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PREFACE

Titania is a versatile metal oxide with multiple applications.
It has gained much attention in catalyst industry due to its application as
a catalyst by itself and as a support for metal or metal oxide catalysts.
Titania supported catalysts are reported to be much more active
compared to conventional silica or alumina supported ones in some
reactions. It is noteworthy and interesting that many Indian industries are
now trying titania based catalysts as a substitute for their existing
alumina or silica or zeolite based ones, but many are in a state of infancy
in terms of implementation, presumably due to the non-availability of
catalytic grade TiO, or manufacturing technologies in India and also due
to the lack of systematic data dealing with anatase to rutile
transformation, which may occur during the metal oxide loading. Most of
the TiO, manufacturing companies are aiming only on the pigmentary
properties. Also, most of the investigations found in literature were
carried out on a commercially available imported TiO,, called Degussa p-
25, which is a mixture of anatase and rutile. At this juncture, it thought
worthwhile, to carry out investigation on some titania supported
catalysts. For this purpose, high surface area TiO, (anatase) was prepared
through controlled thermal hydrolysis of titanyl sulfate solution and some
metal oxides were loaded on this TiO, in the amorphous state by ion
exchange and wet-impregnation methods. Another method, called co-
precipitation using hydrazine hydrate was also adopted to prepare the

same catalysts to compare the properties. The details of the present

investigation are presented in this thesis.



This thesis consists of 8 Chapters. The Chapter 1 deals with
a detailed discussion about the importance of titania as a catalyst or
support, preparation methods available, anatase to rutile transformation
and metal — support — interactions in titania supported catalysts. The
detailed experimental procedure adopted for the preparation of some
titania supported catalysts and the various analytical and physical
techniques employed are included in Chapter 2. The Chapters 3 to 7 deals
with the results and discussion of titania prepared through thermal
hydrolysis, NiO/TiO,, Fe,03/Ti0,, CeO,/TiO, and V,05/TiO, catalysts
prepared through all the three methods described above and their
catalytic activity studies respectively. Chapter 8 deals with the summary
and conclusion. The references to the literature are given at the end of

this thesis.
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Chapter 1
INTRODUCTION

1.1  General introduction

Titanium is the 9™ most abundant element in the earth's crust
and is the 4™ most abundant structural element'. Being highly reactive, it
is never found in the metallic form in nature. It is always found combined
with oxygen and other metal oxides. Since it falls in group IVB of the
periodic table, it shows the characteristic valency of 4, but, in addition to
this, di, tri and penta valent states are also reported in some compounds.
Titanium forms oxides with all of the above-mentioned valencies, or to
say more specifically, seven phases of its oxide exist with the general
formula TiO,,.;. As the value of 'n' increases from 4 to 10, the structure
approaches more and more closely to that of rutile TiO,. Thus wide range
of possible compounds and structures exist in the TiO system,” however,
the dioxide is the most stable under ordinary conditions. Titanium
minerals occurring in nature are ilmenite (FeTiQO;), rutile, anatase,
brookite, perovskite (CaTiO;), sphene (CaTiSiOs) and geikielite
(MgTiO5).? Ilmenite is by far the most common and its reserves are wide
spread through out the world including India. Indian ilmenite deposits are
reported to be rich in TiO, content.'

As the stable dioxide, TiO, exists in 3 polymorphs,
corresponding to the naturally occurring mineral anatase, rutile and

brookite respectively’. Out of these, rutile is the thermodynamically most



stable form. Anatase and brookite are meta stable, which readily get
converted to rutile on calcination at higher temperature.”
1.2 Industrial applications of TiO,

Titania is one of the top 20 inorganic chemicals of industrial
importance. Although it is used in some non-pigmentary applications, the
chemical and industrial interests on TiO, are almost solely derived from
its pigmentary properties. It has been used as a pigment from the very
beginning of 20" century.’

The important properties of a pigment are i) opacity - the
ability to opacify the medium to which it is applied or the surface on
which. it is dispersed, ii) hiding power - the power to obscure a
background of contrasting colours either by absorption or by scattering,
iii) tinting strength — the ability to lighten a colourant, iv) gloss - surface
finish, v) chalking resistance - the resistance to the disintegration of
organic binders, which results in the formation of powdery chalk or free
pigment particles on the surface, etc. Most of the above mentioned
properties are in some way or other, related to refractive index, particle
size, surface area, etc. Better pigmentary properties are observed in the
oxides having higher refractive index and surface area. Since anatase is
highly photoactive compared to rutile, the disintegration of organic
binder occurs in anatase based pigments in presence of u.v radiations or
radiations having wavelength less than 400 nm. The coated surface
becomes powdery and moves away by wind or rain there by exposing the
underlying section for further attack, which leads to the fading of colour.

For the same reason, anatase is reported to be ‘poor’ in some of the



pigmentary properties.” Hence, anatase is usually preferred in interior
paints, while rutile is preferred in exterior ones including enamels and
emulsions. Since, both anatase and rutile have different physical
properties, they cannot be substituted by each other, but in some
applications both can be used.

In the manufacture of quality papers, anatase is
preferentially used as a filler - to fill the crevices between the paper fiber
and as opacifier and brightner, to improve smoothness and printability.
Since it is a wide band gap semiconductor, it can absorb u.v light and
emit radiations of higher wavelength, which is the main requirement for
optical brightners.’ Its lower density compared to that of rutile reduces
the problems in handling of the paper at wet stage. It is less abrasive due
to its lower hardness (compared to rutile), which results in lower
consumption of cutting blades used in paper industry.’

The high refractive index and chemical inertness make TiO,
an ideal pigment for plastics. Even though some plastics are used in their
natural colours, most of them are blended with pigment to obtain
attractive colours, as well to opacify them. Addition of rutile confers
resistance to u.v degradation. Anatase grade is used in textile industry for
de-lustering of synthetic fibres.> Addition of TiO, into ceramic materials
improves their acid resistance and lowers the sintering temperature.* It
also finds application in rubber, cosmetics, soap, pharmaceuticals,
printing ink, roofing granules, floor coverings,?* etc.

TiO, has found versatile applications in low as well as high

temperature fields. Mesoporous TiO, electrodes are used in photovoltaic



applications.” The microstructure of TiO, influences the photovoltaic
response of the solar cell and thereby increases the overall efficiency of
the system.” It is hence regarded as an important electrode material for
extensive applications in low cost solar cells®® and in electro chromics.’
In recent years, much effort has been focused towards the development of
renewable energy conversion and storage devices. For economically and
environmentally viable devices, the right choice of material is of crucial
importance. An important material in this respect is TiO,, whose
combination of semi conducting as well as chemical stability makes it a
suitable candidate for use in rechargeable lithium batteries.!*!* Titania
crystal lattice has the ability to accommodate charge in the form of small
foreign ions, such as H" and Li." ' These ions can be inserted and
extracted from TiO, electrodes using an electric field as driving force
through a process referred to as intercalation. The insertion of positively
charged ions has to be balanced with an uptake of electrons to preserve
overall charge neutrality."” For practical devices, the extent, reversibility
and speed of intercalation are of prime importance. A common way to
meet these demands is by using nano-structured electrodes. The large
effective surface area provides a concomitant large number of adsorption
sites for the intercalating ions."’

Titania coatings have been studied for a wide variety of uses,
such as antifouling, antibacterial, de-odourising agent and in wet type
solar cells.® Because of high refractive index, dielectric constant, good oil
absorption ability, tinting strength and chemical stability, even under

strongly acidic or basic conditions, TiO, is used in optical coatings, beam
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splitters and in antireflection coatings. The fabrication and

characterization of titania thin films have attracted the attention of many
researchers.2%%*!

In view of its chemical stability, high refractive index and
high dielectric constant, it has also got applications in opto-electronic
devices,”* optical wave-guides,? filters®® and NO, gas sensors.”* Because
of its wide chemical stability and non-stoichiometric phase region, it
shows different electrical characteristics with oxygen partial pressure,
which makes it suitable for use in high temperature oxygen and humidity

2527 with enhanced

sensors in pure form or mixed with other metal oxides,
mechanical properties.”® Titania based oxygen sensors can be used to
monitor automobile engine performance and the feed back from the
detector can control the air fuel ratio to give optimum low pollution
perforrna.nce.2

Titania nano particles are widely used for the preparation of
micro porous membranes,” which are used for the separation, with or
without chemical reaction.”®®' Layered hydrated titania (H,Ti4Os.nH,0)
and some titanates can readily inter change with some alkali or alkaline
earth metals,’>* because of which they find application in ion-exchange
materials. The possibility of using hydrated titania as an ion-exchange
agent for treatment of liquid radioactive wastes from nuclear reactor
installations and for the separations of uranium from seawater has also
been reported.****

Synthetic gems have been produced from rutile, since its

refractive index is significantly higher than that of diamond, which makes



it a very spectacular gem.”’ Strontium titanate gems under various trade
names, viz. Fabulite and Wellington, are available in the world market.
Gemstone grade SrTiO; was first developed at the National Lead
Company in mid 1950s.%®

Titanates, like barium titanate, lead titanate, lead zirconate
titanate (PZT), lead lanthanum zirconate titanate (PLZT), barium
strontium titanate (BST), strontium bismuth titanate (SBT), etc have
found applications in ultrasonic transducers, radio and communication
filters, medical diagnostic transducers, stereo tweeters, buzzers, gas
igniters, positive temperature coefficient sensors, ultra sonic motors,
electro-optic light valves, thin film capacitors and ferroelectric thin film
memories.”®> The wide applications of BaTiO; include multi player
capacitor, thermistor, piezo electric actuator, non-linear resistor, thermal

. . .40
switch, passive memory storage device,

chemical sensor (due to its
surface sensitivity to gas adsorption),*" etc.

Titania has gained much attention in catalyst industry due to
its applications as a catalyst or catalyst support for metal or metal oxide
catalysts used in heterogeneous catalysis including photo catalysis of
industrially and environmentally important reactions. A brief outline is
given in the succeeding section.

1.3 TiO; as a catalyst or support

Catalysts are those materials, which can accelerate or

facilitate a particular chemical reaction, without undergoing any change

or without being consumed in the process and hence it can be regenerated

in its original form, but some times in a lower or higher oxidation state.



Photo catalysts can increase the rate of chemical reactions in presence of
light, i.e. photochemical reactions. The major functions of a support are
to provide higher surface area, better dispersion of active component over
it, give thermal and mechanical stability, reduce the quantity of required
active component for a particular reaction and there by to increase the
overall efficiency of the catalyst, etc. Historically, a large number of
processes have been based on heterogeneous catalytic systems. The ease
of product isolation is the most attractive feature of heterogeneous
catalysis.

Even before Berzelius coined the term ‘catalysis’ in 1836,
human beings have used catalysts in the fermentation of drinks (wine)
and preparation of food materials like cheese. All biological processes, in
living beings, function through enzymatic (catalytic) processes. It is
likely that even the very first organic molecules that formed on earth
were produced by catalysis. During the last two centuries, the
phenomenon of catalysis was slowly understood and exploited by
mankind in many ways. The application of catalysis has improved the
well being of human race and their quality of life. Today, catalysis plays
a vital role or occupies the center stage in almost 95 % of all the
processes in the chemical manufacturing, petroleum and other
petrochemical industries.

Titania impregnated with metals like Pt, Rh, Ru or Ni was
used in Fischer-Tropsch synthesis of hydrocarbon from CO and H,.**%%
Titania impregnated with Pt was also reported for photo catalytic splitting

of water to give hydrogen.**® The introduction of titania based catalysts



in commercial air pollution control equipment in Japan in 1970s*” and the
titania based single crystal electrode for solar energy conversions, which
is considered by researchers working in the area of energy conversions as
a promising method for harnessing sunlight into storable chemical
energy,”® were the major breakthroughs and landmarks in the field of
titania based catalysis. Since then, it became most popular, economical,
harmless catalyst of choice and subject of many scientific studies, which
is mirrored in the multitude of literature and patents available in this area.

Pure TiO, is used as a catalyst in amination of methanol,
isomerisation of l-butene and B—pinene,” photo degradation of

50-52

chlorinated hydrocarbons,’®>? photolysis of water” and in degradation of

organic pollutants.***®

Metals or metal oxides supported on TiO, are used as a
catalyst in photo degradation of chloro flouro carbons,*® dichloro acetic
acid,”’ partial oxidation of methane to synthesis gas,”® ammonia
synthesis,”® methanation using CO,% hydro desulfurisation,®' reduction of
NO, ,% selective oxidation of o-xylene,” etc. Titania supported catalysts
are reported to be highly active compared to conventional SiO, or Al,O;
supported ones.”*®® Titanium based Ziegler-Natta catalyst is extensively
used in industry for the production of polyethylene and polypropylene
with high degree of stereo regularity.®*”' Titanium-p, a large pore Ti
metal doped zeolite has shown to be an active catalyst for oxidation of
branched and. cyclic alkenes and alkanes using H,O; or tert.butyl hydro
peroxide, as the oxidant, with high selectivity. The activity is ascribed to

the presence of titanium in the zeolite framework.”*" In 1983, Enichem,



Italy, opened up an active research in the area of titano silicates’ and is
regarded as another milestone in heterogeneous catalysis including photo
catalysis. The need for catalysts with large pore size and different
coordination environment of the catalytically active titanium centers,
recently led to the discovery of ETS-10 and ETS-4.7%%77

Heterogeneous semiconductor photo catalysis represents an

78-82

emerging area of environmental catalysis, ” ~ with significant potential to

detoxify noxious organic pollutants and reduction of heavy metal ions in
industrial wastes,”® in an effective manner. A variety of semiconductor
materials have been investigated due to the growing interest in the
development of inexpensive and efficient methodologies to reduce
environmental problems. Among the semiconductors, TiO, is the most
frequently investigated one, due to its ability to degrade a variety of
harmful organic pollutants including halogenated and non-halogenated
ones, adaptability to work in a specially designed reactor system,® even
in presence of solar u.v light” and due to its efficiency in the
mineralisation of aquatic pollutants in a short time.*®

Photo irradiation of TiO, with photon energy greater than

the band gap energy creates electrons and holes.”*’!

hv
TiO, —— € ¢ (TiOy) + h' vp (TiO,)

Consequently following the irradiation, the TiO, acts as either electron or

hole donor to reduce or oxidize the materials present in the surrounding
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media. These electrons and holes are responsible for the photochemical
reactions taking place on the surface -of TiO,. However, the photo
induced charge separation in pure TiO, has a very short lifetime, because
of the charge recombination (this would adversely affect the efficiency of
the catalyst). Therefore a great deal of concerted effort has been focused
to prevent charge recombination before a designated reaction occurs. One
way to accomplish this is to scavenge photo generated electrons or holes
with some other molecules, which are strongly adsorbed to TiO,
surface.”?®* Extensive research is being carried out on utilization of solar
energy much effectively for photoreactions by a technique called
photosensitization, in which coloured metal oxides or dyes were doped or
adsorbed on TiO, surface.”*? However, the separation of TiO, following
the photo catalytic process, is done by charge neutralization, coagulation
and flocculation, which include an additional cost for chemicals and the
requirement for crucial process control. These problems are minimized
by immobilizing TiO, on to various substrates, such as glass beads, sand,
silica gel, quartz, optical fiber and glass fiber in the form of mesh or on a
glass reactor wall.”’ Titania coated magnetite is also reported with
enhanced settling properties by applying a magnetic force, without the
need for further down stream processes and there by reuse of photo
catalyst is made easier.”

Pollution prevention, rather than remediation, has the long-
term value for improving the environment. The sustainable approach
currently available is the development of new technologies for controlling

the emissions of gaseous pollutants in to the atmosphere and the
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discharge of effluent to the surrounding water body. For these purposes,
catalysis and catalytic technology, especially titania based ones, hold the
key to a range of less polluting processes and technologies, which can
control both air and water pollution.

Although much has been learnt about catalysis during the
past few decades, the level of understanding has not progressed to the
point, where predictions based on first principles can be made. In
particular, there is no real fundamental understanding of why a given
substance is or not a good catalyst for a given reaction. Despite these
limitations, major advances in catalytic technology are continuously
emerging, as evidenced by many impressive applications of catalysis in
industry.”

1.4 Metal - support interactions in TiO, supported catalysts

Transition metal oxides offer an additional dimension for
chemisorption compared to non-transition metal oxides in that, the
number of electrons on the metal cations can be changed relatively easily.
Also, it is often possible to reduce the surface of transition metal oxides
to a lower oxide upon chemisorption, some thing that is generally
impossible for non-transition metal oxides.'” One of the most important
driving forces for the study of metal - metal oxide surface interactions
over the last few decades, or so, is due to their application in catalysis.

Much of the interest in metal on metal oxides stems from the
observation that strong interaction may exist between small metal
particles and their supports, when they are supported on reducible

transition metal oxides in catalysts.
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Since TiO; is a reducible catalyst support and its electronic
structure is simpler than those of most of the other transition metal
oxides, the majority of metal - support interaction studies were performed
on Ti0,. 100

There exists an extensive literature devoted to understanding
the origin and nature of metal - support interactions and hence it would be
very appropriate to briefly summarize these aspects in TiO, supported
catalysts.

The original and perhaps the most striking observation of the
metal - support interaction was the report that when Pt, Rh, Ru, Pd, Ir,
Os, etc were supported on TiO, powders and when the catalyst was
reduced at high temperature in hydrogen, the chemisorption behaviour of
the metals changed drastically compared to that for the same catalyst not
reduced at high temperature,'”” where as these metals normally
chemisorbed both hydrogen and CO at room temperature. Catalysts that
had been reduced at high temperature would no longer adsorb either
hydrogen or CO, although the original amounts of metals were still
present on the catalyst support. This is due to the metal - support
interactions. Tauster et al” called it as strong — metal — support interaction
(SMSI). Subsequent heating of the catalyst in oxygen, at least, partially
restored the normal chemisorption behaviour. A number of other
dramatic changes in catalytic behavior would also be accompanied with
the existence of SMSI state, but the hydrogen and CO chemisorption
properties are the key ones and they are the ones that have been used by

the majority of researchers to investigate SMSI.'®
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One of the first speculations to the origin of SMSI was that
the charge state of the catalyst metal was changed by the interaction with
the electrons on the transition metal ions in the support; this different
charge state then altered the chemisorption and catalytic properties of the
supported metal.'” For example, the studies on Na deposited on TiO,
indicated that, Na adsorbed on TiO, ionically, donating its 3s electrons to
the Ti ** ions in TiO, and creating surface Ti** ions; hence, the Na - TiO,
interaction is strong.’ Similarly, Ti deposited TiO, also showed electron
transfer from Ti to empty 3d orbitals of Ti *jons of TiO,, resulting in the
creation of reduced Ti** species.103 Like wise, in the case of Fe/TiO,,'"
Ni/Ti0,'” and CwTiO,,'* formation of Ti** species on the surface are
also reported. In the case of Pt/TiO, and Rh/TiO,, they are reported to be
accepting electrons from Ti’* ions at high temperature reduced
state, 074108

However, charge transfer from metal to support is
insufficient to explain the phenomena and one of the other reason was the
physical blocking of many of the catalytically active sites on the metal
particles by lower oxides of the support, that had migrated on to the
surface of the metal particles. This process is referred to as encapsulation
or decoration. It ultimately proved to be the primary cause of SMSI,
although there are still some unanswered questions about this effect.'®
Although encapsulation is the accepted explanation for most of the SMSI
phenomena, it must necessarily be accompanied by electronic and
bonding effects, which presumably constitute the driving force for the

migration of lower oxides onto the metal particles.'®
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It is evident from literature that, the chemical and physical
interactions between metal particles and the support bring about changes
in the morphology of the supported metal particles. It would affect their
chemisorption behaviour and consequently the selectivity and activity of
the supported catalyst. This type of interaction is reported to occur only in
catalysts, especially TiO, supported group VIII metals reduced at high
temperature (ca.> 500°C)."® The literature also reveals that the high
temperature reduction effect was different from metal to metal. It may be
attributed to the characteristic properties of each metal, such as work
function, Fermi level, electronic conﬁguration,loo etc.

1.5 Anatase to rutile transformation

A variety of solids exhibit transformation from one crystal
structure to another as the temperature or pressure is varied. This
phenomenon is known as polymorphism. As mentioned earlier, titania
also exhibits polymorphism, i.e. it exists in three crystal modifications,
viz. anatase, brookite and rutile.'"”

Brookite is orthorhombic, while anatase and rutile are
octahedrally coordinated tetragonal in structure. Brookite phase is very
rarely formed under normal conditions, hence, most of the investigations
reported in literature are focused on anatase and rutile, which have got
different physical properties as illustrated in Table 1.1

The crystal structure of anatase and rutile are shown in
Figl.1A and 1.1B. In both structures, each Ti atom is surrounded by six
oxygen atoms and each oxygen atom is surrounded by three Ti atoms and

hence the formula TiO,.> It is apparent from Figsl.1A and 1.1B that,
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© Titanium
Oxygen

Crystal structure of A) anatase and B) rutile

Fig. 1.1
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rutile structure consists of distorted hexagonal close packing of oxygen
atoms. Each cation layer is half filled; the Ti atoms within each layer are

arranged in parallel straight rows and separated by similar rows of

Table 1.1 Physical properties of TiO,."”

