

amount.

4.3.4. Influence of the temperature

The effect of the reaction temperature on the catalytic activity and selectivity was
examined between 100 and 175 °C in the absence of solvent over 15MZcp7C-I catalyst,
are illustrated in Fig. 4.19. It was found that the product yield increased gradually with
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increasing reaction temperature from 100 to 150 °C. One of the reasons for the increased
yields at higher temperature may be ascribed to an enhancement of the rate of interaction
of the reactants on the catalyst surface. As the temperature was further increased, the
yield was almost unchanged and kept around 92%. The leveling off is probably due to the
blockage of catalytic centers by the high concentration of the products at this high
conversion stage. As significant increase in the yield was not noticed beyond 150 °C, all

experiments were done at 150 °C.
|EEA Yield Selectivity |

100

[o2] o]
o o
1 1 s

IS
o
1

% Yield and Selectivity

N
o
1 s

1O(I) C 12I5 C 15(I) C 17I5 C
Temperature in °C
Fig. 4.19: Influence of reaction temperature on the yield of chalcone when condensation

was carried out for 16 h in the presence of 15MZcp7C-I catalyst (1.5 wt%)
4.3.5. Influence of molar ratio of the reactants

For stoichiometric conversion 1 mole of benzaldehyde and 1 mole of
acetophenone are required. An excess of acetophenone in the reaction mixture can
increase the rate of conversion. The molar ratios were changed by keeping the amount of
benzaldehyde constant. The influence of molar ratio on the formation of chalcone was
investigated and the results are presented in Table 4.4. An increase in the molar ratio
from 1 to 2, does not increase the product yield, but the decrease in the molar ratio
significantly decreases the yield. The selectivity does not appear to be influenced by the
molar ratio of the feeds over this catalyst. Based on the above observation, we found that

1:1 molar ratio of benzaldehyde : acetophenone is optimum for high yields.

4.3.6. Catalyst leaching and recycle studies
These experiments were again carried out over the 15MZcp7C-I catalyst. In order
to check the leaching of active species from MoQOs-ZrO, catalysts into the reaction

medium during CSC reaction, the reaction mixture was filtered while hot after 4h of the
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reaction. The reaction was continued with the filtrate for 16 h. The yield remained same
even after 16h of reaction, which indicates that no active species is leached into the
reaction medium. In order to check the stability and catalytic activity, the catalyst was

recycled (fresh + three cycles) in the condensation reaction. The results are presented in

Fig. 4.20. [EE2 Yield ) Selectivity |

8

LRI

% Yield and Selectivity

SRR

Sartorateootes
LK

%

%
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Stoootes

Sateooset
Sato%ss

B

X 2 ! 2
Fresh Ist Recycle (R1) 2nd Recycle (R2) 3rd Recycle (R3)

Fig. 4.20: Catalyst recyclibility study
15MZcp7C-I catalyst which gave highest yield, was separated from the reaction mixture
by filtration, washed with acetone many times to remove adsorbed reactants and
products, dried at 110 °C for 10 h in air heated oven and reused for the next experiment.
After every recycle, same procedure was repeated and used for the next recycle. It is
observed that yield decreases to 78 % after third recycle. The decrease in activity is due
to the progressive obstruction of the active sites of the catalyst by reaction product or
reactants are not completely removed during the washing and drying process. Therefore
the catalyst was calcined at 500 °C for 4 h and reused, giving 90 % product yield. The
catalyst recovered after the third recycle was calcined and analyzed by AAS for Mo

content, which showed almost no loss of Mo.

4.3.7. Influence of substituting groups
The effect of substituting groups in the para position of benzaldehyde as well as
acetophenone was probed to know the role of ring substituents in condensation reactions

in the absence of solvent (Scheme. 4.1).

H O
S
0 e s (Y ono
R R R'

R,R'=H, OCH,, CI
Scheme 4.1: Claisen-Schmidt condensation (CSC) of substituted benzaldehyde and
acetophenone over 15MZcp7C-1 catalyst.
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The substituting groups in the aromatic rings have a great influence on the conversion
and selectivity. Results summarized in Table 4.5 showed that the presence of electron
donating groups in the para position of benzaldehyde or acetophenone had a positive
effect in the conversion while the presence of electron withdrawing groups in the para
positions decreased the conversion.

Table 4.5: Reactions of benzaldehyde and Acetophenone with various substituting

groups in the absence of solvent over 15MZcp7C-1 catalyst at 150 °C for 16 h.

Sr.No. | R R % Yield | Selectivity ](31\‘2/1‘3) \C;ttaéoy/f)t
1 H H o1 100 11 15
2 H OCH; 76 100 11 15
3 H Cl 97 100 Il 15
4 | OCH, H 73 100 11 15
5 Cl H % 100 Il 15

These trends in conversion are in line of those observed on other solid base or acid
catalysts [84,159,160]. The steric effect of substituting groups such as NO,, Cl, and
OCH; are known to decrease catalytic activities over other solid acid/base catalysts
[161,162]. However, this seems to be negligible in our system, which may be due to the

relatively high surface activity of the MoOs based catalyst.

4.3.8. Reaction Mechanism

Acid-base and redox properties are the most important types of surface chemical
properties of metal oxide catalysts. When a base catalyst is used, the reaction mechanism
generally involves the formation of the anion of acetophenone through the deprotonation
of the methyl group, followed by its attack on the carbonyl group on benzaldehyde. Since
the catalyst applied is a solid acid catalyst this reaction follows the mechanism of acid-
catalyzed condensation reactions. In our case MoOs-/ZrO, catalysts acts as a solid acid
catalyst, protonating the aldehyde. This protonated aldehyde is attacked by the enolic
form of acetophenone. This catalyst also initiates the dehydration of the condensed
product to form chalcone. A similar mechanism has been proposed for this reaction with
the acid catalyst [157,163,164]. MoOs-/ZrO, catalysts therefore have proved to be an
excellent heterogeneous catalyst for solvent free preparation of chalcone with yield as

high as 93 % in the present studies.
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4.3.9. Analysis of the Reaction Products

In the present studies the product obtained was confirmed using FT-IR (Fig.
4.21), GC-MS (Shimadzu QP 2000 A) by injecting authentic samples and '"H-NMR and
BC-NMR. The GC-MS spectrum has one strong peak and gave the molecular weight of
benzalacetophenone (208).

IR spectrum of the pure product
. (Benzalacetophenone)
i T 8 (cm™) Assignment
1 - 3061 : C-H-valence, arene, alkene
— g 1664 : C=0-valence, ketone
) —+ 3 1608 : C=C-valence, arene, alkene
<] g 1574,1495 : C=C-valence, arene
3 ) s 5, ||
c = 88 3
o Ik
o | 88 q T
215 ]
E =
<
T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavelength(cm™)
Fig. 4.21: IR spectrum of the Benzalacetophenone (Chalcone) obtained at 150 °C after 16

h of reaction.

NMR is widely used as one of an armory of instrumental techniques for the identification
and confirmation of the product structure. Two important NMR spectroscopy techniques
13C (Carbon-13) NMR and 'H (H-1) proton NMR where utilized for the confirmation of
the product. "H NMR (CDCls, 200 Mhz): 7.38-7.67 (m, 9H), 7.78 (d, 1H), 7.99-8.05 (m,
2H). ®C NMR (CDCls, 200 Mhz): 122.11, 128.50, 128.55, 128.67, 129.00, 130.60,
132.64, 144.93, 190.69.
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4.4. CONSLUSIONS

This research study, describe the synthesis, characterization and catalytic
application of MoOs-/ZrO; catalyst with various composition. Addition of Mo stabilizes
ZrO; in the meta-stable tetragonal phase instead of turning into the monoclinic phase.
Even at higher temperatures of calcination, this phase is preserved by modified synthesis
procedure. This modified synthesis procedure has led the formation of catalyst with high
surface area and stable tetragonal phase. Keeping identical synthesis conditions an
addition of surfactant has shown no significant effect on the structural properties of the
MoQO;-/ZrO; catalyst. A more complexing initial precursor and/or further optimization of
synthesis parameters may be required to obtain higher surface areas in the presence of
surfactant (P-123). The digestion at pH=12 for 24 hrs at 80 °C lead to a decrease in the
crystallite size of the zirconia, resulting in an increase in the specific surface area. The
surface area and phase formation of MoO;-/ZrO, catalysts strongly depend upon the
preparation procedure. The interaction between molybdenum oxide and zirconia
influences the physicochemical properties is be ascertained by a combination of FTIR,
Raman spectroscopy, TG-DTA, UV and XRD characterization techniques. Isolated
tetrahedral MoQO,, two-dimensional polymolybdates, crystalline MoOs and Zr(MoOs),
species are detected using Raman, FTIR, UV and X-ray diffraction, in the samples loaded
with 15 wt % MoQ; on ZrO,, calcined at 700 °C. M0QO;-ZrO, samples calcined at 700 °C,
prepared with MoOj; loading from 10 to 30 wt%, shows presence of Zr(MoQs),, whose
quantity increased upon increasing MoOs loading. Even though 10wt% MoOs-ZrO,
catalyst prepared via co-precipitation method exhibited surface density below monolayer
value ~5 Mo/nm?®, Zr(MoOy), is detected. Independent of methodology (coprecipitation
and impregnation) adopted for 15 wt% MoOs-/ZrO, catalysts prepared via modified
preparation techniques prove to be an excellent heterogeneous catalyst for solvent free
synthesis of chalcone with yield as high as 93 %, by using only 1.5 wt% of catalyst. The
etiquette developed for the solvent free synthesis of chalcone using the MoO3-/ZrO;
catalyst was beneficial in terms of simple experimentation, deterrence of toxic solvents,
recyclable catalyst, high yield and purity of the products. All these catalyst showed the

presence of small amounts of crystalline MoOj3; and Zr(MoOQs), species.
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Chapter-5 Tungstated Zirconia Solid Acid Catalyst

5.1. INTRODUCTION

Growing environmental concerns and corrosion problems caused by the use of
liquid acids and halogen-containing solid acids has forced the scientific community to
look for highly acidic, environmentally friendly, and more stable solid acids catalysts. In
this direction, various solid acid systems were introduced which include hetropolyacids,
ion exchange resins (Amberlyst and Nafion-H), zeolites, binary oxides and clays. Among
the numerous solid acid catalysts binary oxide based catalysts offer several advantages
over the other catalysts since they are active over a wide range of temperatures and more
resistant to thermal excursions. Supported solid acid catalysts in which a metal oxide is
supported on a different metal oxide (Binary oxide) find tremendous use in commercial
chemical production, petroleum refining, and environmental remediation [1]. Amid the
solid super acid oxide based catalysts, zirconia-supported sulfated catalysts has attracted
much attention because of its ability to catalyze a wide range of reactions such as
cracking, alkylation, and isomerization, all needing strong acidity [2]. One of the major
drawbacks of sulfate promoted zirconia is the likely sulfate leaching during reaction [3].
Despite this, the catalyst is commercially used [4,5]. On the other hand tungstated
zirconia materials are very attractive, environmentally friendly solid acids catalyst firstly
primed by Hino and Arata, for light alkane isomerisation over 30 years ago[6]. Since then
there has been a continued interest in these materials as a robust alternative to sulphated
zirconia and other acid catalysts in industrial acid catalytic processes. Although less
active than their sulfate-promoted counterparts, tungstated zirconia catalysts offer
inherent advantages over the former from the standpoint of industrial application, such as
higher stability under high-temperature treatments, lower deactivation rates during
catalysis, superior stability under both reducing and oxidizing conditions, fairly easier
regeneration and preparation methods [3,7,8,9,10]. Supported tungsten oxide catalysts are
widely used for hydro-desulfurization, alkene metathesis, dehydrogenation of alcohols,
and hydro-cracking of heavy fractions in the petroleum industry [11-16]. In addition,
WO; forms an important component of DeNOx catalysts [17,18,19]. The origin of the
catalytic activity and selectivity for these various reactions appears to be related to the
WOX species present in the acidic catalysts. Depending upon the nature and abundance of