Properties Anatase Rutile
Density (g/cm’) 3.84-3.87 |4.24-4.26
Dielectric constant 48 114
Hardness 5-6 6-7
Refractive index 2.55 2.71-2.76

Tinting strength (Reynolds) | 1200 - 1300 | 1650 - 1900

Melting point Unstable |1830+15°C
Chalking resistance Poor Good
Band gap (eV) 3.2 3.0

Octahedral vacancies. Two of the six Ti — O bonds are longer (1.98 A%
than the other four bonds (1.95 A% in the rutile structure."''%*!!"! The
anatase structure is based on close packing of oxide ions; half of the
octahedral holes between each layer of oxide ions are occupied, but the Ti
atoms are arranged in zig zag rows rather than in linear rows, as in rutile.
In anatase also, two of the six Ti — O bonds are longer (1.96 A% than
that of the other 4 (1.94 A%)."""'%!"! These structural differences between

anatase and rutile, make the transformation irreversible.
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The anatase to rutile transformation involves an over all
contraction of the oxygen structure and a movement of ions, so that a co-
operative rearrangement of Ti** and O% ions occurs. To say more
specifically, two of the six Ti — O bonds of anatase break and re-unite in
a slightly distorted manner, to form rutile structure. It has been proposed

112-114

that the removal of oxygen ions, which generates lattice vacancies,

accelerates the transformation and hence, the cations, having the valency
less than four, which correspondingly increase the oxygen vacancy,
would enhance the transformation.''? Because of its irreversible nature,
there is no phase equilibria involved in this transformation and hence,
does not have any specific transition temperature.'®

Depending upon the characteristics of anatase, its

110&115-120

preparation method,'”> impurity contents, deviation from

112-114&119

“ g 11 . . . . e
stoichiometry,''® atmosphere of calcination, etc, a wide variation

in rutilation temperature is reported. Hence, it is currently an important
and active topic of research among material scientists, even though there
exist a vast number of literatures dealing with the basic aspects of this

transformation.

Investigations on the effect of dopants on this transformation
revealed that, normally, anions like sulfate and nitrate would  inhibit

rutilation, while phosphate and chloride enhance the same.' The

112&115

alkaline and some transition metal cations like

3+109,115,118,119,1218122 2+ 112,115&123 4+ 115,121&123 24 121 3 2+ 121
Fe, Cu, Mn, Co, Ni

’

Zn,> ' etc are reportedly enhancing the transformation. Addition of
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AlICl; enhanced rutilation by increasing the primary particle size and rate

120 Dopants like SnCl, enhanced rutilation, since both tin and

of sintering.
titanium are in octahedral coordination with oxygen and also due to the
formation of SnO, with rutile structure during calcination, which in turn
acts as rutile nuclei.'”® According to Diing et al,'® SnO, enhances
rutilation by reducing either the onset temperature or the transformation
temperature ~ range. Most of the authors  unanimously
agreed' 214113181 hat the enhancement or inhibiting effect of
additives is dependent on their ability to enter TiO, lattice, there by
creating oxygen vacancies or interstitial Ti’* ions respectively. The colour
change observed in pure anatase during rutilation is an indication of
oxygen loss to form lattice defects.' These lattice defects act as colour
centers.'*

Studies on the effect of various atmospheres have shown that
in vacuum conditioné, the transformation was inhibited due to the
presence of interstitial Ti*" ions.'"?*'"* Lida et al'*' have reported that the
transformation rate was increased in hydrogen atmosphere due to the
formation of oxygen vacancies. Similar observations were put forward by
many authors.'>'"*" Gennari er al'"'’ claimed an enhanced
rutilation in presence of Fe,O; in air, and chloride atmospheres. In
general chemically reducing atmosphere enhances the transition by

formation of oxygen vacancies in the anatase lattice, which in turn

favours the rupture of Ti — O bonds necessary for crystallographic

rearrangement.l 121144123
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Significant grain growth has been reported in TiO, during
this transformation by different authors.' '+ 118&121-126 \fackenzie er al'*®
have shown that those reaction atmospheres, which favour the formation
of rutile also favour the particle growth. Yoganarasimhan and Rao''
claimed a marked increase in crystallite size and particle size in the
region of transformation due to the expansion of unit cell of anatase prior
to the transformation. According to them smaller particle size and larger
surface area would favour the transformation. Rao'?’ classified this
transformation under nucleation and growth mechanism. Gamboa et al'"*
also agreed with this mechanism. Reddy et al'®® demonstrated that the
formation of gaseous TiCl, is responsible for TiO, grain growth
occurring at a faster rate in chloride atmosphere than in air. Nobile jr'?’
concluded by his studies on iron doped TiO, that the TiO, grain growth
and rutilation are simultaneous processes and are inter-related. He argued
with the support of a mechanism that, the Ti** ions formed on the surface
of TiO, were responsible for enhancement of rutilation. Many

112,116,118&123
authors.

also investigated the kinetics of anatase to rutile
transformation.

In spite of large number of literature available on this
transformation, there is no systematic data available dealing with anatase
to rutile transformation in presence of different percentages of dopants
prepared under different methods. Also most of the studies were carried
out by impregnating the metal ions on to crystalline TiO, and in some

1 12 : :
cases, 0181194125 5 smaller percentage of rutile was already present in
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TiO, even before loading metal oxides. All these would undoubtedly
affect the investigation.
1.6 Literature survey

A thorough survey of the literature shows that titania
supported catalysis is an emerging field with multiple applications, which
is reflected in the availability multitude of patented and other literature. A
great deal of concerted effort has been directed towards synthesizing
TiO, with better properties, which make it suitable to use as catalyst by
itself and as a support for various other metal and metal oxide catalysts.

A number of studies have been carried out using TiO, based
catalysts, out of which some of the important typical applications are only
given in the succeeding sections.
1.6.1 Reactions carried out over titania supported catalysts
1.6.1.1 Hydro de-sulfurisation (HDS)

The removal of sulfur from sulfur containing feedstock, as
H,S is known as hydro de-sulfurisation, which is an important process
used in petroleum industry and is one of the most widely studied
branches of catalysis. The most common catalysts employed are

molybdena-alumina catalyst.'”

Molybdena supported on TiO, is reported
by a few researchers'**"*? for this reaction. It has been shown that at low
molybdena loading, titania supported catalysts are more active than

alumina supported ones. Takeuchi et a/'*%!**

reported HDS of thiophene
in naphtha on Ni-Mo-TiO; catalyst and is reported to be more active than
alumina supported ones. Matsuda et al"*® used MoQ;/TiO, catalyst for

H,S adsorption and removal from waste gas streams or from natural gas.
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The important advantage, they claimed was that, the adsorbent can be
regenerated easily by passing oxygen through the adsorbent bed. One of
the important advantages of TiO, based catalyst in commercial HDS
processes is that, usually, a commercial HDS catalyst is sulfided prior to
use, but TiO, based catalyst showed a high activity without pre-
sulfidation.

1.6.1.2 Partial oxidation (Selective oxidation)

Partial oxidation is an interesting and promising approach
for producing synthesis gas from methane and oxygen or air to give
hydrogen and CO with a ratio suitable for Fischer-Tropsch synthesis and
methanol synthesis. Ir/TiO, is reported to be a better catalyst for this
reaction.'®

The effect of TiO, supported catalysts in selective catalytic
oxidation of hydrocarbons is currently a topic of investigation. There
have been numerous investigations on V,0s/TiO, catalysts. This catalyst
was reported for selective oxidation of furan to maleic acid."’ The
selectivity was determined by the number of V,0;s layers on the support.
A high selectivity was reported with five layers of V,0s over TiO,."’
V,05/TiO, possess high activity and selectivity in processes of industrial

13%-142 and naphthalein'® to

144&145

importance, such as, oxidation of o-xylene

phthalic anhydride. Buta diene'’® and benzene to maleic anhydride,

oxidative ammonolysis of various hydrocarbons'**'*®

are also reported
over this catalyst. Reddy et al'*® reported that, this catalyst is quite
superior to other alternatives due to their high activity and resistance to

SO, poisoning. It is generally accepted that the agtive phase is the
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vanadia part of the catalyst and the most appropriate support is
anatase.”*'* Many scientists, to explain the unique activity of this
catalyst, put several hypotheses forward. Thus, Vejux and courtine'”’
have noted that the crystallographic fitting between the (010) face of
V,0;s and the prevailing anatase planes (001), (100) and (010). Thus there
is a possibility of epitaxial growth of V,0Os during its deposition with
predominant exposure of the (010) vanadia face, characterized by the

presence of V = O groups"' and these groups are responsible for the

151 1152

enhancement of selective oxidation.'”’ Bond et a

supposed that at low
vanadia content, isolated tetrahedral hydroxo vanadyl groups are formed.
The peculiar catalytic properties of this catalysts are due to the joint
effect of an easily reducible V = O bond and an acid hydroxyl group from
the same active centers.'*’ Spectroscopic studies of sub monolayer
coverages of vanadia on titania have shown that the dispersed vanadia is
present as a combination of monomeric vanadyl and polymeric vanadate

s o 153-157
SpeEcies,

with distribution of both these structures varying with
vanadia loading"’ and when the vanadia loading was raised above the

dispersive capacity of the titania support, crystallites of V,0s were

154-156&158
formed.

V,0;5 supported on TiOz-ZrOZ159 or Ti02-8102149 mixed
oxides was also proposed for the improved selective catalytic oxidation
reactions. Murakami e al'** and Inomata et al'*’ reported the benzene
oxidation over titania and alumina supported ones with the following
order V,0s/TiO, > V,05 > V,05/Al,0;5 and the activation energy for this

reaction on V,0s/Ti0, was reported to be much smaller (ca. 80 KJ/mol)
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than that on unsupported V,Os (ca. 92 KJ/mol) or on V,0s/Al,04
(ca.120 KJ/ mol). These data indicate the promoting effect of TiO,
support. In spite of the catalyst containing V,Os on titania has been the
subject of considerable interest due to its successful application in
selective catalytic oxidation reactions; the nature of active species taking
part in the reaction is still controversial.

1.6.1.3 Carbon monoxide hydrogenation

Catalytic hydrogenation of CO is a profoundly important
reaction widely exploited by many chemical industries for the production
of gasoline, alcohol, methane and other higher hydrocarbons. This
reaction for the synthesis of long chain hydrocarbon is referred to as
Fischer-Tropsch synthesis. Group VIII metals supported on silica,
alumina or titania are generally used.'® But depending on the metal used,
the product would be different. The selectivity of this reaction varied with
support material.'®’

Carbon monoxide hydrogenation using Fe/TiO, catalyst led
to the formation of methane.'®*'® While RWTiO, gave methanol and
other hydrocarbons.®® Methane was reported to be formed over Ni
catalyst.'®® Sebatier won Nobel prize in 1912 for the successful
production of methane over unsupported Ni catalyst.'® Sen et al'® and
Vannice et al**'®® reported Ni/TiO, catalyst with better activity for
methanation than unsupported one and Ni/SiO,. Smith et al'® also
strongly supported the above observation.

The CO and hydrogen chemisorption behaviour of Ni/TiO,

was investigated by many researchers.'®®'’" The chemisorption was
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reported to be decreasing in the catalyst reduced at high temperature
(ca.> 500°C). The peculiar behaviour of this catalyst was due to SMSI as
discussed earlier, which was induced during high temperature
reduction.'® The titania moieties migrated to the Ni surface during
reduction would reduce the sticking coefficient of CO adsorption.'®® &'7°
So, it is very clear that the rate of CO adsorption is strongly dependent on

the support material*%'®”

and change of support would change the rate of
CO hydrogenation.®*'®” Rabo ef al'”' investigated the methanation using
Ni over a range of supports and made a conclusion that the specific
activity for hydrogenation would be in the order Ni/TiO, > Ni/Al,O3 >
Ni/SiO,-Al,O3 > Ni/S10s.

Many researchers have reported, high activity in CO
hydrogenation to synthesize gasoline, over alloy catalysts, like
42Ni29Fe29Co and 50Co50Ni supported on TiO,.'*'"
1.6.1.4 Selective catalytic reduction of NO, (SCR)

The emission of NO, from power plants, nitric acid plant
and from other industries caused serious environmental problem. So, the
removal of NOy is particularly important from a standpoint of pollution
control.

Selective catalytic reduction using NH; is the most
commonly used method to abate NO, emission and was commercialized
in recent years.” By the end of 1982, about hundred plants have been
constructed and are operating in Japan.*’ In early stages of development

of the NO, reduction process, several base metal oxide catalysts, such as
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Fe, Fe-Cr and Fe/Al,O;, were reported47 with high activity. These
catalysts, however, lost their activity in a few hundred hours, due to SOy
poisoning, which was present along with NO,. Hence, the
commercialization of SCR of NO, was not realized until the advent of
TiO, based catalysts, which are resistant to sulfur poisoning and were
reported to be maintaining their activity for more than five years.*” So,
now, TiO, has become a catalyst support of choice for this reaction. A
number of J apanese”“"77 and US'™ patents available on TiO, based NO,
reduction catalyst disclose this fact more clearly.

The SCR catalysts are mainly composed of TiO, and the
second component selected from V,0s, MoOs, Fe,0;, CoO, NiO, MnO,,
Cr,0;, CuO, etc. On the whole, a catalyst composed of TiO, and one of
the n-type semiconductor (V,0s, MoOs, Fe,O;, etc) showed high activity
for NO - NHj; reaction, while a catalyst composed of TiO, and one of the
p-type semiconductor (CoO, NiO, etc) showed high acivity for NO, - NH;
reaction.*’ But, NO, - NH; reaction was also reported on V,0s/TiO,
catalyst.'” A large number of literatures are available on the investigation
of the surface structure of V,0s/TiO, catalyst and its NO, reduction
capacity.“m'194 The high activity of this catalyst is attributed to the nature
of the adsorption sites on the catalyst surface.

180-183

Inomatha and co-workers found that the sites

responsible for the catalytic activity of bulk as well as supported vanadia
towards the NO - NH; reaction in presence of oxygen are the V>'= O
groups, whose concentration is directly related with activity. On the basis

of isotopic transient studies Jannsen et al'***'® proposed dual site
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mechanism for this reaction with the participation of two neighbouring
V= O species as active sites. On the other hand, Gasier et al'®
concluded that not the V = O species, but the acid hydroxyl group, i.e.
V— OH group, present on vanadia surface could be the active site. But,
Topsoe et al'®” noted that the V = O species are also involved in this
reaction along with V— OH group. Some others believe, on the contrary,
that an amorphous disordered multiple layers of V,0s are present on the

183,188&

89
whole surface. 189 Isolated monovanadate structures have been

detected at low vanadia coverage on Si0O,, Al,Os, TiO,, ZrO, and HfO,

supported vanadia catalysts by some authors.'>* %!

According to them,
VO, species condense into chain or 2D domains and ultimately into bulk
V,0;5 crystallites as VO, loading was increased. Eckert et al'® and
Coustemer ef al,'”? by spectroscopic studies revealed that V°* centers
evolve from tetrahedral coordination at low coverage to octahedral
coordination at higher coverage on TiO, and Al,Os. In spite of these
investigations on this catalyst, there is still no agreement on the nature of
the active sites and the mechanism of the NO, reduction process,193 but,
it is generally accepted that the vanadia part of the catalyst is essential for
this reaction.
1.6.1.5 Coal liquefaction

Concern about the supply of clean burning fuels has
stimulated interest in coal liquefaction process. The conversion of coal to
liquid fuel involves increasing the hydrogen content of the material. In

the liquefaction process it is not sufficient to break down the coal
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structure into the basic condensed ring units, but it must be broken to

yield a product that is liquid at room temperature.”

Tanabe et al'®’

reported direct hydrogenation of coal using
various metal oxides catalysts, including TiO, based ones, such as,
Mo04/TiO, and Fe,05/TiO,. Hydrogenation of coal was carried out under
a pressure of 100 Kg/cm’ and a temperature of 400°C. The ratio of
benzene soluble fraction from hydrogenated coal reached 68% for
MoO;/TiO, compared to 51% for MoOs/Si0O,. These results suggest that
TiO, is not only acting as a support, but also promoting the hydro
cracking activity.
1.6.1.6 Ammonia synthesis

The gas phase equilibrium reaction between hydrogen and
nitrogen to form NHj is well known to chemists as the basis of the
famous Haber - Bosch process, which represents the typical example for
a heterogeneously catalyzed reaction. Practical catalysts are
multifunctional catalysts, which consist mainly of the reduced form of
Fe;O4 doped with small percentage of Al,O;, K,0, CaO, SiO, and
MgO.'®

Aika et al,"”® who studied the ammonia synthesis over Ru
supported on several supports, found the activity to depend strongly on
the type of support used. These authors attributed this to variations in the
electronic interaction of the metal with the support. Sueiras et al'”’ also
support this conclusion.

658198
Santos et al,”’

who studied ammonia synthesis over

Fe/TiO, catalyst found that a small degree of surface poisoning by titania
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caused a drastic decrease of activity. Nobile jr°° investigated the kinetics
of NH; synthesis over Fe/TiO,, hydrazine pre treated Fe/TiO,, K or Cs
promoted Fe/TiO,. The pre-treatment of Fe/TiO, catalyst with hydrazine
increased the ammonia synthesis turn over frequency by more than an
order of magnitude than untreated one, because of inhibition of onset of
Fe - TiO, interaction by hydrazine. Alkali promotion also increased the
activity.

1.6.1.7 Isomerization

1998200 201
) [

Hattori et a and Itoh et a

reported the isomerization
of butene over TiO, and TiO,/SiO, catalyst. Maximum activity was
obtained for a catalyst with 9:1 TiO,: SiO, composition. The acidic
properties are reported to be responsible for the activity.'””?% Some

1-2
authors??!-203

also reported the isomerization of 1-butene and P—pinene
over pure TiO,.

Sohn et al® investigated the isomerization of 1-butene to cis
and trans 2-butene over NiO/TiO, catalysts modified by anions like
04,2 PO, Se0,” and BO;> and showed the order of activity NiO-TiO,/
$04” >> NiO-TiOy PO,” > NiO-TiO,/ BO;” > NiO-TiO,/ SeO,> > NiO-
TiO,. According to them the higher activity of SO,* modified one is due
to the improved acidic properties of this catalyst. Similar was the order of
activity for ethylene dimerization carried out using these catalysts.?****%
1.6.1.8 Carbon monoxide oxidation
Carbon monoxide oxidation to CO, is an extremely

important reaction from environmental point of view, since this reaction

is applicable in automotive exhaust decontamination. This reaction is
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readily catalyzed by transition metals, particularly Pt group metals. The
CO oxidation can be performed on Pt catalyst supported on either Al,O;
or TiO,.*" If the reaction gas contains even trace amount of SOy, Pt/Al,04
catalyst is deactivated in short time. A drastic decrease in specific surface
area and pore volume takes place, resulting from the formation of
aluminium sulfate.*’ An advantage of using TiO, based catalyst, is that it
is resistant to SO, poisoning. Matsuda et al¥’ made this conclusion by
investigating CO oxidation in presence and absence of SO, over Pt/Ti0O,,
Pd/TiO, and Ru/TiO,. An inhibition of the reaction due to the presence of
SO, was observed with all the catalysts. The effect, however, was
smallest in the case of Pt/TiO,, which had maintained its initial activity
even in presence of 500 ppm SO, for a longer period.

Tanaka and White°®2% studied, in detail, the CO adsorption
and CO, dissociation on Pt/TiO, catalyst. Akubuiro et al?® carried out the
kinetic study of this reaction over Pt/TiO,. Lane and Wolf*'° investigated
the effect of TiO, crystal phases on this reaction over PUTiO, catalyst.
They convincingly argued that, the crystalline form of support plays
dominant role in determining the activity, where as the reduction
temperature plays only a minor role. After low (200°C) or high (500°C)
temperature reduction, the rutile supported Pt exhibited greater activity
than SiO, or anatase supported ones. Though the reason for this better
activity of rutile supported one was not clear, a speculative oxygen
transfer mechanism from the support is presented (here the rutile support
acts as an oxygen source and provides a means for oxygen transfer to the

adsorbed CO). These authors argued that the rutile support tends to give
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up its oxygen, more freely, since it has 19 Kcal/mole lower energy for
oxygen desorption compared to anatase.’'
1.6.1.9 Miscellaneous

Metals or metal oxides supported on TiO, are reported”® to
be used in catalytic conversion of chloro fluoro carbon (CFC). By
considering the hazardous nature of CFC, this reaction is of vital
importance. Pd/TiO,, CeO,/TiO,, La,05/TiO,, Pt/TiO,, NiO/TiO, and
CoO/TiQ, were the catalysts used.’®

Enentio selective hydrogenation of prochiral C = C bonds
using heterogeneous chiral catalyst is a challenging subject in organic
synthesis. (E)- a-penyl cinnamic acid was hydrogenated to yield (S)-(+)-
2,3-diphenyl propionic acid on cinchonidine modified Pt/TiO, catalyst,
with much higher optical yield than palladium supported on activated
carbon. 211214

Ir/TiO, is reported for hydrogenation of n-butane and 2,2,

dimethyl propane.’"” The same catalyst was reported for partial.oxidation
of CH, to synthesis gas (CO and H,)."*®

Catalytic oxidation process plays an important role in the
industrial production of fine chemicals and several other commodities.