these species, a highly active catalyst with strong acidity is developed which is more
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efficient and selective [20,21]. However in most of the cases the exact cause for the
appearance of strong acidity in tungstate-containing zirconia systems remains unclear and
continues to be discussed in the literature [22-28]. In the field of heterogeneous catalysis,
the catalytic active species-support interaction has attracted much attention because it
plays an important role in controlling the active phase features and in affecting the
support properties. Especially in the case of tungstated zirconia solids the interaction
between WO; and zirconia is of prime importance in order to understand its superior
acidic properties. Out of the rich literature available for tungstated zirconia materials,
most of them propose and accept the following theory for the formation of highly acidic
catalyst. The initial formation of dispersed tungstate species occurs via anion exchange or
condensation reactions of hydrated aqueous tungstate anions with surface OH species in
zirconium oxy-hydroxide. The resulting high dispersion of WOX species inhibits the
crystallization and sintering of the zirconia support leading to the formation of WOX
clusters of varying size and catalytic properties. The catalyst with tungsten loading
slightly exceeding the theoretical monolayer coverage was found to be the most active
[29,30,31]. Under these conditions tungsten oxide species exist as three-dimensional
poly-tungstate clusters on the surface of zirconia. The tungsten atoms in these poly-
tungstate clusters are located in a distorted octahedral environment, which are grafted to
the support through W-O-Zr bridges. The structure and the size of these clusters, as well
as their specific interactions with the zirconia support, largely determine the acidic,
redox, and catalytic properties of these catalysts. In tungstated zirconia catalysts, WO3
poly-tungstate clusters of intermediate size delocalize a net negative charge caused by the
slight reduction of W centers in reactant environments containing H, or hydrocarbons.
This temporary charge imbalance leads to the formation of Bronsted acid centers on the
zirconia support. A recent publication from W. Zhou et.al in a Nature article [32] has
given direct atomic-scale imaging of supported WOX species present, including surface
mono and poly-tungstate species. It was concluded that the active species in a
heterogeneous catalyst system can be positively identified and appropriate modifications
to the catalyst preparation route can be devised to increase the number density of these
desirable active species, and hence improve the overall activity of the catalyst. Despite

several papers devoted to the physical and chemical characterization of tungstated

Ph.D Thesis - 207 - University of Pune



Chapter-5 Tungstated Zirconia Solid Acid Catalyst

zirconia materials, the various tungsten dispersion states, their quantification, as well as
the features of the interacting species remain controversial [24-46]. The reason
underlying this is, the use of different steps and synthesis methods applied during the
preparation of tungstated zirconia catalyst which leads to the generation of different WOX
species, even if catalysts has same tungsten loading, starting precursor, calcination
temperature, surface density etc [26,46,47,48,49]. The crystalline structures, acidity and
catalytic properties of zirconia-tungsten oxides are greatly dependent on synthesis
method. Many synthetic techniques, such as conventional precipitation with different
impregnation techniques (evaporation, incipient wetness), micro-emulsion, and sol-gel,
have been employed for the preparation of WO;-/ZrO, oxides [22,50,51,52,53].
Tungstated zirconia materials prepared using sol-gel, reverse micelle, hydrothermal
synthesis etc processes has also been widely studied [54,55,56,57]. Even-though several
techniques have been used for the preparation of tungstated zirconia solid acid catalyst,
very few give information regarding the comparison of the properties of materials
[22,46,47,51,58]. Santiesteban et al. gives one of such comparison, [51,59] where in the
sample prepared by coprecipitation contained twice the amount of strong acid sites and
displayed higher activity for n-pentane isomerization compared with another one
obtained by impregnation, both with similar W loadings and surface areas and thus
similar tungsten surface density. The X-ray diffractograms reported in the work clearly
revealed that the intensity of the peaks associated with three-dimensional WO;
crystallites was much higher for the impregnated catalyst, suggesting that the
coprecipitation method favored the dispersion of the WOX species on the zirconia surface
retarding the formation of WOj crystallites. Other authors also emphasized the high
degree of dispersion of WOX species achieved in tungstated zirconia materials prepared
by coprecipitation [60] and sol-gel routes [61]. Most of the tungstated zirconia materials
prepared by above methods have relatively small surface area 30-60 m®/g, the reason for
sharp decline in the surface area at high temperatures been the crystalline modifications
of zirconia. The influence of Cr, Mo and W species on the surface area and tetragonal
phase of supported-zirconia solids is a well known phenomena in the materials science
community [30,62,63]. Addition of tungstate retards the growth of zirconia crystals, but

the traditional synthesis methods fail to achieve high surface areas along with 100 %
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tetragonal phase of zirconia. It has been proposed that the tetragonal phase of zirconia
plays an important role in catalytic activity and stability [38,64]. Structure-forming
organic templates/surfactants has also been used for gaining mesoporosity with enhanced
surface area, nevertheless calcination at temperatures above 500 °C, the initially formed
mesoporous structure collapses during burning down the template/surfactant. In this
context, simpler synthesis routes especially for achieving high surface area with
tetragonal phase consisting tungstated zirconia materials is highly desired. The objective
of our work is to modify the traditional preparation methods to obtain materials with
enhanced thermal stability, surface area and study the influence of modified preparation
method, process parameters using the same and/or different raw materials on the solid
acid catalysts properties (acidity, chemical composition, surface area and percentage of
tetragonal phase of zirconia, presence of bulk WOs; crystals and identification of various
WOX species). Inclusion of organic surfactant in the modified synthesis procedure in
order to obtain still higher surface area is also attempted. The materials prepared with and

without surfactant have being compared and studied.

5.2. RESULT AND DISCUSSION

5.2.1. Synthesis of Catalysts

In order to prepare tungstated zirconia (WO;-/ZrO,) solid acid catalysts with
higher thermal stability, enhanced surface area, acidity and tetragonal phase, the common
impregnation, co-precipitation and sol gel methods were modified, the detailed
preparation procedures are given in Chapter 2, Section 2.3.3. A series of tungstated
zirconia solid acids containing WO; content up to 20wt.% covering a wide range of
tungsten surface densities (W-atoms/nm”) were prepared by non-conventional/modified
impregnation, sol-gel and co-precipitation routes leading to samples with enhanced
surface area with tetragonal phase on annealing at 500-800 °C. Choosing 20 wt.%, of
WOs; loading was based upon the exhaustive literature done prior to starting this study
[17,45,51]. The differentiation in process parameters, sample designation, % weight loss
(TQ), catalyst color, starting precursor and other details are tabulated in Table 5.1. To
examine the relationship between several synthesis variables (viz. precursor effect, pH,

gel composition, calcination temperature, digestion time duration, etc.) on the acidity,
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physicochemical, morphological properties including its stability the samples were
characterized by Powder XRD, N, adsorption-desorption, TG/DTG, TEM, SEM, XPS,
Ammonia-TPD, XRF, ICP and EDX, the results of which are presented and discussed in
this subsequent sections.

Table 5.1: Details of WO;-/ZrO, catalyst prepared with different synthesis methods,
starting precursor and process parameters.

Starting Surf. Dic. Cataly.st Cplor %

Sr. Sample Synthesis Precursor actant | SY? | s ti%) N Calcination Weight
No. | Designation | Method Used pH* Temp Loss
Zr W 700 °C | 800 °C (TG)

1 20WZim-1I W-Impg | ZrONit | AMT | Nil 11 Nil WYT FYG 26.73
2 | 20WZim-II W-Impg | ZrONit | AMT | Nil 11 dl \ \ 23.39
3 | 20WZim-III | W-Impg | ZrONit | AMT | Nil 11 d2 Y \ 20.01
4 | 20WZim-IV | W-Impg | ZrONit | AMT | P123 11 dl \ \ 23.26
5 | 20WZim-V W-Impg | ZrOCl | AMT | Nil 11 dl \ \ 23.59
6 | 20WZcp-1 Co-Ppt | ZrONit | AMT | Nil 11 dl \ FYG 23.88
7 | 20WZcp-1I Co-Ppt | ZrONit | AMT | P123 11 dl \ FYG 39.89
8 | 20WZcp-1II Co-Ppt ZrOCl | AMT | Nil 11 dl \ \ 19.66
9 | 20WZsg-1 Sol-Gel | ZrBtCl | AMT | P123 2 dl \ w 38.76
10 | 20WZsg-11 Sol-Gel | ZrBtCl | AMT | P123 2 Nil WYT FYG 46.11

W-Impg = Wet Impregnation, Co-Ppt = Co-Precipitation, * = precipitating pH.
d1 = (12/12 h/80 °C, pH/Time/Temp), d2 = (12/24 h/80 °C, pH/Time/Temp).
W = White, WYT = White with a tinge of yellow green, FYG = Faint yellowish green
5.2.2. TG-DTA Analysis

Thermo Gravimetric (TG) and Differential Thermal Analysis (DTA) of the as
synthesized tungstated zirconia samples, prepared using different synthesis methods and
process parameters are illustrated in Fig. 5.1 and Fig. 5.2. Thermo-gravimetric analysis of
the un-calcined tungstated zirconia samples in air showed a weight loss of 19-46 %
(Table. 5.1). Weight loss is high for 20WZsg-1 and 20WZsg-II samples since both the
samples were prepared using surfactant P-123 and zirconium alkoxide as starting
precursors as compared to other samples which were prepared using zirconium salts. A
minor modification was done while processing sample 20WZcp-II. After the sample was
prepared it was filtered, and without giving any washing it was dried as per standard
procedure adapted for other samples. This was done expecting that presence of template
during the calcination might increase the mesoporosity and surface area. Due to this
modification, the weight loss observed for sample 20WZcp-II was high, indicating that

the surfactant is retained in the as-synthesized materials. Such a high weight loss was not
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seen in sample 20WZim-IV since the surfactant P-123 used during synthesis, had got

sluice down during washing of initial zirconium hydroxide before impregnation of W.
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Fig. 5.1: TG-DTA of as-synthesized tungstated zirconia samples prepared using modified
impregnation method.
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Fig. 5.2: TG-DTA of as-synthesized tungstated zirconia samples prepared using modified
co-precipitation and sol-gel methods.

Otherwise all the as-synthesized tungstated zirconia samples prepared by modified
impregnation and co-precipitation method showed a weight loss in the range 19 to 26 %.

Every sample yielded endothermic peak and exothermic peaks. DTA curves show two
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major exothermic peaks and an endothermic peak. The endothermic peaks at
temperatures between 50 °C and 200°C are due to the elimination of residual water and
solvent species, dehydration of surface hydroxyl groups. 20WZsg-I and 20WZsg-II
samples prepared by sol-gel method shows multiple exothermic and endothermic peaks
accompanied by weight loss in the temperature range from 50°C to 250°C, as expected
due to the formation of various organic/inorganic complexes. Out of the two major
exothermic peaks, the first peak at ~300 °C is due to decomposition of nitrates or organic
materials, and the second peak is owing to transformation of amorphous to crystalline
phase, which has tetragonal crystal structure. According to XRD, the later exothermic
peak between 525 °C to 725 °C observed for various samples, but not followed by any
weight loss is attributed to the allotropic transformation of zirconia. The addition of 20
wt% WOs to zirconia shifted the phase transition of pure zirconia from amorphous to
tetragonal to higher temperature due to the interaction between WO3 and zirconia. The
exothermic peak temperature obtained by DTA is 493 °C for ZIV pure zirconia sample
which rises to 594 °C for 20WZim-II sample containing about 20 wt% WOs3 loading. ZIV
and 20WZim-II sample are been prepared under identical synthesis conditions, the only
difference been the addition of WOj3 in the later. In addition the peak temperature has a
tendency to shift towards the higher temperature with modification of various synthesis
parameters such as digestion time, synthesis method etc. On the other hand, the first
broad exothermic peak appeared for all the samples between 250 and 350 °C. This peak is
attributed to the oxidation of organics residues and the decomposition of surfactants,
nitrate group; trace amounts of ammonium nitrate and nitrate containing zirconium
hydroxy compounds. The DTA curves of the studied samples differ markedly in shape
depending upon the synthesis method and process parameters. Yet another but much
broader and less intense exothermic peak between 350 - 500 °C has been seen samples in
few samples which could be due to complete removal of nitrates through pyrolysis. The
pyrolytic character of the high temperature nitrate decomposition step can only be seen in
20WZim-II, IV V and 20WZcp-III samples. This peak might have got masked in other
samples due to presence of nearby peaks. Simultaneously, the TG curve is leveled off at
about 500 °C, meaning that no further weight loss occurred from 500 to 1000 °C,

indicating that no W is lost from the surface at higher calcination temperatures. Above
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700 °C, the DTA curves of the impregnated and co-precipitated samples showed a shift
of base line indicating thermal energy been produced during the calcination, with small
random exothermic peaks at high temperatures (between 800 and 900°C ) without any
weight loss. A further study at higher temperatures above 800 °C is required to identify
its cause. It is to be noted that at present there is no obvious interpretation of these peaks,
although it is most likely to correspond to phase transition or changes in the oxidation

state of the tungsten oxides [65].

5.2.3. XRD Analysis

The calcination temperature of tungsten oxide promoted zirconia plays a vital role
in the properties of WO;3-/ZrO, solid acid catalyst [10]. It is also an important factor
impacting the final structure, especially with materials prepared with surfactants. Because
violent physical and chemical procedures take place during the removal of the surfactant,
the temperature has to be raised gently to preserve the porous structure. Normally, the
temperature is increased slowly with a ramp of 2 °C/min to obtain mesoporous structure.
In addition, the temperature has to be maintained at 250 °C or 300 °C depending upon the
type of surfactant used, for 1 or 2 hours during calcination so that the polymer surfactant
has sufficient time to start decomposing and the primary particles could rearrange to fit
the great change of thermal environment. Keeping these points in view, optimization of
calcination programme was done, whose details are elaborated in Chapter-2, Section
2.3.4. Out of the several calcination programmes studied, the details of four calcination
programme were mentioned there, and the resultant XRD patterns for sample 20WZim-II
are given in Fig. 5.3. Out of the four calcination programs, calcination program “A” in
not suitable for materials with surfactant, while program “B” leads to excessive heating
which results in the formation of monoclinic phase with decrease in surface area.
Appearance of a weak hump near 20 value 28.2°, observed in the XRD pattern of
20WZim7C-II(B)-Fig. 5.3, implies the presence of small amount of monoclinic zirconia
at temperature 700 °C. Program “C” developed by reducing the time by half of program
“B”, is not suitable for low temperature calcinations due to incomplete decomposition of
organic species. On the basis of the data obtained from various characterization

techniques, calcination program “D” was finalized for calcining samples at various end
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temperatures and used further for calcination of other samples studied in this thesis. On

the other hand, no diffraction peak due to bulk WO; nor to any tungsten-containing

compound is observed, indicating that the supported phase is highly dispersed, probably

as polytungstates. For comparison purposes, the XRD pattern for pure WOs3 is also

included at the bottom of the Fig. 5.3. WOj; is a complicated material with respect to its

crystal structure and thermal stability because of the several known polymorphs such as

triclinic, monoclinic, orthorhombic, hexagonal, tetragonal and cubic [66,67,68,69].
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Fig. 5.3: XRD patterns of sample 20WZim-II calcined at 700 °C using different
calcination programme as indicated in the figure. For comparison purpose XRD spectrum

of pure WO; is given at the bottom.
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However the most stable WO3 phase at room temperature has been reported to be having
monoclinic structure when tungsten trioxide powders are calcined at 350 to 600 °C, but
this phase transforms to an orthorhombic or hexagonal phase at higher temperatures
[70,71]. Nevertheless there are reports where in high temperature orthorhombic structure
may reversibly be transformed to monoclinic phase when the temperature was decreased
to room temperature [66,72]. It is also hard to distinguish between monoclinic and
orthorhombic phases as they are structurally similar. Bearing in mind the above reports
and comparing the bulk WO; peaks data with JCPDS records, (JCPDS file no. 43-1035
for monoclinic phase and JCPDS file no. 20-1324 for orthorhombic phase), the peaks
arsing due to WOs in tungstated zirconia samples were amicably assigned to monoclinic
phase, which is also in accordance with a recent publication of similar type of materials
[73]. The calcined tungstated zirconia samples exhibited major peaks at 20 values =
30.1°, 34.4°, 35.2°, 42.8°, 50.1°, 50.7°, 59.2°, 60.2°, 62.8° and 74.7° corresponding to
only the tetragonal phase, moreover at all stages of calcination there was no indication of
monoclinic phase whose major peaks appears at 20 values = 28.2°, 31.5°, 34.1°, 34.4°,
35.3°, 40.7° and ZrW,0Og (Zirconium tungstate, JCPDS file no. 13-0557), whose major
peaks appears at 20 values = 21.5°, 23.6°, 27.4°, 32.3°, 36.6°. The peaks of tetragonal
phase at 20 values = 34.4° and 35.2°, 20 value = 50.1° and 50.7°, 26 values = 59.2°, 60.2°
are not resolved well in the XRD figures due to small particle size. The tetragonal to
monoclinic zirconia transformation was most likely inhibited by small particle size and
WO; that helped to stabilize the tetragonal phase of zirconia. The effect of calcination
temperature on the stability of the tetragonal phase for tungstated zirconia sample
20WZim-II was obtained using powder XRD analysis (Fig. 5.4). It is obvious that no
diffraction peaks were detected for sample 20WZim4C-II, as the exothermic peak due to
crystallization of zirconia occurred at temperatures higher then 500 °C for this sample.
This indicates that the 20WZim4C-II sample is amorphous. The 20WZim-II sample
calcined at 500 °C presented broad peaks of tetragonal phase indicating only partial
crystallization. After calcination at 600 °C, peaks located at 20 values 30.2°, 35.2°, 50.2°,
60.2°, 63.0° and 74.6° were detected. From phase analysis, it can concluded that
tetragonal crystalline zirconia was formed. When calcined at 700 °C, the sample

20WZim-II crystallized well with tetragonal phase which is maintained till 800 °C. The
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planes ({101}, {110}, {112} and {211}) corresponding to tetragonal zirconia have been
assigned to 20 values 30.2, 35.2, 50.2 and 60.2, and labeled respectively in the Fig. 5.4
for sample 20WZim8C-II.

t -tetragonal ZrO,
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Intensity (A.U.)
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20WZim4C-Il

10 20 30 40 50 60 70 80
20
Fig. 5.4: XRD patterns of sample 20WZim-II as a function of calcination temperature.

Thus, tungsten oxide seems to retard the phase transformation from tetragonal to
monoclinic zirconia and also inhibits sintering of the zirconia matrix, which is assumed to
be due to the interaction of tungstate anions with the hydroxyl groups of zirconia. No
indication of crystalline WO; was observed, although its concentration was well above
the detection limit of about 1% for XRD. This suggests WO3; must be in the non-
crystalline form with high degree of dispersion. In the present studies besides sample
20WZim7C-I (prepared using standard impregnation method) all samples calcined at 700
°C, showed non appearance of bulk WOs_ Fig. 5.5 shows XRD patterns of tungstated

zirconia samples calcined at 700 °C.
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Fig. 5.5: XRD patterns of tungstated zirconia samples prepared via modified
impregnation, co-precipitation, sol-gel methods and calcined at 700 °C.

Typically tungstated zirconia samples having surface density more than 10 W-atoms/nm?,

are known to show XRD peaks related to bulk WO;. In the present case sample
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20WZim7C-I exhibits surface density more then 10 W-atoms/nm?’, thereby displaying
bulk WO; peaks which is in accord with the literature [31], but to our surprise sample
20WZsg7C-1II which also exhibits surface density more then 10 W-atoms/nm’ does not
display bulk WO; peaks. Obvious possible reason could be due to difference in synthesis
method, starting precursor and/or other process parameters. Usually sol-gel solids consist
of homogeneous phase composition; therefore slightly higher temperatures are required
for expelling WO; from the bulk of zirconia to its surface for the formation of WO;
crystallites as compared to impregnated solid. To further access the thermal stability of
the tungstated zirconia samples they were calcined at 800 °C. Additional peaks are
observed for few samples calcined at 800 °C in the 26 range of 23-25°, suggesting surface
density exceeding monolayer capacity. This 26 range has been marked (dotted line) for
the samples calcined at 800 °C, which show the additional peaks due to bulk WO; (Fig
5.6). For example sample 20WZcp8C-II shows diffraction peaks at 20 equal to 23.1°,
23.6° and 24.3° corresponding to d values = 0.385, 0.376 and 0.365 nm have been
marked specially with a dashed box. These peaks correspond to the (002), (020), and
(200) planes. These three distinct XRD peaks can be assigned to monoclinic WO; phase
according to JCPDS data (JCPDS 43-1035) having d values = 0.384, 0.376, 0.364 nm.
The appearance of crystalline tungsten oxide for the sample calcined at 800 °C can be
attributed to the reduction of surface area, therefore a high surface concentration of WO;
species, exceeding monolayer coverage are formed which agglomerate to form WO;
micro-crystallites on the zirconia surface [74,75]. Only four samples 20WZim8C-I,
20WZcp8C-1, 20WZcp8C-II and 20WZsg8C-II exhibited peaks corresponding to bulk
WO; when calcined at 800 °C, which is a good match with catalyst color comparison
given in Table 5.1. Similar observations were reported earlier, wherein tungsten oxide
loaded on zirconia powders had light yellow color when calcined at temperatures 800 °C
and above [24,76]. Since samples 20WZim8C-1 and 20WZsg8C-II have not been
digested after preparation, a possible cause of displaying bulk WO;, but samples
20WZcp8C-I and 20WZcp8C-II even though digested show peaks of bulk WO; phase.
Though we did not find a satisfied interpretation for this, it is suggested related to surface
area and actual concentration of WOs; that results in different phase compositions and

crystalline size distributions.
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Fig. 5.6: XRD patterns of various tungstated zirconia samples calcined at 800 °C. 20
region where bulk WO; peaks occur is been highlighted by dotted line. Samples
displaying bulk WO; peaks are enclaved in dash boxes.

For rest of the samples no diffraction peaks up till calcination temperature 800 °C, due to
WOs crystallites are observed. These results suggest that the tungsten oxide species exists
mainly in an amorphous, non-crystalline state when calcined at 800 °C or the particles are
too small to be detected by XRD. It should be pointed out that care should be taken while

assigning the peaks due to bulk WO; crystallites in the presence of monoclinic phase of
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zirconia as the peak having 20 value 24.4° could be due to monoclinic zirconia and not
WO; crystallites [77].

A less common technique to obtain a particle size is the analysis with nitrogen
sorption. The evaluation according to BET theory (Brunauer—Emmet-Teller) allows to
obtain information on the size of non-agglomerated and dense particles, the relationship
between particle size and surface area is given by the formula: “d = 6000/( p X Sggr)”,
where d is the average particle size (nm), Sggr is the specific surface area expressed in
m*/g”" and p = specific density [78,79]. However in the present studies this technique
could not applied successfully due to diverse densities of zirconia, tungsten oxide and
tungstated zirconia samples. XRD and TEM techniques are well known for their
application in finding out particle sizes of various crystalline materials. Major limitation
of XRD is that this technique requires samples possessing sufficient long-range order.
Amorphous phases and small particles give either broad and weak diffraction lines or no
diffraction at all which makes them virtually invisible for XRD. It is also well
documented that, as Scherer’s equation provides only a measurement of the extension of
the coherently diffracting domains, the particle sizes estimated by this method can be
significantly under estimated [80,81]. In addition factors such as dislocations, strain,
stacking faults, heterogeneities in composition and instrumental broadening can
contribute to peak broadening, making it almost unfeasible to extract a reliable particle
size solely from XRD [80,82]. Even though TEM provides real images up to atomic
resolution, these images are only a representative of the selected number of particles, also
poor contrast or overlap of particles sometimes could complicate their analyses. In this
connection, a combination between TEM and XRD techniques was employed for particle
size measurement. The values obtained from these XRD measurements and TEM figures
are presented in Table 5.2. TEM results show lower values as compared to XRD values.
Irrespective of synthesis method (impregnation, co-precipitation, sol-gel), the samples
undergone digestion have average crystallite size less then 14 nm, while samples
obtained without digestion independent of synthesis method have crystallite size more
then 20 nm and reduced surface area. These results are valuable because it shows that

modifying the preparation method, along with optimized calcination temperature
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programme, tungstated zirconia can be obtained with crystallite size as low as 10 nm with
good dispersion of WOs;.