Propylene oxidation to acroleine is reported**’

over Fe-Sb-Ti mixed oxide
catalyst with higher activity. Liquid phase epoxidation of olefins is
known to proceed in the presence of hydro peroxides as oxidant over

catalytic system that contain titanium.*"’

Micro porous crystalline titano silicates are another class of

titanium containing catalysts, which are reported to be catalyzing the
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oxidation of unsaturated hydrocarbons with aqueous H,O,, oxidation of
alcohols to ketone, hydroxylation of aromatic hydrocarbon and amines to
oxime.”'” Another titano silicate,”® called titanium-, is a suitable catalyst
for oxidation of branched and cyclic alkenes in presence of organic
hydroperoxides with high selectivity. The development of titano
silicalites,”'” which are ZSM type molecular sieves, are interesting due to
their hydrophobic nature, which favours the diffusion of non-polar
substrates to the active sites. The hydrophobic micro pores of this catalyst
are assumed to exclude water from its voids and thus protect the catalyst
from deactivation.
1.6.1.10 Photo catalysis

It has been recognized that TiO, is the most efficient photo
catalyst for many industrially and environmentally important reactions.*'
Photoxidation of salicylic acid is reported by Dagan et al> on pure TiO,.
Photo decomposition of tri chloro acetic acid and CHCIl; over TiO, were
reported by Wang et al**® Reductive dehalogenation of 1,1,2- tri chloro
flouro ethane (CFC113) took place upon illumination of air free
suspension of TiO, containing formate ions.” Photo reduction of CCl,

2204221

and CHBr; occurred in suspensions of TiO,. Kutty et al’* studied

the photo degradation of phenol over nano sized TiO, (anatase) powder.

. . 2228223
Kominami et al

put forward a couple of conditions to
obtain better photo activity, viz. titania should necessarily possess large
surface area to adsorb substrates and high crystallinity to diminish
electron - hole recombination. They investigated the photo mineralization

of acetic acid in presence of air. They claimed better activity for their



32

catalysts prepared by hydrothermal crystallization in presence of organic
solvents, compared to commercially available Degussa p-25 and Ishihara
ST-01.

The photo degradation of metal - EDTA complexes,
especially that of Cu, Fe and Zn over TiO, were studied by Kagaya et
al?* with complete removal of metal ions. This reaction is profound in
the treatment of industrial effluent containing metal ions. Photo oxidation
of mono chloro acetic acid and pyridine in presence of oxygen and ozone
over TiO, were reported with activity and much lower specific energy
consumption in presence of ozone.””’

Lee et al’' carried out the photo degradation of 1,4 - dichloro
benzene. Rutile was reported by Sopyan et al’®® for the photo oxidative
decomposition of gaseous acetaldehyde. Muneer et a/**’ studied the photo
degradation of acid blue 40, a textile dye, in aqueous suspension of TiO,.
Addition of some anions, like SO,> and PO, enhanced the photo
degradation of paraquant, a very toxic herbicide.”%***

Iron doped TiO, is reported for photo reduction of molecular
N,, which has ecological significance and is a part of natural N, -cycle.”*°
Fe,05/TiO, mixed oxide catalyst was found to be used in photo
detoxification of water containing dichloro acetic acid.’’ Titania
supported on SiO, or Al,O; is reported for photo decomposition of
salicylic acid and phenol®' with improved activity than pure TiO».
Titania species anchored within the micro pores of Y-zeolite and meso
porous zeolites exhibited a high and unique photo activity for the

0 2324233
O

reduction of CO, with water at 55 which is known as reductive
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fixation of CO,. The titano silicalite is used for the photo decomposition
of NO into N,, O, and N,O at 22°C.2* Photo degradation of acetophenone
in aqueous medium is reported by Xu et al”® on TiO, supported on micro
porous zeolite X and Y and on meso porous molecular sieves. Titanium
exchanged clays are reported for photo degradation of dichloro methane
with improved activity than pure titania.*®

1.6.2 Preparation methods

Some of the important methods adopted to prepare TiO,
based catalysts are presented below.
1.6.2.1 Sol - gel method

The sol - gel method has emerged an important means of
preparing inorganic metal oxides in recent years. It is a wet chemical
method and a multi step process involving both chemical and physical
processes such as hydrolysis, polymerization, drying and densification.
The name sol - gel is given to this process because of the distinctive
increase in viscosity, which occurs at a particular point in the sequence of
steps. A sudden increase in viscosity is a common feature in sol - gel
processing indicating the onset of gel formation. Usually, metal alkoxides
are used as precursors.”’

Vorkapic et al™® prepared titania nano particles by this
method. To prepare titania sol, a specific amount of HNO; was mixed
with pure distilled water/alcohol mixture in a glass bottle and placed in a
temperature-controlled bath. Temperature was raised gradually with
stirring and titanium tetra alkoxide (ethoxide, propoxide or butoxide) of

desired quantity was added drop wise. The hydrolysis and condensation
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reactions were started immediately upon mixing. The samples obtained
were calcined at desired temperatures. They also reported that the particle
size of titania was decreased with increasing the length of alkoxy group.

Pure titania films were prepared by mixing titanium tetra iso
propoxide, which was dissolved in ethanol with acidified water at room
temperature.”’ Similarly, titanium tetra ethoxide was also used as
precursor by Yanagisawa et al** Inoue et al**' synthesized amorphous
titania gel by slowly adding methanol containing TiCly solution to a
mixed solution of NH4OH, methanol and water at room temperature. The
surface area obtained was ranging between 62.3 m%/g to 76.9 m*/g.

Wang et al*”® described a modified type of sol - gel
hydrolysis precipitation of titanium tetra isopropoxide, followed by
hydrothermal treatment. The as prepared gel was amorphous. In
hydrothermal treatment, the gel was directly subjected to crystallization
at 80°C/24hrs or 180°C/ 96hrs. Dagon et al®® described acid catalyzed sol
- gel method. The sol was prepared by mixing titanium tetra isopropoxide
with anhydrous ethanol, water and HNO; at room temperature with
stirring. A series of gels with a constant molar ratio of 1: 0.08 between
titanium tetra isopropoxide and acid with different alcohol and water
contents were prepared. The surface area of annealed sample was
between 65 m*/g and 188 m*/g.

Masson et al*** prepared titania aero gel by supercritical
evacuation of solvent from gels prepared through hydrochloric acid
controlled hydrolysis - condenéation reactions of titanium tetra

isopropoxide in isopropanol. The aero gel formed was anatase with



35

prismatic shape. Kundu and others'®® investigated preparation of
Fe,03/TiO, mixed oxide through sol - gel method. A sol of titania was
prepared by hydrolysis of titanium tetra isopropoxide in acetic acid and
ethanol, stirred for 1hr. Another solution of FeCl;.6H,O in water was
added to the above mixture. The solution was stirred and kept at room
temperature for gelation. It was finally calcined at different temperatures.

Beydoun et al’® used this method for preparing titania coated
magnetite photo catalyst with improved separation properties. This
method involved the hydrolysis of titanium tetra iso butoxide in presence
of magnetite particles, resulting in the deposition of titania layer on to the
surface of the magnetite particles. Anderson et al*' prepared TiO,/Al,0;
photo catalyst by sol - gel method, using titanium tetra isopropoxide and
aluminium tri isopropoxide. Similarly, TiO,/SiO, was prepared by Kim et
al*® using tetra ethyl orthosilicate instead of aluminium tri isopropoxide.
1.6.2.2 Ion-exchange method

Only a very few literature is available on this method for
preparing TiO, supported catalysts. Arunarkavally er al*** used this
method for the preparation of Ni/TiO, catalyst. Titania (Degussa p-25)
was refluxed at 100°C for 20hrs in an ammoniacal solution of nickel
nitrate at pH 11. After the blue solution turned clear, the mixture was
filtered hot and dried at 100°C. Similarly Espinos et ali**’ prepared the
same catalyst by using TiO, (Aerosil p-25) and nickel nitrate at pH 11.5.

Here the ion-exchange was carried out at 25°Cfor 120hrs.
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1.6.2.3 Wet-impregnation method

This is the most common method found in literature for
preparing TiO, supported catalysts. Nagakawa et al 136 brepared It/TiO,
by this method using an aqueous solution of iridium tetra chloride and
titania. Rh/Ti0,%° was prepared by adding TiO, (Degussa p-25) in to an
aqueous solution of RhCl;.3H,0. The slurry was dried over night at 40°C.

Ng and Gulari® impregnated molybdena on TiO, (Degussa
p-25) from an aqueous solution of ammonium hepta molybdate. Surface
area ranging between 37 m’/g and 45.3 m*/g was obtained. Takita et al*®
reported a series of TiO, supported metal catalysts for catalytic
conversion of CFC. The metals were impregnated to hydrous titania from
an aqueous solution of respective metal nitrate, the water was evaporated
to dryness and then calcined at 500°C for Shrs. But they have not made
any detailed investigations on the phase changes of titania and there is no
mention about the surface area. Instead, they concentrated only on the
activity and product selectivity.

Vanadia supported on titania catalyst was prepared by
Satsuma et al.**® by impregnating V,0s from a solution of ammonium
meta vanadate in nitric acid or oxalic acid solution on TiO,. Two types of
TiO, were used as support, viz. JRC TIO-3 (rutile with surface area 49.5
m*/g) and JRC TIO-4 (> 60 % anatase with surface area 50.1 m%/g).
Surface area after loading V,0s was ranging between 36 m’/g and 45
m’/g. The samples prepared from an oxalic acid solution of ammonium
meta vanadate showed much higher activity in selective oxidation of

benzene to maleic anhydride. Kancheve et al'”’ prepared the same
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catalyst by adsorption of VO** ions from a solution of ammonium meta
vanadate in nitric acid at pH 0.5 on TiO, (Degusaa p-25). Went et al*"’
described an impregnation method in which they have prepared TiO, by
hydrolysis of titanium tetra isopropoxide in water. The TiO, formed was
95% anatase and 5% brookite. V,0s was impregnated using vanadium
oxalate solution. Surface area obtained was 28 m*/g to 79 m*/g.

In a series of cases V,0s/TiO, was prepared by impregnation
of VOCL, 52824250 yO(0iBu), 228251 4nd VO(acac), 252425 o
titania. But these methods need completely non-aqueous media, hence are
much complicated.

Georgiadou et al”* described a modified type of
impregnation and they called it as equilibrium deposition filtration
method (EDF). Here the anatase powder was added to ammonium meta
vanadate solution, the pH of the suspension was regulated using nitric
acid or ammonium hydroxide and then stirred the suspension for 20 hrs at
25°C. It was then filtered and calcined at different temperatures. The
samples were prepared at different pH, viz. 4.5, 6 and 8. The decrease in
pH caused an increase in the amount of vanadia deposited on TiO,
surface. Similar method was found to be used by Kim et al* for
preparing MoO;/Ti0,. Molybdena was adsorbed on TiO, (Degussa p-25)
from a solution of ammonium hepta molybdate under different pH
conditions. At 3.98 pH, monolayer coverage of MoO; was obtained and
at more acidic pH, crystalline MoO; was formed over monolayer.

Lane and Wolf *'° impregnated Pt on TiO, (Degussa p-25)

by using chloro platinic acid. Courbon et al**® prepared Pt/TiO, and
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Ni/TiO, by adding desired quantities of hexachloro platinic acid and
nickel hexamine nitrate respectively to a stirred suspension of TiO,
(Degussa p-25), which was subsequently evacuated at 80°C.
Arunarkavally et al*** reported Ni/TiO, (Degussa p-25). Sen and

165
Falconer

also prepared Ni/TiO, catalyst by this method. Ishihara et
al'® reported SOCo50Ni/ TiO; alloy catalyst by this method.

Foger and Jaeger’ synthesized Ir/Ti0, catalyst using chloro
irridic acid and TiO,. Three types of TiO, were used, viz. Degussa p-25,
Tioxide and Rutile (Tioxide). Tau and Bennett'®® prepared Fe/TiO;
catalyst by using ferric nitrate and TiO, (Degussa p-25). Nobile jr and
Davis jr' %> used ferric nitrate dissolved in nitric acid for the preparation
of this catalyst. They used dimethyl formamide as the solvent in some
samples.
1.6.2.4 Co-precipitation

In the usual procedure, solution of metal salts and the
support are contacted with aqueous alkali or ammonium hydroxide or
ammonium carbonate to cause the precipitation. The precipitate can be
readily converted to respective oxides by calcination. But in the case of
TiO, supported catalysts, the co-precipitation was not yet reported.
1.6.2.5 Thermal hydrolysis

Pure TiO, used in catalysis was prepared by hydrolysis or
thermal hydrolysis of titanium tetra alkoxide, oxy chloride or sulfate.
Cortesi et al*® developed and patented a process and

apparatus for preparing spherical sub micron particles of TiO, by reacting

steam with gaseous stream containing aero sol of titanium tetra
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isopropoxide. Tanaka et al” prepared TiO, by hydrolysis of
commercially available Ti(SO,), at 90°C. Yanagisawa et al**® prepared
TiO, by hydrolysis of TiCly at different pH and by the hydrolysis of
titanium tetra ethoxide. According to their studies acidic conditions
resulted in the formation of all the three phases of TiO,, where as basic
conditions accelerated the formation of anatase. Kim et a/*>® used TiCl,
as the starting material to synthesize TiO, by controlled thermal

hydrolysis. Kondo et 2804261

reported sub micron sized TiO, anatase
prepared by hydrothermal processes using titanium tetra ethoxide.
Iwasaki and others®®* synthesized nano crystalline (2.2 nm to 15 nm) TiO,
anatase particles from an alcohol - water solution of titanyl sulfate by
thermal hydrolysis. Yokota and Naka®® prepared amorphous titania
having 50 micron diameter by urea hydrolysis of titanyl sulfate.

Rubio et al’** prepared spherical fine titania powder with a
surface area of 80 m%g by vapour phase hydrolysis of titanium tetra
butoxide - butanol mixture. Gablenz and others®® prepared fine TiO,
powder by spray hydrolysis of titanium tetra isopropoxide in a modified
mini spray drier. The calcined sample has the surface area of 113.3 m%/g.
But the process is very complicated and hence the reproducibility of the
results is doubtful. Serpone ef al**® and Kormann et al*®’ synthesized
nano sized anatase (ca. 2 nm) by hydrolysis of TiCl, below 400C. But,
according to them, the reproducibility is very poor.

Kominami et al**

synthesized TiO, (anatase) photo catalyst
of surface area ranging between 12 m%g and 111 m%g by high

temperature (300°C) hydrolysis of titanium tetra butoxide in organic
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media in an autoclave in presence of water (15ml). The organic solvents
used were toluene and hexanol. Toluene gave better surface area.

Kutty and Ahuja® prepared nano sized TiO, anatase and
rutile powder from TiOCl4 solution by hydrothermal method at 180°C.
According to them depending on the anion concentration in the aqueous
medium, either anatase or rutile could be obtained (i.e. 100 % anatase
could be obtained if the ratio between the concentrations of SO,> to CI
ions is > 0.3). The surface area obtained by this method was 26 m%/g to
85 m*/g.
1.6.2.6 Miscellaneous

Ferroni et al** prepared TiO, thin film on silicon substrate by
R.F magnetron sputtering of Tig; W o target, followed by annealing in air
at 800°C for 12 hrs. Lee et al**® used two new techniques for preparing
titania, viz. 1) ultra sonic nebulization and flame hydrolysis and ii) ultra
sonic nebulization and furnace pyrolysis. Titanium tetra chloride and di
isopropoxy titanium bis acetylacetonate respectively were used.

There are two distinct technologies, which are widely used
for manufacturing pigment grade TiO,.> One is the sulfate process and the
other is chloride process. The sulfate process is the classical one, which
has been in use for many years. It involves the precipitation of hydrated
titania by controlled thermal hydrolysis of titanyl sulfate solution (which
is obtained by digesting ilmenite with sulfuric acid). Finélly, the
precipitate is calcined at >1000°C. Although this process is more suited
for anatase grade TiO,, rutile can also be manufactured by adding rutile

nuclei (seeding agents) at the time of precipitation. The chloride process
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involves chlorination of ilmenite or synthetic rutile or natural rutile or
titania slag to form titanium tetra chloride. The TiCl, obtained is purified
and then subjected to vapour phase oxidation to obtain rutile titania.

Even though an incredibly vast number of literature devoted
to catalysis exist, important ones, relevant to the subject of present
investigation, has only been referred here.
1.7 Scope and objective of the present investigation

It is evident from the literature that the preparation of fine
metal oxides, especially TiO,, has been the subject of many scientific
studies during the last two decades, considering their particular demand
for use in catalysis. Hence, now, the preparation of fine TiO, powder is a
subject of profound importance, in basic as well as applied research. As
we know, the catalytic activity of a material is highly dependent on the
physical properties, its preparation is of fundamental importance to obtain
desired properties, necessarily required to catalyze a particular reaction.
But, only limited methods are available in literature for the preparation of
TiO, supported catalysts. The methods utilizing titanium tetra alkoxides
or tetra chlorides were described in literature. But, it is very difficult to
handle these compounds of titanium, as they vigorously hydrolyze even
in presence of atmospheric moisture and phase pure TiO, anatase cannot
be prepared in presence of chloride ions. Commercial non-availability of
catalytic grade titania is the major concern of many of the catalyst
industries, as the TiO, manufacturers are aiming only at the pigmentary
properties rather than any other physical properties. The - present

investigation is there fore carried out with the following objectives.
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» To prepare and characterize high surface area titania through
thermal hydrolysis of titanyl sulfate solution and to study the
possibility of ion-exchange and wet-impregnation on this titania
in the amorphous state.

» To synthesize and characterize phase pure titania (anatase)
supported catalysts by co-precipitation using hydrazine hydrate
and compare the properties with their counter parts prepared
through the other two methods.

» To carryout detailed investigation on the catalytic activity of all
these samples.

» To examine thoroughly the onset and completion temperatures
of anatase to rutile phase transformation in presence of different
percentages of NiO, Fe,0s, V,05 and CeO, and the after effects,
of rutilation, if any, on physical properties and -catalytic
activities.

With these objectives, NiO/TiO,, Fe,03/TiO,, CeO,/TiO,
and V,0s/TiO, catalysts with different percentages were prepared
through three different methods and characterized. Methanation activity
of NiO/TiO, samples and toluene oxidation activity of Fe,O;/TiO,,

Ce0,/TiO, and V,05/Ti0O, samples were also carried out.



Chapter 2
MATERIALS AND EXPERIMENTAL METHODS

In this chapter, a brief description of the reagents used and
the procedural details of the preparation of TiO, through thermal
hydrolysis of titanyl sulfate solution and the preparation of NiO/TiO,,
Fe,03/Ti0,;, CeO,/TiO, and V,0s/TiO, catalysts. The experimental
details regarding the catalytic activity studies and the details of
instruments used and the analytical methods adopted for the physico-
chemical characterization of the above samples are also outlined.

2.1 Materials used

Chemicals used

All the chemicals used were of analytical grade. The

following chemicals were used:
Aluminium foil (s.d. fine - chem Ltd), Ammonia (s.d. fine - chem
Ltd), Ammonium meta vanadate (s.d. fine - chem Ltd), Ammonium
Sulfate (s.d. fine - chem Ltd), Ammonium thiocyanate (s.d. fine - chem
Ltd), Barium chloride (RANBAXY), Cerium nitrate (MERCK),
Dimethyl glyoxime (MERCK), Diphenyl amine sulfonate (s.d. fine -
chem Ltd), Ferric nitrate (s.d. fine - chem Ltd), Hydrazine hydrate (99%,
s.d. fine - chem Ltd), Hydrochloric acid (s.d. fine - chem Ltd),
Hydrofluoric acid (RANBAXY), Hydrogen peroxide (30%, s.d. fine -
chem Ltd), Manganous sulfate (s.d. fine - chem Ltd), Mercuric chloride
(s.d. fine - chem Ltd), Nickel nitrate (MERCK), Oxalic acid (s.d. fine -
chem Ltd), Phosphoric acid (s.d. fine - chem Ltd), Poly vinyl alcohol
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(s.d. fine - chem Ltd), Potassium bisulfate (s.d. fine - chem Ltd),
Potassium dichromate (s.d. fine - chem Ltd), Sodium bicarbonate(s.d.
fine - chem Ltd), Stannous chloride (s.d. fine - chem Ltd), Sulfuric acid
(s.d. fine - chem Ltd) and Toluene (99%, RANBAXY).
Gases used
Air (Sterling Gases, Kochi).
Carbon monoxide (Air Products, UK)
Hydrogen (Sterling Gases, Kochi)
Helium (IOL, Mumbai)
Nitrogen (West Cost Industries Gases, Kochi)
Oxygen (Manorama Oxygen Ltd, Kochi)
2.2 Experimental procedure
2.2.1 Preparation of TiO, (anatase) through thermal hydrolysis
Titanyl sulfate solution having specific gravity 1.523 at 40°C
is an intermediate product in the commercial manufacture of TiO, by
sulfate route, which is obtained by acidulating ilmenite with sulfuric acid
to solubilize titanium as its sulfate. This solution was supplied by
Travancore Titanium Products Ltd., Thiruvananthapuram. The
composition of the titanyl sulfate solution is given in Table 2.1
Titanyl sulfate solution (containing 70 gpl TiO,) was taken
in a round bottom flask fitted with water condenser. The solution was
then refluxed at 100°C for Shrs. The precipitated hydrated TiO, was
transformed to a 1000 ml beaker, washed six times by decantation after
adding large quantities of distilled water each time. Finally it was washed

with 25 % ammonia solution to remove any adsorbed sulfate ions present.
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The whole precipitate was transferred into a large silica crucible and
dried in air oven at 110°C for 3 hrs. Another sample of titania was
prepared by refluxing for 7 hrs using the same quantity of titanyl sulfate
solution. Two more samples of titania were also prepared by refluxing at
200°C using the same quantity of titanyl sulfate solution for 5 hrs and
Thrs. All these experiments were repeated with different concentrations
of titanyl sulfate solution (containing 35 gpl, 23.33 gpl or 17.5 gpl TiO,)

to get 12 additional samples of titania.