Table 5.2: Volume % t-ZrO,, BET surface area, acidity, particle size of various
tungstated zirconia solid acid catalysts calcined at 700 °C.

NH; NH; Average
0% t-

Sr. Sa-lrnplf‘: 7 +-Z10, S%ET Desorbed | Desorbed | Particle Size (nm)
No. Designation [XRD] (m7/g) (umol/g) | (umol/m?) | XRD TEM
1 | 20WZim7C-1 100 43 109.6 0.11 20.9 18
2 | 20WZim7C-II 100 98 471.2 0.47 13.3 9
3 | 20WZim7C-111 100 112 516.9 0.52 8.7 8
4 | 20WZim7C-1V 100 97 499.5 0.50 14.4 10
5 | 20WZim7C-V 100 94 317.8 0.32 16.3 10
6 | 20WZcp7C-1 100 81 383.0 0.38 15.5 11
7 | 20WZcp7C-11 100 88 406.0 0.41 17.5 12
8 | 20WZcp7C-III 100 91 302.4 0.30 16.4 9
9 | 20WZsg7C-1 100 80 367.4 0.37 15.2 10
10 | 20WZsg7C-11 100 40 157.9 0.16 25.5 20

5.2.4. N, Adsorption Analysis

In the present studies the samples prepared with optimized synthesis conditions
display high surface areas. Surface area as high as 112 m?%g can be achieved using
modified synthesis procedures. The surface area values of various tungstated zirconia
samples calcined at 700 °C are tabulated in Table 5.2. The higher surface area values
found for samples digested at basic pH are related to the larger fraction of hydrous
zirconium oxide surface involved in the adsorption. The surface fraction of a zirconia
involved in the adsorption of anionic tungsten species is related to the pH of the
contacting solution [83]. At high pH values, the small sized WO, anions in solution may
diffuse into the support micropores and tungsten species are adsorbed all over the surface.
Conversely, at low pH, the large polyoxoanions present in solution cannot diffuse into the
support micropores and only a small fraction of the support surface is involved in the
adsorption. Therefore the sample 20WZsg-II prepared via sol-gel method at acidic pH
bears less surface area, on the other hand when the similar sample 20WZsg-I prepared via
sol-gel method at acidic pH, when digested at high pH the initially precipitated hydrous
zirconia precursor undergoes dissolution and re-precipitation strengthening the network
of primary particles also binding the W species strongly to hydrous zirconia thereby
increasing it thermal stability and surface area. Having said this, the sample 20WZim-I

prepared under basic pH should posses high surface area, but its actual surface area value
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is analogous to the sample 20WZsg-II prepared at acidic pH. This suggests that at high
pH values, even though the small sized WO,” anions diffused into the support
micropores and/or adsorbed all over the surface are not strongly bounded on to zirconia
surface which is mainly due to the electrostatic repulsions between negatively charged
zirconia surface and (WO,)* anions therefore limiting their interaction. This results in the
formation of bulk WOs; crystallites at high temperatures which are not effective in
stabilization of zirconia crystallites, the consequence of which is inferior surface area.
Strongly bound surface oxides inhibit inter-crystallite sintering by reducing the rate of
zirconia surface diffusion. However as the calcination temperature reaches 900 °C,
surface WO; species agglomerate into WOs; crystallites and become less effective
sintering inhibitors. These surface oxides thereby lose their effectiveness at high
temperatures because they diffuse into the bulk, desorb and crystallize as separate phase
or zirconia particles agglomerate to form poorly interacting clusters. Sulphate species are
also known to inhibit the loss of zirconia surface area after high temperature calcination.
However, these species decompose and desorb as SOj; at relatively low calcination
temperatures as compared to tungstated zirconia, leading to rapid zirconia sintering.
Surface area also depends on WOs3 loading. At a given calcination temperature, surface
area increases with WO; concentration. Measurements of the surface area with different
concentrations of tungsten oxides on the zirconia support done by Sohn and Park [45]
proved that the content of tungsten also strongly influences the surface area, giving a
much larger surface area with increasing tungsten oxide content, up to a maximum at 20
wt. % which corresponds to sub-monolayer coverages. In addition, the maximum
tetragonal content was also detected at this WO;3 concentration. This is one of the reasons
why only 20 wt% WOs; is been selected in our studies. From the above data it can
suggested that strong binding sites for meta-tungstate ions exist on zirconia surface which
inhibit zirconia sintering, while the loosely bound or excess meta-tungstate ions leads to
formation of bulk WOs; crystallites that are not effective in stabilization of zirconia
crystallites. Thus the amount of tungsten directly anchored on the zirconia surface
controls the surface area shrinkage and the fraction of tetragonal zirconia. The effect of
calcination temperature on the surface area of the tungstated zirconia was studied using

nitrogen adsorption and desorption. The resulting specific surface arecas were calculated
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using the BET method and its values are provided in Fig 5.7. In agreement with the
literature [45], an almost linear decrease of surface area with increasing calcination
temperature was found in the temperature range studied for sample 20WZim-III. Sample
calcined at 800 °C shows better surface area as compared to other reports [45] possibly
due to modified synthesis procedures. In most cases surface area is related to the pore
size and the pore volume i.e. the larger the pore volume the larger is the surface area and
the smaller the pore size the higher is the surface area. This general trend seems to be

applicable in our system as illustrated in Fig. 5.7.
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Fig. 5.7: Effect on surface area and pore diameter as a function of calcination
temperature studied for sample 20WZim-II1.

High surface areas obtained at lower calcination temperatures is due amorphous nature of
the materials predicted from TG-DTA and XRD studies for sample 20WZim-III. The
influence of calcination temperature for sample 20WZim-III on the N, sorption behaviors
is manifest in Fig. 5.8. It is obvious that following the calcination at higher temperatures
the isotherms determined lower adsorbed volumes. This must indicate that the sample
surfaces have been rendered less accessible to the adsorbate molecules as a result of
increasing calcination temperature. According to the classification given by Brunauer et
al. [84], the isotherms on sample 20WZim-III calcined at various temperatures are of
type-II1. All of the isotherms exhibit obvious H3 type hysteresis loops. The fact that all of
the isotherms determined on the calcined samples exhibit hysteresis loops indicates
porous nature of the materials. As discussed elsewhere [85,86], certain types/shapes of

hysteresis loops are associated with specific pore structures. A type-H3 loop is attributed
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to adsorbate condensation in capillary spaces between parallel plates or open slit-shaped

capillaries. Similar type of isotherms and hysteresis were seen for pure zirconia sample

(ZI1I) prepared under identical synthesis condition. Thus incorporation of WOs does not

modify the type of porosity to a greater extent. The pore size distribution curves shown in

Fig. 5.8 confirm the porosity of all the four samples, the maximum contribution to the

surface area is arising from pores with diameters ranging between 5-9 nm.
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Fig. 5.8: N, adsorption-desorption isotherms determined at 196 °C and pore size
distribution curves of calcined tungstated zirconia 20WZim-III sample as indicated.
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5.2.5. Temperature Programmed Desorption of NH3

The total acidity of solid acid catalyst was measured with NH3-TPD. In NH;-TPD
measurements, the temperature of the maximum ammonia desorption reflects the relative
strength of the acid sites. The total amount of desorbed ammonia corresponds to the total
amount of ammonia adsorbed on the Lewis and Brensted acid sites. Even though the
applied technique does not allow distinguishing between these two types of the sites, it
still provides valuable information about changes in acidity of the catalysts caused by
different modifications of the synthesis procedures, calcination temperatures, WO;
loading etc. According to the earlier reports Lewis and Brensted acid sites exists on the
surface of tungstated zirconia but the relative concentration and strength of these acid
sites increases significantly with the increase of surface WOs; concentration, which
eventually depends on surface density, [26,51] and surface density depends upon WO;
loading and surface area. Furthermore surface area depends upon synthesis method and
calcination temperature. Sighting the significance of calcination temperature, it influence
on acidity was investigated. Sample 20WZim-III was calcined at different temperatures

and its acidity been measured by NH;-TPD (Fig. 5.9).
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Fig. 5.9: NH;-TPD profiles of pure ZrO; calcined at 700 °C and 20WZim-III catalyst
calcined at 600 °C, 700 °C and 800 °C.

The results from these experiments were also utilized to finalize the calcination

temperature of all the other catalyst prepared in this study. In our experiments when W
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oxide was incorporated into zirconia matrix, the concentration of acid sites increased
drastically when compared to that of pure zirconia support. It is apparent from Fig. 5.9,
that pure zirconia has practically no surface acidity. The high acid strength and high
acidity of the tungstated zirconia samples were responsible for the W=0 bond nature of
complex formed between WO;3 and zirconia. Further when 20WZim-III catalyst was
calcined at different temperatures, going from the amorphous tungstated zirconia to the
crystalline zirconia (~600 °C) acidity increases slightly showing a maximum at 700 °C
and then decreases further due to the lower surface areas of the samples calcined at high
temperatures. Since the surface area of the tungstated zirconia is decreasing with
increasing calcination temperature, the abundance of acid sites also varies significantly.
However there is not much difference in the acidity and acid strength of 20WZim-III
catalyst calcined at 600 °C and 700 °C. A broad TPD profile is observed for samples
20WZim6C-1II and 20WZim7C-III as shown in Fig. 5.9, revealing that the surface acid
strength is widely distributed. But when the calcination temperature reaches 800 °C the
amount of adsorbed ammonia decreases with the change in the acid strength. The
dependence of the amount of adsorbed NH; for a given sample calcined at different
temperatures, it may be observed that an increase of the surface WOs causes an increase
of the total number of acid sites, reaches a maximum, further increasing temperature
causes loss of surface area which brings a decrease of the total number of acid sites. This
phenomenon could be attributed to the relative extent of formation of bulk WO;
crystallite at the expense of the bonded monolayer dispersed WO3 on zirconia. The
deposition of the WOs species causes a shift of the maximum to lower temperature,
indicating the creation of relatively weak acid sites [87,88]. To research the acidity of our
catalyst prepared via different synthesis methods and process parameters calcined at 700
°C, they were subjected to NH3-TPD analysis. The results are summarized in Table 5.2.
The values of concentration of acid sites per/m” are also presented in the table which
provides good information of the relative surface acidic properties. All tungstated
zirconia samples show a broad TPD profile similar to that of the sample 20WZim7C-III,
revealing that the surface acid strength is widely distributed. The temperature of
maximum ammonia desorption was found to be more or less the same for all tungstated

zirconia samples. Highest acidity is exhibited by sample 20WZim7C-III, whilst the
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lowest by 20WZim7C-I (Table 5.2). Sample prepared in acidic pH as well basic pH with
out the aid of digestion show lowest acidity. In general impregnated samples prepared via
modified synthesis procedures have shown higher acidity as compared to samples
prepared by modified co-precipitation and sol-gel methods. Due to numerous variable
factors like specific surface area, pore diameter, percentage of tetragonal phase of
zirconia, actual concentration of WOj; incorporated on/in the zirconia matrix, presence of
WO; crystallites etc and complicated nature of NH3-TPD, it was not possible to associate

acidity to any one of the factor or factors.

5.2.6. XPS Analysis

There is an evident need for a surface characterization of tungstated zirconia
catalyst prepared using different methods. To investigate the surface properties of the
tungstated zirconia powders, and to evaluate the oxidation state of Zr and W, X-ray
photoelectron spectroscopy (XPS) studies were carried out. XPS spectra are, for the most
part, quantified in terms of peak intensities and peak positions. In principle, the peak
positions in terms of binding energy provide information about the chemical state for a
material. The peak intensities measure how much of a material is at the surface, while the
peak positions indicate the elemental and chemical composition. Other values, such as the
full width at half maximum (FWHM) are useful indicators of chemical state changes and
physical influences. An experimental problem in XPS is that electrically insulating
samples may charge during measurement, as photoelectrons leave the sample. Due to the
positive charge on the sample, all XPS peaks in the spectrum shift by the same amount to
higher binding energies. Calibration for this effect can be done by using C(1s) binding
energy (284.9 eV) from carbon contamination. The B.E. shift of 3-4 eV due to electro
statical charging, can also be corrected using Zr(3ds.,) level of the ZrO, carrier at 182.2
eV [89] as a reference for the binding energies determinations. XPS spectra were
recorded in the accumulated and smoothed mode. The experimental peaks were
decomposed into individual components using mixed Gaussian-Lorentzian functions,
non-linear squares fitting algorithm and Shirley-type background subtraction. The W(4f)
lines were analyzed with a curve-fitting procedure according to the Doniach and Sunjic

theory [90,91] which takes into account the experimental resolution approximated by a
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Gaussian line shape, the photoemission line which has been fitted with an asymmetrical
Lorentzian shape line and secondary emissions. The XPS spectrum of the all the calcined
tungstated zirconia samples showed significant differences in the shape of W(4f) doublet
and Zr(4p) component in the Zr(4p)+W(4f) region. Changes in the Zr(4p)+W(4f) signal
shape of the samples prepared using various synthesis methods and calcined at different
temperature were analyzed by a curve fitting procedure with variable values for the full
widths at half maximum and binding. The W/Zr surface ratios were calculated using the
sensitivity factors, as determined by Scofield [27,92]. The de-convolution of the XP-
peaks as well as the whole evaluation of the spectra was performed using XPSPEAK (v
4.1) software from RCSMS lab. According to the literature, Zr(4p) region and W(4f)
region are superimposed and a part of W is in the valence state of +5 [27,93]. On the
basis of XPS analysis, the main part of W in tungstated zirconia samples has a valence of
+6 and that a part exists in the valence state of +5 [27,93,94]. Taking these data into
consideration, we measured XPS of tungstated zirconia samples and the complex features
were de-convoluted into two doublets corresponding to W and W>* peaks to obtain the
individual W®" and W** components. The two doublets were fitted to account the whole
W(4f) energy region in the range of 35-39 eV, besides a doublet corresponding to the
Zr(4p) component as shown in Figures 5.10, 5.11 and 5.12. Independent of the W
content, the XPS signals in the W(4f) region can be fitted with two components as
expressed above. The larger one, at 35.2 and 37.4 eV [25] for the W4f spin-orbit
components, is attributed to W° surface species and the second one at 34.2 and 36.4 eV
[95] is assigned to W>* species. In this study the average binding energies for the doublet
W was observed at 35.5 and 37.7 eV and for W' it was at 34.5 and 36.7 eV which is
close match to the values reported elsewhere [27,96]. The details of binding energy and
its respective assignment to W®" and W>" for various tungstated zirconia samples are
presented in Table 5.3. The binding energy values for all catalysts could not be
approximated to be same value, which is due to the small differences in the interaction
and portion of the highest oxidation state W®' in the differently prepared tungstated
zirconia catalysts. This is also evidenced by the full-width at half-maximum (FWHM)

values, which are between 1.7 — 2.2 eV.
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Fig. 5.10: [Zr(4p)+W(4f)] XPS spectra (left) of various tungstated zirconia samples, and
the corresponding XPS spectra of Zr(3d) (right) as mentioned in the figures.
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Fig. 5.11: [Zr(4p)+W(4f)] XPS spectra (left) of various tungstated zirconia samples, and
the corresponding XPS spectra of Zr(3d) (right) as mentioned in the figures.

Ph.D Thesis

-231-

University of Pune



Chapter-5

Tungstated Zirconia Solid Acid Catalyst

20WZsg7C-I W) - 20WZsg7C-I
Zr(4p) + W(4f) ] Zr(3d)
5] 5]
< W) | <]
2 >
E £]
28 30 32 34 36 38 40 178 180 ééz 184 186 188
Binding Energy (eV) Binding Energy (eV)
1 20WZsg7C-Il| W) | 20WZsg7C-Il
1 Zr(4p) + W(4f) 1 Zr(3d)
Si =
< </
2 >
£ £]
28 30 32 34 36 38 40 178 180 _Jdéz 184 186 188
Binding Energy (eV) Binding Energy (eV)
120Wzim6C-Iil | W) ] | 20WZim6C-llI
Zr(4p) + W(4f) Zr(3d)
3] 5]
g <
> A
5| .
5 =1
28 30 32 34 36 38 40 42178 180 _ 182 _ 184 186 188
Binding Energy (eV) Binding Energy (eV)
1 20WZim8C-Iil | - | 20WZim8C-Ill |
. Zr(3d
| zr(4p) + W(4f) W) Zr(3d)
5] ( =
< 3
2 <
o 21
g 2-
[ (0]
£ £
28 30 32 34 36 38 40 178 180 182 _ 184 186 188

Binding Energy (eV)

Binding Energy (eV)

Fig. 5.12: [Zr(4p)+W(4f)] XPS spectra (left) of various tungstated zirconia samples, and
the corresponding XPS spectra of Zr(3d) (right) as mentioned in the figures.
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Table 5.3: XPS parameters of the W(4f) region and binding energy difference between
O(1s) line and Zr(3ds);) line of various tungstated zirconia catalyst

Sr. Sample Blgdl(riliEgergy (V) B.E. diff. between
No | Designation nd Assignment [0(15)] & [Zr(3dsp)]
e W e W
1 | 20WZim7C-I 35.89 | 38.18 | 34.80 | 37.25 347.88
2 | 20WZim7C-I1 | 35.62 | 37.89 | 34.60 | 36.94 347.90
3 [ 20Wzim7C-1I | 35.69 | 37.93 | 34.59 | 36.86 347.96
4 | 20WZim7C-IV | 3541 | 37.67 | 3440 | 36.72 347.86
5 [20Wwzim7C-v | 35.61 | 37.80 | 3443 | 36.85 348.25
6 | 20WZcp7C-1 35.80 | 38.10 | 34.50 | 37.16 347.92
7 | 20Wwzep7C-1 | 3588 | 38.10 | 34.82 | 37.07 347.88
8 |20wzep7C-111 | 3558 | 37.82 | 34.40 | 36.90 348.24
9 [ 20WZzsg7C-1 3560 | 37.90 | 34.54 | 36.89 347.99
10 | 20WZsg7C-II | 35.78 | 38.04 | 34.82 | 37.07 348.05
11 | 20WZim6C-III | 35.84 | 38.03 | 34.83 | 37.20 347.98
12 | 20WZim8C-III | 3549 | 37.73 | 3449 | 36.72 347.98

Quantification and the ratio of the two species W®" and W>" were calculated from the area
under the peaks of the respective components achieved after curve fittings and are
presented in Fig. 5.13. It can be learnt from the Fig. 5.13 that all catalyst contains a major

fraction of W®' species (~70 %) and the rest been W>" in the total W concentration.
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Fig. 5.13: Concentration of W and W°' in total W of various tungstated zirconia
catalysts calcined at 700 °C. Ratio of W®" by W>" is shown in bars of W*" concentration.

Minor differences in the amount of W and W>" species could be spotted and easily

identified from the W®/W’" ratio, caused by variation in the synthesis parameters. The
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XPS spectrum of the sample 20WZim-III calcined at various temperatures did not show
any significant differences in the shape of the Zr(4p)+W(4f) region, however the primary
W binding energy position shifts to lower value as the calcination temperature increases
from 600 °C to 800 °C. For clarity, only the W(4f) region has been de-convoluted into
two components and showed in Fig. 5.14, wherein the shift of binding energy can be seen

more distinctively.
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Fig. 5.14: XPS spectra of W(4f) region for sample 20WZim-III calcined at 600 °C, 700
°C and 800 °C, showing binding energy shift of W°".
The shift is in agreement with previous literature [97], indicating minor change in the
oxidation state of the major surface species. Later parameters derived from the XPS curve
fitting indicated that tungsten oxidation state also depends on the calcination temperature.

The effective concentrations of W™ and W* present in the sample 20WZim-III calcined

at 600 °C, 700 °C and 800 °C were also extracted and it was found that 20WZim8C-III
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contains highest amount (75.3%) of W°' in comparison with 20WZim6C-III and
20WZim7C-III. The corresponding XPS spectra at the Zr(3d) region of various samples
was fitted by using two doublets for Zr(3ds,) and Zr(3ds,;) photoelectron lines. The first
one occurred at nearly same BE for all samples (182.1 + 0.1 eV and 184.6 + 0.1 eV), with
a similar FWHM values of 2.0 and 1.7 eV respectively. The second doublet occurred at
high BE values (183.1 + 0.1 eV and 185.6 + 0.1 eV), with a similar FWHM values of 2.0
and 1.9 eV. This second comparatively broad doublet may correspond to strongly
deformed Zr*" cations, which can be caused by a strong interaction with the W atoms, in
the formation of Zr—O—W bonds, at least in some surface layers. In fact, the high electron
attractor effect of the W atoms deform the electric field around the Zr*" nuclei because
the electronic cloud is displaced towards the oxygen atoms bonded to W and Zr atoms.
However for current powder samples, relatively narrow and constant FWHM values
strongly support the suggestion of the dominance of Zr*" in the studied materials,
implying that only one type of doublet may be present, which provides evidence for the
presence of one type of zirconium oxide with an oxidation state of 4+. Additionally, the
energy difference between the O(1s) and metal 3d lines can be used to gauge an effective
average oxidation state of a metal in an oxide compound. This method is often used when
the de-convolution appears to be difficult, e.g. when the powder materials are studied,
where the differential charging might deform the peaks leading to the appearance of
apparent oxidation states. The usefulness of such a criterion was also demonstrated on
vanadium-based oxide catalysts [98,99]. In our case, the energy difference between the
principal O(1s) line and the Zr(3ds,,) line, for almost all the tungstated zirconia samples
amounts to 347.9 + 0.1 eV, which is in a perfect agreement with the known literature
data. Please refer to Table 5.3 for actual values. 347.9 eV is been reported for pure
zirconia [100], similar values are obtained elsewhere [101,102]. In present studies pure
zirconia sample ZIV-7C displayed an energy difference value of 347.91 between O(1s)
and Zr(3ds;) line. Since this criterion is independent of the charging effects as well as of
the calibration of the energy scale, and due to a significant chemical shift of Zr(3d) region
of 4.23 eV in respect of the pure Zr-metal [102], one can conclude with a sufficient
reliability that no reduction of zirconia is observed and also none of possible UHV-

induced [98] or photoreduction (caused by X-rays) [103] effects take place under the
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present conditions. Thus XPS studies confirm W®" and Zr*" as main oxidation states of
tungsten and zirconium in the studied samples. The ratio of the two species, W and Zr is
a good measure of the degree of dispersion of W on the zirconia surface. The surface
W/Zr ratios of samples can be determined from the ratio of the integrated area of W(4f)
XPS peaks to the integrated area of Zr(3d) XPS peaks with consideration of the atomic
sensitivity factors of W and Zr. The results of the XPS are compiled in Table 5.4. W/Zr
calculated from other characterization techniques are also given in this table for
comparison. By taking into account the average of all the techniques the nearest possible
true value can be reached. Constant W concentration per unit area is known to give
different surface W/Zr ratios because of different degrees of aggregation of WOs; on the
surface of zirconia [104]. Multilayer structures of WO;3; on zirconia would give a higher
value of W/Zr compared to monolayer ones. In order to access the supposition, 20WZim-
III catalyst was calcined at 500 °C, 600 °C, 700 °C and 800 °C and its surface ratios were
measured using EDX and XPS, both being surface techniques.