Table 2.1 Composition of titanyl sulfate solution.

Constituents in grams per litre
(gpl)

Total Ti0, 140

Reduced TiO, 2.3

Total acid 266

Reduced iron 101

The hydrated titania obtained was calcined at different
temperatures, viz. 350°C, 450°C, 550°C, 600°C, 700°C, 800°C and
1000°C. The one having highest surface area (prepared by refluxing the
titanyl sulfate solution - containing 35 gpl TiO, - at 100°C for 5hrs) was
used for the preparation of the titania supported catalysts by co-

precipitation, ion-exchange and wet-impregnation method.



46

2.2.2 Preparation of NiO/TiO,

Catalysts with three different composition of NiO were
prepared through three different methods.
2.2.2.1 Co-precipitation

Pure hydrated titania containing 82 % TiO, (1.22g) was
dissolved in conc. HSO,4 (25ml) and (NH,4),SO, (20g) by boiling. Boiling
was continued till a clear solution was obtained. It was then cooled,
diluted four times with distilled water and kept in an ice bath.
Ni(NO;),.6H,0 (0.209g) dissolved in distilled water (20ml) was added to
the above titanium sulfate solution and mixed well. Hydrazine hydrate
(99%) was added drop by drop to this solution with continuous stirring
till the precipitation was complete (pH became 9 at this stage). It was
then kept aside for 3 hrs to settle down the precipitate and the supernatant
liquid was decanted. Distilled water (approx. 500 ml) was added to the
precipitate, stirred well and decanted after settling. This was repeated till
the washings were free from sulfate ions (tested using 2 % barium
chloride solution). The precipitate was filtered using Whatman No: 42
filter paper and oven dried at 110°C for 8 hrs. This oven dried sample was
made into different portions and calcined at different temperatures, viz.
350°C, 450°C, 600°C, 800°C and 900°C for 6 hrs each in order to
investigate the changes in physical properties with calcination. The
sample was labeled as CN1. Samples CN2 and CN3 were also prepared
similarly by taking 0.441g or 0.700g of nickel nitrate respectively.
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2.2.2.2 Ton-exchange on pure hydrous titania

Hydrated titania (1.22g) was taken in a 250 ml round bottom
flask and was made into slurry by adding distilled water (25ml). The pH
of the slurry was adjusted to 11 by adding ammonia solution (30%).
Nickel nitrate (0.209g) dissolved in distilled water (20ml) was added to
this slurry. The whole slurry was then refluxed for 15 hrs at 105°C. The
pH was maintained at 11 by adding ammonia solution occasionally. The
residue was then filtered and dried in an air oven at 110°C for 8 hrs. It
was then made into different portions and these samples were calcined at
3500C, 600°C, 700°C, 800°C and 1000°C or 6 hrs each. This sample was
labeled as IN1. By the same procedure, the samples IN2 and IN3 were

also prepared using the same quantity of nickel nitrate as in CN2 and

CN3 respectively.
2.2.2.3 Wet-impregnation

Hydrated titania (1.22g) was taken in a 250ml beaker. Nickel
nitrate (0.209g) dissolved in distilled water (20ml) was added to the
hydrated titania, stirred well and evaporated to dryness on a hotplate with
intermittent stirring. The residue was then oven dried at 110°C for 8 hrs
and calcined at different temperatures, viz. 350°C, 600°C, 700°C, 800°C
and 1000°C for 6 hrs each. This sample was labeled as WN1. By adopting
the same procedure, the samples WN2 and WN3 were also prepared
using the same quantity of nickel nitrate as in CN2 and CN3 respectively.
2.2.3 Preparation of Fe,03/TiO,

Three different samples of Fe,O; loaded titania were

prepared by the following methods.
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2.2.3.1 Co-precipitation

The samples of Fe,05/TiO,, CFl, CF2 and CF3 were
prepared by adopting the procedure described in section 2.2.2.1, using
0.2715g, 0.5732g or 0.9104g of ferric nitrate (dissolved in 20ml distilled
water) respectively. The samples were oven dried at 110°C for 8 hrs and
finally calcined at 450°C, 550°C, 650°C, 700°C and 800°C for 6 hrs each.
2.2.3.2 lon-exchange

By following the same procedure described in section
2.2.2.2, the samples IF1, IF2 and IF3 were prepared by using 0.2715g,
0.5732g or 0.9104g of ferric nitrate (dissolved in 20ml distilled water)
respectively. The oven dried samples were calcined at various
temperatures, viz. 350°C, 800°C, 900°C and 1000°C for 6 hrs each.
2.2.3.3 Wet-impregnation

The wet-impregnation was carried out by the same
procedure given in section 2.2.2.3. The samples prepared by using
0.2715g, 0.5732g or 0.9104g of ferric nitrate (dissolved in 20ml distilled
water) were labeled as WF1, WF2 and WF3 respectively. These samples
were calcined at 350°C, 550°C, 700°C, 800°C and 900°C for 6 hrs each.
2.2.4 Preparation of CeO,/TiO,

Three different samples of CeO, loaded TiO, were prepared
using the following procedure.
2.2.4.1 Co-precipitation

The co-precipitation was carried out as described in section
2.2.2.1. Here the samples (CC1, CC2 and CC3) were prepared by using
0.1354g, 0.2858g or 0.454¢g of cerium nitrate solution (dissolved in 20ml
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distilled water) respectively. The calcination was done at 350°C, 450°C,
800°C, 900°C and 1000°C for 6 hrs.
2.2.4.2 Ion-exchange

The samples, IC1, IC2 and IC3 were prepared by taking the
same quantity of cerium nitrate used for CC1 (0.1354g), CC2 (0.2858g)
and CC3 (0.454g) respectively. The procedure explained in section
2.2.2.2, was used for the preparation. Calcination was done at 350°C,
900°C, 1000°C and 1100°C for 6 hrs.
2.2.43 Wet-impregnation

The procedure adopted was similar to that described in the
section 2.2.2.3. The samples prepared by using 0.1354g, 0.2858g or
0.454g of cerium nitrate (dissolved in 20ml distilled water) were labeled
as WC1, WC2 and WC3 corresponding to CCl, CC2 and CC3
respectively. These samples were calcined at 350°C, 900°C, 1000°C and
1100°C for 6 hrs.
2.2.5 Preparation of V,05/TiO,

The samples of V,0s loaded titania were prepared as
follows:
2.2.5.1 Co-precipitation

Co-precipitation was carried out as explained in section
2.2.2.1, using 0.0690g, 0.1458g or 0.2315g of ammonium meta vanadate
(dissolved in 10ml of 2% oxalic acid solution). The samples were marked
as CV1, CV2 and CV3 respectively. They were calcined at 350°C, 450°C,
600°C and 650°C for 6 hrs.
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2.2.5.2 Ion-exchange

By taking the same quantities of ammonium meta vanadate,
samples, IV1 (0.0690g), IV2 (0.1458g) and IV3 (0.2315g) were prepared.
The procedure adopted was same as described in section 2.2.2.2.
Calcination was done at 350°C, 450°C, 600°C and 800°C for 6 hrs.
2.2.5.3 Wet-impregnation

Samples, WV1, WV2 and WV3 were prepared under this
method as described earlier using the same quantities of ammonium meta
vanadate as in CV1 (0.0690g), CV2 (0.1458g) and CV3 (0.2315g)

respectively. These samples were calcined at 350°C, 450°C, 600°C and
700°C for 6 hrs.

2.3 Pelletization

All the samples were made into pellets before carrying out
the chemisorption studies and catalytic activity studies. For this, the
samples were made into a paste using 2% aqueous solution of polyvinyl
alcohol (which acts as a binder) and were palletized by a hand press. The
pellets were calcined at 250°C for 2 hrs and finally sieved through the
sieves ASTM No: 9 and ASTM No: 12. The pellets retained on ASTM
No: 12 sieve were only used for chemisorption and activity studies. All
the pellets were nearly 0.2mm in thickness.
24 Dispersion studies

The percentages of NiO and V,0s present on the surface of
TiO, were estimated by oxygen chemisorption method and the percentage

of Fe,03 on TiO, was estimated by CO chemisorption method. The
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experimental set up used for both methods were same and is shown in
Fig. 2.1.
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Fig. 2.1 Experimental setup for dispersion study.

24.1 Oxygen chemisorption method
Dispersion of NiO on NiO/TiO,

Pelletized and sieved sample (0.5g) was loaded in a micro
catalytic reactor (ID = 6mm and OD = 10mm). The NiO present on the
surface of the pellet was reduced to Ni by heating at 390°C for 1 hr in
hydrogen flow at a rate of 30ml per minute. Helium gas was purged

through the catalyst bed for 0.5 hr at the same temperature in order to



52

remove residual hydrogen, if present on the catalyst. The reactor was then
cooled to room temperature (27°C). Pure oxygen gas (0.24ml) was then
injected through the manual gas-sampling valve connected to the reactor
through a 0.24ml loop. This pulse of oxygen was carried by helium gas
stream thraugh the catalyst bed and was chemisorbed on the catalyst
depending on the Ni content on the surface. The oxygen that was not
chemisorbed on the catalyst was carried by the helium gas to the Thermal
Conductivity Detector (TCD) of a Gas Chromatograph connected to the
outlet of the reactor. Porapak-Q column was used for this experiment.
Several injections of oxygen (0.24ml each) were given till a 100 %
oxygen slip occurred. The 100 % oxygen slip was confirmed from the
integrated data of 0.24ml oxygen, which was directly injected into the
Gas Chromatograph. From the integrated data of the curves
corresponding to un-chemisorbed oxygen, the number of oxygen atoms
chemisorbed was calculated. The number of Ni atoms present on the
catalyst surface was calculated from the number of oxygen atoms

chemisorbed by taking the stoichiometry 1:1 for Ni and oxygen.

Dispersion of vanadia on V,0s/TiO,

Here the catalyst sample (0.5g) was reduced at 370°C for
2hrs by a steady stream of hydrogen (30ml/minute) as above and the
chemisorption was carried out at the reduction temperature i.e. at 370°C.
All the remaining steps were similar to that described above. The number

of vanadium atoms present on the surface of the catalyst pellet was
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calculated from the number of oxygen atoms chemisorbed by taking the

stoichiometry 1:1 for vanadium and oxygen.*'¥%%6%

2.4.2 Carbon monoxide chemisorption

Dispersion of Fe;O3 on Fe,03/TiO,

Pelletized sample (0.5g) was loaded in the micro catalytic
reactor. The experimental set up is same as given in Fig. 2.1. The sample
was reduced at 400°C for 2 hrs in hydrogen stream (at a rate of 30ml per
minute). The reactor was then cooled to room temperature (27°C) and
kept in a freezing mixture to keep the temperature below 0°C. Carbon
monoxide (0.24ml) was injected through the manual gas-sampling valve
connected to the Gas Chromatograph. All the remaining procedure is as
described earlier. The number of iron atoms present on the surface was
calculated using the stoichiometry of 2:1 for iron and carbon

. 1. 59,125&162
monoxide.’

From the dispersion data, the crystallite size of the respective
metal particles present on the surface was calculated®®**'®? using an
approximate relation d = 80/D, where, d = surface average crystallite size,
D = percentage dispersion.

2.5 Catalytic activity studies

Carbon monoxide methanation activity studies were carried
out using NiO/TiO, samples and toluene oxidation activity was done

using the CeO,/Ti0,, Fe,03/TiO; and V,05/TiO, samples.
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2.5.1 Carbon monoxide methanation by pulse method

The CO methanation activity studies of CN1, CN2, CN3,
IN1, IN2, IN3, WNI, WN2 and WN3 samples calcined at different
temperatures were carried out by the following procedure. The
experimental set up is similar to that of dispersion studies shown in
Fig.2.1.

The pelletized sample (0.5g) was loaded in the micro
catalytic reactor (ID = 6mm and OD = 10mm) used in dispersion studies.
The sample was then reduced for 1hr in hydrogen stream at a rate of 30ml
per minute at 390°C. Helium gas was then purged through the catalyst
bed for 10 minutes to remove residual hydrogen. The reactor was then
cooled to 275°C and hydrogen gas was again passed through the catalyst
bed at the same rate. A pulse of pure CO (0.24ml) was injected through
the manual gas-sampling valve of the Gas Chromatograph, which can
pass through the catalyst bed. The output gases, un-reacted CO and CH,
were quantitatively analyzed by the on-line Gas Chromatograph
connected to the outlet of the reactor. The column used was spherocarb
and the detector was TCD. The output signals were evaluated and the
percentage conversion of CO to CH, was determined by peak area of the
signals with reference to calibration area of known volume of
corresponding gases. The experiments were repeated by injecting CO
(0.24ml each) at different temperatures, viz. 300°C, 325°C, 350°C and
375°C to find out the temperature for maximum conversion. The suitable
optimum temperature for maximum conversion was found to be 350°C.

Hence the activity studies of all the other samples were done at 350°C.



2.5.2 Toluene oxidation activity studies (gas phase)

The toluene oxidation activity studies were carried out on
Ce0,/Ti0,, Fe,O3/TiO, and V,0s/TiO, samples calcined at different
temperatures as per the procedure described below. The complete

experimental setup is as shown in Fig. 2.2.
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Fig. 2.2 Experimental setup for toluene oxidation study.

The pelletized catalyst sample having -nearly the same
dimension (0.5g) was loaded in the micro catalytic reactor and was

diluted with porcelain beads. It was then heated at 400°C for 1 hr in air at
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a flow rate of 30ml per minute and 0.2ml of toluene was injected through
the top of the reactor by keeping it at the same temperature. The outlet
gas was scrubbed into a 50ml of 25% aqueous ethanolic solution
previously neutralized with NaOH, taken in well-stoppered conical flask
with a small outlet. After scrubbing for 15 minutes, the conical flask was
disconnected from the unit and the benzoic acid formed was estimated by
titrating against standard 0.1N NaOH solution using phenolphthalein as
indicator as per the procedure cited in reference.”” The proposed reaction
is:

C/Hg + 3/2 O, > CHsO,+ H>0

2.6 Crystallite size calculation

The crystallite size (not the particle size) of anatase was
calculated using a computer program based on Scherrer relation. For this
purpose, the width at half height of the peak corresponding to [101] plane
of anatase was measured. The Scherrer relation states that the XRD peak
broadening is inversely proportional to crystallite size’’' and the
crystallite size can be calculated from the equation D = 0.9A / BCos ©.
Where, D = crystallite size, A = wavelength used, f = corrected half
width of the peak and 6 = angle of diffraction.
2.7 Rutile percentage calculation

The rutile percentage in each sample was calculated using

the equation®” (1+ 0.794 1,/Iz)" multiplied by 100. Where, I, and I are
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the peak intensities of [101] and [110] planes of anatase and rutile
respectively.
2.8 Chemical analysis

A brief description of chemical analysis methods adopted for
the estimation of TiOz,273 NiO,274 Ce02,275 VZOS,276 and Fe203277 is given
below.
2.8.1 Estimation of TiO,

Aluminium reduction method

The estimation was carried out using the procedure
described in literature.””” The sample (0.2g) was fused with excess
amount of potassium bisulfate (15g). The mass was cooled and dissolved
in 20% H,SO, (150ml) and the solution was made up to 250ml in a
standard flask. A known volume of the made up solution was pipetted
into a 500ml Erlenmeyer flask and conc. HCI (30ml) was added to it. The
solution was boiled well and removed from the heating mantle. Highly
pure aluminium foil (2g) was attached to the glass rod of the reaction
setup. The rubber stopper carrying the glass rod with aluminium foil and
the delivery tube was immediately inserted into the Erlenmeyer flask. The
other end of the delivery tube was placed below the level of saturated
sodium bicarbonate solution taken in a beaker, to prevent the re-
oxidation. The flask was heated again. Towards the end of the reaction,
the flask was swirled to ensure complete mixing and reduction. When the
aluminium foil was dissolved, the solution was gently boiled for 3 - 5
minutes keeping the delivery tube immersed in the sodium bicarbonate

solution. The solution was cooled to a temperature less than 60°C. As the
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solution was cooled, the sodium bicarbonate solution was drawn inside
the flask and the CO, evolved would give the necessary protective
atmosphere. The solution was cooled and titrated against standard N/16
ferric alum solution using ammonium thiocyanate solution as indicator.
2.8.2 Estimation of NiO

Nickel estimation was done as per the standard procedure.*”*
The sample (0.5g) was fused with potassium bisulfate (38g). The mass
was cooled and dissolved in 20% H,SO, (300ml). Titania was
precipitated out by adding ammonia. The filtrate was collected and was
made acidic by adding conc. hydrochloric acid (10ml). The solution was
then heated to 70 - 80°C and 1% ethanolic solution of dimethyl glyoxime
(25ml) was added. Dilute ammonia solution was added drop wise with
constant stirring until the precipitation began and then in slight excess.
The precipitate was filtered through a sintered glass crucible and washed
with cold water until free from chloride and sulfate. Completion of
precipitation was tested by adding dimethyl glyoxime to the filtrate. The
residue was dried at 110°C for 1 hr and weighed.
2.8.3 Estimation of CeO,

Ceria was estimated as per the procedure.’”” The sample
(0.5g) was fused with potassium bisulfate, dissolved in dilute H,SO, and
made up to 250ml, as described in TiO, estimation. A known volume of
the made up solution was pipetted out into a 250ml beaker and the pH of
the solution was adjusted to 1. The solution was heated to boiling and
hot saturated solution of oxalic acid (15ml) was added slowly with

stirring. The whole solution was boiled for a few minutes and allowed to
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cool to room temperature. The solution was then set aside for overnight
for completing the precipitation. The precipitate was washed initially
with saturated oxalic acid solution and then with water and was filtered
through Whatman No: 42 filter paper. The residue was ignited at 500°C
for 0.5 hr. Re-dissolved in hydrochloric acid and was precipitated again.
The precipitate was finally ignited at 900°C for 2 hrs and weighed as
CeO,.

2.8.4 Estimation of V,0;

Vanadia was estimated spectrophotometrically®’®

using u.v-
visible spectrophotometer. The sample (0.5g) was fused with potassium
bisulfate. Then it was dissolved in dilute H,SO,4 and made up to 250ml, as
described in the case of TiO, estimation. A known volume of the made
up solution was pipetted and diluted to 80ml. Hydrofluoric acid (48%,
2ml) was added to prevent colour interference by titanium. Then H,O,
(3%, 3ml) was added and diluted to 100ml. The absorbance was noted at
450 nm against a similarly prepared standard.
2.8.5 Estimation of Fe,0;

Ferric oxide was estimated as per the standard procedure.””’
The sample (0.2g) was fused with potassium bisulfate, dissolved in dilute
H,SO,4 and made up to 250ml, as described in section 2.8.1. A known
volume of the made up solution was pipetted out into a 250ml
Erlenmeyer flask, conc. hydrochloric acid (5ml) was added and heated
for 5 minutes. Stannous chloride (6%, 2 - 3 drops) was added till the
yellow colour disappeared and then one drop in excess was added. The

excess SnCl, was removed by adding saturated HgCl, solution (15ml).
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Then 10ml of acid mixture (1:1 H,SO, and H;PO,) and 10ml of
Zimmermann solution (this solution was prepared by adding a cooled
mixture of 100ml conc. H,SO, and 300ml water to a solution of 50g of
MnSO;.4H,0 in 250ml water. 100ml of syrupy phosphoric acid was also
added) were added. It was then titrated against standard 0.1N potassium
dichromate solution after adding three drops of diphenyl amine sulfonate
indicator to a violet end point.
2.9 Instrumental methods employed
2.9.1 Surface area analyzer

Surface area measurements were done by BET method of
nitrogen adsorption at liquid nitrogen temperature using Gemini 2360
V4.01 instrument by taking accurately 0.5g of the sample.
29.2 Gas Chromatograph

The Gas Chromatograph used was Chemito 8510 series,
with a manual gas-sampling valve and 0.24 ml loop connected to it. The
columns used were porapak-Q and spherocarb and the thermal
conductivity detector (TCD) was used to detect the out let gases.
2.9.3 Micro catalytic reactor

The catalytic reactor was made out of stainless steel. It has
15cm height and 10mm and 6mm outer and inner diameters respectively.
29.4 Furnace and temperature programmer

A vertical tube furnace with a local made temperature
programmer (Century Systems CS 7533) was used in these studies.

Ordinary muffle furnace was used for calcination purpose.
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2.9.5 X - Ray Diffractometer

Philips automatic powder diffractometer, PW 1710 with
CuKa wavelength was used for XRD studies.
2.9.6 Scanning Electron Microscope

JSM-5600 instrument was used for SEM analysis. The
sample was prepared as follows: 0.1g of the sample 'was dispersed in
acetone by sonication and one drop was placed on a copper stud, dried
and gold sputtered. Then the SEM analysis was performed.
2.9.7 UV-Visible spectrophotometer

The estimation of V,0s was done using UV-Visible
spectrophotometer, Shimadzu 1601.
29.8 TGA and DTA

The thermo gravimetric analysis and differential thermal
analysis were done using Shimadzu TGA-50H and Shimadzu DTA-50 in

the atmosphere of air.