Table 5.4: WO; concentration (wt %) measured and the corresponding W/Zr atomic ratio
calculated using EDX, ICP and XPS, averaged values from these three techniques along
with averaged surface density (W-atoms/nm®) is provided.

Wt. % WO; Concentration W/Zr Atomic Ratio | Avg. | Avg. | Avg.
Sr. Sample Wt% | W- W/Zr
No Designation Input | EDX | ICP | XPS | EDX | ICP | XPS | WO; | atoms | atomic
Conc. | /nm? ratio
1 20WZim5C-111 20 10.08 | 19.03 | 15.01 | 0.12 | 0.25 | 0.19 | 1471 | 1.71 0.18
2 | 20WZim6C-II1 20 11.15 | 19.03 | 19.63 | 0.13 | 0.25 | 0.26 | 16.60 | 2.47 0.21
3 20WZim7C-1I1 20 13.84 | 19.03 | 20.89 | 0.17 | 0.25 | 0.28 | 16.67 | 3.87 0.21
4 | 20WZim8C-III 20 15.35 | 19.03 | 24.14 | 0.19 | 0.25 | 0.34 | 19.51 | 5.39 0.26

EDX and XPS measurements yielded results in harmony to earlier reports of W/Zr ratio
with increasing calcination temperatures starting from 500 °C to 800 °C. From the values
present in the Table 5.4 it can be understood that as the calcination temperature increases
the surface W/Zr ratio also raises, which means an increase in the concentration of W
atoms on the surface of zirconia. As the amount of the W atoms is constant in the sample,
the increase of the W/Zr ratio with the annealing temperature must correspond to the
migration of W atoms from the bulk to the zirconia surface or diminution of dispersion of
WO; on the surface of zirconia, however if one compares the W/Zr ratios obtained from
the two different surface techniques (EDX & XPS) for a particular temperature it can

noticed that there is discrepancy in the W/Zr values. Therefore to avoid huge divergence
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from actual values, bulk W/Zr measured using ICP was also considered for calculating
the average W/Zr values, which are presented in Table 5.4. From the evolution of the
average W/Zr surface atomic ratios, it is clear that the increase of this ratio with the
calcination temperature is not linear when combined values of bulk and surface
characterization techniques are considered. This suggest that the dispersion of the
tungstate surface species is not the same with increasing temperature and that the
deviation from linearity is obtained at near-saturation monolayer coverage in the case of
20WZim-III. Another noticeable facet is that, even though WOs3 loading for a particular
sample is constant, tungsten densities can vary, as for example 20WZim-III sample
calcined at four different temperatures from 500 to 800 °C for 3 h in air has tungsten
densities 1.7 to 5.4 W-atoms/nm” depending upon the calcination temperature. Surface
density is a key factor for solid acid catalysts such as tungstated zirconia catalyst in terms

of activity and property, consequently will be discussed in the next separate section.

5.2.7. Surface Density — EDX/XRF/ICP

The surface density of WO; on zirconia is widely used to evaluate the activity
[105], WOs; cluster size [24], acid nature [26], and structure [25] of tungstated zirconia
catalyst. The tungsten surface densities, expressed as the number of W-atoms per
nanometer square area (W-atoms/nm?) and were calculated using the equation: surface
density of W = {{WOjs loading (wt.%) / 100] x 6.023 x10*'} / {[231.8 (formula weight of
WO3) x BET surface area (m*/g) x 10'"®]}. The surface density of atomic tungsten of all
the catalyst was determined by taking into account the surface area values specified in
Table 5.2, and the amount of tungsten actually present in the sample, as determined by
various characterization techniques. Even though of prime importance surface density has
been occasionally reported, assuming all the input tungsten atoms have been incorporated
in/on zirconia and homogeneously distributed. In this context we thought of determining
surface density considering the actual amount of WOj3 present in the solid acid tungstated
zirconia materials, rather then assuming all inputted tungsten atoms been incorporated in
the zirconia. Furthermore the small amount of WO; actually present in the solid gets
segregated as bulk WOj; crystallites at higher temperatures, which is also considered for

surface density calculation which in fact, does not stabilize the zirconia any more. The
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concentration of these bulk WO; crystallites can be estimated by the difference between
the actual amounts of WO; species present in the solid minus the amount of bulk WOs;
crystallites segregated, using Rietveld analysis [44]. However when the amount of bulk
WO; crystallites formed is negligible this point can be overlooked, as in the present
studies. At first WO;s concentration was measured with SEM-EDX instrument,
representative EDX pattern of samples 20WZim6C-III and 20WZim8C-III showing

average W and Zr concentration in oxide mode are presented in Fig. 5.15.
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Fig. 5.15: EDX spectrum of samples 20WZim6C-III and 20WZim8C-III (Inset: average
wt.% of W and Zr in oxide mode).

EDX is capable of detecting most metals and non-metals, only the lack of detection
power for light elements is a limitation of this technique. Nevertheless oxygen is detected
indirectly, thereby postulating, that the elements in the sample were present as their metal
oxides. Furthermore, for small concentrations this system is not very precise and the
detection limit is dependent on the matrix and its surface homogeneity. EDX in
conjunction with an SEM 1is a surface analysis method, and it needs mathematical
correction programmes, ZAF corrections, to compensate the background of a not ideal
sample matrix [106]. The analytical measurements are performed standard-less, and all
the collected data is correlated to the internal calibration which is performed prior to
analysis with two pure element standards. Before each quantitative analysis a manual
background correction and automated ZAF-corrections are carried out. The optical
potential of a SEM-EDX is of great benefit which gives the opportunity to pick different
areas for investigation, depending upon the contrast of the image. At-least three different

visibly homogenous regions were selected where maximum possible homogeneity on the
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surface of the particles in the sample was seen and average values have been considered.

Despite the best efforts the WO; concentration received from SEM-EDX was invariable

as well as displayed lower values, as depicted in Fig. 5.16.
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Fig. 5.16: % Wt. WO; concentration of various tungstated zirconia samples measured via

different characterization techniques

The strong variation of the EDX results in different sample areas is the result of a typical
behavior of the SEM-EDX, it is surface analysis, and shows therefore only a part of the
whole analytical information. In order to obtain better insight of WO;3; concentration,
energy dispersive XRF was employed. Similar to EDX, XRF is predominantly a surface
analysis technique, rapid, non-destructive and multi-element analytical technique for the
qualitative and quantitative analysis of elements in a variety of materials. X-ray
fluorescence makes use of the ability of high energy X-rays to excite electrons in an atom
to a higher energy state, while EDX makes use focused beam of electrons to obtain the
same. Thereby in XRF, X-rays penetrate much deeper into sample than electrons:

possibility of layer thickness determination, however X-ray penetration of the sample is
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limited to the top 0.01 - 0.1 mm layer. Comparing EDX vs. XRF measurements, XRF
with greater depth of field will measure a much larger volume of sample, resulting in a
more consistent and accurate measurement. XRF is a true multi-element analysis, all
elements of the periodic table from Beryllium to Uranium can be measured qualitatively,
semi quantitatively and quantitatively over a wide range of concentrations in powders,
solids and liquids as well which is an additional advantage. To get more accurate results,
one must homogenize the samples, especially the powder materials. In case of powders,
spinners are can be utilized during measurements or the powder is fused with lithium
tetraborate and bromide to obtain fused glass type discs for maximum homogeneity. In
the present study all XRF measurements were carried out using spinners containing
maximum amount of finely grounded powders and an average of three readings was
considered to before reporting the final value of WO3 concentration. It can clearly seen
from the Fig. 5.16 that XRF acquiesce better results then EDX for the tungstated zirconia
samples, primarily due to difference in the sampling technique and the source of
excitation. Earlier in this section usefulness of XPS to get direct insight into the chemical
composition, qualitatively and quantitatively of the surface species has been already
elaborated. The peak intensities occurring at different positions for different elements in
the XPS spectra can be used to measure the concentration of a specific element with the
help of relative sensitivity factors (RSF) of photoelectric peaks which are widely
available and tabulated [107]. These RSF have been routinely used to scale the measured
intensities as part of the atomic concentration calculation, but RSF can only be accurate
for homogenous type materials. If the sample varies in composition with depth, then the
kinetic energy of the photoelectric line alters the depth from which electrons are sampled.
Therefore measurements were carefully performed for specific elements to attain better
accuracy. Using RSF, surface WO; concentration was determined taking into account the
integrated area of W(4f), Zr(3d) and O(1s) XPS peaks. The WO; concentration values in
wt% obtained from this exercise are shown Fig 5.16. Comparing the XPS vs. XRF it can
observed that XPS values are quite higher then expected along with deviation from the
true value, which is due to direct comparison of XPS peak areas which is not a
recommended means of comparing samples for the following reasons. An XPS spectrum

is a combination of the number of electrons leaving the sample surface and the ability of
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the instrumentation to record these electrons; not all the electrons emitted from the
sample are recorded by the instrument. Further, the efficiency with which emitted
electrons are recorded depends on the kinetic energy of the electrons, which in turn
depends on the operating mode of the instrument. As a result, the best way to compare
XPS intensities is via, so called, percentage atomic concentrations. The key feature of
these percentage atomic concentrations is the representation of the intensities as a
percentage, that is, the ratio of the intensity to the total intensity of electrons in the
measurement. Should the experimental conditions change in any way between
measurements, for example the x-ray gun power output, then peak intensities would
change in an absolute sense, but all else being equal, would remain constant in relative
terms. Thus in XPS quantification based on standard relative sensitivity factors, precision
is achieved not accuracy. Keeping in view the above facts the ratio of W/Zr was
calculated from peak areas of W(4f) and Zr(3d) for all the tungstated zirconia samples,
besides calculating surface WO;3 concentration using relative sensitivity factors. In XPS
measurements the W/Zr ratio is more reliable then % WOj3 concentration, therefore W/Zr
ratios were also calculated for EDX and XRF since the WO; concentration obtained from
earlier EDX and XRF measurements from cannot be directly compared with XPS W/Zr
ratio. Total chemical composition, besides surface composition is the one of the most
important component in the characterization part as it is the controlling parameter that
can decide the performance of the catalyst. The determination and accurate control of
bulk chemical composition is of paramount importance in monitoring and evaluating the
properties and stability of catalysts. The methodology for certain analysis depends on the
nature and concentration of the constituents. In the present activity, initially atomic
absorption spectrometry (AAS) technique was used for estimation of W content. The
details regarding the equipment and operating conditions employed are mentioned in
Chapter 2, Section 2.4.12. The application of AAS in the analysis of tungsten is limited,
due to poor sensitivity. The element forms refractory oxides in the flame, which is
undesirable in AAS analysis. The use of nitrous oxide-acetylene flame or graphite
furnace with the application of pre-concentration techniques, have improved the situation
to quite an extent. Nevertheless the temperature of the flame is low to completely atomize

highly refractory elements and can thus severely under-read the true concentration of
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analyte present if the elements are not in the same chemical state in the sample as in the
standard [108]. Another major disadvantage of this AAS technique is that it is extremely
slow when compared to multi-element detection methods like ICP-AES. This is due to
the inherent limitation that only one element can be detected at a time because of the use
of element specific cathode lamps. With the advent of plasma as an excitation source,
there has been a marked improvement in the analysis of W by ICP-AES. Plasma emission
spectroscopy has been applied in tungsten analysis with higher sensitivity, and can be
determined up to 1 ppm accurately [109]. The greatest advantages of the ICP-AES
technique are the spectacular linear dynamic range, high sensitivity, low detection limits
(ppb range) and multi-element detection capacity [110]. The greatest disadvantage for
both the spectroscopic techniques AAS & ICP-AES, lies in the fact that the sample must
be in solution, preferably aqueous solution, before it can be analyzed. An advantage
gained from the conversion of solid to a liquid is the elimination of heterogeneity,
physical form and physical transport problems associated with the solid materials.
However, the conversion of solids to liquids presents the analyst with a new and different
set of problems. Many, if not most, sample types start out as solids in part or total where
a great deal of time and effort is invested into converting them into a liquid form. The
chemistry of the elements in aqueous media is of interest as well as the chemistry
required to bring them into solution. It is not only concerned with the destruction of the
solid, but also the preparation of a solution that is stable and compatible with the
chemical components of the standard solution and the physical components of the
introduction system. In view of this, initial trials were conducted to establish the suitable
method of converting the solid into a liquid form prior to AAS/ICP analysis. Several
spectrometric and digestion methods were investigated for the analysis of Zr, Mo and W
elements in the presently studied solid acid catalyst. The zirconia matrix of the analyte
limited the number of digestion options available. The advantages and disadvantages of
each method were weighed in relation to each other before a specific method or
instrument was chosen to perform the analysis. These optimization runs were conducted
using a representative MoOs/ZrO, and WO3/ZrO, catalyst and liquid form was subjected
to the analysis. After completing the analyses, the results were compared. For the