Chapter 3
STUDIES ON TITANIA PREPARED THROUGH
THERMAL HYDROLYSIS

Tiitania acts as catalyst or as support in various reactions. Its
catalytic activity, to a great extent, is determined by physical properties
such as surface area, crystallinity, etc. and these properties mainly depend
on the preparative conditions. Most of the reactions reported in literature
were carried out on the commercially available imported TiO,, called
Degussa p-25, which is a mixture of 70 % anatase and 30 % rutile and
has surface area of 50 m%/g.*”® Several methods are available for the
preparation of TiO,, which are described in detail in Chapter 1. It is very
difficult to handle TiCl; or alkoxides and strict control of reaction
conditions are required, as they vigorously hydrolyse in presence of
atmospheric moisture.”” The high price of alkoxides limits the
commercialization of titania manufacture using the hydrolysis of
alkoxides. Furthermore, phase pure TiO, anatase cannot be prepared by
hydrothermal crystallization in presence of chloride ions, which would
lead to the formation of rutile phase rather than anatase.'®''®

Hence extensive work has been going on for preparing
highly pure anatase having high surface area. Thermal hydrolysis of
titanyl sulfate solution, which can give highly pure anatase with good
crystallinity; is a widely used commercial process for the production of

pigment grade TiO,. The commercial plants add nuclei (seeding agents)
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to hasten the hydrolysis, which would lead to the precipitation of a
mixture of ortho and meta titanic acids. This precipitate is normally
calcined at ca. >1000°C, to achieve desired pigmentary properties.
Commercial plants would also add anti rutilating agents like ammonium
dihydrogen phosphate. Hence some adsorbed sulfate and phosphate ions
would be present as impurity with commercial TiO,. All these would
adversely affect the physical properties and hence the catalytic activity.

Hence a detailed investigation for the preparation of TiO,
through thermal hydrolysis of titanyl sulfate solution under different
conditions to obtain better properties in terms of surface area and
crystallinity was under taken and the results are reported here. The
proposed reaction, taking place during thermal hydrolysis is:

FeTiO; (ilmenite) + 2H,SO4 —» TiOSO, + FeSO,4 + 2H,0.
TiOSO, + 2H,0 — Ti0,.H,0 + H,SO,.

3.1 Chemical analysis

Chemical analysis was done as per the standard procedure

discussed in Chapter 2 and the results are given in Table 3.1

Table 3.1. Chemical analysis data for titania samples.

Calcination temperature ("C)| TiO, (%)

Oven dried (110) 82.00
270 /4hrs 86.73
350 /4hrs 92.83

350 /6hrs 99.34
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The oven dried sample contained 82 % TiO,, which showed
that the precipitate formed was meta titanic acid (TiO,.H;O). On
increasing the calcination temperature and duration, the percentage of
TiO, was found to increase. It is clear from Table 3.1 that, the calcination
at 350°C for 6 hrs is necessary to remove the water molecules completely.
So, all further studies were carried out with the samples calcined at 350°C
for 6 hrs.

3.2 Surface area studies

All the titania samples, prepared by thermal hydrolysis under
different conditions, were calcined at 350°C for 6 hrs and the surface area
of these samples were measured. The results of surface area studies are
shown in Fig. 3.1. The surface area was found to be highly dependent on
the conditions of thermal hydrolysis like, concentration of titanyl sulfate
solution, temperature and duration of thermal hydrolysis, etc. The
calcination temperature has also got marked effect on the surface area of
TiO,.

3.2.1 Concentration of titanyl sulfate solution

As the concentration of titanyl sulfate solution was
decreased, the surface area of TiO, formed by thermal hydrolysis was
found to increase initially and then decrease markedly under all
conditions. The samples prepared from titanyl sulfate solution containing
35gpl TiO, have got much higher surface area. As the concentration of
titanyl sulfate solution was decreased further to 23.33gpl and 17.5gpl

TiO,, the surface area of TiO, also decreased, which could be due to the
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increased possibility of the growth of hydrated titania particles on boiling

the very dilute titanyl sulfate solution.
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Fig. 3.1. Variation in surface area of TiO, prepared by

thermal hydrolysis under different conditions

3.2.2 Temperature of hydrolysis

Usually, in commercial plants, the thermal hydrolysis is
carried out at 10_00C.l In order to investigate the effect of higher
temperature hydrolysis on surface area, the hydrolysis was done at 200°C

also. On increasing the temperature of hydrolysis to 200°C, the surface
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area decreased noticeably. It would plausibly be due to agglomeration of
titania particles.
3.2.3 Duration of thermal hydrolysis
Since the precipitation was incomplete on hydrolysis for 3
hrs, it was carried out for 5 hrs and 7 hrs. Duration of hydrolysis has also
got a strong influence on surface area of TiO, formed. The samples
prepared for 5 hrs duration under all conditions possess higher surface
area than the ones prepared for 7 hrs. Decrease in surface area might be
due to the growth of titania particles on increasing the duration of
hydrolysis.
3.2.4 Calcination temperature
Out of the above samples, the one having highest
surface area was prepared and calcined at different temperatures in order
to investigate the changes in surface area. A drastic decrease in surface
area on increasing the calcination temperature was observed, obviously
due to the particle enlargement, taking place during higher temperature
calcinations. A sudden decrease was observed till 550°C and there after a
gradual decrease on increasing the temperature of calcination. So at
temperatures less than 550°C, each and every degree rise in temperature
has marked influence on surface area. The results are shown in Fig. 3.2.
For comparing with the properties of various metal oxide
loaded TiO,, prepared though co-precipitation using hydrazine hydrate,
which will be discussed in the following Chapters, pure TiO, was also
prepared by precipitation using hydrazine hydrate. For this purpose, pure
hydrated TiO, containing 82 % TiO, (1.22g) was dissolved in conc.



67

H,SO,4 and (NH;),SOy, cooled and diluted four times with distilled water.
Hydrazine hydrate was added slowly with stirring to this solution and the
precipitate was oven dried at 110°C for 8 hrs and finally calcined at
350°C, 450°C, 550°C, 600°C, 700°C, 800°C and 1200°C for 6 hrs each.
Surface area of these samples was measured and the results are shown in
Fig. 3.2. Here also a drastic decrease was observed in surface area on

increasing calcination temperature.
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Fig 3.2. Effect of calcination temperature on surface area of TiO,

prepared by T1) Thermal hydrolysis and T2) Hydrazine precipitation
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3.3 XRD studies

The sample having highest surface area was prepared and
calcined at different temperatures to carry out XRD analyses for
investigating the phase changes occurring during high temperature
calcinations. The patterns are shown in Fig.3.3. The pattern of oven dried

sample is not given, since the crystallization has not taken place and
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Fig. 3.3.XRD patterns of TiO, prepared by thermal hydrolysis -

calcined at 1) 350, 2) 700 and 3) 1000°C for 6 hrs.
(A = anatase and R = rutile).
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hence the peaks were broad and were not sharp. This would be due to the
presence of hydroxyl groups on the surface and it is in agreement with
chemical analysis results. Upon calcination at 350°C for 6 hrs, well-
defined sharp peaks of anatase were obtained. So, it is obvious that the
calcination at 350°C for 6 hrs is enough for preparing highly pure
crystalline TiO, anatase by this method. On increasing the calcination
temperature to 550°C and 600°C, no phase changes were observed. When
the calcination temperature was increased further to 700°C, the
characteristic peak of rutile appeared at 3.23nm in the pattern. This is
clear from Fig.3.3. The intensity of the rutile peaks increased on further
calcinations and finally at 1000°C, all the anatase peaks disappeared from
the pattern and well defined and intense rutile peaks appeared. Hence it
can be concluded that, the rutilation started at 700°C and was complete at
1000°C. So, the drastic decrease in surface area of these samples as
mentioned above could be due to the crystallographic changes occurring
prior to rutilation.

The percentage of rutile and anatase were calculated in these
samples and the results are shown in Table 3.2. As the calcination
temperature was increased, the rutile percentage also increased.

The crystallite size of anatase calculated from XRD data is
also given in Table 3.2. The crystallite size increased on increasing
calcination temperature. In the sample calcined at 600°C, the crystallite
size was 17.1nm, but on increasing the calcination temperature further to

700°C and 800°C, no change in crystallite size was seen, but the



Table 3.2

Anatase, rutile percentages and crystallite size of TiO,

prepared by thermal hydrolysis.

Calcination temp. | Phases of TiO, present (%)| Crystallite size
(°0) Anatase Rutile (nm)
350 100 0 9.07
550 100 0 13.96
600 100 0 17.1
700 97.22 2.78 17.1
800 71.15 28.85 17.1
1000 0 100 ---
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percentage of rutile was increased. Hence, it can be concluded that, in

pure titania, prepared through thermal hydrolysis, the anatase to rutile

transformation takes place only after the enlargement of anatase

crystallites and it is not a simultaneous process along with rutile phase

formation.

XRD studies of the titania samples prepared by hydrazine

precipitation method was also carried out and the patterns are shown in

Fig.3.4. Here the anatase crystallized only at 450°C. Unlike that of

thermally hydrolyzed one, here the rutilation started at 800°C and

completed at 1200°C.
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Fig.3.4XRD patterns of TiO, prepared by hydrazine

precipitation - calcined at 1) 350, 2) 450, 3) 800 and
4) 1200°C for 6 hrs. (A = anatase and R = rutile),

Like TiO, prepared through thermal hydrolysis, the
crystallite size was increased on increasing calcination temperature, but at
the onset of rutilation, here the crystallite size of anatase was only
12.8nm and it increased to 13.96nm, when calcined at 900°C. The
crystallite size of anatase, anatase and rutile percentages are given in
Table 3.3. It is obvious that, the rutilation, in pure TiO, prepared by
hydrazine precipitation, started and completed at higher temperatures

compared to that prepared by thermal hydrolysis.



Table 3.3

prepared by hydrazine precipitation.
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Anatase, rutile percentages and crystallite size of TiO,

Calcination temperature | Phases of TiOz present (%) | Crystallite size

(°C) Anatase Rutile (nm)

350 Amorphous | Amorphous ---

450 100 0 9.07

700 100 0 11.00

800 97.71 2.29 12.80

900 67.40 32.60 13.96

1200 0 100 -

34 TGA and DTA studies

Thermo gravimetric pattern of oven dried sample is given in

Fig.3.5. On heating the weight loss took place in two stages and a total

weight loss of 18.62% at 821°C was observed. The total weight loss

confirms the presence of meta titanic acid (i.e. TiO,.H,0), in oven dried

sample, which is consistent with chemical anlysis results. But in chemical

analysis 99.34 % TiO, was obtained in the sample calcined at 350°C for

6hrs, which suggests complete removal of water molecule present in

hydrated titania. XRD pattern also supports the crystallization of the

sample calcined at 350°C for 6 hrs. However in TGA, the weight loss was

seen up to 821°C.
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Fig. 3.5. TGA curve of TiO, prepared through thermal hydrolysis.
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Fig. 3.6 DTA curve of TiO, prepared through thermal hydrolysis.
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Fig. 3.6 represents the DTA of oven dried TiO,. It consists
of four endothermic peaks and one exothermic peak. The two
endothermic peaks at 68.96°C and 264.46°C could be attributed to the
removal of adsorbed and coordinated water molecules. The sharp well-
defined exothermic peak at 327.12°C could be due to anatase phase
formation. XRD studies also supports this, where the anatase
crystallization took place at around 350°C. Two more endothermic peaks
at 500.08 and 632.7°C are found in the figure. The one at 500.08°C would
be due to some crystallographic rearrangements taking place before
rutilation and the other at 632.75°C would be due to rutilation, where as
in XRD pattern, a well-defined small peak of rutile was observed in the

sample calcined at 700°C for 6 hrs.

3.7 Conclusions
From all these experiments and data the following
conclusions can be arrived at

&  Conditions of thermal hydrolysis have significant role on the
physical properties of TiO, formed.

@ Phase pure TiO, anatase having high surface area can be
prepared by thermal hydrolysis of titanyl sulfate solution.

&  Optimum conditions for obtaining high surface area titania —
35gpl TiO,, 66.5gpl acid, thermal hydrolysis at 100°C/5 hrs and
calcination at 350°C/6 hrs.

&  Marked decrease in surface area was observed upon rutile phase

formation. Rutilation started at 700°C and completed at 1000°C.
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Rutilation started at 800°C and completed at 1200°C in TiO,
prepared by hydrazine precipitation method.
Rutile % increased with calcination temperature.

Crystallite size enlargement took place during rutilation.



Chapter 4
STUDIES ON NiO/TiO, CATALYST

Group VIII metals, especially nickel, are excellent catalysts
for hydrogenation of olefins and CO to synthesize saturated
hydrocarbons. SiO, and Al,O; are the commonly used support materials
for Ni catalyst, since they possess high surface area.””” Extensive work
has been reported recently on Ni supported on TiO; as a catalyst for CO
hydrogenation with better activity compared to the other supports. But
limited methods are only reported for the preparation of this catalyst.
Traditional methods like, wet-impregnation and ion-exchange on
crystalline TiO, were found to be employed in most of the investigations.
In both the above methods, Ni atoms are introduced in to the TiO; crystal
lattice by heating crystalline TiO, in presence of nickel salt solution at
different temperatures, These methods would obviously reduce the
surface area of TiO,, enhance the phase transformation and affect
adversely on the homogeneous dispersion of the active metal on it. This
may cause much greater diffusion of active metal particles towards the
bulk of titania during reduction'® and thus reduce the number of surface
exposed active metal atoms.

Hydrazine hydrate precipitation is a new method described
in literature for the preparation of nano sized metal oxides used for
electronic applications. The preparation of catalysts by this methoﬁ is yet

to be reported. Hydrazine hydrate can quantitatively precipitate certain
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metals by complexing with them. These complexes undergo
decomposition upon calcination resulting in high surface area metal
oxides.

Titania, in the amorphous state possesses high surface area
and hence can incorporate large quantities of other metal oxides. Also,
while loading metal oxides on crystalline titania, there is an increased
chance for rutilation. Hence, amorphous titania was used for ion-
exchange and wet-impregnation methods. The ion-exchange method is
based on zero point charge of titania, which is reported to be pH 5-
567%™ and above which cations can be exchanged as reported. The
negative charge is built up on the aqueous dispersion of hydrated TiO,
due to proton transfer from hydrated TiO, to the water. On increasing the
pH above zero point charge, this proton transfer would also be increased
leaving behind the electrons in the partially bonded oxygen atoms.?*
NH," ions get attached to this negatively charged oxygen atoms and
while refluxing in presence of Ni** solution, the NH," ions get exchanged
by nickel atoms. Schematic representation for ion exchange is given
below:

-H'
TTi—OH———> Ti— O

+ NH,"
Ti— O ——— > Ti — ONH;,

+ Ni*
2Ti — ONH; ——— (Ti — O),Ni
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The samples prepared by co-precipitation were labeled as
CN1, CN2 and CN3. Like wise IN1, IN2 and IN3 for ion exchanged and
WN1, WN2 and WN3 for wet-impregnated ones. The percentage of NiO
in each sample is shown in Table 4.1.
4.1 XRD studies

XRD patterns are shown in Figs 4.1 — 4.6. Well-defined and

sharp peaks were obtained for ion-exchanged and wet-impregnated
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Fig. 4.1. XRD pattern of NiQ/ TiO, samples prepared by co-
precipitation method 1) CN3 calcined at 350°C / 6hrs.,
2) CN1, 3) CN2, 4) CN3 calcined at 450°C / 6hrs. and
5) CN3 after catalysis. (A = anatase).
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Fig. 42.XRD pattern of NiO/ TiO, samples prepared by
ion-exchange method - calcined at 350°C / 6hrs. 1) IN1,
2) IN2, 3) IN3 and 4) IN3 after catalysis.(A = anatase).

Intensity (a.u) —

samples calcined at 350°C for 6 hrs, but co-precipitated one was
amorphous at this temperature. It has become crystalline only at 450°C.
All the peaks were those of anatase in all the samples, except in WN3,
where a small peak of NiO was observed. There were no peaks due to
rutile or NiTiOj; in any of the sample. The absence of NiO peaks clearly
discloses the fine nature of NiO, which can not be detected using XRD
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Fig. 4.3.XRD pattern of NiO/ TiO, samples prepared by wet-
impregnation method - calcined at 350°C / 6hrs. 1)
WN1, 2) WN2, 3) WN3 and 4) WN3 after catalysis.
(A = anatase and N = NiO).
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technique as has been reported in the case of ZnO and Fe,O; doped
titania and  V,0s/Ti0,.'2***® On comparing with crystallization
temperatures of bare TiO, prepared by hydrazine precipitation and
thermal hydrolysis, no change was observed in crystallization

temperature in presence of NiO.
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In order to investigate clearly the effect of NiO on rutilation,
the XRD analysis of all the samples calcined at different temperatures
were carried out. Well-defined rutile peaks were obtained in the sample
CN3 calcined at 600°C (Fig. 4.4), but in IN3 and WN3, the rutile peaks
appeared only after calcination at 700°C (Figs 4.5 and 4.6). So, it is

apparent from the XRD data that the onset temperature of rutilation was

Intensity (a.u) —>
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«26°

Fig. 4.4 XRD pattems of CN3 calcined at 1) 600, 2) 800 and 3)
900°C / 6hrs. (A = anatase, R = rutile and NT = NiTiO,).
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lower in co-precipitated ones. When the calcination temperature was
increased to 800°C, the intensity of rutile peaks increased and that o.f
anatase decreased. On increasing further to 900°C in CN3 and 1000°C in
IN3 and WN3, all the anatase peaks disappeared and rutile peaks became

Intensity (a.u) =

60 50 40 30 20
«20°

Fig. 4.5 XRD patterns of IN3 calcined at 1) 700, 2) 800 and 3)
1000°C / 6hrs. (A = anatase, R = rutile & NT = NiTiO,).

more predominant. Marked changes could be seen in the characteristic
peaks of anatase at d-value 3.52A° and that of rutile at d-value 3.23A°.
The percentage of rutile in CN3, IN3 and WN3 was calculated and the
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Fig. 4.6. XRD patterns of WN3 calcined at 1) 700, 2) 800 and 3)
1000°C / 6hrs. (A = anatase, R = rutile & NT = NiTi0,).

results are shown in Fig. 4.7. Among all the samples, the co-precipitated
one has highest rutile percentage at any temperature and lowest for ion-
exchanged one. So, the preparation method and NiO percentage have
marked influence on rutile phase formation.

On comparing with bare ‘TiO,, where the onset and
completion temperatures of rutilation were 700°C and 1000°C in TiO,

prepared by thermal hydrolysis and 800°C and 1200°C in TiO, prepared
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Fig.4.7. Variation in rutile (%) with calcination temperature of
NiO/TiO, catalyst prepared by different methods

by hydrazine precipitation, it is very clear that in ion exchanged and wet-
impregnated ones there were no changes in these temperatures, whereas
in co-precipitated one, both the onset and completion temperatures were
reduced much.

It is noteworthy that, at the onset of rutilation, some peaks
due to NiTiO; were also present in the pattern. On increasing the

calcination temperature, the intensity of these peaks also increased.
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The XRD pattern of CN3, IN3 and WN3 after catalysis is
given in Figs 4.1 — 4.3. No phase changes could be observed in any of the
sample. This reflects the thermal stability of these catalysts under the
conditions adopted.

The crystallite size of anatase (not particle size) calculated

from XRD data are given in Table 4.1. Crystallite size calculations were

Table 4.1  Variation in crystallite size of anatase with calcination

temperature of NiO/TiO, samples.

Method of | NiO | Sample Crystallite size (nm)

preparation| (%) | label [T350%C  [450°C[600°C ][ 700°C ] 800°C

498 | CNI1 1098 | 11.82 | --- -

Co-pption ['9 93 [ CN2 | Amorphous "0 26]11.82 | — | —

14.96] CN3 963 [11.82 | — [ 31.6
496 | IN1 | 10.26 — | — 15371 —
LE 998 | IN2 | 10.26 — | — 115377 —
14.94] IN3 [ 10.26 — [1397 1537 193
4921 WN1 | 1026 — | — 13971 —
Wi 505 | w2 | 1026 | — | = 1537 | -

1497 WN3 | 10.26 -~ 11397 |17.1 (22.18
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done only at certain calcination temperatures at which drastic changes
occurred. No change in crystallite size was observed in ion-exchanged
and wet-impregnated samples on increasing NiO percentage, while in co-
precipitated ones, the crystallite size decreased on increasing NiO
percentage. It would be due to the suppression of titania grain growth by
extremely fine NiO particles uniformly dispersed on TiO,. On increasing
the calcination temperature, the crystallite size was also increased in all
the samples, but to different extent. In co-precipitated ones, at the onset
of rutilation, the crystallite size was 11.82nm, while in ion-exchanged one
it was 15.37nm and in wet-impregnated one 17.1nm. So, the rutilation
takes place after the enlargement of anatase crystallites and the growth in
crystallite size is highly dependent on method of preparation. The anatase
crystallites are larger in NiO loaded samples than that in bare titania.
42 Surface area studies

The results are shown in Figs 4.8 — 4.10. The co-precipitated
samples have got largest surface area even though prepared at 450°C. The
surface area increased in co-precipitated and ion-exchanged ones and
decreased in wet-impregnated samples on increasing the percentage of
NiO, which is in agreement with crystallite size results given in Table
4.1. In sample CN1 the surface area was 94.39 m?/g and it increased to
119.06 m%/g in CN2 and 130.2 m%/g in CN3. Similarly, in sample IN1 the
surface area was 78.4 mz/g, in IN2 it became 87.2 m2/g and in IN3 it
again increased to 90.3 m?/g. While in sample WN1, it was 91.8 m?/g, but
it decreased in WN2 to 80.5 m?/g and to 65.26 m?/g in WN3. Hence the
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Fig4.8. Effect of calcination temperature on surface area of
NiO/TiO, catalysts prepared by co-precipitation method

change in surface area with increase in NiO percentage is highly
influenced by preparation method.

On increasing calcination temperature, there occurred a
marked decrease in surface area in all the samples. When the calcination
temperature was increased to 600°C, in sample CN1, the surface area
became nearly half of the earlier value, i.e. 43.8 m®/g, like wise, in the
case of CN2 and CN3, it became 50.12 m%g and 55.28 m*/g respectively.

In ion exchanged and wet-impregnated samples, the surface area became
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Fig4.9. Effect of calcination temperature on surface area of
NiO/TiO, catalysts prepared by ion-exchange method

one third when the calcination temperature was increased to 600°C and it
again decreased at 700°C at which the rutilation was started. On
increasing the temperature further to 800°C, the surface area was reduced
very much in all the samples. At 900°C, when the TiO, was fully
converted to rutile in co-precipitated samples, the surface area of CNI1,
CN2 and CN3 became 2.01 m*/g, 2.32 m?*/g and 2.74 m*/g respectively.
Similarly at 1000°C the surface area was reduced to 1.12 m%g, 1.71 m*/g
and 1.97 m?*/g in samples IN1, IN2 and IN3 respectively and 1.8 m%/g,
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Fig 4.10. Effect of calcination temperature on surface area of
NiO/TiO, catalysts prepared by wet-impregnation method

112 m%g and 0.98 m%g in samples WN1, WN2 and WN3 samples
respectively. Even though no direct relation between crystallite size and
surface area could be made, surface area decreased significantly along
with marked increase in crystallite size. It is also evident that a very
smaller change in crystallite size does not always necessarily involve a
change in surface area. There was a decrease in surface area at the onset
and completion of rutilation due to sintering and fusion of TiO, and NiO,

to form NiTiOs, which is in agreement with XRD data.
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On comparing with surface area of bare TiO,, (vide Fig3.1)
surface area decreased on loading NiO. It is obvious from the above
observations that the surface area decreased drastically during rutilation,
which in turn is dependent on method of preparation, calcination
temperature and NiO percentage. The decrease in surface area during
rutilation was also greater in presence of NiO compared to bare TiO.

4.3 Dispersion studies

The results are shown in Table 4.2. Determination of
dispersion of the catalytically active component on the surface of the
support is one of the best ways to characterize supported catalysts. The
dispersion was carried out at room temperature after reducing the sample
at 390°C for 1hr. Comparatively better dispersion was obtained for co-
precipitated samples, since they are precipitated from a homogeneous
solution. As the NiO percentage was increased the dispersion decreased
in all the samples. This reflects that a slight diffusion of Ni particles
towards the bulk of the pellets would have occurred during reduction and
the chance for such diffusion is obviously higher on increasing the
percentage of NiO. Dispersion of 22.18% was obtained in sample CN1
and it decreased to 19.33% in CN2 and 16.64% in CN3. Similarly it
decreased from 13.28% to 10.07% in ion exchanged ones and from
21.16% to 13.18% in wet-impregnated ones on increasing the NiO%

The surface average crystallite size of Ni calculated from
dispersion data showed that it increased on increasing NiO percentage

and nickel is present as very fine particles on the surface with size range
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in nanometers. These results are in line with XRD data. No peaks due to

NiO were seen, since the NiO particles were present in very fine form.

Table 4.2. Results of dispersion studies

Oxygen chemisorbed

Method of | Sample Dispersion Surface
preparation| label (umol / g) (%) average crystallite
size of Ni (nm)
CN1 147.88 22.18 3.61
Co-pption | CN2 256.99 19.33 4.14
CN3 333.28 16.64 4.81
IN1 88.19 13.28 6.02
LE IN2 144.44 10.81 7.40
IN3 201.43 10.07 7.94
WNI1 139.39 21.16 3.78
W.I WN2 203.02 15.24 5.25
WN3 264.17 13.18 6.06

44 SEM analysis
SEM analysis of CN3, IN3 and WN3 samples before

rutilation and CN3 after rutilation were carried out and the micrographs

are shown in Figs 4.11 and 4.12. Only titania particles could be seen,

which mirrors the presence of NiO as very fine particles, as supported by

XRD and dispersion studies. The particles were all in a shapeless nature

and were aggregated. The aggregation of particles is an evidence for the
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Fig. 4.11 Scanning electron micrographs of NiO/TiO, catalysts

A) IN3 and B) WN3 (calcined at 350°C)
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A) CN3 (calcined at 450°C and B) CN3 (calcined at 900°C)
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fineness of the sample, because it has been reported that®®' the individual
particles in a fine powder would be in an aggregated form (i.e.
assemblages of particles which are loosely coherent). No appreciable
change in particle size was observed between the three samples prepared
through different methods, even though the surface area values and other
physical properties were different. So, it is apparent that a very small
change in particle size, which could not be detected in SEM, can also
cause a larger alteration in surface area. The particles were in much more
agglomerated state (i.e. assemblages of particles which‘ are rigidly joined)
when the TiO, was fully converted to rutile, which would be due to
cementation and sintering of individual particles, which is in agreement
with XRD and surface area studies.
4.5 Methanation activity studies

Carbon monoxide hydrogenation is a profoundly important
process widely exploited by many chemical industries to produce a wide
variety of organic compounds like, alcohol, methane, gasoline and other
higher hydrocarbons.'® There is a long history for this reaction,
beginning from 1902, with the investigations of Sebatier and Senderens,
who succeeded in producing methane from CO and hydrogen mixture
over Ni catalyst. For this contribution and his work on catalytic
hydrogenation, Sebatier won the Nobel Prize in Chemistry in 1912.'%
One year later, the German, Badische- Anilin- und Soda Fanrik (BASF)
started to fabricate longer chain. hydrocarbons and oxygenated
hydrocarbons with the aid of Co-Os catalyst promoted with alkali metals.
In 1923, BASF performed the first successful exclusive methanol



(18299

95

synthesis and three years later, Fischer and Tropsch described the
formation of longer chain hydrocarbons from CO and hydrogen at 200°C
and at atmospheric pressure using Fe-Co catalysts doped with K and Cu
as promoters.160 It is a highly efficient method for producing fuels with
high heating value from coal. By means of suitable choices of catalyst
materials, one can control and direct the reaction to obtain the desired
product. Hence it is an intensely pursued reaction even today. Methane is
reported to form selectively over Ni catalyst.'®’

The results of methanation activity studies are shown in Figs

4.13- 4.16. To optimize the reaction temperature the activity studies were
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Fig-4.13. Variation in methanation activity of CN3 with
reaction temperature
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carried out at different temperatures ranging between 275°C and 375°C
using the sample CN3, which is shown in Fig 4.13. Only 40% conversion
was obtained at 275°C and the percentage conversion increased with
increasing temperature of reaction. At 350°C, 98% conversion was
obtained and on further increasing the reaction temperature the
percentage conversion decreased to 83%. So, the activities of all the other
samples were tested at 350°C. The percentage conversion was strongly
influenced by temperature of reaction and maximum conversion was
obtained at 350°C (vide Fig 4.13).

The methanation activity of co-precipitated and ion-
exchanged catalysts increased much on increasing the NiO percentage
due to the increase in surface area and increase in number of surface
exposed nickel atoms. With sample CN1 90.8% conversion was obtained
and it increased to 98% in CN2 and on further increase in NiO% there
was no change in activity, i.e. with sample CN3 also 98% conversion was
obtained. Much lower percentage conversion was observed with ion-
exchanged samples; with IN1 63.8%, with IN2 66.2% and 68.1% with
IN3. Whereas in wet-impregnated samples the percentage conversion
decreased with increasing NiO%. 73.8% conversion of was obtained
with the sample WN1, 71.8% with WN2 and 64.1% using WN3. So, it is
very important to note that this reaction is highly influenced by the
quantity of nickel atom present on the surface of the catalyst and the
surface area of the sample. It has been reported®® that a significant
variation occures in methanation activity with change in dispersion and

metal concentration. But, the activity of wet-impregnated ones decreased
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Fig 4.14. Variation in methanation activity with calcination temperature
of NiO/TiO, catalysts prepared by co-precipitation method

on increasing percentage of NiO due to a noticeable decrease in surface
area in these samples on increasing the percentage of NiO. So, it 1s
evident that, the surface area of the catalyst is also equally important as
dispersion to enhance the activity. No solid relation could be made
between surface average crystallite size of nickel and activity of the
catalyst. Hence this reaction can be considered as a structure in sensitive
one. This is in line with the literature data.?®’

In order to investigate the effect of rutilation and changes in

physical properties on the activity of these catalysts, the activity studies
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Fig4.15. Variation in methanation activity with calcination temperature
of NiO/Ti0O, catalysts prepared by ion-exchange method

were carried out after calcination of these samples at temperatures, when
drastic changes in physical properties have occurred. The activity of these
catalysts was altered on increasing the calcination temperature. The
percentage conversion was nearly halved in co-precipitated ones and it
became one third or less in ion-exchanged and wet-impregnated ones at
the onset of rutilation. When the samples were fully rutilated the
percentage conversion became very much lowered to less than 5% in all
the samples as evidenced by Figs 4.14 — 4.16. The severe reduction

observed in activity upon rutilation could be due to the following reasons,
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Fig. 4.16. Variation in methanation activity with calcination temperature
of NiO/Ti0O, catalysts prepared by wet-impregnation method

1) the shortage of enough free Ni atoms on the surface due to sintering
and NiTiO; phase formation, ii) the incompleteness of reduction of
NiTiO; in to Ni and TiO, under the conditions adopted iii) the increased
possibility for strong-metal-support-interaction in the reduced state
during the reduction of NiTiO3, iv) the irreversible conversion of the
support to rutile and v) the much lower surface area of these samples. It
has been reported that the strong-metal-support-interaction (SMSI) is
drastically changing the properties of Ni/TiO, catalyst?®* and it has also

been reported that this reaction is significantly influenced by support
materia] 434285287



100

The product formed was selectively methane. Hence the
reaction would have proceeded through dissociative addition mechanism
with carbidic carbon intermediate.'®® The proposed reaction is:

CO + 3H, -» CH, + H,0O

Hence, the presence of even a very low percentage of rutile
on the support can affect badly the activity of this catalyst. The co-
precipitated ones are the best among these catalysts for methanation, even
though they have lower onset temperature of rutilation, which is well
above the optimum temperature of methanation. So, it is worth to note
that, only by using pure anatase as a support, the effect of rutile phase, on
activity could be investigated. Most or almost all investigations on this
catalyst prepared through other methods described in literature, were
found to be carried out on TiO, having both anatase and rutile phases.

In this investigation, since the ‘CO pulse method’ was
adopted to study the methanation activity (of the samples prepared
through different methods and the changes occurring in activity upon
rutile phase formation), the percentage conversion was studied instead of
the rate of the reaction. For the same reason it was not possible to
éompare with other studies reported in literature, where the rate and turn
over frequency are only mentioned instead of percentage conversion.
However, it is apparent from this study that the methanation activity has
been reduced much upon rutilation and the activity was strongly
influenced by quantity of nickel present on the surface and surface area of
the sample, which in turn is dependent on method of preparation. But

most of the studies reported in literature do not consider or account for
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the presence of rutile phase in TiO, support. However, in the case of

samples prepared in this study, it is very clear that rutile phase formation

take place only at very high temperature, which is well above the

optimum temperature of methanation and hence should be superior to the

catalysts reported in literature as the properties deteriorate on rutilation.

4.6
=

th h

Conclusions

The co-precipitated samples crystallize at 450°C, while ion-
exchanged and wet-impregnated ones crystallize at 350°C.
Onset and completion temperatures of rutilation were found to
vary with method of preparation.

At the onset of rutilation NiTiO; phase is also formed.

Better surface area, dispersion and activity are obtained with co-
precipitated ones. Ion-exchange and wet-impregnation methods
also gave better properties compared to conventional methods.
Method of preparation, calcination temperature, rutilation and
NiO percentage have greater role in determining surface area.
Enhancement of rutilation by same metal oxide varies with
method of preparation.

Crystallite size enlargement takes place during rutile phase
formation.

Methanation activity significantly reduces at the onset of

rutilation and drastically when the TiO, is fully converted to

rutile.
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All these samples were found to be thermally stable under the

conditions adopted for methanation.
The order of methanation activity is: co-precipitated > wet-

impregnated > ion exchanged samples.



Chapter 5
STUDIES ON Fe,05/TiO, CATALYSTS

Iron is an important catalyst in various commercially
exploited processes, like ammonia synthesis, F-T synthesis, water gas
shift reactions, etc. The products obtained in F-T synthesis using Fe
catalyst are reported to be highly olefinic in nature.”® But, the
unsupported catalysts have poor attrition resistance’® and in F-T
synthesis, the major operational problem is separation of catalyst and wax
in a slurry reactor.2®® Hence, there have been extensive investigations on
supported Fe catalysts. Iron supported on TiO, is reported to be highly
active in Koelbel — Engel hardt synthesis of hydrocarbon,”® ammonia
synthesis,59 reaction between carbon monoxide and hydrogen,162 while
iron oxide supported on TiO, in presence of Sb,0; is reported to be an
excellent catalyst for oxidation of propylene to acrolein.”*

Many efforts have been made for preparing highly dispersed
Fe catalysts on high surface area TiO,. But, unfortunately, only a few
methods for the preparation of these catalysts are available in literature
(see section 1.6.2.).

Fe,03/TiO, catalyst with different percentages of Fe,O; was
prepared using the three methods, which are described in Chapter 2. The
samples prepared by co-precipitation were labeled as CF1, CF2 and CF3.
The ion-exchanged ones were labeled as IF1, IF2 and IF3 and wet-

impregnated ones as WF1, WF2 and WF3. The percentage of Fe,O; in
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each sample is given in Table 5.1. This catalyst can be used as Fe/TiO,
by reducing at 400°C in hydrogen stream.
5.1 XRD studies

XRD pattern of ion exchanged and wet-impregnated samples
calcined at 350°C/6hrs showed that these samples are crystalline at
350°C, where as the co-precipitated one, unlike NiO/TiO,, was not
crystalline even at 450°C (vide Figs 5.1- 5.3). The co-precipitated ones
became crystalline only by calcination at 550°C/6hrs. All the peaks were
due to the anatase phase of TiO, and no peaks due to Fe,O5 appeared in

the pattern, obviously due to the fineness of iron oxide particles. While
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Fig. 5.1.XRD pattern of Fe,0,/TiO, samples prepared by co-
precipitation method 1) CF3 calcined at 450°C / 6hrs., 2)
CF1, 3) CF2, 4) CF3 calcined at 550°C /'6hrs. & 5) CF3
after catalysis. (A = anatase).
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comparing the crystallization temperature of pure TiO, prepared by both
the methods, a change has been observed in Fe;O; loaded sample
prepared by co-precipitation. Pure TiO; prepared by hydrazine

precipitation was found to crystallize at 450° C, whereas in presence of

Wl

Intensity (a.u) =
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«20°
Fig. 5.2.XRD pattern of Fe,0;/TiO, samples prepared by
ion-exchang: method - calcined at 350°C / 6hrs. 1) IF1,
2) IF2, 3) IF3 and 4) IF3 after catalysis (A = anatase).
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Fe,0;3, the crystallization temperature has been altered to 550°C. So, the
presence of Fe>Os has a strong influence on the crystallization of the co-
precipitated sample.

On increasing the calcination temperature up to 650°C in
sample CF3, peaks of rutile appeared in the pattern and on further

increase, the rutile peaks became more intense and anatase peaks
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Fig. S.S.XRD pattern of Fe,O, /TiO, samples prepared by wet-
1mpregnation method- calcined at 350°C / 6hrs. 1) WF1,
2) WF2, 3) WE3 & 4) WF3 after catalysis (A = anatase).
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disappeared from the pattern, similar to that of NiO/TiO,. The patterns
are given in Figs 5.4 — 5.6. The sample CF3 got rutilated completely at
800°C itself, where as in the sample IF3, the rutilation started only at
800°C and completed at 1000°C, while in WF3, rutile phase appeared in
the pattern at 700°C and the rutilation was complete at 900°C. So, it is
obvious from all these observations that Fe,O; influences the rutile phase
formation to different extents in samples prepared through different
routes. The rutile percentage against calcination temperature of samples

CF3, IF3 and WEF3 is given in Fig 5.7. Here also, like NiO/Ti0, samples,
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Fig. 5.4 XRD patterns of CF3 calcined at 1) 650, 2) 700 and 3)
800°C / 6hrs. ( A = anatase, R = rutile and F = a Fe,0;).
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the onset and completion temperatures of rutilation were much lower in
co-precipitated ones. The Fe,O; influences noticeably the rutilation
temperature in co-precipitated samples. Hence it can be inferred that the
presence of Fe,O5 during the crystallization of TiO, would enhance the
formation of rutile, to different extent depending on the method of
preparation. If the distribution of Fe;O3 were more uniform, the chance

for rutilation would also be higher.
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Fig. 5.5.XRD patterns of IF3 calcined at 1) 800, 2) 900 and 3)

1000°C / 6hrs. ( A = anatase, R = rutile, F = a Fe,0, and
FT = Fe,TiO,).
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The peaks of a-Fe,O5 appeared only when the rutilation was
started in all the samples, which might be due to the growth of Fe,0;
particles during rutilation. a-Fe,O; particles reacts with TiO, to form
pseudo brookite (Fe,TiOs) and the remaining TiO, transforms irreversibly
to rutile in the case of samples IF3 and WF3, while in the case of CF3,

the intensity of a-Fe,O; peaks increases at this stage and no pseudo

brookite peaks were formed.
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Fig. 5.6.XRD patterns of WEF3 calcined at 1) 700, 2) 800 and 3)
900°C / 6hrs. (A = anatase, R = rutile, F = o Fe,O; and
FT = Fe,TiO,).
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Fig. 5.7. Variation in rutile (%) with calcination temperature of
Fe,0,/TiO, catalyst prepared by different methods

The XRD patterns of CF3, IF3 and WF3 samples after
catalytic activity studies are shown in Figs 5.1 — 5.3. There is no change
in the patterns when compared to that of the samples prior to the activity
studies. This suggests that the samples are thermally stable under the
conditions adopted for toluene oxidation.

The crystallite size of anatase calculated from XRD data 18
given in Table 5.1. The crystallite size was calculated only at

temperatures at which major changes occurred in the samples so that the
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rest of the columns are kept vacant in Table 5.1. Crystallite size decrease

was found on increasing percentage of Fe,Os in co-precipitated and ion-

exchanged samples, while it increased in wet-impregnated ones. The

crystallite size was reduced more than that of pure TiO, in sample CF3

and It increased with increasing temperature, but to different degree,

depending on the method of preparation. The rutilation starts in co-

precipitated samples when the anatase crystallites grow to a size of

12.8nm, while in the case of ion-exchanged and wet-impregnated ones

the transformation happens at 15.37nm.

Table 5.1  Variation in crystallite size of anatase with calcination
temperature of Fe,03/TiO, samples
Prepn | Sample| Fe,O; Crystallite size (nm)
method| label | (%) [ 350°C |550°C|650°C [ 700°C | 800°C|900°C
CF1 4.98 9.63 11098 | --- --- ---
Co-ppn| CF2 | 9.97 |Amorph | 9.63 [1098 [ --- [ — | -
CF3 |14.95 |ous 73711279 | 17.1 | --- ---
IF1 495 | 12.79 --- --- - |1397 | -
LE IF2 998 | 11.82 --- --- - |1397 | --
IF3 1499 | 10.98 - --- - 15371171
WF1 | 499 | 9.63 --- - 11279 | --- ---
WI | WF2 | 994 | 10.26 --- - | 1397 | --- ---
WF3 1497 [ 1098 | — | — |1537| — [22.18
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5.2 Surface area studies

The surface area values plotted against calcination
temperature are given in Figs 5.8 — 5.10. The values increased on
increasing Fe,O; percentage in co-precipitated and ion-exchanged
samples. In the case of co-precipitated samples, surface area was 101.4
m%/g, 118.7 m*/g and 141.1 m?/g in CF1, CF2 and in CF3 respectively.
Similarly, for IF1 it was 85.3 m%g, for IF2 it became 95.3 m%g and for
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Fig. 5.8. Effect of calcination temperature on surface area of
Fe,0,/Ti0, catalysts prepared by co-precipitation method
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IF3 the surface area again increased to 108.3 m*/g. In the case of wet-
impregnated ones, the surface area decreased on. increasing the
percentage of Fe,O; (For WF1 the surface area was 118.0 mz/g and 1t
decreased to 113.0 m%*/g in WF2 and 106.3 m%g in WF3). More
predominant change was observed in co-precipitated ones. This is in
agreement with crystallite size of anatase, which is found to decrease on
increasing Fe,O; percentage. At this point, it would be noteworthy that

the co-precipitated samples are prepared at 550°C and even then they
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Fig. 5.9. Effect of calcination temperature on surface area of
Fe,0,/Ti0, catalysts prepared by ion-exchange method
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possess comparatively larger surface area, even better than pure TiO-.