compositional analysis using AAS/ICP-AES, three measurements were made and an
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average value was considered within the limits of the error. The ICP-AES analysis
showed better results for W as compared to AAS analysis. Therefore the concentration of
W and Zr was measured using ICP-AES for all the WOs-/ZrO; catalyst, while AAS was
employed for measuring Mo and Zr in MoOs3-/ZrO; catalyst. Outmost care has been taken
to remove all possible errors during the analysis. However all measurements are
accompanied by a certain small amount of error, and an estimate of its magnitude is
necessary to validate results. The error cannot be eliminated completely, although its
magnitude and nature can be characterized and reduced with improved techniques. In
general, errors can be classified as random and systematic. If the same experiment is
repeated several times, the individual measurements cluster around the mean value. The
differences are due to unknown factors that are stochastic in nature and are termed
random errors. They have a Gaussian distribution and equal probability of being above or
below the mean. On the other hand, systematic errors tend to bias the measurements in
one direction. Systematic error is measured as the deviation from the true value which is
difficult to detect even for experienced research workers, but can be identified and
eliminated. Systematic errors are caused by imperfect calibration of measurement
instruments or imperfect methods of observation, or interference of the environment with
the measurement process, and always affect the results of an experiment in a predictable
direction. All atomic spectroscopy analysis was done on wet basis, and the measured
WO; concentration can be viewed from Fig. 5.16. W/Zr ratios of various tungstated
zirconia samples were also calculated from ICP-AES results and are revealed in Table
5.5. A number of conclusions can be drawn from above characterization studies and are
given as follows. The results of ICP and XRF appear much more comparable than the
EDX results. This data gives an indication that the SEM-EDX method may not be the
most accurate method. However SEM-EDX analytical results showed more details of the
sample than an ICP-AES analysis does, and no element specific calibration before the
analysis is necessary for quantitative determinations. Sample preparation for SEM-EDX
and XRF is fast and easy compared to the dissolution process necessary for conventional
atomic spectroscopy, XRF being the technique where in minimum or no sample

preparation is required.
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Table 5.5: W/Zr atomic ratio and corresponding surface density values calculated using
EDX, XRF, ICP and XPS for various tungstated zirconia catalysts.

Sr. Sample W/Zr Atomic Ratio Surface Density, W-atoms/nm’

No. Designation EDX | XRF | ICP | XPS | EDX | XRF ICP XPS
1 | 20WZim7C-I 0.20 | 0.28 | 0.27 | 0.34 | 9.58 | 1251 12.21 | 14.46
2 | 20WZim7C-II 0.18 024 | 026 | 032 | 3.84 | 492 5.15 6.06
3 | 20WZim7C-lIII | 0.17 0.24 | 0.25 | 0.28 | 3.21 4.26 4.42 4.85
4 | 20WZim7C-IV | 0.18 024 | 026 | 034 | 3.76 | 4.87 5.16 6.51
5 | 20WZim7C-V 0.15 021 | 022 | 0.24 | 3.47 | 445 4.69 5.07
6 | 20WZcp7C-1 016 | 022 | 0.26 | 0.28 | 4.25 5.52 6.23 6.72
7 | 20WZcp7C-II 0.17 0.26 | 0.26 | 0.30 | 4.06 5.77 5.70 6.39
8 | 20WZcp7C-III 0.14 | 0.19 | 0.21 | 0.25 | 3.35 4.26 4.74 5.36
9 | 20WZsg7C-1 0.14 | 021 | 0.21 | 0.23 | 3.77 5.28 5.40 5.81
10 | 20WZsg7C-I1 0.16 | 022 | 0.20 | 0.33 | 8.29 | 10.86 10.22 | 15.35

For obtaining consistent average total composition of the catalyst, ICP-AES seems to be
the more suitable source, while XRF is appropriate for surface analysis and compatible
with total composition of solid materials. ICP-AES has the advantage of lower detection
limits with a higher accuracy, even for the light elements, compared to XRF and SEM-
EDX. But it should be understood that to get meaningful results, where solution
techniques are involved all solid samples containing heavy metals like tungsten and
zirconium samples have to be brought in solution, which is still an art of the experienced
analytical chemist. XPS results are more informative about the chemical states of the
elements present long with surface composition, yet individual % element concentration
cannot be explicitly compared using this technique. However ratio of elements can be
successfully obtained and used for comparison with better accuracy, rather then
comparing individual % elements concentration. Estimation of total compositional WO;
is rather straight forward, as compared to surface due to un-homogeneity of the
heterogeneous tungstated zirconia catalyst. In Table 5.6, an average of WO;
concentration and W/Zr ratio calculated from four different characterization techniques of
various tungstated zirconia samples are given. The first significant difference which can
be spotted from Table 5.6 is the highest W/Zr ratio and concentration of WOs3 in sample
20WZim7C-I prepared under basic pH without digestion using ZrONit, while all other
samples prepared under basic pH using ZrONit with digestion show WOj in the range 17-
18 wt%, with W/Zr ratio ~0.24. Unexpectedly lower values of W/Zr ratio and WO;

concentration were obtained in the samples prepared using ZrOCI under basic pH. The
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reason for these unpredictable lower values could not be ascertained as of now. The
sample prepared under acidic pH with and without digestion showed identical W/Zr
ratios with minor difference in WO; concentration. The WO;3; concentration obtained
from various characterization techniques for each sample was used for surface density
calculation and the averaged surface density evolved from these surface densities was
believed to be ideal and true value (Table 5.6).

Table 5.6: Averaged values of WO; (Wt. %) concentration, W/Zr atomic ratio and surface
density calculated from the four characterization techniques (EDX, XRF, ICP and XPS).

Sr. Sample Input Wéve\r;ge(y Average S lfxvergge .
No. Designation WO; Con 03651 tr.':[l'tioorz. W/Zr Atomic Ratio %{/—i;f) m/flllILSllzty

1 | 20WZim7C-1 20 20.66 0.28 12.49

2 | 20WZim7C-II 20 18.84 0.25 4.99

3 | 20WZim7C-1I1 | 20 18.03 0.24 4.18

4 | 20WZim7C-IV | 20 18.96 0.25 5.08

5 | 20WZim7C-V 20 15.99 0.20 4.42

6 | 20WZcp7C-1 20 17.71 0.23 5.68

7 | 20WZcp7C-II 20 18.55 0.24 5.48

8 | 20WZcp7C-111 20 15.51 0.20 4.43

9 | 20WZsg7C-I 20 16.71 0.22 5.43

10 | 20WZsg7C-II 20 17.21 0.22 11.18

From this table it is understood that an increase of WO; concentration with comparable
surface area results in an increase of W surface density. Also samples with quite similar
WO; concentration but having relatively lower surface area leads to higher surface
density. Besides sample 20WZim7C-1 and 20WZsg7C-II, rest all the samples have
surface density in the range 4.1 to 5.6 W-atoms/nm’. If the average of the surface
densities is considered, leaving the recently mentioned two samples a number close to 5
W-atoms/nm” is attained. In contrast to the theoretical monolayer models that assume a
specific structure for a surface tungsten oxide species, experimental XPS, ISS, and
Raman spectroscopic measurements have demonstrated that monolayer coverage actually
corresponds to 4-5 W-atoms/nm” [111,112,113]. This theoretical surface density value is
a close match to that obtained in this study indicating monolayer coverage. The
maximum amount of surface polytungstate species should occur at this monolayer
surface tungsten oxide coverage, while at lower surface densities mono-meric species
would be dominating the zirconia surface [43]. This means that WOj; is loaded selectively

on the surface of zirconia support up till mono-layer coverage, having surface density 4-5
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W-atoms/nm?, and multiple layer of WOj is formed on further loading [114]. A pictorial
representation of the WO; species on zirconia depending upon the surface density is

shown in Fig. 5.17 to have a better ugderstanding [24].

0
o e | | — e | —
/0--..L|...-r0\ — o/w\o — o/w\“o
T /IN 7z O ’ O | -0 O ’ P | O Bulk
-~ ; ;
\ T S OO Oy e,
(>0-4 W/nm?) (4-8 W/nm?) (>8 W/nm?)
Isolated Mono Poly-tungstate Poly-tungstate + Bulk WO;

-{ungstate ZrO, support

A 4

Fig. 5.17: Evolution of various W species on the zirconia support with increasing surface
density

Finally, from Fig. 5.17 and combined analysis of experimental and theoretical results
three main W species, associated with the surface density can be distinguished: (i) at very
low loadings of W (>0-4 W—atoms/nmz), essentially isolated WO, or WO¢ monomers are
formed (ii) between 4 and 8 W-atoms/nm?, polymeric domains of WO; anchored to the
zirconia surface are expected to be the most abundant ones (iii) at higher values (>8 W-
atoms/nm?), presumably the octahedral polymeric species plus bulk WO; crystallites
become more abundant [115]. The usefulness of combining results from different
analytical methods is thus demonstrated in the characterization of tungstated zirconia
catalysts. Data from surface characterization techniques such as EDX, XPS and XRF
together with information from ICP-AES were compared and utilized for achieving

actual analytical WOs; concentration, W/Zr ratio and surface density.

5.2.8. FT-IR Analysis

The FT-IR spectrum of various tungstated zirconia catalysts calcined at 700 °C are
shown in Fig. 5.18. This figure also shows an expanded view of the region 780-1180
cm ' for better visibility. According to the literature the bond, metal and hydroxide (Zr—
OH) is noted at 1400 cm ', the bond metal and oxygen (Zr-0) is situated at 585 cm !
and bonds metal, oxygen and metal (Zr-O—Zr) with high intensity can be detected at ~
500 cm ' [116]. The band at around 1400-1450 cm™ ' is also assigned to the stretching
vibration of the bonds nitrogen and oxygen (N-H) in the NH*" ions. [117,118].
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Fig. 5.18: FT-IR spectrum of (a) WO3/ZrO, samples prepared by impregnation method.
(b) WO;-ZrO, samples prepared by co-precipitation and sol-gel method. Zoomed in
wavelength region, 780-1180 cm ' revealed below for both the figures, (a) and (b).
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The bands in the region 1620-1630 cm ™' and 3000-3400 cm ™' corresponds to the bending
and stretching modes of the OH groups of water molecules present in the sample.
Normally crystalline WO; shows peaks around 805 cm ™' and 1100 cm™ ' [50,119]. The IR
spectrum of all the tungstated zirconia samples calcined at 700 °C shows a broad main

maximum in the region 471-500 cm ' confirming tetragonal zirconia phases, while the
absence of distinct bands at 417, 575 and 740 cm ', rule out the presence of monoclinic

zirconium phase, [120,121,122]. Under ambient conditions, the supported metal oxide
catalysts contain a thin film of water which hydrates the surface metal oxide species
[123]. The W=0O and W-O vibrations of the hydrated surface metal oxide species
generally occur below 1100 cm ™' [22,28,29] which usually makes it difficult to detect
these vibrations with IR spectroscopy because of the strong IR absorption of the oxide
supports in this region. Even so it was possible in our system to at least detect the
terminal W=O vibration in the 900-1100 cm™"' region for almost all the samples calcined
at 700 °C. Regardless of the preparation methods, all the samples showed a band at

around ~ 972 cm !