On further increasing the calcination temperature to 650°C in
co-precipitated ones, the surface area became 68.9 m*/g in CF1, 73.7
m%/g in CF2 and 70.8 m%g in CF3. The decrease was much greater for
CF3, which would be due to the presence of 4.2 % rutile in this sample.
On increasing the temperature further the decrease in surface area was
drastic. At 800°C, when rutilation was complete, the surface area became
4.2 m*/g in CF1, 5.7 m%g in CF2 and 8.3 m?/g in CF3. These changes are
evident from Fig. 5.8.
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Fig. 5.10. Effect of calcination temperature on surface area of
Fe,0,/TiO, catalysts prepared by wet-impregnation method



115

In the case of ion-exchanged samples, when the calcination
temperature was raised to 800°C, the surface area decreased to 14.6 m*/g
in IF1, 15.3 m%g in IF2 and 10.2 m%*/g in IF3. The much higher decrease
in surface area observed in IF3 would be due to the presence of 3.59 %
rutile. On further rise in calcination temperature, the surface area
decreased markedly in all the samples and at 1000°C, it became 2.2 m%/g
in[F1, 2.9 m*/g in IF2 and 3.7 m%/g in IF3 (vide Fig. 5.9).

Similarly, in wet-impregnated samples calcined at 700°C, (at
which the rutilation was started in WF3) the surface area became 20.1
m%/g in WF1, 18.5 m%g in WF2 and 8.98 m%*g in WF3. Significant
decrease in surface area was observed when the calcination temperature
was increased to 900°C (at which rutilation was complete in WE3). The
values were 4.87 m*/g, 4.21 m*/g and 3.91 m%g in WF1, WF2 and WEF3
samples respectively. These changes in surface area are shown in Fig
5.10.

Here, in these samples, crystallite size of anatase seems to
have some relation with surface area, unlike in the case of NiO/TiO,
samples. It decreased on increasing surface area in all the samples
depending on the method of preparation. So, Fe,O; has a significant
influence on the surface area of these samples. The decrease in surface
area with increase in rutile percentage was also larger in presence of
Fe,Os.

5.3 Dispersion studies
The Fe,O; exposed on the surface of Fe,O3/TiO, catalyst is

normally determined by CO chemisorption. Carbon monoxide is reported



116

to be more effectively associated with Fe particles at 0°C.¥*!* As the
percentage of Fe,O; was increased, the quantity of the chemisorbed CO
increased and hence the percentage dispersion also increased.

Since, the surface average crystallite size was inversely
proportional to CO chemisorbed, it decreased on increasing the
percentage of Fe,O; in all the samples. These results are shown in Table
5.2. Maximum percentage dispersion was obtained in sample CF3 and

minimum in WF1. Out of all these samples the co-precipitated ones

Table 5.2. Results of dispersion studies.

Prepn | Sample | CO chemisorbed | Dispersion Surface
method | label (nmol / g) (%) average crystallite
size of Fe (nm)
CF1 9.98 3.2 25.00
Co-ppn | CF2 27.47 4.4 18.18
CF3 57.11 6.1 13.11
IF1 9.24 2.98 26.85
LE | IF2 20.75 3.32 24.10
IF3 36.23 3.86 20.72
WF1 8.22 2.63 30.42
W.I | WF2 18.11 2.91 27.49
WEF3 30.28 3.23 24.77
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showed much higher dispersion and the wet-impregnated ones exhibited
the lowest. The surface average crystallite size of iron, calculated from
dispersion data, seems to be much larger. It ranged between 13.11nm and
30.42nm, but it is not correlated with XRD data, where no peaks due to
Fe,O; were obtained in any of the pattern, showing the fineness of Fe,Os
particles. However, similar observations can be seen in other studies,
164.2904291 \uhere the authors argued that the surface average crystallite size
calculated from CO chemisorption often disagree with XRD results.

Like NiO/TiO, samples, here also, better dispersion was
obtained for co-precipitated ones, but the percentage dispersion was
much lower compared to NiO/TiO,. However, by using CO
chemisorption method, similar or much lower values are reported in
literature with these catalysts prepared through wet-impregnation on TiO,
(Degussa p-25).'%2*1%* A plausible explanation for this would be the
diffusion of reduced iron particles towards the bulk of the pellet during
the course of reduction, there by reducing the number of iron atoms on
the surface to chemisorb carbon monoxide.

54 Studies on toluene oxidation to benzoic acid (Gas phase)

The first change in benzoic acid preparation came in 1850s
when hippuric acid (C¢HsCONHCH,COOH), from the urine of horses
and cattle, replaced gum benzoin as the starting material. Hippuric acid
was used extensively until 1870, when coal tar raw materials were
utilized for the first time.”’***? Phthalic acid was also used as the raw
material until 1890, when the hydrolysis of benzo trichloride took over

the bulk production. This route and the route employing chlorination of
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toluene to benzyl chloride and subsequent oxidation with HNO; to
benzoic acid remained as the major production route until after World
War 1.277°%%%2 A fter World War 11, started another change in manufacturing
technique of benzoic acid, as the air oxidation of toluene took hold in
Germany and after the war, this method was carried over to US. The air
oxidation in liquid phase using cobalt catalysts has now become the main
manufacturing method in US. Considering the present and future
petrochemical economic factors, it is difficult to fore see any commercial
raw material other than toluene for benzoic acid production.’’****? The
benzoic acid has got many industrial applications such as, in medicines,
veterinary medicines, food and industrial preservatives, dye stuffs,
synthetic fiber, etc.””

Air oxidation of toluene in gas phase in presence of
Fe,03/Ti0O, catalysts is yet to be reported. The Figs 5.11 - 5.13 show the
results of benzoic acid formed. The activity studies were done after
calcination of the samples at temperatures, when severe alteration in
properties occurred. Hence the activity of co-precipitated ones calcined at
550°C, 650°C and 800°C are given in Fig 6.11. Similarly, the activity
studies of ion exchanged ones calcined at 350°C, 800°C and 1000°C and
that of wet-impregnated ones calcined at 350°C, 700°C and 900°C were
only shown in Figs 6.12 & 6.13 respectively.

The conversion obtained with CF1 was 58.9%, with CF2 it
was 61.3% and with CF3 the conversion obtained was 65.45%. Similarly
with IF1 the conversion was 49.25%, with IF2 50.8% and with IF3

55.7%. In the case of wet-impregnated ones the conversion was 58.6%,
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Fig. 5.11. Variation in toluene oxidation activity with calcination temperature
of I-“e2'03/TiO2 catalysts prepared by co-precipitation method

56.5% and 57.3% by WF1, WF2 and WF3 respectively. The percentage
conversion was very low with ion exchanged and wet-impregnated ones
due to their much lower dispersion and lower surface area compared to
co-precipitated ones. In co-precipitated and ion-exchanged samples, the
percentage of benzoic acid formed increased on increasing Fe,Os
percentage, whereas in wet-impregnated ones the activity decreased. It

can be ascribed to the decrease in surface area of these samples on
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increasing Fe,O; percentage. Co-precipitated ones have got better
activity, as expected, due to their enhanced properties.

A sudden decrease in activity was seen with co-precipitated
ones calcined at 650°C, ion exchanged ones calcined at 800°C and wet-
impregnated ones calcined at 700°C, which would be due to the onset of
rutilation. The percentage conversions were 46.5, 51.6 and 40.3 with
CF1, CF2 and CF3; 17.55, 19.4 and 14.25 with IF1, IF2 and IF3; 28.2,
25.5 and 16.4 with WF1, WF2 and WF3 respectively. On further rise in
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Fig. 5.12. Variation in toluene oxidation activity with calcination temperature
of Fe,0,/TiO, catalysts prepared by ion-exchange method
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calcination temperature to 800°C, at which the TiO, was fully converted
to rutile in co-precipitated samples, the percentage conversion reduced to
13.4, 14.0 and 13.2 in CF1, CF2 and CF3 respectively, while in ion
exchanged ones calcined at 1000°C, the percentage conversion decreased
to 6.2, 6.7 and 7.5 respectively for IF1, IF2 and IF3. With wet-
impregnated ones calcined at 900°C, the percentage conversion became
8.6, 8.2 and 7.8 with WF1, WF2 and WF3 samples respectively. All these

observations are evident from Figs 5.11 — 5.13.
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Fig. 5.13. Variation in toluene oxidation activity with calcination temperature
of Fe,0,/TiO, catalysts prepared by wet-impregnation method
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The reduction in activity at high temperature calcination
would obviously be due to rutilation and a drastic change at the
completion of rutilation due to the lack of free active Fe,O; particles
(vide Fig. 5.4) on the surface. Instead, pseudo brookite phase is only
present along with rutile in these samples. It is very noticeable that in co-
precipitated samples, even though, there exists free Fe,O; particles on the
surface at the completion of rutilation, the activity was drastically
decreased. This decrease in activity can be attributed to the lower surface
area, presence of rutile phase instead of anatase and much agglomerated
individual particles. So, this reaction is influenced by the phase changes
occurring in the support material in addition to method of preparation and
other physical properties.

5.5 Conclusions
The following conclusion can be arrived at from the results
of the above investigations.

&  Co-precipitated samples are amorphous at 350°C and 450°C.

&  On increasing percentage of Fe,O; the surface area increases in
co-precipitated and ion-exchanged samples.

@  The percentage of Fe,O; and method of preparation have major
role on surface area.

&  Comparatively better surface area, dispersion and activity were
obtained with co-precipitated ones.

@  Pseudobrookite phase was formed when all the TiO, was

transformed to rutile in ion-exchanged and wet-impregnated

ones.
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Crystallite size of anatase increases markedly upbn Fe,O;

loading and rutilation.

Severe decrease in activity was observed at the onset and
completion of futilation.

Order of activity for toluene oxidation is: co-precipitated >
wet-impregnated > ion-exchanged samples.

All these catalysts were highly stable thermally.



Chapter 6
STUDIES ON CeO,/TiO, CATALYSTS

Rare earth metal oxides alone as well as supported on other
transition metal oxides are profoundly important catalyst materials. Ceria
in particular is increasingly considered to be an effective catalyst in
several processes and has become the focus of increasing interest among
rare earth metal oxides, despite the label ‘rare’ applied to it. The most
important use of it is in three-way catalyst used in automobile emission
control. Its ability to shift between Ce** and Ce’" is solely responsible for
its high activity in emission control.”” Many other oxidation reactions are
also reported using ceria.””® CeQ,/Ti0, is also reported for degradation of
chloro fluoro carbons.’

Only a few methods are available in literature for preparing
this catalyst. CeO,/TiO, catalyst with three different percentages of CeO,
was prepared using the three methods described in Chapter 2. The
samples prepared by co-precipitation method were labeled as CC1, CC2
and CC3, the ion-exchanged ones were labeled as IC1, IC2 and IC3 and
the wet-impregnated ones were labeled as WC1, WC2 and WC3. The
percentage of CeO, present in each sample is given in Table 6.1.

6.1 XRD studies

Figs 6.1 — 6.6 exhibit the XRD pattern of all the samples
calcined at different temperatures. The pattern 1 in Fig 6.1 reveals the
amorphous nature of co-precipitated sample CC3 calcined at 350°C. Five

peaks were seen in all the other patterns calcined at 450°C and all were
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XRD pattern of CeO,/ TiO, samples prepared by co-

precipitation method 1) CC3 calcined at 350°C / 6hrs.,

2) CC1, 3) CC2, 4) CC3 calcined at 450°C / 6hrs. and
5) CC3 after catalysis. (A = anatase).

Fig. 6.1.

that of anatase TiO,. Similarly, in ion-exchanged and wet-impregnated

ones, peaks of anatase were only present. No peaks corresponding to

Ce0, or CeTiO, were observed.
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The rutilation started at 800°C in co-precipitated one and at
900°C in ion exchanged and wet-impregnated samples. Along with rutile,
CeO, peaks also appeared in the patterns. On increasing the temperature
further, the rutile percentage increased significantly (vide Fig. 6.7). Here,
unlike the other catalysts, even when all the TiO, was transformed into

rutile, no reaction between CeO,; and TiO, did take place to form CeTiO;.
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Fig. 6.2.XRD pattern of CeO,/ TiO, samples prepared by
lon-exchange method - calcined at 350°C / 6hrs.1) ICI,
2) 1C2, 3) IC3 and 4) IC3 after catalysis. ( A = anatase).



127

| A
| \
’ |
| |
| |
i 3
'; A |
AA A
4
T
z ’\ 3
EJUL_J\/J
2
W 1
60 50 40 30 20
«20°

Fig. 6.3.XRD pattern of CeO,/ TiO, samples prepared by wet-
impregnation method - calcined at 350°C / 6hrs.1) WCI,
2) WC2, 3) WC3 & 4) WC3 after catalysis (A =anatase)

On comparing with bare TiO,, CeO, has no influence on
crystallization terﬁperature. The onset temperature of rutilation was also
not affected by CeO, in co-precipitated samples, while in ion-exchanged
and wet-impregnated ones, the rutilation started only at higher
temperature compared to bare TiO,. But the completion temperature of
rutilation was much lower in co-precipitated ones, whereas in ion-

exchanged and wet-impregnated ones, the rutilation was completed only
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at higher temperature compared to bare TiO,. So, it can be concluded
that, the CeO, has no noticeable effect on rutile phase formation in co-
precipitated ones and it suppresses rutilation in ion-exchanged and wet-
impregnated ones. The enhancement or suppression of rutilation by a

metal oxide is strongly dependent on how that particular sample was

prepared regardless of the nature of the loaded metal oxides.
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Fig. 6.4 XRD patterns of CC3 calcined at 1) 800, 2) 900 and 3)
1000°C / 6hrs. (A = anatase, R = rutile and C = Ce0,).
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Fig. 6.5.XRD patterns of IC3 calcined at 1) 900, 2) 1000 and 3)
1100°C / 6hrs. (A = anatase, R = rutile and C = Ce0,).

Figs 6.1 — 6.3 also contain the pattern of these samples after
toluene oxidation studies. These patterns reveal that these samples were
thermally stable, because no phase transformation or compound

formation took place during the course of catalytic activity studies.
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Fig. 6.6.XRD patterns of WC3 calcined at 1) 900, 2) 1000 and
3) 1100°C / 6hrs. (A = anatase, R =rutile & C = Ce0O,).

Table 6.1 shows the crystallite size of anatase at different
calcination temperatures, when major changes in physical properties
occurred. No marked change was seen on increasing the CeO,
percentage, but it increased with increase in temperature. When the

rutilation was started, the crystallite size of anatase attained a size of
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Fig. 6.7. Variation in rutile (%) with calcination temperature of
CeO,/Ti0, catalyst prepared by different methods

13.97nm in co-precipitated ones and 22.18nm in ion-exchanged and wet-
impregnated ones. Hence, depending on the method of preparation, the
crystallite size may vary and the growth in crystallite size with
temperature is also determined by method of preparation. The crystallite

size was increased on loading CeO, compared to pure TiO,.
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Table 6.1. Variation in crystallite size of anatase with calcination

temperature of CeO,/TiO, samples

Method | Sample | CeO, Crystallite size (nm)
of prepn |label |%  [350°C [450°C[800°C|900°C|1000°C
cC1 | 4.99 1026 11397 | — | -
Co-ppn | CC2 | 9.96 | Amorph [10.26 [13.97 | — | -
CC3 |14.96]ous 9.63 [13.97 [22.18 | ---
iIc1 [494] 1098 [ — | — 2218 -
IE |12 [997| 1098 | — [ — [2218] -
1Ic3 [1499] 1098 [ — | - [22.18] 316
wCl | 493 1098 [ — | - [2218] -
Wl |wc2 [996] 1098 | — | - [22.18] ---
wC3 [1497) 1098 | — | - [22.18] 31.6

6.2 Surface area studies

Figs 6.8 - 6.10 show the variation in surface area with
percentage of CeO, and calcination temperature. The surface area
obtained for CC1 was 147.1 mz/g, for CC2, the surface area was 162.31
m%/g and for CC3 it was 184.61 m%/g. In the case of ion-exchanged ones,
the surface area was 91.25 m?%/g, 93.18 m*/g and 101.26 m%g for IC1,
IC2 and IC3 respectively, whereas in samples WC1, WC2 and WC3, the
surface area obtained was 92.09 m%g, 89.3 m%/g and 85.41 m?/g
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Fig. 6.8. Effect of calcination temperature on surface area of
CeO,/TiO, catalysts prepared by co-precipitation method

respectively. Like other samples, here also, co-precipitated ones have
much higher surface area. Out of all the samples, maximum surface area
was obtained in CC1, CC2 and CC3. The values are even higher than that
for pure TiO,. The surface area increased on increasing CeO, percentage
in co-precipitated and ion exchanged ones and decreased in wet-

impregnated ones as in the case of other samples discussed in earlier

Chapters.
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Fig. 6.9. Effect of calcination temperature on surface area of
CeO,/TiO, catalysts prepared by ion-exchange method

Here also a sudden decrease in surface area was observed in
co-precipitated ones calcined at 800°C and in wet-impregnated and ion-
exchanged ones calcined at 900°C due to the onset of rutilation and
titania particle enlargement. The crystallite size results are also in parallel
with these observations. At temperatures when the TiO, support was fully
converted to rutile, the surface area became 8.72 m*/g, 10.31 m*/gand 9.4
m%g in CC1, CC2 and CC3; 6.8 m*/g, 7.1 m*/g and 7.5 m%g in IC1, IC2
and IC3; 8.3 m%/g, 7.6 m%g and 6.4 m*/g in WC1, WC2 and WC3
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respectively, as reflected in Figs 6.8 — 6.10. The decrease in surface area
was more severe in co-precipitated ones. So, like other samples discussed
earlier, the method of preparation and percentage of CeO, have a greater
role in deciding the surface area of these samples. The decrease in surface
area with rutilation was also lower compared to bare TiO,. So, it is very
clear that, CeQ, is suppressing titania particle enlargement, which would

other wise occur on high temperature calcination.
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Fig. 6.10. Effect of calcination temperature on surface area of
CeO,/TiO, catalysts prepared by wet-impregnation method



6.3 Dispersion studies

The dispersion studies of CeO, on TiO, could not be
determined by oxygen chemisorption after reduction, because both CeO,
and TiO, get reduced at 500°C. Also CeO, itself chemisorbs some

oxygen.””> All these would lead to overestimation of chemisorbed oxygen
and thereby cause a higher value for dispersion.

6.4 Toluene oxidation studies

The air oxidation of toluene to produce benzoic acid by

Ce0,/Ti0; has not yet been reported. The percentage conversion plotted
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Fig. 6.11. Variation in toluene oxidation activity with calcination temperature
of CeO,/TiO, catalysts prepared by co-precipitation method
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against calcination temperature of these catalysts is shown in Figs 6.11 —
6.13. The percentage conversion increased with increasing CeO,
percentage. Conversion obtained with CC1 was 63.7%, with CC2 66.2%
and with CC3 71.3%. Out of all the samples studied, the maximum
conversion was obtained for the sample CC3. Much lower percentage
conversions were observed for ion-exchanged and wet-impregnated ones,

i.e. 53.3 %, 55.9 % and 59.7 % conversion with IC1, IC2 and IC3 and
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Fig. 6.12. Variation in toluene oxidation activity with calcination temperature
of CeO,/TiO, catalysts prepared by ion-exchange method
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Fig. 6.13. Variation in toluene oxidation activity with calcination temperature
of CeO,/TiO, catalysts prepared by wet-impregnation method

54.3%, 54.9% and 56.5% conversion with WC1, WC2 and WC3
respectively. Like other samples, maximum conversion was obtained
with co-precipitated ones. The much lower percentage conversion with
ion-exchanged and wet-impregnated ones would be due to much lower
surface area of these samples compared to co-precipitated ones. The
activity studies were also carried out after calcinatioﬁ of these samples at

temperatures when rutilation was started and completed. The percentage
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conversion decreased suddenly at the onset of rutilation. It became
39.3%, 46.8%.and 45.4% with CC1, CC2 and CC3; nearly halved or less
than that in ion-exchanged and wet-impregnated ones, i.e. it was
decreased to 20.4%, 22.9% and 21.5% with IC1, IC2 and IC3; 18.3%,
21.2% and 19.4% with WC1, WC2 and WC3 respectively. When the
calcination temperature was raised further to transform all the TiO,
support to rutile, i.e. when the co-precipitated ones calcined at 1000°C
and wet-impregnated and ion-exchanged ones at 1100°C, the activity
went very much downwards as can be seen from the Figs 6.11 — 6.13.
The percentage conversion reached a value of 14.8, 16.1 and 16.1 with
CCl1, CC2 and CC3; 8.3, 8.9 and 7.8 with IC1, IC2 and IC3; 6.7, 8.3 and
8.3 with WC1, WC2 and WC3 respectively. Even though, there exist
free CeO, in samples (vide Fig. 6.4 - 6.6), at the onset and completion of
rutile phase formation, the activity was found to decrease markedly,

showing the influence of surface area and nature of support on this

reaction.
6.5 Conclusions

The following are the conclusions made out of the above

studies.

= On loading CeO, noticeable change in surface area and no
change in crystallization temperature were observed.

&  The method of preparation, percentage of CeO, and calcination

temperature have marked effect on surface area.
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&  The onset and completion temperatures of rutilation were far
higher compared to all other samples and unlike in the case of
other catalysts, here no enhancement of rutilation was observed.

&  CeTiO, phase is not formed during rutilation.

=&  Crystallite size of anatase increases on loading CeO, and during

rutilation.

&  Maximum percentage conversion for toluene oxidation was

observed with these samples.