, which was assigned to polytungstate structure with tungsten in
octahedral coordination homogeneously distributed on the surface of zirconia [26].
Absorption between 970-980 cm ' is characteristic of polytungstate anions WeOao(OH)>
W12041'", or W12030% [22], which confirms the formation of the polytungstate structures
on the surface of the zirconia. This band has appeared at lower wave numbers than those
reported in other works, which are between 1000 and 1020 cm’! [22,45,124,125]. The

shift of the band position towards lower wave numbers (~ 972 cm ') in our samples could
be attributed to a strong tungsten-zirconia interaction [50,126,127]. The formation of Zr—
O—W bonds can be confirmed by the decrease in the intensity and change in the contour
of the bands in the region 2800-3800 for the terminal and bridging OH groups in the IR
spectra of most WO3-/ZrO, samples, however it was not possible to correlate the
shape/shift in peak position, amount of decreased intensity with surface density, synthesis
method, zirconium precursor and other process parameters [26,27,28]. The emergence of
a band at 1090 cm ™' for sample 20WZim7C-I is related to the formation of crystalline
WOs;. The XRD spectrum of this sample also showed the monoclinic WOj; crystallites,
this unambiguously indicates the connection between the 1090 cm ' band and the bulk

WOj; phase. These results are in accord with the earlier reports [22,24]. By comparing the

Ph.D Thesis - 248 - University of Pune



Chapter-5 Tungstated Zirconia Solid Acid Catalyst

IR spectrum of sample 20WZim7C-I with other samples, no IR band similar to 1090
cm ' band could be spotted for rest of the samples in the matching wavelength region.
This finding is analogous with the XRD results were in no bulk WO; phase was detected
by XRD besides in sample 20WZim7C-I. Therefore one can assign the band at 1090 cm™'
to the presence of some fraction of well-crystallized bulk WO; phase, and the band at ~
972 cm ' to a polytungstate structure. Absence of the high wave number (1090 cm ')
band corresponding to bulk WO; phase in almost all the samples calcined at 700 °C
suggests that the tungsten oxide is in a highly dispersed state on the surface of the
zirconia. The high wave number of this band indicates a high bond order of the structure

associated to it.

5.2.9. SEM Analysis

To observe the surface morphologies and tungsten distribution the samples,
annealed at 700 °C were analyzed by SEM/EDX using backscattering electron images.
An electron microprobe was used in the energy dispersive mode (EDX) to attain
quantitative information on the distribution of the tungsten in the specimens. Fig. 5.19
and 5.20 shows compositional images of various tungstated zirconia samples. At first
instance a noticeable feature can be spotted in all tungstated zirconia SEM images. Tiny
white particles on the surface of the big gray particles are seen. However, smaller gray
particles but bigger then white particles are also present. The SEM images suggest that
the gray particles are mainly constituted by zirconia, while the white particles are rich in
W. This is because the image formation process is based on the backscatter electrons of
the atoms present in the sample: W atoms scatter more electrons than Zr atoms, due to
greater atomic number of W as compared to Zr. This condition must produce white
contrast images where high W concentration is present. In order to confirm this
hypothesis sample 20WZim-II was selected randomly and its images at different
calcination temperature including the un-calcined sample were taken, and are produced in
Fig. 5.19 and 5.20. Commencing from the un-calcined sample picture (20WZim-II) to the
highest calcination temperature (800 °C) sample picture 20WZim8C-II, it can be

observed that the fractions of white particles are higher in number and size.
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20WZim7C-111

20WZcp7C-11

Fig. 5.19: Backscattering SEM micrographs of the various tungstated zirconia samples.
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Fig. 5.20: Backscattering SEM micrographs of sample 20WZim-II calcined at 500 °C,
600 °C, 800 °C and 20WZim-III calcined at 600 °C and 800 °C. The area under the
marked white box of sample 20WZim8C-III is presented with higher magnification.

Also the grey particles appear brighter as the calcination temperature increases, indicating
good dispersion of WO; on the zirconia surface. Similar results were gained from the
images of samples 20WZim6C-III, 20WZim7C-III and 20WZim8C-III calcined at 600,
700 and 800 °C respectively, thus confirming the earlier interpretation. Fig. 5.20 shows
SEM image of sample 20WZim8C-III at higher magnification, in which different
particles were identified and tagged only after confirmation by EDX. From this figure it
is apparent that WO; dispersion is pretty good on zirconia particles. Also as the

temperature changes from 400 °C to 800 °C, the amount of amorphous type particles
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seems to be reduced and particles looks more refined due to thermal treatment. Two types
of grey irregular agglomerates are observed in all the samples, smaller been in the range
of 3-5 um, while larger agglomerates are 15-20 um in size. No definite change in
morphology could be seen for the samples prepared with different synthesis method and
process parameters. The irregular morphology remains almost same at all calcination
stages, with minor increase in the shape and size of the agglomerates with increasing

calcination temperature.

5.2.10. TEM Analysis

Transmission electron microscopy is a powerful tool for the investigation of the
microstructure of materials, providing crystallographic information and composition at
the nanometer scale. Lattice fringe images represent the simplest case and record an
intense modulation that gives the spacing of the atomic planes lying parallel to the
incident beam, enabling catalyst particles to be identified. In the case of heavy metals, the
crystal structure of the particles can also be studied. In the current study representative
bright field TEM and HRTEM images with higher magnification of the tungstated
zirconia catalysts are shown in Fig’s. 5.21-5.24. From HRTEM images all the samples
exhibit particles which are uniformly distributed, and have mono-modal distribution and
almost spherical in shape. Sol-gel samples were observed to have spherical shaped
particle with globular agglomerates, whereas co-precipitation and impregnation samples
showed irregular rectangular-shaped agglomerates with round and/or egg shapes particles
of varied size. The smaller particles present in tungstated zirconia samples prepared with
modified synthesis parameters, especially the digested ones, is a direct consequence of
the strong interaction between the WOs species with the zirconia support during its
crystallization. While samples prepared without the aid of digestion showed larger
particle size (Samples 20WZim7C-I and 20WZsg7C-II). All samples also occasionally
exhibited highly condensed ZrO, particles of around ~20 nm in diameter, which
constituted a very small volume fraction of the total support material. These larger
particles were presumably formed due to local in-homogeneities during calcinations.
HRTEM images with higher magnification revealed atomic lattice fringes and hence

supports again the crystalline nature of the particles, thus complimenting XRD results.
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Fig. 5.21: Representative TEM (bright field) and HR-TEM images of various tungstated
zirconia samples as indicated with different magnifications.
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Fig. 5.22: Representative TEM (bright field) and HR-TEM images of various tungstated
zirconia samples as indicated with different magnifications.
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Fig. 5.23: Representative TEM (bright field) and HR-TEM images of various tungstated
zirconia samples as indicated with different magnifications.
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Fig. 5.24: Representative TEM and HR-TEM images of various tungstated zirconia
samples. SAED patterns of selected samples 20WZsg7C-II and 20WZim8C-III.
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Nanometer scale dark flecks can just be discerned in these images, indicative of WOs3
clusters. These darker flecks (WO; clusters) exhibit higher contrast than zirconia support
due to their higher mass contrast. However, if one examines images carefully, a clearer
picture emerges in which surface mono and poly-tungstate species co-exist. A general
trend of increasing concreteness of the dark WO; rich specks with increasing W-
atoms/nm” can be seen for samples 20WZim7C-I and 20WZsg7C-II. In particular,
dispersion of the latter sample is better. 20WZcp7C-II and 20WZim7C-IV powders show
a more uniform dispersion but the particles do not posses any specific shape, when
compared with samples prepared with similar conditions in the absence of surfactant.
Also due to fuzzy network of these samples it difficult to predict the average particle size.
The comparison of particle size between TEM and XRD has been presented in Table 5.2.
The values obtained by XRD are slightly larger than the particle size deduced from TEM
images. Selected area electron diffraction (SAED) pattern of samples 20WZsg7C-II and
20WZim8C-III are presented at the end of TEM micrographs. The presence of few clear
spots along with connecting diffraction rings shows the presence of crystallite of
reasonably sufficient sizes to diffract. SAED patterns of other samples are not shown for

brevity.

5.3. CONSLUSIONS

Binary WOs-/ZrO; solids with tetragonal phase are synthesized by using modified
impregnation, coprecipitation and sol-gel method under a variety of different process
conditions. Influence of the various improved preparation methods on the structure,
chemical composition and physicochemical properties of tungstated zirconia (WOs-
/Zr0O,) solid acid catalyst are laid down using a variety of characterization techniques.
The addition of tungstate ions to zirconia under identical synthesis condition raises the
crystallization temperature of zirconia from 410 °C to 580 °C. All the materials prepared
using modified procedure showed mesoporous textures with surface area almost touching
100 m*/g, with average particle size between 10 to 15 nm. Stronger heat treatment of
WO;-/Z1rO, above 700 °C leads to a reduction of surface area and formation of bulk WO;
crystallites. Usually [51] two preparation methods (impregnation and co-precipitation)

are used for the synthesis of tungstated zirconia materials, of which the latter yields better
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acidity and BET surface area. Dramatically in these studies exactly opposite has
happened, the samples calcined at 800 °C prepared using modified impregnation method
have shown better surface areas, acidity and no evidence of zirconium monoclinic phase
as well as bulk WOs crystals, while using co-precipitation method it showed traces of it.
Postulated reason may be, the actual amount of tungsten strongly and directly anchored
on the zirconia surface which controls the surface area shrinkage and the fraction of
tetragonal zirconia. Addition of Pluronic P-123 block copolymer surfactant to the
modified synthesis procedure has shown materials with somewhat better surface areas.
The traditional procedure for the production of mesoporous oxides using organic
template/surfactant is not suitable for the production of mesoporous tungstated zirconia
materials since the burning of the template/surfactant above 500 °C leads to the
destruction of its porous structure. This work provides new experimental information on
how to use various elemental characterization techniques to accurately determine and
obtain WO;-/ZrO, binary oxides with different surface density/acidity by treating the
precipitated materials under controlled conditions and with identical surface

density/acidity by varying synthesis methods and process parameters.
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6. SUMMARY AND CONCLUSIONS

The role of the principal preparation variables controlling the phase composition
and thermal stability of pure zirconia, such as pH, concentration and temperature
of the solution, the nature of parent zirconium salt as well as aging of the
precipitate is studied.

High surface zirconia can be obtained through optimized synthesis conditions via
precipitation method using zirconium salts much economically as compared to
zirconium alkoxides. Surface areas ~ 200 m?/g can be obtained as long as the
calcination temperature is kept below 500 °C.

Digestion of the zirconium hydrous oxide increases the thermal stability and
volume % of tetragonal phase of the resulting zirconia considerably.

Addition of Mo and W also stabilizes zirconia in the meta-stable tetragonal phase,
which is stable up to 800 °C temperature under optimized synthesis conditions.
Influence of the various improved preparation methods on the structure, chemical
composition and physicochemical properties of tungstated and molybdena
zirconia solid acid catalyst are laid down by using a combination of analytical and
spectroscopic characterization techniques. The interaction between Mo and W
oxide with zirconia strongly influences the physicochemical properties.

In the Mo and W oxide incorporated catalysts, the concentration of acid sites
increased drastically when compared to that of pure ZrO, support. In particular,
the percentage of acid sites on WO3-/ZrO; is higher than on the MoO3-/ZrO..
Under identical synthesis conditions, addition of Pluronic P-123 surfactant has
shown no significant effect on the structural properties of the MoOs-/ZrO, and
WO3-/ZrO, catalyst, besides marginal increase in the surface area.

15 wt% MoOs;-/ZrO, catalysts prepared via modified preparation techniques
prove to be an excellent heterogeneous catalyst for solvent free synthesis of
chalcone with yield as high as 93 %, by using only 1.5 wt% of catalyst.

Various elemental characterization techniques such as EDX, AAS, ICP and XRF
are used to accurately determine Mo and W in MoOs-/ZrO, and WOs-/ZrO,
catalyst respectively, and their results have been compared.
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