&  Order of activity for toluene oxidation is as follows: co-

precipitated > ion exchanged > wet-impregnated ones.

&  All these catalysts were thermally stable.

Ch

Activity decreases markedly upon rutilation even though free

CeO, are present at this stage.



Chapter 7
STUDIES ON V,04TiO, CATALYSTS

Vanadium oxide based catalysts are widely used for
oxidation of hydrocarbons, SO,, etc. Vanadia supported on TiO, was
reported to have superior properties than that supported on other supports
like Si0,, Al,Os3, etc.'®? It is highly active and selective in oxidation
processes of industrial importance.'™

Very few methods are described in literature for the
preparation of V,0s/TiO, catalysts. In this Chapter our studies on the
effect of preparation method on rutilation, physical properties and toluene
oxidation activity are presented.

The samples prepared by co-precipitation are labeled as
CV1, CV2 and CV3, those prepared by ion-exchange as IV1, IV2 and
IV3 and those prepared by wet-impregnation as WV1, WV2 and WV3.
The percentage of V,0s in each sample is given in Table 7.1.

7.1  XRD studies

Figs 7.1 — 7.3 show the XRD pattern of co-precipitated, ion-
exchanged and wet-impregnated ones respectively. Co-precipitated one
calcined at 350°C was not crystalline, whereas ion-exchanged and wet-
impregnated ones calcined at 350°C exhibit well-defined sharp peaks of
anatase. The co-precipitated sample showed crystalline nature only by
calcination at 450°C, like NiO/TiO, and CeQ,/TiO, samples. Here also
there were no peaks due to V,0s. Any other phases‘ of vanadium oxide

were also not seen in any of the pattern.
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Fig. 7.1.XRD pattern of V,0,/ TiO, samples prepared by co-

precipitation method 1) CV3 calcined at 350°C / 6hrs. 2)
CV1, 3) CV2, 4) CV3 calcined at 450°C / 6hrs. and
5) CV3 after catalysis. (A = anatase and R = rutile).

Interesting feature of these samples was that, the rutilation
started at a very low temperature, i.e. at 450°C in the samples CV3, IV3
and WV3, irrespective of the method of preparation. No peaks of rutile

were observed in the samples containing lower percentages of V,0s.
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Fig. 7.2.XRD pattern of V,0,/ TiO, samples prepared by ion-
exchange method - calcined at 350°C / 6hrs. 1) I V1,
2)1V2,3)1V3 & 4)1V3 after catalysis. (A = anatase).

Hence, for convenience, the XRD pattern of the samples, where rutilation
started are only given in Figs 7.4 — 7.6. As the calcination temperature
was increased to 600°C, the rutilation progressed. In co-precipitated
sample CV3, calcined at 650°C, there were no anatase peaks seen in the

pattern, whereas in IV3 and WV3, the anatase peaks disappeared
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Fig. 7.3.XRD pattern of V,0/ TiO, samples prepared by wet-
impregnation method - calcined at 350°C / 6hrs.1) WV,
2) WV2,3) WV3 & 4) WV3 after catalysis (A =anatase)

completely only at 800°C and 700°C respectively. So, here also, the co-
precipitated one was converted completely to rutile at a lower
temperature. The rutilation was started and completed at a very low

temperatures in all these samples compared to bare TiO,. Hence, it is
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Fig. 7.3.XRD pattern of V,0,/ TiO, samples prepared by wet-
impregnation method - calcined at 350°C / 6hrs.1) WV1,
2) WV2,3) WV3 & 4) WV3 after catalysis (A =anatase)

completely only at 800°C and 700°C respectively. So, here also, the co-
precipitated one was converted completely to rutile at a lower
temperature. The rutilation was started and completed at a very low

temperatures in all these samples compared to bare TiO,. Hence, it is
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Fig. 7.4.XRD patterns of CV3 calcined at 1) 450, 2) 600 and 3)
650°C / 6hrs. (A = anatase, R =rutile, V =V,0, and
VT = V,Ti,0,).

obvious that quantity of V,0s has a marked effect on rutilation, in

addition to method of preparation and calcination temperature. The rutile

percentage plotted against calcination temperature is shown in F ig 7.7. It
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Fig. 7.5.XRE) patterns of I V3 calcined at 1) 450, 2) 600 and 3)
800°C / 6hrs.(A = anatase, R = rutile, V = V,0; and
VT =V,Ti,0,).

reflects clearly that, the co-precipitated one has highest rutile percentage

at any temperature and the ion-exchanged one has the lowest rutile

percentage.
In the samples calcined at 600°C and above, V,0s peaks and

some peaks of V,Ti;0O9 were also present along with peaks due to rutile.
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Fig. 7.6.XRD patterns of WV3 calcined at 1) 450, 2) 600 and 3)
700°C / 6hrs.(A = anatase, R = rutile, V = V,0, and
VT =V,Ti,0q).

at the onset of rutilation, no peaks of V,0s or V,Ti;09 were seen, but, as
the intensity of rutile peaks increased on increasing calcination
temperature, V,05 and V,Ti30y peaks also appeared in the pattern. On
further calcination these peaks were seen to be more intense, revealing
the growth of V,0s crystals during high temperature calcination. The
appearance of V,Ti;0 peaks (instead of V,Ti0;, by reacting V,0s with
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TiO,) mirrored the fact that some non-stoichiometric titania (TiO;33)
having some oxygen vacancies were formed on TiO, surface, when
calcined in presence of V;0s. This might be the reason, for the easy
rutilation of these samples. This is in accordance with the literature
reports,s'7 which states that, the formation of oxygen vacancies are the

basic reason for rutilation (as it enhances the rupture of Ti — O bonds of

anatase).
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Fig. 7.7. Variation in rutile % with calcination temperature of
V,0./TiO, catalysts prepared by different methods.
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The crystallite size of anatase was calculated after
calcinations of these samples at temperatures when drastic changes in
physical properties took place. The results are given in Table 7.1. No
change was observed in crystallite size, on increasing the percentage of
V,0sin any of the samples, except in CV3, where the anatase crystallites
were seen to grow to a size of 17.1nm (in this sample 30.9 % of anatase
was irreversibly converted to rutile). So, it is noteworthy that, like
NiO/TiO,, Fe,03/TiO, and CeO,/Ti0,, as the rutile percentage increased,
the anatase crystallite size also increased, but to different extent,
depending on the method of preparation.

Table 7.1. Variation in crystallite size of anatase with calcination

temperature of V,05/TiO, samples

Method | Sample| V,0s Crystallite size (nm)

of prepn Tabel | (%) 350°C | 450°C |600°C
CV1 | 496 10.98 ---

Co-pptn | CV2 | 9.95 | Amorphous| 10.98
Cv3 | 1497 17.1 31.6

IV1 | 4.95 11.82 13.97 -
LE IV2 | 9.96 11.82 13.97 -—-
IV3 |14.94 11.82 1537 |31.6
WV1 | 492 10.98 12.79 ---
W.I | Wv2 | 991 10.98 13.97 ---
WV3 |14.98 10.98 1537 |31.6
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7.2 Surface area studies

Figs 7.8 — 7.10 show the surface area values plotted against
calcination temperature. The surface area decreased with increasing V,0s
percentage and this decrease was more noticeable in co-precipitated and
wet-impregnated ones. For CV1, CV2 and CV3, the values are 110.2
m?/g, 102.7 m%g and 56.4 m?/g respectively. In the case of ion-
exchanged samples, IV1, IV2 and IV3, the values are 84.1 m%g, 83.5m%/g
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Fig. 7.8. Effect of calcination temperature on surface area of
V,04/TiO, catalysts prepared by co-precipitation method
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and 82.1 m%/g respectively. Whereas in wet-impregnated samples, WV 1,
WV2 and WV3, the surface area values are 106.8 m%g, 84.8 m%/g and
71.2 m%/g respectively. The co-precipitated ones have the largest surface
area and the ion-exchanged ones have the lowest values. On increasing
further the calcination temperature to 600°C, the surface area decreased
very much and it became 18.3 m%g, 15.7 m?/g and 10.12 m®/g in CV1,
CV2 and CV3; 22.7 m%g, 19.45 m*/g and 17.8 m*/g in IV1, IV2 and IV3;
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Fig. 7.9. Effect of calcination temperature on surface area of
V,04/TiO, catalysts prepared by ion-exchange method
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18.4 m%g, 16.51 mYg and 13.7 m*g in WV1, WV2 and WV3
respectively. These changes could be clearly seen in Figs 7.8 — 7.10.

When the TiO, support was fully transformed to rutile (at
650°C in co-precipitated ones, at 800°C in ion-exchanged ones and at
700°C in wet-impregnated ones), the surface area was reduced markedly
in all the samples. Surface area became 9.81 m?%/g, 6.8 m?/g and 4.23 m*/g
in CV1, CV2 and CV3 respectively; 2.32 m*/g, 2.21 m*/g and 2.17 m%/g
in IV1, IV2 and IV3 and 4.83 m%/g, 4.35 m*/g and 4.1 m%g in WV1,
WV2 and WV3 respectively.
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Fig. 7.10. Effect of calcination temperature on surface area of
V,0,/TiO, catalysts prepared by wet-impregnation method
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In all these samples, even though, no direct relation between
crystallite size and surface area could be made, a marked decrease in
surface area could be seen along with a significant increase in crystallite
size. It was also noted that, a very small change in crystallite size does
not necessarily involve a change in surface area. The surface area of
sample CV3 was very low compared to its siblings IV3 and WV3,
because of the presence of 30.9 % rutile in this sample. Figs 7.8 — 7.10
clearly show the decrease in surface area at the onset of rutilation and
severe decrease when rutilation was complete, due to sintering. This is
consistent with XRD data. On comparing with the surface area of pure
TiO,, shown in Fig 3.1, the surface area decreased on loading V,0s. It is
very clear from all these observations that the surface area decreased
noticeably during rutilation, which in turn is dependent on preparation
method and calcination temperature. The decrease was greater compared
to pure TiO,. So, V,0s is enhancing the reduction in surface area during
calcination.

7.3 SEM studies.

Figs 7.11A and 7.11B are the scanning electron micrographs
of the samples IV3 and WV3 respectively. The micrographs of sample
CV3 is shown in Fig. 7.12A. The individual particles were with a size
ranging between 0.1 to 0.75um in CV3 and IV3 samples and in WV3 the
particle size was between 0.5 to 2um. All the particles were more or less
spherical in shape in all the samples with much aggregation. In CV3,
even though, there is 30.9 % rutile present, no appreciable change in

particle size could be seen. In any of the micrographs, V,Os particles
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Fig. 7.11 Scanning electron micrographs of V,0s/TiO, catalysts

A)IV3 and B) WV3 (calcined at 350°C)
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Fig. 7.12 Scanning electron micrographs of V,0s/Ti0O, catalysts

A) CV3 (calcined at 450°C and B) CV3 (calcined at 650°C)
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could not be seen. This is in line with XRD data, where no peaks of V,0s
were seen due to the very fine nature of V,0s.

In order to understand the changes in particle shape and size
upon rutilation, the SEM analysis of CV3 calcined at 650°C (when all the
anatase was completely converted to rutile), was carried out. Particles
with sharp octahedral and needle like structures were present in the
micrograph shown in Fig7.12B. The octahedral particles could be rutile
with approximate size 8um. The needle like structure could be V,Ti;0s,
formed by the fusion between individual particles.

7.4 Dispersion studies

The dispersion was carried out at 370°C after reducing the
catalyst samples at 370°C, because at this temperature V** species present
on the surface of TiO, gets reduced to V' species and bulk phase
reduction and the reduction of TiO, will not take place at this
temperature.s'w During oxygen chemisorption, the V> species
chemisorbs one molecule of oxygen to regain V°* state.®'® The results are
shown in Table 7.2. Comparatively better dispersion was obtained for co-
precipitated samples. The dispersion of V,05 was found to be.increased
on increasing V,0s percentage, due to the increased chemisorption of
oxygen (vide Table 7.2). The surface average crystallite size of vanadium
atom calculated from chemisorption data is also included in Table7.2. In
all samples the vanadium atoms have the size less than 7nm. Maximum
size of 6.97nm was seen in WV1 and minimum size of 4.56nm was
observed in CV3. It decreased on increasing V,0s percentage. It is very

interesting to note that as the anatase crystallite size increased, the surface
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average crystallite size of vanadium atom was decreased. Because of the
very smaller size of vanadium atom in all these samples, peaks due to

V,05 were not observed in XRD pattern.

Table 7.2. Results of dispersion studies

Method | Sample|] Oxygen Dispersion | Surface average
of prepn | label chemisorbed (%) crystallite size of V
(umol / g) atom (nm)
CVl1 76.84 14.1 5.67
Co-ppn | CV2 168.69 15.43 5.18
CV3 288.51 17.54 4.56
IV1 64.18 11.8 6.78
LE V2 150.04 13.71 5.83
IV3 233.1 14.2 5.63
WwV1 62 11.47 6.97
W.I wWV2 144.6 13.28 6.02
WV3 254.46 15.46 5.17

7.5 Toluene oxidation studies

The results are shown in Figs 7.13 — 7.15. Air oxidation of
toluene to form benzoic acid by V,0s/Ti0O, has not yet been reported in
literature. The activity studies were carried out after calcination of these

samples at temperatures when drastic change occurred in physical
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Fig. 7.13. Variation in toluene oxidation activity with calcination temperature
of V,04/TiO, catalysts prepared by co-precipitation method

properties. In ion-exchanged samples, the percentage conversion
increased on increasing V,0s percentage, while in co-precipitated and
wet-impregnated ones, the percentage conversion decreased. Out of all
these samples, better conversion was obtained with co-precipitated ones
with low V,0s loading. With sample CV1, percentage conversion was
67.5, while with CV2 and CV3 it was 66.2% and 40.6% respectively. The
reduction in activity of CV3 to 40.6%, even though the dispersion of
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V,0s5 was very high, would be due to the presence of 30.9% rutile in this
sample. The very low surface area of this sample would also affect the
activity. With ion-exchanged ones IV1, IV2 and IV3 the percentage
conversion was 63.2, 64.15 and 66.2 respectively and with WV1, WV2
and WV3 the percentage conversion was 65.1, 64.0 and 62.0 respectively.

In order to investigate the changes occurring in activity

along with rutilation, the activity studies of co-precipitated ones calcined
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Fig. 7.14. Variation in toluene oxidation activity with calcination temperature
of V,04/TiO, catalysts prepared by ion-exchange method
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at 600°C and 650°C were carried out. Similarly the activity studies of ion
-exchanged ones calcined at 4500C, 600°C and 800°C and wet-
impregnated ones calcined at 450°C, 600°C and 700°C were also carried
out.

A severe decrease in activity was observed with these
samples on increasing the calcination temperature. In co-precipitated ones
CV1, CV2 and CV3 calcined at 600°C, the percentage conversion
became 19.4, 20.1 and 18 respectively. On further calcination at 650°C at
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Fig. 7.15. Variation in toluene oxidation activity with calcination temperature
of V,04/TiO, catalysts prepared by wet-impregnation method
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which the TiO, was fully transformed to rutile, the percentage conversion
was reduced to 9.7, 10.1 and 10.1 respectively. With ion-exchanged ones
IV1, IV2 and IV3 calcined at 450°C (which was the onset temperature of
rutilation), the activity became 54.3%, 56.5% and 47.9% respectively and
the activity reduced noticeably on every rise in calcination temperature.
At calcination temperature when rutilation was complete, the percentage
conversion became 8.1, 8.3 and 8.3 respectively. Similarly with wet-
impregnated ones WV1, WV2 and WV3 calcined at 450°C, the
percentage conversion was reduced to 58.1, 53 and 48.1 respectively and
on further increasing the calcination temperature, the conversion became
nearly 20% with all the samples. When these samples were calcined at
700°C (at which the TiO, support was fully converted to rutile), the
percentage conversion became 8.6, 8.9 and 9.4 respectively. All these
changes could be clearly seen in Figs 7.13 — 7.15.

Dramatic change in percentage conversion could be seen
when the TiO, was fully converted to rutile. The lack of enough V,0s5
sites, lower surface area, presence of rutile phase as the support and
presence of V,Ti309 would be the reason for the reduced activity.

7.6  Conclusions

From all the above observations the following conclusions

can be made.

&  On loading V,0s and during rutilation significant reduction in

surface area was observed.
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The onset and completion temperatures of rutilation were much
lower compared to all other samples

Quantity of V,0s and percentage play a major role in rutilation.
V,Ti30y phase formed at above 600°C, which indicate the
presence of some non-stoichiometric titania.

Crystallite size enlargement of anatase take place during
rutilation and V,0s loading.

Better surface area, dispersion and activity were obtained with
co-precipitated samples.

Order of activity for toluene oxidation with these samples is:
co-precipitated > ion exchanged > wet-impregnated ones.

All of these samples were stable under the conditions adopted.
The significant decrease in percentage conversion upon
rutilation would be due to lower surface area and shortage of

free V,0; particles.



Chapter 8
SUMMARY AND CONCLUSION

TiO, supported catalysis is an emerging field and the
development of new and better methods for the preparation is the need of
the hour. TiO, (anatase) having high surface area, with better crystallinity
and high onset temperature of rutilation can be prepared (without adding
nuclei and anti rutilating agents) by thermal hydrolysis of titanyl sulfate
solution under controlled conditions. The conditions of thermal
hydrolysis have significant role in determining the physical properties.
Thermal hydrolysis of titanyl sulfate solution containing 35gpl TiO,, at
100°C for 5 hrs are the optimum conditions for obtaining TiO, with
improved properties. Calcination at 350°C for 6 hrs was necessary to
crystallize anatase. Various metals like Ni, Fe, V and Ce can be ion-
exchanged onto this TiO, in the hydrous amorphous state.

Better surface area, dispersion and catalytic activity were
obtained with co-precipitated samples, even though they are prepared at
higher temperatures, than those of ion-exchanged and wet-impregnated
ones. On loading metal oxides like NiO, V,0s, Fe,O; and CeQO,, the
surface area decreased in all the samples. Method of preparation and
percentage of the loaded metal oxides have greater influence on surface
area. Drastic decrease in surface area was observed upon rutilation.

No change in crystallization temperature occurred in
presence of NiO, V,0s and CeO,, while the Fe,O; loaded sample

prepared through co-precipitation crystallized only at higher temperature
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than pure TiO,, i.e. at 550°C. Hence Fe,O5 has a strong influence on the
crystallization temperature. Rutilation started at different temperatures
depending on the metal oxide and the method of preparation. Co-
precipitated ones got rutilated at lower temperatures compared to ion-
exchanged and wet-impregnated samples. In most of the cases, the onset
temperatures of rutilation were lower in presence of the metal oxides used
in this study, compared to pure TiO,, except in CeO, loaded samples
prepared by ion-exchange and wet-impregnation methods, where the
onset temperature of rutilation was 900°C against 700°C for pure TiO,.
Out of all these samples, the onset temperature of rutilation was very low
for V,05 loaded ones irrespective of the method of preparation. In
general, the enhancement of rutilation was in the order V,05 >> NiO >
Fe,O; and the CeO, has some suppressing effect rather than
enhancement. All these metal oxides were present in a very fine nature at
lower temperatures and during rutilation, NiO reacted with TiO, to form
NiTiOs, while some portion of V,0s reacted with TiO, to form V,Ti;0q
and the rest remained as V,0s as seen in XRD pattern, whereas in the
case of CeO,, it remained as such with some growth in crystallite size and
in the case of Fe,Os, it reacted with TiO, to form Fe,;TiOs and remained
as a-Fe,0s in co-precipitated ones.

The dispersion values were always better for co-precipitated
ones and hence the surface average crystallite size of the respective
metals was lower in these samples.

Co-precipitated samples gave high methanation activity

compared to ion-exchanged and wet-impregnated ones. The order of
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activity is as follows: co-precipitated >> wet-impregnated > ion-
exchanged. Methanation activity was found to be highly dependent on
nickel concentration present on the surface of the pellets. Significant
reduction in activity was observed along with rutilation. Hence, the
methanation activity is strongly influenced by support material. There
was no change of phase seen after activity studies, which reveals the
thermal stability of these samples under the conditions adopted.

As expected, because of better properties, the co-precipitated
ones showed higher activity for toluene oxidation. All these catalysts are
yet to be reported for this reaction. The percentage conversion decreased
drastically upon rutilation. In CeO,/TiO, samples, even though there
existed CeO, particles after rutilation, the activity decreased. Hence, the
nature of the support material has also a significant role in the activity of
these catalysts, in addition to number of active sites, dispersion and
surface area. These catalysts were also highly stable under the reaction
conditions.

With all these findings, it can be concluded that, TiO, as a
support should be characterized with high surface area, phase purity and
high onset temperature of rutilation, which should be well above the
optimum temperature of a designated reaction in which it is employed as
a catalyst. Variation in physical properties, depending upon the method of
preparation is greater in TiO, supported catalysts. Hence, a detailed
investigation of properties of the samples prepared through each method

is necessary and appropriate. A thorough awareness about the rutilation
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temperature of the catalyst is also a must, before exploiting titania
supported catalysts industrially.

Suggestions for future work

The rate and turn over frequency of methanation and toluene
oxidation activity of these catalysts are also equally important from an
industrial point of view. It can be done by setting up a continuous
process. However the investigations made here are necessary for
developing the catalysts for industrial purpose. Various other industrially
important reactions can also be tried over these catalysts after

investigating the effect of rutilation, if any, on those reactions.
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